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p r e f a c e

The work s u b m i t t e d  h e r e i n  f o r  t h e  D e g r e e  o f  D o c t o r  o f  P h i l o s o p h y  

( S t a f f  C a n d i d a t u r e  -  Method B) c o n s i s t s  m a i n l y  o f  n i n e  s e l e c t e d  p a p e r s  

w h i c h  h av e  a l r e a d y  b e e n  p u b l i s h e d  i n  r e p u t a b l e  j o u r n a l s .  They a r e  t h e  

s o l e  work o f  t h e  c a n d i d a t e ,  and h av e  n o t  p r e v i o u s l y  b ee n  s u b m i t t e d  t o  

a n y  u n i v e r s i t y  f o r  t h e  aw ard  o f  a h i g h e r  d e g r e e .  They a r e  a t t a c h e d  

a s  A p p e n d i c e s  1 - 9 ,  and t h e  t i t l e s  l i s t e d  b e l o w .  The t h e s i s  c o n s i s t s  

o f  a n  i n t r o d u c t i o n  t o  t h e  s u b j e c t  i n  g e n e r a l ,  w i t h  t h e  b a c k g r o u n d  t o  

t h e  p u b l i s h e d  p a p e r s ,  an d  an  a c c o u n t  o f  e x p e r i m e n t s  and u l t r a s t r u c t u r a l  

s t u d i e s  c a r r i e d  o u t  b e t w e e n  1978 an d  1983,  an d  n o t  a s  y e t  p u b l i s h e d .

The d i s c u s s i o n  a s s e s s e s  t h e s e  r e s u l t s  i n  t h e  l i g h t  o f  p r e v i o u s  w o rk ,  

a n d  r e v i e w s  t h e  l i t e r a t u r e  o f  t h e  s u b j e c t  up t o  t h e  t i m e  o f  w r i t i n g .

APPENDICES

1 .  A s t u d y  o f  t h e  d i g e s t i v e  s y s t e m  o f  t h e  West  A f r i c a n  c a c a o  c a p s i d

b u g s . ( H e m i p t e r a , M i r i d a e ) P r o c . z o o l . S o c . L o n d . ,  122,  5 4 3 - 5 7 2 . ( 1 9 5 2 )

2 .  Some new o b s e r v a t i o n s  on t h e  i n t e s t i n a l  s t r u c t u r e s  c o n c e r n e d  w i t h  

w a t e r  d i s p o s a l  i n  s a p - s u c k i n g  H e m i p t e r a .

T r a n s . R . e n t . S o c . L o n d . , 115,  2 1 7 - 2 3 7 . ( 1 9 6 3 )

3 .  S t u d i e s  on t h e  f u n c t i o n a l  an a to m y  o f  t h e  i n t e s t i n e s  o f  H e t e r o p t e r a .

P r o c . z o o l . S o c . L o n d . ,  1 4 1 ,  8 5 1 - 9 1 0 . ( 1 9 6 3 )
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5 .  S h i e l d  bug ( P i e z o s t e r n u m  c a l i d u m  F a b . )  i n f e s t a t i o n  o f  O y s t e r  N u t .

E . A f r . A g r i c .& F o r . J . ,  1 9 2 - 1 9 6 . ( 1 9 6 7 )

6 .  Some u n u s u a l  c e l l  i n c l u s i o n s  i n  t h e  m i d - g u t  o f  a Moth Bug, G y a r i n a  

n i g r i t a r s i s  K a r s c h . (H o m o p t e r a ; F l a t i d a e ) ,  an d  t h e i r  p o s s i b l e  s i g n i f 

i c a n c e  i n  n u t r i t i o n .  P r o c . R . e n t . S o c . L o n d . ( A ) , 4 4 ,  1 1 - 1 6 . ( 1 9 6 9 )

7 .  The r e c t a l  g l a n d s  o f  H a l o s a l d a  l a t e r a l i s ( F a l l e n ) ( H e m i p t e r a ; S a l d i d a e )  

a n d  H y d r o m e t r a  s t a g n o r u m ( L . ) ( H e m i p t e r a ; H y d r o m e t r i d a e ) .

P r o c . R . e n t  .So c . l £ > n d . (A) , 4 4 ,  6 2 - 7 0 . ( 1 9 6 9 )

8 .  B i o n o m i c s ,  a g g r e g a t e d  f e e d i n g  b e h a v i o u r ,  and  c o l o u r  v a r i a t i o n s  i n  

t h e  s a p - s u c k i n g  bug Mygdonia  t u b e r c u l o s a  S i g n . ( H e m i p t e r a : C o r e i d a e ) .

R e v . Z o o l . A f r . ,  9 1 ,  1 0 3 2 - 1 0 4 1 . ( 1 9 7 7 )

9 .  The n a t u r e  an d  o r i g i n  o f  t h e  m i d - g u t  c o n t e n t s  i n  a s a p - s u c k i n g

H e t e r o p t e r a n , P i e z o s t e r n u m  c a l i d u m  F a b . ( T e s s a r a t o m i n a e )  and t h e  r o l e  

o f  s y m b i o t i c  b a c t e r i a  i n  i t s  n u t r i t i o n . E n t . e x p . f c  a p p l . , 2 3 ,  1 7 7 - 1 8 8 . ( 1 9 7 8 )
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SUMMARY

M e a s u r e m e n t s  o f  so d iu m  and  p o t a s s i u m  c o n c e n t r a t i o n s  i n  t h e  haemolymph 

and e x c r e t a ,  and a n  e x p e r i m e n t  t o  com par e  f e e d i n g ,  g r o w t h  r a t e  and 

e x c r e t i o n  i n  5 t h . i n s t a r  l a r v a e  o f  t h e  p e n t a t o m i d  bug  P a lo m en a  p r a s i n a ,  

a r e  d e s c r i b e d ,  an d  an  a c c o u n t  g i v e n  o f  i n v e s t i g a t i o n s  i n t o  t h e  u l t r a 

s t r u c t u r e  o f  t h e  m i d g u t  o f  a d u l t s  o f  a c l o s e l y  r e l a t e d  s p e c i e s ,  D o l y c o r i s  

b a c c a r u m .

I t  i s  shown t h a t  t h e  haemolymph o f  P . p r a s i n a  h a s  a s o d i u m : p o t a s s i u m  r a t i o  

o f  a p p r o x i m a t e l y  0 . 4 ,  s u b s t a n t i a l l y  l e s s  t h a n  i n  o t h e r  E x o p t e r y g o t e  

i n s e c t s .  I t  i s  s u g g e s t e d  t h a t  t h i s  i s  an  a d a p t a t i o n  t o  p h y t o p h a g y .

V e ry  l i t t l e  s o d i u m ,  b u t  a l a r g e  am ount  o f  p o t a s s i u m ,  i s  d i s c h a r g e d  i n  

t h e  e x c r e t a ,  c o r r e s p o n d i n g  t o  t h e  p r o p o r t i o n s  i n  t h e  fo o d  ( r u n n e r  bea n  

p o d )  o f  1 : 1 4 0 .

The r e l a t i o n s h i p  b e t w e e n  fo o d  i n t a k e ,  w e i g h t  g a i n ,  an d  p o t a s s i u m  e x c r e t e d  

show s i g n i f i c a n t  c o r r e l a t i o n s ,  t h e  a v e r a g e  p e r  5 t h . i n s t a r  l a r v a  p e r  day 

b e i n g  a p p r o x i m a t e l y  3 5 . 5 m g . ,  7 . 6 m g . ,  and 0 .0 6 6 m g .  r e s p e c t i v e l y .  The p o i n t s  

a t  w h ich  t h e  r e g r e s s i o n  l i n e s  c r o s s  t h e  y - a x i s  s u g g e s t  t h a t  t h e  " m a i n t e n 

a n c e  r a t i o n "  p e r  i n s e c t  p e r  d ay  i s  9m g.w et  w e i g h t  o f  b e a n  pod ( 0 . 0 1  K j . )  

an d  t h a t  a p p r o x i m a t e l y  15% o f  t h e  e x c r e t a  i s  n o t  m e a s u r e d  by t h e  t e c h n i q u e  

e m p l o y e d .  A c o r r e c t i o n  f o r  t h e  l a t t e r  i s  a p p l i e d  t o  t h e  r e s u l t s ,  an d  g i v e s  

a r e s u l t  f o r  vo lume o f  f l u i d  e x c r e t a  c o n s i s t e n t  w i t h  t h a t  c a l c u l a t e d  f rom 

i n d e p e n d e n t  d a t a .  F e e d i n g  e f f i c i e n c y  i s  shown t o  be  c o m p a r a b l e  w i t h  t h a t  

o f  o t h e r  p h y t o p h a g o u s  i n s e c t s ,  b u t  l e s s  t h a n  t h a t  o f  s e e d - f e e d i n g  H e m i p t e r a .  

W e ig h t  g a i n  i s  38 .34%  o f  f o o d  i n g e s t e d  an d  40 .6% o f  f o o d  a s s i m i l a t e d .  The 

f o r m e r  f i g u r e  i s  h i g h  co m pared  w i t h  b i t i n g - a n d - c h e w i n g  f e e d e r s  b e c a u s e  no 

i n a s s i m i l a b l e  m a t e r i a l  i s  i n g e s t e d .

The s t r u c t u r e  o f  t h e  m i d g u t  o f  a d u l t  D . b a c c a r u m  shows t h a t  t h e  a n t e r i o r  

r e g i o n s  a r e  a d a p t e d  f o r  s e c r e t i o n  an d  s o l u t e  a b s o r p t i o n  w i t h o u t  mass  f l u i d  

t r a n s p o r t ,  b u t  t h e  p o s t e r i o r  r e g i o n s ,  w h ic h  a r e  i s o l a t e d  d u r i n g  l a r v a l  

l i f e  by an  i n t e r r u p t i o n  o f  t h e  g u t  lu m en ,  r e s e m b l e  c e l l s  i n  o t h e r  i n s e c t s  

i n  w h ic h  mass  f l u i d  t r a n s p o r t  i s  b e l i e v e d  t o  o c c u r .  I t  i s  t h o u g h t  t h a t  

movement  f rom lumen t o  haemolymph o c c u r s  i n  t h e  c e n t r a l  t u b e  o f  t h e  c a e c a -  

b e a r i n g  r e g i o n ,  an d  f rom haemolymph t o  lumen i n  t h e  h i n d m o s t  p a r t  o f  t h e  

m i d g u t ,  t h e  e x c r e t o r y  v e s i c l e .  The i m p l i c a t i o n s  o f  t h i s  a r e  d i s c u s s e d .

The m a t e r i a l  c o n t a i n e d  w i t h i n  t h e  p a p e r s  s u b m i t t e d  a s  a p p e n d i c e s  i s  

e s s e n t i a l l y  s u m m a r i s e d  i n  t h e  I n t r o d u c t i o n  t o  t h i s  t h e s i s .
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INTRODUCTION

I n s e c t s  b e l o n g i n g  t o  t h e  O r d e r  H e m i p t e r a  f e e d  by p i e r c i n g  and s u c k i n g .  

T h e i r  f e e d i n g  a p p a r a t u s  i s  among t h e  m os t  h i g h l y  m o d i f i e d t f rom t h e  

p r i m i t i v e  p a t t e r n  foun d i n  t h e  c o c k r o a c h ,  o f  any g r o u p  o f  i n s e c t s .

I n  p l a c e  o f  t h e  b i t i n g  j a w s  and j o i n t e d  m a x i l l a e  and l a b i u m ,  w i t h  

j o i n t e d  s e n s o r y  p a l p s  on t h e  l a s t  two p a i r s  o f  a p p e n d a g e s ,  t h e r e  

r e m a i n s  o n l y  t h e  p r o b o s c i s - l i k e  l a b i u m ,  c a r r y i n g  i n  a c h a n n e l  on i t s  

m o r p h o l o g i c a l l y  a n t e r i o r  f a c e  a h o l l o w  p i e r c i n g  s t y l e t  The s t y l e t  

i s  composed  o f  two p a i r s  o f  d e l i c a t e  b r i s t l e - l i k e  s t r u c t u r e s ,  'which 

i n t e r l o c k  by means o f  l o n g i t u d i n a l  g r o o v e s  and r i d g e s .  The i n m o s t  

p a i r ,  w hich  a r e  i n t e r p r e t e d  a s  r e p r e s e n t i n g  t h e  m a x i l l a e ,  e n c l o s e  

c h a n n e l s  w h ich  s e r v e  t o  c o n v e y  s a l i v a  i n t o  t h e  f o o d ,  and t h e  fo od  

b ac k  i n t o  t h e  p h a r y n x .  T h ese  c h a n n e l s  a r e  formed by t h e  a p p o s i t i o n  

o f  g r o o v e s  on t h e  i n n e r  s u r f a c e s  o f  t h e  m a x i l l a e .  The o u t e r  b r i s t l e s ,  

i n t e r p r e t e d  a s  t h e  m a n d i b l e s ,  s u p p o r t  t h e  m a x i l l a e ,  and h a v e  b a r b e d  

t i p s  w h ich  a s s i s t  e n t r y  o f  t h e  s t y l e t  b u n d l e  i n t o  t h e  f o o d .  The mand

i b u l a r  s t y l e t s  a l s o  move i n  and o u t  a l t e r n a t e l y  d u r i n g  p e n e t r a t i o n .  

N o t w i t h s t a n d i n g  t h e  s p e c i a l i s e d  n a t u r e  o f  t h i s  f e e d i n g  e q u i p m e n t ,  t h e  

r a n g e  o f  fo o d  s o u r c e  i n  d i f f e r e n t  g r o u p s  w i t h i n  t h e  O r d e r  c o v e r s  a l l  

k i n d s ,  e x c e p t i n g  o n l y  t h e  i n s o l u b l e  s t r u c t u r a l  c e l l u l o s e  o f  p l a n t s .  

A l t h o u g h  a d a p t a b l e  t o  many d i f f e r e n t  p u r p o s e s ,  t h e  h e m i p t e r a n  f e e d i n g  

m echan i sm  i s  S u p r e m e ly  s u i t e d  t o  f e e d i n g  on p l a n t s ,  e i t h e r  c e l l  c o n 

t e n t s  o r  by t a p p i n g  t h e  v a s c u l a r  s y s t e m .  I t  p r o b a b l y  f i r s t  e v o l v e d  

i n  t h i s  s i t u a t i o n ,  f rom fo rms  l i k e  t h e  p r e s e n t - d a y  p s o c o p t e r a .  Many 

t e x t b o o k s  t r e a t  H e m i p t e r a  a s  two O r d e r s ,  Homoptera  and H e t e r o p t e r a ,  

b u t  s i n c e  t h e  f e e d i n g  e q u i p m e n t  i s  e s s e n t i a l l y  t h e  sam e,  an d  i s  n o t  

l i k e l y  t o  h a v e  e v o l v e d  t w i c e  i n  u n r e l a t e d  l i n e s ,  i t  d o e s  n o t  seem 

u n r e a s o n a b l e  t o  r e g a r d  t h e s e  g r o u p s  a s  b r a n c h e s  o f  a s i n g l e  O r d e r .  

Hom op tera  a r e  a l l  p h y t o p h a g o u s ,  w h e r e a s  H e t e r o p t e r a  i n c l u d e  a g r e a t  

many c a r n i v o r o u s  f a m i l i e s .  The d i s t i n g u i s h i n g  c h a r a c t e r i s t i c s  o f  t h e  

H e t e r o p t e r a  ca n  be i n t e r p r e t e d  a s  a d a p t a t i o n s  t o  an  o m n i v o r o u s  l i f e  

a m o n g s t  f o r e s t  f l o o r  l i t t e r  ( f l a t t e n e d  bo dy  form w i t h  t o u g h  f o r e - w i n g s ,  

p r o b o s c i s  c a p a b l e  o f  f o r w a r d  e x t e n s i o n ,  l o n g  a n t e n n a e ,  d e f e n c e  by 

g l a n d u l a r  s e c r e t i o n s  r a t h e r  t h a n  r a p i d  f l i g h t ) ,  and so  t h e  s u b - g r o u p s  

o f  H e t e r o p t e r a  i n  w h ich  p h y t o p h a g y  i s  fo u n d  must  be a s su m ed  t o  have  

r e t u r n e d  t o  t h i s  h a b i t  s e c o n d a r i l y .  The d i s t r i b u t i o n  o f  fo o d  h a b i t  i n  

H e m i p t e r a  i s  shown i n  F i g . l .  The s u g g e s t e d  r e l a t i o n s h i p s  a r e  b a s e d  on 

m i d g u t  a n a to m y .  Backus  ( 1 9 8 8 ) ,  on t h e  b a s i s  o f  s t y l e t  s t r u c t u r e ,  mode 

o f  o p e r a t i o n  and i n n e r v a t i o n ,  s u g g e s t s  a s l i g h t l y  d i f f e r e n t  a r r a n g e m e n t .
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The co m plex  a n a to m y  o f  t h e  a l i m e n t a r y  c a n a l  o f  c e r t a i n  f a m i l i e s  o f  

Ho mop tera  h a s  l o n g  e x c i t e d  t h e  i n t e r e s t  o f  e n t o m o l o g i s t s  ( S n o d g r a s s ,  

1935 ' ) ,  and t o g e t h e r  w i t h  t h e  p r o d u c t i o n  o f  l i q u i d  e x c r e t a ,  s o m e t i m e s  

i n  c o p i o u s  a m o u n t s ,  h a s  be en  i n t e r p r e t e d  a s  a means  o f  e x c r e t i n g  

s u r p l u s  w a t e r .  The " f i l t e r  c h a m b e r "  formed by t h e  a p p o s i t i o n  o f  t h e  

a n t e r i o r  m i d - g u t  t o  t h e  p r o x i m a l  p a r t s  o f  t h e  M a l p i g h i a n  t u b u l e s  and 

t h e  p o s t e r i o r  end o f  t h e  m i d - g u t ,  e n c l o s e d  w i t h i n  a s h e a t h  o f  t h e  

p e r i t o n e u m ,  h a s  b ee n  n o t e d  t o  i n c r e a s e  i n  c o m p l e x i t y  w i t h  i n c r e a s e d  

bo dy  s i z e  f rom one s p e c i e s  t o  a n o t h e r .  T h i s  s u g g e s t s  t h a t  t h e  a r e a /  

vo lume r e l a t i o n s h i p  i s  b e i n g  m a i n t a i n e d ,  and i s  o f  p h y s i o l o g i c a l  

i m p o r t a n c e .  C e r c o p i d a e  and C i c a d i d a e  f e e d  by p e n e t r a t i n g  t h e  x y lem  

v e s s e l s  o f  t h e i r  h o s t  p l a n t s .  T h e i r  i n g e s t a  i s  v e r y  p o o r  i n  o r g a n i c  

n u t r i e n t s ,  and v a s t  volum es must  be  p a s s e d  i n  o r d e r  t o  p r o v i d e  en o u g h  

n o u r i s h m e n t  f o r  g ro w t h  and r e p r o d u c t i o n .  L a r g e  t r o p i c a l  c e r c o p i d s  

a r e  g r e g a r i o u s  an d  t h e i r  e x c r e t o r y  f l o w  i s  l i k e  r a i n  b e n e a t h  t h e  t r e e s  

on w h ich  t h e y  l i v e .  In t h e s e  i n s e c t s ,  t h e  i n g e s t a  a r e  s t r o n g l y  h y p o 

t o n i c  t o  t h e  haemolymph.  In t h e  " f i l t e r - c h a m b e r "  a l a r g e  a r e a  o f  v e r y  

t h i n  e p i t h e l i u m  s e p a r a t e s  t h e  i n g e s t a  f rom t h e  p r o x i m a l  M a l p i g h i a n  

t u b u l e s  and p o s t e r i o r  m i d - g u t ,  and t h e  h i g h e r  o s m o t i c  p r e s s u r e  o f  t h e  

M a l p i g h i a n  t u b u l e  c o n t e n t s  d ra w s  w a t e r  t h r o u g h  t h i s .  p a s s a g e  a l o n g  

a n a r r o w  g l a n d u l a r  h i n d - g u t  e x t r a c t s  s o l u t e s ,  r e s u l t i n g  i n  e x c r e t a  o f  

s i m i l a r  i o n i c  c o m p o s i t i o n  and o s m o t i c  p r e s s u r e  t o  t h e  i n g e s t a  (A p p e n 

d i c e s  2 & 7;  Cheung St M a r s h a l l ,  1 9 7 3 a , b ;  G o u r a n t o n ,  1 9 6 8 a , b ;  M a r s h a l l  

St C heung ,  1 9 7 4 , 1 9 7 5 ) .  At  t h e  o t h e r  en d  o f  t h e  s i z e  s c a l e ,  v e r y  s m a l l  

i n s e c t s  s u c h  a s  t h e  l e a f h o p p e r s  ( j a s s i d a e ,  e t c . )  may f e e d  upon i n d i v 

i d u a l  p l a n t  c e l l s ,  h a v e  much r e d u c e d  f i l t e r  c h a m b e r s ,  and  may p r o d u c e  

s e m i - s o l i d  e x c r e t a  ( L i n d s a y  St M a r s h a l l ,  1980: A p p e n d ix  4').

The o t h e r  l o n g -k n o w n  " f i l t e r  c h a m b e r "  s y s t e m  i s  t h a t  o f  some C o c c i d a e .  

I n  o r d e r  t o  p r o v i d e  i n f o r m a t i o n  f o r  a r e v i e w  o f  t h e  s u b j e c t  ( A p p . 4 ) ,

I h a v e  ex a m i n e d  m a t e r i a l  o f  a l a r g e  s p e c i e s ,  P u l v i n a r i a  j a c k s o n i ,  

a n d  i l l u s t r a t e d  i t  i n  t h e  a b o v e - m e n t i o n e d  a r t i c l e .  Though t h e  s t r u c 

t u r e  h a s  t h e  f e a t u r e  i n  common w i t h  t h a t  o f  C i c a d o i d e a ,  o f  t h e  c l o s e  

a s s o c i a t i o n  o f  a n t e r i o r  and p o s t e r i o r  e n d s  o f  t h e  m i d - g u t ,  t h e  M a l p i g h 

i a n  t u b u l e s  a r e  n o t  i n v o l v e d ,  and t h e  p r i n c i p l e  o f  o p e r a t i o n  a p p e a r s  

t o  be d i f f e r e n t .  The a p p o s e d  e n d s  o f  t h e  m i d - g u t  a r e  t w i s t e d  t o g e t h e r ,  

t h e  a n t e r i o r  en d  i n s i d e  t h e  p o s t e r i o r ,  and t h e  r e g i o n  o f  c o n t a c t  i s  

f u s e d  and e x t r e m e l y  t h i n .  The w h o le  s t r u c t u r e  i s  su n k  i n t o  t h e  b u l b 

o u s  r e c t u m ,  i n  o r d e r ,  I b e l i e v e ,  t o  s u p p l y  m e c h a n i c a l  s u p p o r t  f o r  t h e



F i g u r e  2 .  The s u p p o s e d  w a t e r - d i s p o s a l  p a t h w a y s  o f  p l a n t - s u c k i n g  H e m i p t e r a .  A. C o c c o i d  ( i n s e t  r . ,  
l o n g i t u d i n a l  s e c t i o n  o f  " f i l t e r - c h a m b e r " ' ) ,  B. C i c a d o i d  ( i n s e t  1 . ,  l o n g i t u d i n a l  s e c t i o n  o f  " f i l t e r  
c h a m b e r " ) ,  C.  P e n t a t o m i d a e  P h y l l o c e p h a 1 i n a e  ( i n s e t  r . ,  e x c r e t o r y  v e s i c l e  and  p r o x i m a l  M a l p i g h i a n  
t u b u l e s ,  v e n t r a l  v i e w ) ,  D. L y g a e i d a e .  A & B f rom A p p e n d ix  4 ,  C f rom App. 2 ,  D f rom A p p . 3 .  
A b b r e v i a t i o n s ; -  AMG a n t e r i o r  m i d - g u t ,  DLG d e s c e n d i n g  l o o p  o f  m i d - g u t ,  RLG r e t u r n i n g  l o o p  o f  m i d - g  
HG h i n d  g u t ,  CAE g a s t r i c  c a e c a ,  EV e x c r e t o r y  v e s i c l e ,  FC f i l t e r  cham be r ,  MT m a l p i g h i a n  t u b u l e s ,
R r e c t u m .
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d e v e l o p m e n t  o f  an  i n t e r n a l  h y d r o s t a t i c  p r e s s u r e ,  w h ich  w ou ld  t e n d  t o  

" u n w in d "  t h e  c o i l e d  d o u b l e  t u b e .  W a te r  c o u l d  p a s s  t h r o u g h  t h e  t h i n  

i n t e r v e n i n g  membrane f rom t h e  a n t e r i o r  m i d g u t  t o  t h e  p o s t e r i o r  m i d g u t  

a n d  t h e n c e  t o  t h e  r e c t u m .  T h i s  m e ch a n i sm ,  u n l i k e  t h e  C i c a d o i d  f i l t e r  

ch a m b e r ,  d o e s  n o t  i n v o l v e  o s m o t i c  s u c t i o n  t o  i n d u c e  t h e  f l o w ,  and so  

t h e r e  would  be no u r g e n t  n e c e s s i t y  t o  r e c o v e r  s o l u t e s .  The f a c t  t h a t  

t h e  C o c c o i d  r e c t u m  i s  b u l b o u s  and n o t  s t r o n g l y  g l a n d u l a r  t e n d s  t o  

s u p p o r t  t h i s  i n t e r p r e t a t i o n .  Cheung & M a r s h a l l  ( 1 9 7 3 a )  h a v e  p r o v i d e d  

e v i d e n c e  f o r  t h e  mechan ism s u g g e s t e d  f o r  C i c a d o i d e a ,  b u t  no p h y s i o l o g 

i c a l  e x p e r i m e n t s  have  y e t  b een  done on C o c c o i d e a .  I t  i s  o n l y  i n  t h e s e  

two g r o u p s  o f  f a m i l i e s  ( C i c a d o i d e a  i n c l u d i n g  C e r c o p i d a e ,  J a s s i d a e ,  e t c . ,  

a s  w e l l  a s  C i c a d i d a e )  t h a t  t h e  a n t e r i o r  and p o s t e r i o r  e n d s  o f  t h e  m i d g u t  

a r e  c l o s e  t o g e t h e r  and c a n  form a " b y - p a s s "  s y s t e m  f o r  d e a l i n g  w i t h  

e x c e s s  w a t e r  o f  a v e r y  d i l u t e  d i e t ,  and o n l y  i n  t h e s e  g r o u p s  i s  f e e d i n g  

f rom p l a n t  xy lem  v e s s e l s  f o u n d .  T h e y  a r e  i l l u s t r a t e d  i n  F i g . 2 ,  A an d  B. 

O t h e r  p h y t o p h a g o u s  H e m i p t e r a ,  f e e d i n g  on ph loem s a p ,  c e l l  c o n t e n t s ,  o r  

t h e  e n d o s p e r m  o f  d e v e l o p i n g  o v u l e s ,  f a c e  a l e s s  e x t r e m e  o s m o t i c  d i f f e r e n c e  

b e t w e e n  t h e i r  i n g e s t a  and t h e i r  body f l u i d s .  N e v e r t h e l e s s ,  t h e r e  e x i s t  

among them c e r t a i n  d i s t i n c t i v e  f e a t u r e s ,  c o r r e l a t e d  w i t h  t h e  p h y t o p h a g o u s  

h a b i t ,  w h ich  m us t  be p re s u m e d  t o  h a v e  some p h y s i o l o g i c a l  s i g n i f i c a n c e .  

P l a n t *  t i s s u e s  g e n e r a l l y  h a v e  a h i g h e r  w a t e r  c o n t e n t  t h a n  i n s e c t s ,  an d  

s u c t o r i a l  f e e d i n g  w i l l  r e s u l t  i n  t h e  i n g e s t a  c o n t a i n i n g  m a i n l y  s m a l l  

m o l e c u l e s  o f  s u g a r s  and amino a c i d s .  The a b s o r p t i o n  o f  t h e s e  w i l l  l o w e r  

t h e  o s m o t i c  p r e s s u r e  i n  t h e  g u t ,  an d  l e a d  t o  t h e  n e e d  t o  e x c r e t e  a more 

d i l u t e  m a t e r i a l  t h a n  t h a t  i n g e s t e d .

T h e s e  o t h e r  H e m i p t e r a  o c c u r  i n  two m a j o r  g r o u p s  o f  H o m o p te ra ,  t h e  A p h i d -  

o i d e a  and t h e  F u l g o r o i d e a ,  and i n  b o t h  t h e  m a j o r  d i v i s i o n s  o f  t h e  t e r r e s 

t r i a l .  H e t e r o p t e r a  ( G e o c o r i s a e ) , t h e  Cira icomorpha  and t h e  P e n t a t o m o m o r p h a . 

The s p e c i a l  f e a t u r e s  o f  m i d g u t  a n a to m y  a r e  d i f f e r e n t  i n  e a c h  c a s e .

The A p h i d o i d e a  a r e  u n i q u e  among p t e r y g o t e  i n s e c t s  i n  l a c k i n g  M a l p i g h i a n  

t u b u l e s .  T h e i r  g u t  i s  a s i m p l e  t u b e ,  i n  some s p e c i e s  t h e  m i d -  t o  h i n d g u t  

j u n c t i o n  i s  a n t e r i o r l y  s i t u a t e d ,  b u t  i n  o t h e r s  i t  i s  n o t  ( P o n s e n ,  1 9 8 2 a , b ) .  

Ph lo e m  s a p  i s  f o r c e d  i n t o  t h e i r  g u t  by  p l a n t  t u r g o r  ( M i t t l e r ,  1957,  1 9 5 8 ) .  

I t  h a s  a r e l a t i v e l y  h i g h  o s m o t i c  p r e s s u r e ,  c h i e f l y  from s o l u b l e  c a r b o 

h y d r a t e s ,  w i t h  l i t t l e  n i t r o g e n o u s  m a t e r i a l .  T h i s  mode o f  f e e d i n g  r e s u l t s  

i n  a h i g h  c a r b o h y d r a t e  c o n t e n t  i n  t h e  e x c r e t a  ( " h o n e y d e w " ) ,  b u t  i t s  

o s m o t i c  p r e s s u r e  i s  r e g u l a t e d  by v a r y i n g  t h e  s y n t h e s i s  o f  p o l y s a c c h 

a r i d e  s u g a r s  ( F i s h e r ,  W r i g h t  & M i t t l e r ,  1 9 8 4 ) .  A p h i d s  c o m p e n s a t e  f o r



-  9 -

c h a n g e s  in  d r y  m a t t e r  c o n t e n t  o f  phloem s a p  b e t w e e n  d ay  and n i g h t  ( C u l l  

8t van Emden, 1 9 7 7 ) .  In  some l a r g e r  s p e c i e s  o f  a p h i d ,  a s i m p l e  form o f  

f i l t e r  chamber  ca n  be fo u n d  ( P o n s e n ,  1 9 8 1 ) ,  b u t  i n  t h e  a b s e n c e  o f  M a l p 

i g h i a n  t u b u l e s  i t  i s  d i f f i c u l t  t o  u n d e r s t a n d  how i t  c o u l d  o p e r a t e .  Many 

i n s e c t s  b e l o n g i n g  t o  t h e  C o c c o i d e a  h av e  c u r i o u s l y  m o d i f i e d  M a l p i g h i a n  

t u b u l e s ,  o n l y  two i n  num ber ,  w i t h  t h i c k  w a l l s ,  and i t  i s  from such  fo rms  

t h a t  t h e  A p h i d o i d e a  may h a v e  e v o l v e d .  They a l s o  form s t r a n g e  p o l y s a c c h 

a r i d e s  ( B a s d e n , 1 9 6 7 ) .

The F u l g o r o i d e a  h av e  a m i d g u t  q u i t e  u n l i k e  t h a t  o f  a n y  o t h e r  H e m i p t e r a n .  

I t  h a s  been d e s c r i b e d  ( A p p e n d ix  2)  f rom a s p e c i e s  i n  w h ich  i t s  d i s t i n c t 

i v e  f e a t u r e s  a p p e a r  t o  be p r e s e n t  i n  a p r i m i t i v e l y  f u l l y  d e v e l o p e d  

c o n d i t i o n .  The a n t e r i o r  an d  p o s t e r i o r  e n d s  o f  t h e  m i d g u t  a r e  w i d e l y  

s e p a r a t e d ,  t h e  h i n d g u t  a s h o r t  b u l b o u s  r e c t u m ,  and t h e  M a l p i g h i a n  t u b u l e s  

n o r m a l  i n  a p p e a r a n c e  and f r e e  i n  t h e  h a e m o c o e l .  The t u b u l a r  m i d g u t  i s  

c o i l e d  w i t h i n  a c e l l u l a r  s h e a t h  w h ic h  i s o l a t e s  i t  f rom t h e  h a e m o c o e l ,  

e x c e p t  f o r  a t u b u l a r  d i v e r t i c u l u m  e x t e n d i n g  f o r w a r d  i n t o  t h e  t h o r a c i c  

r e g i o n .  In t h e  T e t t i g o m e t r i d  P h a l i x  t i t a n , t h e  s h e a t h  i s  t w o - l a y e r e d ,  

t h e  o u t e r m o s t  l a y e r  a t h i n  membrane w i t h  s c a t t e r e d  s m a l l  n u c l e i ,  and t h e  

i n n e r  l a y e r  composed o f  f l a t t e n e d  c u b o i d  c e l l s  w i t h  l a r g e  n u c l e i  and 

s t r o n g l y  e o s i n o p h i l  c y t o p l a s m .  In  a s p e c im e n  o f  t h e  l a r g e  l a n t e r n - f l y ,  

P y r o p s  t e n e b r o s u s  ( A p p . 2 ) ,  t h e  two l a y e r s  o f  t h e  s h e a t h  seemed t o  be 

s e p a r a t e d ,  t h e  i n n e r  l a y e r  a d h e r i n g  c l o s e l y  t o  t h e  m i d g u t  t u b e .  In  

o t h e r  s p e c i e s  (A p p e n d ix  6 ) ,  t h e  s h e a t h  i s  much l e s s  e v i d e n t ,  and i n  t h e  

a c c o u n t s  g i v e n  by e a r l i e r  a u t h o r s  no e x p l i c i t  m e n t i o n  i s  made o f  s u c h  a 

s t r u c t u r e .  More r e c e n t  a n a t o m i c a l  s t u d i e s  ( M i s h r a ,  1980 ;  Cheung ,  1983 )  

h ave  c o n f i r m e d  t h e  e x i s t e n c e  o f  an  e n s h e a t h e d  i n t e s t i n e ,  b u t  hav e  

n o t  ad d e d  any i m p o r t a n t  new i n f o r m a t i o n .  Whereas  e a r l i e r  a u t h o r s  p u t  

f o r w a r d  a v a r i e t y  o f  e x p l a n a t i o n s  f o r  t h e  a n t e r i o r  d i v e r t i c u l u m  o f  t h e  

m i d g u t ,  w i t h  t h e  e s t a b l i s h m e n t  o f  t h e  e x i s t e n c e  o f  a m i d g u t  s h e a t h ; i t  

c a n  be more e l e g a n t l y  e x p l a i n e d  a s  an  a d a p t a t i o n  f o r  t h e  i n f l a t i o n  o f  

t h e  t h o r a x  a t  e c d y s i s ,  w i t h o u t  d am ag in g  t h e  s h e a t h .

Among t h e  p h y t o p h a g o u s  H e t e r o p t e r a .  t h e  C imico m orp ha i n c l u d e  t h e  f a m i l i e s  

M i r i d a e  and T i n g i d a e ,  n o t  a few o f  w h ich  a r e  m a j o r  c r o p  p e s t s .  They a r e  

s m a l l  i n s e c t s ,  and t h e i r  mode o f  a t t a c k  on a p l a n t  i s  t o  d e s t r o y  a g r o u p  

o f  c e l l s  w i t h  t h e i r  t o x i c  s a l i v a ,  an d  s u c k  o u t  t h e  c o n t e n t s .  P h y s i o l o g 

i c a l l y ,  t h i s  may n o t  be v e r y  d i f f e r e n t  from s u c k i n g  t h e  j u i c e s  f rom an  

i n s e c t  p r e y ,  an d  i n d e e d ,  some M i r i d  s p e c i e s  w i l l  f e e d  e q u a l l y  upon 

p l a n t s  o r  upon i n s e c t s .
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The e a r l i e s t  work o f  t h e  p r e s e n t  w r i t e r  (A p p e n d ix  1) was t o  s t u d y  t h e

f e e d i n g  b e h a v i o u r  o f  t h e  r e l a t i v e l y  l a r g e - b o d i e d  and  d i s t i n c t i v e  g r o u p

o f  M i r i d a e ,  t h e  t r i b e  O d o n i e l l i n i  o f  t h e  s u b - f a m i l y  B r y o c o r i n a e ,  w hich  

i n c l u d e  s e r i o u s  p e s t s  o f  c a c a o  i n  West  A f r i c a  and a p e s t  o f  c o f f e e  i n  

E a s t  A f r i c a .  One g e n u s ,  H e l o p e l t i s ,  h a s  a w id e  d i s t r i b u t i o n  i n  t h e  

t r o p i c s  and a t t a c k s  many d i f f e r e n t  c r o p s .  O b s e r v i n g  - t h e s e  i n s e c t s  i n  

t h e  a c t  o f  f e e d i n g ,  i t  was fou nd  t h a t  an  u n u s u a l  k i n d  o f  e x c r e t o r y  

p r o c e s s  was t a k i n g  p l a c e .  A f t e r  - f e e d i n g  on a s o f t  c a c a o  s h o o t ,  t h e  

mouth  p a r t s  wo uld  be w i t h d r a w n  from t h e  p l a n t ,  b u t  t h e  p r o b o s c i s  r e m a i n e d

e x t e n d e d  and r e s t i n g  on t h e  p l a n t  s u r f a c e ,  and  a few l a r g e  d r o p s  o f

c l e a r  f l u i d  w e re  d e p o s i t e d .  The volume o f  f l u i d  e x c r e t e d  i n  t h i s  manner  

was  n e a r l y  a s  g r e a t  a s  t h a t  p a s s e d  v i a  t h e  a n u s .  I t  a p p e a r e d  t o  come 

f rom t h e  a c c e s s o r y  s a l i v a r y  g l a n d s ,  w h ich  i n  C im ico m o rp h a  h a v e  a t h i n -  

- w a l l e d  s a c  c l o s e l y  a p p l i e d  t o  t h e  s i d e s  o f  t h e  a n t e r i o r  m i d g u t .  In  

t h e  c a c a o  m i r i d s ,  t h e s e  s a c s  were  g r e a t l y  d i s t e n d e d  i n  i n s e c t s  d i s s e c t e d  

j u s t  a f t e r  f e e d i n g .  S a c - l i k e  e x t e n s i o n s  t o  t h e  s a l i v a r y  g l a n d s  a r e  n o t  

p r e s e n t  i n  t h e  p r e d o m i n a n t l y  p h y t o p h a g o u s  P e n t a t o m o m o r p h a . I n  C i m i c o 

m o rp h a ,  t h e y  may have  t h e  f u n c t i o n  o f  r e c y c l i n g  f l u i d  f rom t h e  m i d g u t  

b a c k  i n t o  t h e  i n s e c t  p r e y ,  and i t  i s  p e r h a p s  s i g n i f i c a n t  t h a t  i n  b l o o d 

s u c k i n g  forms t h e y  a r e  s m a l l  o r  a b s e n t .

I n  t h e  c o u r s e  o f  work on t h e s e  i n s e c t s ,  much l i t e r a t u r e  was c o n s u l t e d  

an d  s p e c i m e n s  o f  p h y t o p h a g o u s  H e t e r o p t e r a  d i s s e c t e d .  The c o n c l u s i o n  was 

r e a c h e d  t h a t  a l t h o u g h  t h e  r a idgu t  o f  O d o n i e l l i n i  was q u i t e  d i f f e r e n t  f rom 

t h a t  o f  o t h e r  C i m ic o m o r p h a ,  i t  was a l s o  d i f f e r e n t  f rom t h a t  o f  P e n t a t o m o -  

m o r p h a . In  b ec o m in g  a d a p t e d  t o  p l a n t  fo od  o f  h i g h  w a t e r  c o n t e n t ,  t h e  

O d o n i e l l i n e  m i r i d s  had  m o d i f i e d  t h e  o r g a n s  c h a r a c t e r i s t i c  o f  C imicom orp ha  

b u t  h ad  n o t  r e p r o d u c e d  t h e  s t r u c t u r e s  found  i n  P e n t a t o m o m o r p h a . They 

had made u se  o f  t h e  a c c e s s o r y  s a l i v a r y  g l a n d  t o  e x c r e t e  s u r p l u s  w a t e r ,  

a n d  had l o s t  a l l  t r a c e  o f  r e c t a l  g l a n d  c e l l s .

The w r i t e r ’ s i n t e r e s t  i n  a l i m e n t a r y  s t r u c t u r e s  a s s o c i a t e d  w i t h  p h y t o p h a g y  

h a v i n g  bee n  t h u s  a r o u s e d ,  a t t e n t i o n  was t u r n e d  t o  t h e  P e n t a t o m o m o r p h a .

The d i s t i n c t i v e  f e a t u r e s  o f  t h i s  g r o u p  o f  H e t e r o p t e r a  a r e  t h e  s e p a r a t e  

chamber  o f  t h e  m i d g u t  i n t o  w h ich  t h e  M a l p i g h i a n  t u b u l e s  o p e n ,  r e f e r r e d  

t o  by e a r l i e r  a u t h o r s ,  m i s t a k e n l y ,  a s  " i l e u m "  b u t  now r e c o g n i s e d  a s  

b e l o n g i n g  t o  t h e  m i d g u t  and c a l l e d  " e x c r e t o r y  v e s i c l e " ,  and  t h e  rows o f  

p o u c h - l i k e  d i v e r t i c u l a  on t h e  p e n u l t i m a t e  r e g i o n  o f  t h e  m i d g u t  t t h e  

s o - c a l l e d  " g a s t r i c  c a e c a "  ( P l a t e s  1 & 2 ) .  In  s h a p e  t h e  c a e c a  v a r y  f rom
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b u n c h e s  o f  l o n g  t u b e s  i n  some L y g a e i d a e ,  t h r o u g h  two rows o f  s h o r t  

f i n g e r - l i k e  c a e c a  on o p p o s i t e  s i d e s  o f  t h e  g u t  i n  o t h e r  L y g a e i d a e  and 

i n  C o r e i d a e ,  C y d n i d a e ,  and A c a n t h o s o m a t i d a e , t o  f o u r  rows o f  p u r s e - s h a p e d  

c a e c a  i n  P e n t a t o m i d a e  and r e l a t e d  f a m i l i e s .  In  t h e  l a t t e r  t h e  a d j a c e n t  

rows o f  c a e c a  a r e  i n  c o n t a c t ,  so  t h a t  t h e  c e n t r a l  t u b e  i s  c o m p l e t e l y  

s u r r o u n d e d .  In  P y r r h o c o r i d a e , R h o p a l i d a e ,  some L y g a e i d a e  and a few 

P e n t a t o m i d a e ,  t h e  c a e c a  a r e  r u d i m e n t a r y  o r  a b s e n t ,  an d  t h i s  i s  a s s o c 

i a t e d  w i t h  f e e d i n g  on s e e d s ,  o r  c a r n i v o r y .  T h e r e  i s  t h u s  a c o r r e l a t i o n  

b e t w e e n  p r e s e n c e  o f  c a e c a  and f e e d i n g  upon h y d r a t e d  p l a n t  t i s s u e .  In  

t h e  e a r l y  p a r t  o f  t h i s  c e n t u r y ,  t h e  g a s t r i c  c a e c a  w e r e  t h e  s u b j e c t  o f  

many p u b l i s h e d  w o r k s ,  most  o f  w h ich  a ssum ed  w i t h o u t  q u e s t i o n  t h a t  t h e  

f u n c t i o n  o f  t h e  c a e c a  was t o  h a r b o u r  a p u r e  c u l t u r e  o f  s y m b i o t i c  b a c t e r i a .  

A l t h o u g h  i t  i s  t r u e  t h a t  i n  a l m o s t  a l l  s p e c i e s  w h ic h  hav e  be en  e x a m i n e d ,  

t h e  c a e c a  c o n t a i n  v a s t  numbers  o f  b a c t e r i a ,  w h ich  c a n  be c u l t u r e d  and 

a l w a y s  p r o v e  t o  be G r a m - n e g a t i v e  s h o r t  f l a g e l l a t e  r o d s  o f  t h e  g en u s  

P s e u d o m o n a s ,  t h e  i d e a  t h a t  t h e  c a e c a  e v o l v e d  s o l e l y  f o r  t h a t  p u r p o s e  

i s  n o t  c o n v i n c i n g .  The o b s e r v a t i o n  w h ich  s e t  t h e  w r i t e r  t h i n k i n g  i n  

t e r m s  o f  a w a t e r - r e g u l a t i n g  f u n c t i o n  was t h a t  o f  t h e  p r e s e n c e  i n  t h e  

l i v i n g  c a e c a  o f  C o r e i d a e  and L y g a e i d a e  o f  l a r g e ,  c l e a r  " b u b b l e s "  w h ic h  

d i s c h a r g e d  t h e i r  c o n t e n t s  a s  t h e y  p a s s e d  f rom t h e  caecum i n t o  t h e  c e n t r a l  

t u b e . '  S i m i l a r  b u b b l e s  c o u l d  be s e e n  i n  t h e  e x c r e t o r y  v e s i c l e  o f  some 

s p e c i e s ,  when l i v i n g  t i s s u e s  w e re  e x a m in e d  u n d e r  t h e  m i c r o s c o p e ,  a p p a r 

e n t l y  n i p p e d - o f f  f rom t h e  c e l l  t i p s .  U n f o r t u n a t e l y  t h e s e  b u b b l e s  d i d  

n o t  s u r v i v e  p r e p a r a t i o n  f o r  h i s t o l o g i c a l  s t u d y .  A l t h o u g h  t h e y  h a v e  n o t  

b e e n  r e f e r r e d  t o  i n  a n y  p u b l i s h e d  work  on t h e  c a e c a ,  some a u t h o r s *  

i l l u s t r a t i o n s  o f  s e c t i o n s  t h r o u g h  b a c t e r i a - f i l l e d  c a e c a  show o v a l  gaps  

w h i c h  m i g h t  i n d i c a t e  t h e  p r e s e n c e  o f  s u c h  b u b b l e s .

A n o t h e r  p o i n t e r  t o  a p o s s i b l e  w a t e r - e x c r e t i n g  f u n c t i o n ,  a g a i n  m i s s e d  by 

e a r l y  a u t h o r s ,  was s e e n  i n  t h e  c l o s e  a n a t o m i c a l  r e l a t i o n s h i p  o f  t h e  l o n g  

c a e c a  o f  some L y g a e i d  s p e c i e s  t o  t h e  a n t e r i o r  m i d g u t  ( F i g . 2D).  D i s s e c t e d  

a l i m e n t a r y  c a n a l s  i l l u s t r a t e d  by e a r l y  a u t h o r s  w e re  a l w a y s  d i s p l a y e d  i n  

a n  e x t e n d e d  m an n e r ,  w h ic h  d e s t r o y e d  t h i s  r e l a t i o n s h i p .

Though b a c t e r i a  a r e  a l m o s t  i n v a r i a b l y  found  i n  t h e  g a s t r i c  c a e c a ,  t h i s  

n e e d  n o t  mean t h a t  t h e y  w e re  o r i g i n a l l y  e v o l v e d  t o  h a r b o u r  them. The 

a r g u m e n t s  a g a i n s t  t h i s ,  and a r e v i e w  o f  t h e  r e l e v a n t  l i t e r a t u r e ,  a r e  

g i v e n  i n  A p p e n d ix  3 .  N e v e r t h e l e s s ,  e v o l u t i o n  h a s  work ed  upon t h e  p o s s i b l y  

a d v e n t i t i o u s  c o l o n i s a t i o n  o f  t h i s  p a r t  o f  t h e  m i d g u t  so  a s  t o  make u s e
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o f  t h e  b a c t e r i a  c o n t a i n e d  t h e r e i n ,  i n  a manner  w h ich  e x p l a i n s  t h e i r  

i n t r a - i n t e s t i n a l  r a t h e r  t h a n  e x t r a - i n t e s t i n a l  l o c a t i o n ,  and w h ic h  was 

n o t  e v i d e n t  u n t i l  e x t r e m e  c a s e s  i n  c e r t a i n  t r o p i c a l  s p e c i e s  h a d  be en  

d i s c o v e r e d  ( A p p e n d i c e s  3,  9 ) .  T h a t  i s ,  t h e  b a c t e r i a  a r e  p a s s e d  f o r w a r d  

a l o n g  t h e  c e n t r a l  t u b e  t o  a b u l b - l i k e  e x p a n s i o n  o f  t h e  a n t e r i o r  e n d  o f  t h e  

c a e c a l  r e g i o n ,  w here  t h e y  a r e  d i g e s t e d .  E x a c t l y  w h a t  b e n e f i t  t h e  i n s e c t

d e r i v e s  from t h i s  i s  s t i l l  o b s c u r e .  In  some s p e c i e s ,  i n  t h e  C o r e i d a e

a n d  L y g a e i d a e ,  t h i s  may be c o m p a t i b l e  w i t h  c o n t i n u e d  w a t e r  e x c r e t i o n ,  

b u t  i n  P e n t a t o m i d a e  t h e  main  b u r d e n  o f  w a t e r  e x c r e t i o n  i s  t r a n s f e r r e d  

t o  t h e  e x c r e t o r y  v e s i c l e .  In  l a r v a l  s t a g e s ,  and i n  some s p e c i a l i s e d  fo rms  

i n  t h e  a d u l t  a s  w e l l ,  t h e  m i d g u t  i s  i n t e r r u p t e d  by t h e  o b l i t e r a t i o n  o f  

i t s  lumen j u s t  a n t e r i o r  t o  t h e  c a e c a l  r e g i o n  (a n d  i t s  a s s o c i a t e d  b u l b ) .

I n  t h e  most  s p e c i a l i s e d  f o r m s ,  t h e r e  i s  an  i n t e r r u p t i o n  o f  c o n t i n u i t y  

b e t w e e n  c a e c a l  r e g i o n  and e x c r e t o r y  v e s i c l e ,  so  t h a t  a l l  p o s s i b i l i t y  o f  

c a e c a  r e t a i n i n g  an  e x c r e t o r y  f u n c t i o n  c e a s e s .  In  t h e s e  c a s e s ,  i t  i s  o f  

i n t e r e s t  t o  n o t e ,  t h e  c a e c a  t e n d  t o  merge  w i t h  t h e  c e n t r a l  t u b e  an d  l o s e  

t h e i r  s e p a r a t e  i d e n t i t y .  Some o f  t h e s e  s p e c i a l i s e d  fo r m s  a r e  s a p - s u c k e r s , 

a n d  hav e  t h e  c h a r a c t e r i s t i c  s e e n  i n  many Homoptera  o f  f e e d i n g  g r e g a r i o u s l y  

a n d  i n  one p l a c e  f o r  l o n g  p e r i o d s .  Two o f  t h e s e  a r e  i l l u s t r a t e d  i n  P l a t e

3 .  In  b o t h  s p e c i e s ,  f e e d i n g  c o n t i n u e d  l o n g  a f t e r  t h e  p l a n t  d i s t a l  t o  t h e

f e e d i n g  s i t e  had s h r i v e l l e d ,  s h o w i n g  t h a t  v a s c u l a r  t i s s u e s  h ad  b e e n  

t a p p e d .

The most  e x t r e m e  form o f  a n a t o m i c a l  s p e c i a l i s a t i o n  o f  t h e  m i d g u t  i s  i n  

t h e  t r o p i c a l  f a m i l y  P h y l l o c e p h a l i n a e  ( F i g . 2 C ) ,  most  o f  w h ich  a r e  a s s o c 

i a t e d  w i t h  Graminae  a s  h o s t  p l a n t s ,  b u t  o f  w h ich  l a r v a l  b i o l o g y  i s  a l m o s t  

unknown.  In  t h e s e  i n s e c t s ,  t h e  e x c r e t o r y  v e s i c l e  i s  g r e a t l y  e x t e n d e d  

a n t e r i o r w a r d s , t o g e t h e r  w i t h  t h e  p r o x i m a l  p a r t s  o f  t h e  M a l p i g h i a n  t u b u l e s ,  

an d  l i e s  d o r s a l  t o  t h e  a n t e r i o r  m i d g u t  w h ich  c l o s e l y  e n f o l d s  i t .  The 

a d j a c e n t  e p i t h e l i a  a r e  s i m i l a r  i n  h i s t o l o g i c a l  s t r u c t u r e ,  com posed o f  

r a t h e r  f l a t t e n e d  c e l l s  w i t h  s p a r s e  c y t o p l a s m i c  c o n t e n t s  ( i n  t h i s  r e s p e c t  

s i m i l a r  t o  t h e  C i c a d o i d  f i l t e r  c h a m b e r ) .  A l t h o u g h  no p h y s i o l o g i c a l  

r e s e a r c h  h a s  y e t  shown how t h i s  a r r a n g e m e n t  w o r k s ,  i t  i s  s u f f i c i e n t l y  

s p e c i a l i s e d  t o  m e r i t  t h e  t e rm  " f i l t e r  c h a m b e r " .  U n f o r t u n a t e l y ,  t h e r e  

a r e  no p u b l i s h e d  o b s e r v a t i o n s  on f e e d i n g  b e h a v i o u r ,  e x c r e t i o n  o r  l a r v a l  

b i o l o g y .  I t  i s  q u i t e  l i k e l y  t h a t  t h e  l a r v a e  a r e  s u b t e r r a n e a n  r o o t  

f e e d e r s ,  and t h i s  may a l s o  be t h e  c a s e  f o r  t h e  C o r e i d  A c a n t h o c o r i s  

o b s c u r i c o r n i s  (A p p en d ix  3)  an d  P y r o p s  t e n e b r o s u s  ( A p p e n d i x  2 ) .  In  t h e  

s t u d i e s  by Cheung ( 1 9 7 9 , 1 9 8 2 , 1 9 8 3 )  on P y ro p s  c a n d e l a r i a  i n  Hong Kong, 

o n l y  a d u l t s  w e re  u s e d .
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Thus i t  may be s e e n  t h a t  t h e  a l i m e n t a r y  c a n a l  o f  p h y t o p h a g o u s  H e m i p t e r a  

shows s e v e r a l  i n t r i g u i n g  f e a t u r e s ,  t h e  p u r p o s e  and mode o f  o p e r a t i o n  o f  

w h ic h  n ee d  t o  be e l u c i d a t e d  by p h y s i o l o g i c a l  e x p e r i m e n t .  T h a t  s o  l i t t l e  

h a s  b e e n  done may be due t o  t h e  m a i n l y  t r o p i c a l  d i s t r i b u t i o n  o f  t h e  m o s t  

i n t e r e s t i n g  fo r m s ,  and t o  t h e i r  l a c k  o f  i m p o r t a n c e  a s  c r o p  p e s t s .  A t  t h e  

m o s t  t h e y  may be o c c a s i o n a l  p e s t s  o f  c r o p s  o f  o n l y  l o c a l  s i g n i f i c a n c e ,  

an d  i n  p o o r  c o u n t r i e s  t h e r e  i s  n e i t h e r  t h e  f i n a n c e  n o r  t h e  t i m e  f o r  

p u r e l y  a c a d e m i c  s t u d i e s .  F u r t h e r m o r e ,  t h e  most  i n t e r e s t i n g  s p e c i e s  

n e e d  t o  be r e a r e d  on l i v i n g  p l a n t s ,  and t h e  adde d  c o m p l i c a t i o n  an d  e x p 

e n s e  o f  t h i s  means t h a t  s u c h  t e c h n i q u e s  ca n  o n l y  be j u s t i f i e d  f o r  i n s e c t s  

o f  g r e a t  e c o n o m ic  i m p o r t a n c e ,  s u c h  a s  a p h i d s ,  m i r i d s ,  e t c .  Most  o f  t h e  

p h y s i o l o g i c a l  r e s e a r c h  h a s  b e e n  c a r r i e d  o u t  on t h e  more e a s i l y  r e a r e d  

s e e d - s u c k i n g  s p e c i e s  ( e . g .  B e r r i d g e ,1 9 6 5 ;  M i l e s ,  1 9 5 9 , 1 9 6 0 ) .

E v en  i n  t h e i r  t r o p i c a l  h o m e l a n d s ,  t h e  more s p e c i a l i s e d  fo r m s  a r e  n o t  

e a s i l y  f o u n d ,  and i t  s h o u l d  be  e m p h a s i s e d  t h a t  much o f  t h e  work  p r e s e n t e d  

i n  t h e  a p p e n d i c e s  ( e . g .  n o s . 2 , 5  and 9)  h a s  o n l y  be en  p o s s i b l e  b e c a u s e  o f  

s e r e n d i p i t o u s  o c c u r r e n c e  o f  i n f e s t a t i o n s  o t h e r w i s e  r a r e l y  e n c o u n t e r e d ,  

o r  e v e n  s i n g l e  c a p t u r e s  o f  t h e  i n s e c t s  c o n c e r n e d .  The l a r g e  s a p - s u c k i n g  

s p e c i e s  (A p p . 9 )  h av e  a f l u c t u a t i n g  d i s t r i b u t i o n ,  and may o n l y  o c c u p y  a 

p a r t i c u l a r  s i t e  f o r  a y e a r  o r  tw o ,  d u r i n g  w h ich  t im e  t h e  i n c i d e n c e  o f  

h y m e n o p t e r o u s  eg g  p a r a s i t e s  i n c r e a s e s  up t o  n e a r l y  100%. In  t h e  B r i t i s h  

I s l e s ,  t h e  H e m i p t e r a n  f a u n a  i s  d e p l e t e d ,  e v e n  compared  w i t h  c o n t i n e n t a l  

E u r o p e ,  a n d ,  a s  w i l l  be d e s c r i b e d  i n  t h e  n e x t  s e c t i o n ,  t h e  o n l y  s p e c i e s  

r e a d i l y  a v a i l a b l e  f o r  s t u d y  w e re  two P e n t a t o m i d a e .

W h i l e  t h e r e  a r e  a number  o f  s t u d i e s  on t h e  p h y s i o l o g y  o f  s a l i v a r y  g l a n d s  

o f  p e n t a to m o m o rp h a  ( H o r i , 1 9 7 2 ;  M i l e s , 1964;  N u o r t e v a  &, L a u r e m a , 1 9 6 1 ;  an d  

S a l k e l d , 1 9 5 9 ) ,  o f  t h e i r  a l i m e n t a r y  enzymes ( S a x e n a , 1 9 5 8 ;  S a x e n a  &, 

B h a t n a g a r , 1 9 6 1 ) ,  and o f  t h e i r  s c e n t  g l a n d s  ( G i l b y  & W a t e r h o u s e , 1 9 6 5 ;  

W a t e r h o u s e  &, G i l b y , 1 9 6 4 ) ,  t h e r e  i s  v i r t u a l l y  no i n f o r m a t i o n  on t h e  i o n i c  

c o m p o s i t i o n  and t o n i c i t y  o f  e x c r e t a ,  r e l a t i v e  t o  haemolymph.  As i t  was 

i n t e n d e d  t o  s t u d y  t h e  u l t r a s t r u c t u r e  o f  t h e  c a e c a  and e x c r e t o r y  v e s i c l e ,  

t o  s e e  i f  t h e y  showed an y  o f  t h e  f e a t u r e s  c h a r a c t e r i s t i c  o f  w a t e r  t r a n s 

p o r t ,  i t  seemed d e s i r a b l e  t o  f i n d  o u t  t h e  d e g r e e  o f  o s m o t i c  work w h i c h  

h a d  t o  be p e r f o r m e d .  I n d e e d ,  M a r s h a l l  &, C h e u n g (1 9 7 5 )  showed t h a t  t h e  

e x c r e t a  o f  a f u l g o r o i d  H o m o p te ra n  was h y p e r t o n i c  t o  t h e  haemolymph.

An e x p e r i m e n t  on e f f i c i e n c y  o f  fo o d  c o n v e r s i o n  was a l s o  c a r r i e d  o u t ,  i n  

o r d e r  t o  s e e  wha t  e f f e c t ,  i f  a n y ,  t h e  c a e c a l  b a c t e r i a  had  on t h i s  p a r a 

m e t e r ,  compared  w i t h  o t h e r  k i n d s  o f  i n s e c t .



-  14 -

THE SOURCE OF RESEARCH MATERIAL 

Th e m os t  e a s i l y  o b t a i n a b l e  p e n ta to m o m o rp h  H e t e r o p t e r a  i n  t h e  n e i g h b o u r 

ho o d  o f  B a t h  t u r n e d  o u t  t o  be t h e  s p e c i e s  D o l y c o r i s  b ac ca r u m  (Linn.")  

a n d  Pa lo m e n a  p r a s i n a  ( L i n n , ) ,  b o t h  P e n t a t o m i d a e .  The f o r m e r  fcommon 

name S l o e  b u g )  i s  a d u l l  mahog any- brow n i n s e c t  o f  1 1 -1 2  mm. a d u l t  

bo d y  l e n g t h ,  an d  t h e  l a t t e r  ' 'common name G re en  s h i e l d  b u g )  i s  b r i g h t  

l e a f  g r e e n  an d  1 2 -1 3  mm. l o n g .  D e s p i t e  many s e a r c h e s ,  t h e  l a r g e r  s p e c i e s  

o f  C o r e i d a e  ( 'Mesoce rus  m a r g i n a t u s  f L i n n . )  and E n o p l o p s  s c a p h a  ( ' F a b . ) ) ,  

w e r e  n o t  f o u n d .  The L y g a e i d a e  o c c u r r i n g  i n  B r i t a i n  a r e  n o t  l a r g e  en ough  

f o r  t h e  k i n d  o f  work e n v i s a g e d ,  n o r  i s  t h e  P i e d  s h i e l d  b ug ,  S e h i r u s  

b i c o l o r  ( L i n n .  ) ( ' C y d n i d a e ) ,  a l t h o u g h  i t  i s  q u i t e  common on W h i te  Dead 

N e t t l e  (Lamium a l b u m ) .

D . b a c c a r u m  an d  P . p r a s i n a  a r e  b o t h  s p a r s e l y  an d  l o c a l l y  d i s t r i b u t e d ,  

an d  t h e  m a t e r i a l  o f  t h e s e  s p e c i e s  was o b t a i n e d  from one o r  two s i t e s ,  

e a c h  n o t  more  t h a n  50 m^. i n  e x t e n t ,  w h e re  a d u l t s  c o u l d  u s u a l l y  be 

f o u n d  i n  s p r i n g  (mid-May t o  m i d - J u n e ) .  Though t h e y  w e r e  n o t  found  on 

t h e  same s i t e ,  b o t h  s p e c i e s  seemed t o  h a v e  an  a s s o c i a t i o n  w i t h  t h e  

f l o w e r s  o f  W h i t e  Dead N e t t l e .  P . p r a s i n a  was a l s o  fo u n d  i n  l a t e  s p r i n g  

o n  r a s p b e r r y  c a n e s  i n  a c o l l e a g u e ' s  g a r d e n ,  and t o w a r d s  t h e  en d  o f  t h e  

p e r i o d  o f  s t u d y  l a r v a e  o f  b o t h  s p e c i e s  w e re  fo u n d ,  i n  l a t e  summer,  on 

p l a n t s  o f  a n n u a l  m e r c u r y  ( ' M e r c u r i a l i s  a n n u a )  i n  my own g a r d e n ,  p e r h a p s  due 

t o  r e g u l a r  r e l e a s e  o f  l a b o r a t o r y  r e a r e d  s u r p l u s  a d u l t s ,  and t o  a summer 

when t h e  g a r d e n  was l e s s  r e s o l u t e l y  weeded t h a n  u s u a l .

P . p r a s i n a  c o u l d  be e a s i l y  r e a r e d  i n  t h e  l a b o r a t o r y ,  on  g r e e n  b e a n  p o d s .  

The a d u l t s  c o l l e c t e d  i n  s p r i n g  ( r a r e l y  more t h a n  3 o r  4 p a i r s )  were  

c o n f i n e d  on p o t  grown k i d n e y  bean  p l a n t s  ( P h a s e o l u s  v u l g a r i s ) ,  and 

s o o n  c l u s t e r s  o f  a b o u t  28 p a l e  g r e e n ,  b a r r e l - s h a p e d  e g g s  w ou ld  be l a i d  

on t h e  u n d e r s i d e s  o f  l e a v e s ,  o r  ev e n  on t h e  c o n f i n i n g  n e t t i n g .  In  some 

c a s e s ,  e g g s  had a l r e a d y  bee n  l a i d  i n  t h e  c o n t a i n e r  i n  w h i c h  t h e  i n s e c t s  

w e r e  c o l l e c t e d  i n  t h e  f i e l d .  H a t c h i n g  o c c u r r e d  i n  a b o u t  8 - 1 0  d a y s ,  an d  

t h e  h a t c h l i n g s  r e m a i n e d  by t h e  e g g s  f o r  a f u r t h e r  5 - 6  d a y s  ^ . b e f o r e  

m o u l t i n g  t o  t h e  s e c o n d  i n s t a r  and commencing t o  f e e d .  I f  t h e  empty 

eg g  s h e l l s  and t h e  l e a f  were  l e f t  f o r  a week o r  two,  an d  t h e  l e a f  b e g a n  

t o  s e n e s c e , t h e  c l u s t e r  o f  s h e l l s  was s e e n  t o  be  s u r r o u n d e d  by a zone  

more  t r a n s p a r e n t  t h a n  t h e  r e s t  o f  t h e  l e a f ,  a s  i f  t h e  l a r v a e  had  t a k e n  

t h e i r  f i r s t  f e e d  f rom t h a t  r e g i o n .  At  t h a t  t i m e  o f  y e a r ,  i t  was d i f f 

i c u l t  t o  o b t a i n  k i d n e y  be an  p o d s ,  b u t  t h e  l a r v a e  were  m a i n t a i n e d  

s u c c e s s f u l l y  on r i p e  i n f l o r e s c e n c e s  o f  s a i n f o i n  ( 'O n o b ry ch i s  s a t i v a )
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u n t i l  t h e  new s e a s o n ' s  k i d n e y  b e a n s  became a v a i l a b l e .  The method o f  

c u l t u r e  was a s  f o l l o w s .  A tw o -p o u n d  b i s c u i t  t i n  was u s e d ,  w i t h  a f o u r -  

i n c h  s q u a r e  h o l e  i n  t h e  l i d  c l o s e d  w i t h  f i n e  mesh n y l o n  n e t .  The b o t t o m  

was l i n e d  w i t h  a b s o r p t i v e  p a p e r ,  and f r e s h  bean p o d s  s t a c k e d  l o o s e l y  

t h e r e o n ,  a b o u t  250 gm. a t  a t i m e ,  ch a n g ed  a t  3 t o  4 d ay  i n t e r v a l s .

The l a r v a e  made r a p i d  g r o w t h ,  and d e p o s i t e d  l a r g e  am o u n t s  o f  w a t e r y  

e x c r e t a .  New a d u l t s  a p p e a r e d  i n  t h e  c u l t u r e  i n  l a t e  J u l y ,  w h ich  i s  

two t o  t h r e e  weeks  b e f o r e  t h e  new g e n e r a t i o n  o f  a d u l t s  c o u l d  be found  

i n  t h e  f i e l d .  Soon a f t e r  m o u l t i n g  t o  t h e  a d u l t ,  t h e  e x c r e t a  c h a n g e d  

i n  c h a r a c t e r  t o  a d e n s e  b l a c k  p a s t e ,  a s  t h e  i n t e s t i n a l  c o n t i n u i t y  was 

e s t a b l i s h e d  and t h e  m i d - g u t  c o n t e n t s  v o i d e d .

I n  c o n t r a s t  t o  P . p r a s i n a ,  a s i t e  was foun d on w h ich  D . b a c c a r u m  a d u l t s  

c o u l d  be c o l l e c t e d  i n  r e l a t i v e l y  l a r g e  numbers  b o t h  i n  s p r i n g  and 

l a t e  summer ( a t  t h e  l a t t e r  t i m e  t h e y  w e re  found i n  a s p o t  w h e re  B l a c k  

M e d i c k ,  M ed icago  l u p u l i n a , was d o m i n a n t ) .  However ,  no s u c c e s s  was 

a c h i e v e d  w i t h  c u l t u r e  o f  l a r v a e  f rom t h e  s p r i n g  a d u l t s ,  a l t h o u g h  when 

c a g e d  on f l o w e r i n g  s h o o t s  o f  Lamium album o r  S t a c h y s  s y l v a t i c a  (Hedge 

w o u n d w o r t ,  a l s o  o f  t h e  f a m i l y  L a b i a t a e ' i ,  b a t c h e s  o f  p a l e  p i n k i s h  e g g s  

w e r e  l a i d ,  w h ich  f a i l e d  t o  h a t c h .  The c h a r a c t e r i s t i c  brown " p r i c k l y "  

l a r v a e  o f  t h i s  s p e c i e s  w e re  o c c a s i o n a l l y  found among h e r b a g e  d u r i n g  

t h e  summer.  Both s p e c i e s  o f  bug e n t e r  r e p r o d u c t i v e  d i a p a u s e  i n  t h e  

a u t u m n ,  b u t  r e m a i n  a c t i v e  and f e e d .  D .b a cc a ru m  was k e p t  i n  t h e  l a b o r 

a t o r y  on s h o o t s  o f  Lamium a lb u m ,  and t h e  w e i g h t s  o f  m ark ed  i n d i v i d u a l s  

m o n i t o r e d  a t  i n t e r v a l s .  Weig h t  was m a i n t a i n e d  w h i l e  t h e y  had a c c e s s  

t o  p l a n t  m a t e r i a l ,  b u t  d r o p p e d  when i t  was w i t h d r a w n .  In  two o u t  o f  

f o u r  i n s e c t s ,  w e i g h t  was r e s t o r e d  by a c c e s s  t o  a w a t e r - s o a k e d  p ad .

W h i l e  e x p o s e d  t o  a s o u r c e  o f  f o o d ,  t h e  i n s e c t s  w e re  k e p t  f o r  two w eek s  

u n d e r  a l o n g  day  l i g h t i n g  r e g i m e ,  b u t  no m a t i n g  t o o k  p l a c e .  The i n s e c t s  

w e r e  r e l e a s e d ,  and t h e  o b s e r v a t i o n s  t e r m i n a t e d ,  i n  m i d -D e c e m b e r .

B e c a u s e  o f  t h e  r e l a t i v e  a v a i l a b i l i t y  o f  t h e  d i f f e r e n t  s t a g e s  o f  t h e  two 

s p e c i e s ,  l a r v a e  o f  P. p r a s i n a  w e re  u s e d  f o r  ex p e r im en - t s  on e x c r e t a  p r o d 

u c t i o n  and c o m p o s i t i o n ,  w h i l e  D .b a c c a ru m  a d u l t s  w e re  u s e d  f o r  s t u d i e s  

on  m i d - g u t  u l t r a s t r u c t u r e .  A few l a r v a e  o f  t h e  l a t t e r  s p e c i e s  were  

a l s o  s t u d i e d ,  and t h e  autum n and s p r i n g  a d u l t s  we re  c o m p a r e d .  Some 

l i g h t  m i c r o s c o p y  was c a r r i e d  o u t  on P . p r a s i n a  a d u l t s .  A l l  e x p e r i m e n t s  

w e r e  c a r r i e d  o u t  a t  room t e m p e r a t u r e ,  a p p r o x i m a t e l y  2 0 ° C . D e t a i l s  o f  

t h e  m e th o d s  u s e d  w i l l  be g i v e n  w i t h  t h e  a c c o u n t  o f  e a c h  e x p e r i m e n t .
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As a l r e a d y  i n d i c a t e d ,  t h e  l i q u i d  e x c r e t a  o f  t h e  l a r v a e  o f  Palo mena 

p r a s i n a ,  i s  u n c o n t a m i n a t e d  by m i d g u t  c o n t e n t s  owing t o  t h e  d i s c o n t i n 

u i t y  o f  t h e  g u t  lu m en ,  b u t  may i n c l u d e  s e c r e t i o n s  o f  t h e  c a e c a l  r e g i o n  

a n d  t h e  e x c r e t o r y  v e s i c l e  a s  w e l l  a s  t h e  u r i n e  from t h e  M a l p i g h i a n  

t u b u l e s .  I t  i s  f o r  f u t u r e ,  more  r e f i n e d  r e s e a r c h ,  t o  d i s t i n g u i s h  t h e  

c o n t r i b u t i o n  o f  t h e s e  s o u r c e s .  F o r  t h e  p u r p o s e s  o f  a n a l y s i s ,  t h e  e x c r e t a  

w e r e  c o l l e c t e d  from t h e  s u r f a c e s  o f  b e a n  p o d s  i n  t h e  c u l t u r e  box .  C a p i l l 

a r y  t u b e s  o f  a c c u r a t e l y  known 1 mm. b o r e  s i z e  w e re  u se d  t o  p i c k  up  t h e  

g l o b u l e s  by c a p i l l a r y  a t t r a c t i o n .  C l e a n ,  d i s c r e t e ,  a v e r a g e  s i z e d  g l o b 

u l e s  w e re  s e l e c t e d ,  an d  c o n f l u e n t  m a s s e s  o f  e x c r e t a  were  a v o i d e d .  Eac h  

c a p i l l a r y  t u b e  was u s e d  t o  p i c k  up s e v e r a l  g l o b u l e s ,  u n t i l  c a p i l l a r i t y  

c e a s e d  t o  be  e f f e c t i v e .  The t u b e s  w e re  p l u g g e d  w i t h  p l a s t i c i n e  and 

s t o r e d  i n  a f r o z e n  s t a t e  p e n d i n g  a n a l y s i s .  As t h e  r e s u l t s  g i v e n  i n  

T a b l e  I s u g g e s t ,  p e r i o d i c a l  f l u c t u a t i o n s  i n  p o t a s s i u m  c o n t e n t  p r o b a b l y  

o c c u r r e d ,  b u t  t h i s  was n o t  a n t i c i p a t e d ,  an d  u n f o r t u n a t e l y  no r e c o r d  was 

k e p t  o f  t h e  d ay  on w h i c h  p a r t i c u l a r  s a m p l e s  w e r e  c o l l e c t e d .  C o l l e c t i o n s  

w e r e  made d a i l y ,  and  a n a l y s i s  c a r r i e d  o u t  when a s u f f i c i e n t  number o f  

s a m p l e s  h a d  a c c u m u l a t e d .

The volume o f  s a m p l e s  was e s t i m a t e d  f rom t h e  l e n g t h  o f  co lumn fo rm ed  i n  

t h e  c a p i l l a r y  t u b e .  F o r  m o s t  p u r p o s e s  no r e c o r d  was made o f  t h e  number  

o f  e x c r e t o r y  g l o b u l e s  c o l l e c t e d  i n  a s a m p l e ,  b u t  an  e s t i m a t e  o f  i n d i v 

i d u a l  g l o b u l e  s i z e  was made f rom some o f  t h e  e a r l y  s a m p l e s  by c o u n t i n g  

t h e  g l o b u l e s  a s  t h e y  w e r e  p i c k e d  u p .  T h i s  showed t h a t  t h e  a v e r a g e  

e x c r e t o r y  g l o b u l e  h a s  a volume o f  a p p r o x i m a t e l y  2 . 5  yul.

Some o f  t h e  s a m p l e s  w e r e  u s e d  i n  an  a t t e m p t  t o  d e t e r m i n e  t h e  o s m o t i c  

p r e s s u r e  o f  t h e  e x c r e t a ,  u s i n g  a Wesco r  5100B V a pour  P r e s s u r e  Osmomete r .  

D i f f i c u l t y  was e x p e r i e n c e d  i n  o b t a i n i n g  c o n s i s t e n t  r e s u l t s ,  e v e n  w i t h  

m a t e r i a l  f rom t h e  same s a m p l e ,  b u t  t h o s e  w h ich  w e re  t h o u g h t  t o  be m o s t  

r e l i a b l e  gave  a n  o s m o t i c  p r e s s u r e  o f  2 4 9 + 8 . 5  mOsm. /k g . ( M e a n + S E , N = 4 ) . For  

t h e s e  m e a s u r e m e n t s ,  s a m p l e s  w e r e  t a k e n  up i n  5 mm. p a p e r  d i s c s  w h ic h  

w e r e  i n s e r t e d  i n t o  t h e  m a c h i n e .  T h es e  d i s c s  w e r e  r e t a i n e d ,  and a f t e r  

d r y i n g  were  t e s t e d  f o r  u r i c  a c i d  by F o l i n  & Wu’ s  t u n g s t a t e  r e a g e n t ,  

a n d  f o r  amino  a c i d s  w i t h  n i n h y d r i n .  The f o r m e r  d i d  n o t  g i v e  a p o s i t i v e  

r e s u l t ,  b u t  t h e  l a t t e r  gave  a  f a i n t  r e a c t i o n ,  i n d i c a t i n g  t h e  p r e s e n c e  

o f  s m a l l  a m o u n t s  o f  am ino  a c i d s .

The c o n c e n t r a t i o n s  o f  s o d iu m  an d  p o t a s s i u m  i n  t h e  e x c r e t a  w e re  m e a s u r e d  

b y  u s i n g  a n  EEL Flame P h o t o m e t e r .  The e x c r e t a  w e re  t r a n s f e r r e d  t o  s m a l l
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c l e a n  g l a s s  v i a l s ,  by s h a r p l y  s h a k i n g  t h e  c a p i l l a r y  t u b e  o v e r  t h e  

m o u th  o f  t h e  v i a l .  The volume was e s t i m a t e d  by m e a s u r i n g  t h e  colum n 

l e n g t h ,  t o  t h e  n e a r e s t  0 . 5  m m . , b o th  b e f o r e  and a f t e r  t h i s  o p e r a t i o n .

One m i l l i l i t r e  o f  d i s t i l l e d  w a t e r  was a d d e d ,  t o  p r o v i d e  a s u i t a b l e  

vo lum e f o r  i n j e c t i o n  i n t o  t h e  p h o t o m e t e r .  The r e a d i n g s  o b t a i n e d  w e re  

c h e c k e d  a g a i n s t  f r e s h l y  p r e p a r e d  s t a n d a r d  s o l u t i o n s .  A c o n t r o l  was 

p r o v i d e d  by s i m u l a t e d  e x c r e t o r y  g l o b u l e s  fo rm ed  by d r o p p i n g  d i s t i l l e d  

w a t e r  on t o  p o d s ,  and t h e n  s a m p l i n g  t h o s e  i n  t h e  same way a s  t h e  e x c r e t a .  

C o n t r o l  s e r i e s  A u s e d  f r e s h  b e a n  p o d s ,  and s e r i e s  B u s ed  p o d s  w h ic h  had 

b e e n  i n  t h e  i n s e c t  c u l t u r e  box ( t h o u g h  n o t  o b v i o u s l y  c o n t a m i n a t e d  w i t h  

e x c r e t a ) .  The d i f f e r e n c e  b e t w e e n  t h e s e  two s e t s  o f  c o n t r o l s  was n o t  

s i g n i f i c a n t .  As f a r  a s  p o s s i b l e ,  c o n c e n t r a t i o n s  o f  sodium  and p o t a s s i u m  

w e r e  m e a s u r e d  on t h e  same s a m p l e ,  and i t  i s  t h e s e  r e a d i n g s  w h ic h  hav e  

b e e n  p l o t t e d  i n  F i g . 3 ( p . 1 9 ) .  The g r a p h  shows t h a t  t h e r e  i s  no c o r r e l 

a t i o n  b e t w e e n  t h e  c o n c e n t r a t i o n s  o f  sod ium  and p o t a s s i u m .  The r e s u l t s  

a r e  l i s t e d  i n  T a b l e  I ,  i n  w h i c h ,  f o r  t h e  s a k e  o f  c o m p l e t e n e s s ,  a number 

o f  r e a d i n g s  w he re  o n l y  t h e  so d iu m  o r  t h e  p o t a s s i u m  c o n c e n t r a t i o n  was 

m e a s u r e d ,  a r e  i n c l u d e d .

A few d e t e r m i n a t i o n s  o f  c a t i o n  c o n c e n t r a t i o n s  i n  t h e  haemolymph were  

a l s o  made ,  an d  a r e  l i s t e d  i n  T a b l e  I ,  b u t  no m e as u r e m e n t  o f  o s m o t i c  

p r e s s u r e  o f  haemolymph was made.

I t  w i l l  be s e e n  from T a b l e  I t h a t  t h e  p o t a s s i u m  c o n c e n t r a t i o n  i n  t h e  

e x c r e t a  d i f f e r s  v e r y  s i g n i f i c a n t l y  from e i t h e r  t h e  c o n t r o l  o r  t h e  hae m- 

o ly ra ph ,  w h e r e a s  t h e  sod ium  c o n c e n t r a t i o n  i n  t h e  e x c r e t a  d i f f e r s  f rom 

c o n t r o l  find haemolymph o n l y  a t  a low l e v e l  o f  s i g n i f i c a n c e .  The n e t  

c o n c e n t r a t i o n s  i n  t h e  e x c r e t a ,  a f t e r  s u b t r a c t i o n  o f  t h e  c o n t r o l ,  a r e  

P o t a s s i u m  2 . 9 4 7  j i g / p l .  an d  Sod ium 0 . 0 1 6 6  p g . / j j l .  The h i g h  b a c k g r o u n d  

l e v e l  o f  s o d iu m  may be due t o  l e a c h i n g  from t h e  g l a s s w a r e  u s e d  i n  t h e  

e x p e r i m e n t .  The w ide  r a n g e  o f  v a r i a t i o n  o f  p o t a s s i u m  c o n c e n t r a t i o n  i n  

t h e  e x c r e t a ,  w i t h  a much s m a l l e r  v a r i a t i o n  i n  t h e  haemolymph,  and  t h e  

o p p o s i t e  c o n d i t i o n  i n  t h e  c o n c e n t r a t i o n s  o f  s o d iu m ,  may r e f l e c t  a r e a l  

s i t u a t i o n .  B e i n g  d e r i v e d  f rom o n l y  two o r  t h r e e  e g g  m a s s e s  l a i d  a t  

n e a r l y  t h e  same t i m e ,  t h e  c u l t u r e s  w e re  q u i t e  s t r o n g l y  s y n c h r o n o u s ,  and 

t h e s e  v a r i a t i o n s  may i n d i c a t e  c y c l i c a l  c h a n g e s  t h r o u g h  t h e  f i n a l  i n s t a r ,  

a s  o b s e r v e d  by B e r r i d g e  ( 1 9 6 5 )  i n  D y s d e r c u s  f a s c i a t u s .  The same a u t h o r ' s  

f i g u r e s  f o r  p o t a s s i u m  mean ( 2 . 3 7 2  ^ i g . / p l )  an d  maximum ( 3 . 4 3  j i g . / p l . )  

c o n c e n t r a t i o n s  l i e  w e l l  w i t h i n  t h e  r a n g e  o f  t h e  p r e s e n t  w ork .
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table

IONIC COMPOSITION OF EXCRETA AND HAEMOLYMPH OF PALOMENA PRASINA LARVAE

S a m p le V o l u m e ( p i . ) Na ( t o t a l ) Na ( p g . / u l . ) K ( t o t a l )  K ( p g . / p l . )

1 2 6 . 7 0 1 . 7 9 7 ^ . 0 . 0 6 7 3 -

2 1 8 . 8 5 1 .9 7 7 0 . 1 0 4 9 8 2 . 7 2 4 ^ 4 . 3 8 8

3 2 2 . 7 7 1 .0 3 6 0 . 0 4 5 5 4 6 . 7 5 3 2 . 053

4 1 8 . 0 6 1 .0 3 4 0 . 0 5 7 3 5 0 .8 9 7 2 . 8 1 8

5 1 5 . 7 1 0 .  615 0 . 0 3 9 1 2 1 . 8 5 0 1 . 3 9 1

6 1 3 .7 4 0 .  512 0 . 0 3 7 2 4 9 . 8 5 0 3 . 6 2 8

7 1 4 . 9 2 0 .  621 0 . 0 4 1 6 5 1 . 8 0 0 3 .472

8 19. 63 0 .  760 0 . 0 3 8 7 1 0 0 .3 9 0 5 .1 1 4

9 3 1 . 8 1 1 . 7 9 0 0 . 0 5 6 0 2 7 . 6 2 0 0 .  868

10 8.  64 - - 3 1 . 5 4 0 3.  651

11 20.  80 - - 5 8 . 0 8 0 2 . 7 9 0

12 1 6 . 5 0 - - 4 0 . 3 6 0 2 . 4 4 6

13 33.  77 - - 6 1 . 8 4 0 1 .8 3 1

14 3 7 . 3 1 - - 1 4 2 . 4 9 0 3 . 9 9 6

S a m p l e Mean Io n  C o n c e n t r a t i o n + S E 0 . 0 5 4 2 + 0 . 0 0 7 2 2 . 9 5 7 + 0 . 3 4 0

C o n t r o l  A ( s e e  t e x t )

1 2 9 . 0 2 1 . 0 4 5 0 . 0 3 6 0 - -

2 1 3 . 3 5 0 . 4 7 0 0 . 0 3 5 2 - -

3 3 2 . 7 6 1 . 6 4 0 0 . 0 4 3 5 - -

4 1 4 . 5 0 - - 0 . 1 4 5 0 . 0 1 0 0

C o n t r o l B ( s e e  t e x t )

1 4 0 . 9 0 1 . 8 0 0 0 . 0 4 4 0 - -

2 2 5 . 5 4 0 . 9 5 0 0 . 0 3 7 2 - -

3 5 5 . 0 7 1 . 6 3 0 0 . 0 2 9 6 - -

4 2 7 . 9 4 - - 0 . 2 8 5 0 . 0 1 0 2

C o n t r o l Mean Io n  C o n c e n t r a t i o n + S E 0 . 0 3 7 6 + 0 . 0 0 2 2 0 . 0 1 0 1

Haemolymph

1 5 . 5 0 1 . 8 2 8 0 . 3 3 2 5 . 4 4 6 0 . 9 9 0

2 6 . 2 8 1 . 0 1 6 0 . 1 6 2 5 .3 1 1 0 . 8 4 6

3 8 . 2 5 0 . 9 9 7 0 . 1 2 1 7 . 2 2 3 0 . 8 7 6  -

4 5 . 1 0 - - 5 .1 1 9 1 .0 0 3

5 5 . 5 0 - - 3 . 4 5 8 0 .  629

H ' lymph Mean Ion  C o n c e n t r a t i o n + S E 0 . 2 0 5 + 0 . 0 6 5 0 . 8 6 9 + 0 . 0 6 7

S i g n i f i c a n c e  o f  r e s u l t s .

E x c r e t a  v s .  C o n t r o l  -  Sodium t  = 2 , 2 0  DF 13 . 0 5 > P > .0 2  P o t a s s i u m  t  = 9 . 6 1
DF 13 P^.O Ol

E x c r e t a  v s .  Haemolymph -  Sodium t  = 2 . 7 6  DF 10 P = 0 . 0 2  P o t a s s i u m  t  = 6 . 0
DF 16 P < \0 0 1
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FEEDING, GROWTH, AND ION EXCRETION 

A s e r i e s  o f  e x p e r i m e n t s  was c a r r i e d  o u t  t o  com pare  fo od  c o n s u m p t i o n ,  

i n s e c t  g r o w t h ,  and e x c r e t o r y  t h r o u g h p u t .  A f t e r  some p r e l i m i n a r y  t r i a l s  

w i t h  d i f f e r e n t  m e thods  o f  c o n f i n i n g  t h e  bugs  on t h e i r  f o o d ,  t h e  f o l l o w 

i n g  s y s t e m  was a r r i v e d  a t .  G l a s s  c r y s t a l l i z i n g  d i s h e s  w e r e  u s e d ,  o f  

i n t e r n a l  d i m e n s i o n s  8 . 5  cm. wide  by 4 . 5  cm. d e e p ,  c l o s e d  by c l e a r  

p l a s t i c  P e t r i  d i s h  c o v e r s  i n  which f o u r  o n e - i n c h  h o l e s  had  bee n  made 

an d  c o v e r e d  w i t h  n y l o n  mesh.  Two l e n g t h s  o f  r u n n e r  b e a n  pod w e re  c u t  

f o r  ea ch  d i s h ,  o f  s u c h  a l e n g t h  a s  t o  f i t  f i r m l y  a c r o s s  t h e  w i d t h  o f  

t h e  d i s h ,  n o t  t o u c h i n g  t h e  b a s e  o r  l i d .  They were  s e t  a t  r i g h t  a n g l e s  

t o  e a c h  o t h e r .  The pod s  w e r e  w e ig h e d  b e f o r e  i n s e r t i o n ,  and g r o u p s  o f  

P . p r a s i n a  nymphs p l a c e d  i n  t h e  d i s h ,  h a v i n g  been w e ig h e d  a s  a g r o u p .

The i n s e c t s  w e re  c h o s e n  f rom t h e  c u l t u r e  box a s  b e i n g  a p p a r e n t l y  h e a l t h y ,  

a c t i v e ,  and u n f e d  o r  o n l y  p a r t l y  f e d ,  a s  shown by t h e  s t a t e  o f  d i s t e n 

s i o n  o f  t h e  bo dy .  The i n s e c t s  we re  l e f t  i n  w i t h  t h e  b e a n  pods  f o r  72 

h o u r s ,  and t h e n  t h e  g r o u p  o f  nymphs was w e ig h e d  t o  t h e  n e a r e s t  0 . 1  mg. 

i n  a p r e - w e i g h e d  v i a l ,  and t h e  pod l e n g t h s  w e re  w e ig h e d  t o  t h e  n e a r e s t  

m i l l i g r a m .  The i n s e c t ' s  f e e d i n g  l e f t  no v i s i b l e  l e s i o n ,  and t h e  pods  

w e r e  s t i l l  f r e s h  l o o k i n g .  Each  r e p l i c a t e  o f  t h r e e  o r  f o u r  d i s h e s  had 

o n e  d i s h  w i t h o u t  i n s e c t s ,  a s  a c h e c k  on e v a p o r a t i v e  l o s s e s  f rom t h e  p o d s .  

U n f o r t u n a t e l y ,  t h e r e  was no c h e c k  on e v a p o r a t i o n  f rom t h e  i n s e c t s .

A f t e r  t h e  w e i g h i n g s ,  t h e  d i s h e s  were  s e t  a s i d e ,  u p s i d e  down,  t o

d r y  o u t ,  and a t  t h e  end o f  t h e  s e r i e s  o f  r e p l i c a t e s ,  t h e  amount  o f  

s o d i u m  and p o t a s s i u m  d e p o s i t e d  by t h e  i n s e c t s  was m e a s u r e d  by f l am e  

p h o t o m e t r y  i n  t h e  same way a s  t h e  e x c r e t o r y  d r o p l e t s .  The d r i e d  d e p o s i t ,  

a s c a r c e l y  v i s i b l e  s m e a r ,  was e l u t e d  w i t h  20 ml .  o f  h o t  d i s t i l l e d  w a t e r  

( 1 0  ml .  f o r  t h e  c o n t r o l  d i s h e s ) ,  and f u r t h e r  d i l u t e d  i f  n e c e s s a r y  t o  

b r i n g  t h e  p h o t o m e t e r  r e a d i n g  i n t o  t h e  r a n g e  o f  t h e  s t a n d a r d  s o l u t i o n s .

As t h e  s u r f a c e  o f  t h e  pods  was n o t  r i n s e d  i n t o  t h e  d i s h ,  a n y  e x c r e t a  

a d h e r i n g  t o  them was l o s t .  ( In  n o t e s  made a t  t h e  t i m e ,  o n l y  one d i s h  

( r e p l i c a t e  6c ,  T a b l e  I I ^  was r e c o r d e d  a s  h a v i n g  a s i g n i f i c a n t  amount  o f  

e x c r e t a  v i s i b l e  on t h e  p o d s . )  As w i l l  be s e e n  from T a b l e  H  e i g h t

s e t s  o f  r e p l i c a t e s ,  y i e l d i n g  22 i n d i v i d u a l  r e c o r d s  o f  i n s e c t  w e i g h t

g a i n  i n  r e l a t i o n  t o  food consum ed ,  w e re  o b t a i n e d .  As t h e  i n s e c t s  w e re  

r e t u r n e d  t o  t h e  c u l t u r e  box a f t e r  t h e  e x p e r i m e n t ,  some o f  them may 

h a v e  b een  u s e d  more t h a n  o n c e .  T h i s  i s  known t o  h a v e  o c c u r r e d  i n  t h e  

r e p l i c a t e s  6 a / 7 b  and 6 b / 7 a ,  and b e c a u s e  o f  t h e i r  i m m a t u r i t y ,  t h e  i n s e c t s

u s e d  i n  l a  and l b  we re  p r o b a b l y  u s e d  a g a i n  l a t e r .
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The r e s u l t s  f rom t h i s  e x p e r i m e n t  a r e  t a b u l a t e d  ( w i t h  d e t a i l s  o f  t h e  

i n s e c t s  u s ed  i n  e a c h  r e p l i c a t e )  i n  T a b l e  I I ,  and e x p r e s s e d  g r a p h i c a l l y  

i n  F i g u r e s  4 ,  5 ,  an d  6 ( p p . 2 4 - 2 6 ) .  I n  a d d i t i o n a l  t o  s t a t i s t i c a l  t r e a t 

ment  o f  t h e s e  r e s u l t s ,  t h e y  may be c o m pared  w i t h  t h o s e  o f  t h e  p r e v i o u s  

e x p e r i m e n t ,  and w i t h  t h e  a n a l y s i s  o f  c o m p o s i t i o n  o f  r u n n e r  b e a n  pod 

g i v e n  i n  P au l  & S o u t h g a t e  (1978'*.  C o m p a r i s o n  may a l s o  be made w i t h  

t h e  f i g u r e s  p u b l i s h e d  by B e r r i d g e  ( 1 9 6 5 )  on e x c r e t i o n  i n  t h e  c o t t o n  

s t a i n e r  bug,  D y s d e r c u s  f a s c i a t u s .

I t  i s  c l e a r  t h a t  i n  b o t h  t h e  e x p e r i m e n t s ,  a s  i n  B e r r i d g e ' s  w o r k ,  l a r g e  

a m o u n t s  o f  p o t a s s i u m  a r e  e x c r e t e d ,  b u t  v e r y  s m a l l  am o u n t s  o f  s od ium .

In  f a c t ,  from T a b l e  I I ,  t h e  sod ium  e x c r e t e d  i s  n o t  s i g n i f i c a n t l y  d i f f 

e r e n t  f rom t h e  b a c k g r o u n d .  F i g u r e  4 s h o w s ,  a s  d i d  F i g u r e  3 ,  t h a t  t h e r e  

i s  no c o n n e c t i o n  b e t w e e n  t h e  c o n c e n t r a t i o n s  o f  p o t a s s i u m  and t h o s e  o f  

s o d iu m .

The c o n c e n t r a t i o n  o f  s o d i u m  i n  t h e  e x c r e t a  ( c o r r e c t e d  mean 0 . 0 1 6 6  j j g . / p l . )  

may be com pared w i t h  t h a t  i n  t h e  f o o d  ( 0 . 0 2 0  f i g . / m g . )  an d  t h a t  i n  t h e  

haemolymph ( 0 . 2 0 5 + 0 . 0 6 5  f i g / p l . ) .  The i n s e c t  i s  t h e r e f o r e  e x c r e t i n g  l e s s  

s od ium  t h a n  i t  i n g e s t s  an d  r e t a i n i n g  i n  t h e  body a l e v e l  t e n  t i m e s  

ab o v e  t h e  i n g e s t a .  T h e r e  a r e  a few p o i n t s  on F i g u r e  4 ,  an d  one ( s a m p l e  

2 )  on F i g u r e  3 ,  w h e re  s o d iu m  c o n c e n t r a t i o n  i s  u n u s u a l l y  h i g h .  A p a r t  f rom 

e x p e r i m e n t a l  e r r o r ,  two i n t e r p r e t a t i o n s  o f  sam ple  2 a r e  p o s s i b l e .  One 

i s  t h a t  t h e  e x c r e t o r y  g l o b u l e s  w h i c h  fo rm ed  t h e  s am p le  h a d  a l l  l o s t  

w a t e r  by e v a p o r a t i o n  ( a  50% l o s s  o f  volume w oul d  b r i n g  t h e  p o i n t  w e l l  

i n t o  l i n e  w i t h  t h e  o t h e r s ) .  Even  i f  t h i s  s am p le  w e re  t h e  f i r s t  o f  t h e  

s e r i e s  t o  be c o l l e c t e d  ( a s  s t a t e d  a b o v e ,  no  r e c o r d  was k e p t  o f  t h e  o r d e r  

i n  w h ich  s a m p l e s  w e re  c o l l e c t e d ) ,  an d  t h e  g l o b u l e s  h a d  b e e n  e x p o s e d  f o r  

l o n g e r  t h a n  t h e  o t h e r s ,  s u c h  a d i m i n u t i o n  i n  volume w o u ld  h a v e  b ee n  

n o t i c e a b l e ,  and t h e  g l o b u l e s  w o u ld  n o t  h a v e  a p p e a r e d  n o r m a l .  The o t h e r  

p o s s i b i l i t y  i s  t h a t  t h e r e  may be a p o i n t  i n  t h e  i n s t a r  when a n a t u r a l  

r i s e  i n  sodium e x c r e t i o n  o c c u r s .  B e r r i d g e  r e c o r d s  t h a t  t h e  sod ium 

c o n t e n t  o f  t h e  e x c r e t a  r o s e  f rom 0 . 0 1 3  ju g . / j u l .  i n  t h e  m i d d l e  o f  t h e  f i f t h  

i n s t a r ,  t o  0 . 1 0 0  p.g.  / j j l . a t  t h e  e n d .  He a l s o  found  t h a t  p o t a s s i u m  e x c r 

e t i o n  was h i g h e s t  i n  t h e  m i d d l e  o f  t h e  i n s t a r ,  and t h e  l a c k  o f  an y  

c o r r e l a t i o n  b e t w e e n  t h e  c o n c e n t r a t i o n s  o f  sod ium  and p o t a s s i u m  i n  t h e  

e x c r e t a  o f  P . p r a s i n a  s u g g e s t s  t h a t  i t  i s  s i m i l a r  i n  t h i s  r e s p e c t .

Wi th  r e g a r d  t o  p o t a s s i u m  e x c r e t i o n ,  t h e  o p p o s i t e  c o n d i t i o n  p r e v a i l s ,  i n  

t h a t  t h i s  c a t i o n  i s  more  c o n c e n t r a t e d  i n  t h e  e x c r e t a  (mean = 2 . 9 4 7  j a g / j i l . )



TABLE XI

flELATIONSHIP o f  WEIGHT GAIN o f  PALOMENA. PRASINA.,  WEIGHT LOSS o f  FOOD, an d  EXCRETA COMPOSITION

1 . ( 2 0 - 2 3 / 0 7 / 8 2 )

---  ^  — w ------- f  0... . - ~ “ -------- t  O ' ” :---- —  --------

C o n t r o l  (n o  b u g s ) 1 . 7 5 6 - - 9 .  10 • 7 . 0 5

a ) ( S e v e n  3 & 4 i n s t a r ) 2 . 0 0 5 0 . 2 4 9 0 . 0 6 9 0 20 73 1 8 8 . 2 3

b )  ( " M M ) 2 . 2 4  6 0 . 4 9 0 0 . 0 7 8 7 2 7 . 7 0 5 4 2 . 7 6

2 .  ( 2 3 - 2 6 / 0 7 / 8 2 )

C o n t r o l  (n o  b u g s ) 1 . 8 1 6 - - 2 8 . 4 1 27 . 5 0
a ) ( F o u r  4 t h . i n s t a r ) 1 . 8 3 6 0 . 0 2 0 0 . 0 3 5 5 12 . 79 2 4 3 . 0 4

b ) ( " M M ) 1 . 9 1 0 0 . 0 9 4 0 . 0 3 3 3 18. 60 2 2 7 . 8 5

3 . ( 2 7 - 3 0 / 0 7 / 8 2 )

C o n t r o l  (n o  b u g s ) 1 . 6 7 5 - - 13.  64 8 . 8 2

a ) ( 2 , 4 t h , &  2 , 5 t h . i n s t , > 2 . 136 0 . 4 6 1 0 . 1 1 6 9 9 .09 6 1 1 . 7 6

b > ( T h r e e  5 t h . i n s t a r ) 2 . 0 5 1 0 . 3 7 6 0 . 0 5 9 3 9 . 0 9 2 3 5 . 2 9

c ) r  M " " ) 1.  921 0 . 2 4 6 0 . 0 4 2 3 9 .09 5 1 3 . 4 3

4 . ( 3 0 / 0 7 - 0 2 / 0 8 / 8 2 )

C o n t r o l  (n o  b u g s ) 1 . 7 3 1 - - 12. 66 1 1 . 4 7

a H T h r e e  5 t h . i n s t a r ) 1 . 9 8 6 0 . 2 5 5 0 . 0 8 5 6 21 .  52 6 3 9 . 3 4

b>(  " " " ) 1 . 9 7 0 0 . 2 3 9 0 . 0 9 7 2 3 2 . 9 1 7 4 7 . 5 4

c ) r  M " M ) 2 . 1 1 1 0 . 3 8 0 0 . 0 9 3 1 6 . 3 3 1 3 1 8 . 0 3



TABLE II  ( c o n t i n u e d )

5 . ( 0 3 - 0 6 / 0 8 / 8 2 )

---- " '  « — ----f  » *’_ ~ --------------- t 6. I* _ .

C o n t r o l  ( n o  b u g s ) 1 .5 3 4 - - 2 . 2 7 4 . 0 5

a ) ( T h r e e  5 t h . i n s t a r ) 1 . 6 8 5 0 . 1 5 1 0 . 0 6 6 4 1 8 . 5 2 5 1 8 . 1 8

b )  ( " M " ) 2 . 0 9 3 0 . 5 5 9 0 . 0 9 2 6 4 4 . 7 0 1 0 7 6 . 4 7
C) (  .. .. .. ) 1 . 8 2 8 0 . 2 9 4 0 . 0 6 9 5 8 . 9 9 2 6 7 . 5 7

e . ( 1 3 - 1 6 / 0 8 / 8 2 )

C o n t r o l  ( n o  b u g s ) 1 . 3 7 1 - - 1 4 . 2 9 1 4 . 1 0

a ) ( F i v e  4 t h . i n s t a r ) 1 . 6 5 8 0 . 2 8 7 0 . 0 8 4 2 8 . 3 3 5 5 4 . 6 6

b ) ( T h r e e  5 t h . i n s t a r ) 1 . 7 0 6 0 . 3 3 5 0 . 0 5 9 3 7 . 1 4 5 7 6 . 0 0

c ) ( 2 , 4 t h . &  2 , 5 t h . i n s ) 1 . 6 2 5 0 . 2 5 4 0 . 0 6 4 1 5 . 9 5 1 1 2 . 0 0

7 . ( 1 6 - 1 9 / 0 8 / 8 2 )

C o n t r o l  ( n o  b u g s ) 1 . 5 4 0 - - 4 . 7 6 1 0 . 1 3

a ) ( T h r e e  5 t h . i n s t a r ) 2 . 0 6 7 0 . 5 2 7 0 . 0 5 6 3 7 . 0 6 4 8 6 . 4 9

b ) ( F i v e  4 t h . i n s t a r ) 1 . 8 9 7 0 . 3 5 7 0 . 0 2 3 1 7 . 0 6 2 1 3 . 3 3

c ) ( F o u r  4 t h . i n s t a r ) 1 . 6 5 6 0 .  116 0 . 0 1 9 7 4 . 7 1 1 6 . 4 4

8 . ( 2 4 - 2 7 / 0 8 / 8 2 )

C o n t r o l  ( n o  b u g s ) 1 . 5 3 2 - - 1 4 . 2 9 1 1 . 2 5

a ) ( F o u r  5 t h . i n s t a r ) 2 . 1 6 2 0 .  630 0 . 1 1 2 5 7 . 0 6 9 6 6 . 6 7

b ) ( " " " ) 2 . 0 0 9 0 . 4 7 7 0 . 0 7 7 0 1 1 . 7 6 7 6 0 . 8 4

c ) ( " " " ) 1 . 7 6 7 0 . 2 3 5 0 . 0 7 6 4 7 . 0 6 5 2 9 . 5 8

Means  +■ SE 

C o n t r o l  Means + SE

0 . 3 2 0 4 0 . 032gm.  0 . 0 6 8 7 + 0 . 0 0 7 7 gm 1 3 . 9 2 + 2 . 3 4 p g .  

1 2 . 4 3 + 2 . 79 p g

515 .  70+66 .  9jug 

11 .  80+2 . 4 9 p g
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F i g u r e  4 .  Graph o f  Sodium E x c r e t e d  a g a i n s t  P o t a s s i u m  E x c r e t e d  
(Pod F e e d i n g  E x p e r i m e n t ) .
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t h a n  i n  t h e  haemolymph (mean = 0 . 8 6 9  p g . / j i l . ) .  In  t h e  f o o d ,  t h e r e  a r e  

280 m g . / 1 0 0 g m . ( =  2 . 8 0  y u g . / m g . ) .  As was t h e  c a s e  i n  t h e  e x c r e t a  a n a l y s i s ,  

t h e  p o t a s s i u m  d e p o s i t e d  i n  t h e  p o d - f e e d i n g  e x p e r i m e n t  i s  v e r y  much 

g r e a t e r  t h a n  t h e  c o n t r o l .  In  t h e  f o r m e r ,  t h e  c o n t r o l  showed o n l y  a t r a c e  

o f  p o t a s s i u m ,  a n d  t h e  h i g h e r  l e v e l  i n  t h e  c o n t r o l  o f  t h e  l a t t e r  may be 

due t o  t h e  s m e a r i n g  o f  c u t  e n d s  o f  pod s  a g a i n s t  t h e  w a l l  o f  t h e  d i s h .

I t  w i l l  be  n o t e d  t h a t  t h e  f i g u r e s  f o r  p o t a s s i u m  i n  t h e  e x c r e t a  and  i n  

t h e  food a r e  v e r y  c l o s e .  A f t e r  a l l o w i n g  f o r  e x p e r i m e n t a l  e r r o r ,  f o r  

t h e  f a c t  t h a t  c o n c e n t r a t i o n  i n  t h e  i n g e s t a  may be  h i g h e r  t h a n  t h e  p u b l 

i s h e d  f i g u r e  f o r  t h e  w h o le  b e a n  (w h ic h  i n c l u d e s  i n s o l u b l e  f i b r e ) ,  an d  

f o r  l o s s  o f  w a t e r  f rom t h e  i n s e c t  by e v a p o r a t i o n ,  i t  may be c o n c l u d e d  

t h a t  mos t  o f  t h e  p o t a s s i u m  i n g e s t e d  i s  e x c r e t e d ,  i n  c o n t r a s t  t o  t h e  

r e t e n t i o n  o f  s o d i u m .

I n  t h e  g r a p h i c  a n a l y s i s  o f  t h e  r e l a t i o n  b e t w e e n  p o t a s s i u m  d e p o s i t e d  a n d  

i n s e c t  w e i g h t  g a i n e d  ( F i g u r e  5 ) ,  t h e  r e g r e s s i o n  i s  h i g h l y  s i g n i f i c a n t .

I t  seems  t o  i n d i c a t e ,  h o w e v e r ,  t h a t  when w e i g h t  g a i n  i s  z e r o ,  p o t a s s i u m  

d e p o s i t i o n  i s  n e g a t i v e ,  t o  t h e  e x t e n t  o f  88 p g .  T h i s  c o u l d  be e x p l a i n e d  

a s  t h e  r e s u l t  o f  a s y s t e m a t i c  u n d e r e s t i m a t i o n  o f  t h e  m a g n i t u d e  o f  t h e  

p o t a s s i u m  d e p o s i t e d ,  n a m e ly  t h a t  a d h e r i n g  t o  t h e  p o d s .  A l t h o u g h  i n  

mos t  r e p l i c a t e s  t h e r e  w e re  no v i s i b l e  d e p o s i t s  on t h e  pods  a t  t h e  c o n c l 

u s i o n  o f  e a c h  e x p e r i m e n t ,  t h i n  d r i e d  f i l m s  w ou ld  n o t  be d e t e c t e d .  I t  

w i l l  be  n o t i c e d  t h a t  i n  t h e  one  c a s e  where  v i s i b l e  d e p o s i t s  o f  e x c r e t a  

w e re  s e e n  ( R e p l i c a t e  6 c ) ,  t h e  m e a s u r e d  amount  o f  p o t a s s i u m  d e p o s i t e d  I n  

t h e  d i s h  was c o r r e s p o n d i n g l y  low (1 12  j u g . ) .  The amount  l e f t  on t h e  p o d s  

w o u ld  v a r y  f rom o n e  r e p l i c a t e  t o  a n o t h e r ,  b u t  t h e  88 p g .  c o u l d  be t a k e n  

a s  t h e  a v e r a g e  o v e r  a l l ,  an d  i f  t h i s  were  t o  be ad d e d  t o  e a c h  o f  t h e  

f i g u r e s  f o r  p o t a s s i u m  d e p o s i t e d ,  t h e  g r a p h  would  p a s s  t h r o u g h  t h e  o r i g i n .  

A l t h o u g h  s u c h  u n d e r e s t i m a t i o n  o f  t o t a l  p o t a s s i u m  must  i n e v i t a b l y  o c c u r ,  

o t h e r  i n t e r p r e t a t i o n s  o f  F i g u r e  5 a r e  p o s s i b l e .  One i s  t h a t  t h e  i n s e c t s  

do n o t  d e p o s i t  e x c r e t a  u n t i l  an  a v e r a g e  w e i g h t  g a i n  o f  10 mg. h a s  b e e n  

a c h i e v e d .  On t h e  f a c e  o f  i t ,  t h i s  i s  p l a u s i b l e .  However ,  t h e  u s u a l  

h a b i t  o f  t h e s e  i n s e c t s  i s  t o  r e t a i n  a f u l l  r e c t u m  d u r i n g  s t a r v a t i o n ,  an d  

t o  e x c r e t e  b e f o r e  commencing t o  f e e d .  The i n s e c t s  w e re  n o t  s t a r v e d  

b e f o r e  t h e  e x p e r i m e n t ,  and a l t h o u g h  i n  p r i n c i p l e  a n  i n s e c t  m u s t  f e e d  

b e f o r e  i t  c a n  e x c r e t e ,  t h e  e f f e c t  w ou ld  be c a n c e l l e d  o u t  by  o t h e r 9  w h i c h  

e x c r e t e ,  h a v i n g  f e d  e l s e w h e r e .
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A t h i r d  p o s s i b i l i t y  i s  t h a t  t h e  r e l a t i o n s h i p  b e t w e e n  e x c r e t e d  p o t a s s i u m  

an d  w e i g h t  g a i n  i s  n o t  l i n e a r .  T h i s  model  c o u l d  o n l y  be  v e r i f i e d  by means  

o f  a n  e x p e r i m e n t  w h e re  a l l  d e p o s i t e d  p o t a s s i u m  was m e a s u r e d .

The c o m p a r i s o n  o f  i n s e c t  w e i g h t  g a i n  and  pod w e i g h t  l o s s  w h i c h  i s  p l o t t e d  

i n  F i g u r e  6 ,  a l s o  shows a h i g h l y  s i g n i f i c a n t  r e g r e s s i o n .  In  t h i s  c a s e ,  

t h e  r e g r e s s i o n  l i n e  c r o s s e s  t h e  v e r t i c a l  a x i s  i n  s u c h  a way a s  t o  i n d i c 

a t e  a p o s i t i v e  am oun t  o f  f e e d i n g  a t  z e r o  w e i g h t  i n c r e a s e .  T h i s  a m o u n t ,  

0 . 0 8 1  gm. w e t  w e i g h t  o f  bea n  pod ,  p r o b a b l y  r e p r e s e n t s  b a s a l ,  o r  m a i n t e n 

a n c e ,  m e t a b o l i s m  o f  t h e  i n s e c t s  ( i n  most  r e p l i c a t e s ,  t h r e e  5 t h . i n s t a r )  

f o r  t h r e e  d a y s .  P a u l  & S o u t h g a t e  ( 1 9 7 8 )  g i v e  t h e  c a l o r i f i c  v a l u e  o f  raw 

r u n n e r  b e a n  pod a s  114 Kj /lOOgm. The m a i n t e n a n c e  r e q u i r e m e n t s  o f  e a c h  

l a r v a  f o r  o n e  d a y  w i l l  t h e r e f o r e  be = ( 0 . 0 8 1  x 1 . 1 4 ) / 9  Kj = 0 . 0 1 0 2 6  K j .

In  f a c t  i t  i s  p r o b a b l y  l e s s  t h a n  t h i s ,  b e c a u s e  t h e  w a t e r  c o n t e n t  o f  t h e  

i n g e s t e d  m a t e r i a l  i s  l i k e l y  t o  h a v e  b e e n  g r e a t e r  t h a n  t h e  Q v e r a l l  v a l u e  

f o r  t h e  w h o l e  p o d ,  s i n c e  a s u b s t a n t i a l  p a r t  o f  t h e  p o d ' s  d r y  m a t t e r  

c o n s i s t s  o f  w a t e r - p o o r  f i b r e .

The p a r a m e t e r s  by w h ic h  t h e  e f f i c i e n c y  o f  f o o d  c o n v e r s i o n  i s  m e a s u r e d  

a r e  E f f i c i e n c y  o f  C o n v e r s i o n  o f  I n g e s t e d  Food ( E C I ) ,  w h i c h  i s  W e i g h t  

I n c r e a s e  x  100 d i v i d e d  by Food I n t a k e ,  and E f f i c i e n c y  o f  C o n v e r s i o n  o f  

D i g e s t e d  Food (E CD), w h ich  i s  W e ig h t  I n c r e a s e  x 100 d i v i d e d  by Food 

I n t a k e  l e s s  F a e c e s .  In  most  i n s e c t s ,  f e e d i n g  by b i t i n g  an d  c h e w i n g ,  t h e  

f a e c e s  am ou nt  t o  a s i g n i f i c a n t  q u a n t i t y ,  and ECD i s  much h i g h e r  t h a n  

E C I.  C a l c u l a t i o n s  c a n  be b a s e d  on d r y  w e i g h t  d e t e r m i n a t i o n s  o r  on  

c a l o r i f i c  v a l u e .  In  o r d e r  t o  e x t r a c t  t h e s e  p a r a m e t e r s  f rom t h e  d a t a  

i n  T a b l e  I I ,  a number  o f  c o r r e c t i o n s  and a p p r o x i m a t i o n s  n e e d  t o  be  made .  

A l l  w e i g h t s  a r e  w e t  w e i g h t s  ( e x c e p t  c a t i o n  d e t e r m i n a t i o n s ) .  From P a u l  

& S o u t h g a t e  ( 1 9 7 8 )  we know t h e  w a t e r  c o n t e n t  o f  b e a n  pod a s  91.6%

( i f  f i b r e  i s  e x c l u d e d ) ,  and we as sum e  a w a t e r  c o n t e n t  o f  85% f o r  i n s e c t  

t i s s u e s  ( i n  l i n e  w i t h  f i g u r e s  g i v e n  by R e y n o l d s  e t  a l . , 1 9 8 5 ) .  The m a t t e r  

o f  f a e c e s ,  s m a l l  t h o u g h  t h e  a m o u n t s  a r e ,  c a n  be  e s t i m a t e d  by a s s u m i n g  

t h a t  c e r t a i n  i o n s ,  p h o s p h a t e  a n d  magnes ium i n  p a r t i c u l a r ,  a r e  p r e s e n t  

i n  t h e  same p r o p o r t i o n  t o  p o t a s s i u m  a s  t h e i r  o c c u r r e n c e  i n  t h e  f o o d ,  

and  t h a t  n i t r o g e n o u s  e x c r e t i o n  i s  s i m i l a r  t o  t h a t  o f  D . f a s c i a t u s  a s  

g i v e n  by B e r r i d g e  ( 1 9 6 5 ) .  A f u r t h e r  c o r r e c t i o n  i s  a p p l i e d  f o r  t h e  

a s sum ed  88 ^ig. o f  p o t a s s i u m  n o t  m e a s u r e d ,  an d  t h e n  a b a c k  c o r r e c t i o n  

s u b t r a c t i n g  a p r o p o r t i o n  o f  t h e  w e i g h t  o f  f a e c e s  f rom  t h e  f i n a l  pod 

w e i g h t  ( o r  r a t h e r ,  a d d i n g  i t  t o  t h e  f i g u r e  f o r  w e i g h t  l o s s ) .

The f a e c a l  mas s  w o r k s  o u t  a t  p o t a s s i u m  5 9 1 . 9  p g , , p h o s p h a t e  3 0 4 . 7  jjg.
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magnes ium 5 6 . 8  p g . , and o f  n i t r o g e n o u s  m a t e r i a l  a l l a n t o i n  111 p g . ,  

am in o  a c i d s  48 p g . ,  and u r e a  21 p g .  In  D . f a s c i a t u s , B e r r i d g e  ( 1 9 6 5 )  

f o u n d  t h a t  13 .4% o f  n i t r o g e n o u s  e x c r e t a  was u n i d e n t i f i e d  s u b s t a n c e s  

o r  m u c o p o l y s a c c h a r i d e .  T h i s  w ou ld  ad d  a f u r t h e r  2 7 . 8  j ig .

The g r a n d  t o t a l  o f  f a e c a l  o u t p u t  o f  1 1 6 1 . 2  j ig .  To a l l o w  f o r  t h e  s m a l l  

a m o u n t s  o f  o t h e r  i o n s  ( s o d i u m ,  c h l o r i d e ,  b i c a r b o n a t e )  an d  o r g a n i c  

m a t e r i a l s ,  t h i s  c o u l d  be r o u n d e d  o f f  t o  1200 f i g .  o r  1 . 2  mg.

The r e l e v a n t  f i g u r e s  can now be l i s t e d ,  a s  f o l l o w s  -

Food I n t a k e ,  d r y  w e i g h t ,  c o r r e c t e d  f o r  f a e c e s  l e f t  on  p o d s  = 8 . 4 / 1 0 0  x

( 0 . 3 2 0  + 8 8 / 5 9 2  x 0 . 0 0 1 2 )  gm. = 0 . 0 2 6 9  gm.

W e ig h t  I n c r e a s e  = 1 5 / 1 0 0  x 0 . 0 6 8 7  = 0 . 0 1 0 3  gm.

T h e r e f o r e ,  ECI = 0 . 0 1 0 3 / 0 . 0 2 6 9  = 38 .31% a n d  ECD = 0 . 0 1 0 3 / ( 0 . 0 2 6 9  -  0 . 0 0 1 2 )

= 4 0 . 1 % .

T h e s e  r e s u l t s  w i l l  be d i s c u s s e d  i n  a l a t e r  s e c t i o n ,  b u t  i t  c a n  be  s t a t e d  

t h a t  t h e y  f a l l  w i t h i n  t h e  r a n g e  o f  o t h e r  k i n d s  o f  p h y t o p h a g o u s  i n s e c t  

f o r  w h ich  t h i s  i n f o r m a t i o n  i s  a v a i l a b l e .

As a c h e c k  on  t h e  c o n s i s t e n c y  o f  t h e  r e s u l t s ,  i t  i s  i n t e r e s t i n g  t o  c a l c 

u l a t e  t h e  v o lum e  o f  l i q u i d  e x c r e t a  p r o d u c e d  d u r i n g  t h e  f e e d i n g  e x p e r i m e n t ,  

u s i n g  two i n d e p e n d e n t  m e t h o d s .  One i s  t o  d i v i d e  t h e  p o t a s s i u m  d e p o s i t e d  

( ' c o r r e c t e d  f o r  t h a t  l e f t  on p o d s )  by t h e  mean p o t a s s i u m  c o n c e n t r a t i o n  i n  

t h e  e x c r e t a ,  i . e .  5 9 1 . 9 / 2 . 9 4 7  = 2 0 0 . 8  J i l . The o t h e r  i s  t o  d e d u c t  t h e  

w a t e r  c o n t e n t  o f  t h e  i n s e c t  w e i g h t  g a i n  f rom t h e  w a t e r  c o n t e n t  o f  t h e  pod 

w e i g h t  l o s s ,  i . e  ( 0 . 3 2 0  x 0 . 9 1 6 )  -  ( 0 . 0 6 8 7  x 0 . 8 5 )  = 2 3 4 . 7  m g . ( a p p r o x .

2 3 4 . 7  j j l . ) . A l l o w i n g  f o r  l o s s  o f  w a t e r  by e v a p o r a t i o n ,  w h ich  would  

r e d u c e  t h e  f i r s t  f i g u r e ,  t h e r e  i s  a s a t i s f a c t o r y  l e v e l  o f  a g r e e m e n t .  In  

t e r m s  o f  i n d i v i d u a l  f i f t h - i n s t a r  l a r v a ,  i t  means  t h a t  t h e y  d i s c h a r g e  

a b o u t  22 j i l . p e r  d a y  ( a b o u t  9 g l o b u l e s ) .  D a ta  f o r  e v a p o r a t i v e  l o s s  by 

P . p r a s i n a  a r e  n o t  a v a i l a b l e ,  b u t  a d u l t  D o l y c o r i s  b a c c a r u m  w ere  fo u n d  t o  

l o s e  12 . / d a y  when s t a r v e d  i n  summer ( b u t  o n l y  2 j u l . / d a y  i n  a u t u m n ) .  

B e r r i d g e  ' 1 9 6 5 )  r e p o r t s  w a t e r  l o s s  o f  b e t w e e n  4 an d  10 mg. p e r  d ay  i n  

f i f t h - i n s t a r  D . f a s c i a t u s .
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THE ULTRASTRUCTURE OF THE MID-GUT OF D. BACCARUM

The m i d - g u t  o f  p en ta to m o m o rp h  H e t e r o p t e r a  fo r m s  t h e  m a j o r  s e c t i o n  o f  

t h e  a l i m e n t a r y  c a n a l ,  and i s  d i v i d e d  i n t o  f o u r  d i s t i n c t  r e g i o n s  ( p l a t e  1) 

A n t e r i o r l y ,  t h e r e  i s  a l a r g e  s a c - l i k e  e x p a n s i o n ,  f o l l o w e d  by a t u b u l a r  

r e g i o n  w h ich  l e a d s  t o  a s e c o n d  e x p a n d e d  b u l b .  P o s t e r i o r  t o  t h a t  i s  

t h e  r e g i o n  w h ich  i n  most  s p e c i e s  b e a r s  t h e  g a s t r i c  c a e c a ,  and  f i n a l l y  

t h e  co m p a c t  e x c r e t o r y  v e s i c l e .  In  l a r v a l  s t a g e s  o f  many ( p e r h a p s  m o s t )  

P e n t a t o m i d a e  an d  i n  l a r v a e  and a d u l t s  o f  a few o t h e r  s p e c i e s ,  t h e  g u t  

i s  d i s c o n t i n u o u s  b e t w e e n  t h e  s e c o n d  b u l b  an d  t h e  g a s t r i c  c a e c a l  r e g i o n ,  

and t h e r e  i s  a d i s t i n c t  s w e l l i n g  o f  t h e  l a t t e r  a t  i t s  a n t e r i o r  e n d ,  

j u s t  p o s t e r i o r  t o  t h e  d i s c o n t i n u i t y .  An a b b r e v i a t e d  d e s i g n a t i o n  o f  

g u t  r e g i o n s  i s  commonly a d o p t e d  by a u t h o r s  on t h e  s u b j e c t ,  a n t e r i o r  

s a c  b e i n g  Ml , t u b u l a r  r e g i o n  M2, s e c o n d  b u l b  M3 and c a e c a - b e a r i n g  t u b e  M4.

The e j x c r e t o r y  v e s i c l e  i s  n o t  r e c k o n e d  i n  t h i s  s ch e m e ,  b u t  may s o m e t i m e s  

be  r e f e r r e d  t o  a s  t h e  i l e u m .  The b u l b  c o n n e c t e d  t o  t h e  c a e c a l  r e g i o n  

h a s  n o t  b e e n  r e f e r r e d  t o  by o t h e r  a u t h o r s ,  who h a v e  e i t h e r  n o t  n o t i c e d  

i t ,  o r  i t  h a s  n o t  bee n  r e l e v a n t  t o  t h e i r  work .  I r e f e r  t o  t h i s  a s  t h e  

M4 b u l b ,  o r  M4B. The i n s e c t s  a v a i l a b l e  f o r  e l e c t r o n  m i c r o s c o p y  w e re  

two f e m a l e s  a n d  two m a l e s  c o l l e c t e d  i n  J u n e  197 8 ,  f o u r  f e m a l e s  an d  t h r e e  

m a l e s  c o l l e c t e d  i n  S e p t e m b e r  1978 an d  h e l d  i n  t h e  l a b o r a t o r y ,  i n  t h e  

Pa lom ena  p r a s i n a  c u l t u r e  box,  u n t i l  3 r d .N o v em b e r , and  t h r e e  a d u l t s  and  

f o u r  5 t h . i n s t a r  nymphs c o l l e c t e d  i n  A u g u s t  1979.

The i n s e c t s  w e r e  k i l l e d  by d e c a p i t a t i o n  and t h e  a l i m e n t a r y  c a n a l  r a p i d l y  

d i s s e c t e d  o u t  i n  t h e  i n s e c t ' s  own haemolymph ( two  o f  t h e  nymphs were  

d i s s e c t e d  i n  s a l i n e ,  f o r  c o m p a r i s o n ) .  The p a r t s  w e re  f i x e d  i n  i c e - c o l d  

2 . 5  % g l u t a r a l d e h y d e  i n  c a c o d y l a t e  b u f f e r  (pH 7 . 3 )  f o r  2 h o u r s ,  t h e n  

p o s t - f i x e d  i n  1 % osmium t e t r o x i d e  i n  c a c o d y l a t e  b u f f e r  f o r  one  h o u r ,  

d e h y d r a t e d  w i t h  c h a n g e s  o f  a c e t o n e  an d  embedded i n  S p u r r * s  r e s i n .

S e c t i o n s  made on a R e i c h e r t  u l t r a m i c r o t o m e  w e r e  s t a i n e d  w i t h  u r a n y l  

a c e t a t e  and l e a d  c i t r a t e  and ex a m in e d  i n  a JEM 100C e l e c t r o n  m i c r o s c o p e  

o p e r a t e d  a t  60 Kv. For  l i g h t  m i c r o s c o p y ,  l^im. r e s i n  s e c t i o n s  s t a i n e d  

w i t h  t o l u i d i n e  b l u e  w e re  u s e d .  The s e c t i o n s  i l l u s t r a t e d  i n  P l a t e  2 

w e r e  o f  a nymph o f  P . p r a s i n a ,  f i x e d  i n  H e i d e n h a i n ' s  S u s a  s o l u t i o n  an d  

embedded i n  p a r a f f i n  wax ,  s e c t i o n e d  a t  8 ^im. and s t a i n e d  w i t h  W e i g e r t ' s  

i r o n  h a e m a t o x y l i n  an d  e o s i n .
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The m i d - g u t  o f  P e n t a t o m o i d e a  a s  o b s e r v e d  t h r o u g h  t h e  l i g h t  m i c r o s c o p e ,  

l i k e  t h a t  o f  most  i n s e c t s ,  i s  composed o f  c o l u m n a r  e p i t h e l i u m ,  t h e  

c e l l s  a p p r o x i m a t e l y  2 5 - 5 0  yum. t a l l  and  1 0 -2 0  p n .  w i d e .  The t i p s  a r e  

o f t e n  s l i g h t l y  b u l b o u s ,  w i t h  a b r u s h  b o r d e r ,  an d  p a i r e d  n u c l e i  10 yum. 

i n  d i a m e t e r  a r e  s i t u a t e d  t o w a r d s  t h e  b a s e .  In  Ml ,  t r a n s v e r s e  r i d g e s  

o f  e p i t h e l i u m  e x t e n d  i n t o  t h e  g u t  lumen a t  t h e  a n t e r i o r  e n d .  P o s t e r 

i o r l y ,  t h e  c e l l s  become c u b o i d  o r  e v e n  f l a t t e n e d ,  an d  t h i s  c o n t i n u e s  

i n t o  M2 and M3. M4 i s  a n a r r o w  t u b e ,  i n  P . p r a s i n a  t h e  c e l l s  a r e  o n l y  

6 yum.high and 4 j m .  w i d e ,  and t h e  lumen 7 ^jm. w i d e .  The g a s t r i c  c a e c a  

h a v e  w a l l s  o n l y  a b o u t  1 j jm.  t h i c k  e x c e p t  w he re  t h e  n u c l e i  a r e  s i t u a t e d .  

The c e l l s  o f  t h e  e x c r e t o r y  v e s i c l e ,  u n d e r  l i g h t  m i c r o s c o p y ,  c o n t a i n  

o n e  o r  two v e r y  l a r g e  v a c u o l e s ,  and t h o s e  o f  t h e  r e c t u m  a r e  m o s t l y  o f  

" r e c t a l  g l a n d "  t y p e ,  w h ich  i n  t h e s e  i n s e c t s  means  f l a t t e n e d  w i t h  l a r g e  

s i n g l e  n u c l e i ( p i a t e  2 . ) .

The u l t r a s t r u c t u r e  o f  t h e  i n s e c t  m i d - g u t ,  a s  o u t l i n e d  by M a r t o j a  St 

B a l l a n - D u f r a n c a i s  ( 1 9 8 4 ' ' ,  c o n s i s t s  o f  c e l l s  w i t h  a m i c r o v i l l o u s  a p i c a l  

b o r d e r ,  a b a s a l  z o n e  o f  i n f o l d i n g s  w h ic h  may be l a b y r i n t h i n e ,  a f i n e -  

- g r a i n e d  u n i f o r m  c y t o p l a s m  w i t h  s m a l l  r o u n d e d  m i t o c h o n d r i a  m a i n l y  

s i t u a t e d  n e a r  t h e  a p i c a l  and b a s a l  b o r d e r s ,  and a few l a r g e  l i p o i d  

i n c l u s i o n s .  The d i f f e r e n t  l e v e l s  o f  t h e  p e n t a t o m i d  m i d - g u t  e x h i b i t  

t h e s e  f e a t u r e s  i n  v a r y i n g  d e g r e e s .

In  Ml ( P l a t e  4 ) ,  t h e r e  i s  no a p p a r e n t  b a s a l  i n f o l d i n g ,  b u t  a w e l l  

d e v e l o p e d  a p i c a l  b o r d e r  o f  m i c r o v i l l i .  L i p o i d  g l o b u l e s  a r e  p r e s e n t ,  

an d  a l s o  a number  o f  c l e a r  v a c u o l e s ,  s m a l l e r  t h a n  t h e  l i p o i d  b o d i e s ,  

a n d  some w i t h  membranous  i n c l u s i o n s .  The c y t o p l a s m  i s  o f  v a r i e d  t e x t 

u r e  and  e l e c t r o n  d e n s i t y .  M i t o c h o n d r i a  a r e  a b u n d a n t  n e a r  t o  t h e  a p i c a l  

b o r d e r  and i n  t h e  d e n s e  r e g i o n s  o f  t h e  c y t o p l a s m ,  b u t  s p a r s e  t o w a r d s  t h e  

b a s e .  The l e s s  d e n s e  c y t o p l a s m  i s  more e x t e n s i v e  t o w a r d s  t h e  c e l l  b a s e ,  

w i t h  many c o a r s e  g r a n u l e s ,  w h ich  m i g h t  be i d e n t i f i e d  a s  g l y c o g e n  by 

c o m p a r i s o n  w i t h  o t h e r  p u b l i s h e d  w o rk .  T h e r e  a r e  c l e a r  v a c u o l e s  h e r e  

a l s o .  The Ml r e g i o n ,  an d  t h e  two s u c c e e d i n g  o n e s ,  M2 an d  M3, w e r e  

ex a m i n e d  i n  o n l y  a few o f  t h e  s p e c i m e n s ,  so  t h e  d i f f e r e n c e s  may n o t  

be  v a l i d .  However ,  i n  m2 t h e r e  i s  a more d i s t i n c t  b a s e m e n t  membrane 

( P l a t e  5 ) w i t h  s m a l l  c l e a r  v a c u o l e s  n e a r  t o  i t .  S e v e r a l  l i p o i d  g l o b u l e s  

a r e  p r e s e n t  i n  t h e  m i d d l e  o f  t h e  c e l l ,  and l i n e s  o f  s m a l l  e l e c t r o n - d e n s e  

b o d i e s  (SG) r u n  o u t  t o w a r d s  t h e  a p i c a l  b o r d e r .  The l a t t e r  i s  n o t  e v e n l y  

c o v e r e d  w i t h  m i c r o v i l l i ,  and t h e r e  i s  e v i d e n c e  o f  s e c r e t i o n  by t h e  

d i s c h a r g e  o f  v a c u o l e s .  M i t o c h o n d r i a  a r e  l e s s  e v i d e n t ,  s e e m i n g  t o  h a v e
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b e e n  t h r u s t  a s i d e  by t h e  s e c r e t o r y  v a c u o l e s .  M i c r o - o r g a n i s m s  (MO) c a n  

be  s e e n  i n  t h e  c y t o p l a s m ,  b u t  t h e  s i g n i f i c a n c e  o f  t h e s e  i s  u n k n o w n . ( I n  

c o m p a r i n g  P l a t e  5 w i t h  P l a t e  4 o r  s u c c e e d i n g  P l a t e s ,  i t  m u s t  be  b o r n e  

i n  mind t h a t  i t  i s  a t  a l o w er  l e v e l  o f  m a g n i f i c a t i o n ) .

I n  t h e  M3 r e g i o n  ( P l a t e  6 ) ,  t h e  c e l l  s t r u c t u r e  i s  s i m i l a r  t o  t h a t  o f  

M2 i n  many r e s p e c t s .  T h e r e  i s  a t h i c k  s i n u o u s  b a s e m e n t  membrane (BM) 

w i t h  v a c u o l e s  most  a b u n d a n t  i n  t h e  b a s a l  p a r t  o f  t h e  c e l l .  Membranous  

w h o r l s  c a n  be  s e e n  i n  some o f  t h e  v a c u o l e s .  E l o n g a t e d  o r  d u m b - b e l l  

s h a p e d  m i t o c h o n d r i a  a r e  m a i n l y  found  n e a r  t h e  a p i c a l  b o r d e r ,  w h i c h  

b e a r s  many w e l l - d e v e l o p e d  m i c r o v i l l i .  L i p o i d  s p h e r e s  a r e  n o t  a p p a r e n t ,  

b u t  some e l e c t r o n  d e n s e ,  p o s s i b l y  p r e - s e c r e t o r y , g r a n u l e s  c a n  be  s e e n .

I n  t h e  lumen  o f  t h e  i n t e s t i n e ,  t h e r e  i s  a l a y e r  o f  f i b r o u s  s e c r e t i o n ,  

and many o f  t h e  c a e c a l  b a c t e r i a  ( t h i s  i s  a n  a d u l t  i n s e c t ,  i n  w h i c h  t h e  

m i d g u t  h a s  become c o n t i n u o u s ) .  I n  P l a t e s  5 a n d  6 ,  t h e  t o r t u o u s  n a t u r e  

o f  t h e  i n t e r c e l l u l a r  j u n c t i o n  ( I J )  i s  w e l l  show n,  an d  t h e  o c c a s i o n a l  

s m a l l  v a c u o l e  c a n  be s e e n  a c t u a l l y  i n t e r r u p t i n g  t h e  c e l l  j u n c t i o n .

P l a t e  7 d e p i c t s  t h e  s t r u c t u r e  o f  t h e  M4 b u l b ,  a n  o r g a n  w h i c h  i s  o n l y  

r e c o g n i s a b l e  i n  t h e  im matu re  i n s e c t  ( e . g .  P l a t e  1 ) .  T h e r e  i s  a  s t r o n g  

i m p r e s s i o n  o f  g r e a t  m e t a b o l i c  a c t i v i t y ,  m i t o c h o n d r i a  a r e  a b u n d a n t  i n  

b o t h  t h e  a p i c a l  an d  b a s a l  r e g i o n s  o f  t h e  c e l l s ,  an d  v a c u o l e s  a n d  l i p o i d  

s p h e r e s  a r e  p r e s e n t .  The c y t o p l a s m  i s  d e n s e l y  g r a n u l a r ,  a n d  t h e r e  a r e  

s t a c k e d  s h e e t s  o f  ro u g h  e n d o p l a s m i c  r e t i c u l u m .  T h e r e  i s  a  d i s t i n c t  

b a s e m e n t  membrane and t h e  a p i c a l  b o r d e r  b e a r s  many m i c r o v i l l i .  F i b r o u s  

s e c r e t i o n  i s  p r e s e n t  i n  t h e  lumen.

The s m a l l  c o l u m n a r  c e l l s  o f  t h e  M4 c e n t r a l  t u b e  ( P l a t e  8 )  a r e  t h e  f i r s t ,  

a s  one  p r o c e e d s  p o s t e r i o r w a r d  a l o n g  t h e  g u t ,  t o  show s i g n s  o f  b a s a l  

i n f o l d i n g ,  b u t  mos t  c h a r a c t e r i s t i c  o f  t h i s  r e g i o n  a r e  t h e  l o n g  i n t e r 

c e l l u l a r  c a n a l s  b e tw e e n  t h e  b a s a l  p a r t s  o f  t h e  c e l l s .  The a p i c a l  p a r t s  

c o n t a i n  some v a c u o l e s ,  and t h e  i n t e r c e l l u l a r  membrane f o l l o w s  a p a t h  

o f  g r e a t  c o m p l e x i t y .  The s h o r t  m i c r o v i l l i  o f  t h e  a p i c a l  b o r d e r  seem 

t o  e x t r u d e  t h r e a d s  o f  t h e  f i b r o u s  s e c r e t i o n  f rom t h e  s p a c e s  b e t w e e n  

th em .  The s e c r e t i o n  seems t o  e n t a n g l e  c a e c a l  b a c t e r i a .  I n  t h e  p r e p 

a r a t i o n s  s t u d i e d ,  n o t  many m i t o c h o n d r i a  c a n  be d e t e c t e d .  I n  t h e  g a s t r i c  

c a e c a  ( P l a t e  9A) c e l l s ,  t h e r e  i s  a t h i n  b a s e m e n t  membrane l i k e  t h a t  o f  

Ml ,  a few s m a l l  v a c u o l e s  an d  m i t o c h o n d r i a ,  an d  t h e  a p i c a l  membrane see m s  

t o  l a c k  m i c r o v i l l i  b u t  i s  i n d e n t e d  by t h e  mas s  o f  b a c t e r i a .  I n  p l a c e s  

i t  a p p e a r s  t o  b r e a k  down, s o  t h a t  b a c t e r i a  i n v a d e  t h e  c y t o p l a s m .  T h e r e  

i s  no s i g n  o f  a n y t h i n g  w h ich  c o u l d  s u g g e s t  a m a j o r  w a t e r  t r a n s p o r t
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r o l e  f o r  t h e s e  c e l l s .  The most  p o s t e r i o r  p a r t  o f  t h e  m i d - g u t ,  t h e  

e x c r e t o r y  v e s i c l e ,  i s  s u b j e c t  t o  c o n s i d e r a b l e  c h a n g e s  i n  vo lume,  b e i n g  

g r e a t l y  s w o l l e n  i n  some o f  t h e  i n s e c t s  d i s s e c t e d ,  an d  much l e s s  so  i n  

o t h e r s .  At  p r e s e n t ,  t h e  e x a c t  r e l a t i o n s h i p  o f  t h e s e  c h a n g e s  t o  t h e  

m o u l t i n g  o r  f e e d i n g  c y c l e  i s  n o t  known.  M a t e r i a l  f o r  l i g h t  m i c r o s c o p y  

was f i x e d  by r e m o v i n g  some p a r t  o f  t h e  i n s e c t ' s  c u t i c l e  ( t o  f a c i l i t a t e  

p e n e t r a t i o n ) ,  and i m m e r s i n g  i n  f i x a t i v e  w i t h o u t  d i s s e c t i o n .  T h i s  shows 

( P l a t e  2)  t h e  o r g a n  i n  a s t a t e  o f  d i s t e n s i o n ,  w h e r e a s  f o r  e l e c t r o n  

m i c r o s c o p y  t h e  p a r t s  h a v e  t o  be d i s s e c t e d  i n t o  s m a l l  en ough  p i e c e s  

b e f o r e  f i x a t i o n ,  and i n  d o i n g  s o  t h e i r  f l u i d  c o n t e n t  i s  r e l e a s e d  and 

t h e  o r g a n  s h r i n k s .  T h i s  c a p a c i t y  f o r  s t r e t c h i n g  shows  up u n d e r  e l e c 

t r o n  m i c r o s c o p y  a s  s h o r t  i n t e r c e l l u l a r  j u n c t i o n s  w i t h  l o b e s  e x t e n d i n g  

b o t h  i n t o  t h e  lumen and b a s a l l y  i n t o  t h e  haemolymph.  O t h e r  p a r t s  o f  t h e  

a l i m e n t a r y  c a n a l ,  n o t a b l y  t h e  Ml r e g i o n  and r e c t u m ,  may be o b s e r v e d  on 

d i s s e c t i o n  t o  be  f i l l e d  o r  em p ty ,  b u t  w h i l e  t h e y  may a p p e a r  c o l l a p s e d ,  

c o n t r a c t i o n  o f  t h e  w a l l  i s  much l e s s  e v i d e n t .

P l a t e s  9B t o  13 show t h e  c h a r a c t e r i s t i c  f e a t u r e s  o f  t h e  c e l l s  l i n i n g  t h e  

e x c r e t o r y  v e s i c l e .  The t o r t u o u s  i n t e r c e l l u l a r  j u n c t i o n  i s  p r e s e n t  h e r e  

a s  b e f o r e ,  t h e  m i c r o v i l l o u s  a p i c a l  b o r d e r  d e s c e n d s  i n t o  d e e p  c l e f t s  

w h ich  do n o t  c o r r e s p o n d  t o  c e l l  b o u n d a r i e s ,  t h e  b a s a l  i n f o l d s  a r e  d e e p ,  

l a b y r i n t h i n e  w i t h  many s i n u s e s  an d  c i s t e r n a e ,  t h e  b a s e m e n t  membrane 

much f o l d e d  ( a n d  a p p e a r s  t o  be  t h i n n e r  i n  nymphs t h a n  i n  a d u l t s ) .  In  

some a d u l t s  t h e  a p i c a l  b o r d e r  seemed t o  l o s e  i t s  v i l l i  an d  t h e  c o r r e s 

p o n d i n g  l a y e r  o f  m i t o c h o n d r i a .  M i t o c h o n d r i a  g e n e r a l l y  a r e  s m a l l ,  r o u n d e d  

o r  i r r e g u l a r  r o d - l i k e ,  p e r i p h e r a l l y  d i s t r i b u t e d  b u t  n o t  t o  an y  g r e a t  

e x t e n t  i n t o  t h e  b a s a l  i n f o l d s .  I n  t h e  5 t h . i n s t a r  nymphs,  v e r y  l a r g e  

v a c u o l e s  a r e  p r e s e n t  i n  t h e  c e l l s .  P r o b a b l y  b e c a u s e  o f  t h e  e x t e n s i b i l i t y  

o f  t h e  c e l l  l a y e r ,  t h e  s e r o s a l  membranes  a r e  f o l d e d  i n  a complex mann er  

i n  t h e  e l e c t r o n  m i c r o g r a p h s .  W e l l  d e v e l o p e d  m u s c l e s  and a b u n d a n t  t r a c h -  

e o l e s  a r e  fo u n d  on t h e  haemolymph s i d e .  A f u r t h e r  r e g u l a r  f e a t u r e  i s  

t h e  v a r i a b l e  e l e c t r o n - d e n s i t y  b e t w e e n  c e l l s  ( e . g .  p i s t e  1 1 ) .  In t h e  

a d u l t s  c a p t u r e d  i n  au tum n  and  m a i n t a i n e d  i n  t h e  l a b o r a t o r y  c u l t u r e ,  t h e  

b a s a l  i n f o l d s  w e re  n o t  d i s t e n d e d  w i t h  f l u i d  and  t h e  p r o t u b e r a n t  c e l l  

b a s e s  c l o s e d  u p ,  so  t h a t  a  d o u b l e  l a y e r  o f  b a s e m e n t  membrane seemed t o  

ru n  up i n t o  t h e  c e l l  l a y e r  ( P l a t e s  1 2 B , 1 3 ) ,

The r e c t u m  ( g l a n d )  c e l l s  a r e  f l a t t e n e d  e x c e p t  a t  t h e  p o s i t i o n  o f  t h e  

n u c l e u s .  They have  a c h i t i n o u s  i n t i m a  on t h e  lumen s i d e ,  b e n e a t h  w h ich  

a r e  many i n f o l d i n g s  o f  t h e  c e l l  membrane,  Betwen t h e s e  a r e  e l o n g a t e d
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m i t o c h o n d r i a ,  w h ic h  a r e  a l s o  fo u n d  c l o s e l y  s u r r o u n d i n g  t h e  n u c l e u s .

The a p i c a l  i n f o l d s  form s t r i n g s  and  c l u s t e r s  o f  s u b s p h e r i c a l  c i s t e r n a e  

O p i a t e  1 4 ) .  T h ese  f e a t u r e s  a r e  shown a t  a h i g h e r  m a g n i f i c a t i o n  i n  

P l a t e  14^ .  Some d i f f i c u l t y  was e x p e r i e n c e d  i n  p r e p a r a t i o n  o f  t h e  r e c t u m  

m a t e r i a l ,  due  t o  t h e  r e s i n  s e c t i o n s  s p l i t t i n g  a l o n g  t h e  l i n e  o f  t h e  

c h i t i n o u s  i n t i m a .  M a l p i g h i a n  t u b u l e s  ( n o t  i l l u s t r a t e d )  seemed  t o  be 

a s  fo u n d  i n  o t h e r  i n s e c t s ,  somewhat  f l a t t e n e d ,  domed c e l l s ,  w i t h  

m i c r o v i l l i  on t h e  a p i c a l  b o r d e r ,  a b o u t  o n e - q u a r t e r  o f  t h e  maximum c e l l  

d e p t h ,  and c l o s e d  p a r a l l e l  b a s a l  i n f o l d s  o f  t h e  same d e p t h  a s  t h e  m i c r o 

v i l l i .  The c y t o p l a s m  was u n i f o r m l y  g r a n u l a r ,  w i t h  a number o f  s m a l l  

v a c u o l e s .



P L A T E S  I -
(B e tw e e n  p a g e s  34 and 35 )



k e y  t o  l a b e l l i n g  o f  PLATE 1

Ml -  A n t e r i o r  s a c  o f  m i d g u t .

M2 -  T u b u l a r  m i d d l e  s e c t i o n  o f  m i d g u t .

M3 -  P o s t e r i o r  b u l b  o f  m i d g u t .

M4 -  C a e c a - b e a r i n g  r e g i o n  o f  m i d g u t .

M4B -  Bu lb  a t  a n t e r i o r  end o f  M4 ( l a r v a  o n l y ) .  

CAE -  G a s t r i c  c a e c a .

EV -  E x c r e t o r y  v e s i c l e .

R -  Rectum ( h i n d g u t )

MT -  M a l p i g h i a n  t u b u l e s .



PLATE 1

4-Q mm j 
2-5 mm

PLATE 1.  D i s s e c t e d  m i d g u t - r e c t u m  o f  palomena p r a s i n a  
Below -  M2 t o  Rectum a t  h i g h e r  m a g n i f i c a t i o n .
Upper  s p e c i m e n  i n  e a c h  i l l u s t r a t i o n  i s  o f  a l a r v a ,  
l o w e r  i s  o f  a yo ung  a d u l t .  N o t e  o b l i t e r a t i o n  o f  M4B 
and d ar k  m a t e r i a l  i n  r e c tu m  o f  l a t t e r .
For  k e y  t o  l a b e l l i n g ,  s e e  o p p o s i t e  pa ge
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PLATE 2. Poster ior midgut o f  palomena p ra s in a ,
Above  -  s e c t i o n  t h r o u g h  j u n c t i o n  o f  c e n t r a l  t u b e  o f  
g a s t r i c  c a e c a l  r e g i o n  w i t h  e x c r e t o r y  v e s i c l e .
Be lo w  -  s e c t i o n  t h r o u g h  o p e n i n g  o f  e x c r e t o r y  v e s i c l e  
i n t o  r e c t u m .  CT = c e n t r a l  t u b e  CAE = c a e c a  
EV = e x c r e t o r y  v e s i c l e  R = r e c t u m .  A n t e r i o r  o f  
i n s e c t  t o  l e f t .



PLATE 3

Approx. h a l f  natural  s i z e

PLATE 3 .  S a p - s u c k i n g  t r o p i c a l  P e n t a t o m o m o r p h a .
Above  -  Mygdonia t u b e r c u l o s a  ( C o r e i d a e >. C l u s t e r  o f  
3 r d . i n s t a r  l a r v a e  a w a i t i n g  e c d y s i s ,  w i t h  g r o u p  o f  
f e e d i n g  4 t h . a n d  5 t h . i n s t a r  l a r v a e  i n  b a c k g r o u n d .  
B elo w  -  P i e z o s t e r n u m  c a l i d u m  ( T e s s a r a t o m i d a e ) ,  p a r t  
o f  a l a r g e  c o l o n y  o f  immature a d u l t s ,  f e e d i n g  p r i o r  
t o  d i s p e r s a l .



PLATE 4

PLATE 4 .  A p i c a l ( A )  and b a s a l ( B }  r e g i o n s  o f  t h e  c e l l s  
o f  t h e  a n t e r i o r  midgnt^Ml> o f  a f i f t h - i n s t a r  l a r v a  o f  
D o l y c o r i s  b a c c a r u m . For d e s c r i p t i o n  s e e  t e x t .
LS = l i p o i d  s p h e r e s ,  V = v a c u o l e .
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PLATE 6 .  A p i c a 1 f A> and b a s a l ( B >  r e g i o n s  o f  c e l l s  o f  
t h e  t h i r d  midgut(M3> o f  a su m m e r - c a u g h t  f e m a l e  o f  
D o l y c o r i s  b accar um .  For d e s c r i p t i o n  s e e  t e x t .
BAC = b a c t e r i a ,  BM = b a s e m e n t  membrane,MUS= m u s c l e s  
s u r r o u n d i n g  g u t ,  N = n u c l e u s .

FS = f i b r o u s  s e c r e t i o n ,  IJ = i n t e r c e l l u l a r  j u n c t i o n



PLATE 7

PLATE 7 .  A p i c a l ( A >  and b a s a l ( B ^  r e g i o n s  o f  c e l l s  o f  
t h e  b u l b  a n t e r i o r  t o  t h e  c a e c a l  tube(M4B') i n  a f i f t h -  
i n s t a r  l a r v a  o f  D o l y c o r i s  baccarum.  For d e s c r i p t i o n  
s e e  t e x t .  ER = e n d o p l a s m i c  r e t i c u l u m ,  LS = l i p o i d  
s p h e r e s ,  TR = t r a c h e a .



PLATE 8

5 jj

PLATE 8 A p i c a l f A l  and b a s a l t  r e g i o n s  o f  c e l l s  o f  
t h e  c e n t r a l  t u b e  o f  t h e  c a e c a l  r e g i o n  o f  th e  m id g u t  
fM4CT> i n  a s p r i n g - c a u g h t  m ale  o f  D o l y c o r i s  b a c c a r u m. 
BM = b a sem en t  membrane,  FS = f i b r o u s  s e c r e t i o n ,
IC = i n t e r c e l l u l a r  c h a n n e l ,  N = n u c l e u s .



PLATE 9

PLATE 9A, Wall of  g a s t r ic  caecum of  a f i f t h - i b s t a ^  
l a r v a  o f  D o l y c o r i s  b a c c a r u m . BAC = s y m b i o t i c  b a c t e r i a  
HC = h a e m o c o e l .

PLATE 9B. W al l  o f  e x c r e t o r y  v e s i c l e  o f  a s p r i n g -  
- c a u g h t  f e m a l e  o f  D o l y c o r i s  b a c c a r u m . N = n u c l e u s ,  
BI = b a s a l  i n f o l d i n g s ,  LU = lumen o f  v e s i c l e



p l a t e  10

5JL

:  .  . ^

PLATE 10.  W a l l  o f  e x c r e t o r y  v e s i c l e  o f  s p r i n g - c a u g h t  
m a l e s  o f  D o l v c o r i s  b a c c a r u m f i n  B, b a s a l  r e g i o n  o n l y l  
Bl = b a s a l  i n f o l d i n g s ,  LU = lumen o f  v e s i c l e , N = n u c l e i .



PLATE 11

PLATE 11.  A p i c a l f A )  and b a s a l ( B )  r e g i o n s  o f  t h e  c e l l s  
o f  t h e  e x c r e t o r y  v e s i c l e  i n  a f i f t h - i n s t a r  l a r v a  o f  
D o l y c o r i s  baccarum.  BI = b a s a l  i n f o l d i n g s , LU = lumen  
o f  v e s i c l e ,  EDC = e l e c t r o n - d e n s e  c e l l , V A C  = v a c u o l e s



PLATE 12

PLATE 12 .  B a s a l  r e g i o n s  o f  c e l l s  o f  e x c r e t o r y  v e s i c l e  
o f  (A) u n f e d  f i f t h - i n s t a r  l a r v a ,  and (B)  au tu m n-  
- c a u g h t  male  o f  D o l y c o r i s  b a c c a r u m . B I = b a s a l  i n f o l d s ,  
BM = b a se m e n t  membrane,  N .=  n u c l e i ,  V = v a c u o l e s .



PLATE 13
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PLATE 13 .  A p ic a ir A ')  and b a s a l f B )  r e g i o n s  o f  c e l l s  o f  
t h e  e x c r e t o r y  v e s i c l e  o f  an a u t u m n - c a u g h t  f e m a l e  o f  
D o l y c o r i s  ba ccar um ,  i n j e c t e d  w i t h  w a t e r  ^ O m i n s . b e f o r e  
f i x a t i o n . N o t e  s l i g h t  o p e n i n g  o f  b a s a l  f c n f o l d s ( B I ) .



PLATE 14

• .. . •* V,

V, . ‘ t-v

PLATE 14 rA)  w a l l  o f  r e c tu m  o f  a f i f t h  i n s t a r  l a r v a ,  
and ( B) a p i c a l  r e g i o n  o f  a r e c t a l  g l a n d  c e l l  o f  a 
s p r i n g - c a u g h t  male  o f  D o l y c o r i s  b a c c a r um.
LU = lumen o f  r e c t u m ,  HC = h a e m o c o e l ,  N = n u c l e i .
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DISCUSSION

The e x p e r i m e n t  on f e e d i n g  an d  g r o w t h  o f  Palomena p r a s i n a , and t h e  

m e a s u r e m e n t s  o f  c o m p o s i t i o n  o f  e x c r e t a  and haemolymph,  h a v e  y i e l d e d  

i n f o r m a t i o n  w h ic h  ca n  be  c o n s i d e r e d  u n d e r  two d i s t i n c t  h e a d i n g s ,  n a m e ly  

t h o s e  o f  haemolymph c o m p o s i t i o n ,  i t s  r e l a t i o n s h i p  t o  d i e t ,  an d  i t s  

r e g u l a t i o n  by t h e  e x c r e t o r y  o r g a n s ;  an d  on t h e  o t h e r  h a n d ,  e f f i c i e n c y  o f  

fo od  c o n v e r s i o n .  The l i t e r a t u r e  i n  t h e s e  s u b j e c t  a r e a s  d o e s  n o t  u s u a l l y  

o v e r l a p ,  t h o u g h  p a r a l l e l  s t u d i e s  m i g h t  be o f  g r e a t  i n t e r e s t ,  s i n c e  

e f f i c i e n c y  o f  u t i l i s a t i o n  o f  a fo o d  s o u r c e  must  r e l a t e  t o  t h e  m e t a b o l i c  

work n e e d e d  t o  c o m p e n s a t e  f o r  i o n  i m b a l a n c e ,  w a t e r  c o n t e n t ,  an d  d e t o x 

i f i c a t i o n  o f  p l a n t  d e f e n c e  com pou nd s .

In  b o t h  t h e s e  a r e a s ,  a s  i t  h a p p e n s ,  p h y t o p h a g o u s  H e m i p t e r a  f e a t u r e  o n l y  

t o  a s m a l l  d e g r e e .  A s u r v e y  o f  haemolymph c o m p o s i t i o n  by F l o r k i n  & 

J e u n i a u x  ( 1 9 7 4 )  l i s t s  many k i n d s  o f  i n s e c t ,  b u t  o f  p h y t o p h a g o u s  H e m i p t e r a  

t h e r e  i s  m e n t i o n  o n l y  o f  J a s s i d a e  and ( u s e f u l  c o i n c i d e n c e )  p a lo m en a  

p r a s i n a  a d u l t s .  The l a t t e r  r e f e r e n c e  ( a g a i n  by h a p p y  c h a n c e  J ) g i v e s  

o n l y  f i g u r e s  f o r  sodium and  p o t a s s i u m  c o n c e n t r a t i o n s .  Ho we ver ,  f u r t h e r  

d a t a  a r e  a v a i l a b l e  f rom B e r r i d g e  ( 1 9 6 5 ) ,  Cheung & M a r s h a l l  ( 1 9 7 3 a ) ,

Downing ( 1 9 8 0 ) ,  L i n d s a y  & M a r s h a l l  ( 1 9 8 1 ) ,  and M a r s h a l l  & Cheung ( 1 9 7 5 ) .  

T h e s e  a r e  s u m m a r i s e d  i n  T a b l e ] ! ? ,  and f o r  c o m p a r i s o n ,  f i g u r e s  f o r  i n s e c t s  

o f  o t h e r  o r d e r s  a r e  g i v e n  i n  T a b l e  12T.

The p a t t e r n ,  i n  i n s e c t s  a s  a w h o l e ,  i s  found  t o  be t h a t  t h e  l o w e r  f o r m s ,  

A p t e r y g o t a  an d  E x o p t e r y g o t a , h a v e  haemolymph s o d iu m  c o n c e n t r a t i o n  g r e a t l y  

e x c e e d i n g  t h a t  o f  p o t a s s i u m ,  i n  b o t h  l a r v a e  and  a d u l t s .  T h i s  r e l a t i o n 

s h i p  h o l d s  good i n  t h e  e n d o p t e r y g o t e  o r d e r s  M e g a l o p t e r a ,  N e u r o p t e r a ,  

M e c o p t e r a  and D i p t e r a ,  a n d  a l s o  f o r  mos t  C o l e o p t e r a  a n d  a d u l t  H y m e n o p t e r a .  

The L e p i d o p t e r a  h av e  w h a t  i s  r e g a r d e d  a s  a s p e c i a l i s e d  haemolymph compo

s i t i o n ,  w i t h  low l e v e l s  o f  sod ium  and h i g h  l e v e l s  o f  p o t a s s i u m ,  and t h i s  

may a l s o  be fo u n d  i n  l a r v a e  o f  C o l e o p t e r a  P h y to p h a g a  an d  o f  H y m e n o p t e r a .

I n  t h e s e  fo rms  t h e r e  i s  a r e d u c t i o n  i n  t h e  i m p o r t a n c e  o f  c h l o r i d e  a s  a 

c o n t r i b u t o r  t o  haemolymph o s m o t i c  p r e s s u r e ,  and i t s  r e p l a c e m e n t  by amino 

a c i d s  o r  o t h e r  o r g a n i c  c o m p o n e n t s .  The o s m o t i c  c o n t r i b u t i o n  o f  p o t a s s i u m  

r e m a i n s  a b o u t  t h e  same a s  i n  u n s p e c i a l i s e d  haemolymph t y p e s .  A d u l t s  o f  

t h e s e  g r o u p s  a r e  l e s s  e x t r e m e ,  and may have  e q u a l  c o n c e n t r a t i o n s  o f  t h e  

two c a t i o n s ,  o r  sod ium  may be  s l i g h t l y  i n  e x c e s s .  I t  i s  t h o u g h t  t h a t  t h e  

s p e c i a l i s e d  t y p e  o f  haemolymph e v o l v e d  a l o n g  w i t h  p h y t o p h a g y  on A n g i o s p e r m  

p l a n t s .  L e p i d o p t e r a n  l a r v a e  a r e  among t h e  most  v o r a c i o u s  an d  e f f e c t i v e  

p h y t o p h a g e s  i n  e x i s t e n c e ,  an d  t h e  m os t  p r i m i t i v e  H y m e n o p te r a  a r e  n o t  f a r  

b e h i n d .



TABLE I I I

SODIUM AND POTASSIUM CONCENTRATION IN HAEMOLYMPH AND EXCRETA OF HEMIPTERA

INSECT HAEMOLYMPH EXCRETA AUTHOR

H e t e r o p t e r a  

Pa lom ena  p r a s i n a  l a r v a  ( p l a n t - s u c k e r )

N a ( m E q / l )  K (m E q / l ) N a ( m E q / l )  K (m E q / l )

Pa lom ena  p r a s i n a  a d u l t  ( )

D y s d e r c u s  f a s c i a t u s  l a r v a  ( s e e d - s u c k e r ) 

C o r i x a  p u n c t a t a  a d u l t  ( d e t r i t i v o r o u s )  

N o t o n e c t a  o b l i q u a  a d u l t  ( c a r n i v o r o u s )

T r i a t o m a  m e g i s t a  a d u l t  ( h a e m a t o p h a g o u s ) 

H o m o p te ra  

" J a s s i d a e "  a d u l t s  ( p l a n t  ph loem  ? )  

E u r y m e l a  d i s t i n c t a  a d u l t s  ( p l a n t  p h lo em )  

P y r o p s  c a n d e l a r i a  a d u l t s  ( p l a n t  cambium) 

C o s m o c a r t a  a b d o m i n a l i s  l a r v a  ( x y l e m )  

C y c l o c h i l a  a u s t r a l a s i a e  a d u l t s  ( x y l e m )

Myzus p e r s i c a e  a d u l t s  ( A p h i d i d a e ,  p h lo em )

8 . 9 + ^ . 8  2 2 . 3 + 1 . 7  0 . 0 5 - 2 . 9 3  2 2 - 1 3 1

22

2 2 . 1 - 3 1 . 3  

112  

155 

133

59

6 0 . 7 + 5 . 5  

1 8 . 5 + 1 . 7  

1 2 . 8+ 1 . 9  

2 1 . 2 + 1 . 8

0 . 2 3

42

22

31

21

50

21

9 . 8 + 1 . 1  

1 9 . 2 + 1 . 0  

2 0 . 9 + 1 . 8  

2 8 . 4 + 1 . 3

1 3 + 0 . 8

0 . 5 7 - 4 . 3 3  1 0 - 8 8

4 0 . 6 + 3 . 9  2 7 . 0 + 3 . 9

6 . 0 + 1 . 1  1 1 6 . 4 + 8 . 0

0 . 4 4 + 0 . 1  

1 . 2 + 0 . 2  

1 4 . 4 + 0 . 6  

0 .  57

4 . 8 2 + 1 . 1  * 

7 . 1 + 1 .7  * 

42+5 **

1 0 3 + 1 4 .4

T h i s  w o r k .

q u o t e d  by F l o r k i n  
&, J e u n i a u x (  1974)  
B e r r i d g 6  ( 1 9 6 5 )

q u o t e d  by F l o r k i n  
8t J e u n i a u x  ( 1 9 7 4 )

L i n d s a y  & M a r s h a l K  1981)  

M a r s h a l l  & Cheu ng  ( 1 9 7 5 )
I t  I t  I f

Cheung  & M a r s h a l l  ( 1 9 7 3 a )  

Downing ( 1 9 8 0 )

* The e x c r e t a  c o m p o s i t i o n  o f  t h e s e  two x y lem  f e e d e r s  a p p r o x i m a t e s  c l o s e l y  t o  t h a t  o f  t h e i r  i n g e s t a .

** F i g u r e s  f o r  M a l p i g h i a n  t u b u l e  f l u i d  b e f o r e  e n t r y  i n t o  t h e  f i l t e r  c h a m b e r  c o m p l e x .
      ________

Addendum -  f a s c i a t u s  a d u l t  2 ~ \ * o  (> *< •  ~  S t a d d o n  & E v e r t o n  ( 1 9 8 0 )
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TABLE IV

SODIUM AND POTASSIUM CONCENTRATION IN HAEMOLYMPH OF NON-HEMIPTERAN INSECTS 

F i g u r e s  f rom F l o r k i n  &. J e u n i a u x  ( 1 9 7 4 )  e x c e p t  P i e r i s  b r a s s i c a e  ( N i c o l s o n , 1976)

O r t h o p t e r a ;

L o c u s t a  m i g r a t o r i a  l a r v a  60 - 12

a d u l t  6 7 . 4  9

C o l e o p t e r a ;

D y t i s c u s  s p .  l a r v a  ( c a r n i v o r e )  115 20

D y t i s c u s  m a r g i n a l i s  a d u l t  ( c a r n i v o r e )  1 6 5 . 2  6 . 4

T e n e b r i o  m o l i t o r  l a r v a  ( g r a m i n i v o r e )  71 -  75 3 8 . 7

T e n e b r i o  m o l i t o r  a d u l t  ( " " ) 8 7 . 2  3 0 . 1

R h y n c h o p h o r u s  palmarum l a r v a  ( p h y t o p h a g e )  3 . 9  2 2 - 4 4

R h y n c h o p h o r u s  palmarum a d u l t  ( " " ) 2 7 . 3  2 6 . 9

H y m e n o p t e r a ;

A p i s  m e l l i f e r a  l a r v a  ( n e c t a r ,  p o l l e n )  1 0 . 9  - 3 0 . 5

A p i s  m e l l i f e r a  a d u l t  ( " ) 4 7 . 1  2 7 . 1

V e s p u l a  g e r m a n i c a  l a r v a  ( c a r n i v o r e )  2 6 . 0  5 6 . 4

V e s p u l a  g e r m a n i c a  a d u l t  ( ” " ) 9 3 . 0  1 8 . 2

L e p i d o p t e r a ;

Bombyx m o r i  l a r v a  ( p h y t o p h a g e )  6 . 0  3 9 . 4

Bombyx m ori  a d u l t  ( " " ) 1 4 . 3  3 6 . 1

B a r a t h r a  b r a s s i c a e  l a r v a  ( p h y t o p h a g e )  4 . 3  5 3 . 6

B a r a t h r a  b r a s s i c a e  a d u l t  ( " " ) 1 5 . 6  4 3 . 9

P i e r i s  b r a s s i c a e  l a r v a  ( ” " ) 8 . 0  4 8 . 8

P i e r i s  b r a s s i c a e  a d u l t  ( " M ) 3 0 . 5  2 9 . 2
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I t  c a n  be s e e n  from Ta b le lH  t h a t  J a s s i d a e  and E u r y m e l i d a e  ( c l o s e l y  

r e l a t e d  fo rm s  o f  s m a l l  l e a f - h o p p e r )  h a v e  t h e  p r i m i t i v e  s o d i u m ; p o t a s s i u m  

r a t i o  i n  t h e i r  haemolymph,  b u t  t h e  f u l g o r i d  P . c a n d e l a r i a , t h e  c e r c o p i d  

C a b d o m i n a l i s , and t h e  c i c a d i d  C . a u s t r a l a s i a e  h av e  a r a t i o  o f  l e s s  t h a n  

u n i t y .  In  t h e  p h y t o p h a g o u s  H e t e r o p t e r a  ( u n f o r t u n a t e l y  d a t a  a r e  a v a i l a b l e  

o n l y  f o r  P e n t a t o m o m o r p h a , n o t  f o r  e . g .  M i r i d a e ) ,  t h e  r a t i o  i s  s l i g h t l y  

ab o v e  u n i t y  i n  D . f a s c i a t u s  b u t  i s  i n  t h e  r e g i o n  o f  0 . 5  i n  P . p r a s i n a .  

A l t h o u g h  t h e  c o n c e n t r a t i o n s  q u o t e d  by  F l o r k i n  St J e u n i a u x  ( 1 9 7 4 )  f o r  a d u l t  

P . p r a s i n a  a r e  a p p r o x i m a t e l y  d o u b l e  t h o s e  fo u n d  i n  l a r v a e  i n  t h e  p r e s e n t  

w o r k ,  t h e  r a t i o  i s  n e a r l y  t h e  same.

Where f i g u r e s  f o r  e x c r e t a  c o m p o s i t i o n  a r e  a v a i l a b l e ,  t h e  e x c r e t a  a r e

g e n e r a l l y  fo u n d  t o  c o n t a i n  l e s s  sod ium  a n d  more  p o t a s s i u m  t h a n  t h e  haem

o lym ph .  T h i s  a p p l i e s  t o  E ,‘d i s  t i n e  t a  , e v e n  t h o u g h  t h e  haemolymph c o n c e n t 

r a t i o n s  o f  t h e s e  c a t i o n s  h av e  t h e  p r i m i t i v e  so d iu m  e x c e s s ,  and t h o u g h  i t  

m i g h t  seem n o t  t o  a p p l y  t o  C . a b d o m i n a l i s  a n d  C . a u s t r a l a s i a e  i n  r e s p e c t  

o f  p o t a s s i u m  e x c r e t e d ,  i t  i s  so  i n  r e l a t i o n  t o  t h e  f l u i d  s e c r e t e d  by t h e  

M a l p i g h i a n  t u b u l e s  i n t o  t h e  f i l t e r  c o m p l e x .  F i n a l  e x c r e t a  f i g u r e s  r e l a t e  

t o  t h e  o s m o t i c  w i t h d r a w a l  o f  w a t e r  f rom t h e  i n g e s t a  d i l u t i n g  t h e  M a l p i g h 

i a n  t u b u l e  s e c r e t i o n ,  and t h e  r e - a b s o r p t i o n  o f  i o n s  i n  t h e  h i n d - g u t .

A p h i d s  (Downing,  1980 )  a r e  c l e a r l y  a s p e c i a l  c a s e ,  l a c k i n g  M a l p i g h i a n  

t u b u l e s ,  and m a n i p u l a t i n g  t h e  o s m o l a r i t y  o f  t h e i r  e x c r e t a  by s y n t h e s i s i n g  

u n u s u a l  o l i g o s a c c h a r i d e s  ( F i s h e r ,  W r i g h t  & M i t t l e r ,  1 9 8 4 ) .

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  f u l g o r i d  P . c a n d e l a r i a , w h ich  d o e s  n o t  

h a v e  a f i l t e r  c h a m b e r ,  an d  a s  s t a t e d  e a r l i e r  h a s  some f e a t u r e s  o f  g u t  

s t r u c t u r e  i n  common w i t h  H e t e r o p t e r a ,  i s  t h e  H o m o p te ran  w h i c h  comes 

n e a r e s t  t o  t h e  haemolymph and e x c r e t a  c o m p o s i t i o n  o f  p en t a to m o m o rp h  H e t e r 

o p t e r a  .

The much lo w er  f i g u r e  f o r  sodium e x c r e t i o n  i n  P . p r a s i n a  co m pared  w i t h  

D . f a s c i a t u s  may be  t h e  c o n s e q u e n c e  o f  t h e  l o w e r  c o n c e n t r a t i o n  o f  t h a t

c a t i o n  i n  t h e  fo o d  (2 m g . /1 0 0 g m .  i n  r u n n e r  b ea n  pod a g a i n s t  99mg. /100gra .  

i n  c o t t o n  s e e d ) .  The s o d i u m ; p o t a s s i u m  r a t i o  i s  a l s o  m a r k e d l y  d i f f e r e n t  

( 1 : 1 4 0  a g a i n s t  1 : 1 0 ) ,  The lo w e r  p r o p o r t i o n  o f  p o t a s s i u m  i n  c o t t o n  s e e d  

may be t y p i c a l  o f  s e e d s ,  o t h e r  e x a m p l e s  b e i n g  w h e a t  ( 1 : 1 4 ) ,  r i c e  ( 1 ; 1 8 )  

and  h a r i c o t  b e a n s  ( 1 ; 2 7 ) ,  w h e r e a s  f r u i t s  r a n g e  f rom b l a c k b e r r i e s  ( 1 ; 5 2 )  

t o  marrow ( 1 ; 2 1 0 )  ( f i g u r e s  f rom P a u l  & S o u t h g a t e ,  1 9 7 8 ) .

Some a s p e c t s  o f  t h e  e x c r e t i o n  p r o c e s s  i n  D . f a s c i a t u s  h a v e  i m p o r t a n t  

i m p l i c a t i o n s  f o r  t h i s  d i s c u s s i o n ,  and w i l l  be  c o n s i d e r e d  i n  d e t a i l .
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I n  B e r r i d g e ' s  s t u d i e s  o f  t h i s  i n s e c t  ( 1 9 6 5 ) ,  t h e y  w e re  o b s e r v e d  t o  f e e d  

on m o i s t  c o t t o n  s e e d  f o r  t h e  f i r s t  f o u r  d a y s  o f  t h e  f i n a l  l a r v a l  i n s t a r ,  

t h e n  t o  c e a s e  f e e d i n g  and s e e k  w a t e r  d u r i n g  t h e  r e m a i n i n g  f o u r  d a y s  o f  

t h e  i n s t a r .  L i q u i d  e x c r e t a  o n l y  w e re  p r o d u c e d ,  d u r i n g  d a y s  1 - 5 ,  t h o u g h  

t h e  r e c t u m  was f u l l  o f  l i q u i d  d u r i n g  d ay s  6 - 8 .  I t s  c o n t e n t s  fo rm ed  a 

w a t e r  s t o r e  ( a  p o s s i b i l i t y  s u g g e s t e d  i n  A p p e n d ix  3 ,  p . 8 8 0 ) ,  an d  f rom 

i n i t i a l  h y p o t o n i c i t y  t o  t h e  haemolymph,  l o s t  volume an d  i n c r e a s e d  t o n i c i t y  

t h r o u g h  t h e  n o n - f e e d i n g  p e r i o d .  The r e c t a l  c o n t e n t s  n e v e r  became h y p e r 

t o n i c  t o  t h e  hae molymph.  The p o t a s s i u m  c o n t e n t  o f  t h e  e x c r e t a  i n c r e a s e d  

r a p i d l y  f rom t h e  s e c o n d  t o  t h e  f o u r t h  day o f  t h e  i n s t a r ,  t h e n  d e c l i n e d .  

Sod ium c o n t e n t  a l s o  v a r i e d ,  b u t  i n  t h e  o p p o s i t e  s e n s e  t o  p o t a s s i u m ,  t h e  

h i g h e s t  c o n c e n t r a t i o n  i n  t h e  r e c t u m  b e i n g  on d a y s  5 and 6.  The l o w e s t  

so d iu m  l e v e l s  i n  t h e  e x c r e t a  c o r r e s p o n d e d  t o  t h e  p e r i o d  o f  maximum p o t 

a s s i u m  e x c r e t i o n  an d  t h e  s e v e r e  d e p l e t i o n  o f  haemolymph volume M4%) an d  

t o t a l  body  w a t e r  w h i c h  a c c o m p a n i e d  i t .  A t  t h i s  t i m e  a l s o ,  haemolymph 

sod ium  was a t  i t s  maximum c o n c e n t r a t i o n  an d  c h l o r i d e  was t h e  p r i n c i p a l  

c o m ponen t  o f  haemolymph o s m o t i c  p r e s s u r e .  A t  o t h e r  t i m e s  d u r i n g  t h e  

i n s t a r ,  am ino  a c i d s  and  o t h e r  n o n - e l e c t r o l y t e s  w e r e  t h e  main  s o u r c e  o f  

o s m o t i c  p r e s s u r e .  On d a y  6 ,  when haemolymph s o d i u m  was d e c l i n i n g ,  an d  

r e c t a l  c o n t e n t s  c e a s e d  t o  be  v o i d e d ,  t h e  s o d i u m  c o n c e n t r a t i o n  i n  t h e  

e x c r e t a  r e a c h e d  a maximum o f  14mM. A b s o r p t i o n  o f  sod ium  a c c o m p a n i e d  t h e  

r e - a b s o r p t i o n  o f  w a t e r  i n  t h e  n o n - f e e d i n g  p e r i o d .  A l t h o u g h  haemolymph 

s o d iu m  c o n c e n t r a t i o n  v a r i e d  d u r i n g  t h e  i n s t a r  ( a n d  s i m i l a r  c h a n g e s  i n  

P . p r a s i n a  w o u l d  p a r t l y  a c c o u n t  f o r  t h e  w id e  r a n g e  o f  t h e  few d e t e r m i n 

a t i o n s  o f  t h a t  c a t i o n ) ,  p o t a s s i u m  c o n c e n t r a t i o n  was c l o s e l y  r e g u l a t e d .

I t  w oul d  seem t h a t  D y s d e r c u s  f a s c i a t u s  i s  n o t  v e r y  w e l l  a d a p t e d  t o  a d i e t  

o f  d r y  s e e d s ,  b e i n g  u n a b l e  t o  a b s o r b  w a t e r  f rom  t h e  r e c t a l  c o n t e n t s  t o  

form h y p e r t o n i c  e x c r e t a ,  a s  i s  t h e  c a s e  w i t h  O r t h o p t e r a ,  C o l e o p t e r a  and 

L e p i d o p t e r a n  l a r v a e  on t h e  same d i e t .  The i n t e s t i n a l  d i s c o n t i n u i t y  an d  

r u d i m e n t a r y  c a e c a  i n d i c a t e  i t s  d e s c e n t  f rom f e e d e r s  on more h y d r a t e d  

p l a n t  m a t e r i a l .  U n l i k e  b i t i n g  an d  ch e w in g  f e e d e r s ,  s e e d - f e e d i n g  b u g s  

a t t a c h  t h e m s e l v e s  t o  a s e e d  an d  f e e d  c o n t i n u o u s l y  f o r  l o n g  p e r i o d s .  I t  

i s  common a t  c e r t a i n  t i m e s  o f  t h e  y e a r  i n  West  A f r i c a n  f o r e s t s ,  f o r  

l a r v a e  o f  D y s d e r c u s  s p p .  t o  be fo u n d  w a n d e r i n g  a r o u n d  w i t h  a s e e d  o f  

t h e  s i l k - c o t t o n  t r e e ,  C e i b a  p e n t a n d r a , a t t a c h e d  t o  t h e i r  mouth  p a r t s .

S uch  a m an n e r  o f  f e e d i n g  may p r e v e n t  t h e  i n s e c t  f r om  i n t e r r u p t i n g
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i t s  mea l  i n  o r d e r  t o  d r i n k .  I t  t h e r e f o r e  a d o p t s  t h e  r e m a r k a b l e  h a b i t  

o f  " b o r r o w i n g "  w a t e r  from i t s  body r e s e r v e s  so  t h a t  i t  c a n  r a p i d l y  

e x c r e t e  s u r p l u s  p o t a s s i u m .  B e c a u s e  o f  t h e  p r e l i m i n a r y  s o f t e n i n g  and 

f l u i d i s a t i o n  o f  t h e  c o t t o n  s e e d  e n d o s p e r m  w hi ch  i s  n e c e s s a r y  b e f o r e  

i n g e s t i o n  can b e g i n  ( S a x e n a , 1 9 6 3 ) ,  I b e l i e v e  t h a t  t h e  r a t e ,  o f  p o t a s s i u m  

e x c r e t i o n  i n  D . f a s c i a t u s  i s  s i m p l y  f o l l o w i n g  t h e  r a t e  o f  fo o d  i n g e s t i o n .  

One c a n n o t  be s u r e  w h e t h e r  t h e  M a l p i g h i a n  t u b u l e s  a r e  s e c r e t i n g  a t  t h e i r  

maximum r a t e ,  o r  w h e t h e r  r a t e  o f  i n g e s t i o n  i s  t h e  l i m i t i n g  f a c t o r .  

N e v e r t h e l e s s ,  i t  seems t h a t  p o t a s s i u m  ( a n d  a l s o  magnesium an d  p h o s p h a t e )  

m u s t  be c l e a r e d  from t h e  haemolymph w i t h o u t  d e l a y ,  and c a n n o t  w a i t  u n t i l  

d r i n k i n g  i s  p o s s i b l e .  T h i s  may be com p ar ed  w i t h  t h e  m a s s i v e  e x c r e t i o n  

o f  p o t a s s i u m  i n  t h e  n e w ly  a d u l t  P i e r i s  b r a s s i c a e  ( N i c o l s o n ,  1 9 7 6 ) ,  when 

t h e  haemolymph h a s  t o  c h a n g e  t o  s u i t  t h e  a d u l t  t i s s u e s  ( T a b l e  IV >. In  

t h i s  c a s e ,  i t  i s  a c c o m p a n i e d  by a 74% d r o p  i n  haemolymph vo lume and a 

d i s c h a r g e  o f  89% o f  t h e  body p o t a s s i u m ,  and o c c u r s  o v e r  a f o u r - h o u r  

p e r i o d  a f t e r  e c d y s i s .  A l t h o u g h  a n e t  l o s s  o f  p o t a s s i u m  o c c u r s ,  i t  mus t  

be n o t e d  t h a n  p o t a s s i u m  i s  a l s o  b e i n g  r e - a b s o r b e d  by t h e  h i n d - g u t ,  t o  

m a i n t a i n  a f l o w  o f  f l u i d  f rom t h e  M a l p i g h i a n  t u b u l e s  ( t u b u l e  s e c r e t i o n  

151 mM. p o t a s s i u m ,  48 mM. s o d iu m ;  u r i n e  e x c r e t e d  90 mM. down t o  40 mM. 

p o t a s s i u m ,  1 . 5  mM up t o  7 mM. s o d iu m  d u r i n g  p o s t - e c d y s i s  t r a n s i t i o n ) .  

Ramsay ( 1 9 6 4 ) ,  r e f e r r i n g  t o  h i g h  o s m o t i c  p r e s s u r e  i n  t h e  p e r i n e p h r i c  

s p a c e  o f  t h e  r e c t a l  co m plex  o f  T e n e b r i o  m o l i t o r  b e i n g  l a r g e l y  due t o  

n o n - e l e c t r o l y t e s ,  p o i n t s  t o  t h e  n e e d  f o r  i o n  t r a n s p o r t i n g  e p i t h e l i a  t o  

h a v e  a " n a t u r a l "  i o n i c  r a t i o  an d  s t r e n g t h  on one s i d e .

Thus  i t  may be c o n c l u d e d  t h a t  t h e  e x c e s s  p o t a s s i u m  i n t a k e  w h i c h  i s  a 

c o n s e q u e n c e  o f  p h y t o p h a g y  l e a d s  t o  p h y s i o l o g i c a l  a d a p t a t i o n s  w h ic h  

m i n i m i s e  i t s  e f f e c t  on  t h e  t i s s u e  e n v i r o n m e n t .  One a d a p t a t i o n  i s  t o  

t o l e r a t e  a ch a n g e  i n  c a t i o n  r a t i o  i n  t h e  haemolymph w hich  m i n i m i s e s  t h e  

g r a d i e n t s  a g a i n s t  w h ich  a c t i v e  t r a n s p o r t  h a s  t o  t a k e  p l a c e ,  e i t h e r  

i n w a r d s  ( s o d i u m )  o r  o u t w a r d s  ( p o t a s s i u m ) .  I t  w i l l  p r o b a b l y  be found 

t h a t  a s  more s p e c i e s  o f  p e n t a t o m o m o r p h  H e t e r o p t e r a  a r e  s t u d i e d ,  t h e  t r e n d  

shown i n  P . p r a s i n a  w i l l  be r e p e a t e d .  S t u d i e s  on c imicora or ph  s p e c i e s  

w o u l d  a l s o  be v a l u a b l e .  In  l e p i d o p t e r a n  l a r v a e  and o t h e r  h i g h e r  i n s e c t s ,  

t h e  r e p l a c e m e n t  o f  e l e c t r o l y t e s  by n o n - e l e c t r o l y t e s  i n  haemolymph o s m o t i c  

p r e s s u r e  may be a r e s p o n s e  t o  p o s s i b l e  t o x i c  e f f e c t s  o f  a h i g h  p o t a s s i u m  

c o n c e n t r a t i o n .  The t e n d e n c y  i n  t h i s  d i r e c t i o n  found by B e r r i d g e  ( 1 9 6 5 )  

i n  D . f a s c i a t u s  may a l s o  p r o v e  t o  be w i d e s p r e a d .  Whereas  i n  m os t  i n s e c t s  

p o t a s s i u m  i s  r e c y c l e d  v i a  t h e  r e c t a l  g l a n d s ,  i t  i s  p o s s i b l e  t h a t  t h e
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r a t h e r  w e a k l y  d e v e l o p e d  r e c t a l  g l a n d  o f  p h y t o p h a g o u s  P e n ta to m o m o r p h a  

d o e s  n o t  do s o ,  b u t  i s  o n l y  c o n c e r n e d  w i t h  s o d i u m  r e c o v e r y .  The m an ner  

i n  w h ic h  a s u p p l y  o f  p o t a s s i u m  t o  t h e  M a l p i g h i a n  t u b u l e s  may be m a i n 

t a i n e d  w i l l  be  d i s c u s s e d  l a t e r .

I t  i s  c o n v e n i e n t  a t  t h i s  p o i n t  t o  c o n s i d e r  t h e  i m p l i c a t i o n s  o f  t h e  

u l t r a s t r u c t u r a l  s t u d i e s ,  r e t u r n i n g  t o  t h e  m a t t e r  o f  f o o d  c o n v e r s i o n  

e f f i c i e n c y  l a s t  o f  a l l .  As s t a t e d  i n  t h e  I n t r o d u c t i o n ,  t h e  m a in  

o b j e c t i v e  o f  t h e s e  s t u d i e s  was t o  f i n d  o u t  i f  an y  o f  t h e  c e l l s  o f  t h e  

c a e c a l  r e g i o n  o r  e x c r e t o r y  v e s i c l e  p o s s e s s e d  t h e  s t r u c t u r a l  c h a r a c t e r 

i s t i c s  t y p i c a l  o f  w a t e r  t r a n s p o r t i n g  e p i t h e l i a .  I t  i s  now g e n e r a l l y  

r e c o g n i s e d  ( B e r r i d g e  & Oschraan,  1972)  t h a t  t h e  c e l l s  o f  w h i c h  s u c h  

e p i t h e l i a  a r e  composed h a v e ,  i n  a d d i t i o n  t o  a p i c a l  m i c r o v i l l i  ( w h ic h  

may be  a b u n d a n t  o r  s p a r s e ) ,  num ero us  d e e p  b a s a l  i n f o l d i n g s  a n d / o r  

i n t e r c e l l u l a r  c a n a l s  o f  w h i c h  t h e  l a t e r a l  mem branes  may be e x t e n s i v e l y  

f o l d e d .  M i t o c h o n d r i a  may be  a s s o c i a t e d  w i t h  a n y  o r  a l l  o f  t h e s e  c e l l  

b o u n d a r i e s ,  t h e i r  d i s t r i b u t i o n  g i v i n g  an  i n d i c a t i o n  o f  t h e  s i t e s  o f  

g r e a t e s t  m e t a b o l i c  a c t i v i t y .  p a r a l l e l  s t u d i e s  on u l t r a s t r u c t u r e  and 

p h y s i o l o g y  h a v e  b e e n  c a r r i e d  o u t  on mammal g a l l - b l a d d e r  (Kaye e t  a l . ,  

1 9 6 6 )  a n d  i n s e c t  r e c t u m  ( B e r r i d g e  & G u p t a , 1 9 6 7 ) .  V a r i o u s  t h e o r i e s  h a v e  

b e e n  p u t  f o r w a r d  t o  e x p l a i n  t h e  m echan i sm  o f  f l u i d  t r a n s p o r t  ( C u r r a n  & 

M a c i n t o s h , 1 9 6 2 ;  Diamond 8c B o s s e r t , 1 9 6 7 , 1 9 6 8 ) .  I n  p r i n c i p l e  t h e y  a l l  

d e p e n d  on o s m o t i c  f l o w  i n  r e s p o n s e  t o  a c t i v e  t r a n s p o r t  o f  i o n s .

The a p p l i c a t i o n  o f  t h i s  t o  i n s e c t  p h y s i o l o g y  h a s  b e e n  l a r g e l y  c o n c e r n e d  

w i t h  e l u c i d a t i n g  t h e  e x c r e t o r y  c y c l e ,  w h e r e b y  a p o t a s s i u m - r i c h  f l u i d  i s  

s e c r e t e d  by t h e  M a l p i g h i a n  t u b u l e s ,  more o r  l e s s  i s o s m o t i c  w i t h  t h e  

haemolymph ,  an d  i s  c o n v e r t e d  i n t o  a h y p e r t o n i c  e x c r e t a  by a b s o r p t i o n  o f  

s a l t s  an d  w a t e r  by t h e  r e c t a l  g l a n d s .  The r e c t a l  g l a n d  o f  many 

i n s e c t s  i s  a complex  m u l t i - l a y e r e d  o r g a n ,  an d  t h e  i n t e r -  a n d  i n t r a c e l l 

u l a r  p a t h w a y s  a g r e e  w e l l  w i t h  t h e  r e q u i r e m e n t s  o f  t h e  t h e o r e t i c a l  m o d e l s ,  

t h o u g h  t h e  a b i l i t y  o f  some i n s e c t s '  r e c t a l  g l a n d s  t o  a b s o r b  w a t e r  w i t h 

o u t  a p p a r e n t  i o n  movement  i s  s t i l l  n o t  f u l l y  e x p l a i n e d  ( s e e  r e v i e w  by 

P h i l l i p s  e t  a l . , 1 9 8 6 ) .  I n  a l l  H e m i p t e r a  s o  f a r  s t u d i e d ,  t h e  r e c t a l  

g l a n d  i s  a s i m p l e  s i n g l e  l a y e r  o f  c e l l s .  In  c e r t a i n  H o m o p te ra  ( M a r s h a l l  

8i C heu n g ,  1 973)  and i n  a q u a t i c  l a r v a e  o f  D i p t e r a  ( M e r e d i t h  8& P h i l l i p s ,  

1 9 7 3 ) ,  t h e  n a r r o w  t u b u l a r  r e c t a l  g l a n d  a b s o r b s  o r  ( s a l i n e  m o s q u i t o e s )  

s e c r e t e s  i o n s  w i t h o u t  c o n c o m i t a n t  w a t e r  f l o w ,  an d  i n  t h e s e  s p e c i e s  t h e  

r e c t a l  g l a n d s  ha v e  b e e n  fo u n d  t o  l a c k  b a s a l  i n f o l d s  an d  l a t e r a l  c a n a l s .  

More r e c e n t l y ,  i t  h a s  become e v i d e n t  t h a t  ( e . g .  Dow, 1981)  t h a t  t h e r e  i s
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a l s o  a c i r c u l a t i o n  o f  w a t e r  w i t h i n  t h e  m i d g u t  o f  some i n s e c t s .  Some 

c o n t r i b u t i o n s  h a v e  b e e n  made ( F e r r e i r a ,  R i b i e r o  & T e r r a ,  1981 ;  R i c h a r d s ,  

19 7 5 )  t o  a  c o m p a r a t i v e  s t u d y  o f  u l t r a s t r u c t u r e  and p h y s i o l o g i c a l  f u n c 

t i o n .  The s t r u c t u r e  may o f f e r  o n l y  m eagre  c l u e s  a s  t o  t h e  d i r e c t i o n  

i n  w h i c h  w a t e r  i s  b e i n g  t r a n s p o r t e d ,  s i n c e  t h a t  w i l l  d e p e n d  on t h e  

l o c a t i o n  o f  t h e  i o n  pumps,  an d  t h e i r  o r i e n t a t i o n .  By a n a l o g y  w i t h  t h e  

o b s e r v a t i o n s  o f  Kaye e t  a l . ( 1 9 6 6 )  on  r a b b i t  g a l l - b l a d d e r ,  w h e re  t h e  

i n t e r c e l l u l a r  c h a n n e l s  w e re  e n l a r g e d  when t r a n s p o r t  was o c c u r r i n g ,  t h e  

i n s e c t  m i d g u t  c e l l s  i n  w h i c h  t h e  b a s a l  o r  i n t e r c e l l u l a r  c h a n n e l s  a r e  

d i s t e n d e d  m i g h t  be  a s s u m ed  t o  be t h o s e  i n  w h ic h  a b s o r p t i o n  f rom t h e  

lumen i s  t a k i n g  p l a c e ,  w h i l e  t h o s e  i n  w h ich  t h e  b a s a l  c h a n n e l s  r e m a i n  

n a r r o w  an d  l i n e a r  c o u l d  be t h e  s i t e  o f  s e c r e t i o n  i n t o  t h e  l u m en .  The 

d i r e c t i o n  o f  w a t e r  f l o w  w i t h i n  t h e  m i d g u t  i s  shown by e x p e r i m e n t  t o  be  

f r om  b e h i n d  f o r w a r d ,  s e c r e t e d  by t h e  p o s t e r i o r  m i d g u t  an d  a b s o r b e d  by 

t h e  e n t e r i c  c a e c a  o r  a n t e r i o r  m i d g u t .  Dow ( 1 9 8 1 )  r e g a r d e d  t h e  M a l p i g h 

i a n  t u b u l e s  a s  t h e  p o s t e r i o r  s o u r c e  o f  w a t e r  i n  t h e  s t a r v e d  l o c u s t ,  b u t  

t h e r e  i s  no  u l t r a s t r u c t u r a l  i n f o r m a t i o n  f o r  t h i s  i n s e c t .  How eve r ,  t h e  

model  i s  s u p p o r t e d  by Dow’s  ( 1 9 8 6 )  i n t e r p r e t a t i o n  o f  t h e  o b s e r v a t i o n s  o f  

F e r r e i r a  e t  a_l. ( 1 9 8 1 )  , an d  by t h e  s t r u c t u r e  ( R i c h a r d s , 1 975)  and 

p h y s i o l o g y  (R am say ,  1950)  o f  t h e  l a r v a l  m i d g u t  o f  t h e  m o s q u i t o  A edes  

a e g y p t i .  I n  t h e  c e t o n i i d  b e e t l e  P r o t a e t i a  a c u m i n a t a  a d u l t  (C heung  & Low, 

1 9 7 5 ) ,  t h e  a n t e r i o r  m i d g u t  h a s  c e l l s  o f  ’’a b s o r p t i v e "  t y p e ,  t h e  p o s t e r i o r  

m i d g u t  h a s  c e l l s  o f  " s e c r e t o r y "  t y p e ,  and t h e  c e l l s  o f  t h e  m i d d l e  m i d g u t  

h a v e  no b a s a l  i n f o l d s ,  s o  must  be c o n s i d e r e d  " n e u t r a l " .  T h e r e  i s  no 

p h y s i o l o g i c a l  i n f o r m a t i o n  f o r  t h i s  i n s e c t .

To r e t u r n  t o  t h e  i n t e r p r e t a t i o n  o f  t h e  u l t r a s t r u c t u r e  o f  D o l y c o r i s  

b a c c a r u m , we a r e  d e a l i n g  w i t h  a l o n g ,  r e g i o n a l i s e d , an d  f o r  p a r t  o f  i t s  

l i f e  d i s c o n t i n u o u s  m i d g u t ,  t o  w h ich  g e n e r a l i s a t i o n s  d e r i v e d  f rom t h e  

i n s e c t s  r e f e r r e d  t o  a b o v e ,  w h ich  h a v e  u n i f o r m ,  r e l a t i v e l y  s h o r t  m i d g u t s ,  

c a n  o n l y  be a p p l i e d  w i t h  c a u t i o n .  The a n t e r i o r  p a r t  o f  t h e  m i d g u t ,  i n  

l a r v a l  l i f e  i s o l a t e d  f rom t h e  c a e c a l  r e g i o n ,  shows no e v i d e n c e  o f  w a t e r  

t r a n s p o r t .  In  i t ,  enz ymes  a r e  s e c r e t e d ,  an d  n u t r i e n t s  a b s o r b e d .  In  

t h e  p o s t e r i o r  p a r t  o f  t h e  m i d g u t ,  t h e  c a e c a ,  c o n t r a r y  t o  e x p e c t a t i o n ,  

show no t r a c e  o f  w a t e r  t r a n s p o r t  s t r u c t u r e ,  b u t  t h e  c e l l s  o f  t h e  c e n t r a l  

t u b e  o f  M4 a r e  e v i d e n t l y  o f  t h e  a b s o r p t i v e  t y p e ,  a n d  t h e  f i b r o u s  s e c r 

e t i o n  s o  s t r o n g l y  d e v e l o p e d  h e r e ,  may f u n c t i o n  a s  a n  i o n  t r a p  o r  s e m i -  

p e r m e a b l e  b a r r i e r  a n a l o g o u s  t o  t h e  c h i t i n o u s  i n t i m a  o f  t h e  h i n d g u t .  I t  

may be composed  o f  m u c o p o l y s a c c h a r i d e  ( d e t e c t e d  by B e r r i d g e  ( 1 9 6 5 )  i n



-  4 3  -

t h e  e x c r e t a  o f  D y s d e r c u s  f a s c i a t u s )  an d  may be c o m p a r a b l e  t o  t h e  

" f u z z y  c o a t "  fo u n d  by M a r s h a l l  & Cheung  ( 1 9 7 0 )  w i t h i n  t h e  m i d g u t  t u b e  

o f  t h e  f u l g o r i d  H om opte ra n  P y r o p s  c a n d e l a r i a . A p r o t e c t i v e  f u n c t i o n  

m us t  a l s o  be  a p o s s i b l i t y  i n  D . b a c c a r u m , s i n c e  i t  i s  t h e  a d u l t  s t a g e  

w h i c h  h a s  b e e n  s t u d i e d ,  a n d  a t  t h i s  s t a g e  t h e  m i d g u t  h a s  become 

c o n t i n u o u s ,  an d  r e s i d u e s  f rom t h e  a n t e r i o r  r e g i o n s  a r e  p a s s i n g  a l o n g  

t h e  M4 c e n t r a l  t u b e .  The p e r i t r o p h i c  membrane o f  i n s e c t s  h a s  b e e n  

r e g a r d e d  a s  a p r o t e c t i o n  a g a i n s t  a b r a s i o n  o f  t h e  m i d g u t  c e l l s  by  h a r s h  

i n s o l u b l e  p a r t i c l e s  i n  t h e  f o o d .  In  P en ta to m o m o r p h a  s u c h  a s  D . b a c c a r u m , 

t h e  p r o t e c t i o n  a f f o r d e d  by t h e  f i b r o u s  s e c r e t i o n  i s  p e r h a p s  o f  a 

c h e m i c a l  n a t u r e .  In  t h e  l a r v a e  o f  t h e s e  i n s e c t s ,  t h e  M4 c e n t r a l  t u b e  

i s  l e s s  w e l l  d e f i n e d ,  an d  t h e  o p e n i n g s  o f  t h e  c a e c a  a r e  w i d e .  Though 

i t  seems p r o b a b l e  t h a t  b a c t e r i a  a r e  c a r r i e d  a l o n g  t h e  c e n t r a l  t u b e  

f o r w a r d s  t o  t h e  M4 b u l b  f o r  d i g e s t i o n ,  t h e  e v i d e n c e  o f  t h e  p r e s e n t  w o rk  

i s  n o t  s u f f i c i e n t  t o  c o n f i r m  o r  t o  e x p l a i n  t h i s .

T h a t  t h e  p o s t e r i o r  r e g i o n  o f  t h e  m i d g u t  s h o u l d  be  c a p a b l e  o f  a b s o r b i n g  

f l u i d  was u n e x p e c t e d ,  b u t  i s  n e v e r t h e l e s s  e x p l i c a b l e  a s  a means  o f  

r e s e r v i n g  t h e  p o t a s s i u m  n e e d e d  by  t h e  M a l p i g h i a n  t u b u l e s .  I n  t h e  c a c a o  

c a p s i d  b u g s  (A p p e n d ix  1) a b s o r p t i o n  o f  f l u i d  i n  t h e  p o s t e r i o r  m i d g u t  

was o b s e r v e d  (shown by i n c r e a s e d  c o n c e n t r a t i o n  o f  c e r t a i n  i n s o l u b l e  

c r y s t a l s  p r e s e n t  i n  t h e  g u t  c o n t e n t s ) .  S i n c e  t h o s e  i n s e c t s  h a v e  no 

r e c t a l  g l a n d  c e l l s  a t  a l l ,  i t  was s u p p o s e d  t h a t  t h i s  was  t o  p r o v i d e  

w a t e r  f o r  t h e  e x c r e t o r y  p r o c e s s ,  b u t  i n  t h e  l i g h t  o f  p r e s e n t - d a y  know

l e d g e  i t  i s  c l e a r  t h a t  p o t a s s i u m  i s  a l s o  i n v o l v e d .  I n  v i ew  o f  t h e  l a r g e  

am oun ts  o f  p o t a s s i u m  w h ich  a r e  e x c r e t e d  by P . p r a s i n a  ( a n d  a l m o s t  c e r t 

a i n l y  a l s o  by D . b a c c a r u m ) ,  an d  t h e  p o s s i b i l i t y  r e f e r r e d  t o  e a r l i e r  t h a t  

t h e  r e c t a l  g l a n d  c e l l s  a b s o r b  l i t t l e ,  i t  i s  r e a s o n a b l e  t o  c o n c l u d e  t h a t  

t h e  M4 t u b e  c e l l s  t r a n s p o r t  a p o t a s s i u m - r i c h ,  p r o b a b l y  i s o s m o t i c ,  f l u i d  

i n t o  t h e  h a e m o c o e l .  I n  t h e  l a r v a e ,  m3 w oul d  p r o b a b l y  h a v e  t h i s  f u n c t i o n .  

W i th  r e g a r d  t o  t h e  e x c r e t o r y  v e s i c l e ,  t h e  e x a g g e r a t e d  b a s a l  i n f o l d s  

s t r o n g l y  s u g g e s t  a f l u i d  t r a n s p o r t  f u n c t i o n .  I t  w o u ld  be r e a s o n a b l e  t o  

s u p p o s e  t h a t  t h i s  i s  d i r e c t e d  i n w a r d s ,  a s  a s e c r e t i o n  i n t o  t h e  lu m en ,  

f rom t h e  a n a t o m i c a l  r e l a t i o n s h i p s  s e e n  i n  many s p e c i a l i s e d  P e n t a t o m o -  

m o rp h a ,  r e a c h i n g  t h e  e x t r e m e  i n  t h e  P h y l l o c e p h a l i n a e  ( A p p e n d i c e s  2 & 3 ) .  

The m echani sm o f  s e c r e t i o n ,  o b s e r v e d  i n  l i v i n g  t i s s u e s  o f  some s p e c i e s  

a s  a p i n c h i n g  o f f  o f  s w o l l e n  c e l l  t i p s ,  o r  u n d e r  l i g h t  m i c r o s c o p y  a s  a 

h i g h l y  v a c u o l a t e d  c y t o p l a s m  ( ' P l a t e  2 and f i g u r e s  i n  A p p e n d i x  3 ) ,  may be 

by t h e  d i s c h a r g e  o f  t h e  v a c u o l e s  s e e n  i n  t h e  e l e c t r o n  m i c r o g r a p h s .
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On t h e  o t h e r  h a n d ,  t h e  d e e p  c l e f t s  l i n e d  w i t h  m i c r o v i l l i ,  w h ic h  a r e  

a n o t h e r  c h a r a c t e r i s t i c  f e a t u r e  o f  t h i s  o r g a n ,  may p r o v i d e  t h e  s i t e  f o r  

a s t a n d i n g  o s m o t i c  g r a d i e n t ,  a s  r e q u i r e d  by t h e  t h e o r e t i c a l  m o d e l s  

r e f e r r e d  t o  e a r l i e r .  As a r e s u l t  o f  t h e  p h y s i o l o g i c a l  e x p e r i m e n t s ,  t h e  

w r i t e r  d o e s  n o t  s e e k  t o  i n t e r p r e t  t h e  a l i m e n t a r y  m o d i f i c a t i o n s  fo u n d  i n  

p h y t o p h a g o u s  H e m i p t e r a  s o l e l y  i n  t e r m s  o f  w a t e r  d i s p o s a l ,  b u t  a l s o  o f  

p o t a s s i u m  e x c r e t i o n .  I t  i s  n o t  e x p e c t e d ,  t h e r e f o r e ,  t h a t  t h e  s e c r e t i o n  

o f  t h e  e x c r e t o r y  v e s i c l e  would  n e c e s s a r i l y  be h y p o t o n i c  t o  t h e  hae molymph ,  

an d  i n d e e d ,  i t  may be h y p e r t o n i c .  The i n t e r p r e t a t i o n  p r o p o s e d  i s  t h a t  

t h e  e x c r e t o r y  v e s i c l e  i n  p h y t o p h a g o u s  Penta to ra om or ph a a c t s  a s  an  a c c e s s 

o r y  t o  t h e  M a l p i g h i a n  t u b u l e s  i n  t h e  s e c r e t i o n  o f  a p o t a s s i u m - r i c h  f l u i d ,  

p e r h a p s  co m ing  i n t o  a c t i o n  a t  t h e  t i m e s  i n  t h e  i n s t a r  when p e a k  o u t f l o w  

o f  p o t a s s i u m  i s  t a k i n g  p l a c e .

C o m p a r i s o n  w i t h  s u c h  i n f o r m a t i o n  a s  i s  a v a i l a b l e  a b o u t  o t h e r  H e m i p t e r a  

d o e s  n o t  c o n t r a d i c t  t h e  above  c o n c l u s i o n .  O n ly  one o t h e r  d e s c r i p t i o n  

o f  t h e  u l t r a s t r u c t u r e  o f  t h e  m i d g u t  o f  a p h y t o p h a g o u s  H e t e r o p t e r a n  h a s  

b e e n  p u b l i s h e d ,  t h a t  by  Cheung <1977) on t h e  C i t r u s  S t i n k b u g ,  R h y n c h o -  

c o r i s  s e r r a t u s . T h i s  a u t h o r  d i d  n o t  i n c l u d e  t h e  e x c r e t o r y  v e s i c l e  i n  

h i s  i n v e s t i g a t i o n s ,  n o r  d o e s  he  make a n y  r e f e r e n c e  t o  a d i s c o n t i n u i t y  

b e t w e e n  M3 an d  M4, o r  t o  a s e p a r a t e  M4 b u l b ,  a l t h o u g h  h i s  a c c o u n t  was 

b a s e d  on b o t h  a d u l t  an d  l a r v a l  m a t e r i a l .  He d o e s ,  h o w e v e r ,  m e n t i o n  a 

d i s c o n t i n u i t y  b e t w e e n  M4 and t h e  e x c r e t o r y  v e s i c l e  ( " l u m e n  b l o c k e d  by a 

t h i c k  p l u g  o f  c e l l s ” ) .  He fou nd  "membranous  w h o r l s "  i n  t h e  M3 r e g i o n ,  

w h i c h  he  i n t e r p r e t s  a s  t h e  r e m a i n s  o f  d e g e n e r a t e  c e l l s  f rom  more a n t e r i o r  

p a r t s  o f  t h e  m i d g u t ,  t r a p p e d  a t  t h a t  l e v e l  " b e c a u s e  o f  t h e  d e n s e  mass  o f  

b a c t e r i a  f i l l i n g  t h e  lu m en " .  H is  a c c o u n t  d i f f e r s  f rom t h e  p r e s e n t  w ork  

i n  h i s  f i n d i n g  o f  b a s a l  i n f o l d i n g s  i n  t h e  c e l l s  o f  t h e  a n t e r i o r  r e g i o n s  

b u t  n o t ,  a p p a r e n t l y ,  i n  t h o s e  o f  t h e  c e n t r a l  t u b e  o f  M4. T h i s  d e s c r i p 

t i o n  s u g g e s t s  t h a t  R . s e r r a t u s  d i g e s t i v e  s y s t e m  f u n c t i o n s  i n  a manne r  

more  l i k e  t h a t  o f  t h e  T e s s a r a t o m i d , P i e z o s t e r n u m  c a l i d u m , t h a n  t h a t  o f  

D . b a c c a r u m  o r  P . p r a s i n a .  I n  P i e z o s t e r n u m  c a l i d u m  ( A p p e n d ix  9)  i t  s eems  

a s  i f  t h e  w ho le  a n t e r i o r  m i d g u t  h a s  t h e  f u n c t i o n  a t t r i b u t e d  t o  t h e  M4 

b u l b ,  i n  t h e  b r e a k d o w n  and d i g e s t i o n  o f  b a c t e r i a  f rom t h e  c a e c a .

I n  t h e  m i d g u t s  o f  H o m o p t e r a ,  c e l l s  h a v e  b e e n  d e s c r i b e d  w h ic h  h a v e  many 

d e e p  b a s a l  i n f o l d s ,  i n  a d d i t i o n  t o  s t r o n g l y  d e v e l o p e d  a p i c a l  m i c r o v i l l i  

<Cheung &, M a r s h a l l , 1 9 73b ,  1982;  L i n d s a y  & M a r s h a l l ,  1980;  M a r s h a l l  & 

C heu n g ,  1 9 7 4 ) .  S u ch  c e l l s  a r e  s i t u a t e d  a t  b o t h  a n t e r i o r  and  p o s t e r i o r  

e n d s  o f  t h e  m i d g u t ,  an d  t h e i r  s t r u c t u r e  d o e s  n o t  u n e q u i v o c a l l y  i n d i c a t e
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w h e t h e r  t h e y  a r e  s e c r e t o r y  o r  a b s o r p t i v e .  The c l o s e s t  r e s e m b l a n c e  t o  

c e l l s  i n  D . b a c c a r u m  a r e  t h o s e  i n  t h e  f u l g o r i d  P y r o p s  c a n d e l a r i a  (Cheung 

& M a r s h a l l ,  1 9 8 2 ) .  I t  i s  p o s s i b l e  i n  t h i s  s p e c i e s  t h a t  t h e  p o s t e r i o r  

m i d g u t  i s  s e c r e t o r y ,  and t h e  a n t e r i o r  m i d g u t  a b s o r p t i v e ,  f rom t h e  a p p e a r 

a n c e  o f  t h e  c e l l s .  The m i d g u t  i s  n o t  i n t e r r u p t e d ,  and f l u i d  s e c r e t e d  

p o s t e r i o r l y  c o u l d  t r a v e l  f o r w a r d s .  T h e r e  may be a r e t u r n  f l o w  w i t h i n  

t h e  m i d g u t  s h e a t h ,  and t h e  n u t r i e n t s  s w ep t  f o r w a r d  may a c c u m u l a t e  i n  

t h e  a n t e r i o r  m id g u t  d i v e r t i c u l u m .  In  a n o t h e r  f u l g o r o i d ,  t h e  f l a t i d  bug 

G y a r i n a  n i g r i t a r s i s ,  t h e  d i v e r t i c u l u m  h a s  e v i d e n t l y  some i n v o l v e m e n t  i n  

n u t r i t i o n  (A p p e n d ix  6 ) .  I t  i s  a m a t t e r  o f  i n t e r e s t ,  t h a t  t h e  r e c t a l  

g l a n d  c e l l s  o f  P . c a n d e l a r i a  (C h eu n g ,  1979)  a l s o  c l o s e l y  r e s e m b l e  t h o s e  

o f  D . b a c c a r u m .

I n  t h e  o t h e r  fo rm s  o f  H o m o p t e r a , b e l o n g i n g  t o  t h e  c i c a d i d ,  c e r c o p i d ,  

a n d  e u r y m e l i d  f a m i l i e s ,  w h ich  p o s s e s s  f i l t e r  c h a m b e r s ,  t h e  m i d g u t  i s  

u s u a l l y  f i l l e d  w i t h  s w o l l e n  m i n e r a l  s t o r a g e - e x c r e t i o n  c e l l s .  I t  i s  n o t  

u n r e a s o n a b l e  t o  s u p p o s e  t h a t  a b s o r p t i o n  a t  t h e  a n t e r i o r  e n d ,  an d  s e c r e t 

i o n  a t  t h e  p o s t e r i o r  en d  o f  t h e  m i d g u t ,  o f  a p o t a s s i u m - r i c h  f l u i d ,  w i l l  

a s s i s t  t h e  f u n c t i o n  o f  t h e  f i l t e r  ch ambe r  by i n c r e a s i n g  t h e  o s m o t i c  

g r a d i e n t  w i t h i n  i t .  I t  i s  much l e s s  l i k e l y  t h a t  a f o r w a r d  movement  o f  

f l u i d  w i t h i n  t h e  m i d g u t  w i l l  o c c u r .  The f i g u r e s  g i v e n  by  Cheung  & M a r s h a l l  

( 1 9 7 3 a )  f o r  t h e  u r i n e  w i t h i n  t h e  f i l t e r  chamber  c a n n o t  d i s c r i m i n a t e  

b e t w e e n  t h a t  o r i g i n a t i n g  i n  t h e  M a l p i g h i a n  t u b u l e s  an d  t h a t  c o n t r i b u t e d  

by  t h e  p o s t e r i o r  m i d g u t  ( a s » i n d e e d ,  i s  t h e  c a s e  a l s o  f o r  t h e  f i g u r e s

f o r  Palomena p r a s i n a ) .  I t  i s  t h e r e f o r e  p o s s i b l e  t h a t  i n  t h e s e  i n s e c t s  a l s o  

t h e  m i d g u t  i s  an  a c c e s s o r y  i n  p o t a s s i u m  e x c r e t i o n .

One may c o n c l u d e  t h a t  t h e  f u n c t i o n  p r o p o s e d  f o r  t h e  s t r u c t u r e s  s e e n  i n  

t h e  c a e c a l  r e g i o n  and e x c r e t o r y  v e s i c l e  o f  D o l y c o r i s  b a c c a r u m , c a n  be  

s u p p o r t e d  by a r a t i o n a l  i n t e r p r e t a t i o n  o f  t h e  s t r u c t u r e s  r e p o r t e d  t o  be 

p r e s e n t  i n  o t h e r  p h y t o p h a g o u s  H e m i p t e r a .

To t u r n  t o  t h e  food  c o n v e r s i o n  e f f i c i e n c y  a s p e c t  o f  t h e  p r e s e n t  w o r k ,  t h e  

s u b j e c t  h a s  b e e n  r e v i e w e d  by W a ld b a u e r  ' 1 9 6 8 )  and more r e c e n t l y  by 

S l a n s k y  ( 1 9 8 5 ) .  The e a r l i e r  r e v i e w  had  no e n t r i e s  u n d e r  p h y t o p h a g o u s  

H e m i p t e r a ,  b u t  t h i s  gap  h a s  b ee n  f i l l e d  by M c N e i l l  ( 1 9 7 1 )  w o r k i n g  on a 

g r a s s - f e e d i n g  m i r i d ,  L e p t o p t e r n a  d o l a b r a t a  i n  t h i s  c o u n t r y ,  a n d  by 

C h a p l i n  & C h a p l i n  ( 1 9 8 1 )  on t h e  s e e d - f e e d i n g  l y g a e i d s  Q n c o p e l t u s  f a s c i 

a t u s  and L ygaeus  k a l m i i  i n  t h e  U .S .A .  T hese  s t u d i e s  o b t a i n e d  d a t a  f o r  

r e s p i r a t i o n  b u t  n o t  f o r  f a e c a l  o u t p u t ,  c a l c u l a t i n g  ECD on t h e  b a s i s  t h a t  

Food e a t e n  -  F a e c e s  p r o d u c e d  = W e ig h t  g a i n  + R e s p i r a t i o n .
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C h a p l i n  &, C h a p l i n  u s e d  mi lk w eed  (A s c l e p i a s  s y r i a c a ) s e e d s  a s  t h e  fo od

s o u r c e ,  and w e ig h e d  b o t h  food and i n s e c t s  d a i l y .  M c N e i l l  s t u d i e d  a

p o p u l a t i o n  i n  t h e  f i e l d ,  o b t a i n e d  a v e r a g e  d r y  w e i g h t s  and  e n e r g y  c o n t e n t
o

f o r  e a c h  i n s t a r ,  and s am p led  d a i l y  on f i x e d  0 ,25m  q u a d r a t s  t o  a s s e s s  

p o p u l a t i o n  d e n s i t y .  R e s p i r a t o r y  r a t e  and a r e l a t i o n s h i p  b e t w e e n  f e e d i n g  

r a t e  an d  body s i z e  w e re  o b t a i n e d  by l a b o r a t o r y  s t u d i e s .  L d o l a b r a t a  

l e a v e s  l e s i o n s  on t h e  g r a s s  b l a d e s  on w h ic h  i t  f e e d s ,  and t h e  a r e a  o f  

t h e s e  was m e a s u r e d  an d  t h e i r  number c o u n t e d ,  t o  g i v e  t h e  am ount  o f  fo o d  

e a t e n .  C a l o r i f i c  v a l u e s  w e re  o b t a i n e d  f o r  p l a n t  t i s s u e  f rom w h ich  t h e  

c e l l  w a l l s  had  b e e n  s e p a r a t e d .  M c N e i l l  s t a t e s  t h a t  ECD r e a c h e s  a pea k  

when t h e  i n s e c t s  c h a n g e  f rom l e a f - f e e d i n g  t o  s e e d  h e a d s  i n  J u n e .

T a b l e  V g i v e s  a summary o f  ECI and ECD p e r c e n t a g e s ,  on  e n e r g y  and d r y  

w e i g h t  b a s e s ,  f o r  p h y t o p h a g o u s  H e m i p t e r a  a n d ,  f o r  c o m p a r i s o n ,  o t h e r  

p h y t o p h a g o u s  i n s e c t s .  The f i g u r e s  g i v e n  f o r  L . d o l a b r a t a  a r e  a v e r a g e s  

o v e r  f i v e  s u c c e s s i v e  s e a s o n s  s t u d y .  Th ey ,  and t h e  f i g u r e s  f o r  P . p r a s i n a ,  

seem t o  l i e  i n  t h e  same r a n g e  o f  m a g n i t u d e  a s  o t h e r  i n s e c t s ,  b u t  t h e  

f i g u r e s  f o r  t h e  s e e d - s u c k i n g  l y g a e i d s  0 . f a s c i a t u s  an d  L . k a l m i i  seem t o  

be  r e m a r k a b l y  h i g h .  In  c o m p a r i n g  them w i t h  o t h e r  H e m i p t e r a ,  C h a p l i n  & 

C h a p l i n  ( 1 9 8 1 )  p u b l i s h  f i g u r e s  from M c N e i l l  ( 1 9 7 1 )  w h ich  t h e y  have 

p r e s u m a b l y  e x t r a c t e d  f rom g r a p h s  o f  s e a s o n a l  v a r i a t i o n  o f  ECD g i v e n  by 

t h a t  A u t h o r  f o r  L . d o l a b r a t a . C h a p l i n  & C h a p l i n  show t h a t  w h i l e  f e e d i n g  

on  g r a s s  b l a d e s ,  L . d o l a b r a t a  h a s  ECI o f  12%, and ECD o f  60%, and when 

s e e d  h e a d s  become a v a i l a b l e  and a r e  p r e f e r e n t i a l l y  f e d  u p o n ,  ECI r i s e s  t o  

42% an d  ECD t o  70%. T h i s  b r i n g s  t h e  f i g u r e s  up t o  t h e  l e v e l  o f  A p h i d i d a e ,  

b u t  s t i l l  b e low  t h e  L y g a e i d a e .  The i m p l i c a t i o n  i s  t h a t  t h e  food o b t a i n e d  

f r o m  s e e d s  r e q u i r e s  l e s s  m e t a b o l i c  w ork  f o r  t h e  same am ount  o f  n o u r i s h 

m en t  t h a n  t h a t  o b t a i n e d  from more h y d r a t e d  p l a n t  t i s s u e s  o r  f rom p l a n t  

s a p .  The t a s k  of.  d r a w i n g  l i q u i d  fo o d  up t h e  m i n u t e l y  n a r r o w  s t y l e t  c h a n 

n e l s  ( t h e  p o w e r f u l  c i b a r i a l  m u s c l e s  b e i n g  t h e  e n e r g y - d e m a n d i n g  p a r t  o f  

t h e  s y s t e m )  m u s t  n o t  be v e r y  d i f f e r e n t .  The s m a l l e r  volume drawn i n  f rom 

s e e d s  w ou ld  p r o b a b l y  h a v e  a h i g h e r  v i s c o s i t y .  So e n e r g y  must  be consumed  

i n  e x c r e t i n g  e x c e s s  w a t e r  and s a l t s .

A l t h o u g h  ECD f o r  P . p r a s i n a  i s  s i m i l a r  t o  most  o t h e r  p h y t o p h a g o u s  i n s e c t s ,  

ECI i s  h i g h e r ,  an d  t h i s  r e f l e c t s  t h e  f a c t  t h a t  s u c t o r i a l  f e e d i n g  e x c l u d e s  

i n s o l u b l e  m a t e r i a l  w h ic h  w ou ld  be d i s c a r d e d  i n  t h e  f a e c e s .

A p a r t  f rom t h e  a p h i d s ,  f o r  w h ich  s u c c e s s f u l  a r t i f i c i a l  and c o n t r o l l e d  

f e e d i n g  t e c h n i q u e s  h a v e  b ee n  d e v e l o p e d  ( A u c l a i r ,  1 9 6 5 ) ,  an d  t h r o u g h p u t  

c a n  r e a d i l y  be m e a s u r e d  b o t h  a s  t o  c o m p o s i t i o n  ( M i t t l e r ,  1958 )  an d  am ount



t abl e  V

COMPARISON OF EFFICIENCIES OF CONVERSION OF INGESTED (E CI)  AND DIGESTED (ECD) FOOD IN DIFFERENT INSECTS

INSECT

H e t e r o p t e r a
1 oP a lo m e n a  p r a s i n a , 5 t h . i n s t a r ,  c . 2 0  C

L y g a e u s  k a l m i i , 5 t h . i n s t a r ,  20°C

O n c o p e l t u s  f a s c i a t u s , 5 t h . i n s t a r , 20°C

L e p t o p t e r n a  d o l a b r a t a ,  a l l  s t a g e s .

S i g a r a  a l t e r n a t e  ( C o r i x i d a e )  ? a d u l t s

H o m o p te ra

P h i l a e n u s  s p u m a r i u s ( C e r c o p i d a e ) 

A c y r t o s i p h o n  p i s u m  ( A p h i d i d a e )  

E u c a l l i p t e r u s  t i l l i a e  ( " )

M a c r o s ip h u m  l i r i o d e n d r i  ( " )

O r t h o p t e r a  

A c h a e t a  d o m e s t i c a  

C o l e o p t e r a

L e p t i n o t a r s a  d e c e m l i n e a t a  l ^ r v a , 20°C 

L e p i d o p t e r a

S p o d o p t e r a  s p ,  5 t h . i n s t 6 r  on k i d n e y  b e a n .  

P i e r i s  r a p a e , 5 t h . i n s t a r .

Malacosoma disstria, 4 t h .  &, 5 t h . instars 
Manduca sexta 5 t h . instar, artificial diet

DRY'WEIGHT BASIS ENERGY BASIS

ECI (%) ECD (%) ECI (%) ECD (%)

3 8 . 3

19

28

32

28

17

1 6 . 7

38

4 0 .  1

47

40

40

45

47

65

7 2 . 5

8 4 . 6  

1 7 . 8

23

24 

48 

44 

24

38

32

33 

20

9 3 . 5  

94 .9  

5 5 . 0  

65

54

58

72

77

52

44

46

author

T h i s  w o r k .

C h a p l i n  & C h a p l i n  ( 1 9 8 1 )
t f  f t  i t

M c N e i l l  ( 1 9 7 1 )

q u o t e d  by C h a p l i n  &, C h a p l i n
( 1 9 8 1 )

q u o t e d  by S l a n s k y  ( 1 9 8 5 )

4 4 . 5  72

Futuyma &, Wasserman  ( 1 9 8 1 )

R e y n o l d s ,  N o t t i n g h a m  & 
S t e p h e n s  ( 1 9 8 5 )
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( W r i g h t ,  F i s h e r  & M i t t l e r ,  1 9 8 5 ) ,  t h e  s t u d y  o f  f e e d i n g  e f f i c i e n c y  o f  

p l a n t  f e e d i n g  H e m i p t e r a  i s  n o t  e a s y .  The a b i l i t y  o f  P . p r a s i n a  t o  grow 

a p p a r e n t l y  n o r m a l l y  on an  i s o l a t e d  p l a n t  o r g a n ,  an d  t h e  a b i l i t y  o f  s u c h  

a n  o r g a n  t o  r e m a i n  a c c e p t a b l e  a s  fo od  f o r  a r e a s o n a b l e  t i m e ,  i s  f o r t u n a t e .  

As my f a i l u r e  t o  c u l t u r e  D. bacca ru m sh o w s ,  t h e r e  a r e  many s p e c i e s  f o r  

w h i c h  s u c h  a s t u d y  w ou ld  be e x t r e m e l y  d i f f i c u l t  i f  n o t  i m p o s s i b l e *  Fo r  

many s p e c i e s  w h ich  f e e d  on v e g e t a t i v e  t i s s u e s  s u c h  a s  s h o o t s  o r  l e a v e s ,  

w h i c h  m u s t  r e m a i n  a t t a c h e d  t o  t h e  p l a n t  i n  o r d e r  t o  r e m a i n  a c c e p t a b l e  a s  

f o o d ,  an d  on w h ic h  no d i s t i n c t  l e s i o n s  a r e  c a u s e d ,  t h e  t a s k  o f  m e a s u r i n g  

f o o d  i n t a k e  w ou ld  p r e s e n t  c o n s i d e r a b l e  p r o b l e m s .

V e r y  many s p e c i e s  o f  p en ta to m o m o rp h  H e t e r o p t e r a  a r e  r e p u t e d  t o  f e e d  on a 

r a n g e  o f  p l a n t  s p e c i e s ,  and t h e i r  p e r f o r m a n c e  on d i f f e r e n t  f o o d s ,  i n  

r e l a t i o n  t o  i o n i c  c o m p o s i t i o n  and p l a n t  d e f e n c e s ,  w o u ld  be o f  g r e a t  

i n t e r e s t .  In  c o n n e c t i o n  w i t h  t h e  p r e s e n t  w o r k ,  i t  i s  f a r  f rom c l e a r  w h a t  

a r e  t h e  n a t u r a l  fo o d  s o u r c e s  i n  t h i s  c o u n t r y  o f  P . p r a s i n a . I t  m i g h t  be 

t h a t  t h e y  a r e  o p p o r t u n i s t  and t a k e  w h a t e v e r  i s  a v a i l a b l e ,  e v e n  i n c l u d i n g  

r o t t i n g  d e b r i s ,  b u t  l a r v a e  r e a r e d  on P h a s e o l u s  po d s  h av e  shown no s i g n s  

o f  f e e d i n g  when o f f e r e d  a v a r i e t y  o f  a l t e r n a t i v e s  -  t o m a t o ,  c o u r g e t t e ,  

p e a  p o d ,  b r o a d  b e a n ,  o r  u n r i p e  h a z e l n u t  ( o n e  o f  i t s  r e p u t e d  w i l d  h o s t s ) .  

P r o b a b l y  t h e y  become a d a p t e d  t o  wha t  i s  m os t  r e a d i l y  a v a i l a b l e  i n  t h e i r  

e a r l y  l i f e .  T h i s ,  a g a i n ,  p o s e s  a p r o b l e m  i n  m a k i n g  c o m p a r a t i v e  s t u d i e s  

o f  f e e d i n g  e f f i c i e n c y .  In  p a r t s  o f  t h e  w o r l d  w h e re  t h e y  a r e  p l a n t  p e s t s ,  

s e v e r a l  s t u d i e s  h av e  bee n  made on t h e  p e r f o r m a n c e  o f  p e n t a to m o m o rp h  

H e t e r o p t e r a  on d i f f e r e n t  p l a n t  s p e c i e s ,  o r  d i f f e r e n t  o r g a n s  o r  s t a g e s  o f  

d e v e l o p m e n t  o f  t h e  h o s t  p l a n t ,  p r i n c i p a l l y  t o  a s s e s s  t h e  i m p o r t a n c e  o f  

w e ed s  a s  a l t e r n a t i v e  h o s t s  (H o r i  & K u r a m o c h i , 1 9 8 6 ;  H o r i ,  Kuramochi  & 

N a k a b a y a s h i ,  1985;  H o r i ,  Okamoto & K u ra m o ch i ,  1984 ;  K o t a k i  e t  a l . , 1 9 8 3 ;  

P a n i z z i  & H e r t z o g ,  1984;  P a n i z z i  & S l a n s k y ,  1985 ;  N a r e s h  & S m i t h , 1983;  

a n d  S h i g a  & M o r i y a , 1 9 8 3 ) .  R e s u l t s  a r e  r e c o r d e d  i n  t e r m s  o f  w e i g h t  g a i n ,  

f e e d i n g  r a t e  and m o r t a l i t y ,  b u t  d a t a  on f e e d i n g  e f f i c i e n c y  an d  food 

c o m p o s i t i o n  a r e  n o t  g i v e n .

F i n a l l y ,  i t  i s  n e c e s s a r y  t o  c o n s i d e r ,  i n  t h e  l i g h t  o f  t h e  p r e s e n t  w ork  

an d  t h e  l i t e r a t u r e  o f  r e c e n t  y e a r s ,  w h e t h e r  a n y  l i g h t  c a n  be sh e d  on t h e  

f u n c t i o n  o f  t h e  c a e c a  and t h e  c a e c a l  b a c t e r i a .  A l t h o u g h  t h i s  work shows 

no  u l t r a s t r u c t u r a l  e v i d e n c e  o f  a f l u i d  t r a n s p o r t  r o l e ,  I r e m a i n  c o n v i n c e d  

t h a t  t h i s  w ou ld  be fo u n d  i n  t h e  l e s s  s p e c i a l i s e d  C o r e i d a e  an d  L y g a e i d a e .  

I n s o f a r  a s  t h e  c a e c a  i n  P e n t a t o m i d a e  a r e  s p e c i a l i s e d  t o  c u l t u r e  b a c t e r i a  

w h i c h  a r e  s u b s e q u e n t l y  b r o k e n  down and a b s o r b e d ,  i t  i s  t h e  r o l e  o f  t h e s e
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b a c t e r i a  w h ic h  i s  i n  q u e s t i o n .  S i n c e  t h e  c a e c a  a r e ,  i n  t h e  g ro w in g  

p h a s e  o f  m o s t  P e n t a t o m o m o r p h a , c u t  o f f  f rom t h e  a n t e r i o r  p a r t  o f  t h e  

m i d g u t ,  t h e r e  i s  no  p o s s i b i l i t y  o f  t h e i r  i n t e r v e n i n g  t o  m o d i f y  t h e  

i n g e s t a ,  s o  a s ,  f o r  i n s t a n c e ,  t o  d e t o x i f y  p l a n t  d e f e n c e  c h e m i c a l s .

I f  t h e y  a r e  a b l e  t o  r e c y c l e  n i t r o g e n o u s  e x c r e t o r y  p r o d u c t s ,  a s  some 

e v i d e n c e  f rom b a c t e r i a  c u l t u r e d  f rom t h e  T e s s a r a t o m i d  P i e z o s t e r n u m  

c a l i d u m  ( A p p e n d i x  9 )  seemed  t o  s u g g e s t ,  t h i s  m i g h t  be r e v e a l e d  by 

a v e r y  r i g o r o u s  a n a l y s i s  o f  r a t e  o f  n i t r o g e n o u s  e x c r e t i o n  p e r  u n i t  o f  

g r o w t h ,  com pared  w i t h  an  i n s e c t  l a c k i n g  s y m b i o n t s  ( i d e a l l y  a c o l o n y  

o f  t h e  same s p e c i e s  r e a r e d  a s e p t i c a l l y ) .

I t  may be t h a t  t h e  c a e c a l  b a c t e r i a  form a s t o r e  o f  n u t r i e n t  w hi ch  i s  

d ra wn upon d u r i n g  s e x u a l  m a t u r a t i o n .  Many o b s e r v a t i o n s  on t h i s  and 

o t h e r  s p e c i e s  ' ' p e r s o n a l ,  u n p u b l i s h e d )  h a v e  fo u n d  t h e  c a e c a l  row t o  

be  s h r u n k e n  i n  m a t u r e  a d u l t s .  I t  i s  n o t  e a s y  t o  s e e  why t h e  i n s e c t

c a n n o t  s i m p l y  u s e  i t s  f a t  bo dy  a s  a n u t r i e n t  s t o r e  d u r i n g  l a r v a l

d e v e l o p m e n t ,  b u t  i t  may be  co m pared  w i t h  t h e  m a s s i v e  i n v a s i o n  o f  t h e  

h a e m o c o e l  o f  c e r t a i n  f u l g o r o i d  H omoptera  ( A p p e n d i x  6) by y e a s t - l i k e  

s y m b i o n t s .

A n u t r i t i v e  f u n c t i o n  o f  some k i n d  i s  t h e  o n l y  e x p l a n a t i o n  w h ich  i s  

c o n s i s t e n t  w i t h  t h e  v a s t  num bers  o f  b a c t e r i a  p r e s e n t ,  and  t h e  e v i d e n c e  

f o r  t h e i r  b re a k d o w n  i n  t h e  M4 b u l b  ( t h e  b a c t e r i a l  c e l l - w a l l  s p l i t t i n g  

enzym e ,  N - a c e t y l g l u c o s a m i n i d a s e , h a s  b e e n  d e t e c t e d  i n  t h i s  p a r t  o f  t h e  

g u t > .  O t h e r  s u g g e s t i o n s ,  s u c h  a s  t h a t  t h e  c a e c a l  b a c t e r i a  p r e v e n t  t h e  

i n v a s i o n  o f  t h e  g u t  by o t h e r  b a c t e r i a ,  o r  t h a t  t h e y  s y n t h e s i s e  e s s e n t 

i a l  n u t r i t i o n a l  f a c t o r s ,  c o u l d  be d e a l t  w i t h  by much s m a l l e r  numbers

o f  b a c t e r i a ,  r e s i d i n g  a m o n g s t  t h e  c e l l s  o f  a s i m p l e  t u b u l a r  m i d g u t .

S r i v a s t a v a  &. R o u a t t  ( 1 9 6 3 )  fo u n d  a v a r i e t y  o f  b a c t e r i a  i n  t h e  g u t  o f  

a n  a p h i d  ( t h o u g h ,  i n t e r e s t i n g l y ,  n o t  p s e u d o m o n a s ) ,  t h o u g h  t h e  i n s e c t s  

d i d  n o t  seem t o  be ha rmed  by t h e i r  p r e s e n c e .  One may q u e s t i o n  t h e  nee d  

f o r  s u c h  a n  e l a b o r a t e  a r r a n g e m e n t  a s  t h e  g a s t r i c  c a e c a ,  s o l e l y  t o  

a l l o w  one b a c t e r i a l  s p e c i e s  t o  e x e r t  d o m in a n c e  o v e r  o t h e r s .

To c o n c l u d e ,  f u t u r e  work m i g h t  c o n c e n t r a t e  on t h e  l a r v a e  o f  Palomena 

p r a s i n a ,  t o  e s t a b l i s h  by c l o s e  o b s e r v a t i o n  t h e  f e e d i n g  r h y t h m ,  and t o  

a n a l y s e  haemolymph an d  e x c r e t a ,  an d  o b s e r v e  t h e  u l t r a s t r u c t u r e  o f  t h e  

c a e c a l  r e g i o n  and e x c r e t o r y  v e s i c l e ,  a t  known t i m e s  i n  t h e  i n s t a r .

I do n o t  b e l i e v e  t h a t  i t  w ou ld  be t e c h n i c a l l y  d i f f i c u l t  t o  c a n n u l a t e  

t h e  a n u s  an d  t o  i n t r o d u c e  f l u i d s  o f  known c o m p o s i t i o n ,  a s  P h i l l i p s  ( 1 9 6 4 )  

d i d  w i t h  t h e  d e s e r t  l o c u s t ,  n o r  e v e n  t o  i s o l a t e  M a l p i g h i a n  t u b u l e s  s o  a s  

t o  a n a l y s e  t h e i r  s e c r e t i o n  s e p a r a t e l y  f rom a n y  c o n t r i b u t i o n  f rom t h e  

e x c r e t o r y  v e s i c l e .
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I n t r o d u c t io n .

Investigations into the anatomy and physiology of the digestive system of 
the cacao capsid bugs were carried out by the writer between October 1947 and 
October 1950, as part of a research programme on these pests, and the present 
paper summarizes the results achieved. The aspects covered include anatomy 
and histology, the enzymes secreted by the intestine and the labial 
(*‘ salivary ") glands, and the microbe flora of the intestine.

L i t e r a t u r e .

The cacao capsids of West Africa (SahlbergeUa singularis Hagl., Distantiella 
theobroma (Dist.), Bryocoropsis laticollis Schum. and Helopeltis bergrothi Reut., 
all of the sub-family Bryocorinae) have been known as pests since the early 
years of this century. The biology, economic status and methods of control 
of these insects have been fully discussed by Cotterell (1926), Squire (1947) 
and Voelcker (1949). Squire {op. cit.) describes briefly the gross anatomy 
of the salivary glands, and makes suggestions as to the possible nature of the 

* Now at the London School of H ygiene and Tropical Medicine, K eppel S treet, W .C .l,
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secretions they produce. In the literature on the family Miridae* there are very 
few records of studies comparable with the present one. The very destructive 
nature of the saliva, which is often found in this family, has been the cause of 
some investigations, notably that of K. M. Smith (1920) on the Apple Capsid. 
P h sio co r is  rugicollis Fall. Other papers which may be mentioned are the 
study by Awati (1914) of the mechanism of suction in Lygus pabulinus Linn., 
that of Painter (1930) on the anatomy of Psallus seriatus Reut. and the 
monograph by Kullenburg (1944) on the Swedish capsids. The latter deals 
mostly with feeding preferences and behaviour, and mentions the internal 
anatomy of the reproductive system only. There is an extensive literature on 
the many agriculturally important species of the family, among which are 
papers touching on the physiology of feeding in its relation to plant damage 
[e.g. Ewing. 1929 ; Roberts, 1930 : Leach & Smee, 1933).

The literature on other families of phytophagous Hemiptera-Heteroptera 
contains several anatomical and histological studies (Woolley, 1949, and works 
referred to therein), general physiological studies (Bugnion & Popoff, 1908 : 
Baptist. 1940) and studies on symbiotic bacteria and other organisms 
(Glasgow . 1914 : Schneider, 1940). In each of these aspects the cacao capsids 
were found to have characteristics differing markedly from other phytophagous 
Hemiptera.

A n a t o m y  : T e c h n i q u e .

In order to get a complete picture of the anatomy and histology of the 
intestine and its associated structures, three methods have been used, namely, 
serial sectioning, whole mounts, and the microscopic examination of teased 
fresh tissue. For the first method, organs or whole organ systems {e.g. the 
mid-gut and accessory salivary glands which remain bound together by fine 
tracheae when dissected) were dissected out and fixed immediately in Bouin’s 
Fluid. Serial sections were prepared in the usual manner and stained with 
either Hansen’s trioxyhaematin, Mann’s methyl-blue-eosin, or Mayer’s 
haemalum, of which the latter proved to be the most satisfactory and the most 
resistant to fading when mounted in Euparal. Canada balsam in xylol as a 
mounting medium was found unsatisfactory owing to the deterioration of the 
stocks of absolute alcohol in the humid climate. Where finer detail was 
required, Zenkers bichromate fixative and Hedenhain’s iron haematoxylin 
gave useful results. Chitinous material was embedded in clove-oil celloidin 
and then in paraffin wax before sectioning. Sections were cut at 10 p  
except where otherwise stated. Whole mounts were fixed in 70 per cent 
alcohol and stained with Mayer’s haemalum. Stains other than those mentioned 
were used for special purposes and will be referred to at the appropriate 
place in the text. Drawings both from fixed and fresh material were done 
w ith the aid of a camera lucida.

A l im e n t a r y  c a n a l .
In their internal anatomy, the four species of cacao capsid bugs differ 

surprisingly little, though they are attributed to different genera, on points 
of external detail. The largest species, SaMbergeUa singularis, is between 
7 mm. (male) and 9 mm. (female) in body length, and the smallest, 
Bryocoropsis laticollis, 5 to 6 mm. It has been found convenient to pursue 
the investigations on the two largest species, S. singularis and Distantiella 
theobroma. but constant reference to the other species has shown that the 
iollowing account can be taken as applying, in principle, to them all. The 
relative sizes of the internal organs differ slightly in different species, and 
also in the different instars and betw een the sexes of any one species. Where 
actual dimensions are quoted they refer to S. singularis, the illustrations 
being also of that species.

♦ formerly Capeidae. The older nomenclature is retained in the common name.
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Mo u t h -pa r t s  a n d  fo r e-g u t .

These organs are of an extremely constant pattern throughout the 
Hemiptera, and no attempt has been made to examine those of the cacao 
capsids in detail. They resemble those described by Awati (1914) and MacGill 
(1947), and in the more general account of Snodgrass (1935). There are two 
pairs of bristle-like stylets, of which the maxillary pair form between them two 
channels, for food and saliva, and are guided and enclosed by the mandibular 
pair. The combined stylet bundle is borne in a channel on the dorsal surface 
of the rostrum.

The food canal in the stylets opens posteriorly into the pharyngeal pump, 
which resembles that in other Hemiptera in which this organ has been 
described (Woolley, 1949 ; MacGill, 1947, etc.). It is regarded by MacGill 
as an external chamber and not part of the true fore-gut. The fore-gut 
proper consists of a narrow oesophagus posterior to, and about equal in length 
to. the pharyngeal pump. A gustatory organ is present, just anterior to the 
pharyngeal pump, at the base of the rostrum.

The pharyngeal pump is heavily sclerotized, with a V-shaped lumen which 
can be distended by a powerful set of dorsal muscles. It is not possible to 
distinguish any epithelial structure in this part of the alimentary canal, but 
in the oesophagus a cuboid epithelium of small (10 jx diameter) uninucleate 
cells can be seen. The oesophagus has a lumen about 45 /*. wide, and rather 
w ider in the middle of its length, so that it is spindle-shaped. There is a 
thin sheath of longitudinal muscle outside the epithelium, and outside that 
again are several stout bands of circular muscle. Inserted in these bands are 
four strong muscles which are attached to the body wall (in the “ neck ” 
region) dorso- and ventro-laterally on each side (fig. 2, mus.). On the inner 
surface of the cuboid epithelium there is a fine chitinous intima. This region 
of the intestine does not appear to secrete any digestive enzymes.

The oesophagus joins the mid-gut at the “ oesophageal valve ”, in the 
prothoracic region of the insect. At this point the oesophagus is invaginated 
for about 0*1 mm. into the mid-gut. The inner epithelium of this invagination 
is similar to that of the rest of the oesophagus, but the nuclei stain more 
deeply. The cells on the outer surface of the fold are in the form of a dense 
columnar epithelium with dark staining, laterally compressed nuclei (fig. 2). 
The chitinous intima continues over the whole surface of the invagination. 
It is thicker on the outer side than in the lumen of the oesophagus and 
terminates in a distinct rim. The lumen of the valve is small and tricuspid 
in section. The folding and separation of the intima from the epithelium 
which is apparent in the illustration, is a fixation artefact.

Mi d -in t e s t in e .

In the cacao capsids, as in most Hemiptera, the mid-gut forms the major 
portion of the intestine, and by it the functions of storage, digestion, and 
absorption are performed. It is, therefore, with this region that the present 
paper is mostly concerned.

The length of the mid-gut is variable, on the average being some 
two and a half times the length of the insect. It consists of three regions, 
of nearly equal length, which are very distinct histologically and functionally, 
and will be referred to here as the first, second and third mid-guts.* They 
are divided one from another by constrictions which function as valves in 
controlling the tow  of food and secretions through the alimentary canal. 
Common to the structure of the three regions are : a musculature consisting

* This rather rough terminology for the different regions of the one mid-gut is here 
adopted only for the sake of convenience, in the absence of a generally accepted 
terminology. It has the advantage of emphasizing the fact that in Hemiptera the 
subdivision of the intestine is almost all within the limits of the endodermal mid-gut, 
the fore- and hind-guts being comparatively insignificant,

• 38*
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Figure I.
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Dorsal view of a capsid dissected to  show alim entary  canal and salivary glands. (R ight- 

hand  salivary glands rem oved). K ey to  le ttering  : f.g., fore-gut ; 1st m .g., first 
m id-gut ; 2nd m.g., second m id-gut : 3rd m .g., th ird  m id-gut ; pyl., pyloric region 
of h in d -g u t; rect., rectal region of hind-gut ; m al.t., m alpighian tubules ; s.gl., 
m ain salivary gland ; ac.gl., accessory salivary gland ; ac.g.v., accessory' gland 
v esic le : s.d., salivary  duct : ac.d ., accessory gland d u c t ; m .s.p., muscles of 
palivary pum p.
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of a fine meshwork of longitudinal and circular strands, a delicate cellular 
sheath  or basement m em brane, and the almost complete absence of connective 
tissue. The nuclei of the : ' Al  1!: ' cells are all of one type, pale in appearance 
when stained, but with a few scattered dark  granules and a large central 
granule. In spite of the weak m usculature, pronounced peristaltic or 

mixing m ovem ents can be observed in the first two regions. G astric 
caeca such as commonly occur in phytophagous Hemiptera are absent, and 
there is no peritrophic mem brane.

Figure 2

Longitudinal section of oesophageal valve. K ey to  le tte ring  : f.g., epithelium  of fore-gut ; 
mus., d ila to r m uscles of fore-gut ; p.s., peritoneal sheath ; 1st m.g., epithelium  
of first m id-gut : val., invaginated p art o f fore-gut ; ch.int., chitinous in tim a.

F ir s t  m id -g u t .

The first m id-gut begins a t the oesophageal valve with a short tu b u la r 
portion which passes through the narrow' space between the flight muscles 
in the thorax, and becomes, in the abdom en, a bulbous sac. This sac tapers 
gently  forwards tow ards the oesophageal valve, and ra th e r sharply behind, 
to  join, in the region of the th ird  to  fourth  abdom inal segments, the valve 
which term inates it posteriorly. Scattered over the  outer surface, and partly  
em bedded in the ensheathing m em brane, small crystalline spherules m ay quite 
often be found. The spherules are 15 to  5 0 /x in diam eter, fibrous, and with 
concentric and radial striations. Sim ilar crystalline bodies have very 
occasionally been found in the lumen of the  intestine, and in tw o instances, 
single large concretions with th is structu re , were found distending the th ird  
m id-gut. In the same situation  on the ou ter surface of the first m id-gut. small 
groups of fat globules 3 to 12 p. in diam eter m ay be found along the paths 
of the tracheoles.

The epithelium  of which the first m id-gut is composed consists of a single 
layer of large cells which are extrem ely elastic, and which vary between a 
th in  pavem ent epithelium  and a tall colum nar epithelium  according to  the 
s ta te  of distension of the organ. The first condition is especially well seen 
when the first m id-gut is distended with air bubbles, as it  frequently is, not

6666
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only when this distension is required by the moulting process, but as a normal 
condition when starved. The first mid-gut is only found in a collapsed state 
in the early stages of feeding, when the air bubbles have been passed along the 
intestine and out through the anus, and the distension of a full meal is not yet 
acquired. Material fixed and sectioned in the early stages of feeding shows a 
tall columnar epithelium with an irregular border formed by the bulbous 
tips of individual cells crowded together under lateral pressure (fig. 2). 
Dissection of fresh material reveals that the cells are separate for most of their 
length, of inverted flask shape, and it can be seen that they are subjected to 
lateral pressure, from the tendency of the epithelium to turn “ inside-out

The cells of this epithelium are all binucleate, this fact being verified from 
whole mounts, since the large size of the cells renders it difficult to decide 
from sections. Very small regenerative cells are scattered singly or in small 
groups throughout the epithelium, these also being binucleate. Cells of all 
sizes between these and the largest are present in the epithelium, but they 
are all seen to take part in the secreting cycle, and there is no evidence to show 
that they are not of the one type. Multiplication of the regenerative cells 
seems to involve first the division of the cytoplasm into two uninucleate cells 
and then the division of the nuclei. Quadrinucleate cells are only occasionally 
seen, and then among the older, degenerating cells, whereas small groups of 
uninucleate cells can always be found. No mitotic division of nuclei has been 
detected in the digestive system, and multiplication of cells is presumed to be 
by amitosis. The limits of size observed for cells and nuclei in the first mid-gut 
are 25 /x to 70 /x and 8 p. to 22 /x respectively.

The epithelium of the tubular anterior portion of the first mid-gut, which 
joins the oesophageal valve, is of the type described. There is seen, however, 
in sections of this region a greater variability in density of staining of both 
cytoplasm and nuclei than in the sac-like region, and it would appear that the 
secretion and regeneration of the cells is not synchronized to the extent that 
it is in the latter region.

The phases through which the cells of the first mid-gut pass are strikingly 
distinct in the living insect. Some of these phases are, however, ver\r 
susceptible to distortion in the fixative, and it is not easy to follow the secreting 
cycle of the cells from sectioned material alone. An intensive study has 
therefore been made on fresh material. For this purpose batches of capsids 
were starved overnight, so as to bring them into as nearly uniform a condition 
as possible, and then allowed to begin feeding on freshly cut twigs of cacao. 
A few* capsids from each batch were dissected at intervals as feeding progressed, 
and the mid-gut teased out and examined. Detailed notes were kept of the 
first hundred capsids examined but many more than this have been examined 
to confirm the impressions originally formed.

After a short period of starvation, the first mid-gut epithelium is seen 
as a thin translucent sheet distended by a mass of air bubbles. On dissection 
the cells contract slightly and become small button-like bodies (fig. 3 B) 
presenting a hemispherical surface to the intestinal lumen. This surface has 
sometimes, but not ahvays, at this stage, a distinct striated border, with a 
sharp outer boundary showing that it is formed in the cell wall itself and 
not from protoplasmic filaments extended from the cell {i.e. it is a 
‘ ‘ honeycomb ’ ’ border). Perhaps because of this, this striated border is not easily 
seen in sections of fixed material. The presence or absence of this striated 
border may be connected with the secretion or non-secretion of the digestive 
enzymes which have been detected in this region (for which vide infra), but 
proof of this has not been obtained. At this stage the cytoplasm of the cell 
is dense and finely granular, and the nuclei small.

During the first three or four feeds after the starvation period the air 
bubbles in the lumen of the first mid-gut diminish in size and number as fluid
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Figure 3.
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(A) T ransverse section of first m id-gut in actively-secreting phase. (B), (C), (D) and  
(E ) Phases in the  secretory cycle of first m id-gut cells, as seen in fresh tissues. 
F o r details, see tex t.
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contents begin to accumulate. These contents are at this stage watery and 
contain coarse granules of irregular shape and size. Under high-power 
magnification, there may also be seen a few small crystals of a characteristic 
octahedral shape (fig. 4 E ). The coarse granules presumably originate in the 
plant, and the crystals certainly do, as they have been seen forming a 
“ tide-line ” at the edge of a section through a fresh lesion. These granules 
and crystals may be products of the reaction between saliva and plant tissue, 
since they do not seem to correspond with any part of the cell structure of 
undamaged cacao tissue.

The epithelial cells at this stage are more swollen than at first, and from 
this point onwards they cease to be translucent but become strongly charged 
with opaque granular matter (fig. 3 C). They then appear almost black by 
transmitted light, the boundaries and nuclei showing up as light areas. The 
first mid-gut now’ appears to the naked eye as a dense vrhite organ. This 
change occurs in scattered cells and groups of cells at first, particularly in 
the most posterior part of this region of the intestine, but it rapidly spreads 
throughout the whole epithelium. As far as the individual cell is concerned, 
the accumulation of this dense mass of granules seems to be very rapid, since 
few’ cells are seen in an intermediate stage. The striated border is always 
present during this phase, but as the cells have increased in size, the cell wall 
has become stretched, and so it appears narrower.

By about three hours after beginning to feed, that is, after about six or 
seven feeds, there is a change in the nature of the contents of the first mid-gut. 
They become thick, viscous, opaque, and finely granular (as opposed to their 
previous state of coarse granulation), owing to the release of the granular 
matter in the epithelial cells. At first, the secretion clings to the epithelium 
in a mucus-like coat, but later the contents become a homogeneous mass w’hich 
falls away easily from the epithelial wall. Sections stained with Mann’s stain 
show' the coarse granules in the centre of the lumen staining w ith eosin, while 
the surrounding secretion granules stain with methyl blue. At this stage, 
the mass of secretion and food material begins to pass into the second mid-gut. 
The cells of the first mid-gut do not seem to be in any w ay disrupted by release 
of their accumulated secretion, which is therefore of the merocrine type  
They remain the same size, or increase slightly in size, with a clear watery 
cytoplasm and a clump of granular matter and fat globules around the nuclei, 
while the cell wall is so distended that its striations are obliterated (fig. 3 D). 
Also visible in the post-secretion cytoplasm of the epithelial cells are small 
numbers of the bacteria which will be mentioned later. The merocrine 
secretion of a granular material is at variance with the conclusions of many 
published works on insect digestion, but the processes observed in cacao 
capsids are constantly and unequivocally as described. A possible mechanism 
by which the granules could be transmitted across an intact cell w all is suggested 
by the observation that they are rapidly soluble in dilute acid or alkali. The 
secretion is precipitated again (as an opalescent suspension) on neutralization. 
Thus, the secretion might be dissolved in the cell wall and then precipitated 
into the intestinal lumen. On the other hand, the striations in the cell border 
may mark the site of pores through which the granules might pass in the solid 
state. The fate and possible function of the granular secretion of the first 
mid-gut will be discussed in the section dealing w ith the digestive enzymes.

At the time when the above-mentioned change takes place, the insect 
is by no means replete and continues to feed for another two or three hours. 
The condition then is that both first and second mid-guts are filled with food 
and secretions, and the insect ceases to feed and becomes quiescent. The 
digestion of this meal (actually, of course, a series of feeds) takes about 
twelve hours before the intestine is again empty, but feeding may recommence 
after a shorter period than this.
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By the time the insect is ready to feed again regeneration of the epithelium 
has taken place, together with the casting off of large numbers of degenerate 
cells. At the base of the epithelium there can be seen large numbers of 
comparatively small cells. There is a certain degree of size variation amongst 
them, and it is probable that they are derived not only from regenerative cells 
but also from young secreting cells which have reconstituted themselves. 
This conclusion is arrived at from the consideration that the observed 
frequency of true regenerative cells seems insufficient to replace the epithelium 
entirely at such short intervals. A process has been observed which is 
apparently one of rejuvenation of secreting cells. It consists of a sudden release 
of the watery cytoplasm of a post-secretion cell, the nuclei and cell wall 
remaining intact. When a piece of the first mid-gut tissue at this stage is 
examined as a fresh preparation, cells here and there may suddenly shrink, 
while a stream of fine granules issues from an indefinite point between that 
cell and its neighbours.

The growth of a new epithelium greatly constricts the bases of the senescent 
cells (which have remained swollen) so that they become spherical, and, attached 
very precariously on the surface of the new epithelium (fig. 3 E), they break off’ 
easily and float freely in the intestinal lumen. The contents of the first mid-gut 
in the last stages of a feeding cycle thus consists of a mass of large spherical 
cells, with nuclei in various stages of degeneration. The cell walls usually 
remain intact until the mass passes into the second mid-gut and is digested. 
The intensity of regeneration is not constant throughout the epithelium, 
being most vigorous in two lateral patches which lie beneath the accessory 
salivary gland vesicles. In other parts of the first mid-gut, it would seem 
that cells are able to pass through several cycles of secretion before they are 
ejected from the epithelium.

The question arises—does the epithelial cycle govern the feeding of the 
insect or vice versa ? In capsids which are starved for longer than a few 
hours, the epithelial cells become charged with the dark secretion, although 
remaining small in size, but the impression gained from intensive study is 
that the presence of food in the first mid-gut accelerates the process. Discharge 
of the secretion has never been seen to occur in a starved insect.

This cycle of secretion and regeneration has been elucidated under 
conditions in which it shows most clearly. However*, in dissections of capsids 
which have had constant access to food, the appearance of the first mid-gut 
cells has always been recognizable as belonging to one or other of the above 
stages.

Se c o n d  m id -g u t .

H ie second mid-gut is a tubular region (fig. 1) with a constant width of 
about 0*5 mm. throughout its length, the latter dimension varying between 
33 per cent and 45 per cent of the total mid-gut. It is joined to the first 
mid-gut by a distinctly constricted valve which has a columnar epithelium of 
binucleate cells resembling, in shape, those of the first mid-gut. There is at 
this point a slight thickening of the circular muscle layer.

As with the first mid-gut, there is a single layer of epithelial cells, which 
are of only one type. They are smaller and more uniform in size than those 
of the former region, size limits observed being : cells, 10 to 30 n  diameter, 
nuclei. 7 to 10 /x. As far as can be determined, the cells are all binucleate, 
though cells which appear to be quadrinucleate are occasionally visible 
(fig. 4 B). In section, the basal part of each cell is approximately cuboid, and 
from this base a large lobe projects into the intestinal lumen. This lobe is 
about equal in height to the cell base. It is slightly constricted where it joins 
the basal region, and its surface is thickly covered wdth long protoplasmic 
strands, forming a brush-like border. These strands can be seen in fresh tissue
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Figure 4.
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(A) T ransverse section of second raid-gut. (B) D eta il of cells in (A). (C) T ransverse
section of th ird  m id-gut, to  sam e scale as (A). (Dj F ilam entous cells in th ird  
m id-gut, draw n from a  whole m ount. (E) F ilam entous cells in d isin tegra ting  phase 
draw n from  fresh tissues.
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to be separate from one another and to move freely with the passage of fluid 
past them. This border remains conspicuous in fixed material.

The cytoplasm of these cells is dense and very finely granular. During 
secreting activity it becomes slightly less dense and the lobes swell to a nearly 
spherical shape, forming a continuous layer. Apart from this there are no 
regular cyclical changes, although there are periods of (presumably) 
rejuvenation, when some of the lobes are nipped off, sometimes with a nucleus, 
and degenerate in the lumen, The periodicity of this occurrence is not known.

In the second mid-gut, the thick granular material from the first mid-gut 
is reduced to a clear, yellowish, though still viscous, fluid.. The enzymes of 
this region act progressively as the contents move down its length, the clear 
digested material forming an involucrum which is thin at the anterior end, 
and forms the whole of the intestinal contents at the posterior end.

The second mid-gut joins the third mid-gut by a valve very similar to 
that at its anterior end.

T h ir d  m id -g u t .

This region is also tubular, and usually slightly shorter and narrower 
than the preceding region, but increasing in width towards the middle of its 
length. It forms between 18 per cent and 30 per cent of the total mid-gut. 
In gross appearance it is distinguished from the rest of the alimentary canal 
by being of an opaque orange colour for the anterior two-thirds of its length. 
The epithelium of the third mkl-gut is composed of binucleate cells, with size 
variation intermediate between the two preceding regions, the limits being 
cells. 15 to 46 fj,. nuclei 6 to 12 fx. The cell border is a thin cuticle without 
visible striations. Its exact nature is not known.

At the anterior and posterior limits of this region the cells project into the 
lumen of the gut as tall domes, but there is a gradation from each end in which 
the base of the cell becomes more distinguishable from a finger-like outgrowth 
(flg. 4 C, D, E). At the extreme, in the widest part of the third mid-gut, the 
cell is wide and flat, and the outgrowth filamentous, its average dimensions 
being 150/xX 10/u (fig. 4 E). In this part of the third mid-gut there is more 
variability in size to the outgrowths than there is towards either end. These 
filamentous outgrowths are terminated by small knob-like swellings, and 
many of them are dichotomously branched at some point in their length 
(fig. 4 E). Filaments which branch twice are not uncommon, each of the four 
branches ending in a small knob. In fixed material there appears to be a 
constriction below the terminal swelling, and in both fixed and fresh material 
the cuticle of the outgrowths is very rough and wrinkled, and takes up stains 
very strongly. It is encrusted with fine crystals from the insoluble food 
residues which accumulate in the third mid-gut. In the centre of each 
filament there is a distinct endoplasmic strand about one-third of the total 
thickness (fig. 4 E>. When a meal is being digested, this strand contains 
groups of small shining spheres, each group causing a local swelling. The 
terminal knob almost invariably contains one or more such spherules. A t the 
junction with the cell, it can be seen that the thick cuticle of the filament 
merges gradually into the thinner cuticle of the cell itself. The cytoplasmic 
strand of the filament likewise merges gradually into the less densely staining 
cytoplasm of the cell.

The cell outgrowths almost occlude the lumen of the gut, and a section 
of this region cuts them at all angles and is thus somewhat difficult to interpret 
(fig. 4 C). Sections cut at 20 /a, and very lightly stained, showed the structure 
more clearly. Since accumulation of insoluble food residues eventually 
completes the blockage of the intestinal lumen, some mechanism for dealing 
with this event is to be expected. This seems to be found in the observed 
fact that these cell outgrowths undergo a periodic disintegration. At these
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tim es the central cytoplasm ic strands can he seen to  rem ain am idst a mass of 
cuticular debris (fig. 4 D ). but whether they also disintegrate or w hether they 
can secrete a new cuticle, is not known.

The contents of the th ird  m id-gut. which cause its orange colour, are a 
mass of crystalline residues, m ostly consisting of the octahedral crystals found 
sparsely elsewhere in the intestine. Bacteria are more numerous and varied 
in the contents of this region than  in those of the first and second mid-guts.

H in d  g u t .

This part of the in testine joins the th ird  m id-gut by a valve of colum nar 
cells sim ilar to the other in testinal valves. It is a th in  walled sac. only faintly 
constricted posterior to the junction w ith the m alpighian tubules, and in 
effect one large cham ber ra ther than  a separate rectum  and pylorus (fig. I).

Figure 5.
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Transverse sections of hind-gut a t th ree different levels. (A) A t level o f m alpighian 

tubules. (B) At recto-pyloric constriction. (C) T hrough rectal region. Key to 
le ttering  : m al.t., m alpighian tubules ; lu .pyl., lum en of pyloric region ; lu .rect., 
lum en of rectal region ; long.m us., longitudinal muscles of rectum .

W hen the hind-gut is distended even th is slight indication of the recto-pyloric* 
junction disappears. The hind-gut is then pear-shaped, with the th ird  mid-gut 
joining it a t the blunt end, and  the malpighian tubule openings distributed, 
nearly evenly, around the  widest part. Continuing from the  th ird  mid-gut
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over the broad end of the hind-gut is a cap of large bulbous cells which resemble 
those of the posterior end of the third mid-gut and the valve joining 
mid- to hind-gut. This cap extends to. and includes, the openings of the 
malpighian tubules (tig. 5 A). From that point to the rectopvloric constriction 
the epithelium is columnar, the cells being equal in height to those of the more 
anterior part, but of about one-third the width (fig. 5 B). More posteriorly 
still, the cells are small and flattened, and appear somewhat irregular in 
section (fig. 5 C). The junctions between these different types of epithelium 
are not sharp, and lie in planes uniformly perpendicular to the long axis of the 
hind-gut. From the region just posterior to the openings of the malpighian 
tubules to the anus the longitudinal muscle fibres are more conspicuous than 
elsewhere in the alimentary canal, and only in this region can any definite 
indication of a chitinous intima in the hind-gut be seen.

There a?e no rectal glands or specialized regions of any sort in the hind-gut 
of cacao capsids. The anal musculature consists of a pair of powerful muscle 
bands, dorsal and ventral. The contents of the hind-gut are a clear yellowish 
fluid with a small proportion of solid debris.

M a lpig h ia n  t u b u l e s .
These organs, of which there are four as is usual in Heteroptera, are each 

about one and one-third times the length of the insect. They are coiled in the 
last two segments of the abdomen, and the bulk of them lies posterior to their 
point of junction with the intestine. They are slightly constricted at this 
latter point, and, as has been mentioned, the openings are not significantly 
associated into two pairs. Their proximal eighth is about 0*25 mm. to 0-27 mm. 
in diameter and is colourless, while the remainder tapers to a terminal width 
of 0 12 mm. to 0 1 4  mm. and is coloured green or brown by granules in the 
cytoplasm of the cells. While the proximal half of each tubule is curved in 
a few large radii, the distal half is strongly convoluted. It is the coloured 
region which can be seen to absorb dyes, either injected or in vitro. Indigo- 
carmine added to the saline in which dissection took place appeared in the 
lumen within five minutes. The contents of this region of the malpighian 
tubules are fluid, while those of the wider, colourless, proximal region contain 
a high proportion of very small crystals.

The cells of the tubules are large (90-100 p.) and flattened, with large, 
uniformly staining nuclei. No striated border has been detected, but, as seen 
in sections, the nucleus appears to rest on a base of dense, apparently 
perpendicularly striated cytoplasm, while a large vacuole occupies the apical 
part of the cell. The size of the cells does not vary with the changing diameter 
of the tubule.

S a l iv a r y  (l a b u l ) g l a n d  s y s t e m .
This consists of a pair of very large main glands and a pair of accessory 

glands, the whole being situated lateral to the first mid-gut. As described 
by Squire (1947), the main glands are four lobed, with two long posterior 
lobes situated in the abdomen, and two shorter anterior lobes situated partly 
in the abdomen and partly in the thorax (fig. 1). The whole gland about 
equals in length the first mid-gut. The dorsal lobes, anterior and posterior, 
are of simple finger-like shape (the anterior about half the length of the 
posterior), with an irregular outline. The posterior ventral lobe also has an 
irregular outline, but the simple shape is modified by the presence of three 
ventral swellings, while the anterior ventral lobe has a smooth outline and a 
narrow conical shape. This latter lobe is slightly constricted where it joins 
the rest of the gland, and the junction with the main gland of the salivarj' and 
accessory gland ducts is situated at its base.

All four lobes of the main salivary gland are alike in the histological detail 
of their cells. The cells of the anterior ventral lobe (the distinct shape of
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which has been m entioned) are more flattened th an  those of the other lobes 
(fig. H B). and the secretion of this lobe contracts in to  a granular clump under 
the influence of a fixative, while tha t of the o ther lobes rem ains a uniform

Figure fl.

0 5 mm
(A) Transverse section showing sp a tia l relationship between first m id-gut, accessory gland, 

and m ain salivary  gland. (B) Transverse section of an te rio r ventral lobe of m ain 
salivary gland. (C) T ransverse section, junction  of salivary  duct w ith sa livary  
gland. K ey to le ttering  : 1st m.g., epithelium  of first m id-gut : ac.gl., accessory 
eland tu b e  ; ac.gl.v., accessory gland vesicle ; s.gl., m ain salivary gland : s.d., 
salivary duct ; ch .in t., chitinous in tim a of salivary duct.

structureless mass. The an terio r ventra l lobe som etim es showed a slightly 
stronger uptake of m ethylene blue i n  v i t r o . but in the fresh s ta te  the difference 
in nature of the secretion was no t detectable, The lobes join in a large central
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chamber, and in this and the lobes themselves there is only one type of cell. 
The cells (fig. fi A) are large (fiO/x in diameter) and uniform in size, strongly 
domed internally, but never, as in the first mid-gut for instance, laterally 
compressed into a columnar form. There is no separate basement membrane 
or connective tissue detectable. The cytoplasm of the cells stains very deeply 
with basic stains, so that the nuclei show as pale areas with irregular dark 
central granules. In fresh tissue the cytoplasm is very finely granular with 
a few small vacuoles. The nuclei are ovoid and usually lie perpendicular to 
the base at the widest point of the cell, and all the cells are binucleate.

The secretion shows as a dense mass in the lumen of the gland, staining 
with eosin or (with Mann’s stain) methyl blue. With the latter stain, the 
origin of the secretion as minute droplets can be seen, the droplets being most 
distinct and most densely stained near the surface of the cells, and merging 
inwardly into the structureless mass of secretion. Secretion is merocrine and 
no striated border is visible in either fixed or fresh material. No rejunative 
changes have been observed, nor do true regenerative cells appear to be 
present. When the gland is dissected into distilled water or hypotonic saline, 
the contents soon become an opaque white mass owing to the formation of a 
flocculent precipitate. Glands from moribund individuals contained a small 
amount of this precipitate even when freshly dissected. The salivary gland 
secretion, even when this precipitate was present, showed an enzyme activity 
not much less than normal.

The accessory salivary gland consists of a large thin-walled vesicle and a 
thick-walled glandular tube. The vesicle is sagittate in shape with the point 
posteriorly directed, and the tube joining it at its anterior end between the 
two basal cusps. When the vesicle is distended the points become rounded 
into a heart shape (fig. 1). These vesicles are closely applied at either side of 
the widest part of the first mid-gut, and are bound to that organ by fine 
tracheae. Their epithelium is thin, in relation to the size of its nuclei, and the 
cell boundaries are indistinct. The rather flattened nuclei are spaced singly, 
40 to 50 /x apart, and are 15 to 20 /x in diameter (fig. 6 A). In the cytoplasm, 
which is dense and finely granular, many small vacuoles may be seen, of 
5 to 8 /x diameter. In sections (i.e. fixed material) both the inner and outer 
borders of the cells appear thick in proportion to the thickness of the whole, 
and a finely ciliated fringe may sometimes be seen on the internal surface. 
No such structure is visible in fresh tissue, nor is there any form of striated 
cell border.

The tubular part of the accessor}' salivary gland has a cellular structure 
not very different from the vesicle. In it, however, there are more distinct 
cell boundaries (the size and distribution of the nuclei being similar), the 
cytoplasm in fixed material appears denser than that in the vesicle epithelium, 
w ith fine striations radial to the axis of the tube, and there is a definite, 
circularly ridged, chitinous intima. The intima has, at irregular but frequent 
intervals, small funnel-like excrescences projecting into the cytoplasm, which: 
may mark the points at which the secretion of these cells is released. This 
tubular gland is about 75 /x in diameter with a lumen of about 50 /x. It 
extends forward to the head of the insect, where it loops around the dilator 
muscles of the salivary pump and joins the narrower (circa 45 fi) and 
non-glandular accessory gland duct.

The salivary and accessory gland ducts are narrow' thin-w'alled tubes with 
a circulatory thickened chitinous intima. Their cytoplasm has no-apparent 
cell boundaries, the nuclei being uniformly distributed about 3 0 /x apart. 
In the nuclei, the dark-staining matter is in the form of small scattered 
granules. The cytoplasmic wall of the duct is distended where the nuclei 
occur (fig. 6 C) and they are spaced around the lumen so that the latter 
follows a helical path. The tw'o ducts named above are in effect one continuous
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duct, joining the salivary gland tangentially, and being connected to its lumen 
by a short collar of small, uninucleate, cuneiform cells (fig. fi C) which is 
inserted between the cells of the main gland. The accessory gland duct is 
about '2.') per cent longer than the salivary duct, and follows a more convoluted 
path through the thorax. The salivary duct travels forward from the main 
gland to the salivary pump, which is of the usual Hemipterous type 
(of. Woolley, 1949).

F u n c t io n  of th e  in t e st in e  a n d  sa l iv a r y  g l a n d s .
Evidence concerning the function of the digestive system has been gathered 

from observations of the feeding habits of the insects and of the appearance 
of the gut contents at different stages. As has been mentioned, the feeding 
cycle is conditioned by changes in the mid-gut. the quiescent state being 
associated w ith complete filling of the mid-gut and the subsequent digestion 
of its contents. It has also been observed that- the air-filled starvation-condition 
of the first mid-gut is common in insects in constant contact with food, and 
that it is associated with a noticeably greater irritability and readiness to take 
flight. This would seem to be of biological value in its effect on the ovipositing 
female, in that successive egg batches will be fairly widely distributed.

With regard to the function of the salivary glands, it will be necessary to 
describe the exact sequence of events during feeding. First of all the 
stylet-like mouth-parts are inserted into the cacao pod or stem, usually 
without much hesitation or prolonged exploration. The insect raises its 
head so that the rostrum can be brought into a vertical position, and then 
gently sinks while the stylets penetrate and the rostrum folds backwards at 
its first (i.e. lowest) joint. Not uncommonly, very deep penetration takes 
place, when the rostrum folds again at its third joint, the second joint retaining 
a grip on the stylets, and the rostrum being W-shaped in side view.

The appearance of the " water-soaked area (vide Squire, 1947) is the 
next visible occurrence, this area being that which will later become a brown 
sunken lesion. Leach & Smee (1933) working with Helopeltis bergrothi, as a 
pest of tea in East Africa, describe the water-soaked area as appearing 
subsequent to the insect’s feeding, but on cacao pods it definitely appears 
between two and five minutes after the beginning of a feed which may last 
for thirty minutes or more. The length of time taken by one feed varies 
inversely with the temperature, from about thirty minutes at 75c F. to 
ten minutes or less at 85° F., and is remarkably constant at a given temperature. 
At the end of a feed, the insect withdraws its stylets and, after moving a short 
distance, almost immediately inserts them again. The area of the next feed 
may overlap the previous lesion, and is never very far away from it. The 
lesions formed by these feeds are, on pod tissue, circular spots about 3 mm. 
in diameter, sometimes as large as 4 mm. This area, about the same as that 
of the insect’s thorax, is beyond the possibility of being merely mechanical 
damage by the stylets.

In section, a fresh lesion (or ' water-soaked area ”) on cacao pod cortex 
is a brownish hemisphere contrasting with the greeny-white of the undamaged 
tissue. The cellular structure is softened, but if cut very carefully remains 
intact, and there is a brown staining of the cell walls. Disruption of the 
tissue is at this stage very slight, but the affected cells are killed by the saliva 
and eventually shrivel, leaving a cavity (fig. 7). The lesion does not exude any 
t.uid on t ; the surface of the plant. The first feed after a period of starvation 
maj' be prolonged, and the stylets may penetrate so deeply that there is no 
external damage and the lesion is completely occluded within the pod cortex. 
It is this fact which undoubtedly gives rise to the apparently lower number 
of lesions per instar with pod feeding as compared with stem feeding.

Defecation, in the form of a single globule of about 0-5.cubic mm. of a 
golden-brown fluid, first occurs after two or three feeds, in a previously starved
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insect. By this tim e the abdomen, from being flattened, has regained its 
norm al biconvex shape. At about the same tim e as defecation begins, the 
insect begins to  regurgitate small drops of fluid from the m outh-parts. During 
th is act. the rostrum  is held vertically as if about to feed, but instead of the 
usual gentle sinking, this position is m aintained while a small drop of clear 
fluid appears around the tip. The rostrum , still extended, may then  be moved 
a m illim etre or so and another drop deposited, and  not infrequently  a third. 
I he insertion of the sty lets into the plant tissues has never been seen to  take 

place through one of these drops ( c f .  K. M. S m ith ’s observations on P s a l l u s  

ambiguus), the insect moving away before settling  down to  feed again.

Figure 7.
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Section th rough  capsid lesions in cacao pod. K ey to le tte ring  : epid., epiderm is of pod ; 
les., norm al capsid lesion : occ.les., occluded capsid lesion : m uc.can., mucilage 
c a n a ls ; par., parenchym a of pod cortex  ; st.cells, layer containing m any 
calcified cells.

This regurgitation is a regular feature of the feeding behaviour of cacao 
capsids. Apart from observation of the behaviour, a study of the excretory 
droplets themselves indicates a dual origin. These droplets (their actual 
source not having been observed) can be easily divided into two classes by 
their appearance and behaviour when taken up into strips of litmus paper. 
One class (the faecal droplets) are large, almost always single, golden brown, 
sticky, and distinctly acid to litmus. The other class, equally abundant in 
number though not in volume, is the exact opposite, namely, smaller, usually 
two or three together, clear, watery and alkaline to litmus.

The source of these regurgitated droplets could be the salivary glands or 
the intestine. The latter seems to be ruled out, since the intestinal contents 
in the early stages of feeding are granular, not clear, and quite strongly acid, 
rather than alkaline. Furthermore, the oesophageal valve exists for the very 
purpose of preventing regurgitation when suction is generated by the 
pharyngeal pump. Further evidence comes from experiments with the 
injection of solutions of neutral red. This dye, wflien injected into the

P r o c . z o o l , S o c . Lond,=-V oe. 1 --. 39
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haemocoele, very rapidly passes into the lumen of the intestine throughout 
its length, staining the tissues only faintly. It was expected, therefore, that 
excretions originating in the alimentary canal, including faeces, would be 
coloured red. What was actually found to happen was that both clear and 
coloured droplets were being deposited simultaneously, from a few minutes after 
injection to the end of six hours observation. The source of each droplet was 
not actually observed, but since it had been found that neutral red entered the 
first mid-gut as readily as it did the rectum and malpighian tubules, the 
presence of uncoloured droplets was regarded as evidence against their origin 
in the intestine.

Supposing the origin of the regurgitation to be the salivary glands, the 
evidence points to the accessory glands since their contents are watery and 
slightly alkaline, while those of the main gland are thick and syrupy and about 
neutral in reaction.

F u n c t io n  of t h e  a c c e sso r y  sa l iv a r y  g l a n d .

The presence of a vesicle or reservoir on the accessory salivary gland has 
been described in the predominantly carnivorous families of Hemiptera -  
Heteroptera. Opinion as to its function has varied, with different authors, 
between that of a reservoir and that of a secreting organ (e.g. Poisson, 1924 ; 
Breakey, 1936). The vesicular type of accessory gland has not been 
found in the predominantly phytophagous families Pentatomidae, Coreidae, 
Pyrrhocoridae, Lygaeidae, and their allies (Baptist, 1941).

In the cacao capsids, the close anatomical relationship between the 
accessory gland vesicles and the first mid-gut has been mentioned, and can be 
seen in fig. 6 A. It seems likely that there is a filtration of water from the 
ingested food into these vesicles, rather in the manner of the filter-chamber 
in the mid-gut of some Homoptera (Weber, 1930). The reservoir function, 
as far as cacao capsids are concerned, can be discounted, since, firstly, the main 
gland lumen itself is actually more capacious than the accessory gland vesicle, 
and secondly, the main secretion is distinct in both fresh and stained material, 
and has never been detected in any other part of the salivary system. On the 
other hand, though the accessory gland does secrete enzymes in detectable 
amounts, the hypothesis of a purely secretory function offers no explanation 
of the anatomical relation with the first mid-gut.

The following observations provide evidence supporting the hypothesis of 
a water absorbing function. First, the walls of both the first mid-gut and 
the accessory gland vesicle are osmotically permeable, and imbibe large 
amounts of water when dissected into hypotonic solutions, and secondly, that 
water passes out of the first mid-gut during feeding can be reasonably inferred 
from the observation that the coarse granular matter becomes more 
concentrated as feeding progresses (before the release of secretion, described 
above). Finally, the accessory gland vesicles show distension and con
traction appropriate to the hypothesis, in that they are distended during 
Feeding and digestion, and contracted during starvation, while the main gland, 
as far as it varies at all, tends to be distended with accumulated secretion 
during starvation. The slightly greater activity of the first mid-gut epithelium 
beneath the accessory gland vesicles may possibly be due to a localized outflow 
of water.

It seems that there is a restricted water cycle encompassing the first 
mid-gut, accessory gland, saliva, feeding site, and so back to the first mid-gut. 
Water would be added to this system from the plant tissues, and by its 
accumulation bring about the necessity for regurgitation of the excess. The 
impression has been gained from a careful study of these insects, that the 
saliva as injected into the plant is mostly the wratery secretion of the accessory 
gland, with which a small quantity of the thick main gland secretion is mixed, 
and the regurgitations are therefore surplus saliva.
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E x p e r im e n t s  w it h  in je c t e d  d y e s .

Some evidence concerning the function of the intestine has been supplied 
by the behaviour of certain vital dyes, notably methylene blue, when injected 
into the haemocoele. Many dyes other than methylene blue have been used, 
and the action of neutral red has already been referred to above. Others 
were either rapidly excreted by the malpighian tubules, and did not stain any 
other tissue appreciably {e.g. indigo-carmine, trypan blue, gentian violet), 
or were absorbed by the pericardial cells and other scattered groups of 
phagocytic cells {e.g. ammonia carmine, congo red).

The larger capsids {Sahlbergella. singularis and Distantiella theobroma) 
were used for the injection experiments, and proved to be very amenable to 
such treatment. The method used wras to inject the dye with a fine glass 
syringe into the midst of the thoracic muscles. The pronotum could be moved 
aside for this purpose without injuring the insect, thus exposing an area of 
thin, soft, cuticle. Between 0-1 and 0-2 cubic cm. of a dilute solution of the 
dye was injected into each insect.

Methylene blue was found to be consistently taken up, not only into the 
malpighian tubules and thence into the rectum, but also into the tissues of 
the second mid-gut and accessory gland vesicle. The posterior part of the 
first mid-gut and the rectum-mid-gut valve wrere sometimes stained, as well as 
parts of the ovarian system, while the main salivary gland and third mid-gut 
(the orange coloured region) only very rarely took up the dye. The point of 
interest is that the uptake of methylene blue coincided with those parts which 
other evidence suggested wrere probable sites of translocation of water out 
of the haemocoele. Apart from the malpighian tubules, which actively and 
selectively absorb substances from the blood, there is to be considered the 
constant secretion of enzymes by the second mid-gut, and the cyclical secretion 
of the first mid-gut, which processes will necessitate the withdrawal of water 
and nutritive material from the blood. There is likewise a strong flow into 
the accessory gland vesicle, but presumably the main gland secretes too slowly 
to have an appreciable inflow' from the haemocoele.

The third mid-gut, which did not stain with methylene blue, is almost 
certainly a region of absorption from the lumen of the intestine, since it 
contains so high a concentration of the insoluble crystalline constituents of 
the food. The flow of soluble matter through the intestinal wrall is here in the 
opposite direction to that occurring in the secreting regions. In the first 
mid-gut there is a varying balance between outw'ard flow of water and inwrard 
flow’ of secretion, and, correspondingly, this organ is variable in its uptake of 
methylene blue.

When the internal surface of the intestinal epithelium is presented to 
the dye solution, as w’hen the intestine is teased apart in such a solution, the 
reaction to the dye is inverted. The filaments of the third mid-gut epithelium 
absorb the dye strongly and rapidly, while the secreting lobes of the second 
mid-gut only absorb it weakly. The intense absorption of dyes by the 
third mid-gut filaments was found to be constant for a very wide range of 
dye-stuffs, both acidic and basic, including the dyes quoted above, and also 
basic fuchsin, safranin, and the indicators used for pH determinations. This 
great affinity of the third mid-gut cells for these large organic molecules must 
be in some way related to the absorptive function of this region. Since the 
mid-gut possesses this specialized absorptive region, it is of interest to recall 
that there are no areas in the hind-gut obviously specialized for this purpose. 
Such rectal glands occur in many other Hemiptera, and even in the not very 
distantly related Mirid, Proboscidiocoris fuliginosus Reut., there are conspicuous 
organs of this nature. According to the observations of the present author 
the occurrence of rectal glands in Hemiptera is associated with the absence 
from the mid-gut of any obviously absorptive region, and the occurrence of a
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th ick  food mass in the rectum , ra ther th an  a w atery excrem ent. This does not 
exclude the probability  th a t a certain  am ount of diffusion of digestion products 
into the haem olym ph occurs in all regions of the intestine.

H ydrogen  ion conc en tr a tio n  of th e  in t e st in e  a n d  it s  c o n t e n t s .
For the determ ination  of pH  of the different parts  of the gut and th e ir 

contents, only simple m ethods were available. The first work on th is subject 
was the dissection and teasing of the  in testine in a solution of B .D .H . U niversal 
I nd icator under the low power of a  binocular microscope. H aving obtained some 
idea of the ranges of pH involved, the appropriate indicators for those ranges 
were used, the technique being to  place the  dissected parts  of the gut in to  
small drops of the indicator on waxed glass tiles. Where possible, a double 
check was obtained by repeating w ith another indicator having a range 
overlapping th a t of the first one. In all cases the observations were repeated 
until their veracity  was beyond reasonable doubt. Table I gives the results 
obtained, the values for pH  being as near as the method perm itted . I t  will 
be seen th a t the food when first ingested is strongly acid, and th a t th is  acid ity  
is somewhat reduced by the secretion of the first m id-gut. From  th a t stage 
the processes of digestion, and perhaps bacterial action, cause a progressive 
increase in acidity  as the food passes down the intestine. W hen the second 
m id-gut contains much undigested m a tte r  the pH found by using the technique 
described was apparently ' about 6 0 but the  digested m a tter could be seen, 
under magnification, to be more acid th an  the bulk of the gu t contents.

A determ ination was made of the pH  of cacao pod cortex tissue, since no 
figures were available for the pH  of th is or any other organ of the  cacao p lan t. 
The following m ethod was used. A bout 4 cubic cm. of distilled w ater was p u t 
into each of two clean test-tubes and  a few drops of indicator added. In  one 
tube  was placed a slice of pod cortex w ith the epidermis peeled off. The tw o 
tubes were left overnight and the  colours compared. The pod cortex produces 
mucilage which converts the con ten ts of the  test-tube into a jelly. I t  was

T a b l e  I.
H ydrogen ion concentration  in the  digestive system .

Organ tested . pH . Ind ica to r used.

S a l iv a ........................................................ 7*5 to 8-0 L itm us paper 
Phenol red

Salivary gland (m a in )...........................
Salivary g land (accessory) ................

7-0 to  7*2 
7*0 to  7-5

B rom othym ol blue 
Phenol red

First in id-gut (contents at beginning 
of feeding).

5-2 Bromocresol purple 
Bromocresol green

F irst m id-gut (secretion)....................... 7-0 Brom othym ol blue

F irst m id-gut (contents a t end of 
feeding).

6-0 Bromocresol purple

Second m id-gut (conten ts undigested) 6-0 Bromocresol purple

Second m id-gut (contents digested) 5*2 to  o-5 Bromocresol purple

Third m id-gut (during feeding) . . . .  
Third m id-gut (after short s ta rva tion )

4-5 
3-6 to  3*8

Bromocresol green 
Congo red

Faeces ...................................................... 4*5 to  5-5 Bromocresol green 
Bromocresol purple
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found that it changed the colour of the indicator to a moderately acid point, 
estimated with bromocresol purple at pH o*8. An attempt was made to 
compare the pH produced by pod cortex bearing many capsid lesions with that 
produced by cortex undamaged by capsids. It was found that oxidative 
changes in the lesion caused a move in the alkaline direction, the same change 
occurring at the surface of undamaged tissue when the epidermis is peeled off 
and the mucilage is exposed to the air. Thus, it was not possible to obtain 
clear evidence for the pH of capsid lesions.

E n z y m e s  of  t h e  sa l iv a  a n d  a l im e n t a r y  c a n a l .

A certain amount of work on the salivary glands of the family Miridae has 
been done using simple methods, for instance, placing dissected glands on to 
host plant tissue or on to slices of potato, cucumber, etc. (Smith, K. M.. 1920). 
There is little in the literature concerning the intestinal enzymes of phytophagous 
Hemiptera. Although a certain amount has been achieved in this direction, 
the main object of the present work has not been merely to make a list of 
enzymes detected. It is a sufficiently well established principle that the enzyme 
complement of an animal’s digestive system becomes adapted to its diet, to 
make such a list of little interest. What is of interest is the mechanism of 
action of the saliva, the extreme phytotoxicity of which is the reason for 
the economic importance of cacao capsids and of capsid bugs in general, and 
the relation of the salivary to the subsequent intestinal digestion.

Squire (1947) inferred the presence of what he called a histolytic enzyme, 
from the nature of the damage done to cacao tissues, and performed a simple 
experiment with salivary glands placed on thin slices of cucumber, which, he 
claimed, demonstrated a pectinase. Repetition of this sort of experiment by 
the present writer gave very indefinite results. Dissected glands had, as 
Squire records, no effect whatever on cacao tissue, owing to its mucilage 
protecting the living cells. Smith (1920) ^produced damage on apple leaves 
similar to that of Plesiocoris rugicollis, by injection of toxic chemicals such as 
ammonia. An attempt was made to produce damage on cacao by such means. 
A two-foot length of quarter-inch glass tubing was drawn to a point, so that, 
when full of w ater, a flow at the rate of about one drop in ten seconds occurred. 
It was then filled with 5 per cent ammonia solution and clamped vertically 
in a burette stand. A fresh cacao pod was placed beneath the stand, and the 
glass point lowered gently so as to just penetrate the epidermis. No fluid 
leaked out from around this puncture. The apparatus was left overnight, but 
only a pinhead spot of brown, dead, cells was found, insignificant compared 
with the 3 mm. diameter of a capsid lesion. It seems probable that a much 
higher hydrostatic pressure is generated by the capsid when injecting its saliva.

A series of experiments was embarked upon, using techniques based on those 
of Roy (1937) and Hawk, Oser & Summerson (1947). The principle of the 
techniques used is that the desired parts of the insect are dissected out, crushed 
or ground, and the tissue suspension allowed to react with a pure substrate, 
the mixture being subsequently tested for the presence of digestion products 
or the disappearance of the substrate. In the present work great attention 
was paid to the hydrogen ion concentration. Solid watch glasses, if  used as 
vessels for grinding the tissues with sand, proved to release too great an amount 
of alkali, and all grinding was done with an agate pestle and mortar, using 
carborundum if an abrasive was thought necessary. A refinement wrhich 
greatly assisted in some of the subsequent tests was to centrifuge the tissue 
suspension, and use ordy the clear enzyme solution. The reaction vessels were, 
for convenience, six by half-inch test-tubes, and the volume of enzyme and 
substrate was between one and two cubic centimetres according to the 
particular experiment. A few drops of toluene were added to each tube to 
suppress bacteria.
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Owing to the small size of the insect and the fact that in all cases only 
part of the intestine was being used, about twenty individuals were dissected 
for each experiment. The descriptions of the experiments and results will 
be given under the headings of the different enzymes investigated.

Amylase.—Simple preliminary experiments showed a strong salivary and 
intestinal amvlase. This easily detectable enzyme was used to investigate the 
optimum hydrogen ion concentration for the functioning of the salivary and 
first mid-gut secretions. Five pH values were tested, the stock of B.D.H. 
buffer solutions being limited to PH 4 to pH 8 inclusive. The suspensions of 
first mid-gut and salivary gland tissue were diluted so as to give about 
1 0  cubic cm. for each pH value, and two drops of buffer solution were added. 
Four drops of 1 per cent starch solution were then put in each tube, toluene 
added, and the tube closed with a cotton-wool plug. They were then left for 
tw enty-four hours at the laboratory temperature of 80“ F., since no incubator 
was available. At the end of this time, five drops of iodine solution (Lugol's) 
were added to each tube, and the presence or absence of starch noted. The pH 
was also checked at this time.

A fairly constant result was obtained over twelve replications, and the 
optimum pH of the salivary amylase was found to be in the region of pH 5, 
with some action of pH 6, but very little at pH 4, 7 or 8. With the first mid-gut 
amylase, there was a two-fold optimum, one optimum point being at pH 5 
and possibly due to ingested saliva, the other optimum being at pH 7 to pH 8. 
The rate of action and optimum pH of salivary amylase were not significantly 
altered by the omission of the accessory gland from the tissue suspension. 
On the other hand, an amylase was found in the accessory gland, which, when 
the small volume of tissue in the accessory gland is taken into account, must 
be regarded as not much less powerful than the main gland enzyme.

For the comparisons of main gland and accessory gland amylase, the 
reacting mixture was buffered to pH 6 and controls were used which wrere boiled 
for five minutes before the starch substrate wras added. Three drops of 
1 per cent starch were used in 0*5 cubic cm. of buffered tissue suspension. 
Comparisons of the three sub-divisions of the mid-gut with regard to amylase 
content showed that the second and third mid-guts did not secrete this 
enzyme. A slight action, capable of being produced by enzymes carried from 
the first mid-gut, was sometimes found in the second mid-gut, but the third 
mid-gut was consistently negative. Boiled controls were used in these tests, 
and showed no action on the starch.

Invertase.—N ext to the amylase in ease of detection and strong action was 
the invertase of the capsid intestine. In tests for this enzyme, 1 0  cubic cm. 
of diluted tissue suspension, buffered to pH 6, had ten drops of 1 per cent 
sucrose added to it, and wras allowed to react for twenty-four hours. At the 
end of that time, sufficient Fehling’s solution to give a faint blue tint wras 
added, the boiled control being treated similarly and both were warmed in 
boiling water for a few minutes. A copious orange precipitate, absent in the 
control, showred that the tissue suspension was capable of inverting sucrose. 
This was found to occur mainly in the first and second mid-guts. The salivary 
glands had no action at all and the slight amount of invertase found in the 
third mid-gut was probably not secreted there. In addition to boiled controls 
in these experiments, unboiled controls to which no substrate had been added 
w ere used. This was to check on the amount of reducing sugars present in the 
intestinal contents themselves. In all controls, action on Fehling’s solution 
was negligible. In an experiment on the optimum pH of the first mid-gut 
invertase, it was established that the effective range was pH 5 to pH 7, but 
there was a slight indication of a bimodal optimum, with less activity at pH 6.

Maltase.—The methods used were similar to those described for invertase, 
but substituting maltose for sucrose, and testing with either phenylhydrazine
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acetate (for osazone formation) or Barfoed’s cupric acetate reagent. The 
latter reagent was found to be the most convenient. Only a slight reaction 
was obtained, perhaps owing to the absence of incubation and the short 
duration (twenty-four to forty-eight hours) of the experiments. The reaction 
was weaker with the salivary gland than with the first and second mid-guts.

Lactase.—In experiments exactly similar to the above, using lactose 
instead of maltose, no reaction with Barfoed’s reagent could be detected.

Pectinases.—The mucilage which permeates cacao tissues in the micro- 
and macroscopic mucilage canals is evidently related to the pectins. Its 
jelly-like nature is destroyed by boiling for thirty minutes with dilute acid or 
alkali, and the resulting fluid reacts with phloroglucinol and hydrochloric acid 
in a manner suggesting the presence of pentoses. Mucilage for digestion 
experiments was prepared by soaking small pieces of pod cortex in about three 
times their volume of water. After soaking overnight the mucilage was 
scraped off the pod fragment and the latter discarded. About 2 cubic cm. 
of mucilage in a test-tube was shaken up with about 0-5 cubic cm. of tissue 
suspension, and about a quarter of an inch of toluene added as an air-excluding 
layer. A duplicate was prepared with boiled tissue suspension. For 
subsequent tests the following were used :

(a) visual assessment of change of viscosity,
(b) test with Fehling’s solution, and
(c) test with phloroglucinol and hydrochloric acid.

Owing to the fact that the mucilage contained soluble carbohydrates 
leached from the pod, test (6) was neither reliable nor consistent. Xo part of 
the salivary gland or intestine of the capsids was found which produced any 
change in the mucilage as judged by the other two tests, and it was concluded 
that the mucilage was not utilized by these insects to any appreciable extent. 
It was not found that the bacterial flora of the capsid intestine had any action 
on cacao mucilage and the sticky nature of the faeces is therefore possibly 
due to unchanged mucilage.

Proteases.— Investigations into the pro teases were somewhat hampered 
by the fact that suitable substrata and test chemicals were not available. 
Samples of carmine- and congo red-fibrin were prepared, but. no digestion 
of these could be obtained with any part of the intestine or salivary glands. 
The following substances, used as substrata, gave slight indications of protease 
action, and consistent distribution of such action among the different organs 
tested.

(a) Diluted tinned milk (fresh milk not being available) calcified with 
with 10 per cent of a 5-5 per cent solution of calcium chloride. The 
criterion of protease action was the coagulation of the milk.

(b) Small fragments of coagulated egg-white, in acid and alkaline solutions, 
subsequently tested for peptones by the biuret test (see Hawk, Oser & 
Summerson, 1947).

(c) Dilute egg albumen solution, which was turned brown in colour by the 
action of certain parts of the intestine.

The distribution of protease action was as follows :
Salivary glands.—With test (a) a very slight action was observed, but no 

action on (b) or (c).
First mid-gut.—Detectable action on all three types of substrata.
Second mid-gut.—Detectable action, in some replicates distinctly stronger 

than first mid-gut, on all three types of substrata.
Third mid-gut.—As second mid-gut, the digestion initiated in the second 

mid-gut continuing in the contents of this region (there is no histological 
evidence of secretion in the third mid-gut).
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In test (b ) th e  action in  acid solution was stronger than  in alkaline solution, 
as would be expected from  the acid reation found in the intestinal contents. 
There was 110 action in boiled controls, bu t it was found necessary to  boil 
the control tubes for fifteen to  tw enty  m inutes to  destroy the enzym e. A 
comparison of the whole salivary  glands and the whole m id-gut. using 
reconstitu ted powdered milk as a substrate, showed 110 action by the salivary  
glands, but coagulation and  discoloration was caused by the in testinal 
secretions. It would appear th a t the m id-gut, particularly  the middle portion 
ot it. contains a ra ther weak protease with an optim um  on the acid side of 
neutral. There is 110 evidence for a histolytic protease in the saliva.

P e p t i d a s e s .— The techniques used proved to  be insufficiently sensitive to  
detect any peptidases. A substra te  of “ Difco Bacto-Peptone " was used, 
tested  for disappearance of peptone bv the biuret test.

L i p a s e .—Two kinds of substra ta  were used to detect lipolytic action. 
These were { a )  undiluted tinned (evaporated) milk, and (b ) an aqueous emulsion 
of ” salad oil " (probably cotton-seed oil). Indicators were incorporated in to  
these substra ta  and the  action of the lipase was estim ated by the degree of 
acidity  produced. Because of the prevailing acid ity  of the gut contents, th e  
indicator used was bromocresol purple (range pH  5*2 to  6*8) and the substra tum  
was made alkaline to th is indicator before the  experim ent began.

The result from tests  on substra tum  (a) was th a t afte r a long period, 
forty-tw o to  forty-eight hours, all tubes (except controls) had become acid 
to  the indicator, bu t a fte r shorter periods there was a gradation in ra te  of 
action, from the salivary glands w ith the weakest lipase, to  the second m id-gut 
w ith the strongest. W ith substra tum  (6) the salivary glands showed no action 
even after forty  hours, and  the first and second m id-guts were about equal 
in action.

E s t e r a s e .—Using the technique of the above lipase tests, w ith an aqueous 
emulsion of am yl acetate  as a substratum , all p a rts  of the digestive system  
were found to produce strong acidity , while boiled controls rem ained alkaline 
to  bromocresol purple. The action was equally strong in the salivary glands 
as in the first and  second m id-guts, and  it was found th a t the omission o f th e  
accessory glands did n o t affect the result.

S u m m a r y  o f  e n z y m e s  d e t e c t e d . —In  table II  the presence and rela tive 
strength  (in term s of ease of detection) of the enzymes found in the digestive 
system  of cacao capsids are sum m arized.

T a b l e  I I .

The enzym es of the digestive system .

Organ tested.
—not

Enzym es present, 
detectable. — detectable. — action powerful.

£
1i

|
£

•
i

i i T.s
— a5 •— § 90
> "T3

s
£

£
0

X
X

Main salivary g la n d ......... _
Accessory salivary gland — -J- — * * * * * *
F irs t m id -g u t .................... — — ----- — — — — — r -—j_
Second r a id - g u t ................ — ------ — — — -r — + ~  *r
T h ird  m id-gu t.................... — — — -f — —

* X ot investigated,
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P h y sic o -ch em ical  ch a r ac ter istic s  of th e  s e c r e t io n s .
There are certa in  observations on the  n a tu re  of the  salivary  and  in testinal 

secretions which are of in terest. The salivary secretion, in the  form of a 
centrifuged tissue suspension, is cloudy in appearance. W hen acidified with 
buffer solutions of pH  4 and 5. th e  cloudy m a tte r  becomes a flocculent 
precip ita te, w ith a clear supernatan t liquid, but, as has been m entioned, there  
is strong am ylase action  a t pH  5. Conversely, th e  am ylase is quite easily 
destroyed by boiling, although the  cloudy m a tte r is not coagulated by this. 
I t is of in terest to  note th a t the p recip ita te  is, in microscopic appearance, very 
sim ilar to the  g ranu la r m ateria l found in the  first m id-gut. but w ithout the 
m ore coarsely g ranu la r fraction.

The first m id-gut tissue suspension gives a clear su p ern a tan t liquid when 
centrifuged, which contains m ost of the enzym e ac tiv ity . This clear fluid 
throw s down a w hite coagulum  when boiled, and th e  enzym es are destroyed 
by the process. The centrifuged residue contains tissue fragm ents to which 
clings the m ucus-like secretion. This can be dissolved by d ilu te  acid and 
reprecip ita ted  as an  opalescent solution on neutra lization . The opalescent 
solution is not noticeably  altered  by boiling. Centrifuging of th e  second and 
th ird  m id-gut tissues also gives an  opalescent solution which is unaffected by 
boiling, unless th e re  is an appreciable am ount of first m id-gut secretion present.

The change which takes place in the food mass in the second mid-gut. 
that is, the change from a granular mass to a clear fluid, can be simulated by 
adding a drop of dilute hydrochloric acid to the first mid-gut contents. In this, 
as in the living insect, a small amount of crystalline residue remains. It is 
possible, therefore, that the apparent digestion is really only a dissolving of 
the solid matter, the true digestion taking place subsequently. In this case 
the granular first mid-gut secretion may be an enzyme precursor. The origin 
of the acidity of the mid-gut contents and faeces may be solely the digestion of 
lipoids and esters, or it may be bacterial action, or it may be a property of the 
second mid-gut secretion. Xo other substrata but lipoids and esters have 
consistently shown increased acidity on digestion. As regards the second 
possibility, bacteria are only abundant in the third mid-gut whereas the 
acidity undoubtedly begins in the second mid-gut.

Whatever the cause of the acidity, and no clear evidence has been obtained 
which would distinguish between the alternatives, the enzymes of the digestive 
system appear to be adapted to such conditions. Notable in this respect is 
the divergence between the optimum pH for the salivary amylase and the 
pH of the saliva. Although the saliva is slightly alkaline, the enzyme is well 
suited to the PH of cacao tissue, which will be reduced below its normal 
figure of 5-8 by the action of salivary esterase.

Mic r o b e  flo ra  of  t h e  in t e s t in e .
Investigations into the micro-organisms of the intestine were begun mainly 

with the idea, later discarded, that the peculiar filaments of the third mid-gut 
might be of this nature. The technique which was arrived at after some 
preliminary trials, and with which more than 120 capsid intestines wTere 
cultured, was as follows.

For convenience of dissection, fifth instar nymphs were used, and they were 
first sterilized by immersion for five minutes in each of (a) 90 per cent alcohol,
(b) 01  per cent mercuric chloride, and (c) 90 per cent alcohol. They were then 
washed twice with sterile water and rapidly dissected. The abdomen could be 
easily separated from the thorax by gently pulling with needles and the 
intestine exposed. Organs for culturing w'ere rinsed in a watch-glass of sterile 
water and their contents expressed over a flamed slide. From this the 
inoculum w as picked up on a platinum wire and inoculated into tubes of media.

Abundant growth occurred on a starch-dextrose-agar slope, and the 
organisms which regularly appeared included yeasts. In an attempt to separate
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the yeasts from the bacteria, Hansen’s Medium (maltose-sucrose with acid 
phosphate) was used, but it was found that most of the bacteria also grew 
on this medium, being acid-resistant types. Addition of a few drops of lactic 
acid to the Hansen's Medium produced a medium on to which the yeasts could 
be sub-cultured and would grow, free from bacteria, but fresh inoculum would 
not grow on this medium. These yeast cultures were closely examined for 
the occurrence of filamentous cells, but none were found. Small numbers of 
elongated cells, connected in chains, were seen, but these did not in any way 
resemble the third mid-gut filaments. The first and second mid-gut flora were 
Micrococcus sp., which are very small and inconspicuous. They can be seen 
in small numbers in the gut contents and in the post-secretory cells of the 
first mid-gut, but in stained sections even when cut at 5 p thickness, they 
were not distinguishable from the mass of granules in the fixed cell cytoplasm. 
Attempts to culture bacteria from the first mid-gut tissues of starved capsids, 
by grinding with sand under sterile conditions, were very variable in their 
results, perhaps due to excessively alkaline conditions in the grinding.

The cacao capsids have, in the male, an elaborate accessory genital gland 
sj'stem. There are two pairs of glandular sacs, the anterior pair of which 
secrete a clear fluid, while the posterior pair are filled with an opaque milky 
secretion. Woodward (1949) describes structures similar in principle, if not 
in detail, from the Reduviid genus Nabis Latreille. He quotes works on the 
authority of which he supposes the opaque mass to consist of bacteria, passed 
on in this way from generation to generation, and having a symbiotic association 
with the insect. On the other hand, Carayon (1951) claims that this is 
erroneous, and that this opaque ‘ mass consists of bacteriform secretions. 
As far as the work on cacao capsids goes (and Carayon’s work was unknown 
to the writer when this work was in progress), the writer would be inclined to 
take a middle view, namely, that bacteria of the Micrococcus type can 
undoubtedly be cultured from these glands, but the number of colonies 
produced are very much less than one would expect were the opaque mass 
to consist of bacteria and nothing else. The issue is further complicated by 
the fact that in Bryocoropsis laticollis the posterior lobes of the accessory 
genital gland contain a secretion which simulates, not bacteria, but yeast 
cells. It is hoped that further work will clear up this aspect of the biology 
of cacao capsids.

In the third mid-gut and hind-gut there are, in addition to the Micrococci, 
several types o f rod-shaped forms. There is a possibility that one of these, 
which forms dark red colonies, may be pathogenic to the insect, since a high 
proportion of capsids dying in the laboratory became red in colour after death 
and this organism was isolated from them.

D is c u s s io n .

One of the most interesting features of the digestive system of cacao 
capsids, and as far as is known, of the family Miridae as a whole, is the absence 
of the rows of gastric caeca on the posterior mid-gut, which are so conspicuous 
in other phytophagous Hemiptera-Heteroptera. While Glasgow (1914), 
having studied a wide range of hemipterous families, describes such caeca 
as confined to the Pentatomidae, Thyrecoridae, Pyrrhocoridae, Lygaeidae 
and Coreidae, Elson (1937) regards them as “ structures w hich may be considered 
criteria for distinguishing the phytosuccivorous group ”. There are, it is true, 
good examples of non-caeca-bearing members of caeca-bearing families having 
wholly or partly carnivorous habits (e.g. the Asopidine Pentatomids; 
Leptocoris trivittatus (Say), among the Coreidae). On the other hand, though 
a fewr capsids are partly or completely carnivorous (Kullenberg (1944) quotes 
25 partly and 5 wholly so, out of 100 Swedish capsids), the majority, 
including the cacao capsids, are completely phytophagous. Descriptions
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of the digestive systems of caeca-bearing Hemiptera are given in the literature 
as follows : Pentatomidae. Sarel-Whitfield (1929), Malouf (1933). Harris (1938) : 
Coreidae, Breakey (1936). Those of non-caeca-bearing species are : Lygaeidae 
Hood (1937) ; Coreidae, Woolley (1949), Miridae, Painter (1930). In order to 
make the comparison more fruitful, in addition to information from these works, 
the writer has dissected and sectioned the following species : Oncopeltus famileus 
(Ly gaeidae). Dysdercus nigrofasciatus (Pyrrhocoridae), and Cletomorphalanciyera 
(Coreidae), using the same techniques as for cacao capsids.

In caeca-bearing Hemiptera, the caeca are usually borne on the most 
posterior region of a four-fold mid-gut. In such species as Oncopeltus famileus 
and Dysdercus nigrofasciatus, the intestine consists of three regions which 
compare exactly with the first three regions of their caeca-bearing relatives. 
There is a large sac-like first region followed by a tubular region, as in cacao 
capsids, but the third region is a small rather thick-walled sac. which cannot 
be homologized with the third region of the capsids. Throughout these 
intestines there is a nearly uniform columnar epithelium, the cells of which 
are smaller than those found in cacao capsids (15 to 20 /x compared with 
25 to 70 g) in spite of the much larger size of the insect, and are uninucleate. 
In the third region this epithelium is not absorptive, but produces an abundant 
eosinophile secretion, which can be seen to surround the food mass and 
infiltrate into it. There is thus no simple way of homologizing the regions of 
the mid-gut of cacao capsids with those of non-caeca-bearing members of 
normally caeca-bearing families; Painter (1930) describes the mid-gut of the 
capsid Psallus seriatus as a single sac-like chamber lined with large generalized 
cells, uninuclear and bearing a striated hem. He describes a structure which 
seems to resemble the filaments found in the third mid-gut of the cacao capsids. 
This is just inside the termination of the malpighian tubules in the rectum, 
and consists of two circles of cells with long cuticular projections which stain 
deeply with haematoxylin. They are long enough to extend into the hind-gut. 
The present writer (unpublished observations) has found a very similar 
structure in the common tropical capsid Proboscidiocoris fuliginosus, which 
has a mid-gut comparable to the first two regions of that of cacao capsids, 
though the cell types are less distinct from one another in the two regions. 
The presence of filamentous processes on the cells at the bases of the malpighian 
tubules resembles to a remarkable degree the cells of the basal ampullae of 
these organs in the Reduviid, Rhodnius prolixus (Wigglesworth, 1931). The 
writer has been able to examine these structures in R. prolixus, and finds 
that they do not give the very rapid reaction to vital stains which occurs in 
the third mid-gut of cacao capsids. Even so, the morphological resemblance 
remains, which at least means that the filamentous cells in cacao capsids are 
less of an isolated and inexplicable characteristic. The direct homology of 
cells which in one insect are clearly part of the mid-gut, with those in the 
malpighian tubules of another, depends on the production of evidence to show 
that the malpighian tubules are in reality endodermal in origin. Complete 
proof of this cannot here be given, but it must be mentioned, first, that the 
chitinous intima of the hind-gut of cacao capsids does not extend further 
forward than the recto-pyloric constriction, as far as can be detected, thus 
suggesting that this is also the limit of the ectodermal hind-gut, and secondly, 
that Harris (1938) also queried the ectodermal origin of the malpighian tubules 
in the Pentatomid Murgantia histrionica.

The possession of a vesicular accessory salivary gland has already been 
mentioned as a feature of the carnivorous Hemiptera. Such a structure has 
been found to be present in all members of the family Miridae of which the 
internal anatomy is known. It would appear that in the matter of intestinal 
structure as well, the capsids can most usefully be compared with such forms 
as the Reduviidae, where the mid-gut is a simple affair having only a sac-like 
stomach and a tubular intestine composed of one region.
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The function of gastric caeca is generally supposed to be that of a 
harbourage for specialized symbiotic bacteria. These bacteria may provide 
some accessory nutritional factor needed by insects living on a restricted plant 
diet. Xo diet could be more restricted than that of the cacao capsids, which 
can feed successfully 011 only a few species of Sterculiaceous plants and which 
in practice feed almost entirely on Theobroma cacao. yet, if symbiotic bacteria 
are essential, manage to accommodate them in a caeca-less intestine.

The structure of the salivary glands of cacao capsids falls easily within 
the wide limits of variation of this organ in the Hemiptera. A large number 
of hemipterous salivary glands were described by Baptist (1941), with 
which those of the capsids may be compared. The accessory gland of these 
capsids approximates to the condition in the typically phytophagous families, 
in that it possesses a tubular gland in addition to its vesicle. This may be 
related to some special need of phytophagous feeding. In none of those which 
Baptist describes is there the extraordinary degree of cytoplasmic basophilia 
which is found in cacao capsids. Painter (1930), however, found this feature 
in Psallus serialu* (though the cells were uninuclear). He also found a 
histological distinction between the two lobes of the main gland, which agrees 
with the findings of Breakey (1930). Baptist (1941) was quite unable to find 
any consistent histological or enzymological distinction between different 
salivary gland lobes in any of the species with which he worked. The cacao 
capsids have rather larger salivary glands than is usual, which are unlike the 
previously described hemipterous salivary glands in that, though having more 
than two lobes, the lobes are not associated together and bound with a common 
peritoneal sheath.

As far as enzymes are concerned, information in the literature on 
Hemiptera refers only to salivary enzymes. Painter (1930), although he 
simulated flea hopper damage to cotton with diastase solutions, could not 
detect any amylase in the salivary glands. I11 Psallus seriatus. however, the 
oesophageal valve is much reduced, and perhaps mid-gut enzymes are 
regurgitated. Baptist (1941) found both an amylase and an invertase in the 
salivary glands of the capsid, Lygus prateusis. An enormous destruction of 
plant tissue is characteristic of the feeding of capsid bugs. This is produced 
by quite small numbers of bugs, by means of what is usually called the toxic 
saliva, in contrast to plant feeding bugs of other families, which seem to feed 
from the vascular systems of their hosts, and cause damage by interrupting 
this system when large numbers of bugs are present (e.g. Blissus leucopterus, 
vide Painter (1928)). Small Homoptera such as aphids may suck out the contents 
of individual plant cells. The feeding of capsids may be regarded as similar, 
in many ways, to that of the predatory Hemiptera to which they appear to be 
allied. Just as those bugs wash out the internal tissues of their prev writh 
a stream of saliva, so the capsids kill the plant cells within a limited area and 
wash out their contents. In these processes the accessory salivary gland 
vesicles seem to be responsible for the maintenance of salivary circulation. 
In the past, the toxicity of capsid saliva has not been traced to any distinct 
constituent. From what has been found in the cacao capsids, we may 
conjecture that the following processes take place. First of all, saliva is injected 
under high pressure, filling all intercellular spaces, and showing the external 
appearance of a " water-soaked area **. Then, a strong acidity is produced, 
possibly by the action of esterases, which has a toxic action on the plant cells. 
This acidity we see in the strong acidity of freshly ingested food. With the 
death of the cells, their walls become permeable and soluble contents are leached 
out, while the salivary amylase penetrates and dissolves any insoluble 
carbohydrates. It will be noted that the absence of an invertase in the saliva 
is no disadvantage, since disaccharides are readily soluble. The brown 
discoloration of the lesion is a post-mortem reaction in no way connected 
with the direct salivary action, and can be produced by mechanical wounding 
of the cacao tissues.
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S u m m a r y .
1. A description is given of the anatomy and physiology of the digestive 

system of the cacao capsid bugs, which is valid for all four species. The 
salivary glands are also described, as are. briefly, the fore- and hind-gut and 
malpighian tubules, although they are not involved in the digestive processes.

2. The cyclical changes occurring in the intestine during feeding and 
digestion are described. There are three divisions to the mid-gut. the first 
being a sac-like region in which ingested food becomes more concentrated and 
is mixed with a granular secretion, the second is a tubular region in which 
most of the digestion occurs, and where the food mass becomes a clear fluid, 
and the third is specialized for absorption.

3. Evidence is given for supposing the accessory salivary gland to function 
as an organ for maintaining a copious flow of saliva by absorbing water from 
the first region of the mid-gut.

4. The evidence for the functions of the regions of the mid-gut and the 
salivary glands is supported by experiments with injected dyes, especially 
methylene blue.

o. Investigations into the enzymes of the mid-gut and salivary glands are 
described. The pH of these regions and their secretions has been measured.

fl. The bacterial flora of the mid-gut has been investigated and found to 
consist mostly of Micrococcus spp. There are also a variety of rod-like bacteria 
in the third region of the mid-gut.

7. In comparing the cacao capsids with other Hemiptera. reasons are given 
for regarding them as more closely allied to predatory types than to the other 
phytophagous families.

5. A theory is put forward to explain the destructive action of capsid saliva 
on plant tissues.
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I .  I n t r o d u c t io n

A l l  members of the Homoptera and many members of the Heteroptera feed by suck
ing plant juices. This mode of life has brought about modifications of the alimentary 
canal for dealing with an excess of water in the diet. In the Homoptera this has 
been effected in the Cicadoidea, for instance, by the development of the so-called 
“ filter chamber ”, characteristic of that superfamily, which has been described in 
a number of papers (vide bibliographies in Snodgrass, 1935 and Pesson, 1951). This 
highly complex organ brings the anterior and posterior ends of the midgut into very 
intimate contact, the coiled posterior end and the proximal parts of the Malpighian 
tubules fitting into labyrinthine folds in the wall of the sac-like anterior end, the 
whole being enclosed within the peritoneal membrane investing the intestine. A 
filter chamber is found in all Cicadoidea except the most primitive Jassidae (of the 
subfamily Typhlocybinae), in which there is simple contact between the anterior 
and posterior ends of the midgut, not enclosed within the peritoneum (Willis, 1949 ; 
Saxena, 1955). In many Sternorrhyncha also, there is an approximation of the 
extremities of the midgut, which allows them to function as a water-transferring 
device comparable to that of the filter chamber. In certain Aphidae (Knowlton, 
1925) and Aleyrodidae (Weber, 1930), the peritoneal membrane encloses a fairly 
simple region of contact, but in Psyllidae (Brittain, 1923) and in Coccidae (Pesson, 
1944) the approximated parts are twisted together in a helical manner. In the 
Coccidae, this region of contact is invaginated into the anterior end of the rectum.
TRANS. R. ENT. SOC. LOND. 115. PT. 8 . (AUGUST, 1963). 9
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In comparison with the volume of literature on the above mentioned families, refer
ences to the alimentary structure and function of the superfamily Fulgoroidea are 
exceedingly scanty, probably on account of their much smaller economic importance.

Kershaw (1913) gave an account of the intestine of Flata sp. (Flatidae), from which 
it is clear that there is no approximation of the extremities of the intestine in this 
insect. Several papers have been published (Muller, 1940, 1949; Ermisch, 1960) 
on the internal anatomy of Fulgoroidea, with special reference to the complicated 
system of organs harbouring symbiotic micro-organisms. Apart from the fact that 
one of these organs is situated in the wall of the rectum, these authors do not concern 
themselves with intestinal anatomy, but such figures as are given suggest that the 
structure of the alimentary canal is similar to that of Flata. Text-book accounts 
are not unanimous, for while Imms (1957) states clearly that a filter chamber is not 
found in Fulgoroidea, Pesson (1951) describes the Cercopid filter complex and 
remarks, “ On retrouve les dispositifs tout a fait comparable chez les Cicadides, 
Fulgorides, et Membracides.” Snodgrass (1935) states simply that a filter chamber 
is present “ in most Homoptera ” .

As a result of a fortunate opportunity to examine in detail a Tettigometrid of 
convenient size and availability, and dissections of Fulgoroids belonging to several 
other families, the writer has gathered sufficient evidence to justify the conclusion 
that the alimentary canal of Fulgoroidea is in fact constructed on an entirely different 
pattern from that of Cicadoidea, and to suggest the mechanism by which water 
disposal is effected in this group.

In the Heteroptera, since no organ as complex and specialised as the filter 
chamber has hitherto been described, little attention has been paid to the problem 
of water disposal in the sap-sucking forms. The situation is more complicated than 
in the Homoptera, because of the variety of feeding habits and habitats (including 
aquatic) that may be found in different families of Heteroptera. Phytophagous 
species of some families (Miridae, Tingidae) are derived from a predominantly zoo- 
phagous line (the Cimicomorpha), and feed by a destructive method on plant tissues, 
while members of some other families (Lygaeidae, Pyrrhocoridae) feed upon ripe 
seeds, or the tissues of the developing ovule. None of these species is faced with a 
problem of osmotic regulation. There are, however, in the families Plataspidae, 
Pentatomidae, and Coreidae, a large number of species which are undoubtedly sap- 
sucking. If the intestinal arrangements of these forms are examined as possible 
mechanisms of water disposal, certain approximations of organs may be seen that 
suggest likely routes for water transfer. Unfortunately, these conjunctions are 
usually only loosely bound by a few fine tracheal branches, and are easily broken 
when the intestine is dissected. Thus a number of possibly significant features 
may have been overlooked in earlier descriptions. The present writer has drawn 
attention (Goodchild, 1952) to the intimate contact between the anterior midgut 
and the expanded accessory salivary gland vesicles in the Bryocorine Miridae, in 
which it was observed that drops of clear fluid were exuded from the mouthparts 
on completion of a feed. In the truly sap-sucking Heteroptera, belonging to the 
division Pentatomomorpha, however, the accessory salivary glands are not of this 
vesicular type. In many Coreidae there is a tubular anterior diverticulum of the 
rectum inserted among the intestinal coils, and it has been suggested by Huber- 
Schneider (1957) that this may function in the manner of a filter chamber. The 
intestinal structures that occur in the essentially phytophagous Pentatomomorpha, 
but not in the Cimicomorpha or Hydrocorisae (which are mainly zoophagous), are 
a sac-like expansion at the extreme posterior end of the midgut and the gastric caeca. 
The former has been termed the ileum, although it is definitely mesenteric, and not 
equivalent to the ileum in other Orders, which is a tubular hind gut region. It is 
the region into which the Malpighian tubules open. The gastric caeca are a series 
of thin walled pouches that open into the midgut region anterior to the ileum. In
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certain Lygaeidae (of the subfamilies Blissinae and Rhyparochrominae), the caeca 
are long, and closely enfold the expanded anterior end of the midgut. A case has 
been made out (Goodchild, 1963) for considering the gastric caeca as organs of water 
excretion, based on this anatomical evidence and a number of other features, such 
as the histology of the caeca and their absence from zoophagous and seed-sucking 
forms, which support this interpretation. The case for the gastric caeca is confused, 
howrever, by their modification, in the most highly specialised sap-sucking species, 
into mycetome-like organs for the harbourage of symbiotic micro-organisms, the 
intestinal lumen being restricted or obliterated both anteriorly and posteriorly to 
the caecal region. In these insects, it was found (Goodchild, loc. cit.) that there is 
anatomical and histological evidence that the cells of the ileum take over the task 
of water excretion. For instance, in certain large Plataspidae (Libyaspis jlavosparsus 
Mont.), the ileum was found to be completely invaginated into the posterior end 
of the anterior sac of the midgut. In spite of this, the parts separated without much 
difficulty in dissections, and the relationship was revealed with certainty only in 
sections of the whole undisturbed alimentary canal. It was therefore with great 
interest that the writer discovered, while dissecting a phyllocephaline Pentatomid 
(Gellia sp.) for the purpose of culturing caecal bacteria, that there was evidently a 
more complete binding together of the parts of the intestine than had previously 
been found in any Heteropteran. Unfortunately, before this was realised, too much 
destruction had taken place for that particular specimen to be described. Pro
longed search failed to reveal any further specimens of that species, but a specimen 
of another phyllocephaline species, Dalsira bohndorffi Dist., was collected recently, 
and careful dissection and sectioning of the entire gut has shown that the structure 
of the alimentary canal is unlike that of any previously described Heteropteran, and 
fully deserves to share with the Cicadoidea the term “ filter chamber Although 
only one specimen, a male adult, has been available, the remarkable nature of its 
anatomy makes it desirable to publish a description.

II. T h e  A l im e n t a r y  C a n a l  o f  F u l g o r o id e a  ( H o m o p t e r a )

(a) Material and Methods

The main subject of this investigation has been Phalix titan Fennah (Tetti- 
gometridae), a moderate sized (8-9 mm.), green to mottled greenish-brown insect of 
Cercopid-like appearance. A fairly dense infestation has been present for the past 
few years, with seasonal fluctuations, on an isolated group of small trees of Acacia 
decurrens var. mollis (Black Wattle) in the grounds of Makerere College. The in
festation was remarkable for the conspicuous incrustation of eggs, both fresh and 
empty shells, on the bark of twigs and branches, while the nymphs and adults in
habited the petioles of the finely divided bipinnate leaves, concealed by their cryptic 
colour among the pinnules. A sooty growth of moulds on older leaves resulted from 
contamination by the honeydew excreted by the insects.

The insects were studied by dissection and by serial sections of whole intestines, 
cut at 10 (i thickness and stained with haemalum and eosin. Serial sections were 
also made of the whole intestine of a single specimen, caught at a light trap, of the 
giant lantern fly, Pyrops tenebrosus Fab. (Fulgoridae), and of the intestines of an adult 
and three mature nymphs of the moth-bug, Gyarina nigritarsis Karsch (Flatidae). 
The intestines of specimens of Ptyelus fiavescens Fab. (Cercopidae) and Tettigonidla 
mitrata Gerst. (Jassidae) were sectioned for comparison, as representing typical 
Cicadoid species, with well-developed filter chambers. Other species of Fulgoroidea 
that were dissected for a check on the uniformity of the intestinal pattern of this 
superfamily were Dictyopharina serena Stal (Dictyophoridae), Elasmoscelis stali 
Dist. (Lophopidae) and Kelisia  sp. (Delphacidae).
TRANS. R. ENT. SOC. LOND. 115. PT. 8 . (AUGUST, 1963). 9§
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(h) The Alimentary Canal of Phalix titan Fennah

On removal from the insect, the alimentary canal (fig. 1) presents superficially 
the appearance of two consecutive sac-like structures, with the four Malpighian 
tubules joining it at the constriction between the two. From the more anterior 
sac, a narrow diverticulum, filled with air bubbles, extends forward into the thorax 
of the insect, parallel to a delicate oesophagus. On closer inspection, it can be seen 
that the anterior sac encloses a coiled tubular intestine in which vigorous twisting
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Fig. 1.—The alimentary canal of an adult female Phalix titan, ventral view.

and peristaltic movements are taking place, although no intrinsic movement can be 
seen in the wall of the sac. Dissection of the sac shows that its lumen is not a con
tinuation of that of any part of the alimentary canal, so that the structure is not 
comparable to the invagination of the twisted midgut (filter complex) into the rectum 
that occurs in Coccidae. The wall of this anterior sac may best be regarded as a 
separated peritoneal membrane, as was observed in Flata sp. by Kershaw (1913), 
but was omitted from his figures. As will be made clear from the description and 
analysis given below, this membrane should not have been so lightly dismissed, as it 
may be of the greatest physiological importance.
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Beginning from the anterior end of the alim entary  canal, the detailed anatom y 
and histology is as follows. The oesophagus, 75 // in diam eter, is lined w ith a chitin- 
ous intim a secreted by small cuboid cells (fig. 2) and joins the m idgut ju s t anterior 
to  the  sac (which will be referred to  hereafter as the i n t e s t i n e  s h e a t h ) ,  a t  the level of 
the an terior end of the abdom en. There is a well-developed valve-like invagination 
a t the junction (fig. 2). w ith cells of m idgut type, and no trace of a peritrophic m em 
brane. The air-filled anterior d iverticulum  arises from the m idgut im m ediately 
posterior to the oesophageal valve, and is lined with small rounded cells with large, 
sometimes paired, nuclei. As these cells are mesenteric, it is no t impossible th a t 
enzym es are secreted here, to  pass backw ards into the m ain intestine, b u t no fluid
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F ig . 2.—Transverse section a t junction of oesophagus, mid-intestine, and anterior diverticulum

of Phalix titan.

or solid contents accumulate in the diverticulum. The intestine posterior to the 
valve is within the sheath. It is entirely tubular, and lacks the sac-like expansions 
characteristic of Cicadoidea and Heteroptera. From the oesophageal valve, the 
intestine passes vent rally and slightly to the right to the posterior end of the sheath, 
then turns to the left side and passes forward again. A dorsal transverse loop at 
the anterior end of the sheath carries the intestine to the right, where it forms a small 
loop and returns to the dorsal midline and thence posteriorly to its point of emergence 
from the sheath. As a result of these convolutions, a midgut 10 mm. in length is 
accommodated in a sac 2 mm. long. The junction with the hind gut is coincident 
with the emergence of the intestine from the sheath. Just anterior to the point of 
emergence, the intestine is joined by the narrow proximal regions of the Malpighian 
tubules, which have entered the sheath from the rear, close to the intestine. Their 
openings are evenly spaced across the dorsal side of the intestine, and are simple,
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with typical tubule cells joining directly to typical midgut cells (as in other Hemiptera, 
the Malpighian tubules appear to be endodermal). There are four tubules, of the 
usual Hemipterous type (Wigglesworth, 1931), the cells having large granular nuclei, 
and an eosinophil brush-like border. They have no remarkable features, and run 
forward to about half-way along the sheath, then backward to terminate near the 
rectum, but are not inserted into the rectal wall, as are those of many Cicadoidea.

Histologically, the first half of the intestine is composed of large, frequently bi- 
nucleate, bulbous cells (fig. 2), with the very finely reticulate nuclei situated towards 
the cell base, resting on a basal zone of fibrous, rather basophil, cytoplasm. The 
bulbous tip contains little stainable material, and the cell border is a thin membrane. 
Towards the posterior end of the intestine, these cells grade into cells of a different 
type. In the latter, a cuboid or low columnar cell base, in which the basal zone is 
poorly developed, gives rise to a long lobe projecting into the gut lumen (fig. 3^4). 
This lobe has a broad brush-like border, in which there are, in addition to the main 
mass of border filaments, smaller numbers of much longer filaments, extending to 
about double the width of the border proper. Wigglesworth (1931) observed similar 
long filaments in the brush-like border lining the Malpighian tubules of Rhodnius 
prolixus Stal, and found that they, together with the shorter filaments, were destroyed 
by the process of fixation. This also happens with the intestine cells of Phalix , so 
that figure 3̂ 4, being drawn from a stained section, does not show adequately the 
filamentous nature of the cell border. It may be remarked that very similar lobed 
cells with a deep brush-like border are found in absorptive regions of the gut of 
other Hemiptera, particularly Miridae and Tingidae (Goodchild, 1952, 1963).

Throughout the intestine, very small cells with clear cytoplasm and dark staining 
nuclei are scattered among the bases of the intestinal cells. These are presumably 
replacement cells. There appears to be a cellular basement membrane around the 
intestinal tube, with widely separated, very small dark staining nuclei. Large 
tracheal trunks pass through the sheath on each side, and branch abundantly over 
the intestine. Among the intestinal coils, and apparently adherent to tracheal 
branches or to the intestine, are many rounded cells of moderate size (25-35 fi). 
These have single large granular nuclei and strongly eosinophil cytoplasm, and fall 
into the category of oenocytes, on histological characteristics. Although the space 
enclosed by the sheath is not in communication with the haemocoele, the progenitors 
of this oenocyte population could have entered along with the tracheal branches.

The intestinal sheath itself, in the living state, appears to be a sheet of moderately 
flattened rhomboid cells, uninuclear, and with clear refractive cytoplasm. The 
junctions between the cells seem to be slightly indented. In stained sections (fig. 2), 
the sheath can be seen to consist of two layers, the inner one composed of cells about 
12 pi thick and 33 [i wide, with granular nuclei and eosinophil cytoplasm of the same 
type as the oenocytes, and the outer one being a very thin membrane similar to a 
normal peritoneal membrane, with non-staining cytoplasm and very small dark 
staining nuclei. No muscle fibres or other tissues could be detected in the sheath, 
which grades smoothly into the normal peritoneal membrane where the intestine 
passes through it.

The hind gut is an expanded, thin walled sac, like that of Heteroptera, and is the 
posterior of the two sac-like structures seen when the insect is first dissected. The 
junction of this rectum with the intestine is by a narrow, slit-like, dorsoventrally 
orientated valve, the edges of which are composed of small cuboid cells with dark 
staining nuclei. This valve, and the rectum itself, are lined with a chitinous intima. 
The dorsal and ventral walls of the rectum have epithelium of true hind gut type, as 
found in Heteroptera (Goodchild, 1963), which is a thin syncytial layer with scattered 
small nuclei, whereas the lateral walls are composed of larger, domed, gland-like 
cells, with large granular nuclei, and dense eosinophil cytoplasm. The gland cells 
do not form a continuous layer, but have small nuclei irregularly distributed amongst
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them . In  the adu lt female, a large hem ispherical mass of yeast-like sym bionts is 
found between the ventral rectal epithelium  and its peritoneal covering. This is 
the rectal organ ” , well known to  studen ts of Fulgoroid symbiosis.

(c) C o m p a r i s o n  w i t h  o t h e r  F u l g o r o i d e a

In all o ther Fulgoroidea th a t  have been exam ined, the intestine is essentially 
sim ilar to th a t of P h a l i x .  In  the stained sections of P y r o p s  t e n e b r o s u s ,  i t  was apparen t 
th a t  the sheath was much th inner than  in P h a l i x ,  and consisted of one kind of cell

Fig. 3.—{A) Cells from posterior mid-intestine of Phalix titan. (B ) Intestinal lining cells of
Pyrops tenebrosus.

only. These cells seem to be intermediate between the inner and outer layers found 
in P h a l i x ,  in that, although they are much flattened and are not eosinophil, they 
have relatively large granular nuclei (fig. 3B). They overlap so as to form a double 
layer in places. In the fresh state, the sheath of P y r o p s  is tenuous and almost trans
parent. The absence of an oenocyte-like layer in the sheath wall of P y r o p s  is, 
apparently, compensated for by the existence of a dense layer of such cells around 
the intestinal tube (fig. 3B). This tube is much more convoluted than in P h a l i x , 
and for most of its length consists of cells with tall lobes projecting into the lumen. 
It was not possible to examine these in the fresh state, but in sections it would seem 
that the tip of each lobe gives rise to a finger-like outgrowth of structureless cuticle. 
Within the tip of the cytoplasmic lobe, there is a group of large basophilic granules, 
from which a core of dense cytoplasm leads down to the basal nucleus. A structure
less cuticular border, rather than a brush-like border, invites comparison with the
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posterior part of the midgut in the Miridae Brvocorinae (Goodchild, 1952), in which 
intense absorption takes place. The rectal lining in Pyrops is composed entirely of a 
thin gland-like epithelium, thrown into deep folds in the fixed material, and having 
a great resemblance to the rectal lining of certain sap-sucking Pentatomidae (Good
child, 1963). This type of epithelium has large, widely spaced, granular nuclei, 
with a thin striated eosinophil zone beneath the chitinous intima that forms the 
cell border. Corresponding to the occupation of the whole rectal surface by gland
like epithelium, the rectal organ was found to be suspended in the lumen from a 
narrow attachment around the valve leading to the midgut.

In the specimens of Flatidae (Gyarina nigriteirsis) that were examined, a situation 
much closer to the earlier description by Kershaw (1913) could be discerned. Un
fortunately, this material was dealt with rather hurriedly, just before the writer’s 
return to Britain from Uganda, and the sections were not entirely satisfactory. 
The sheath in these insects seemed to be fragmentary and degenerate, a thin layer 
remaining only at the anterior and posterior ends of the midgut. At these points 
also, a covering of strongly eosinophil cells was present around the intestinal tube, 
but such cells were absent from the greater part of the midgut. Oenocyte-like cells 
among the intestinal coils were few, and those that were seen appeared to be abnormal 
in that the eosinophil material was not uniformly spread through the cytoplasm but 
was formed into coarse granules. The midgut epithelium appeared to be composed 
of simple rounded, mostly binucleate, cells throughout its length. The anterior 
diverticulum contained a structureless eosinophil secretion (resembling that fre
quently seen in sections of Hemipteran salivary glands), and the tips of the bulbous 
cells of this region were distended by similar material. This appearance is similar 
to that noted by Kershaw, who interpreted the anterior diverticulum as a reservoir 
of digestive secretion. The rectum was lined entirely with gland-like epithelium, 
the cells being flattened and strongly eosinophil. The rectal organ appeared to have 
lost its limiting membrane, the mass of symbiotic micro-organisms lying free in the 
lumen. A point of some interest is that the lumen of the midgut contained masses 
of basophil material similar to the rectal contents. Nothing in the nature of a peri- 
trophic membrane, such as was described by Kershaw in Flata sp., could be detected. 
There were no obvious differences in intestinal anatomy and histology between the 
adult specimen and the mature nymphs. In view of the discussion that follows, 
it is worth mentioning that Kershaw observed that the anterior midgut diverticulum 
was distended with air bubbles at the time of moulting.

(d) Discussion

Those species of phytophagous Hemiptera that feed mainly on sap, rather than 
on plant tissues, need to pass large quantities of this material through their intestines 
in order to extract sufficient nourishment. Insects of other Orders that feed upon 
nectar, namely Lepidoptera, Hymenoptera (Apoidea) and many species of Diptera, 
do so only in the adult stage, their food requirements for larval growth having been 
met by feeding on solid or highly concentrated fluid materials. In most of these 
forms, reserves built up during larval life also suffice for reproduction, so that nectar 
is only needed to maintain life in the adult. In the apoid Hymenoptera, it must be 
remembered that the nectar is concentrated to form honey by exposure upon the 
mouthparts of the workers, and that the diet is supplemented by highly nutritious 
pollen as a protein source. In the Orders named above, as compared with Hemiptera, 
relatively small amounts of liquid food are needed. It is therefore significant that 
in such insects a chitin-lined impermeable crop is developed in the fore gut region, 
in which the nectar is stored, and from which it is transferred to the midgut slowly, 
so as to keep within the limits of the relatively low power of osmotic regulation of
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the Malpighian tubules (Ramsay, 1950, 1958). In the sap-sucking Hemiptera, 
growth throughout all stages of the life history, and the needs of reproduction, must 
be met from a diet of plant juices alone, and so special adaptations have been evolved 
for increasing the rate of ingestion while avoiding a fatal degree of dilution of the 
haemolymph. The Hemiptera all lack a large chitin-lined crop, but have a capacious 
rectum in which hypotonic excreta can be safely retained. Their physiological 
problem may be stated in terms of getting the excess water in the ingesta passed 
into the rectum with the least possible delay.

Before attempting to form any conclusions about the physiology of the fulgoroid 
intestine from the anatomy and histology that have been described, it will be useful 
to relate histology to probable function in the Cicadoidea. This will give some 
measure of the validity of a purely histological approach to this physiological problem.

The filter chamber of Cicadoidea is an extremely complicated structure, and it 
would seem that its function has been regarded as self-evident, without the need 
for reasoned analysis. The significant features of this organ system are, firstly, the 
enormous area of intimate contact between the anterior end of the midgut sac and 
the convolutions of the posterior end of the midgut and the proximal parts of the 
Malpighian tubules. The wall of the midgut sac is pushed out among these convoluted 
tubes in a series of labyrinthine folds. Secondly, the epithelia of all parts concerned, 
both extremities of the midgut and the Malpighian tubules, are identical in histo
logical appearance, being extremely thin and structureless, with non-staining cyto
plasm and widely spaced flattened nuclei. Thirdly, the rectum, which begins at 
the point where the midgut emerges from the peritoneal covering of the filter complex, 
is long, narrow and lined with domed gland-like cells. Finally, there is a well- 
developed muscle strand running from the body wall in the neck region to the junction 
of the filter chamber with the main part of the anterior midgut sac ; this is a feature 
not found in other Hemiptera and is possibly connected with the functioning of the 
filter chamber. I t is generally agreed that the excess water in the ingesta passes 
directly from the anterior end of the midgut to the posterior end of that region, 
through the filter chamber, and thence rapidly to the rectum. The accumulation 
of ingested dyes found by Pesson (1944) in the intermediate part of the midgut, and 
the observation by the present writer during the course of these studies that the mid
gut of the Cercopid, Ptyelus fiavescens, is occluded by enormously hypertrophied 
lining cells (presumably acting as storage cells), show that there is no significant 
flow of material through the midgut.

In order to effect a simple filtration of water through to the hind gut against an 
osmotic gradient, it would be necessary for a hydrostatic pressure to be generated 
in the filter chamber. It seems possible that such a pressure could be built up if 
the muscle strand referred to above was capable of closing off the filter chamber 
from the remainder of the anterior midgut sac, the pharyngeal pump being the source 
of pressure. This view of the mechanism of filtration is, however, upset by the 
difficulty that the pressure would be applied to the outside of a system of delicate 
tubes, which would collapse under such circumstances. Other mechanisms that 
could bring about the transfer of water across a membrane would be, firstly, active 
secretion by the cells lining the receiving organ, and secondly, passive osmosis. 
The first of these alternatives is unlikely in the Cicadoid filter chamber, as its epi
thelia are degenerate, and present the appearance of a passive membrane. It is 
therefore necessary to examine the possibility of passive osmosis. We know that 
in sap-sucking Hemiptera the excreta discharged by the anus must be hypotonic 
to the ingesta, since the insect absorbs part of the dissolved material as its source of 
nourishment. In the sac-like rectum of most Hemiptera, in which the contents are 
only discharged at intervals, it will follow that the whole contents of the rectum 
are hypotonic, but in the narrow tubular rectum of Cicadoidea, with a steady flow 
along its length, this need not be so. Ramsay (1958) has shown that Malpighian
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tubules usually pass a fluid more or less isotonic with the haemolymph, and that an 
important function of rectal glands is to re-absorb useful molecules such as amino 
acids and sugars. In the Cicadoidea, the Malpighian tubule fluid passing through 
the filter chamber would subject the ingesta to the same osmotic gradient as it 
would encounter in the anterior midgut, but over a very large area, and (to judge 
from histological appearances) through highly permeable epithelia. Thus the 
ingesta would give up most of their excess water to the Malpighian tubules before 
passing into the anterior midgut sac, while the long glandular rectum is admirably 
adapted to removing solutes, so that hypotonic excreta eventually reached the anus. 
An anatomical feature of Cicadoidea which, while not actually involved in this 
process, emphasises the efficiency with which water is prevented from diluting the 
haemolymph, is the insertion of the distal ends of the Malpighian tubules beneath 
the peritoneal membrane of the rectum. This is a feature found usually in insects 
in which water must be conserved.

The alimentary canal of Fulgoroidea seems to follow a different pattern from 
that of Cicadoidea, and there is no trace of a filter chamber, nor even of an approxi
mation of the anterior and posterior ends of the midgut. Instead, we find a collection 
of structural features, which are as constant in their occurrence and as characteristic 
of Fulgoroidea as the filter chamber is in Cicadoidea. These features a re : the 
sheath-like membrane enclosing the m id gut; the absence of an expanded sac at 
the anterior end of the m idgut; the blind diverticulum of the midgut, outside the 
sheath and usually air-filled ; the sac-like rectum ; and the Malpighian tubules not 
being inserted into the wall of the rectum.

The above analysis of the filtration process, which has been made in order to 
show that a mechanism consistent with the observed anatomy and histology can be 
postulated, is obviously inapplicable to Fulgoroidea, in which there is no filter 
chamber. It is.a fact that some Cicadoidea also lack the filter chamber and it may 
be asked whether their ability to dispense with this organ may apply equally to 
Fulgoroidea. The Cicadoidea in which the filter chamber is missing are all very 
small forms (e.g. certain Jassidae), which can lose a relatively large amount of water 
by cuticular and tracheal transpiration, but the lack of a filter chamber is more 
likely (since many small Stemorrhyncha have filter mechanisms) to be due to their 
feeding on whole contents of plant cells rather than on sap alone. As their ingesta 
contain large molecules of proteins and carbohydrates, the breakdown of these will 
tend to raise the osmotic pressure, and will balance the lowering due to absorption 
by the insect’s tissues. Many of the smallest phytophagous Hemiptera feed in this 
way, and it is characteristic of them that they leave distinct lesions on the plant, 
do not feed for long periods in one place, and have solid residues in the gut. Their 
intestines are simple, lacking any specialised water excreting structures, and in fact 
there is a superficial similarity between the intestines of such insects in different sub
divisions of the Order, in such families as Jassidae, Peloridiidae (Pendergrast, 1962), 
Piesmidae, certain Lygaeidae, Tingidae and Miridae. On the other hand, large 
species of Hemiptera with simple intestines are either zoophagous (Reduviidae, 
Belostomatidae, etc.) or seed-sucking (Lygaeidae, Pyrrhocoridae), whereas large 
plant-sucking forms seem to be sap-suckers (since tissue feeding would involved too 
frequent a change of feeding site), and in the Cicadoidea and pentatomorph Heter
optera have complex intestines in which water disposal systems can be discerned.

From observation of its feeding habits, there can be little doubt that Phalix  is 
as much a sap-sucker as a Cicadoid of equal size (such as many Membracidae and 
Cercopidae with well-developed filter chambers). The feeding of Pyrops has not 
been observed, but from its size, and the consideration that no other Homoptera 
are known to be zoophagous or seed-sucking, it may reasonably be assumed to be a 
sap-sucker. Both Phalix  and Pyrops have, to a greater degree than the writer 
has observed in any other Hemipteran, the sap-sucking characteristic of absence
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of solid matter in the gut. It may also be noted that, for the usual physical consider
ations arising from the relation of area to volume, the filter chamber becomes more 
complex with increasing size of the insect. Since Pyrops, at 20 mm. body length 
(excluding the head extension), is one of the largest Fulgoroidea, any mechanism of 
water control must be correspondingly more efficient than in a smaller species.

Since the Fulgoroidea do not possess any obvious means of shunting water from 
the anterior to the posterior end of the midgut, nor have they any organs that might 
pump water out of the haemolymph (such as the gastric caeca of Heteroptera might be 
(Goodchild, 1963)), attention must be concentrated upon the structural features of 
the alimentary canal that are unique to the superfamily. One of these is the in
testinal sheath. It is clear from its structure that it is more than merely a detached 
peritoneal membrane (though that may be its origin), since there still is a cellular 
membrane surrounding the intestine within it. The presence of oenocyte-like cells, 
usually associated with the development of the external cuticle (Kramer and Wiggles- 
worth, 1950), makes it possible that the sheath has some power of resisting the passage 
of water. At the same time, the sheath cells must be active in absorbing and trans
ferring the dissolved substances needed by the insect. In these respects, it would 
not seem to be important whether the active cells are lining the sheath, as in Phalix , 
or surrounding the intestine, as in Pyrops. I f the food materials in sap are in the 
form of simple molecules that do not require a prolonged digestive process, then the 
activity of the intestinal epithelium will be entirely absorptive. The intestinal con
tents will become progressively more dilute as they pass along its length, but dilution 
of the haemolymph will be prevented by the oenocytic cells of the sheath. Further 
extraction of solutes may take place in the rectum, through the gland cells. The 
fluid within the thin sheath of Pyrops is probably isotonic with the haemolymph, 
but in Phalix the osmotic barrier would be the sheath wall itself, and the fluid within 
the sheath cavity would be isotonic with the ingesta. In so far as the sheath wall 
must transfer nutrients into the haemolymph, there will be a loss of solutes from the 
sheath cavity, which would be made good by simple diffusion at the anterior end 
of the midgut, and by active absorption at the posterior end. This corresponds 
with the observed gradation in cell pattern down the intestine. The efficiency of 
extraction, in both species, and therefore the osmotic pressure of the material reaching 
the rectum, will depend upon the rate of flow through the intestine in relation to the 
absorptive ability of the lining cells, and the extent of the difference in osmotic 
pressure that the barrier cells can withstand. In a process of this kind, the material 
entering the rectum must necessarily be hypotonic to the ingesta, whereas in Cica
doidea it must be, at least slightly, hypertonic. This would account for the sac-like, 
less intensely glandular rectum of the Fulgoroidea, since it does not have the heavy 
burden of solute absorption.

The situation in Gyarina nigritarsis, in which the sheath cells appeared to be 
degenerate, may be related to a cessation of active sap ingestion on reaching maturity. 
Observation of the living insects supports this, and the occurrence of solid matter 
in the intestine suggests that at maturity the source of nourishment does not involve 
osmotic stress.

The anterior diverticulum of the midgut, which extends into the head prolongation 
in Fulgoridae, and may in this family act as a kind of buoyancy chamber, comparable 
with the expanded abdominal tracheae of Pentatomidae and Plataspidae, can also 
be regarded in a more general way as an essential complement to the specialised 
intestine. It can be inflated with air to assist ecdysis in the nymphal stages, whereas 
such inflation of the ensheathed intestine would probably be impossible without 
damage to its structure. It may therefore be concluded that the alimentary canal of 
Fulgoroidea is adapted for sap-sucking in a manner that differs from either the 
Cicadoidea (and the somewhat similar Sternorrhyncha) or the pentatomomorph Heter
optera, and must have evolved independently.
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III. T he  A lim en tar y  Ca n al  of Dalsira hohndorffi Dist.

(a) Material and Methods

Dalsira hohndorffi is a moderately large insect, 20 mm. in length (excluding 
antennae), of a deep maroon colour and typical pentatomid appearance. Its preferred 
host plant is not known, as it was caught in a sweep net sample in an overgrown
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Fig. 4.—Whole alimentary canal of adult male Dalsira hohndorffi,, dorsal view, drawn from fixed 
specimen. The right-hand salivary glands are omitted for clarity, and the Malpighian tubes 
curtailed.

vegetable garden plot at the University Farm. It may be significant that it was 
caught in the vicinity of a plant of the vegetable marrow (Cucurbita pejpo L.) since 
plants of this family seem to be favoured by several species of sap-sucking Heter
optera, possibly because of their well-developed vascular tissues. The specimen was 
dissected and the whole gut was fixed in Bouin’s Fluid, after which sketches were
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made from which figure 4 was prepared. The gut was then embedded, serially 
sectioned at a thickness of 10 p  and stained with haemalum and eosin.

(h) The Alimentary Canal and Associated Structures
(i) Gross Anatomy

When the dissection was carried out with the minimum of disturbance in the 
relative positions of the parts, the remarkable features of the anatomy were not 
immediately apparent. A description will be given of the gut as it appeared in that 
state, before proceeding to the full details revealed by the sections. Anteriorly, 
lightly bound to the alimentary system by fine tracheae and dissected out along with 
it, were the very large salivary glands (fig. 4). Apart from their size and rearward 
extension into the abdominal cavity, they are unusual in having only two lobes, 
for Hemiptera of this size tend to have multi-lobed glands. Indeed, those of Cerco- 
pidae and scutellerine Pentatomidae appear as a dense cluster of narrow tubular 
lobes, and those of Hydrocorisae as a grape-like bunch, The anterior lobe of Dalsira 
is relatively small and smooth in outline, whereas the long posterior lobe has a rugose 
surface. The accessory gland is more normal, being a small sausage-shaped organ 
just ventral to the junction of the lobes of the main gland. The duct of the accessory 
gland runs backward for a short distance, and then returns in a sinuous path to the 
junction of the main lobes, from which point the main duct runs forward to the head. 
Between the anterior lobes of the salivary glands, the delicate oesophagus joins the 
midgut, the anterior end of which forms an expanded sac, as is usual in Heteroptera. 
This sac is brown in colour, and has strongly marked transverse ridges upon its 
surface. There appeared to be a dorsal groove, in which the heart was situated, 
bound to the edges of the groove by fine tracheae. Anteriorly, the heart expands 
into a sinus-like aorta over the dorsal side of the oesophageal junction. On either 
side of the midgut sac, the coils of the accessory salivary duct are conspicuous by 
their shining white colour. In order to make out the structures of the more posterior 
parts of the alimentary canal, it was necessary to sever the heart at the posterior end 
of the midgut sac. The gastric caecal region is well developed, of the type normal 
in Pentatomidae, having four longitudinal rows of densely clustered caeca, and 
passing dorsally across the posterior end of the midgut sac. It then turns backward 
to join the broad anterior end of the pear-shaped, thin-walled rectum. Just ventral 
to this junction, a wdde, thin-walled tube was seen, extending forward from the 
rectum and entering a dorsally situated cavity in the posterior end of the midgut sac, 
from which gentle traction failed to dislodge it. At first glance, this seemed to be 
an anterior rectal diverticulum, recalling Huber-Schneider’s suggestion, but on 
further consideration it was realised (even before the sections confirmed this) that it 
must represent the ileum. This segment of the midgut is present in all other Pentato
momorpha, in its more primitive form (e.g. in Lygaeidae) lying in the main axis of 
the intestine, but in Pentatomidae becoming a diverticulum receiving only the 
contents of the Malpighian tubules, as a result of the dorsal and backward migration 
of the opening of the caecal region of the midgut. Thus Dalsira represents an ex
treme case, with the caecal region apparently opening into the rectum directly 
(though in fact still within the folds of the ileo-rectal valve). Since the Malpighian 
tubules, the distal parts of which coiled extensively around the rectum, were seen 
to pass into the cavity in the midgut sac, together with this tube extending from 
the rectum, it was assumed that their junction with the ileum took place in the 
obscurity of that cavity. The remaining parts of the midgut are of the normal 
Pentatomid pattern, the second, tubular, region of the midgut arising from the anterior 
sac just ventrally to the above mentioned cavity, forming two short loops beneath the 
sac and joining a smaller expanded region (the third midgut region) on the right side 
of the abdomen, from which a short tube leads to the gastric caecal region.
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(ii) Microscopical Anatomy and Histology
The structures revealed by sectioning are even more remarkable than those seen 

in the dissection. From a study of the serial sections, it became apparent that the 
cavity in the midgut sac into which the ileum disappears is, in fact, a deep channel 
formed by the upward and inward reflection of the edges of the sac, so that, in cross- 
section, its lumen is shaped like a C lying on its back (fig. 5A). The dorsal “ groove ” 
is formed by the approach of these edges to each other above the ileum. The edges 
are joined by a delicate septum, probably derived from the dorsal abdominal septum,

F ig .

above which is the heart. The heart, in this region, is unusually densely packed with 
pericardial cells, but presents a more normal appearance at its anterior and posterior 
extremities. The ileum is enormously inflated (at a rough guess at least ten times 
the volume in proportion to the size of the insect, compared with any other known 
Heteropteran) and it is almost entirely enclosed in the folded midgut sac. It will be 
most convenient, in referring to this cavity in which the ileum is situated, to anti
cipate the conclusions of this paper and use the term filter chamber.

The ileum leaves the rectum in the form of a thin-walled tube of circular cross- 
section, but this becomes bifurcated just before it enters the filter chamber, each 
branch rapidly swelling to a diameter equal to that of the common stem (fig. 6).

5.—Filter chamber of Dalsira hohndorffi: (̂ 4) transverse section through middle ; (B) detail 
of chamber just anterior to ileum ; (C) detail of region anterior to Malpighian tubules.
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This diameter is about 0-65 mm. The ileum branches arc flask-shaped, and contract 
slightly in diameter at their anterior ends, where they merge into the inflated Mal
pighian tubules, two tubules arising from each branch. The tubules turn posteriorly 
from their junction with the ileum (which is very far forward, being almost at the 
anterior end of the midgut sac) and follow a sinuous course backwards between the 
ileum and the wall of the midgut sac, on the ventral and lateral sides of the filter

Fig. 6.—Reconstruction of ileum and Malpighian tubules of Dalsira bofmdorfli from ventral side,
midgut sac shown as if transparent.

chamber. At the anterior end of each branch of the ileum, a well-defined muscle 
strand arises between the junctions of the Malpighian tubule and travels forwards 
(fig. 5B, C), joining its fellow from the opposite side and emerging from the anterior 
end of the filter chamber to be inserted into the dorsal wall of the midgut near the 
oesophageal junction. This muscle is clearly the reason why the parts do not separate 
during dissection, and is among the highly unusual features of this intestine. A 
similar muscle, inserted into the ventral side of the oesophageal junction, arises from 
widely spaced strands on the ventral side of the midgut sac. These strands are much 
thicker than the usual delicate network found around the gut of Hemiptera.

The histology of the alimentary canal is as follows. The C-shaped lumen of the 
midgut sac tapers to a narrow circular section at its anterior and posterior ends. 
At the anterior end, the oesophagus joins the midgut in a moderately well-developed,
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but wide I v open, valve, a short collar of small cuboid fore gut cells extending into 
the midgut lumen and giving rise to a valve-like fold of the chitinous intima. The 
outer wall of the midgut sac consists of low columnar, slightly bulbous-tipped cells, 
frequentlv binucleate and strongly charged with brown granules, and with a thin, 
not striated, border. The whole-length of the tubular intestine is uniform in cell 
structure, the cells being columnar, rather taller' than those of the sac, with the 
lumen-ward border produced into small lobes having a slightly eosinophil striated 
zone within the border. The distal part of these cells is full of brown granular 
material, as in the sac cells, but this is not present below the central nuclei, where 
the. cytoplasm is precipitated in coarse strands. The expanded third region of the 
midm.it is lined with low columnar cells having an irregularly lobed brush-like border, 
which did not take up stains. The depth of this border is variable, and in places 
there appeared to be secretory droplets passing through it. The cytoplasm contains 
no oTanular inclusions, and is moderately eosinophil. The entrance of the intestine 
to this third-region sac is widely open, but the exit, leading to the gastric caecal 
region, is a moderately constricted tube of small columnar cells. This tube becomes 
wider and lined with low columnar cells with a lobed, non-staining, striated border, 
for the short distance between the third-region sac and the beginning of the gastric 
caecal rows. In the gastric caecal region, the central tube is narrow, and formed 
of low columnar cells with pale cytoplasm and dark staining nuclei. The junction 
of each caecum with this tube is a capillary-like tube consisting of six to eight irregular- 
shaped cells, which is inserted among the cells of the central tube. At the posterior 
end of the caecal region, the central tube is invaginated for a short distance into the 
posterior dorsal part of the ileum, largely obstructing the passage between the ileum 
and the ileo-rectal valve. The end of the intestinal tube is blunt, and it is covered 
by a dome of columnar cells which represent a modified area of the ileum lining. 
The opening of the intestine into the ileum is an extremely restricted pore (minimum 
diameter 34: p) which penetrates both epithelia at the tip of the dome. The ileo- 
rectal valve is typically pentatomid, with complex folds of very small pale cells with 
dark staining nuclei, and fined with a chitinous intima. The rectal fining resembles 
that found in other sap-sucking Pentatomidae (Goodchild, 1963), in being composed 
entirely of large, thin, gland-like cells, with large granular nuclei and a narrow striated
eosinophil zone beneath the chitinous border.

The histology of all parts described above is not significantly different from that 
of other sap-sucking Heteroptera. On the other hand, the filter chamber components, 
namely the inner wall of the anterior midgut, the enclosed parts of the Malpighian 
tubules, and the ileum, have a histological appearance that is highly modified from 
the normal one for these organs, and there is, moreover, a remarkable similarity 
between these layers of differing origin. In general, the cells are very flattened, so 
that the nuclei cause a distinct bulge in the thickness, their cytoplasm is uniform, 
very finely granular and m M y  eosinophil, and contains large brown inclusions of 
size comparable with the nuclei (fig. 7). The nuclei are coarsely granular, those of 
midgut and ileum being of moderate size and those of the Malpighian tubules much 
larger. The slight differences between the layers are as follows. The midgut 
epithelium is thinner between the nuclei than the others, and appears fike a string 
of beads, and its cytoplasm is darker staining than the others. The ileum fining 
is of more even thickness, little constricted between the nuclei, and its brown inclusions 
are not more than about half the size of its nuclei. In the spaces between these 
epithelia there is evidence of tenuous cellular basement or peritoneal membranes 
around each organ, and numerous fine tracheal branches. Where the ileum cells 
come close to midgut cells, they often seem to be inflated, and the cytoplasm stretched 
into strands perpendicular to the cell border. This may be a fixation artefact, but 
since it is not seen in the part where the two halves of the ileum are in contact, it 
may indicate osmotic activity in the cell. The cell borders of the ileum seem to
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bear very  fine, short, retractile cilia, though this appearance m ay be the result of 
precip ita tion  (during fixation) from the contents of the  organ. The cell border of 
the M alpighian tubules in the filter cham ber is simple, but the more distal parts  of 
the tubules, in the  m ain body cavity, have a norm al histological struc tu re  with a 
deep eosinophil brush border. In  the common stem of the ileum, and extending a 
short way up the branches, the lining cells are folded into a num ber of narrow  ridges 
(11 in the  specimen examined) of varying height. The highest was abou t one-fifth 
of the d iam eter of the lumen.

The na tu re  of the contents of the alim entary canal was as follows. In the m idgutj  “

sac and tub u la r intestine there was a mildly basophil flocculent precipita te ; in the 
th ird  m idgut region, a fibrous hyaline non-staining mass w ith an outer zone of eosino-

M.G.S. m .T.

Fig. 7.—Histological detail of tissues involved in filter chamber of Dalsira hohndorffi,.

phil flocculent material; in the tube connecting to the gastric caeca, a finely granular 
basophil mass with a number of clearly recognisable nuclei embedded in i t ; in the 
gastric caeca, dense masses of thread-like basophil micro-organisms ; in the ileum, 
and Malpighian tubules in the filter chamber, a small amount of finely granular non- 
staining retractile precipitate clumped against the cells. In the rectum and central 
tube of the caecal region there were no significant contents at all.

Although it is not immediately relevant to the subject of this study, it may be 
remarked that the unusually shaped salivary glands did not show any abnormalities 
as regards histology. The main gland cells are domed and very strongly basophil, 
while the accessory glands are lined with a deep columnar, mildly basophil, epithelium, 
the very narrow lumen having apparently a structureless cuticular lining.

(c) Discussion
It may reasonably be assumed that so elaborate an arrangement must have some 

important physiological significance. Since the existence in the sap-sucking cicadoid
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Homoptera of a complex filter chamber, and the general need of insects with such a 
diet for rapid through-put of dilute watery food is known, it is no long step to regard 
the midgut-Malpighian tubule-ileum complex of Dalsira as being adapted for 
this purpose. Structures not very different exist also in Gellia sp., and probably in 
other species of Phyllocephalinae. The processes involved may be further investi
gated by considering the possible mechanisms of water transfer referred to earlier. 
Firstly, simple osmosis, as postulated in the cicadoid filter chamber, would attract 
water from the midgut to the Malpighian tubules and ileum. Indeed, this must 
happen if the tubules pass a fluid more or less isotonic with the haemolymph, as 
Ramsav (1958) has shown. However, if such a mechanism is to yield eventually 
hypotonic excreta, the rectal epithelium must be active in absorbing solutes. As 
stated earlier (p. 226), the narrow tubular, highly glandular, rectum of Cicadoidea 
is well adapted to perform this task, but in the sac-like, rather weakly glandular, 
rectum of Heteroptera, it would be a slow process. Although the internal area of the 
ileum is increased by the formation of ridges, it is not easy to see how this organ 
could selectively absorb solutes. It does not have an impermeable chitinous lining, 
and unless some active process were continually rejecting water, the transfer of 
solutes across the cell border would be accompanied by an osmotic flow of water. 
This would be aggravated by the very confined haemocoel space between the cell 
layers of the filter chamber, which would prevent a rapid assimilation of solutes into 
the main volume of haemolymph. In the Cicadoidea, the rectum, as well as having 
an impermeable lining, is situated in the main stream of the haemolymph, and so the 
solutes absorbed by its cells do not remain for long in a local concentration.

It has been suggested (Goodchild, 1963) that active secretion of hypotonic solutions 
by the cells lining the ileum occurs in other Heteroptera. In these forms, the ileum 
cells have large bulbous tips lacking any visible cytoplasmic structure. In living 
tissues, these tips occasionally become detached and pass into the rectum, where they 
degenerate. The cause of this seems to be pressure from similarly expanded neigh
bouring cells, and if it is a means of excreting hypotonic fluid, then it is clear that 
the rate of detachment of cell tips will vary according to the degree of distension of 
the ileum lining as a whole, that is, according to the need for such an excretory 
process. In stained sections such an epithelium usually shows many broken and 
distorted cell tips, but nevertheless the general pattern is recognisable, and is not 
like that seen in Dalsira. In the gastric caeca, on the other hand, the apical vacuoles 
seen in living cells, which are clear evidence of a secretory process, are totally destroyed 
by fixation, and in sections the cells present the appearance of thin pavement epi
thelium. As the ileum cells of Dalsira have so far not been observed in the living 
state, it is not possible to say whether any vacuoles are present but do not survive 
fixation. Nor is it possible to say, from purely histological evidence, whether active 
water secretion could take place without the formation of intracellular vacuoles. 
The significance of the similarity between the cell layers is not readily apparent, nor 
is that of the brown inclusions. In the Cicadoid filter chamber, one may suppose 
that all the cell layers involved have become similarly degenerate in order to offer 
the least possible hindrance to the osmotic transfer of water.

The possibility of filtration by hydrostatic pressure need not be considered; not 
only would such pressure tend to destroy the filter chamber by pushing the C-shaped 
midgut lumen into a circular section, but it would force water through the outer 
wall into the haemolymph as much as inwards to the ileum. It would thus appear 
that, of the mechanisms available, that of active water secretion by the cells of the 
ileum is most likely.

The picture of water disposal in phytophagous Heteroptera that emerges from 
the studies of the present writer is one of a steady pumping of water out of the 
haemolymph by the action of cells in the gastric caeca and ileum, rather than the 
Homopteran method of excluding water from entry into the haemolymph either by
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shunting it directly from the impermeable oesophagus to the equally impermeable 
rectum, or, in Fulgoroidea, by the development of a water resistant sheath around 
the midgut. The arrangement of a few long caeca enclosing the anterior midgut 
sac, found in certain Lygaeidae, seems to have given way, in the evolution of the 
more advanced sap-suckers in the Coreidae and Pentatomidae, to caecal regions 
with many short caeca, offering a greater surface area to the haemolymph. The 
ileum in these Heteroptera is always in close proximity to, often in contact with, 
the posterior end of the anterior midgut sac, but at best the amount of direct transfer 
of water, compared with that passing into the haemolymph, must be small. The 
suggestion that, in those species in which the gastric caecal region is not in open 
connection with the ileum and rectum, the ileum is able to take over water excretion 
has been based on anatomical and histological observations, as it has not been possible 
to make the delicate measurements of osmotic pressure in cell tips or lumen contents 
which would be needed to substantiate the argument. In a similar wav, final proof 
of this kind is lacking in the argument in favour of gastric caeca. It could be held 
that, if gastric caeca do not excrete water, then when they are closed off posteriorly, 
there is no need to postulate a taking over of this function by the ileum. In spite 
of the existence of a minute pore connecting the caecal region of Dalsira to the ileum 
and rectum, the caecal region is certainly of the specialised mycetome type, because 
of the evidence (explained below) of digestion of bacteria ; and by analogy with 
many Pentatominae in which the posterior closure of the caecal region is found only 
in the nymphal stages, it may be that even this restricted opening was not present 
earlier in the insect’s life. Thus, the evidence from the remarkable anatomy of 
Dalsira as to the association of the ileum with water disposal serves to support this 
interpretation of other, less specialised, cases and, in turn, to support the idea of the 
gastric caeca having this function.

In sap-sucking Heteroptera with discontinuous intestines, it has been found 
(Goodchild, 1963) that a bulbous expansion is developed at the anterior end of the 
caecal region. This may be as large as the expanded third midgut region, which 
lies immediately anterior to it. Between these two sacs the intestinal lumen is 
interrupted or severely restricted (as well as being interrupted posteriorly to the 
caecal region). The third midgut contains a pasty mass of the food residues that 
form even in sap-suckers by precipitation of soluble proteins, etc. In stained sections 
this mass appears as granular material of mixed staining reactions. In the bulbous 
expansion at the anterior end of the caecal region, which together with the caecal 
region itself forms an isolated mycetome system, the contents have an entirely 
different appearance in sections, being fibrous, hyaline and non-staining. It has 
been inferred that this material represented the debris of digested bacteria, because 
there is a smooth gradation towards unchanged bacteria at the end of the bulb 
nearest to the caeca. In Dalsira no bulb is developed at the anterior end of the 
•caecal region, but the contents of the third midgut region are of the fibrous hyaline 
kind. There is no interruption of the gut between the third and caecal regions, and 
so it would appear that the food source of this insect leaves little residue, thus freeing 
the third midgut region for digestion of the bacterial symbionts. The ability of sap- 
sucking Heteroptera to avoid the accumulation of solid residues is not unique to 
Dalsira, because in Piezosternum calidum  Fab. (Tessaratominae) both the third 
midgut region and its contents are absent. In Homoptera, in which no intestinal 
restrictions occur, such residues are presumably discharged from the intestine as 
fast as they form.

It may be said in conclusion that Dalsira hohndorffi represents a peak of evolu
tionary development, following the predominant tendency in the Pentatomidae to 
divert the gastric caeca into functioning solely as a harbourage for symbiotic bacteria. 
It may be worth recording that the bacteria from the related Gellia were found to be 
less specialised than those usually found in Pentatomidae, being long thread-like
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organisms that grew easily in culture, the culture forms being short rods like those 
obtained from Coreidae.

IV. S u m m ar y

1. The alimentary canal of a fulgoroid Homopteran, Phalix titan Fennah (Tetti- 
gometridae) is described. In this species, and in other Fulgoroidea that have been 
examined, the midgut is tubular, and is coiled within a membranous sheath. The 
only previous description of a Fulgoroid alimentary canal (Kershaw, 1913) dismisses 
this sheath as consisting of the detached peritoneal membrane, and omits it from his 
figures. In P halix , the sheath is two-layered, the inner layer of cells being relatively 
thick, and with dense, strongly eosinophil cytoplasm, whereas the outer laver is 
thin and more like a normal peritoneal layer. There do not appear to be any muscle 
fibres, and the sheath seems to be resistant to stretching. The Fulgoroidea do not 
possess a filter chamber as is found in Cicadoidea, and it is suggested that the sheath 
cells have an active role in limiting the dilution of the haemolymph with water from 
the ingested sap. This would seem to indicate that sap-sucking habits have been 
evolved independently in Fulgoroidea and Cicadoidea. An analysis is also made 
of the probable mechanism of the Cicadoid filter chamber, based on the anatomical 
and histological features that it presents.

2. The alimentary canal of a phyllocephaline Pentatomid, Dalsira hohndorffi Dist., 
is described. It is remarkable for the fact that the ileum region is enormously en
larged, and, together with the proximal parts of the Malpighian tubules, is enclosed 
in a chamber formed by the dorsalward reflection of the edges of the sac-like anterior 
midgut. The parts are in very close contact, and have a similar histological structure 
of an unusual kind. It is suggested that the function of this association of organs 
is to facilitate the rapid elimination of excess water from the plant sap on which the 
insect feeds, the mechanism being probably an active excretory process.
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V I. E xplanation  of F igure L ettering

Acc. S.G., accessory salivary gland 
Ant. Div., anterior diverticulum of mid

intestine 
A or., aorta 
Caec., gastric caeca 
Chit., chitinous intima 
Cut., cuticular outgrowth 
Gr., basophilic apical granules 
Ht., heart
II., ileum
In. Sh., inner layer of sheath 
Inc., brown cell inclusion 
Int., mid-intestine tube (fig. 1) ; tubular 

intestine (fig. 4)
Int. Ep., epithelium of mid-intestine
M.G.S., midgut sac
M.G. 3, third region of midgut

M .T., Malpighian tubule 
Mus., muscle strand 
Nuc., nucleus
0. Sh., outer layer of sheath
Oen., oenocytic cells
Oes., oesophagus
Oes. V., oesophageal valve
Per., peritoneal membrane
Rec:, rectum
Rec. Org., rectal organ
S.G.A., anterior lobe of salivary gland
S.G.P., posterior lobe of salivary gland
Sep., septum
Sh., intestinal sheath
Sh. Cav., sheath cavity
Tr., trachea
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Recent studies on the physiology of the malpighian tubules of insects have indicated 
that they play only a minor role in osmotic regulation. The major part of this function 
is now thought to be performed by glandular structures in the hind-gut. The Heteroptera 
are of especial interest from this viewpoint, since they are a group in which a wide range 
of food choice occurs, so that species can be found which are adapted to either extreme 
of osmotic stress, from dry seed diets to the water superfluity of sap sucking. A comparative 
study of intestinal anatomy and histology was undertaken, in the hope that correlations 
between structure and dietary water content would be revealed, and in particular to 
elucidate the mechanism of water disposal in the sap-sucking forms (which lack the 
specialized filter chamber of Homoptera). The first part of this paper describes the 
results of this study, and a case is made out for the interpretation of the gastric caeca 
possessed by sap-sucking species as water excretory organs. In the second part, the 
phenomenon of intestinal discontinuity is shown to be widespread among the most 
specialized sap-sucking Heteroptera, and its relationship to the water excretion theory of 
gastric caeca is discussed.
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INTRODUCTION

N o comparative account of this aspect o f the internal anatom y of H eterop
tera has previously been published, although general surveys of gross intestinal 
anatom y have been made (Glasgow, 1914 ; Elson, 1937 ; Yanai, 1952), and 
the structure of the salivary glands compared (Bugnion & Popoff, 1908, 1910 ; 
B aptist, 1941 ; Southwood, 1955 ; Nuorteva, 1956). Other comparative 
accounts of Heteroptera have referred to the bacterial sym bionts and the  
organs which harbour them  (Kuskop, 1923 ; Schneider, 1940), to stridulatory  
mechanisms (Leston, 1957), and to genitalia (Pruthi, 1925 ; Marks, 1951 ; 
Scudder, 1959). Yanai (op. cit.) gives a brief classification of the types of  
intestine, and of the structure at the junction of mid- and hind-intestines, 
but publishes only simplified diagrams.

The present writer was stimulated to undertake the work which is recorded 
in th is paper as a result of studies on the cacao capsid bugs o f W est Africa 
(Goodchild, 1952). The structure of the intestine of those insects provided  
a puzzle by being w idely different from any heteropteran previously described, 
and the feeding behaviour and nature of the excreta drew attention to the  
problem of water disposal which affects the plant sucking Hemiptera. I t  is 
clear that many Heteroptera are no less suckers o f plant sap than the Hom optera  
but so far no structure with a function comparable w ith the well known filter 
chamber o f the latter, has been recognised in the former group. I t has in the  
past been assumed that the Malpighian tubules performed such a function of 
water excretion, but the researches of R am say (1950, 1952, 1955, 1958) have 
revealed that the urine produced by these tubules is more or less isotonic w ith  
the haemolym ph. The Hemiptera appear to be unique among terrestrial forms 
of life, in that their exploitation of plant sap as the sole food of all stages in the  
life-cycle causes them  to dispose of an excess of water, a problem otherwise 
found only in the inhabitants of fresh water. That such a problem exists is 
evident from the com plexity of the Homopteran filter chamber, for which no 
other purpose can be imagined. I t  is not just a question of ingesting a fluid 
food o f low osmotic pressure, as the figures which are available for the osm otic 
pressure of plant sap show that it is often high (e.g. Pfeiffer, 1937). I t  m ust 
be borne in mind, however, that where sap is the sole food, the insect utilizes 
the solutes which are responsible for the osmotic pressure, unlike, for instance, 
bloodsucking arthropods, which rapidly excrete a fluid isotonic with the ingesta, 
leaving the true food, blood corpuscles and protein, to be digested later. Since 
the Heteroptera include not only sap sucking types, but also species which  
feed on dry seeds, it was thought that a comparative study would reveal 
significant differences, which might give an indication of the tissues or organs 
involved in water balance in this group. Obviously, physiological experim ents
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are desirable to  confirm the conclusions wihch have been reached on a m ainly  
histological basis.

Following the stud ies o f  Leston, Pendergrast, & Southw ood (1954), and  
also those o f Scudder (1959), it  is clear th at the H eteroptera fall into tw o quite  
d istin ct groups o f fam ilies, the Pentatom om orpha, which are predom inantly  
phytophagous, and th e Cimicomorpha (w ith which Scudder associates the  
Amphibicorisae and H ydrocorisae, but not Corixidae), w hich are alm ost 
en tirely  zoophagous. Marked differences in intestinal and salivary gland  
structure are found betw een the tw o groups, and it seem s probable th a t th e  
original dichotom y in  th e evolutionary history o f the H eteroptera w as betw een  
phytophagous and zoophagous m odes o f feeding. Am ong ex istin g  species, 
however, there are exam ples o f feeding habits opposite to  the general trend, 
to  be found in both  groups. In  th e Pentatom om orpha, th e  Asopinae (P en ta
tom idae) are all zoophagous, and th is would seem to  be the case in  Geocorinae 
(Lygaeidae) and several species o f Rhopalidae, while in the Cimicomorpha, 
the Tingidae seem to  be entirely, and the Miridae are m ostly , phytophagous. 
I t  is reasonable to expect, in  these atypical fam ilies or sub-fam ilies, changes 
in the structure o f th e  d igestive organs from that normal to  th e  group. T his  
does occur to some ex ten t, but it is found th at the altered structure, though it  
m ust possess functional sim ilarities w ith  th at o f the opposite group, still 
retains the histological detail characteristic o f its  own group. Thus, th e  
grouping together o f  superficially similar types o f intestine, as, for instance, 
the R eduviidae and Asopinae, or th e Pyrrhocoridae and H ydrom etridae, 
as done by Y anai (1952), is n ot supported b y  their h istological structure. For  
th is reason, the descriptions th at follow  w ill be arranged according to  accepted  
taxonom ic categories.

M A TERIA L AND M ETHODS

This work has been based on dissections, microscopic exam inations o f fresh  
tissues (using phase-contrast m icroscopy where appropriate), and stained  
serial sections. T he latter were prepared from whole in testinal system s  
dissected out w ith th e m inim um  o f disarrangement, fixed in  B ouin’s fluid, w ax  
em bedded, and sectioned a t a thickness o f 10 p . The fixative was chosen for 
convenience in handling large collections, since im m ediate dehydration and em 
bedding was not usually  possible. I t  gave satisfactory results w ith  m ost o f  th e  
cell types encountered. I t  was noticeable, however, th a t osm otic dam age  
regularly occurred in  certain tissues, these being such organs as rectal glands, 
where active water absorption probably took place in  th e liv in g  insect, and  
certain other cells where it  was thought (on other grounds) th a t w ater excretion  
m ight be taking place. Since it  was found th at cells w hich m ight reasonably be  
expected  to  be in  osm otic equilibrium  w ith  their surroundings fixed in  a v ery  
life-like manner, th is observation seem ed to  be significant in  indicating tissues  
where osm otic work w as carried out. The stains used were M ayer’s haem alum  
and eosin. A  list is g iven  below o f those species o f which stained sections were 
exam ined for the purpose o f th is study.. Some o f these were m ade before th e  
writer arrived in  E ast Africa, and are o f British species. T he list does n ot  
include m any species exam ined by  dissection and fresh tissue preparation
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only, as the structures found in these merely confirmed the other observations. 
Minor differences in the histological appearance o f tissues from different species 
have had to  be ignored, unless th ey  had some obvious significance. Such  
differences could be m ultiplied  endlessly, as more species are studied. I t  is  
felt th a t the range o f  species w hich have been investigated  is adequate to  
ju stify  the general account given. In  a number o f species, only a few  individuals  
were available, but where an y  histological features could be sim ply an isolated  
phase in  a cyclical pattern  o f activ ity , th is is taken into account in  assessing  
their significance.

Family Reduviidae

Family Nabidae 
Family Cimicidae 
Family Anthocoridae 
Family Isometopidae 
Tamily Tingidae

L IST  O F SPEC IES STU D IED

Cimicomorpha
Beduvius personatus (Linn.), Harpactor tibialis Stal, Petalochirus 

rubiginosus P. & B., Vadimon nodamus Sign., Sphedanolestes sp. 
Nabis ferns (Linn.).
Cimex lectularius Linn.
Piezostethus fiavipes Reut.
Lindbergiola aureopilosa Carv.
Habrochila africana Drake, Ammianus wdhlbergi Stal.

Family Miridae Subfamily Bryocorinae : Chamopsis tuberculatus (Dist.), Boxia khayae China,
Lycidocoris mimeticus Reut. & Popp.

Other subfamilies : Proboscidiocoris fuliginosus Reut., Stenotus elegans Popp., 
Leptoterna dolabrata (Linn.), Psallus impictus Odhiambo.

Amphibicorisae
Family Gerridae Qerris dolosa Bergr.

Hydrocorisae
Family Belostomatidae [.Lethocerus cor dofanus Mayr.

Family Lygaeidae

Famil Rhopalidae 
Family Pyrrhocoridae

Family Coreidae

Family Pentatomidae

Family Cydnidae 
Family Acanthosomidae 
Family Plataspidae

Pentatom om orpha
SpUostethus pandurus (Fab.), Pachybrachius capicola St&l, Paromius 

gracilis St&l, Dieuches armipes Fab., Chauliops rutherfordi Dist., 
Qeocoris amabilis St&l.

Serinetha amicta Germ., Corizus nigromaculatus St&l.
Dysdercus nigrofasciatus St&l, Myrmoplasta potteri Mast., Scantius 

forsteri Fab.
Acanthomia tomentosicoUis St&l, Cletus fuscescens Walk., Dulichius 

trispinosus St&l, Hydara tenuicomis Westw., Stenocephala luteipes 
St&l, Mirperus torridus Westw., Acanthocoris obscuricornis Dali., 
Mygdonia tuberculosa Sign., Anoplocnemis signata Dist.

Nezara viridula Linn., Caura leggei Dist., Agonoscelis versicolor Fab., 
Halyomorpha annulicomis Sign., Aeliomorpha divisa Walk., Sepontia 
misella St&l, Scotinophara fibulata Germ., Sphaerocoris testudo-grisea 
DeG., Ho tea subfasciata Westw., Plalynopus septemdecimmacidata 
Drury, Picromerus bidens (Linn.), Aspongopus xanthopterus Fairm., 
Piezostemum calidum Fab.

Cydnus indicus Westw.
Acanthosoma haemorrhoidale (Linn.).
Libyaspis flavospersus Mont., Coptosoma nigriceps Sign.
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T H E  CIMICOMORPH FA M ILIES

The intestines o f these are always simple, consisting o f an anterior sac-like 
region, followed b y  a tubular region. Tem porary accum ulations o f indigestible  
residues m ay cause slight distension in the posterior part o f the tubular intestine, 
but a perm anent expansion at th is point, as found in m any Coreidae, 
Lygaeidae, and Pyrrhocoridae, does not seem to  occur. In  the large tropical 
Miridae Bryocorinae, the tubular intestine is divided by  a slight constriction  
into two consecutive tubular regions w ith  d istinctly  different cell types. Y anai 
& Iga (1956) recognize a L ygus type  o f intestine, w ith  a similar external appear
ance, but do not m ention any histological differentiation. The cells lining  
the cimicomorph intestine are o f the typ e common in H em iptera, w ith  narrow  
bases and bulbous tips projecting into the lumen. T hey are usually binucleate, 
the nuclei typ ica lly  having a large central chrom atic granule and smaller 
granules peripherally distributed, and the cytoplasm  is often heavily  charged  
w ith basophil granules, or w ith  self coloured brown, yellow , or green granules. 
There m ay be a vacuole, or several sm all vacuoles, towards the tip , especially  
in the cells o f th e anterior sac-like region. This vacuolation is m ost strongly  
marked in the zoophagous species (e.g. Reduviidae). In  the sm all, im m ature, 
cells, a th in  striated (honeycom b) border can usually be detected, but in  fu lly  
expanded cells th is is more or less obliterated. As the cells mature, th ey  seem  
to  exert strong lateral pressure on each other, and assum e a tall, narrow, shape. 
The appearance o f  the epithelium  is dependent upon the phase o f the secretion  
cycle and the degree o f distension o f the intestine, as these cells seem  to  be very  
easily stretched and deformed into the sem blance o f a regular columnar, 
cuboid, or even pavem ent epithelium .

A second typ e  o f  cell is found in the phytophagous forms, T ingidae and  
Miridae, lining the anterior tubular region, or the whole tubular region where 
it is not subdivided. In  th is type, there is an approxim ately cuboid cell base, 
firmly attached to  neighbouring cell bases, which bears a large lobe projecting  
into the lum en. The junction o f  the lobe w ith the base is d istinctly  constricted. 
There is a broad brush-like border, particularly over the lobe. These cells are 
very constant in shape, though in different species the lobes vary in  their 
characteristic shape from bulbous to  long and finger-like. The cytoplasm  is 
always rather dense, finely granular, and not vacuolated.

In  the larger cim icom orph species, the R eduviidae, the internal surface o f  
the intestine is increased b y  infoldings o f the basem ent membrane so th a t the  
cells are clustered on transverse ridges. Cell and nucleus size, over th e  size 
range o f the species studied (from 1*5 m m  to  18*0 mm body length), increases 
by a factor o f  about tw o, from 50 p, X 10 p  (nucleus 6 -7  p )  to  90 p  X 25 p  (nucleus 
13—14 //.) for cells o f  comparable shape and degree o f m aturity.

In  the Cimicomorpha, the structure o f the hind-intestine and the M alpighian  
tubule junction has been found to  be rem arkably constant. T hat o f  the  
bloodsucking reduviid, R hodnius p ro lixus  Stal, was described and illustrated  
b y  W igglesworth (1931), and m ay be summarized briefly. The intestine, o f  
the typ e described above, joins a pear-shaped rectum  at the m iddle o f its  
broad end. The w all o f the rectum  is th in w ith  m any sm all nuclei but no 
distinct cell boundaries. There is a network o f fine m uscle strands outside
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th is layer, and a chitinous intim a within, the w hole system  being capable o f  
considerable distension. W hen contracted, th e inner lin ing and syncytia l 
layer are thrown into m any sm all folds. I t  w ould appear th at the m uscle strands 
are n ot adherent to the syncytia l layer, for th ey  rem ain as an even layer on the  
outside o f the contracted rectum . A t the anterior end o f the rectum , surround
ing the opening o f the m id-intestine, there is a region, the rectal gland, where the  
cells are o f very distinct type, unlike any found elsewhere in  the alim entary  
canal. This region is shaped like a cap over the broad end o f the rectum , ex ten 
ding to  about three-quarters o f the diam eter o f the norm ally distended rectum . 
The cells o f the rectal gland are large, approxim ately cuboid, and fairly constant 
in shape irrespective o f th e degree o f distension. T hey present a level, or gently  
undulating, surface to  the lum en, the internal border being a sharp line which  
seem s to  have the nature o f a chitinous intim a. The single large nucleus (about 
tw ice the size o f m id-intestine nuclei) is situated  towards the base, and contains 
m any sm all chromatic granules. In  larger species especially, intracellular 
tracheoles and accom panying cells can be detected . The distal part (lumen- 
ward) o f the cell is densely striated perpendicularly to the border, and m inute  
irregularities in the latter  correspond to  the striations. Perhaps because o f  
these dense striations, cell boundaries are indistinct. The striations are 
strongly eosinophil, and the striated region seem s to  m aintain a fairly constant 
w idth  o f about 15/*, although the cells, in  species o f different sizes, vary from  
20 /* to  60 /x in depth. T ypical cells o f different species are illustrated in  P ig . 1 
(A, B , & C). I t  has been noticed th at osm otic stress in  fixation forces th e  
border and striated zone together, away from the basal part o f the cell. W here 
th is extrem e damage does not occur, the spaces betw een the striations often  
appear distended w ith fluid. In  the larger species, there is an inw ardly project
ing fold o f the gland epithelium  around its  perim eter, presum ably to  overcom e 
a less favourable area to  volum e ratio. The junction o f th e gland epithelium  
w ith  norm al rectal epithelium  is usually som ewhat abrupt.

The central opening through th e rectal gland is in  th e form o f  a hollow  cone 
o f very  sm all columnar cells, which projects in to  th e rectal lum en. This, 
w hich m ay be termed th e  ileq-rectal valve, is th e m ost anterior point to  which  
the proctodaeal chitinous intim a extends. B etw een th is and th e m id
in testin e proper there is a very small chamber, th e ileum , into which the  
M alpighian tubules open. In  Cimicomorpha, the ileum  extends into four 
radially spaced flask-shaped am pullae, w ith  a  tubule entering each on its  
anterior side. These am pullae, in m ost species, can be seen to  be bound to  th e  
anterior end o f  the rectum  by  a delicate peritoneum . The cells w ith in  the  
am pullae are remarkable in being produced into  long filam ents w hich m ay  
project into  the lum en o f  the rectum, or occasionally into th at o f  the m id
intestine. These cells occupy the base o f the am pulla, distal from th e intestine, 
and num ber from 10 to  12 in sm all species to  40 or 50 in  th e largest. The 
single large nucleus (very similar to  rectal gland nuclei) alm ost fills the base, 
and th e  cell tapers even ly  into  the long filam ent. The cytoplasm  contains 
m any long basophil fibres, but no other intracellular structure. U nlike the  
rectal gland, there are a number o f smaller nuclei betw een the bases o f the  
fu lly  developed am pulla cells, presum ably being those o f replacem ent cells.



F U N C T IO N A L  A N A TO M Y  OF T H E  IN T E S T IN E S  OF H E T E R O P T E R A 857

The neck of the ampulla is formed o f normal cuboid cells, which join the 
ileo-rectal valve, posteriorly, and a similar valve-like structure, the ileo-intestinal 
valve, anteriorly. The latter valve is composed o f cuboid to columnar cells 
grading into those of the intestine, and distinctly larger than those of the 
ileo-rectal valve. The ileo-intestinal valve m ay be level, like a diaphragm, 
or it may project slightly into the m id-intestine. In some of the sm allest species

TR A C HE OL E

Fig. 1—A, B , C. R ectal gland cells o f C im icom orpha (A— Petalochirus rubiginosus. B — Probosci- 
diocoris fu lig inosus. C— Habrochila ajricana). D . F ilam entous cells o f posterior m id-in testine of 
Lycidocoris m im eticus. E . F ilam entous cells in proxim al region of M alpighian tu b u le  of 
Petalochirus rubiginosus.

it has been found to project posteriorly, into the ileum (e.g. Lindbergiola 
aureopilosa, Isometopidae), or in others (e.g. P sa llus , Habrochila.) the intestine 
opens into the ileum w ithout restriction. Between the ampullae, the cells of 
the ileo-rectal valve continue forward to meet those of the ileo-intestinal valve. 
A typical example of this set of structures is shown in Fig. 2A. E ssentially  
similar features have been found by Painter (1930) in Psallus seriatus Reut. 
Cragg (1915) studied this region in C im ez lectularius but failed to observe the
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peculiar structure o f the ampullae. The present writer has, however, re
exam ined this species and confirmed that ampullae w ith filamentous cells 
are present. As a result of the present study, it can now be said th at this pattern  
is found in Reduviidae, Cimicidae, Anthocoridae, Nabidae, Tingidae, Isom eto- 
pidae, and Miridae (except Bryocorinae).

ILEUM

Fig. 2— H alf-longitudinal sections from  m id-in testine to  rec tum  o f A— Sphedanolestes sp. 
(R eduviidae) and  B— B oxia khayae (B ryocorinae).
A m p.—am pulla, I .I .V .— ileo-in testinal valve, I .R .V .—ileo-rectal valve, M .In t.— m id-intestine, 
M .T.— M alpighian tubu le , R .E p .—rec ta l epithelium , R.G1.—rectal g land.

TH E M IRIDAE BRYOCORINAE

The earlier work o f the present writer, already referred to , revealed the 
existence o f a structural pattern in the posterior region o f the alim entary canal
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o f certain species o f  large Bryocorinae, which is m arkedly dissim ilar from all 
previously described H eteroptera. This has now been found to  occur in three 
m ore species o f the sub-fam ily, thus giving added w eight to  the previous work. 
To sum m arize briefly the structure found in Bryocorinae, the ileum  is expanded  
in to  a sac partly  confluent w ith  the rectum via  a rudim entary, w idely open, 
ileo-rectal va lve (in th e work referred to above, the term  “ pylorus ” was used, 
follow ing Snodgrass, (1935), but in all other descriptions o f H eteroptera the  
authors use “ ileum  ” , and it  seem s less confusing to  follow them ). The lining  
o f th e  ileum  is o f large bulbous cells o f typical m id-intestine type, which join  
th e  in testine anteriorly w ithout any well-defined valve. There is no trace o f  
am pullae or filam entous cells, and the m alpighian tubules open directly into  
th e  ileum . The rectum  has no gland cells, but is entirely com posed o f thin  
rectal epithelium . The posterior part o f the tubular intestine is lined by  cells 
(Fig. ID ) o f an unique type, bearing, from a cuboid or flattened base, long, 
often  branched, filam entous processes, w ith dense basophil cytoplasm  and a 
surface layer o f apparently structureless cuticle. Of the three species recently  
studied , Cham opsis tuberculatus differed slightly in th at th is region was lined  
w ith  more norm al looking bulbous cells, but these had the sam e structureless 
border as the filam entous cells o f the other species, and reacted to  v ita l dyes 
in  th e  sam e w ay (i.e. rapid and intense colouration). This species has som ewhat 
unusual M alpighian tubules, in which the distal convoluted portion is reduced 
to  on ly  about one-eighth o f the to ta l length, and the proxim al portion is wide 
and more or less banana-shaped, lying alongside th e rectum  and ileum . In  
th ese insects, th e  M alpighian tubules at the point o f junction w ith  the ileum  
are usually  lined w ith  sim ple rounded cells w ithout a brush border, but in  
B oxia khayae (Fig. 2B) the brush-like border is evident not only  at the point 
o f junction, but also on the cells lining the ileum  im m ediately anterior to  this 
point.

Since it w ould seem  th at long filamentous processes, either in the ampullae 
or, in  Bryocorinae, in  the intestine, m ust have som e im portant physiological 
significance, it  is o f interest to  note the existence o f such cells in  the proxim al 
part o f  the M alpighian tubules in the largest cim icom orph species studied, 
Petalochirus rubiginosus. This species has a normal am pulla structure, but in 
addition the cells lining the proxim al region (about 2 mm) o f  the tubules are 
drawn out into  long, dark staining, filaments (Fig. IE). These are m ost 
strongly developed along th e edges o f the cell base, so th at th e cell is rather 
crown shaped. The existence o f  a supplem entary filam ent bearing region, in  
addition to  the am pullae, in a very large species, is reasonable if  th ey  have an  
absorptive function  to  perform, since the volum e o f  fluid passing down the  
tubules w ill increase w ith  size faster than th e available absorptive area in the 
am pullae.

T H E  AMPHEBICORISAE

In  th is group, Gerris dolosa has been exam ined. The rectum  was found to  
contain an extensive rectal gland, w ith large cuboid cells having typ ical large, 
finely granular, nuclei and eosinophil striations at the lum en-ward side. The 
cells are like those o f the rectal gland in the Cimicomorpha, but the eosinophil
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region is less sharply defined (Fig. 3A). The gland does not surround the ileo- 
rectal valve entirely, but covers the whole of the dorsal and lateral walls o f the  
rectum, except for the extreme posterior end (the anal tube). It also extends

Fig. 3— A to  E . R ec ta l g land cells of A— Gerris dolosa (Am phibicorisae). B — Lethocerus cordofanus 
(H ydrocorisae). C— Dulichius trispinosus (Coreidae). D —Scotinophara fibulata (Pentatom idae) 
ad u lt. E —S. fibulata nym ph. F . V acuolated  cells from  posterior m id-intestine of Paromius 
gracilis (Lygaeidae). The in testina l lum en is below in  each draw ing.

into the rectal lum en in the form of two longitudinal folds hanging from the 
dorsal wall. There is a ventral band of normal rectal epithelium with small
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scattered nuclei. The rectal contents are a thick paste of undigested residues. 
The ileum  is even smaller than in Cimicomorpha, w ith the delicate M alpighian 
tubules opening a t regular intervals around a shallow annular chamber. There 
are no ampullae. The ileo-rectal valve is th e usual cone of small columnar cells, 
on the outside o f which are m any strong circular m uscle fibres. Anteriorly, 
th e ileum  is w idely open to  the m id-intestine. The ileum  cells are sm all and  
cuboid, and the sim ple intestine is lined w ith  bulbous-tipped columnar cells 
w ith  abundant cytoplasm ic granules.

T H E  H Y D RO CO RISA E (CRYPTOCERATA)

The structure o f  th is group is fairly w ell known from the work o f K uskop  
(1923) on Notonecta glauca Linn., H am ilton  (1931) on N epa cinerea L inn., 
and Sutton (1951) on Corixidae. A ll observations are in agreement th at the  
hind-intestine is in  tw o distinct parts, an anterior tube w ith  rectal gland  
epithelium  on its dorsal and lateral walls, and a posterior thin-walled bladder. 
A sim ilar structure has been found b y  th e present writer in the large water bug  
Lethocerus cordofanus (Belostom atidae), and in a toad bug M ononyx  sp. 
(G elastocoridae). Y anai (1952) recognises th is pattern as one o f his intestinal 
typ es, the Diplonychus type . In  Lethocerus, the rectal tube is not readily  
distinguishable externally  from the tubular m id-intestine, and forms th e  
posterior two-fifths (approxim ately) o f  a long convoluted tube connecting the  
anterior m id-intestine sac w ith  the rectal bladder. The latter is continued  
forward in the form o f a  narrow tubular rectal diverticulum , as has been reported  
in other species o f  th is typ e. From  their poin t o f origin, the long M alpighian  
tubules are directed backwards and exten sively  tw isted around the rectal tube. 
The very  thick rectal gland (Fig. 3B) is n ot formed into internal folds, and  
occupies all but a very  narrow ventral strip o f the tube. I ts  cells and nuclei 
are large, the latter being laterally flattened and situated towards the tip . The 
cytoplasm  has a dense granular eosinophil zone at the cell base, grading in to  
w eakly striated or reticular cytoplasm , n ot notably eosinophil, at the lum en- 
ward border. The contents o f the rectal tube are m ainly fluid w ith  some uric 
acid granules. N o  distinct ileum  can be found in this species, nor is such a 
structure reported from other species o f  th is type. The Malpighian tubules  
open into  the term inal part o f th e m id-intestine. The intestinal w all is th ick, 
and its  cells, which are rather sm all and rounded, are arranged in  deep crypts. 
A m ong such crypts the M alpighian tubules are inserted, their cells rem aining  
distinct right through to  the lum en o f th e intestine. The on ly  difference in the  
nature o f the intestinal lining at th is poin t is a constriction o f the lum en due to  
th e developm ent o f  a deep stratified layer covering the m ouths o f the crypts, 
and form ed from cells identical w ith  those in  the crypts. Im m ediately posterior 
to  th e M alpighian tubule junction, there is a collar o f pale-staining columnar 
cells w ith  nuclei like those o f  the m id-intestine, which grades posteriorly into  
a valve-like arrangem ent o f very ta ll narrow columnar cells w ith  much sm aller 
nuclei resembling those o f rectal epithelium . This valve has a much folded inner 
border due to  varying heights o f pale-staining cytoplasm  above the basally  
situated  nuclei, and is slightly invaginated into the beginning o f the rectal tube.
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A chitinous intim a is present on the va lve  cells continuous w ith th a t o f the  
hind-intestine.

THE PENTATOMOMORPH FAMILIES

The structure o f the ileum  and rectum  in these fam ilies shows characteristic 
differences from those o f  the Cimicomorpha, and there is also more variation  
w ith in  th is group, in w hich certain broad evolutionary trends can be distin
guished. These seem to  be associated w ith  the divergence in feeding habits 
tow ards either extrem e o f w ater lack, as in seed sucking types, or water 
excess, as in sap sucking species. I t  seem s likely, moreover, th a t the latter  
adaptations have been arrived a t independently by  at least tw o different lines. 
There is a tendency for th e opening o f th e m id-intestine into the ileum  to  m ove 
posteriorly into close proxim ity  to  th e ileo-rectal valve, so th at the ileum  
becom es excluded from the m ain line o f flow o f the intestinal contents, and 
becom es a diverticulum . In  a few  species o f sap suckers, found in  different 
fam ily groups, a peak o f  specialisation is reached in  which the m id-intestine  
ends blindly, and has no opening into th e ileum . These include Plataspidae 
(Coptosom atidae) and certain species o f Lygaeidae (Schneider, 1940 ; Poisson, 
1951), and also certain Coreidae and Pentatom idae which w ill be described in  
Part I I  o f th is paper.

I t  is in  the Pentatom om orpha th a t th e intestine bears, in m ost species, the  
well known “ gastric caeca ” , w hich form  tw o (in Pentatom idae, four) rows o f  
th in  w alled pouches along th e last part o f  the m id-intestine. These are absent 
or vestigal in zoophagous or seed sucking species. The general characteristics 
o f the cells lining the intestine are not very  different from those o f Cimicomorpha 
though th ey  m ay be slightly  smaller for a given size o f insect, and often form  
a more even columnar epithelium . The cells are usually bulbous at the tip, 
but appear to  be more firm ly attached to  adjacent cells, and are not so greatly  
distorted by distension o f  th e intestine. N o cells o f the second typ e  found in  
Cimicomorpha, w ith  lobes bearing a deep brush-like border, have been seen in  
the pentatom om orph m aterial exam ined. In  a num ber o f species, th e bulbous 
tip  seem ed to  be slightly  pinched off from  the cell base, but these had no con
spicuous border. A  few  instances o f  vacuolation m uch more extrem e than in 
any Cimicomorpha were found. These were in the m iddle part o f th e intestine  
o f C ydnus indicus  and Serinetha  am icta , both  o f which are probably partly  
zoophagous in habit, and in  th e posterior end o f  the m id-intestine o f a 
lygaeid, P arom ius gracilis (Fig. 3F).

T o deal first w ith  th e  rectum  o f  Pentatom om orpha, th is is a large ovoid  
sac, w ith  thin walls capable o f great distension. A lthough in  som e text-book  
accounts, the H em iptera have been said not to  possess rectal glands, there is 
in these insects always a  large area o f  specialised tissue. This has the same 
very large granular nuclei found in  the rectal glands o f the groups previously  
described, and in m ost species the cells are sim ilarly divided into a lumen-ward 
eosinophil striated zone and a basal zone o f less deeply staining reticular 
cytoplasm . The area occupied b y  th is gland epithelium  is usually much  
greater than in Cimicomorpha, covering m ost o f the dorsal w all o f the rectum, 
and extending down th e  sides to  a variable degree in different species. In
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m ost fam ilies it  does not surround the ileo-rectal valve, but in several species o f  
Pentatom idae and a few Coreidae th is does happen. In  some Pentatom idae  
and the closely related P lataspidae, the gland epithelium  joins ventrally and  
encloses the whole rectum. T hese are all advanced sap sucking typ es w ith  
interrupted intestines, and the gland epithelium  is th in  and lacks the eosinophil 
zone. Because o f its  great ex ten t, the gland epithelium  takes part in the  
expansion and contraction o f th e  rectum , being throw n into deep folds in the  
contracted state. The cells are m uch wider and shallower than those o f Cimi
comorpha (Fig. 3C, D ), so th a t th is is easily accom plished. The depth and  
in tensity  o f staining o f the eosinophil striations is greatest in the zoophagous 
species, and some seed sucking species. In  th e seed sucking Pyrrhocoridae, 
however, the striated zone does n o t seem  to  be present, although the cells are 
deep and w ell developed. In  sap sucking typ es a w eakly staining, narrow, 
striated zone m ay be found, but th e cells are shallow  and w ith  little  cytoplasm  
(Fig. 3D). In  the zoophagous or partly zoophagous species, the gland cells 
are much thicker than in phytophagous types, and resemble those o f Am phibi- 
corisae. These thicker glands do not seem  to  undergo folding as readily as 
the thinner ones, and perhaps for th is reason, were more restricted in extent. 
The extrem e case found was th a t o f  the lygaeid, Chauliops rutherfordi, where the  
rectal gland is a sm all group o f about a dozen large cuboid cells in  the m iddle 
o f the dorsal w all. In  m any sap sucking Coreidae and Pentatom idae, and in  
Serinetha am icta  (Rhopalidae), there is an anterior ventral diverticulum  o f the  
rectum , forming w hat has been called the rectal pouch. In  Coreidae and  
Serinetha, th is is clearly a perm anent feature, but in  Pentatom idae it  is more 
prom inent in  the distended rectum , as a result o f  a patch  o f rectal epithelium  
in the antero-ventral region stretching more freely th an  the remaining glandular 
part o f the rectum . In  Serinetha  and in the coreid Acanthocoris, the rectal pouch  
is formed entirely o f th in  rectal epithelium , but in the largest coreids (Mictinae), 
represented b y  Anoplocnemis and M ygdonia, th e rather weakly developed  
gland epithelium  extends forward over the dorsal and lateral walls o f th is  
pouch.

The ileo-rectal valve is a narrow opening surrounded b y  small columnar 
cells which usually have dark stain ing nuclei and pale cytoplasm . They do not 
appear to differ significantly from those o f Cimicomorpha. In  the Pentatom idae  
and Pyrrhocoridae the valve tends to  be large w ith  m any longitudinal folds o f  
epithelium  restricting the lum en to  a stellate cross-section. In  Coreidae, 
the valve tends to  becom e a narrow tube, w hile in  zoophagous forms the valve  
tends to  be som ewhat reduced, leaving th e ileum  w idely  open to  the rectum . 
As w ith  the other groups, this va lve  is the m ost anterior part o f the hind-intestine  
in w hich a chitinous intim a can be detected .

THE ILEUM IN PENTATOMOMORPHA

In  the Pentatom om orpha it  is  possible to  distinguish four typ es o f ileum  
. structure. In  general, the fluid capacity  o f the ileum  is always m uch greater 
than in Cimicomorpha, and it  m ay form  a d istinctly  swollen bladder. The  
lining cells are not m arkedly different from those found in the m id-intestine, 
and it  is often necessary, when exam ining sections o f  entire intestines, to  seek
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the openings of the Malpighian tubules in order to identify the ileum w ith  
certainty. The m ost usual type o f cell is rather low columnar, w ith broad 
base and rounded tip, usually binucleate w ith the nuclei situated near the base 
and surrounded by fairly dense cytoplasm , while the tip m ay appear alm ost 
em pty. The rounded tip m ay be slightly pinched off from the base. The cell 
border is extremely thin and no striations can be detected.

The simplest type of ileum is found in Lygaeidae and Rhopalidae, and m ay  
be termed the lygaeid type (Fig. 4). This is a more or less spherical sac, w ith

M. INT.

M.T.

I.R.V
R. ER

R. GL .

O d  MM.

Fig. 4— Oblique longitud inal section th ro u g h  ileum  o f Pachybrachius capicola  (L ygaeidae), 
show ing rectal g land (dorso-lateral) an d  unspecialized rec ta l ep ithelium  (ven tro -la tera l). 
A bbreviations as in  Fig. 2, p . 858.

cells as described above, and with the m id-intestine joining it anteriorly, opposite  
to the ileo-rectal valve. The ileum in these families m ay som etim es be found  
to be strongly distended, with the cells stretched to a thin pavem ent epithelium . 
The ileum cells grade into smaller columnar cells w ith dense cytoplasm  at the  
entry point of the m id-intestine, which is, in most species, only slightly con
stricted. In Chauliops and Corizus, however, the lumen is not discernible at
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th is  point, and in Serinetha  there is no connection w ith the m id-intestine at all. 
The points o f entry o f  the M alpighian tubules m ay be radially spaced as 
in e.g. A phanus sp., but are in m any species associated into pairs on each side. 
W here this is the case, the openings lie in a plane parellel to  the axis o f the  
intestine. A pparent fusion o f the proxim al regions o f the tubules occurs in  
som e species (e.g. Corizus sp.), but the com m on region is h istologically  similar 
to  the ileum , and not com posed o f tubule cells w ith  their characteristic brush
like border. A slight constriction m ay be present at the junction o f  the tubules 
w ith  the ileum , but th e opening is otherwise sim ple, not involving any special 
cell types.

In  the n ext typ e o f  ileum , characteristic o f the Coreidae (and therefore 
term ed coreid type), th e cells are essentially as in the lygaeid type. The Mal
pighian tubule openings are simple, but their arrangem ent is now  found to  be 
fixed in tw o lateral pairs. The general shape o f  th e coreid ileum  m ay be com 
pared to a pillow, w ith  its  long axis at right angles to  th a t o f th e insect (in a 
horizontal plane), and the M alpighian tubules opening at the four comers. 
The distinguishing feature o f th is typ e is th e structure o f the m id-intestine 
opening, which is invaginated more or less deeply into the lum en o f the ileum  
in the form o f  a conical papilla. This consists o f an outer layer o f small 
cuboid or flattened cells enclosing an inner layer (continuous w ith  the wall o f  
the m id-intestine) o f slightly  larger, rounded cuboid, cells (F ig. 5A). The 
opening o f the intestine, a t the tip  o f th is papilla, is usually very  restricted  
(15 to 20 /x). In  the m ost advanced sap sucking species, the ileum  is strongly  
constricted in the m iddle, so th at the m id-intestine opens very near to the  
ileo-rectal valve. In  certain Coreidae (Alydinae) which seem  to  have adopted a 
dry seed d iet, the cells lin ing the ileum  have long, rather irregular, term inal 
lobes, which stain  alm ost black w ith  haem alum .

The typ e o f  ileum  found in Pentatom idae (pentatom id typ e , F ig . 6A) is 
sim ilar in m any respects to  the above m entioned types, but th e  lining cells 
generally have a more uniform ly staining cytoplasm  throughout th e depth o f  
th e cell, and the cells are narrower, form ing a more com pact colum nar epithe
lium . The M alpighian tubules are w idely open into the ileum , their proxim al 
part being o f com paratively large diam eter and lined  by  cells n ot very  different 
from  those o f the ileum . The m ain difference betw een th is typ e  o f  ileum  and  
th e other typ es lies in the dorsal and posterior displacem ent o f th e  m id-intestine  
opening. The end o f the m id-intestine is inserted into the ileum  as a tubular 
invagination , m uch less restricted at its  tip  than in Coreidae. A t th e  sam e tim e, 
the point o f insertion is backwardly displaced on to  the dorsal side o f th e ileum, 
so th a t the actual opening is very close to  th e ileo-rectal valve. T he length o f  
th e invagination varies betw een different species, but where it  is fairly long, as 
in e.g. Caura leggei (Fig. 5B), the outer layer o f cells is fused to  th e  dorsal 
w all o f the ileum , and the ileum  walls wrap closely around th e  invagination. 
In  m any species (e.g. Aeliom orpha d ivisa , F ig. 6A) the invagination is 
relatively short, but th e poin t o f insertion o f the m id intestine in to  th e ileum  
is situated  at th e posterior edge o f the ileum , just above the ileo-rectal valve. 
This is the position also in  zoophagous forms such as Asopinae, b u t in these, 
there is no sign o f any invagination , and th e  m id-intestine opening is direct
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and unrestricted. In the largest forms which were investigated, the 
phytophagous species N e z a r a  v i r i d u l a , A s p o n g o p u s  x a n t h o p t e r u s , and 
P i e z o s f e r n u m  c a l l i d u m ,  the lining o f the ileum appears to be folded into ridges 
or crypts.

M I D - I N T E S T I N E

MAL P I GH I AN
TU B U L E

I L E U M

Fig. 5—A. Longitudinal section through mid-intestine-ileum junction of Dulichius trispinosus 
(Coreidae). B. Transverse section through invagination of mid-intestine into ileum in Caura leggei 
(Pentatomidae). C. Section through Malpighian tubule-ileum junction of Myrmoplasta potteri 
(Pyrrhocoridae) along axis of tubule. A and C to same scale.

The fourth type of ileum which can be distinguished is that found in 
Pyrrhocoridae ( p y r r h o c o r i d  t y p e ,  Fig. 6B). In this group, a departure from  
the prim itive condition has taken place in an entirely different direction. The
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opening of the m id-intestine in these forms is simple, and displaced to the  
ventral surface o f the ileum . The lining cells o f the ileum are extrem ely  
narrow, rather tall, columnar cells, w ith cytoplasmic density increasing 
towards the tip. The cell tips are not bulbous, and stain very deeply, almost

GASTRIC CAE CA

MI D- I NTESTI NE

ILEUM

MID- I NTESTINE

Fig. 6—Sagittal sections from mid-intestine to rectum of A—Aeliomorpha divisa (Pentatomidae) 
and B —Scantius jorsteri (Pyrrhocoridae). The dorsal surface is towards the top of the page in 
each. Abbreviations as in Fig. 2, p. 858.

black, w ith haemalum. This thick epithelial layer is split by deep clefts where 
the ileum wall changes direction. The Malpighian tubules have a wide proximal 
region lined with simple rounded cells lacking a brush-like border, but unlike
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th is region in th e  pentatom id type , there is a marked constriction where they  
join the ileum . From  th is point, the lum en o f the Malpighian tubule is continued  
in a narrow tube o f  pale staining, rounded cuboid cells (Fig. 5C) w hich passes 
through the m iddle o f a clump o f ileum  cells to  a restricted opening (about 20 
to  30 p) at the inward side o f the clump. The fluid capacity o f the pyrrhocorid  
type  o f ileum  appears to  be lim ited in comparison w ith  the other types. I t  is 
im portant to  record th a t the ileum  o f Spilostethus pandurus, representing the  
larger kind o f lygaeid  (Lygaeinae) w ith  seed sucking food habits, shows 
considerable tendencies in the direction o f the pyrrhocorid structure.

A m ong those species (described in  Part II) where the m id-intestine has 
no connection w ith  the ileum , there exists a sim ilarity o f structure, due to  the  
absence o f the distinguishing marks o f position and nature o f the m id-intestinal 
opening. The evidence suggests th at these h igh ly  specialised types o f intestine  
are developm ents a t the peaks o f their respective fam ilies, and th at the resem
blance is the result o f evolutionary convergence. Such species are found in  
R hopalidae, Coreidae, Pentatom idae, and Plataspidae. In  Aspongopus 
xanthopterus, th e ileum  lining cells, arranged in a crypt-like form ation, are 
strongly vacuolated  (Fig. 7B). In  Piezosternum  calidum  and in  the nym phs 
o f N ezara v ir id u la , where a fu lly  developed m id-intestinal connection is 
present, but apparently imperforate, the cells are similar to  those in 
A spongopus, b u t w ithout distinct vacuole walls. In  the Plataspidae, there 
is in  L ibyasp is  a rem arkably close association between the ileum  and the  
posterior end o f  th e first m id-intestine region, the former being alm ost 
com pletely enclosed b y  the latter (Fig. 7A). In  all Pentatom orpha, the 
ileum  is in close contact w ith  the posterior end o f the sac-like first region 
o f th e m id-intestine, and is usually bound to  it by fine tracheal branches, but 
in  L ib ya sp is , sections through the undisturbed alim entary canal show a true 
invagination to  be present. The ileum  cells o f L ibyaspis  have a prim itive  
appearance, being broad based, rounded cells, w ith  large em pty apical swellings 
w hile the cells lin ing th e adjacent part o f the first m id-gut differ from those o f  
the rem ainder o f  th a t region in their slightly smaller size, and in the absence o f  
the dark coarse granules which are abundant in the other cells.

THE GASTRIC CAECA IN RELATION TO WATER BALANCE

H aving described above th e structure o f the parts which are usually  
regarded as significant in water regulation, it  is necessary to go further, and 
to  present evidence th a t certain other structures, the gastric caeca, w hich have 
not previously been studied in  th is light, m ay in fact have a part to  play. I t  
m ust be rem em bered th a t it  is only  am ong the Hem iptera th at one finds 
species which are adapted  to  feed on plant juices throughout their whole life 
cycle. In  insects o f  several other orders, nectar or sap m ay be im bibed by  
the adult for th e m aintenance o f life, but does not contribute to growth or 
production to  any great exten t. Species w ith  th is habit possess a chitin-lined  
crop developed from  the fore-gut. D enisova (1943) has shown th at in insects 
such as m osquitoes, which can feed on vertebrate blood or on plant nectar, 
the former passes d irectly  into the m id-intestine, while fluids o f p lant origin 
are retained in  the crop. T hey are then passed slowly, a little  a t a tim e, into
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the m id-intestine. When these insects are fed with warm water through a 
membrane, the warmth causes the crop to be by-passed, and the insect dies 
rapidly as a result of dilution o f the haemolymph. Thus it appears th at the 
impermeable crop is necessary, because the water regulating mechanism can 
expel water only at a rather slow rate. The sap sucking Hem iptera need to  
pass sap through their alim entary canal at the highest possible rate, in order 
to extract sufficient nourishment. That they  have successfully adapted

R . G L .

0 * 4  M M .
A  * -

M I D -  I N T E S T I N E
( F I R S T  R E G I O N )

O O T H E C A
G L A N D

Fig. 7—A. Sagittal section of ileum invaginated into first region of mid-intestine of Libyaspis 
flavosparsus (Plataspidae). Abbreviations as in Fig. 2, p. 858. B. Vacuolated cells from ileum 
of Aspongopus xanthopterus (Pentatomidae, Dinidorinae).

themselves to  such a process is evident from the abundance of species, and the  
large size reached by some o f them . Rapid passage of sap is not likely to be 
achieved by doling it out slow ly from an anterior impermeable reservoir, but 
by accelerating the rate of elim ination of excess water. This is probably the  
reason for the absence of a chitin-lined crop in all Hemiptera. On the other 
hand, they do possess a large chitin-lined rectum, where excreta of low osmotic 
pressure m ay be stored w ithout danger of haemolym ph dilution, until it is
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convenient to eject it. This organ is often found to be enorm ously distended  
w ith  w atery fluid. The water repellent character o f its  lining is readily seen  
w hen the organ is opened in  dissections, as it  w ill spread out on the surface 
o f the dissecting fluid. The problem is to  discover the m echanism  by w hich  
surplus water is shunted into th is safe reservoir. In  H om optera, the com plex  
“ filter chamber ” evidently  functions in th is way, but no such structure 
ex ists in the Heteroptera. E ven  if  we suppose, in spite o f R am say’s findings 
(1958) on the isotonicity o f  the tubule fluid, th at the M alpighian tubules 
m ight perform this task, the fact remains th at the tubules are not conspicuously  
more developed in sap-sucking than in other Heteroptera. One conspicuous 
organ system  stands out, as being present in sap-sucking H eteroptera, but 
absent from those o f other feeding habits, and from Hom optera, and th a t is  
th e  gastric caecal system . These caeca are nearly always found to  contain  
v a st numbers o f bacteria in  pure culture, and previous conjectures as to  their  
function have been based on the assum ption th at they existed  only to harbour 
these bacteria. The evidence for the interpretation o f the caeca as essentially  
a water eliminating system  can be summarized under several headings, as fo llo w s:

1. A re the bacteria found in  the caeca essential to the insect?  W hile it  is 
probable that caeca, even i f  evolved for a different purpose, would provide  
harbourage for bacteria, and th at th is association would itse lf be the subject 
o f evolutionary change to th e advantage o f the insect, it  is by no m eans certain  
th a t th ey  are essential to  life in every species in which th ey  occur. Further
m ore, the evidence suggests that, in so far as these bacteria are valuable to  
their host, this value m ay be a consequence o f the caecal function w hich is 
being proposed here.

W ith many species, it  has proved im possible to  rear sterile individuals 
owing to transovarial infection o f the offspring (this transm ission does not 
necessarily imply an essential relationship). Thus, Glasgow (1914) found it  
im possible to produce sterile A n m a  tristis  (De Geer) or M urgantia histrionica  
(H ahn), in order to  study th is problem. However, Bonnem aison (1946) w ith  
E urydem a ornatum  L. (Pentatom idae), and Muller (1956) w ith  Coptosoma 
scutellatum  Geoflfr. (Plataspidae) have m anaged to rear bacteria-free insects. 
A lthough in the latter case there was a high rate o f nym phal m ortality, both  
authors recorded successful reproduction b y  the adults. Coptosoma and other  
Plataspidae are insects in which the bacteria-insect association has evolved to  
a degree when the bacteria m ay be essential to  the insect, and the specialised  
m eans o f transmission to the offspring, by  globules deposited am ong the eggs, 
w as made use of, in order to  obtain the sterile insects. The present writer has  
found th at in the Bean bug (Acanthomia tomentosicollis) the caeca are 
m oderately well developed, but frequently do not contain a norm al bacterial 
population. The Lygaeidae Rhyparochrom inae (e.g. Dieuches arm ipes, 
A phanus  sp.) are also variable in th is respect.

On the other hand, supposing th e caeca to  be evolved prim arily for th e  
purpose o f exposing a larger number o f  excretory cells to  th e haem olym ph, 
i t  is inevitable th at bacteria, finding their w ay into the crypts so formed, 
would m ultiply. The water rejecting m echanism  is unlikely to  be so efficient
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th a t there w ould not be som e sugars and amino acids to  provide sustenance for 
a bacterial population. The origin o f the bacteria would be from bacteria  
contam inating the p lant surface. Miles (1958) has described how Oncopeltus 
fascia tus  and other phytophagous H eteroptera sample the surface w ith a drop 
o f saliva which is im m ediately  withdrawn into the food canal for testing by  
gustatory  sensilla. Once th e species has acquired an internal flora, then  
transm ission through th e  nym phs sucking excretory droplets from the adults 
w ould occur. I t  is significant th a t w hen identification o f the bacteria has been  
attem p ted  (SteinhauseJ a l.} 1956 ; Huber-Schneider, 1957) the caecal organisms 
have been found to  be very  close to  com m on soil inhabiting forms, which one 
m ay assum e to  be present on p lant surfaces as a result o f rain splash. In  the  
case o f the B ean bugs m entioned above, th ey  were collected from ripening 
pods o f P igeon pea (Cajanus cajan) at a level o f 4 to  5 feet above the soil. A t  
th is height rain splash is n ot likely to  be great, and hence the number o f  
individuals w hich lacked a norm al growth o f bacteria. The idea th a t in m any  
o f th e caeca-bearing species o f  Heteroptera, the infection o f  th e caeca is 
more or less fortuitous, finds support in the number o f  different strains 
w hich can be isolated from  different individuals o f  th e sam e species. 
Glasgow (1914) found th is  w ith  A nasa tristis, while Steinhaus et al (1956), 
working w ith  the sam e species, obtained strains o f tw o d istinct physiological 
typ es. One o f these ty p es w as found to  be virtually identical w ith  organisms 
isolated from a pyrrhocorid, Euryophthalm us cinctus californicus (Van D uzee). 
The present writer has found in  one experim ent on culturing caecal bacteria, 
th a t a group o f  four species (H ydara tenuicornis, Cletus fuscescens, M irperus  
torridus , A sp a v ia  armigera) collected in one spot all yielded a similar organism  
(paired very  short rods, growing in yellow  translucent pinhead colonies), 
whereas in  other experim ents th is was typ ical o f A spavia  armigera  only, the  
other species (Coreidae, w hile A . armigera is a pentatom id) producing cream y  
w hite opaque colonies. U nspecialised, easily cultured, bacteria are found  
chiefly in  Coreidae, and on ly  a few  species o f Pentatom idae have been found  
to  contain such organism s. In  Pentatom idae, evolution o f th e sym biotic  
association has led to  special m eans o f transm ission to  the offspring b y  smearing 
th e eggs (Rosencranz, 1940), and  the bacteria tend to  becom e high ly modified  
involution  forms, unresponsive to  artificial culture. Failure to  grow in  culture 
also afflicts the usually  tractable coreid caecal organisms, i f  m aturing adults, 
particularly fem ales, are used  as the source o f inoculum . The organisms, in  
these insects, appear to  be in  a state o f degeneration, irregularly clumped  
together, and w ith  m an y abnorm al shaped forms. The caeca them selves 
appear transparent, instead  o f  their usual opaque cream y colour. H ow  far 
th is is th e result o f action  b y  the insect tissues, and how  far it is the normal 
degeneration o f an old  bacterial colony, it  is im possible to  say at present. 
A n interesting point is th a t in  cultures, m any o f these strains grow slow ly and  
reach on ly  a very sm all colony size (0*5 to  1 mm), which could be comparable 
to  th e volum e o f a single caecum . W hile it  is also difficult to  determ ine whether  
the Coreidae in w hich th is degenerative phase occurs can derive benefit from  
the absorption o f breakdown products, there is no doubt th a t there is a trend, 
as seen in the h istology o f  the anterior end o f the caecal region and its  contents
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(See Part II), in Coreidae and perhaps even more in Pentatom idae, towards 
a continuous breakdown and digestion o f bacteria, even w hile th ey  are actively  
growing in the caeca.

The theory p ut forward b y  Glasgow (1914), th a t the m ain function o f  
caecal bacteria was to  prevent the growth o f other, perhaps less benign, parasitic 
organism s in the in testine, w as a reasonable deduction from his observations. 
I t  is now  w ell known, how ever, th a t m any, i f  not all, soil micro-organisms 
secrete antibiotic substances. The purity o f the caecal cultures would therefore 
be due to  a process o f natural selection, the m ost strongly antagonistic organism  
finally surviving to  colonise th e caeca. The organism which inhabits the  
in testin e o f the blood-sucking reduviid, Rhodnius prolixus , (Actinom yces 
rhodnii Erikson.) has th is sort o f effect, and when isolated from Triatom a  
infestans (K lug.), gave only  pure cultures (Goodchild, 1955). The possib ility  
th a t caecal bacteria m ay secrete accessory nutritional factors has also to  be 
considered. T hey m ay w ell do so, but in insects where th is is known w ith  
more certainty to  be th e  reason for sym biosis w ith  micro-organisms, the  
bacteria are m uch fewer in number, and occupy relatively  small organs in  
the body cavity , or live  in  th e ordinary intestine lum en. The m ost highly  
developed caecal regions are 70 per cent o f the to ta l length  o f m id-intestine, 
and 1*5 per cent o f  to ta l body w eight, while a rough count o f numbers in an 
average species, using a  blood counting chamber, gave 19 X 106 bacteria  
per insect.

The activ ity  o f caecal bacteria in locking up useful m aterials, which w ould  
otherw ise pass out w ith  the excreta, m ust surely be regarded as sufficiently  
beneficial to  the insect to  bring about the specialisations seen, for instance, in  
the Pentatom idae, w hile not contradicting the suggested function o f w ater  
excretion.

2. Can essential bacteria be harboured other than in  caeca ? Apart from the  
fact th a t in m ost other kinds o f  insects, sym biotic micro-organisms are 
harboured in m any w ays quite unassociated w ith  th e alim entary canal, the  
evidence from other m em bers o f  th e H em iptera favours an affirmative answer 
to  th is question. In  Rhodnius prolixus , organisms, proved to  be necessary  
for com pletion o f the life  h istory (Brecher & W igglesworth, 1944), are found  
in  th e lum en o f  the intestine. Fresh blood m eals are reinfected from coccoid  
forms w hich are retained in  th e  crevices betw een th e bulbous cell tips. In
D ysdercus sp., long chains o f bacteria, grow in  the luhaen o f the sac-like third  
m id-intestine region (though these are unspecialised typ es w hich grow vigorously  
in  culture, and have n o t been proved to  be essential). In  Cimex lectularius,
sym bion ts are harboured in  a special organ, the m ycetom e, separate from the  
intestine, and in  th e H om optera (which are all sap suckers), a w ide variety  o f
sym bionts are contained in  m ycetom es in  th e body cavity . The caecal region  
in  som e H eteroptera becom es transform ed into a m ycetom e, by the obliteration
of the passages from the caeca in to  the central intestinal tube, or by interruption  
o f the lum en o f the in testine a t both  ends o f the caecal region. In  those species 
where th e  former condition occurs, the food is usually  o f a dry kind, as in the  
pentatom id Agonoscelis versicolor, w hich in U ganda feeds on fu lly  ripe seed heads
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o f B idens p ilosa  (Compositae). Rosencranz (1940) claim ed th at the caeca o f  
Acanthosoma haemorrhoidale, which feeds on haw thorn fruits, were cut off in  
th is w ay, but the present writer finds th a t a continuous, but very  narrow, 
passage exists between caecum and intestine in th is species. Species w ith  th e  
in testin e  interrupted so as to  isolate th e caecal region are relatively few  in  
num ber, and highly specialised. T hey m ay have, as in  Aspongopus and  
L ib ya sp is , histological evidence suggesting th a t th e  ileum  m ay have taken  
over a water excreting function, or it  m ay be th a t th e highly developed explo ita
tio n  o f the bacteria enables them  to  reduce the rate o f intake o f sap. T hey  
are all sap suckers, w ith  very w ell developed caecal regions. M ycetom e-like  
structures are reported from the lygaeids N ysiu s, Ischnorrhynchus, and Isch- 
nodemus (Schneider, 1940), w hich do not possess caeca, but these small bugs 
m ay n ot feed entirely upon sap, but take whole cell contents. In  spite o f the  
above exceptions, the vast m ajority o f species seem  to  possess caeca which  
are in  com m unication w ith  the intestine, at least freely enough to  pass w ater  
through the connection.

3. Do the anatomical relationships of the caeca w ith other parts  of the m id 
intestine support a  water excreting function  ? In  th e H om optera, it  is the elabo
rate intertw ining o f the anterior and posterior ends o f  the m id-intestine which  
draws atten tion  to  the possib ility  o f  w ater transfer betw een th e tw o regions. 
H uber-Schneider (1957) suggested th a t th e  anterior ventral diverticulum  o f th e  
rectum  w as, in  Mesocerus m arginatus L. (Coreidae) th e equivalent o f a filter 
cham ber, on the grounds o f its  close anatom ical relationship w ith  th e  first m id
in testin e region. Mere physical proxim ity, however, is b y  itse lf no proof o f such  
a function. After all, th e internal organs cannot avoid touching one another 
to  som e extent. The possibility  o f  anatom ical proxim ity  having a physiological 
significance is increased i f  it  involves extrem e m odifications o f  shape, as in th e  
hom opteran filter chamber, or i f  th e adjacent parts o f  the organs concerned  
have m odifications o f th e  epithelia a t th e  poin t o f  contact. The epithelial 
structure should also at any rate in  th e receiving organ, show som e evidence  
o f ab ility  to  perform th e  necessary osm otic work, unless passive osm osis is  
to  be regarded as th e  operative m echanism . These criteria seem  to  be fulfilled  
in  th e  ileum  o f  L ibyasp is, but n o t for th e rectal diverticulum  o f  Coreidae. 
The th in  rectal epithelium  is n ot lik ely  to  be able to  perform osm otic work, 
in  fa c t i t  only appears capable o f  secreting th e chitinous intim a. There is no  
deviation  from normal in  th e epithelia over th e  area o f  contact, and, a priori, 
passive osm osis cannot be considered to  take place. Furtherm ore, an anterior 
prolongation o f th e rectum  is n o t found in  all sap sucking H eteroptera. 
The m ost probable interpretation o f  th e  rectal diverticulum  is as a device  
for obtaining the m axim um  rectal volum e w ith in  th e  lim its im posed b y  th e  
shape o f  the insect. Pesson (1944) seem s to  interpret the invagination o f the  
filter com plex into the rectum  o f certain coccids in  a similar w ay.

R egarding the gastric caeca in th e  lig lit o f  th e above criteria, it  m ay be said  
th a t there is alw ays a close contact betw een th e  caeca and th e posterior dorsal 
part o f  the sac-like first m id-intestine region. I t  is m ost strikingly exem plified b y  
th e arrangem ent in  Rhyparochrom ine Lygaeidae. In  th is subfam ily, the caeca



874 A. J .  P . GOODCHILD

are long tubes, relatively few in number, w ith their openings into the intestinal 
tube bunched rather closely on a short length o f intestine. In  their natural 
position, these pass forwards and wrap closely around the first region, as

I LEUM

RECTUM

B.M.  I

C A E .
Fig. 8—A. Alimentary system of Dieuches armipes (Lygaeidae, Rhyparochrominae) showing 
natural relationships of parts. B. Section through gastric caecum of Agonoscelis versicolor 
(Pentatomidae). C. Optical section through living gastric caecum of Cletus fuscescens (Coreidae). 
D. Section through gastric caecum of Acanthomia tomentosicollis (Coreidae).
B.M.—bacterial mass, Cae.—gastric caecum, Int. 1—first region of mid-intestine, Int. 4—fourth 
region o f mid-intestine, M.T.—Malpighian tubule.

shown in Fig. 8A. In all previous accounts o f the heteropteran intestine, this 
type has been illustrated w ith the parts in an extended position (e.g. Glasgow, 
1914 ; Kuskop, 1923), and the caeca separated from the anterior part o f the
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intestine. Thus, th e  obvious parallel w ith the hom opteran filter cham ber has 
n ot been apparent. In  the m ost advanced types o f  sap sucking H eteroptera, 
the caeca are in the form  o f m any short pouches. I t  m ay be th a t these are more 
efficient in water excretion th an  long tubes, and since there are m any o f  them , 
the tota l caecal volum e is probably greater than w ith  fewer long tubes.

I t  is also a significant feature o f the anatom y o f the caecal region in relation  
to  the more anterior parts o f the m id-intestine, th a t there is alw ays a more or 
less marked constriction betw een the two. This am ounts to  com plete intestinal 
interruption in a num ber o f species. In all sap sucking H eteroptera, insoluble 
residues accum ulate in  the m id-intestine region ju st anterior to  the caeca- 
bearing region, and are only expelled at long intervals, in m any species not 
until the adult stage is reached. The caecal region is thus isolated from the 
region o f active digestion. This has long been recognized, and no author has 
ever regarded the bacterial flora as in any w ay connected w ith  the digestive  
process.

4. I s  the histology o f the caecal region consistent w ith  water excretion ? 
Although there is nothing in the anatomical relationships which contradicts 
the hypothesis, such evidence is not in itself com pelling, and it  is necessary to  
consider whether th e caecal cells have a histological structure appropriate to  
th is function. All th e published illustrations o f sections through caeca show  
th e wall as a very th in  cytoplasm ic layer w ith flattened nuclei. In  fairness to  
the authors concerned, it m ust be adm itted th at th is is probably the best 
interpretation o f a confusing histological picture. Such a structure does not 
suggest an active role for the caecal cells. In  the liv ing state, however, the 
cells are often enorm ously expanded b y  large apical vacuoles, and the lum en  
o f the caecum contains large transparent spheres w hich m ust be derived from  
such cells. (Fig. 8C). The bacterial m ass occupies th e irregular spaces betw een  
the expanded cell tip s and the spheres, and no bacteria can be detected , even  
w ith  phase-contrast illum ination, w ithin the spheres, the vacuoles, or the cell 
cytoplasm . A ttem pts were m ade to fix and stain these fresh preparations, 
w ith  aceto-carm ine or m ethyl-green-acetic, but in every case the vacuoles and 
spheres could not be seen after treatm ent. I t  seem s, therefore, th at these  
structures are extrem ely delicate. N othing resembling the appearance o f the  
living cells survives normal histological processes, though in m any preparations 
the bacterial m ass is separated from the caecal wall b y  a w ide space, or m ay  
adhere to it in a layer broken b y  numerous gaps. I t  is likely th at these spaces 
were occupied by vacuolated cell tips. A slight im provem ent was found when  
non-aqueous fixative, picro-chloroform-acetic, was used, and som e o f the cells 
could be seen to contain small vacuoles. These were probably in an early stage  
o f vacuole developm ent.

The caeca were n ot invariably vacuolated in this m anner, and in all species, 
specim ens were found which, in  both fresh and sectioned preparations, showed  
the com m only accepted picture o f th in  flattened cells enclosing a continuous 
m ass o f bacteria (Fig. 8B ). In sections o f these specim ens, it is alw ays possible 
to  find some nuclei w hich appear to be embedded in the outer layer o f th e  
bacterial m ass, rather than in the cytoplasm  o f the caecal wall. In fresh
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preparations, the contents o f the caeca include objects w hich appear to be 
degenerating nuclei, surrounded by a thick cluster o f bacteria. These obser
vations suggest th at vacuole production is a cyclical process, resulting in cell 
destruction, w ith the bacteria actively breaking down the spent nuclei. The 
vacuoles m ay discharge their contents while still attached to  the cell, or the  
cell tip  m ay be pinched off from its  base, and becom e an isolated “ transparent 
sphere The latter do not usually pass into the m ain intestinal tube, but 
discharge at the narrow neck o f the caecum. There exists, therefore, in the  
caeca, a pattern o f cell behaviour which can be conceived as appropriate to  
the present hypothesis. The very abundant tracheal supply to  th e caeca also 
indicates a high level o f physiological activ ity .

In  the Bean bugs, Acanthomia  spp., which, as m entioned above, do not 
alw ays have a normal bacterial population, it  was interesting to find th at the  
cells o f the caeca preserved a bulbous shape in sections (Fig. 8D). As these  
insects feed upon ripening seeds rather than sap, the cells m ay not be very active  
in vacuole formation, or it m ay be that the pressure o f the growing bacterial 
colony causes the collapse o f the cells in other species: The caecal cells o f  
Acanthomia  are very like those found in the ileum  o f m any Lygaeidae, Coreidae, 
and Plataspidae. Seen under the microscope in the liv ing state, such ileum cells 
m ay occasionally release an expanded cell tip  to  float off in the lum en like a 
soap bubble. The m echanism  involved seems to  be the squeezing from adjacent 
sim ilarly expanded, cells. There do not seem to  be any records o f comparable 
“ water pum ping ” , epithelia in other Insecta. The passage o f water into the  
distal end o f a M alpighian tubule appears (R am say, 1958) to  be a passive 
filtration, while the m echanism  o f  water regulation in fresh w ater insects seems 
to  involve th e active recovery o f  solutes from such a filtrate (Ram say, 1950). 
Perhaps the nearest known mechanism is the contractile vacuole o f Protozoa.

As a postscript to  these considerations, the writer has been fortunate 
enough to discover, in a lygaeid, Parom iits gracilis, w hich does not possess 
gastric caeca, a cell pattern in the last part o f the m id-intestine which suggests 
a stage in the evolution o f  caeca. In  this species, the cells lin ing a short segm ent 
o f the intestine im m ediately anterior to the ileum  contain several large vacuoles 
(Fig. 3F). The intestinal epithelium  o f this region is not vacuolated in any  
other species. These cells form a continuous layer in  P . gracilis , but one m ay  
im agine th a t if  sm all groups o f such cells developed am ong the ordinary 
intestinal cells, the pressure o f the expanding vacuoles m ight force them  to  
bulge outwards into a crypt-like structure.

5. The evidence from  correlation of caeca with sap  sucking diet. W hile it  
is well known th at zoophagous and seed sucking species lack the gastric caeca, 
the evidence for a relationship between presence o f caeca and phytophagous 
diet is obscured b y  the abundant species o f Tingidae and Miridae, and m any  
Lygaeidae, in which caeca do not occur. W ith regard to  these, however, there 
is no clear evidence th at sap alone constitutes a m ajor portion o f the diet. 
From observation o f a number o f species, it appears th a t such rich sources o f  
food as ovules or developing seeds are frequently, perhaps constantly, selected. 
Carayon (1944) suggests th at the passage o f liquid excrem ent b y  Ischnodemus
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sabuleti, a species in which the intestine not only lacks caeca, but is d iscontin
uous, proves th at the Malpighian tubules are the source o f the liquid excreta in  
all species. I t  is likely, however, th a t the excreta o f  these insects is more or 
less isotonic w ith the haem olym ph, and produced in relatively sm all am ounts. 
The fam ilies nam ed above are com posed o f species o f small or very sm all size. 
This m akes it possible for the insects to  feed by  sucking out the whole cell 
contents, thereby gaining a more concentrated and balanced source o f nutrition  
I t  is significant that m any small H om optera which feed in this m anner (e.g. 
m any Jassidae, vide Saxena, 1955), lack the filter chamber.

In  the phytophagous Cimicomorpha (Tingidae and Miridae) there are 
present, in the salivary gland structure organs, the accessory salivary gland  
vesicles, which are lacking in Pentatom om orpha. These vesicles are th in  
walled, and closely applied to the wall o f the first m id-intestine region. The 
purpose o f these vesicles seems to  be the recirculation o f water, in order to  
m aintain a flow o f saliva. The value o f this to  zoophagous insects w ould be a 
more efficient w ashing out o f the contents o f the prey, broken down b y  salivary  
proteases. In  the m ost highly developed blood-sucker, Rhodnius p ro lixu s , the  
vesicles are absent. They are well developed in Miridae and Tingidae, and in  
the feeding o f these insects, a toxic saliva is used to kill the plant cells around  
the puncture, and the dissolved contents are ingested. This sort o f d iet w ould  
not contain a great excess o f water. There is evidence from the Bryocorinae, 
which are probably the largest o f the phytophagous Cimicomorpha, and which  
m ake a large lesion into which sap m ay exude, th at excess water can be excreted  
through the salivary gland vesicles. Goodchild (1952) records the appearance 
of droplets o f a clear fluid from th e m outh parts soon after finishing a feed.

The exceptional cases where caeca are present in species which have  
adopted a dry diet, and those where th e  caecal region is not in com m unication  
w ith the rectum, have already been referred to. For the reasons w hich were 
m entioned, it is not thought th at th ey  constitute an insurm ountable obstacle  
to the acceptance o f a water excreting function for the caeca in general, but 
represent evolutionary divergences from the sap sucking basic stock.

6. The evidence from  the fa te  of injected dyes. In studying the cacao  
capsid bugs (Goodchild, 1952), it w as found th at the parts o f the intestine w hich  
became stained w ith injected m ethylene blue were those which, on other 
grounds, it was thought that passage o f water from the haem ocoel to  the 
intestinal lum en m ight be taking place. Similar work on Pentatom om orpha, 
carried out at the same tim e but unpublished, showed clearly th at the caeca  
took up the dye. This was m ost striking in the pyrrhocorid Physopelta  sp., 
which possesses a normal series o f pocket-like caeca. U nfortunately, it  has 
not been possible to  collect this genus for further study, and in th is present 
work only seed sucking Pyrrhocordiae were studied.

DISCUSSIONS AND CONCLUSIONS

The conclusions which m ay be drawn from the facts outlined above seem  
to  be as follows. Taking the Order H em iptera as a whole, the existence o f  a 
separate com partm ent o f the intestine into which th e Malpighian tubules open
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(the so-called “ ileum ” ) can be dem onstrated only in the H eteroptera Gym - 
nocerata. I t  is not present in H om optera (vide Licent, 1912 ; Kershaw, 1913 ; 
Pesson, 1944 ; etc.), or in H eteroptera Cryptocerata (vide authors quoted  
earlier). The ileum, in those species in which this organ occurs, arises in  the 
em bryo as a fusion o f vesicles formed at the base o f each m alpighian tubule  
(Srivastava & Bahadur, 1961), and is generally agreed to  be endodermal, both  
on embryological grounds (e.g. H enson, 1932), and on histological grounds 
(absence o f chitinous intim a recorded by  numerous authors). I t  m ust there
fore be regarded as a segm ent o f the m id-intestine, and not hom ologous w ith  
the ileum in other insects, which is part o f the hind-intestine (Snodgrass, 1935). 
In  the zoophagous lines o f G ym nocerata (Cimicomorpha, Am phibicorisae), the  
ileum  remains very small, and it  is only in the Pentatom om orpha th a t a 
disinct sac develops. Increasing size is probably sufficient reason for the  
lateral migration o f the M alpighian tubule openings, which thereby avoid  
compression against th e dorsal and ventral body walls. The Lygaeidae, in  
which the ileum retains its  prim itive position as a continuous part o f  the  
intestine, and is histologically least specialised, seem to  be a fam ily in which  
there is the greatest variety  o f form in the developm ent o f gastric caeca and  
m ycetom e-like structures (as shown b y  the list given by Schneider, 1940). One 
m ay regard it as a fam ily in which m any “ experim ents ” in intestinal structure  
have been attem pted. There is also a great variety o f feeding habits. Though  
m any Lygaeidae feed on ripening or dry seeds (Sweet, 1960), others are un doub t
edly  predatory (e.g. Geocoris), sap sucking (e.g. B lissus), or o f uncertain diet 
w hich m ay include coprophagy or necrophagy (Miller, 1956). In U ganda, 
Dieuches armipes is usually found am ong rotting fruits beneath p lants o f  
various species o f Cucurbitaceae. In  the other families o f Pentatom om orpha, 
the pattern o f the gastric caeca has becom e stabilised in the form o f rows o f  sm all 
pouches, and there is a trend towards the exclusion o f the ileum  from th e m ain  
axis of the intestine. W hile it is in the Rhyparochrominae th a t the gastric  
caeca are m ost strikingly comparable to  the filter chamber o f H om optera, 
these changes in the ileum , in the fam ilies (Coreidae and Pentatom idae) in  
which sap sucking has become m ost highly developed, support the evidence  
already given for that interpretation o f caecal function. I f  the chitin-lined  
rectum  can be regarded as a place where excreta hypotonic to  the haem olym ph  
can be stored, then the tendency for the m id-intestine opening to be brought 
into close proxim ity to  the ileo-rectal valve m ay be a device for facilitating  
the transfer of hypotonic material from the caecal region to  the rectum , w ith  
the minimum of contact w ith the permeable*walls o f the ileum . The differences 
in the manner in which this is achieved, and the different number o f  caecal 
rows in the two families, suggest th at the Coreidae and Pentatom idae have  
evolved separately towards a sap sucking mode o f life. The tendency to  
by-pass the ileum makes it difficult to  understand w hy th is organ should have  
evolved at all, as it is obviously correlated w ith  a phytophagous habit. On the  
basis o f the evidence from such forms as Libyasp is  or A spongopus , it  seem s 
possible th at the ileum was itse lf the original water excreting region, but 
became superseded by caeca, w hich could offer a greater surface to the haem o
lym ph, and be more closely applied to the first region o f the intestine, The,
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probably fortuitous, invasion o f the caeca b y  bacteria has been the subject o f  
further evolutionary modification and specialisation, but from the beginning, 
these bacteria would be o f value in locking up useful materials which would  
otherw ise be lost. This function of the bacteria, com plem entary to  the con
ception o f the caeca as a water excreting system , is emphasised by the discovery  
(See P art II) that mechanisms exist, and are developed to  a high degree in  
som e species, by which the bacteria can be digested, and the locked-up nutrients 
released and absorbed.

In  the species which have become specialised for a dry diet, such as ripe 
seeds, the gastric caeca are not developed, or are rudim entary, or are closed off 
from the lum en of the intestine. The ileum  is reduced in volum e, and its  cells 
have a dense, deeply staining, cytoplasm . In  the Pyrrhocoridae the cells are 
tall and narrow w ith strongly basophil tips, and in Coreidae (Alydinae) they  
have long basophil terminal lobes. The staining reaction o f such cells is 
similar to th at of the ampulla cells o f Cimicomorpha. W igglesworth (1931) 
has shown th at the latter cells actively  absorb water, and it is therefore reason
able to  assume that this is the case in the Pentatom om orpha w hich have  
adopted a dry diet. The significance o f the extrem e developm ent seen in  the  
am pullae o f the Cimicomorpha m ay be in the essentially zoophagous d iet of  
th is group. This m ust involve a considerable am ount o f protein m etabolism , 
and consequently a high rate o f uric acid production. As W igglesworth showed, 
the absorption o f water in the am pullae is im portant in precipitating out the  
uric acid.

Turning now to the hind-intestine, we find th at in spite o f negative sta te
m ents in textbooks, there ex ist in this region cells w hich are distinct from the  
th in  rectal syncytium , and which justify  the term rectal glands. Such special
ised areas are found in species w ith  every typ e o f feeding habit, and although  
the appearance differs considerably between the extrem e cases, y e t  th ey  are 
connected by  a full range o f interm ediate forms. The function usually ascribed  
to rectal glands is water absorption, though in Cryptocerata a respiratory 
function has been suggested (Poisson, 1924) on account o f the numerous 
intracellular tracheoles. H am ilton (1931) refuted the latter explanation on  
the grounds o f lack o f a dem onstrable water flow, and the fact th a t such  
tracheoles occur also in m ost terrestrial H eteroptera would seem to  confirm  
this opinion. The conclusions o f R am say (1958), on the passage o f am ino acids 
and other useful materials through the M alpighian tubules, show th a t rectal 
glands m ust absorb these m aterials to  a large extent. This concept is o f  
value in  understanding the position in H eteroptera. W hile, in  the terrestrial 
species, the connection between degree o f  gland cell developm ent (particularly 
the eosinophil border) and dryness o f diet, suggests the com m only accepted  
function o f  water absorption, th is is m ost unlikely to  be necessary in an aquatic 
species. Y et it is these species which have the m ost extensive and highly  
developed rectal glands o f any. The Cryptocerata, being underwater feeders, 
m ust suffer the dilution o f their ingesta w ith  water, which would pass freely  
through the wall o f the intestine. This m ay, incidentally, be the reason for the  
retention (or re-development) o f the peritrophic membrane in Corixidae. The 
turgor pressure set up in the haem olym ph would drive a large volum e o f
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filtrate through the Malpighian tubules. The rectal gland in this group m ust, 
therefore, be regarded as an organ for the recovery o f solutes from this flow, 
finally yielding a copious hypotonic urine. In  the structure of the cells, it  is 
noticeable th at the striated eosinophil border is absent, and the eosinophil 
m aterial is concentrated in the basal part o f the cell. These differences m ay  
be the histologically visible indications o f the functional bias towards solute 
absorption rather than water absorption. W ith regard to Gerris, w ith its  
surface skating habits, there would not necessarily be any danger o f unwanted  
w ater intake. Nevertheless, water is plentifully available for drinking, and  
the absence o f the ileum ampulla cells which occur in fu lly  terrestrial predators 
m ay be the result o f this. The presence o f m uch solid m atter in the rectum  
suggests th at some water absorption does take place in Gerris, so that the  
presence o f a striated zone is not anomalous.

W hen we come to the terrestrial predators and seed suckers, it  is obvious 
th at there cannot be any excess water in the diet, and conservation will be 
necessary if  the insect is not to  be restricted in  its  m ovem ents by the need for 
sources o f water. In  the extrem ely dry diet o f seed suckers, some drinking is 
inevitable, and such forms as D ysdercus are known to  pierce soft plant tissues 
or resort to  cannibalism or necrophagy, in search o f water. As has been  
described, the glands are well developed in these species. The differences in  
area and cell thickness between Cimicomorpha and Pentatom om orpha do not 
seem  to indicate any great difference in function, but are probably the result 
o f chance divergence in the course o f evolution. More difficult to understand  
is the great extent o f the gland in  the m ost highly developed sap suckers. The 
cells, it is true, have little cytoplasm  and lack the conspicuous striated zone, 
so th at we are not faced w ith the anom alous presence o f water absorbing 
structures in insects w ith a water surplus. An explanation on the lines o f  
Cryptocerata faces certain difficulties. The gland cells in Cryptocerata are thick, 
w ith dense cytoplasm , whereas those in the m ost advanced sap sucking 
H eteroptera are apparently rather degenerate. The shape of the glandular 
region in Cryptocerata, and also in cicadoid H om optera, where a similar process 
probably occurs, is that o f a narrow tube. This shape gives a high area to  
volum e ratio, as would be expected, whereas the rectum  o f Pentatom om orpha 
is an expanded sac having a low area to  volum e ratio. The possibility th at the  
gland epithelium  in the latter insects is sim ply non-functional is difficult to  
reconcile w ith  the large area involved (more than any other terrestrial species). 
I t  would have been expected th at loss o f function would have resulted in  
replacem ent o f gland area by th e more elastic rectal syncytium . A possible 
explanation is th at the fluid stored in the rectum , although it  consists o f water 
w hich is in excess when the insect is actively  feeding, m ay be retained and  
slow ly absorbed to  replace evaporative losses, while the insect is m igrating in 
search o f a new host plant, or for reproductive purposes. I t  is noticeable th at  
insects o f th is type survive m uch longer in the laboratory w ithout food than  
H om optera such as Cercopidae, which have no rectal storage capacity. There 
is also some evidence from differences in the gland epithelium  between nym ph  
and adult. In sections, the chitinous intim a seems to be separated from the  
cytoplasm  by a narrow non-staining zone in adults, but is in direct contact
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w ith  the rather dense granular cytoplasm  in nym phs (Fig. 3 D ,E ). In  IAbyaspis, 
it  has been observed th a t the nym phal rectum  is more transparent, in the 
liv in g  state  than th at o f the adult.

The curious case o f  the Miridae Bryocorinae which have neither rectal 
gland nor ampullae, m ay now be considered. Superficially, their structure is 
very  like th at o f Lygaeidae, but for the absence o f the gland. I t  does not seem  
reasonable, however, to  regard this sub-fam ily as a link between the two  
m ajor divisions o f terrestrial Heteroptera, owing to  the specialised nature o f  
th e  term inal segm ent o f the m id-intestine. This, w ith its  long filaments, is 
quite unlike any other H em ipteran intestine. Experim ents have shown th at it is 
clearly a region o f intense water absorption. The resemblance o f the filamentous 
processes to  those o f am pulla cells, together w ith their similar function, suggests 
th a t the last part o f the m id-intestine o f Bryocorinae represents the fused and  
extended  ampullae. Clearly, embryological studies would be o f interest here. 
N o provision seems to be m ade for water recovery posterior to the m alpighian  
tubules, and the w idely open ileo-rectal valve suggests th a t the excreta are 
isotonic w ith  the haem olym ph. On the other hand, the water available is 
econom ically used, because nearly all th at present in the m id-intestine m ust 
be absorbed by the filam entous cells, and utilized in  the excretory process by  
th e  Malpighian tubules. The possibility th at excess water, if  any, m ay be 
excreted b y  the accessory salivary gland vesicle, has already been m entioned. 
The overall impression is th at these insects have a well balanced diet, w ith no  
urgent need either to conserve or to excrete water, which m ay be the result o f  
the Cimicomorph cell destruction typ e o f feeding applied to soft, succulent, 
tissues w ith  high water content. They tend towards the sap sucking P entato
m om orpha in their feeding habits, but are lim ited in structural adaptation  
by their ancestry. This paper does not set out to  make taxonom ic decisions, 
b u t there does seem to  be a case for raising Bryocorinae to th e rank o f a fam ily.

Certain other phylogenetic considerations are suggested as a result o f th is  
work. W hile the divisions set out b y  Leston et al. (1954) are endorsed, the  
evidence from intestinal structure indicates th at Lygaeidae are the m ost 
prim itive group, and th a t the simplified structure, w ith loss o f caeca, found  
in Asopinae (Pentatom idae) and certain Pyrrhocoridae, has been secondarily  
acquired. W hile no trace o f caeca rem ains in Asopinae, rudim ents are to  be  
found in  the fem ales o f  Pyrrhocoridae. In  Dysdercus , th ey  are closed vesicles 
containing a clear viscous secretion which stains strongly w ith  eosin. They  
are connected to  the in testin e by a solid thread o f cells inserted among the  
cells o f th e intestinal epithelium . The tota l appearence is very like th at o f  the  
thyroid  follicles o f vertebrates, and it  w ould be interesting to  investigate  
possible endocrine a ctiv ity  in these organs. In  M yrm oplasta  the caeca are 
represented by  small bundles o f cuboid, pale staining, cells, and no lum en can 
be detected . The connection o f these to the intestine is by  th in  strands o f the  
peritoneal membrane. In  these species, and also in Scantius , where no caeca 
could be found, the term inal part o f the m id-intestine is o f the kind found  
where norm al caeca are present, a narrow, rather thick walled, tube composed  
o f ta ll columnar cells. Caeca m ay regress and eventually  disappear in species 
w hich adopt a dry diet, i f  the cells which would excrete w ater lack the stim ulus
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to do so. I t  m ay be th at the expansion o f the caeca depends upon th e pressure 
of th e secreted fluid in a manner comparable to  the expansion o f the vertebrate  
allantois by the secretions o f the em bryonic kidney.

II . D is c o n t in u it y  O f T h e  I n t e s t in e  I n  H e t e r o p t e r a

INTRODUCTION

In  the current text-book  accounts (e.g. Im m s, 1957) o f the structure of 
the alim entary canal in the Insecta , the existence o f an interruption o f the 
continuity  o f the lum en, betw een m id- and hind-intestine, is described as 
occurring in the larval stages o f H ym enoptera Apocrita, Neuroptera Planipennia  
and viviparous D iptera. I t  is also m entioned, as a remarkable state o f affairs 
in certain H eteroptera (the lygaeid  Ischnodemus sabuleti Fall, and Plataspidae) 
and in the hom opteran fam ily D iaspididae. In  the general account o f H eter
optera by  Poisson (1951), in addition to  the above m entioned cases, d isconti
nu ity  o f the intestine is recorded in Dimorphopterus spinolae (Sign.) (Lygaeidae, 
Blissinae). More recently, interrupted types o f intestine have been described  
by Carayon (1955) in the six  species o f Aradidae which he studied, and by  
Schorr (1957) in Brachypelta aterrim a  Porst. (Cydnidae). The purpose o f  
the present com m unication is to  describe some further instances o f th is struc
tural feature in the intestines o f  adult Hem iptera, and also in the nym phal 
stages o f Pentatom idae. In view  o f  the widespread occurrence o f d iscontinuity  
o f the intestine in H eteroptera, w hich the present work has revealed, it  is 
remarkable th at no reference to it  can be found in general accounts o f  intestinal 
m orphology o f th is group, such as those o f Glasgow (1914) or Y anai (1952). 
Indeed, the latter author gives as his type genus for the normal continuous 
intestine o f Coreidae, the genus Acanthocoris, the tropical African species o f  
which have a discontinuous intestine w ith strongly marked atypical features. 
Since these features could hardly have escaped notice, th is shows th at evolution  
o f the intestine can take place w ithout change in outward appearance exceeding  
generic lim its, in w idely separated populations. In  the endopterygote larval 
stages w ith interrupted intestines, and in some H em iptera, the non-functional 
segm ent o f the intestine is readily visible as a narrow thread in which a lum en  
is lacking. In  m any other H em iptera, however, the discontinuity is betw een  
tw o bulbous regions closely pressed against one another, and the lack o f  connec
tion can only be revealed w ith  certain ty  by  sectioning the organs. This would  
explain the failure o f authors to recognize discontinuity.

THE INTESTINAL ANATOMY OF PENTATOMOMORPHA

A ll the records o f intestinal d iscontinuity in the Heteroptera, including  
those to be described here, are found in th at sub-division termed b y  Leston  
et al. (1954) the Pentatom om orpha. These are predom inantly phytophagous, 
and in fact d iscontinuity has not been found in any purely zoophagous species 
of the group. I t  is well known th at in m ost Pentatom orpha, the m id-intestine  
consists o f four distinct regions, w hich m ay be briefly described as follows. 
A very short, chitin-lined, tubular fore-gut joins, in the prothorax, an inflated  
sac-like first region o f the m id-intestine (which is conveniently designated M l ) .
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A valve-like oesophageal invagination m ay be developed at the junction, b u t the  
peritrophic membrane is rudim entary or absent. The region M l  extends  
backwards to about the m iddle o f the abdom en, and there joins a tubular  
region (M2) ,  the length  o f which varies in different species from a h a lf to  
as m uch as tw ice th at o i  M l .  The M 2 forms a loop in the ventral part o f the  
abdom en, and is followed by a third region (MS),  which is another expanded  
sac, ly ing  in the right-hand side o f the abdom inal cavity. W hereas M l  is 
usually alm ost em pty, in the adults o f sap sucking species (though it m ay  
contain  abundant w hitish  p asty  m aterial in seed suckers), M 3 is alw ays 
distended by a p asty  m ass o f insoluble residues. In m any small Lygaeidae, 
M 2  is wide, and the intestine appears as a string o f three sac-like regions. On 
the other hand, in m an y Pentatom idae, M 3 does not seem to  be a perm anent 
organ, but only a tem porary swelling o f the posterior end o i  M2 ,  which m ay  
vanish  for a while after defaecation. In  the pentatom id sub-fam ily Scutellerinae 
M 2  is very long, and appears to  lack even a temporary terminal swelling, while 
in m any specimens o f large Pentatom inae, M 2  has been found to be in the  
form o f  a string o f several bead-like tem porary swellings. E xcept in the  
Aradidae, Piesm idae, and R hopalidae, in m any Lygaeidae and Pyrrhocoridae, 
and in  the pentatom id subfam ily Asopinae, M 3 is followed by a narrow tubular  
region, which m ay be as long as the preceding regions together, and in som e 
species reaches as m uch as tw o and a h a lf tim es their combined length. This 
fourth region (M4)  bears rows o f  th in-w alled pouches, the well known “gastric  
cacea ” . I t  occupies the posterior dorsal part o f the abdomen, running trans
versely over the posterior part o f  M l ,  and backwards to join the expanded  
ileum , into which the M alpighian tubules open. In m any species there is a 
slight swelling at the anterior end o f M4 ,  before the beginning o f the caecal 
rows. This swelling is usually w ell developed in species where a discontinuity  
occurs between it and M S  (though in Brachypelta aterrima  (Schorr, 1957), 
the swelling appears to be absent). The junction o f M S &ndM 4  is the poin t 
where discontinuity o f the in testine occurs in all H eteroptera *. In species 
in w hich M 4  is not developed (e.g. Ischnodem us sabuleti and Aradidae), d iscon
tin u ity  m ay be found betw een M S  and the ileum . In these, the discontinuity  
m ay seem  to be betw een m id-and hind-intestine, as in the larval Endopterygota, 
w hile in species having a caecal region, it  seems to be in the middle o f the  
m id-intestine. In fact all cases have th e constant feature th at d iscontinuity  
is posterior to  M S. In  som e o f the species w ith  discontinuity between M S  and  
M 4, there is also d iscontinuity  betw een M 4  and the ileum , and this second, 
more posterior, d iscontinuity m ay be more extrem e than the first. N o instances 
have y e t  been found, how ever, where a discontinuity betw een M 4 and the  
ileum  is the only interruption- present in the intestine. In the P lataspidae, 
the M 4  —  ileum discontinuity is found only in the m ale, the posterior end  
o f  M 4 in the female being transform ed into the highly specialised “ oothecal 
gland ” . Since all other cases o f intestinal discontinuity are found equally in 
both sexes, it is probable th a t from the view point o f intestinal function , 
the posterior m id-intestine o f fem ale P lataspidae is effectively discontinuous.

* I am indebted to Dr J. Carayon for confirming this for Dimorphopterus spinolae, of which 
no illustration or full description has been published.
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E ven  when a com plete, anatom ical, interruption o f the intestine cannot 
be dem onstrated, there ex ist betw een the successive regions o f the penta- 
tom om orph intestine m arked constrictions o f the lumen, which could act as 
va lves in regulating the flow o f the intestinal contents. It has been observed  
th a t in dissections of species w ith  apparently continuous intestines, it is often  
difficult to displace the contents o f M S  into M 4 by exerting pressure on J /3 . 
Miles (1958 a) showed, by feeding nym phs o f Oncopeltus fascia tus  (Dali.) w ith  
Chinese black in their water supply th at excreta o f m id-intestinal origin were 
not passed until after the final m oult. T otal discontinuity o f the intestine  
is therefore only the u ltim ate developm ent o f a strong tendency to restrict 
m ovem ent o f the intestinal contents, which is found throughout the P en ta
tom om orpha.

ACANTHOCORIS SPE C IE S (C O R EID A E, PHYSOM ERINAE)

The intestine o f species o f th is genus has been found to  possess a total 
discontinuity  between M S  and Af4, and betw een M 4 and the ileum, in both  
sexes and in later nym phal stages. The early nym phal stages have not been 
available for study. The m ost com m on species in the neighbourhood of 
K am pala is A . obscuricornis D ali., b u t all other locally occurring species were 
found to have intestines o f th is typ e, as also was the closely related Choerom- 
m atus indu tus  Stal. These insects are about 13 mm long (excluding antennae), 
o f typ ical coreid proportions, and dull grey-brown colour, w ith a m ealy  
surface. Acanthocoris has the hind fem ora inflated, and tibiae flattened, and 
the legs and pronotum w ith m any sm all tubercles or spines,while Choerommatus 
has rather thin, unspecialised legs, and a sm oother cuticle. The habitat o f  
these species seems to be at ground level, am ong m ixed grasses and herbs. 
Individual adults are often found in hum id forest regions, resting on low  
herbage, and occasionally larger groups o f (presumably) newly m oulted adults 
occur in this situation. N o particular species o f plant is chosen, and feeding 
has not been observed. The nym phs are o f usual coreid form, grey in colour 
w ith  a conspicuous w hite m ealiness, and m ay be found in the surface layers of 
the soil. In  the writer's own garden, colonies o f nym phs have been found  
associated w ith plants o f a legum inous herb, Indigofera spicata, and w ith  
S w eet potato (Ipomoea batatas).

The anatom y (Fig. 9) and h istology o f the intestine is as follows. A narrow  
fore-gut joins the m id-gut b y  m eans o f a m oderately well developed oesophageal 
valve. The M l  region is o f the norm al sap-sucking heteropteran type, a 
rather thin walled sac, usually flattened and containing only a little flocculent 
cell debris, but som etim es distended b y  air bubbles, in which case vigorous 
m uscular contractions take place. The epithelium  consists o f the bulbous 
tipped, irregularly columnar, m ostly  binucleate cells usually found in H em iptera  
The anterior half o f M l ,  where the salivary glands are closely applied to it, 
is a translucent orange tin t, and its cells are small to moderate size, w ith dense, 
finely granular basophil cytoplasm . The posterior half is opaque cream y 
colour, and has larger cells which vary in appearance according to the phase 
o f their secretory cycle (Fig. 10A). This seem s to resemble th at described  
(Goodchild, 1952) in cacao capsid bugs. The cells have a basal zone w ith  little
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stainable material, a middle zone w ith the two nuclei in a tandem arrangement 
along the long axis of the cell, and a bulbous tip which is either moderate in 
size and densely packed with coarse brown granules, or else expanded and 
em pty, in  the latter case, the nuclei stain poorly and the cell is evidently  
degenerating. There is a narrow striated border in the immature cells, but

OES.V. M.3. CO. CON.

M . 4 . B .

REC.DIV
M.2. M.4.

ILEUM

TR. 5 .

2 -0  MM. T R . 6 .
REC.A N U S

Fig. 9— W hole in testine  of Acanthocoris obscuricornis Dali.
Co. Con.—cord connection, M .l—first region of m id-in testine, M.2—second region of same, 
M.3—th ird  region of same, M.4 B .—an te rio r bulb of fourth  region, M .4—fourth region (bearing 
gastric  caeca), Oes. V .—oesophageal valve, R ec.—rectum , Rec. D iv.— rectal diverticulum , 
Tr. 5— tracheae from  fifth abdom inal spiracle, T r. 6— tracheae from  six th  abdom inal spiracle.

this is obliterated by the stretching of the cell wall as maturation proceeds. 
Cells in the epithelium may be at various stages in developm ent, but as in the 
cacao capsids, starvation brings about a uniform condition, with cells all 
immature. A short constricted region o f the gut, with slightly smaller, columnar, 
densely staining, cells, connects M l  to a short M2,  which loops under M l  and 
passes anteriorly. The first part about three-fifths) of M 2  is rather inflated,
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while the last part is a narrow tube, lined with small cuboid to columnar cells, 
which opens into the sac-like il/3 . The epithelium of the first part o f M'2 
consists of moderate sized columnar cells, with finely granular cytoplasm and 
nuclei situated towards the base (Fig. 10B). The cell border appears to have 
a basophil striated zone within the cell boundary, and a slightly wider, non-

B

50  m

/

Fig. 10— Cells from  m id-in testine of Acanthocoris obscuricornis Dali. A. Cells from posterior p a r t  
of first region. B. Cells from second region. C. Section along cord connection betw een th ird  
(on left) an d  fourth  (on right) regions.

staining, brush-like border extending into the gut lumen, but it would seem  
that a phase occurs in which the cells are narrow and crowded, with expanded  
lobe-like tips lacking striations.

In M 3 the cells are always found in a state of tension due to the accumulated 
residues in the lumen, and they form a pavem ent-like epithelium under these
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conditions. Their general appearance, and particularly the striated cell 
border, show that they are essentially similar to the cells o f M 2 . There is no 
opening in the epithelial layer at the point where the intestine should m ake its  
ex it from M S , and instead a thin solid cord o f sm all, rather pale staining cells 
joins the epithelia o f M 3  and the anterior bulb o f M 4. This cord, about 0*5mm 
long, is enclosed by the peritoneal m embrane and muscle layer covering the 
rest o f the intestine, and has a vestigal lum en where it joins M 4  (F ig. IOC). The 
cord-like junction lies far forward in the abdom en, and the regions which it  
connects lie side by side. The M 4  bulb is o f very  large size, comparable w ith  
M l ,  and is always distended b y  a mass o f  light brown pasty  m aterial (the 
contents o f M 3  are a much darker brown colour). There is a marked difference 
in the appearance of the contents o f M S  and the Af4 bulb in histological 
sections, those o f M S  being granular and d istinctly  eosinophil, while the contents 
of the M 4 bulb are non-staining clumps o f hyaline appearance, w ith  scattered  
granules and plate-like or rod-like crystals. The cells forming the lin ing o f  
this bulb are, as in M S , for the m ost part stretched to a th in  pavem ent-like  
epithelium , but where the bulb narrows to the caeca-bearing region, th ey  are 
able to expand to a more normal shape (Fig. 11). A t this point it  is clear th at  
the cells very much resemble those o f the posterior part o f M l ,  w ith  coarse 
brown granules in the cytoplasm . The granules seem to be distributed into  
the basal part o f the cell to  a greater degree than in the M l  cells, and while 
the term inal lobe m ay contain sm all vacuoles, it  does not expand to  the extent 
s e e n 'm. M l .  I t  is not easy to see to  w hat ex ten t the contents o f the M 4 bulb 
include debris o f spent cells, such as occurs in M l .  A point o f  the greatest 
significance is that, where the bulb narrows to  the succeeding tubular region, 
a m ass o f strongly basophil m aterial, identical in appearance w ith the bacterial 
contents o f the gastric caeca, is to  be seen intruding into the bulb, and grading, 
through an eosinophil zone, into the typ ical non-staining contents.

A short tubular region o f columnar cells connects the bulb to  the cacea- 
bearing region (Fig. 11), the cells o f which are small dom ed pavem ent type, 
w ith brownish granular cytoplasm . The cells o f the connecting region have  
lobed tips which contain a m ass o f coarse basophil granules, and betw een lobes 
o f adjacent cells there is a deep eosinophil brush border. Circular muscle is 
well developed in this region, more so than in the more anterior constrictions 
of the intestine. The caecal pockets are exceedingly numerous finger shaped  
outgrowths, each one about 150 p  b y  40 p, arranged in two opposing rows which  
tw ist around the intestine in a helical pattern. The length o f  th is region is 
about 70 per cent o f the total m id-intestine. Inside each caecum  is a dense 
mass o f bacteria o f a paired short ovoid rod type, probably close to th at  
studied by Huber-Schneider (1957) in another coreid species, M escoerus 
m arginatus  L . The caeca open w idely to the central tube, and in the living  
state are a creamy colour, the central tube being alm ost transparent. The 
cells o f the caeca are flattened and slightly dom ed, w ith large flattened nuclei 
against the base, brown granular cytoplasm , and one or a few  clear spherical 
vacuoles. The caeca-bearing region as a whole is arranged in a sinuous manner 
around the abundant tracheal branches from the spiracles o f the fifth and  
sixth  abdom inal segm ents on each side, like the small intestine o f a vertebrate
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around the mesenteric blood vessels (Fig. 0). Tn dissections, 3 /4  seems to be 
connected to the ileum, but closer exam ination, or the study of serial sections, 
shows that in fact it ends blindly, and the connection is by means of fine 
tracheal branches, w ith not even the peritoneal nor the muscle layer crossing 
the junction. The ileum, which receives the openings of the Malpighian 
tubules, is of simple structure, lined with moderate sized bulbous cells which

Fig. 11— Section along ju nc tion  of an te rio r bulb an d  caeca-bearing region of fourth  m id-in testinal 
region o f A . obscuricornis.
Cae.—gastric  caecum , Circ. M us.—circular m uscle fibres, M.4 B .— an terio r bulb epithelium . 
B ac t.— sym biotic bacteria .

have dense cytoplasm at the base, in which the nuclei are situated, and expanded  
tips in which there is little stainable material. The ileo-rectal valve is of the 
usual coreid type and the rectum has a dorsal glandular area. The gland  
cells lack an eosinophil striated border, and the nuclei appear to be curiously 
lobed.



F U N C T IO N A L  A N A T O M Y  O F T H E  IN T E S T IN E S  O F H E T E R O P T E R A 889

ASPONOOPUS XANTHOPTERXJS  Fairm. (PENTATOM IDAE, D IN ID O R IN A E )

This is the only species belonging to this subfam ily which has been available  
for exam ination, and so it  is not clear to what extent its peculiarities o f struc
ture are shared by related forms. Rastogi (personal com m unication) finds th a t  
the internal structure o f  a related Indian species, Coridius ja n u s  (F). differs in  
m any ways, but has not y e t published his description. A . xanthopterns  is a 
dull black insect o f typ ical pentatom id aspect, w ith yellow  veins 011 the corium, 
and yellow wing m em branes. I t  is about 15 mm in length, excluding antennae. 
I t  is essentially a tropical rain forest inhabitant, being usually collected from  
ground level shrubs or herbs in th at habitat. Feeding has been observed by  
the writer, on stem s o f a creeper, A d en ia  cissampeloides (Passifloraceae). 
The early nym phal stages have not been found, but the later nym phs are n ot  
in any w ay remarkable in appearance. The structure o f the intestine is the  
sam e in both sexes.

The general plan o f  the intestine is so similar to th at o f Acanthocoris th a t  
it need not be illustrated. The oesophageal valve is rather w idely open (Fig. 
12A), w ith a thin tubular invagination. From this, a double sheath o f chiti- 
nous material extends som e w ay beyond the tip o f the invagination (about 
0-2 mm), and the m id-intestine epithelium  around this sheath is d istinctly  
different from that elsewhere. The cells are cuboid to shallow  columnar, 
extending into the lum en in a finger- or cone-shaped lobe. This cell shape 
is found in absorptive regions o f the intestines o f m any H em iptera (e.g. Miridae, 
Tingidae, Fulgoroidea —  unpublished observations o f present author). I t  
m ust be presumed th at, owing to the restricted space betw een the epithelium  
and the oesophageal invagination, normal secretory processes o f the M l  
epithelium  are o f no value, and these cells m ay be modified to  absorb sim ple  
molecules which diffuse into their neighbourhood. In  view  o f the fact th at these  
insects are sap suckers, w ith  an ingesta o f high water content, it  is interesting  
to compare the oesophageal valve w ith that o f Corixidae (Sutton, 1951). 
Since the Hem iptera have no chitin-lined crop, water passes rapidly from the  
intestine to the haem olym ph, and the extended oesophageal valve m ay serve  
to reduce this effect in the region occupied by  the im portant locom otor m uscu
lature, thus protecting th is system  from the paralysing action o f haem olym ph  
dilution.

The remainder o f M l  has the same orange anterior part and cream y  
posterior as in Acanthocoris, and the cells are similar, but taller and narrower 
(Fig. 12B). The scanty  contents appear in sections as a flocculent precipitate  
A t the posterior end, M l  is prolonged into a short tube which joins, by w ay  
of a constriction, a very  short M 2 , which in turn connects to  the expanded  
M 3. There is only a slight constriction between these last tw o regions, and th ey  
are both lined w ith cells similar to those in the equivalent regions o f A can tho
coris. The intestinal interruption between 21/3 and 21/4 is more com plete than  
in Acanthocoris, and no cellular cord is present. Instead, the unperforated  
epithelia come into close contact, and the organs are bound together by a 
delicate peritoneal layer and by  muscle strands. This appears to  be the  
common pentatom id pattern where intestinal d iscontinuity is concerned,
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and in the course of dissection the parts M 3 and 3 /4  can be stretched apart 
slightly to reveal the “ ligamentous connection ” as found by Schneider (1940) 
in Coptosoma scutellatum Geoff. The bulbous region at the anterior end o f 3 /4

Fig. 12— Cells of m id-intestine of Aspongopus xanthopterns Fairm . A. Transverse section th rough  
oesophageal valve (slightly oblique, w ith top  left m ore posterior th an  bo ttom  righ t). 
Oes.— oesophageal epithelium , C.C.L.— centra l chitinous lam ella, I.C .L .— inner ch itinous 
lam ella, O.C.L.— outer chitinous lam ella, E p .—epithelium  of m id-intestine. B. F rom  first 
region of m id-in testine. C. From  an terio r bu lb  of fourth  region of sam e. D. T ransverse section 
through caeca-bearing region.

is not so large as that of Acanthocoris, being only about half the length o f 3 /1 , 
and about equal to M 3. There is the same histological distinction between  
the contents of the two adjacent bulbs, and a slight difference of colour in the 
living state, 3 /3  being orange-brown, and 3 /4  a lighter orange shade, The
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cells lining the M 4 bulb, as in Acanthocoris, resemble those o i M l  more than  
those o f JLT2—3 (Fig. 12C), but th ey  are broader based than the M l  cells o f  
their own species, and approach the shape o f cell found in the M l  o f  
Acanthocoris. In  the specim ens sectioned, the M 4  bulb cells had evidently  
ju st passed the phase o f secretion, since the cells them selves were expanded  
and em pty, while the typ ical hyaline contents were surrounded b y  a sheath  o f  
granular eosinophil m aterial. The tubular region o f M 4  in Aspongopus  is rather 
different from th at o f Acanthocoris, and very similar to  th at o f the Plataspidae, 
in  th at the caecal pockets have becom e wide and shallow so as to  alm ost m erge 
into the central tube (Fig. 12D). In  fact the caecal system  is perhaps better  
described as a succession o f shallow, irregular, annular chambers. I t  is rela
tive ly  very long, and m ay am ount to  more than 70 per cent o f the to ta l m id
intestine, but also very narrow (about 0*33 mm). I t  appears to  be longer in  
the females, as is com m only found in th is part o f the intestine in other species. 
In  a male which was measured, M 4  was 20 mm, long, M l ,  M 2 , and M Z  being  
respectively 5 mm , 2 m m  and 2 m m  but in a female M 4  was recorded at 58 m m , 
the other regions not being measured but approxim ating to  the dim ensions 
quoted for the male. The cells o f the caecal tube appear to  be o f the usual typ e  
for this region, but are less easy to  distinguish from the bacterial m ass than  
those in Acanthocoris. They are th ick ly  coated w ith  a deep staining m ass o f  
rod-like bacteria, and appear to  have little  cytoplasm  and large nuclei. A  
few vacuoles can be detected.

The M 4 bulb is joined to the tube by  a collar of small, pale staining, columnar 
cells, but there is no marked constriction. Connection to  the ileum  o f  th e  
posterior end o f M4 is by  tracheal branches only. The ileum  is unusual in  
having m any crypt-like foldings o f the lining, the cells o f which are h igh ly  
vacuolated. This has been illustrated in Fig. 7B. The rectum  is com posed  
entirely (except for the extrem e posterior part) o f large pavem ent-like cells 
w ith large nuclei, as found in rectal glands.

PIEZOSTERNUM CA LIDUM  Fab. (PENTATOMIDAE, TESSARATOMINAE)

This is another m oderate to large (17-18 mm) forest dwelling species, which  
has been found feeding on creepers (M omordica cissoides and M . fo e tid a , 
Cucurbitaceae). I t  is o f normal pentatom id appearance, and dark green in  
colour. N o nym phs have been found. The intestine o f th is species is in ter
rupted anterior to  the M 4  bulb, but there are certain differences from those  
described above. The general anatom y is illustrated (Fig. 13). In  gross 
appearance, the M 1 region is deeply indented b y  the contraction o f  the circular 
muscles, so as to  form a series o f pouches. In  the living state, th is pattern is 
constantly changing, as the contents are churned about b y  muscular activ ity .

In sections, the following details are revealed. The oesophageal va lve  
is weak, but secretes a deep fold o f chitinous m aterial into the anterior end o f  
M l .  There is a thick collar o f columnar m id-intestine cells around the va lve, 
b u t the M l  epithelium  does not seem  to  enclose the introvert as closely “as in  
Aspongopus , and no distinct cell types occur at this level. The cells o f M l  are 
relatively small for this region, and are m ainly concentrated upon a series 
o f transverse ridges formed by  inpushing o f the basem ent membrane. There
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are about thirty-five of these ridges, spaced about 0*1 mm apart, and extending  
the full length of the M l  region, so that in longitudinal sections the wall of 
M l  is scalloped into a series of annular troughs. These troughs are o f very 
regular size, and are clearly of a permanent nature, unlike the grooves formed 
by muscle action. The cells, particularly those in the troughs, have unusually 
well developed brush-like borders, and dense apical concentrations o f brownish 
granules. In most cases no stainable m atter was present in the gut lum en of

I LE UM

Fig. 13—W hole in testine of Piezosternum  calidum  F ab . (from fixed specimen).
Oes.— oesophagus, M .T.—M alpighian tubules (curtailed), rem ainder as in  Fig. 1, p. 857.

this region, but one individual was found in which the contents were a fairly 
dense mass of eosinophil granules.

The connection to  M 2  is an exceedingly narrow tube about 0*1 mm long 
and with a lumen only 20 p, wide, while M 2  itself is very small (0*35 mm. 
diameter), and is lined with small columnar cells of even height w ithfa brush 
like border. The lumen at its maximum width is only 0-15 mm wide, and the
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contents are a scanty reticular precipitate. The region of the mid-intestine 
which follows this M 2 is connected to it by a delicate solid cord connection 
0*1 mm long, and is clearly shown, by its hyaline contents, and its relation to 
the caecal region posteriorly, to be the M 4 bulb. There is thus no distinct M 3 
region.

The M4: bulb is ovoid, 0*8 mm in diameter, and with lining cells of a wide 
bulbous type, with thin striated border. Over most of the organ, the cells 
were found to be stretched into a pavement epithelium, but those near the 
junction to the caecal region appeared to be normal cells of M l type, in an 
immature state. The cells contained no granular material, and the lumen 
contents were entirely of the hyaline variety. A moderately constricted tube 
of small columnar cells joins the bulb to the caecal region, which is of the 
usual Pentatomid type. There are four rows of ceaca, twisting in a slight 
helix around the central tube. Each caecum is laterally expanded, so that the 
rows almost touch, and the central tube is hidden, but longitudinally compressed 
by adjacent caeca into a disc-like shape. The opening of each caecum to the 
central tube is wide and unrestricted. The caeca are filled with a rich culture 
of bacteria of a twisted rod-like type, and have very thin walls with extremely 
flattened nuclei. The Jf4 region occupies about three-quarters of the total 
mid-intestine, the high proportion being due more to the abbreviation of M 2 
and the absence of M3, than to excessive size of M 4, which is not much larger 
than that in other sap-sucking Pentatomidae of similar size.

The connection of M4 to the ileum is in the dorsal and backward position 
usual in Pentatomidae, and is in the form of a thick plug of cells (Fig. 17C), 
in which a continuous lumen could not be detected. The possibility cannot be 
excluded that a passage for fluid, if not for solid matter, may exist, or may be 
formed periodically by relaxation of the muscles. The ileum is lined with 
bulbous cells arranged in crypts as in Aspongopus, but these are less deep than 
in that species, and the cells do not show well marked vacuoles. The cytoplasm 
of the ileum cells shows only a sparse reticulate precipitate of stainable material. 
The ileo-rectal valve is well developed, with several folds of very small columnar 
cells, and the rectum, like that of Aspongopus, is composed almost entirely 
of large flattened gland-type cells.

I t  is to be hoped that specimens of other species of this subfamily will 
become available for study, as the structure of the epithelium of the apparent 
M l  gives grounds for wondering whether it is not in reality a modified M 2, 
the missing segment being not M3 but M l itself.

LEPTOCORIS (SERIN ETH A) AM ICTA  Germ. (RHOPALIDAE)

This moderate sized (11—1  ̂mm) insect is a common inhabitant of floor 
fitter in forest of various kinds. Its food probably consists mainly of plant 
seeds, though it will readily feed camivorously on other insects when confined 
in laboratory cages. The structure to be described here is common to both 
sexes, and also occurs in the related species L. griseiventris Westw. and L. haema- 
tica Germ. The general anatomy of the intestine (Fig. 14) is not complicated 
and may be regarded as three regions of approximately equal length of 4-5 mm, 
M 4 being absent in these species. The oesophagus joins M l by way of a
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greatly reduced valve, though in the m ost anterior part of M 1 the tall columnar 
lining cells alm ost occlude the lumen, and could have a valve-like function. 
The cells o f M l  are broad based, moderately bulbous tipped, and with nuclei 
situated basally. U sually one or a few small vacuoles can be seen in the tips, 
and there is a sparsely reticulate cytoplasm. This region contains a light 
coloured paste w ith m any small oil droplets, the contents being eosinophil

to
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Fig. 14—Whole intestine of Leptocoris (Serinetha) amicta Germ. 
M.T.—Malpighian tubules, Tr.—trachea binding mid-intestine to rectum, 

remainder as in Fig. 9 , p. 885.

in stained sections. A t the most posterior end of M 1 , there is a distinct valvular 
constriction, w ith three or four inwardly projecting ridges o f small columnar 
cells, w ith central nuclei and many small vacuoles at their tips. From this 
valve, M 2  runs forwards on the right-hand ventral side o f the abdomen, as 
a tube about 0*5 mm in diameter, w ith columnar cells much as in M l ,  but 
strongly vacuolated at their tips (Fig. 15A). The intestinal contents in M 2  
appear to become more coarsely granular, and brown in colour (remaining so
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in stained sections). A slightly constricted region joins M 2  to  M 3  a t the level 
o f the anterior end of the abdomen, and from there, the m oderately inflated  
M 3  runs posteriorly, on the left side, to  end blindly at the anterior end o f the 
rectum. The cells lining M 3 are low columnar, w ith an even, brush-like, 
border. The cytoplasm  in the cells o f the posterior half o f th is region (Fig. 15B) 
is finely granular, with some reticulation and occasional vacuoles, and in this 
part the contents are a dark brown pasty mass. In the anterior half, however, 
the contents are a single large oil drop, orange-brown in colour, w ith  a few  
needle-like crystals suspended in it. Here the cells are strongly vacuolated  
throughout their depth, but w ith less distinct vacuole outlines than in M2 .  This 
appearance m ay be a fixation artefact.

Fig. 15—Cells from mid-intestine of Leptocoris amicta.
A. From second region. B. From posterior end of third region.

There is no attachem ent o f M 3  to the ileum in the original axis o f the 
intestine, but three or four fine tracheae on each side couple M 3  at points along 
its length, to a ventral anterior diverticulum of the rectum which lies between  
M 2  and M 3 .  The ileum is a thin-walled bladder receiving the openings o f the 
Malpighian tubules, w ith a rather rudimentary, w idely open, ileo-rectal 
valve connecting it to the large thin-walled rectum. The contents o f ileum and 
rectum  are a brown transparent fluid, w ith some powdery uric acid deposit. 
The rectum had a dorsal area o f rectal gland cells, which are thin, and lack the 
eosinophil border found in m ost Heteroptera which do not possess gastric 
caeca.
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THE NYMPHAL STAGES OF PENTATOMINAE

In  the course of numerous dissections, undertaken in connection with 
other studies, it has become apparent that complete intestinal discontinuity 
occurs in the nymphal stages of many species of Pentatominae. In the nymphs 
of a wide range of species examined, some degree of constriction is found 
between MZ and Jf4, with another, less extreme, constriction just anterior to 
the gastric caeca, forming a distinct M l  bulb. This bulb is almost spherical, 
and usually very small, being only slightly wider than the central tube of the 
M l  region. In the species in which intestinal discontinuity has been detected 
it may be a little larger, up to about twice the central tube diameter, and is 
tightly pressed against M Z. The presence of a ligamentous connection may be 
confirmed from sections (Fig. 16A), which show that the epithelia of the two 
regions are separated by a thin layer of peritoneal cells. The contents of the 
M l  bulb are histologically identical with the hyaline material found in this 
region in the species described above, and in the living state there is a very 
marked colour difference between M Z  and this bulb. This difference is, in 
fact, much more conspicuous than has been found in those other species, MZ  
being deep green or greenish-brown, and the M l  bulb a pale creamy white. 
In species where a complete discontinuity is not present, the bulb usually 
contains fluid and brownish flocculent matter.

I t  has not been possible to investigate in detail the number of species in 
which discontinuity occurs, but histological evidence has been obtained for it 
in Scotinophara fibulata  Germ., Platacantha lutea Westw. and in Caura singeri 
Dist., while the gross appearance of the parts strongly suggests it in E uryaspis  
signoreti Stal, Acoloba lanceolata Fab., Antestiopsis lineaticollis Stal, and 
N ezara viridula  L. One of the species investigated, H alyom orpha annulicornis 
Sign., was found to have the M Z  to M l  connection in the form of a tube of 
exceedingly narrow bore, the lumen being less than 6 p. wide. This type of 
connection is commonly found in certain Coreidae (vide infra), and must be 
distinguished from a mere constriction of the intestine. I t  is a characteristic 
of this type (which might be termed a “ capillary connection ” ) that its cells 
are sharply differentiated from the epithelia of the regions which it joins, 
being pale staining, somewhat lens-shaped and partly overlapping, and being 
inserted among the cells of those epithelia in a shallow, nipple-like, projection 
(Fig. 18). Unlike the simple intestinal constriction, which is lined wdth cuboid 
or columnar cells, the change in diameter of the intestinal lumen is abrupt, and 
the capillary diameter is constant throughout its length. No normal intestinal 
contents can be seen in a capillary connection, but the lumen is sometimes 
filled with a structureless eosinophil material. A connection of this kind must 
be regarded as virtually discontinuous. To judge from the appearance of the 
intestines in dissections, many other species of pentatomine nymphs may have 
intestines of this sort. These include many unidentified nymphs picked up by 
chance on collecting trips. On the other hand, in those species (of the genera 
A spavia , Carbula, Agonoscelis, etc.) which feed on seeds or ripening inflorescences 
normal continuous intestines are found. In general, it would seem that the 
tendency towards discontinuity is greatest in sap sucking species, but as yet 
the exact sources of food of many species is obscure.
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The discontinuity breaks down, and a continuous flow through the intestine 
is established, at some time during the maturation of the adult. Nearly all 
the adults which have been examined, have been found to lack the distinct 
M 4 bulb, and the greenish-brown contents of M 3  can be seen passing down the 
central tube of M ±. At the same time, the expanded M 3  shrinks considerably. 
I t  has been possible to observe this process taking place, in a dissection of a 
newly moulted adult A cobba b n ceo b ta . In this species, nymphs are rarely 
found, and are probably to some extent subterranean, while the adult is a long 
narrow insect not uncommon on the inflorescences of the grass H yparrhenia  
rufa. On one occasion, a full grown nymph was found in this situation, 
and moulted in the laboratory. The displacement of the white contents 
of the M l  bulb by green M 3  material was actually taking place when the 
intestine was examined. The histological changes which occur when continuity 
is established are approximately as follows. In the completely discontinuous 
intestine, as in the adult forms described earlier, the epithelia of the closely 
opposed parts of M 3  and i f  4 do not differ from that found in the region as a 
whole. This may be the case in the earlier instars of pentatomine nymphs, but 
in the final instar cellular activity, with many mitoses, causes the cells nearest 
to the ligamentous connection to take on a distinct appearance. This occurs 
first in the i f  4 bulb, a shallow hump of cells being formed, with low columnar 
cells around the edge, and a cluster of lens-shaped cells in the centre. At this 
stage, also, the peritoneal cells start to withdraw from between the adjacent 
epithelia, (Fig. 16A). Next, mitotic activity may be observed in the epithelium 
of i f  3, and the cells at the point of contact lose the appearance typical of that 
region, becoming finely granular, uniformly staining, columnar type, with a 
cluster of stratified cells like that of the i f  4 bulb. By this time, the peritoneal 
cells have withdrawn further, and form a thick collar around the junction 
(Fig. 16 B). The inner cell clusters of the two regions are now in contact, and the 
beginning of a lumen is shown by the separation of the columnar cells at the 
centre of the cell hump on either side of the junction. I t  must be presumed 
that the inner cell mass is fairly rapidly reorganised into the columnar epithelium 
of a normal constricted connection, since no intermediate condition has been 
observed. The structure of the junction just before a lumen appears is 
strikingly similar to the cell plug connecting the Jf4 region to the ileum in 
Piezosternum  calidum. There is probably some variation between species in the 
exact relation of this process to the life history, as it has been found that in 
final instar nymphs of N ezara viridu la , it is already nearly complete, while in 
an adult Scotinophara fibulata, the histological changes were still in progress. 
Further study might also reveal differences, in this respect, between the sexes, 
as it is only in the female that competition from developing ova, for space in 
the body cavity, makes it desirable to evacuate the gut contents.

I t  is of great significance that in the discontinuous intestines of pentatomine 
nymphs, two other structural features occur which have been found in the 
intestines of the adult insects described earlier, and which are evidently an 
integral part of the physiological adaptation involved. They are, firstly, 
the lack of a detectable lumen in the junction between M 4 and the ileum, which 
is of the nature of a cell plug, and secondly, the widely open gastric caeca.
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Taking the Pentatomomorpha as a whole, the most common appearance o f the 
M 4  region is that of a moderately thick-walled tube, lined with columnar or 
cuboid cells, with each thin-walled caecum (the cells of which are flattened, 
pavem ent epithelium) connecting with this central tube by way o f a narrow  
neck o f small cuboid cells (Fig. 17 B). The neck is about six cells long, and has a 
very restricted lumen, in the region of 5 //, diameter. The cells of which it  is 
composed can be seen to be inserted between those of the main intestinal tube, 
being carried right through to the lumen o f that tube. Narrow though this

Fig. 16—Sections through intestinal discontinuity of Scotinophara fibulata Germ.
A. In fifth instar nymph. B. In young adult.

connection is, a flow o f fluid and suspended bacteria m ay be seen to pass 
through it, when living tissues are observed microscopically. This description  
covers the m ajority of Coreidae, adult Pentatom idae, the nym phs o f m any  
species of Pentatom inae, and also the Lygaeidae and Pyrrhocoridae. Where 
there is discontinuity between M 3 and M4,  however, the cells forming the  
central tube o f are thin and flattened, and the openings o f the caeca are 
not constricted into a tube, but are as wide as the caecum itself (Fig. 17) in the  
longitudinal axis o f the intestine. The opening is equally wide in the transverse 
direction, but owing to the disc-like shape of caeca in Pentatom idae, it is much
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less than the maximum extent of the caecum in this plane. In those species 
where the adult retains the intestinal discontinuity, there is little difference 
between the cells of the caeca, and those of the central tube. In  Piezostem um  
and Acanthocoris, the external distinction between tube and caeca remains, 
but, as has been described, in Aspongopus and Plataspidae this tends to disap
pear. In the Pentatomine nymphs, the central tube cells are not as flattened 
as those of the caeca, and small clusters of rounded cells can be seen between 
adjacent caeca. The change from this condition to that typical of the adult 
occurs rapidly, before continuity of the intestine is established. Since mitotic 
activity has not been observed, it must be assumed that this takes place by 
means of a change in the character of existing cells. A lumen appears in the 
3/4 to ileum junction at the same time.

The change in the nature of the caecal opening is remarkable for its rapidity 
and completeness. As an illustration of this, it may be noted that the relevant 
figures (Figs. 17A, 17B) are from the same individuals as those of the 3/3-3 / 4  
junction (Figs. 16A, 16B). This change is clearly connected with the discharge 
of the contents of 3/3, as a means of protecting the caeca from invasion by this 
material. I t  is interesting to note that in Halyomorpha annulicom is nymphs, 
where there is a capillary lumen between M 3  and 3/4, the caeca are widely 
open, and 3/4 joins the ileum by way of another capillary connection.

RESTRICTION OF THE INTESTINE IN COREIDAE

Since it is evident that in Pentatomidae, the cases of intestinal discontinuity 
in the adult are merely the result of prolongation into the adult stage of a 
structural pattern not uncommon in the nymphs of other species, it is of 
interest to discover whether Acanthocoris is the representative of a similar 
tendency in Coreidae. There are a number of genera of large Coreidae of 
purely sap sucking habit (Anoplocnem is, M ygdonia, etc. of the subfamily 
Mictinae) to be found in the tropics, of which the intestines are essentially 
the same as in Acanthocoris, with a large 3/4 bulb (equal to, or slightly larger 
than M3).  In the adults of these genera, the M 3  to 3/4 connection, and that 
between 3/4 and the ileum, are of the capillary type, with lumen diameter of 
15 to 20 y,, containing structureless eosinophil material. The caecal openings, 
however, are of typical restricted type. The contents of the 3/4 bulb present 
the hyaline appearance, with stainable bacteria passing into the posterior end 
from the caecal region and grading into non-staining material, as seen in 
Acanthocoris and the pentatomid intestines. In  the nymphs of these Coreidae 
the structure has been found to be exactly the same as that of the adult (Fig. 18). 
In  most of the common Coreidae of East Africa, which inhabit various species 
of small herbs, and suck inflorescences and developing fruits as well as sap, 
no 3/4 bulb is developed, and the intestine is continuous. These are rather 
smaller insects, of the genera Cletus, H ydara, Dulichius, Stenocephala, etc. In 
the caecum-free tubular segment of intestine which joins the caeca-bearing 
region to the usually well developed 3/3 sac, it is frequently possible to detect 
masses of hyaline material of the sort associated with the 3/4 bulb in discontin
uous intestines.
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DISCUSSION

W hen attention was first drawn to discontinuity in the intestine o f Heter- 
optera (Schneider, 1940), a comparison was made with the known cases in 
larval stages of certain Endopterygota. The common factor was thought to

Fig. 17—A. Longitudinal section of gastric caecum of Scotonophara fibulata (fifth instar nymph). 
B. Ditto of S. fibulata adult, showing wall of central tube at right. C. Longitudinal section of 
mid-intestine to ileum connection of Piezostemum calidum, showing gastric caeca above and 
ileum cells below.
be the ingestion o f a nutritious fluid diet, with little solid residue. There are 
two possible criticisms of this view. One is the obvious value to these endopter- 
ygote larvae of retention o f faeces, to avoid soiling the larval habitat, whether
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it  be the confined cell o f the honey bee larva, the uterus of viviparous Diptera, 
or the delicately balanced sand pit of the ant lion. This aspect is com pletely  
lacking in any o f the Hemiptera under consideration. The other problem is 
th at it is not absolutely proved that nutritious fluid diets do not leave any  
residue. In this respect it is significant that the Reduviidae, which feed in a 
manner comparable to the ant lion, do not have closed intestines, and pass 
faeces in a normal manner. I t  is proposed to examine, first o f all, this question  
o f faecal accumulation, in the plant sucking Hemiptera in which discontinuity  
occurs.

The food which is ingested by Hemiptera is not entirely fluid, but will 
contain solid particles o f microscopic size, such as starch grains, protein 
granules, and so on, which can pass along the stylet channels. These m ay

Ln

Fig. 18— Section (oblique longitudinal) of junction of capillary connection to fourth mid-intestinal 
region (anterior bulb) of Mygdonia tuberculosa Sign, (fourth instar nymph).
Lu.—lumen of capillary.

remain undigested if  there is adequate, or more suitable, nutritive material in 
solution. In fact, if  the solid particles represent an excessive amount o f one 
dietary factor, such as starch, to  digest them  might upset the balance o f the 
diet. For exam ple, Saxena (1958) showed that Dysdercus koenigii Fab. does 
not digest starch. Another confirmation of this view is found in the very  
complete utilisation of the ingesta in bryocorine Miridae (Goodchild, 1952), 
which feed on plant material rich in carbohydrates, but by destroying whole 
cells w ith their toxic saliva supply a balanced amount o f protein. As a further 
source o f solid residues, it is likely that sparingly soluble materials o f high 
molecular weight will be precipitated out in the first region o f the intestine, 
as water is lost into the haemolym ph. Some of the soluble constituents o f the
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diet may be converted into substances of higher molecular weight by the 
action of intestinal enzymes. Saxena & Bhatnagar (1961) have found that 
in the gut of Oxycarenus hyalinipennis (Costa), invertase action not only breaks 
down disaccharides, but also assembles some of the glucose and sucrose into 
a trisaccharide, when glucose is in excess. Some such balance of breakdown and 
synthesis must take place in the intestines of most Hemiptera, not only to 
regulate dietary balance, but also to avoid the disruptive effect of a sudden 
increase in the osmotic pressure of the gut contents. As there is no peritrophic 
membrane in Hemiptera, the wall of the intestine has little resistance to the 
passage of water under the influence of osmotic pressure differences.

There are, therefore, sound reasons for expecting solid residues to occur in 
the intestine of Hemiptera. The presence of such residues is very evident in 
the contents of the bulbous M 3 region of the Pentatomomorpha. The present 
writer is not aware of any chemical analysis of the pasty contents of this region 
having been published (the observation of Pick (1956), does not refer to this). 
The material is undoubtedly heterogeneous, containing granules of different 
characteristic shapes and staining reactions. I t  is difficult to consider it as 
other than a faecal accumulation, as it does not diminish with starvation. There 
is no region in the continuous intestines of zoophagous Heteroptera equivalent 
to this M 3 sac, and the abundant solid residues found in the intestines of 
such insects as Reduviidae, Gerridae, Nepidae, and related families, pass 
through without accumulating for long periods. Turning to the other groups 
of phytophagous Hemiptera, the various families of Homoptera, it is again 
found that no special region is devoted to retention of faecal matter, although 
the diet of some smaller forms such as Jassidae may include whole cell contents, 
and semi-solid masses may be found in the stomach-like anterior expansion of 
the mid-intestine (Willis, 1949) or among the excreta (Storey & Nichols, 1937). 
None of the larger Homoptera with truly sap sucking diet have discontinuous 
intestines, but it is in larger Heteroptera with this kind of diet i.e. showing 
similar feeding behaviour in their attachment to one spot for very long periods 
with no serious damage to the plant, that this feature occurs. I t  is conceivable 
that a sap sucking insect might tap a source of nourishment giving a low 
proportion of solid residue. In  Piezostemum, for instance, the absence of M3 
suggests that this is the case. The other species described, however, have 
abundant pasty deposits in their M3 regions, and it is certain in the mictine 
Coreidae, which are relatively common and easily observed, that no other 
food but plant sap is taken. At present, there is insufficient knowledge of two 
important aspects of the feeding of Heteroptera of this kind, namely the exact 
chemical nature of the pasty material, and the part of the plant vascular 
system from which food is obtained.

I t  is clear that in the larger Hemiptera, discontinuity of the intestine is 
not correlated with phytophagous (sap sucking) habit, but is restricted to 
Heteroptera of that habit. I t  may be suggested that this is a consequence of 
the gastric caecal system found only in the latter. I t  has been suggested in 
P art I  of this paper tha t the gastric caeca may have developed originally as a 
water excreting system, acting as the heteropteran equivalent of the homop- 
teran filter chamber. On this hypothesis, the contents of Af4 would be
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hypotonic to the haemolymph, and also to the contents of the more anterior 
parts of the intestine, so that a restriction between MS and Jf4 would be 
necessary to prevent a wasteful osmotic flow from the latter to the former, 
and to direct the flow backwards into the rectum. This is in accord with the 
finding in all phytophagous Heteroptera of such restrictions, though in most 
they are not permanent discontinuities. The conflict between the need to 
isolate the gastric caecal system, and the need to discharge faecal residues, is 
resolved by limiting the latter function to long intervals, and in many species 
to the adult stage only, when space in the body cavity is needed for maturation 
of the gonads.

In  order to understand why this state of affairs has been carried by a few 
species to the extent of permanent discontinuity, it is necessary to consider 
another function of gastric caeca, namely the harbourage of bacteria. In the 
water excreting hypothesis, the presence of bacteria is regarded as originally 
due to accidental colonisation by organisms of common soil inhabiting types, 
but the ability of such a flora to absorb useful substances passing out with the 
water flow would be of sufficient advantage to the insect to bring about evolution
ary specialisation of both the bacteria, and the mechanism of transmission 
of these to the offspring. These specialisations are greatest in Pentatomidae. 
In order that the absorbed materials shall be returned to the use of the insect, 
some harvesting process must occur. I t  has already been mentioned that the 
curious hyaline material which almost certainly represents digested bacteria 
can be detected in many relatively simple coreid intestines, and in sap sucking 
Pentatomidae, the M4 bulb of the nymphs contains such material. In Coreidae, 
the bacteria in the caeca of adults are usually in a state of degeneration, and 
will not grow in culture, whereas those from nymphs grow fairly freely. Possibly 
the evolutionary beginnings of the harvesting process are to be found in a 
natural process of disintegration of old, overcrowded, bacterial cultures, 
from which the insect may be able to reabsorb useful substances. In the large 
sap sucking Heteroptera with discontinuous intestines, the mechanism of 
harvesting bacteria by digestion in the M± bulb, with its secretory type of 
epithelium, is very highly developed, and the gastric caecal system is signifi
cantly more extensive than in simple, continuous intestines. The case of 
Brachypdta aterrima, in which the Jf4  bulb is completely lacking, is of interest 
in exhibiting a different approach to the harvesting of the bacteria. The 
discontinuity, according to Schorr (1957), develops only from the fifth instar 
onwards, and although the caeca shrink during oogenesis, they become swollen 
after the hatching of the eggs, and the young are infected with the symbiotic 
bacteria during a brooding period. I t  is highly likely that the young are not 
merely being infected, but are receiving a rich source of nourishment for their 
early life.

From the point of view of interpreting the gastric caeca as water excreting 
organs, the presence of discontinuity between M 4 and the ileum, in these sap 
sucking species, poses a problem. Since there is evidence, from histology and 
from anatomical relationships, that the ileum cells can perform a water excreting 
function, it is clear that the large extent of M 4 in these insects is not developed 
to deal with a high rate of water transfer. I t  must, therefore, be concerned
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with a more intense exploitation of the bacterial flora. This in its turn seems 
to imply that the bacteria are utilising some component in the ingesta which 
the insect alone could not use. If  this is so, then the insects might be able to 
manage with a lower rate of sap intake than less specialised forms (including 
Homoptera of similar habit). The Malpighian tubules and ileum cells could 
then suffice to maintain water balance, and furthermore, the rate of accumula
tion of solid residues in iff 3 would be lower. As a result, the complete isolation 
of the caecal system would become physiologically possible.

As to the identity of the component utilised by the bacteria, breakdown of 
material such as cellulose (the substrate of symbiotic organisms in many 
other types of insects) can be ruled out, since it must diffuse through the caecal 
wall from the haemolymph. The remaining possibilities are inorganic nitrogen 
(e.g. nitrate) or gaseous nitrogen. Nitrogenous substances absorbed by plant 
roots are generally thought to pass upwards in the xylem vessels, and Hemip
tera feed in the phloem, but it has been shown (Stout & Hoagland, 1939) that 
upward moving salts diffuse through the plant tissues and can be detected in 
the phloem. Since the direction of flow in the phloem is opposite to that in 
the xylem, the nitrogen content of the former tissue will be highest at the base 
of the stem. I t  may be significant that the nymphal stages of many sap 
sucking Heteroptera have a cryptic, soil surface* habitat. Indeed, it may be 
possible to connect the host plant preferences of these insects with the nature 
of the nitrogen circulating in the plant. Nightingale (1937) showed that in 
some plant species (e.g. apple, asparagus, narcissus) this is wholly amino acids, 
while in others (tobacco, tomato, cucurbits) it is in the form of nitrate. In 
the case of large Heteroptera, little is known about the exact site in the plant 
upon which feeding takes place. A comparison of dimensions of the stylet 
bundle of M ygdonia tuberculosa Sign. (4th. instar nymph) with the vessels of 
the petiole of Marlchamia p la tycalyx  Sprague, upon which it feeds, shows that 
the disruption of tissues must be such as to permit access to both xylem and 
phloem. The sizes are as follows—stylet bundle 30 p, largest xylem vessels 
50jn, phloem bundle 100 p, x 120 p, sieve tubes 10 p.

The possibility of utilization of gaseous nitrogen by Hemiptera (through 
their symbiotic micro-organisms) has been most thoroughly discussed with 
regard to the Aphidae (Peklo, 1912 ; Smith, 1948 ; Mittler, 1958). The first 
named author suggested the possibility of nitrogen fixation on the grounds of 
morphological resemblence of the symbionts to the bacteria found in root 
nodules of Leguminosae, but Smith was unable to detect uptake of atmospheric 
nitrogen by M yzus persicae (Sulzer) or A ph is fabae Scop., either ground up 
and cultured in nutrient solution, or (using N-15 as an indicator) in the living 
state. Mittler showed that the rate of nitrogen accumulation in Tuberolachnus 
salignus (Gmelin) can be fully accounted for by that present in the sap ingested. 
There is also the theoretical difficulty that the bacteria known to fix gaseous 
nitrogen, do so best in an environment lacking that element in combined form, 
whereas the aphid symbionts are enclosed within the highly nitrogenous cell 
protoplasm. As far as the Heteroptera are concerned, while the caecal organisms 
can in some cases be grown in culture, few tests for nitrogen fixation have been 
carried out. Huber-Schneider (1957) cultured the organisms from a rather
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unspecialised coreid, Mesocerus marginatus L., and found them unable to fix 
nitrogen in  vitro . No studies of this sort have been performed on the organisms 
from a discontinuous intestine, although it is perhaps significant that Muller 
(1956) showed that bacteria-free nymphs of Coptosoma scuteUatum Geoffr. 
(Plataspidae) would survive only if fed on nitrogen rich young plant buds. 
A considerable amount of work has been done on soil inhabiting and plant 
symbiotic nitrogen fixing organisms, in recent years. Some of this research 
supplies favourable, though only circumstantial, evidence for the occurence of 
this process in the caeca of Heteroptera. The only caecal organisms which 
have been identified and named were placed (Steinhaus et a l., 1956) in the 
genus Pseudomonas, and it is in free living members of this genus that Proctor 
& Wilson (1958) have recorded nitrogen fixation. I t  is commonly found that 
the caecal region of the more advanced sap suckers is coloured pink, orange, or 
in some species (e.g. L ibyasp is  (Plataspidae), H alyom orpha , and terminal 
part of Af4, near ileum, in many genera) bright red. This is paralleled by 
the work of Neweth (1959) and Neweth et al. (1961) on production of red 
pigments of porphyrin or carotinoid type in organisms symbiotic with certain 
Leguminosae. These pigments were produced in proportion to the amount 
of nitrogen fixed, and fixation only occurred in the presence of a source of 
nitrogen in the culture medium. In A nasa tristis  (De Geer) (Coreidae), Metcalf 
(1945) found that the red colour of epidermis, salivary glands, and testis sheath 
was a phaeophorbide derived from chlorophyll, but the green of the fat body 
was a bilin, presumed to be from the same source. In the large Af4 bulb of 
Mictine Coreidae, the contents are distinctly green (those of M 3  being brownish- 
green), and since the caeca are pale pink, it is tempting to suppose that the 
latter is a haemoglobin-like pigment, and the green is a bilin formed in the 
digestive process of the M 4 bulb. The pigment granules found in the caeca have 
been known for a long time (vide e.g. Kuskop, 1923) but have previously 
been regarded as connected with the nourishment of the symbionts. These 
considerations suggest that further work on the function of gastric caeca 
bacteria would be worth while.

The arguments detailed above are obviously not valid where those species 
lacking gastric caeca are concerned. Discontinuity of the intestine is, as far 
as is known at present, less common in such insects, especially if the numerous 
cases of virtual discontinuity in Coreidae and pentatomine nymphs are 
taken into account. Those at present known are the lygaeid, Ischnodemus 
sabuleti, the Aradidae studied by Carayon (1955), and the Leptocoris 
species mentioned in this paper. Of these, a possible explanation of the 
situation in Leptocoris may be put forward. I t  was found that the M 3 contents 
of these insects were largely oily. Since the lining of the mid-intestine is 
wettable by water, it must presumably resist wetting by oils. The oil therefore 
would not affect it. The lining of the rectum, however, is water repellent 
(though the glandular areas in many Heteroptera must absorb water through 
it), and might permit passage of oily materials, with possibly detrimental results. 
Miles (1958a) found oil droplets in the M 3  of Oncopeltus fasciatus nymphs, 
which defaecated only after the final moult. There is no information about 
the nature of the intestinal contents of I . sabuleti, and in the Aradidae the
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presence of oil droplets is not mentioned. The seed sucking species of Heterop
tera often attack seeds which are rich in oils, and must accumulate large 
quantities of this material, which may be indigestible, or may not be utilized 
for the reasons discussed above.

I t  has been suggested (Miles, op. cit.) that the retention of the contents of 
M 3 for long periods might enable bacteria in that region to act upon the 
contents more effectively. Against this, it may be said that the nature of 
hemipteran feeding precludes the ingestion of such indigestible substances as 
celluloses, lignins, etc., and what is likely to be present in M3 could be dealt with 
by the enzymes usually found in the insect intestine. I f  the function of bacteria 
in MS is to synthesize accessory nutritional factors, the evidence from Rhodnius 
prolixus (Brecher & Wigglesworth, 1944) shows that such organisms can 
maintain themselves satisfactorily in a continuous intestine.

No mention has been made in this paper of the discontinuous intestine of 
Diaspididae (“ scale insects ” ). I t  appears that small Homoptera such as 
aphids, coccids, etc., may not suck sap actively, but may have it forced through 
their alimentary canal by the turgor pressure in the plant (Mittler, 1958), and 
it has been suggested that discontinuity of the intestine has been developed to 
resist this flow. I t  is obviously advantageous to these gregarious insects to 
restrict the flow, and so reduce the contamination of the colony with honeydew. 
There is no evidence that the larger Heteroptera are faced with this problem. 
Even supposing that they passively accept a flow of sap, it does not seem that 
they are unable to utilise all they receive, and they are active insects which 
eject their excreta well clear of their immediate surroundings.

SUMMARY

(P a r t s  i  a n d  n )

1. A study of the intestinal structure of fifty-seven species of Heteroptera 
is reported in the first part of this paper. The object of this study was to 
discover if  any correlations between structure and food habit existed, with 
particular reference to the problem of water balance.

2. It was found that the degree of development of the rectal gland was 
greatest in those species in which a need to conserve water could be inferred, 
but that a glandular region of the hind-gut was also very strongly developed 
in the water bugs (Hydrocorisae). In the latter, a solute absorbing function 
has been suggested.

3. In the terrestrial species with a water surplus problem (the plant sap 
suckers), a case has been made out for the interpretation of the gastric caeca 
as water excreting organs, performing a function equivalent to that of the 
filter chamber of Homoptera.

4. The development of a distinct ileum region at the point of junction of 
the Malphighian tubules with the intestine has been found to be associated 
with a phytophagous line of evolution (the Pentatomomorpha), and to undergo 
progressive modification in the different families of that group.

5. Histological details of this part of the alimentary canal support the 
accepted taxonomic divisions o f . Heteroptera, and show that superficial 
similarities are inadequate as a basis for classifying types of intestine.
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6 . In the second part of this paper, an account is given of four hitherto 
undescribed instances of discontinuity of the intestine in adult Heteroptera. 
The examples are in separate subfamilies of three families. Intestinal discon
tinuity is also shown to occur, in the nymphal stages only, in a number of 
genera of Pentatominae, and extreme constriction, amounting to virtual 
discontinuity, in nymphs of certain other species of Pentatominae and nymphs 
and adults of several genera of Coreidae.

7. Together with previously described cases in the families Plataspidae, 
Cydnidae, Aradidae, and Lygaeidae, these records show that the phenomenon 
is widespread in pentatomorph Heteroptera, and not a peculiarity of isolated 
species. I t  is not found in the essentially zoophagous Heteroptera 
(Gmicomorpha, Amphibicorisae, and Hydrocorisae), nor in the Homoptera 
except for a few species of Stemorrhyncha.

8 . Intestinal discontinuity is, in the majority of cases, associated with a 
sap sucking diet, but this is not because such a diet is lacking in insoluble 
residues. The disadvantage of retaining such residues is balanced against the 
advantage of isolating the highly developed gastric caecal system, with its 
abundant symbiotic micro-organisms.

9. In species with interrupted intestines, the region posterior to the discon
tinuity consists of the gastric caecal region together with a bulbous expansion 
a t the anterior end of this region. In this bulb, there is histological evidence 
for the breakdown of the caecal bacteria by a digestive process.

10. In addition to the interruption of the intestine anterior to the gastric 
caecal region, the most advanced species have a second discontinuity between 
the posterior end of the caecal region and the ileum. The significance of this 
in relation to the possible primitive function of the caeca of water excretion 
is discussed. I t  is suggested that the harvesting of the bacteria as a food 
source increases the efficiency of sap utilization, so that the rate of intake can 
be decreased to a level where the ileum cells can cope with osmotic regulation.

11. The evidence for utilization by the bacteria of materials not directly 
available to the insect, such as inorganic or gaseous nitrogen, is discussed.

12. The interpretation of the cases where discontinuity occurs in species 
not having gastric caeca is discussed. This might be due to retention of this 
characteristic from caeca-bearing ancestors, but in certain cases it is suggested 
that it is a means of immobilising food residues of an oily nature.
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I. INTRO DUCTIO N

The order Hemiptera, including both Homoptera and Heteroptera, must be 
regarded as one of the most successful groups in the class Insecta, as judged by such 
criteria as number of species, abundance of individuals, diversity of ecological 
adaptation and geographical range. In these respects there is a marked contrast be
tween the Hemiptera and the closely related orders Psocoptera, Thysanoptera, 
Mallophaga, and Siphunculata, each of which occupies a relatively restricted eco
logical niche and contains many fewer species. As a consequence of their ecological 
limitations, these latter orders are very uniform in size, structure and habits, and in 
the Thysanoptera and Siphunculata particularly, the feeding apparatus is highly 
specialized in adaptation to their mode of life. On the other hand, Hemiptera are 
found in almost every ecological niche which supports insect life, failing to nourish 
themselves only on dry dead organic matter (though many species feed on dry seeds, 
and others on moist animal or plant remains or on excreta). Thus they do not utilize 
dry wood or stored products, but they do include the only insects pelagic upon the 
ocean surface. Their range of size, from minute to among the largest of insects, is a 
further indication of their biological success.

This successful adaptive radiation suggests that some highly advantageous feature 
of structure or physiology has been evolved by the Hemiptera. The structural 
feature which is common to all members of the order is the suctorial feeding appa
ratus. In this the mandibles and maxillae have become converted into medially 
grooved interlocking stylets, forming between them both food and salivary canals, 
the labium has become a long, dorsally grooved, proboscis which encloses and supports 
the delicate stylets, and the maxillary and labial sensory palps have been lost, being 
functionally replaced by sensillae at the tip of the proboscis and gustatory organs

7  Biol. Rev. 4 1
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within the head. It is probably the most refined piercing and sucking apparatus to 
be found in the whole of the phylum Arthropoda.

There is no progressive modification of the mouthparts within the order, such as 
occurs, for instance, in the Diptera, and the variations between different groups in 
length of stylets, or in length and point of articulation of the proboscis, have no 
bearing on the problem of the evolution of the hemipteran feeding apparatus from 
primitive biting mouthparts. The mouthparts of the aquatic heteropteran family 
Corixidae, which Sutton (1951) regards as primitive in their short and simple stylets, 
are more probably degenerate in consequence of a detritus-feeding habit, since all 
other evidence points to the Heteroptera having arisen from ancestral Homoptera, 
and not vice versa. The structure of the thysanopteran feeding apparatus gives useful 
clues as to the nature of an intermediate stage in evolution, but the uniformity of the 
mouthpart structure in living members of the Hemiptera shows that it was fully 
evolved before the radiation into the existing suborders began, some time during 
the Permian period.

The specialized form of the mouthparts has not prevented a wide range of feeding 
habits being adopted by the various families of the order. Not only are the obvious 
fluids diets of plant sap or animal body fluid taken, but the species which feed upon 
dry seeds or upon the tissues of other insects compete successfully in these habits 
with the insects having masticatory mouthparts, and the basic structure of the 
mouthparts is very little modified by such dietary adaptations. A number of con
siderations suggest, however, that the ancestral hemipteran was a small insect feeding 
upon surface cells of plants in a manner similar to that of the present-day Thysan
optera. The Homoptera, which appear earlier in the fossil record (Imms, 1937), and 
have more primitive wing structure than Heteroptera, are all phytophagous, and for 
the exploitation of such a food source by a small insect, piercing mouthparts would 
have an obvious advantage in avoiding the necessity for dealing with tough, indi
gestible cell wall material. The development of longer stylets, and their formation 
into a hollow sucking tube, would enable the insect to exploit deeper cell layers, thus 
avoiding frequent changes of feeding site, and finally the ability to tap the plant 
vascular system would enable the insect to feed at one point for long periods with the 
minimum of active movement. It is this ability to survive and grow on a diet of 
plant sap alone, through all stages of the life-cycle, which is unique to the Hemiptera. 
Although suctorial mouthparts are found in other orders of insects, and in the 
Arachnida, they are used to imbibe fluid food of a more concentrated kind than sap, 
such as blood, body fluids of other insects, or the protoplasmic contents of plant cells. 
In some cases sap may be ingested, but only as a supplement to reserves accumulated 
during the larval stages, or to the main diet of a more nutritious material. The failure 
of insects other than Hemiptera to exploit sap as a source of food does not lie in the 
mechanics of the mouthparts, since a number of adult Diptera and Lepidoptera are 
known to pierce plant tissues. Abdel-Malek & Baldwin (1961) were able to prove, 
by the use of radioactive tracers, that mosquitoes of the genus Aedes imbibed 
material from leaves in preference to taking flower nectar. In the order Lepidoptera 
the adult takes little nourishment, so it is not surprising to find the fruit-piercing
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moths taking no clear advantage from their ability to penetrate plant tissues, but 
most Diptera require to feed in the adult stage and this is especially evident in the 
blood-sucking forms. It would not be unreasonable to expect to find sap-sucking 
developed in this group, but this is not the case. T he success of so many species of 
Hemiptera, in  different branches of the order, which have adopted this mode o f  
nutrition m ust therefore lie in the modifications of the alimentary canal that enable 
them to deal with a dilute fluid food rapidly and in large quantities.

It is intended in this article to review the knowledge of alimentary canal structure 
in the Hemiptera and to show that the variety of patterns which are found in the 
major subdivisions can all be interpreted as adaptations to sap-sucking, in that they 
facilitate a rapid passage of sap, while preventing dilution of the blood with osmoti- 
cally imbibed water. T he problem is essentially one of osmoregulation, not only 
because the ingesta are generally of lower osmotic pressure than the blood, but 
because the nutrients are in the form of small molecules which are assimilated 
directly, leaving a net excess of water to be excreted. Where large molecules of 
protein and starch are broken down in the gut, as is the case in Hemiptera which 
feed upon plant cells (mesophyll feeders), it is possible for the insect to absorb what 
it needs and still pass excreta isotonic with the blood. Nuorteva ( 1 9 5 8 ) has shown 
that sap-sucking species have no proteases or amylases in their saliva, whereas these 
are present in the saliva of mesophyll feeders. In insects of other orders which 
imbibe plant juices, dilution of the blood is prevented by storing the ingesta in the 
crop, the lining of which is impervious to water. Honey-bees evaporate water from 
nectar by exposing globules of it on the mouth parts, until it is sufficiently concen
trated to be stored as honey. In the Diptera and Lepidoptera it must be assumed 
that the transfer of material from the crop to the m id-gut is effected slowly, so that 
the osmoregulatory mechanism can dispose of the surplus water. In the Hemiptera 
there is no chitin-lined stomodaeal crop, and the means by which blood dilution 
is avoided is not restriction o f entry into the body but rapid and efficient transfer 
of surplus water to the impervious hind-gut. It has been known from an early 
date (Dufour, 1 8 3 3 ) that unusual structures existed in the alimentary canals of 
Hemiptera. O f these, the so-called ‘filter chamber’ of the Homoptera Cicadoidea, 
with its intimate association of the anterior and posterior extremities of the mid-gut, 
has from the tim e of its discovery been interpreted as a means of transferring surplus 
water directly from the anterior end of the m id-gut into the hind-gut, since no other 
function could be conceived for this complex structure. Similarly, filter systems of 
apparently self-evident function have been found in many Sternorrhyncha (Berlese, 
1 8 9 3 ). In the sap-sucking Heteroptera it is only recently that an anatomical arrange
ment evidently having this function has been described in the pentatomid subfamily 
Phyllocephalinae (Miyamoto, 1 9 6 1 ; Goodchild, 1 9 6 3  a). In those sap-sucking 
Hemiptera, in which a conspicuous filter mechanism is lacking, it is reasonable to 
assume that other structures must exist which perform an analogous task. Hitherto 
it has been assumed that the Malpighian tubules were the main site of osmoregulatory 
activities. T he work of Ramsay ( 1 9 5 0 , 1 9 5 8 ) has shown, however, that the tubules 
pass a fluid more or less isotonic with the blood, and that it is the glandular areas

7-2



i o o  A. J. P. G o o d c h il d

in the hind-gut which are responsible for the control of water balance, either by 
absorption of water in terrestrial and salt-water insects, or by absorption of solutes in 
freshwater forms. Sap-sucking Hemiptera resemble freshwater insects in their need 
to excrete a hypotonic urine, and this transfer of attention to the hind-gut has been 
m ost fruitful in understanding their structure. It has made possible a satisfactory 
explanation of the workings of the Cicadoid filter-chamber, on the basis of solute 
absorption in the long tubular hind-gut. T he development of a similar hind-gut in the 
aquatic Heteroptera may be explained in the same way. On the other hand, examina
tion of the Fulgoroidea and terrestrial Heteroptera has revealed a hind-gut structure 
much less competent to effect osmotic control, and thus directed attention to other 
structures which had not previously been considered in this light.

II. LITERATURE

Apart from numerous studies of individual species, which will be referred to at 
the appropriate places in the text, certain papers of a comparative or review nature 
may be mentioned. The early work of Dufour ( 1 8 3 3 ) dealt with the alimentary 
anatomy of both Heteroptera (aquatic and terrestrial) and the larger Homoptera 
(Auchenorrhyncha). Since that date, studies have been confined to more restricted 
groups, Licent ( 1 9 1 2 ) dealing with the Homoptera Auchenorrhyncha, Glasgow ( 1 9 1 4 ) 
and Kuskop ( 1 9 2 3 ) with the Heteroptera from the particular aspect of symbiotic 
bacteria, Poisson ( 1 9 2 4 ) with the aquatic Heteroptera and Schneider ( 1 9 4 0 ) with 
certain families of terrestrial Heteroptera. Parsons ( 1 9 5 9 ) gives an account of the 
m id-gut of the aquatic Heteroptera with emphasis on histological aspects and 
M iyamoto ( 1 9 6 1 ) has examined and illustrated the gross anatomy of the digestive 
systems of most families of Heteroptera. Although Licent ( 1 9 1 2 ) supplied a useful 
amount of histological detail, this aspect has been relatively neglected in earlier 
comparative work on Heteroptera. T he studies of Yanai ( 1 9 5 2 ), Yanai & Iga ( 1 9 5 6 ), 
Bahadur ( 1 9 6 3 ), and myself (Goodchild, 1 9 6 3 6 ) have revealed much of interest. The  
Homoptera Sternorrhyncha have been rather inadequately studied, probably on 
account of their small size. Weber ( 1 9 3 0 ) summarized the knowledge up to that date, 
but the greatest contribution has been the series of papers on the Coccoidea by 
Pesson ( 1 9 3 3 , 1 9 3 5 , 1 9 3 6 , 1 9 4 1 ). T he literature on the digestive system of Aphi- 
doidea has been reviewed by Auclair ( 1 9 6 3 ).

III. COMMON FEATURES OF THE INTESTINE

T he extreme anterior end of the alimentary canal, the cibarial pump, is essentially 
the same in all Hemiptera and need not be discussed further. Full accounts of this 
region in both suborders are given in Grasse ( 1 9 5 1 ). T he fore-gut posterior to the 
head forms the oesophagus, usually a narrow, rather thin-walled, tube, with a lining 
of small cuboid cells which secrete a chitinous intima. In some species, the oeso
phageal wall is thickened by longitudinal ridges of columnar cells, giving the lumen 
a stellate cross-section, and in many of the large phytophagous forms (Licent, 1 9 1 2 ;
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Fig. i . a, Longitudinal section of oesophageal valve of M ygdonia tuberculosa Sign., Coreidae; 
b, the same, of Piezosternum calidum  Fab., Pentatomidae; c, the same, of G yarina nigritarsis 
Karsch, Flatidae; d, transverse section of Malpighian tubule of Ptyelus flavescens Fab., 
Cercopidae; e , the same, from glandular region in the same insect;/, the same, of Pulvinaria  

jackson i Newst., Coccidae; g, longitudinal section of pyloric region of intestine of G yarina  
nigritarsis. IL, ileum; Int, chitinous intima; Lu, lumen; MG, mid-gut; MT, Malpighian 
tubule; N, nucleus; Oe, oesophagus; Rec, rectum; RV, rectal valve; Val, oesophageal valve.
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Vodjdani, 1 9 5 4 ) the oesophagus is slightly expanded posteriorly and its lining epithe
lium folded into transverse ridges (Fig. 1 a). T he very small chamber thus formed is 
the nearest approach to a stomodaeal crop which is found in Hemiptera. In place of 
such a crop, these insects have, in most families, a stomach-like expansion of the 
m id-gut. M alouf ( 1 9 3 3 ) interpreted this region in N ezara  viridula  (Linn.) as a 
chitin-lined crop, but Hamner ( 1 9 3 6 ) showed this to be erroneous and all subsequent 
studies have confirmed this. In the Homoptera, certain authors refer to the anterior 
expansion of the m id-gut as the ‘crop’ (Dobroscky, 1 9 3 1 ; Hickernell, 1 9 2 0 ; Kershaw, 
1 9 1 3 6 ), but it is clear that they did not intend to claim it as a stomodaeal derivative. 
Mukharji ( 1 9 6 1 ) described the cells of this region in the jassid Idiocerus clypealis 
Leth. as possessing an intima and supported this claim with a photomicrograph. This 
intima was not observed by Qadri (1 9 4 9 ) in the same species, nor was one found by 
W illis ( 1 9 4 9 ) in another species of Typhlocybinae. T he latter author gave a detailed 
account and illustration of the anterior m id-gut cells, showing a typical striated 
border. T he intima photographed by Mukharji was detached from the cells and may 
possibly be a fixation artifact of some kind. T he resemblance of the oesophageal valve 
to the same structure in other orders of insects in which it is preceded by a fully 
developed stomodaeal crop, as well as the failure of the majority of investigators to 
detect an intima in the anterior expansion of the gut of Hemiptera, is sufficient 
evidence that this region belongs to the mid-gut. It is less easy to define the begin
ning o f the hind-gut so as to cover all the cases encountered. In many groups (e.g. 
Fulgoroidea, fig. 7 , Amphibicorisae, fig. 9 ), a distinct change in epithelial type 
occurs at the level o f the Malpighian tubule openings, while in others (e.g. Coccoidea, 
Pentatomomorpha) the typical mid-gut epithelium continues beyond this point to 
the pyloric valve. T h e cells of the posterior m id-gut of Miridae Bryocorinae have 
a border which appears to consist of a cuticle, while on the other hand the cells of the 
tubular hind-gut of Cicadoidea have a very poorly defined intima.

T he oesophagus opens into the mid-gut by way of a valve, which consists of a 
hollow cone with columnar fore-gut cells on both inner and outer surfaces, pro
jecting into the m id-gut lumen. The free end of this cone may be divided into lobes. 
It is covered with a chitinous intima and is well developed in most groups. In some 
cases, the chitinous membrane may be separated from the cells by a ‘fluid secretion * 
(Weber, 1 9 3 0 , in Aphis fabae  Scop.) or may form a long tubular fold (or entonnoir) 
containing blood (Corixidae, Sutton, 1 9 5 1 ; Parsons, 1 9 5 7 6 ). In this family the 
valve is greatly elongated and the cellular layer thin, but in other Cryptocerata 
the invagination is shorter, with well-developed cell layers and an adherent intima. 
Parsons claims that in Belostomatidae the outer wall of the valve is mostly of mid-gut 
origin. In the Pentatomidae the cell layers tend to fuse and become degenerate 
(Harris, 1 9 3 8 ; Bocharova-Messner, i 9 6 0 ; Goodchild, 1 9 6 3 6 ), so that in some cases 
only a tube of chitinous material projects into the m id-gut (Fig. 1 6 ). In the Homo
ptera Auchenorrhyncha the valve is usually well defined but does not project far into 
the mid-gut, and the intima is always adherent to the cell layers (Fig. 1 c). Mukharji
( 1 9 6 1 ) describes poorly developed valves in species o f Membracidae and Cercopidae. 
In some species the valve cells appear to resemble those of the mid-gut (e.g. Phalix
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titan  Fennah, Tettigometridae, Goodchild, 1 9 6 3  a), but usually they are distinct. 
Folds o f mid-gut cells posterior to the valve may form additional valve-like struc
tures (Fig. ib).  T he oesophageal valve is poorly developed in seed-sucking Hetero
ptera and in Homoptera Sternorrhyncha (except Aphidoidea). The valve is not 
concerned with the formation of a peritrophic membrane in Hemiptera, so that it 
m ust mainly function in preventing regurgitation of food. Many Hemiptera become 
engorged with their food and so swell the body, and hence the distended gut wall 
exerts a back-pressure. These include aphids, blood-sucking bugs and many preda
tory and mesophyll-feeding species. Sap-sucking species, with the specialized 
adaptations which they possess, dispose of the watery part of the ingesta so rapidly 
that their mid-gut does not become distended. Thus, the poorly developed valves of 
Pentatomidae and many Homoptera can be easily understood. It has been suggested  
that the long chitinous introvert o f Corixidae and Pentatomidae may help to 
prevent blood dilution in the region of the main locomotory muscles and nerve 
ganglia (Goodchild, 1 9 6 3 6 ). Both families ingest watery food, and of the aquatic 
Heteroptera, the Corixidae, with their detritus feeding habits, must take in more 
water with their food than their predatory relatives (Staddon, 1 9 6 4 ).

T he mid-gut is the region in which the specialized structures of different groups 
are developed, and these will be described below. T he cells of which this region is 
com posed typically have bulbous tips, joined to neighbouring cells only near the 
base, with a narrow striated border, and with two nuclei. Their secretory processes, 
as seen in stained sections, show a variety of forms, including extrusion of droplets, 
nipping off of cell tips and breakdown of complete cells. Mukharji ( 1 9 6 1 ) has 
described these in certain Homoptera. It is likely that in many cases these appear
ances are not of true secretion, but of cellular degeneration. Rafiq Khan & Ford
( 1 9 6 2 ) found that extrusion of droplets by the digestive epithelium of Dysdercus 
fasciatus Sign. (Pyrrhocoridae) was at a maximum during starvation, when enzyme 
activity was least, and that during active feeding the cells appeared as if in a resting 
phase. Similar results were obtained with cacao capsid bugs (Goodchild, 1 9 5 2 ), 
when observation o f living tissues showed that a viscid, finely granular material was 
secreted through the intact cell wall during the feeding cycle, and that swelling and 
detachment from the epithelium was associated with cell senescence at the end of 
such a cycle. Evidence of cyclical secretion can be found in the mid-guts of many 
sap-sucking Hemiptera, although digestive enzymes should not be required by these 
insects. The bulk of the secretion, as seen in the cacao capsids for instance, is out 
of proportion to its strength of enzyme activity, and it is likely that it has other 
functions such as providing a buffer zone against osmotic flow.

A  proportion of the mid-gut cells in many species of Heteroptera can be seen to 
be uninucleate. Yanai ( 1 9 5 2 ) and Yanai & Iga ( 1 9 5 6 ) studied this on a quantitative 
basis, and found that the frequency of uninucleate cells was correlated with the 
abundance of nidi of regenerative cells. In the highly carnivorous Cryptocerata, 
nearly all the cells are uninucleate and nidi are very abundant, while in the phyto
phagous Pentatomidae there are few of either uninucleate or regenerative cells. It is 
probable that the uninucleate cells of Cryptocerata secrete by total cell breakdown
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(holocrine), and thus require constant replacement, and the binucleate cells of 
terrestrial Hemiptera secrete without self-destruction (merocrine) and are longer 
lived. Pradhan ( 1 9 4 0 ) found a similar state of affairs in comparing carnivorous and 
phytophagous Coccinellidae, with holocrine secretion in the former and merocrine 
secretion in the latter. There is, however, no correlation between cell type and food  
habit in the terrestrial Heteroptera, and in these the much-less abundant uninucleate 
cells may be stages in the replacement of the binucleate epithelium. Apart from the 
secreting cells, other cell types, probably of an absorptive nature, occur in the m id
gut of many phytophagous Hemiptera. T hese may have a border extended into the 
lum en as a long lobe, over which there is a dense mass of fine filaments (brush-like 
border), or the cell base may give rise to one or a few large filaments (Fulgoridae, 
Licent, 1 9 1 2 ; Goodchild, 1 9 6 3  a; Miridae Bryocorinae, Goodchild, 1 9 5 2 ).

A lthough it has generally been held that a peritrophic membrane is absent from  
Hemiptera, some authors (e.g. Kershaw, 1 9 1 3 a; Sutton, 1 9 5 1 ; W oolley, 1 9 4 9 ) claim  
to have detected rudiments of such a structure. Parsons ( 1 9 5 7  a) was unable to 
confirm Sutton’s observations on Corixidae, but detected a fragmentary membrane 
in som e individuals of Ranatra fusca  P.B. A small proportion of her samples gave 
positive results to tests for chitin in the m id-gut, but she concluded that the positive 
results to such tests which were found by Sutton were due to chitin fragments in 
the food mass. The appearance of a membrane surrounding the food mass is not 
uncom m on, but probably results from the precipitation of a layer of freshly secreted 
digestive enzymes close to the epithelial surface. In the course of numerous studies 
on both stained sections and teased fresh tissues, I have frequently observed an 
apparent peritrophic membrane in the former but never in the latter. This view is also 
held by Kurup (1 9 6 1 - 1 9 6 2 ) as a result o f his studies on Cryptocerata and by  
Mukharji ( 1 9 6 1 ) from work on Homoptera.

T he Malpighian tubules primitively open into the extreme posterior end of the 
m id-gut in Hemiptera. T hey are four in number, except for Coccoidea and Aley- 
rodoidea which have two (three in leery a purchasi Mask. (Pesson, 1 9 3 6 )) and the 
Aphidoidea which have none. Miyamoto ( 1 9 6 1 ) noted the presence of six tubules in 
the male of a primitive Heteropteran, Kokeshia esakii Miya. (Schizopteridae). 
Confusion as to the number of tubules has arisen in certain cases where the distal 
ends fuse in pairs (Locy, 1 8 8 4 ). These have been regarded as two tubules with their 
distal ends attached to the gut near to the origin of the proximal ends. This condition 
occurs in the Cicadoid Homoptera and the Cryptoceratan Heteroptera, and in both 
groups there are also species on which all four tubules are fused together at the 
distal ends, the lumen being continuous across the junction. Licent (1 9 1 2 ) found  
this in 1 9  out of 4 0  species of Cicadoidea which he examined. T he situation in 
Cryptocerata is discussed by Bahadur ( 1 9 6 1 ). Miyamoto ( 1 9 6 1 ) finds fusion of all 
four apices only in some Belostomatidae and Nepidae, but records fusion in pairs 
not only in these families and in Naucoridae, but among terrestrial Heteroptera in  
certain Berytidae, Lygaeidae (Cymus) and Reduviidae. T he junction of the M al
pighian tubules with the intestine is by separate openings for each tubule in m ost 
Heteroptera and Fulgoroidea, but in both groups there are species in which the
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proximal regions fuse in pairs to form two ureters. T he two tubules of Coccoidea 
also fuse just before they join the mid-gut, but in Cicadoidea, Licent ( 1 9 1 2 ) found the 
most common condition to be one pair fused and the other pair with separate open
ings. M ost of the other species studied ( 7  out of 4 0 ) showed complete fusion into one 
ureter, and only one cicadoid species ( Ulopa reticulata Fabr.) was found to have the 
proximal regions fused in pairs. In the Psyllidae (Brittain, 1 9 2 3 ), the short, blunt-ended 
tubules open at intervals along the length of the m id-gut (Fig. 5  c). T he normal 
histological picture o f the Malpighian tubules shows a lumen of about half the 
overall diameter of the tubule, with a brush or honeycomb internal border (Fig. 1 c), 
but in most Cicadoidea a portion of each tubule forms a so-called ‘glandular segm ent’ 
of enlarged diameter and with a relatively thick wall (Fig. le).  T he whole tubule in 
Coccoidea is thick walled and with an extremely narrow lumen (Fig. i f ) .  Licent 
( 1 9 1 2 ) suggested that the glandular segment may be concerned with the secretion of 
froth-stabilizing substances in Cercopidae, but similar regions were described by 
him in the tubules o f families which do not form froth.

In the Homoptera, the region of the mid-gut which receives the openings of the 
Malpighian tubules is not differentiated from the rest of the m id-gut in any way, 
whereas in Heteroptera the tubules open into a region which is more or less distinct 
from the remainder of the intestine, being marked off from the m id-gut anterior to it 
by a valve-like constriction, as well as by the pyloric valve leading into the hind-gut, 
on its posterior end. In the Pentatomomorpha this region becomes a well developed 
sac, which is modified in various ways in different families (Goodchild, 1 9 6 3 6 ), but 
it remains small in Cimicomorpha and Amphibicorisae, and is almost indistinguish
able in Cryptocerata. There is some confusion as to the nomenclature of this region 
in different groups. Many workers, studying pentatomomorph species, saw it as 
the most anterior part of a twofold hind-gut, and named it ‘ileum ’, while others, 
noting that it received the openings of the Malpighian tubules, adopted the term 
‘pylorus’. In the Cryptocerata, in which a pyloric region is not distinct, the tubular 
anterior part of the hind-gut is properly termed the ‘ileum ’. T he use of this term in 
Heteroptera is discussed by Rastogi ( 1 9 6 2 0 ). Although some authors (e.g. Harris, 
* 9 3  8 ) claimed to have detected a chitinous intima in the pentatomomorph ileum, 
it is now generally accepted (e.g. Srivastava & Bahadur, 1 9 6 1 ) as belonging to the 
mid-gut, the hind-gut commencing at the ileo-rectal (pyloric) valve. Miyamoto ( 1 9 6 1 ) 
observed the presence of a distinct pylorus in the most primitive Heteroptera, but 
gives no details of its histology. A clue as to the derivation of this heteropteran 
structure from the homopteran condition may be found in some Fulgoroidea (e.g. 
Gyarina nigritarsis Karsch), where the pyloric valve is separated from the Mal
pighian tubule openings by a short length of gut histologically similar to the valve 
itself (Fig. ig).  This strikingly resembles the same region in Saldula  sp. as illustrated 
by Miyamoto and reproduced here (Fig. 2  a) for comparison. In the Amphibicorisae 
the small pyloric region (Fig. 2  b) has the very narrow Malpighian tubule openings 
just posterior to the widest part, and the lining cells anterior to this position are 
clearly of mid-gut type, while those posterior to it resemble the hind-gut cells of the 
pyloric valve. Miyamoto describes and illustrates an inflated pylorus in some Gerris



i o 6 A. J. P. G o o d c h il d

MG

MT
(o)

RG

RG

O e
SG

ASG
AMG

TMG

Rec

MT

Fig. 2. a, Longitudinal section of pyloric region of Saldula sp., Saldidae (from Miyamoto, 
1961, with acknowledgements); b, the same, of Gerrisgibbifer Schum., Gerridae; c, alimentary 
canal and salivary glands of Hemiodoecus veitchi Hacker, Peloridiidae (from Pendergrast, 1962, 
with acknowledgements); d, alimentary canal of Schizoneura lanigera Haus., Aphididae (after 
Davidson, 1913). AMG, anterior sac of mid-gut; ASG, accessory salivary gland; Pyl, pylorus; 
RG, rectal gland; SG, main salivary gland; TMG, tubular portion of mid-gut; others 
as Fig. 1.
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species, but his illustrations suggest that the point of junction of the Malpighian 
tubules has been misinterpreted, and that his supposed pylorus is the anterior part 
of the rectum. It is probable that the pylorus of the primitive Heteroptera is mainly 
of proctodaeal origin, and that the transition to a more completely mesenteric organ 
in the Pentatomomorpha is the result of the great increase in volume of this region 
and of the widening of the Malpighian tubule openings, which occur in this 
group.

In the epithelium of the hind-gut of Hemiptera there are two main cell types, one 
being a thin syncytium with many small scattered nuclei, .the other being large domed 
or cuboid cells, with large coarsely granular nuclei and eosinophil cytoplasm. T he  
latter are the cells of the rectal glands or ‘pads’. In contrast to the mainly binucleate 
cells of the mid-gut, the rectal gland cells are uninucleate, though their boundaries 
may be indistinct. T he sac-like rectum in Pentatomidae, Plataspidae, Rhopalidae, and 
many Fulgoroidea, is lined almost entirely with flattened gland-type cells, with the 
eosinophil striated borders only weakly developed, while in Coreidae, Lygaeidae, 
Pyrrhocoridae and Amphibicorisae the gland cells are cuboid, with well-developed  
borders, and are restricted to the dorsal wall of the rectum. In the Cimicomorpha the 
rectal gland area is at the anterior end of the rectum, around the pyloric valve opening, 
and in Cryptocerata the glandular region forms the tubular ileum, the rectal sac 
being lined with a thin syncytium.

About the function and homologies of rectal glands in Heteroptera there has been  
much confusion, since many authors (e.g. Hood, 1 9 3 7 ; Rastogi, i 9 6 0 ; W oolley, 
1 9 4 9 ) have described the rectum as lacking glands because the gland cells were not 
in the form of a well-defined ‘pad’. T he homology of the gland cells throughout the 
Heteroptera has been asserted by Bahadur ( 1 9 6 3 ) and m yself (Goodchild, 1 9 6 3 6 ), 
but Miyamoto ( 1 9 6 1 ) has failed to recognize them in Pentatomomorpha and, not 
taking the ileum into account, has denied their presence in Cryptocerata. In the 
Homoptera the hind-gut is usually lined entirely with domed glandular cells, though  
restriction to lateral strips occurs in some Fulgoroidea (Goodchild, 1 9 6 3  a). In many 
of the small forms, such as aphids or coccids (Davidson, 1 9 1 3 ; Hough, 1 9 2 5 ; W illis, 
1 9 4 9 ), rectal nuclei are large but the cytoplasm is thin, so that the nuclei bulge 
out into the rectal lumen. T he most primitive of existing Hemiptera, the Coleor- 
rhyncha, have the rectum lined with ‘a very thin epithelium ’ (Pendergrast, 1 9 6 2 ), but 
in the absence of an illustration it is not clear whether this is glandular or not. T he  
sac-like rectum of many Coccoidea appears to lack gland cells, but these may be 
present elsewhere in the hind-gut. T he Miridae Bryocorinae are the only Hemiptera 
definitely known to lack rectal gland cells (Goodchild, 1 9 5 2 ).

Observation of the histology of the gland cells, with a consideration of their prob
able function, leads to the conclusion that where the eosinophil material is distributed 
through the depth of the cell, as in the domed cells of the hind-gut of Cicadoidea or 
the tall columnar cells of the ileum of Cryptocerata, a solute-absorbing activity may 
be supposed to take place, while a well marked eosinophil striated border is associated 
with a probable water-absorbing function. It is interesting to compare this con
clusion with that of Ramsay ( 1 9 5 0 ), who studied osmoregulation in the larvae of
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the mosquitoes Aedes detritus Edw. and A . aegypti L. In the latter species, which can 
only form hypotonic excreta, the rectal gland is thin, with a narrow striated border, 
while that of A . detritus, which can osmoregulate in both fresh and sea water, and 
forms hypertonic excreta in the latter, is thicker and divided into two distinct regions. 
T he posterior region of the rectum resembles that of A . aegypti in having a con
spicuous striated border, but the anterior region has cells which lack such a border, 
their nuclei being found at all levels, and their cytoplasm generally denser towards the 
base. Ramsay tentatively identified the anterior region as the site o f water reabsorp
tion in the formation of hypertonic excreta, since cells of this type were not found in 
A . aegypti. Although this is opposite to the conclusion reached from the study of 
rectal histology in Hemiptera, it should be noted that final proof is lacking. The two 
cell types do not occur together in any species of Hemiptera.

IV. SIMPLE TYPES OF IN T E ST IN E

In all the different subdivisions of the Hemiptera there are families in which the 
intestine is simple, in that elaborate structures such as filter chambers are not de
veloped. Except for zoophagous or seed-sucking Heteroptera, these insects are all 
of small size. Many are mesophyll feeders and are not in need of water-disposal 
mechanisms, but their smallness, and therefore increased area-to-volume ratio, may 
make it possible for them to lose a significant amount of water by cuticular trans
piration, and enable them to feed upon sap. Where species with simple intestines are 
members of families in which larger forms possess specialized features of the alimen
tary canal, their simplicity may be due solely to this size factor, and they may even 
have evolved from ancestors with more complex intestines. Such groups as the 
Typhlocybinae (Cicadoidea), Delphacidae (Fulgoroidea) and certain subfamilies of 
Lygaeidae (Pentatomomorpha) can best be considered along with their specialized 
relatives.

There are, however, major groups of Hemiptera in which only simple intestines are 
found. These are the Coleorrhyncha (Pendergrast, 1 9 6 2 ), the Aphidoidea except for 
Lachnidae and a few genera of Aphididae (Davidson, 1 9 1 3 ; Borner, 1 9 3 8 ; Weber, 
1 9 2 8 ), the Cimicomorpha and the Amphibicorisae (Miyamoto, 1 9 6 1 ; Goodchild, 
1 9 6 3 6 ). In the Coleorrhyncha (Fig. 2  c) the oesophagus is short and joins the mid-gut 
well forward in the thorax. T he anterior part of the mid-gut is slightly dilated. T he  
mid-gut forms a simple loop in the abdomen, where it gradually narrows, is bent upon 
itself and passes forwards to join the hind-gut near the anterior end of the abdomen. 
T he hind-gut consists of a dilated sac, on the outside of which lie the short simple 
Malpighian tubules. T he tubules open into the m id-gut just before its junction with 
the hind-gut. Along with many other features of internal and external anatomy of 
this group, the alimentary canal is more primitive than that of any other living 
hemipteran and strikingly resembles that of some Thysanoptera (Sharga, 1 9 3 3 ).

The alimentary canal of aphids (Fig. 2  c) departs from the primitive condition in 
the more marked dilatation of the anterior m id-gut into a ‘stom ach’ and in the 
absence of Malpighian tubules. The latter feature is also found in Collembola and
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certain Thysanura, in which forms it may be primitive, since cephalic excretory 
organs analogous to those of Crustacea are present. N o alternative excretory organ 
has been found in aphids, so it must be assumed that the cells of the gut itself effect 
this function. T he m id-gut joins the hind-gut at a point well forward in the body 
cavity, near to the oesophageal valve. T he hind-gut is evidently capable of con
siderable distension, being sometimes observed in dissections as a thin-walled sac, 
but it contracts to a tube when empty. Notwithstanding the lack of special water- 
excreting intestinal structures, the aphids are nearly all sap-sucking insects. In the 
aphids, however, attention must be drawn, not to the presence of additional struc
tures, but to the absence, unique among higher insects, of the Malpighian tubules. 
It may be argued that in the aphids excessive dilution of the blood by water imbibed 
from the ingesta is prevented by the development of a turgor pressure in the insect’s 
body. Were Malpighian tubules present, the internal pressure might cause an in
creased passage through them of fluid isotonic with the blood (Ramsay, 1 9 5 0 ), with a 
resulting loss of useful solutes. They have therefore been suppressed in the course of 
evolution. It is probable that in many cases sap is ingested passively under the 
influence of the turgor pressure in the plant (Mittler, 1 9 5 7 ), but this must be limited 
by a reverse pressure in the insect, except in so far as this is released by ejection of 
honeydew from the anus or evaporation of water from the cuticle and tracheal system. 
Production of honeydew has been measured at 2 *o-3 *6 % body weight/hr. (Auclair, 
1 9 5 8 ), and evaporation at i*o% in flight (Cockbain, 1 9 6 1 ) and 0 *3 5 - 0 *4 0 % in still air 
(Lamb, 1 9 6 3 ). T he last author found that this was doubled in an atmosphere con
taining 5 % of carbon dioxide, as a result of relaxation of the spiracles. It would be 
interesting to discover whether the spiracles also respond to changes in osmotic 
pressure of the blood, or tension in the cuticle.

One of the problems involved in extracting nourishment from a flow of sap forced 
through the alimentary canal concerns the very different proportions of sugars and 
amino acids in plant sap and insect blood. Unless actively controlled in some way, this 
would result in a loss of amino acids and an excess of sugars in the blood. T he  
activity of intestinal enzymes in forming trisaccharides and oligosaccharides from  
disaccharides (Auclair, 1 9 6 3 ) may help to slow down diffusion of sugars into the 
body. Apart from cutaneous and respiratory water loss, absorption of nutrients will 
be governed by the capacity of the rectal epithelium to extract solutes and form  
hypotonic excreta. Excreta accumulate in the rectum for periods of 2 5 - 6 0  min. 
(Smith, 1 9 3 7 ; Broadbent, 1 9 5 1 ), mainly to allow the formation of droplets large 
enough to be expelled clear of the aphid colony, but this may also permit the rectum  
to absorb useful solutes. T he nutrients in the sap are not very efficiently utilized. 
O f the 0 *0 3 - 0 *1 3 % of amino acids in willow sap, about 5 5 % was absorbed by 
Tuberolachnus salignus (Gmelin), and of the 5 - 1 0 % of sugars only 5 % was removed 
by this species (Mittler, 1 9 5 8 6 ). The high concentration of useful substances in the 
excreta of aphids has been the subject of comment since it was first recognized, and 
was supposed to indicate a need for some essential nutrient present only in trace 
amounts. It is more likely to be the result of inefficient extraction of solutes due to 
a low capacity for osmotic work in the hind-gut.
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T h e specialized anatomical adaptation of aphids to sap-sucking habits may there
fore be the absence o f Malpighian tubules. T his theory accounts for the subglobular 
shape of the aphid body as being due to cuticular tension resisting any increase in 
blood volume; for the well developed oesophageal valve, if sap is ingested against an 
internal pressure; and for the small size, since cuticular transpiration is an important 
route of water disposal, and since the sluggish movements imposed by a turgid body 
would render a large insect more vulnerable to predators. T his restriction on size and 
activity has resulted in the evolution of extremely high rates o f reproduction, facilitated 
by parthenogenesis and viviparity, in order to compensate for the depredations of 
natural enemies. It is significant that those aphids which have acquired a simple 
filter chamber (Lachnidae and some Aphididae, Knowlton, 1 9 2 5 ) are generally 
among the largest of the aphids, and have higher rates of sap consumption (Mittler, 
1 9 5 8 0 ) than aphids lacking this modification.

T he most primitive Heteroptera are found in the families Dipsocoridae and 
Schizopteridae. In their alimentary canals (Miyamoto, 1 9 6 1 ), short, simple Mal
pighian tubules are present. They differ from the Coleorrhyncha mainly in the more 
marked anterior dilatation of the mid-gut, in the constriction of the mid-gut anterior 
to the Malpighian tubule junction, forming a distinct pylorus, and in the restriction 
of gland cells in the hind-gut to a well defined pad on the dorsal wall of the rectum  
(Fig. 3 0 ). It would appear that some Saldidae show a more primitive condition of the 
Malpighian tubule junction, with the pylorus not clearly defined (Fig. 2 0 ), and that 
the Cryptocerata have retained this level of organization. W hile China (1955) places 
the Saldidae near the origin of Amphibicorisae (in which, however, the pylorus 
is distinct), M iyamoto ( 1 9 6 1 ) reveals details o f salivary-gland structure and Malpig
hian tubule arrangement which link this family with the terrestrial Heteroptera. They  
thus occupy a rather isolated position, and their particular combination of structural 
features cannot be regarded as lying on the main fine of evolution of the suborder. 
T he apparent separation of a tubular ileum from a sac-like rectum in Saldidae led 
M iyamoto to regard this as the primitive condition in Heteroptera. Although this 
author compared the ileum of Saldidae to that of Cryptocerata, the rectal gland cells 
of the former are found mainly in the sac-like region, extending to the supposed ileum  
only in Saldoida armata  Horv., but not in Saldula  sp. It seems more likely that the 
hind-gut of Hett*optera was primitively sac-like, as seen in Dipsocoridae, and it is 
important to note, because this is relevant to the discussion o f the evolution of 
water-disposal mechanisms, that in Heteroptera the rectum and Malpighian tubule 
junction are situated posteriorly in the body cavity, at some distance from the 
oesophageal valve.

W hile the salivary glands in both Coleorrhyncha and Aphidoidea are in the form 
of two pairs of sim ple compact glands, those of Heteroptera consist of a pair of 
basically two-lobed main glands, and a pair of accessory glands terminating in thin- 
walled vesicles lying close to the anterior m id-gut, connected to the main glands by 
long ducts. This type o f accessory gland is found in all zoophagous families, and its 
function may be that of recirculating water from the gut to ensure a copious flow of 
saliva to wash out the dissolved internal organs of the prey. T h e reduction of the
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Fig. 3. a, Alimentary canal and salivary glands of Hypselosoma hirashimai Esaki & Miya., 
Schizopteridae; b, alimentary canal of Stephanitis pyrioides Scott, Tingidae; c, longitudinal 
section of pyloric ampulla of Sphedanolestes sp., Reduviidae; d, alimentary canal and salivary 
glands of Sahlbergella singularis Hagl., Bryocorinae; e, alimentary canal of Anisopsgenji Hutch., 
Notonectidae. (a, b and c from Miyamoto, 1961, with acknowledgements.). PMG, posterior 
swelling of mid-gut; others as Figs. 1 and 2.
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vesicles in blood-sucking forms, and their absence from Rhodnius prolixus Stal, a 
highly specialized blood-sucker (Goodchild, 19556), tends to support this interpre
tation.

T h e alimentary canal of Amphibicorisae does not differ greatly from that of 
Dipsocoridae. The pylorus is small (Fig. 2 6 ), and may indeed have diminished in size 
from the primitive heteropteran condition, by reduction of the region posterior to the 
M alpighian tubule junction. T he rectal gland is well developed, extending down the 
lateral walls of the rectum and in some cases (e.g. Gerris spp.) forming deep longi
tudinal folds in the rectal lumen. In addition to the anterior dilatation, the mid-gut 
tends to form a bulbous enlargement at its posterior end, and its tubular middle 
portion may form more than one loop. The posterior swelling of the mid-gut is variable 
in size in different species, and usually smaller than the anterior one. In some species 
the posterior swelling is only temporarily formed as food residues accumulate, but 
in others it seems to be permanent. The Malpighian tubules of Amphibicorisae tend 
to be longer and more convoluted than the primitive type, with the dorsal pair 
forming anterior loops. T he Hydrometridae (Sprague, 1 9 5 6 ; Miyamoto, 1 9 6 1 ) are 
unusual in having a narrow tubular mid-gut, and the hind-gut divided into tubular 
ileum  and sac-like rectum. T he glandular area is confined to the former region, and 
the rectum has a narrow anterior diverticulum. This is essentially the pattern in 
Cryptocerata, but on external characters the Hydrometridae are in no sense a con
necting link between the groups, but arise high up on the Amphibicorid stem (China, 
I955)- Possibly the internal structure is necessitated by the extremely narrow body 
of these insects.

T h e characteristic feature of the intestines of the Cimicomorpha is the reduction 
of the pyloric region almost to vanishing point, though with well defined valves both 
anteriorly and posteriorly (Cragg, 1 9 1 5 ; Painter, 1 9 3 0 ; Goodchild, 1 9 6 3 6 ). The  
M alpighian tubules open into the pylorus through flask-shaped ampullae (Fig. 3 6 ), 
which contain long filamentous cells projecting into the rectal lumen (Fig. 3 c). The  
rectal gland forms a pad surrounding the pyloric valve. The posterior swelling of the 
m id-gut is not very evident, and in most species it is absent. In the phytophagous 
families Miridae and Tingidae the tubular intestine is divided into two regions by a 
slight constriction, and the anterior one of these is lined with cells of a type not 
found in zoophagous families. These cells have a deep brush-like border, which is 
partly destroyed by fixation and does not take up histological stains. In certain large 
tropical Miridae of the subfamily Bryocorinae a unique intestinal pattern is found 
(Goodchild, 1 9 5 2 , 1 9 6 3 6 ) in which a large sac-like pyloric region opens by a wide 
and poorly developed valve into a rectum in which gland cells are totally lacking 
(Fig. 3  d). The tubular intestine is twofold, but the posterior part, which in other 
Miridae is lined with the bulbous-tipped binucleate cells typical of the mid-gut of 
Hemiptera, is in these Bryocorinae furnished with a lining of cells bearing long 
filamentous processes. These absorb vital dyes intensely in vitro , and in the living 
insect may also absorb water strongly, since insoluble particles in the ingesta accumu
late in this region. T he pyloric ampullae are lacking in these species, but their un
usual filamentous cells may be represented by the cells of this terminal part of the
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mid-gut. These large Bryocorinae feed upon succulent shoots and fruits, destroying 
areas of plant tissue with their toxic saliva (the latter feature being typical of the 
mainly carnivorous character of the Cimicomorpha). The organs by which Cimi- 
comorpha conserve water (rectal glands, pyloric ampullae) are absent, and it would 
seem that the tropical Bryocorinae, having a diet of high water content, have to 
dispose of an excess. Their excreta are always a transparent fluid, and they may also 
dispose of water through the accessory salivary-gland vesicles, since a number of clear 
droplets are exuded from the mouthparts on the completion of a feed. This small 
group of species must represent the nearest approach to sap suckers of all the 
Cimicomorpha, and this is accompanied, as in other groups, by alimentary modifica
tions and by increased size compared with related mesophyll feeders. It should be 
noted that the small temperate representatives of the subfamily Bryocorinae are not 
thus modified, but have typical cimicomorph intestines (Miyamoto, 1 9 6 1 ; Good
child, unpublished).

V. THE CRYPTOCERATA (HYDROCORISAE)

T he insects in this group agree in many respects with the Amphibicorisae. In 
both groups the main salivary gland has a narrow lumen (except in Corixidae) and in 
both the anterior loop of the Malpighian tubules is from the dorsal pair. T he mid-gut 
(Fig. 3 2 ) is expanded anteriorly in Cryptocerata, but the posterior bulb is usually only 
slightly, if at all, developed. There is no distinct pylorus, and the Malpighian tubules 
open into the posterior end of the mid-gut. The hind-gut consists of a tubular ileum, 
the lining of which is thick and of glandular nature except for a narrow ventral strip, 
and a thin-walled rectal sac having a well developed anterior diverticulum. The  
ileum may reach a considerable length (e.g. in Belostomatidae). Studies on the 
intestinal structure of this group are numerous (Hamilton, 1 9 3 1 ; Rawat, 1 9 3 9 ; 
Sutton, 1 9 5 1 ; Parsons, 1 9 5 9 ; Rastogi, 1 9 6 1 , 1 9 6 2 b; Kurup, 1 9 6 i - 6 2 ).Thesignificance 
of the strongly glandular ileum and its tubular shape has been suggested to be solute 
absorption (Goodchild, 1 9 6 3  6 ). Bahadur ( 1 9 6 3 ), while correctly noting the homology 
of this region with rectal pads in other Heteroptera, tried to interpret it as a water- 
absorbing organ as it is in terrestrial forms. His argument was that these insects had 
a body of low water content and therefore needed to conserve water. It is clear, 
however, from the studies o f Holdgate ( 1 9 5 6 ) and Staddon ( 1 9 6 3 , 1 9 6 4 ) that the 
aquatic Heteroptera experience a steady osmotic inflow through the cuticle, which 
necessitates the excretion of a hypotonic urine.

VI. TH E FULGOROIDEA

This large assemblage of species is of very varied external appearance and is 
difficult to define taxonomically. Their alimentary canal has been recognized as 
contrasting in its simplicity with that of Cicadoidea (Dufour, 1 8 3 3 ; Licent, 1 9 1 2 ; 
Kershaw, 1 9 1 0 , 1 9 1 3 a; Mukharji, 1 9 6 1 ), but no other author has provided a con
vincing explanation of how the Fulgoroidea are able to feed upon sap while lacking 
an anatomically obvious filter mechanism. T he m id-gut (Fig. 4 a) is a narrow tube 
throughout its length and is coiled into a knot-like cluster of loops, from which the

8 Biol. Rev. 4 1
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Fig. 4. a , Alimentary canal of fulgoroid type (based on Pyrops tenebrosus Fab., Fulgoridae);
b, transverse section of part of ensheathed mid-gut of Phalix titan Fennah, Tettigometridae;
c, alimentary canal of cicadoid type (based on Tettigoniella mitrata Gerst., Jassidae, middle 
portion of Malpighian tubules omitted); d, transverse section of filter chamber of T. mitrata. 
AD, anterior diverticulum of mid-gut; BMT, base of Malpighian tubule, distal part omitted 
for clarity; DLG, descending loop of mid-gut; EMT, Malpighian tubule enclosed in filter 
chamber; FC, filter chamber; GMT, glandular portion of Malpighian tubule; HG, hind- 
gut ; IS, inner layer of intestine sheath; OS, outer layer of sheath; RLG, returning loop of mid
gut ; Sh, intestine sheath; others as Figs. 1 and 2.
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oesophagus emerges anteriorly and the sac-like rectum posteriorly. The rectal 
lining is of rather flattened gland-type cells, very like that of some Pentatomidae. 
Alongside the oesophagus there extends into the thorax, and in a number of species 
into the head, a diverticulum from the anterior end of the mid-gut. T he Malpighian 
tubules join the m id-gut at its posterior end through very narrow openings, and are 
not fused at their distal ends. Between the oesophageal valve and the junction of the 
M alpighian tubules, the cluster of mid-gut loops is enclosed in a membranous 
sheath. T his sheath has hitherto been regarded as of little significance, but its struc
ture in a fairly primitive type, Phalix titan (Tettigometridae), shows features which 
provide a valuable clue to the mechanism of water control in the Fulgoroidea. In 
this species the sheath is two-layered (Fig. 4  b), the inner cells being large, eosinophil 
and uninucleate, while the outer cells form a thin pavement epithelium with small 
dark-staining nuclei (Goodchild, 1 9 6 3  a). Among the tracheal branches which 
penetrate the sheath are scattered large eosinophil cells, of appearance similar to the 
cells termed oenocytes. T hough organized as a layer of contiguous cells, those of the 
inner sheath are also remarkably like oenocytes in histological appearance. In 
Fulgoridae (e.g. Pyrops tenebrosus Fab.) the sheath is formed entirely of smaller 
pavement-like cells, but there is a continuous layer of oenocyte-like cells on the outer 
side o f the mid-gut tube itself. Licent ( 1 9 1 2 ) seems to have observed this in other 
Fulgoridae, but regarded it as a strong muscular coat. The cells lining the mid-gut 
may be entirely of simple bulbous type (e.g. in Flatidae), or the posterior mid-gut 
m ay contain cells with apical lobes having a deep brush-like border (e.g. in Phalix 
titan), while in Fulgoridae the mid-gut cells are produced into long apical filaments 
(L icent, 1 9 1 2 ; Goodchild, 1 9 6 3  a). Licent observed in Cixius and Issus spp. that 
a free loop of the m id-gut emerged from the central knot, and suggested that this 
m ight be the equivalent o f the mid-gut loop of Cicadoidea, with filtration of excess 
water taking place within the knot. The arrangement in Cicadoidea is, however, 
quite different, and the circumstances which lead to filtration in that group do not 
obtain in the Fulgoroidea. T he mechanism by which this intestinal pattern is adapted 
to  sap-sucking seems likely to involve the sheath, since this structure is confined to 
the group. It might be that the oenocyte-like cells are able to resist the inflow of 
water to the blood, while the m id-gut cells absorb solutes from the ingesta. Thus 
the contents of the intestine would become more dilute during passage along the mid
gut, leaving the sac-like and weakly glandular rectum with little osmotic work to 
perform. Oenocytes are usually associated with the insect hypodermis, where they 
m ay be concerned with waterproofing (Kramer & Wigglesworth, 1 9 5 0 ), and the in
testinal sheath may have originated as a subepidermal layer growing inward at front 
and rear to bridge the region o f osmotic entry of water between the chitin-lined 
oesophagus and rectum. On this theory, it is not functionally important whether the 
oenocytic layer is in the sheath (which is probably the primitive position), as in 
Phalix titan , or on the outside of the mid-gut, as in Pyrops tenebrosus. Although 
Licent does not give histological details of the guts of Cixius and Issus, their emergence 
from the sheath would suggest that the waterproofing layer, if present, is around the 
gut wall. On the other hand, there are cases in which the sheath is incomplete or
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absent, both as an enclosing membrane and on the outer surface of the mid-gut 
(Licent, 1 9 1 2 ; Mukharji, 1 9 6 1 ; Goodchild, 1 9 6 3  a). T he small-sized Delphacidae are 
probably mesophyll feeders with no water-control problem. In the case of adult 
Flatidae (Goodchild, 1 9 6 3  a), there was evidence that active feeding upon sap was no 
longer taking place. Even in the simple gut of Delphacidae, the group characteristics 
of uniform m id-gut diameter and anterior diverticulum are present, so that it is not 
primitively simple.

T h e anterior diverticulum of the mid-gut has attracted a great deal more attention 
in the past than the other aspects of the fulgoroid intestine. In many species, and 
particularly in the lantern-flies with their remarkable elongation of the head, it ex
tends into the anterior regions of the body in an elaborate manner. It is usually 
filled with air bubbles, especially after a moult, but its cells may show signs of active 
secretion (Mukharji, 1 9 6 1 ). In Gyarina nigritarsis (Flatidae; Goodchild, 1 9 6 3 a) the 
cell tips are distended with an eosinophil material not found elsewhere in the mid-gut, 
and unlike the usual alimentary secretions of Hemiptera (though in staining reaction 
resembling salivary secretion). T he diverticulum may sometimes contain fluid 
(Kershaw, 1 9 1 3  a\ Mukharji, 1 9 6 1 ) and was interpreted by Kershaw as afood reservoir 
(inaccurately termed ‘ crop ’), or waxy material, supposedly separated from the food 
(Kershaw, 1 9 1 0 ). Licent ( 1 9 1 2 ) found the diverticulum in Lycorma delicatula White 
always to contain many large air bubbles bound by a viscid secretion, and interpreted 
the organ as a means of reducing the weight of the anterior parts of the body. 
Mukharji ( 1 9 6 1 ) disagrees with this on the grounds that when the diverticulum  
contains fluid it will have the opposite effect. Kershaw ( 1 9 1 4 ) also suggests that the 
diverticulum serves to separate air from the food before it passes down the mid-gut. 
Against this it may be said that air is commonly present in the alimentary canal of 
other plant-sucking Hemiptera, without apparent ill effect. T he interpretation which 
I have placed upon this structure (Goodchild, 1 9 6 3  a) is that it is a corollary of the 
ensheathed m id-gut, in that it is used to inflate the thorax at the tim e of moulting, a 
function which the specialized m id-gut is no longer able to perform. This would 
account for the frequency with which it is found to contain air. During active sap- 
sucking, the diverticulum would be a liability on account of its permeable wall, and 
the secretions observed therein, which Licent described as binding the air bubbles, 
Kershaw regarded as ‘w axy’, and which are clearly of unusual character in Gyarina 
nigritarsis, may be adapted to combat this tendency. T he evolution of the enormous 
degree of forward extension in some forms must be regarded as a secondary develop
ment, similar to the tracheal air sacs of many other insects (including among Hemi
ptera the Cicadidae, Plataspidae, and Pentatomidae), enabling the Fulgoridae to 
possess elaborate cephalic processes of cryptic or warning value, without excessive 
w eight penalty. It may be that the tracheal system of the head is less able to respond 
in this way. Against Mukharji’s objection, the views of W igglesworth ( 1 9 6 3 ) on the 
function of air sacs as a means of restricting the volume of blood in circulation may be 
relevant. The suggestion by Mukharji ( 1 9 6 1 ) that the anterior diverticulum assists 
in the process of sucking in food, by the contraction of its wall, is based on very 
inadequate evidence.
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VII. THE CICADOIDEA

It is in this group that the classic example of the filter chamber is found, and 
intestines of members of this superfamily have been described by several authors 
{Licent, 1 9 1 2 ; Kershaw, 1 9 1 3  £, 1 9 1 4 ; Hickernell, 1 9 2 0 ; Cecil, 1 9 3 0 ; Dobroscky, 
1 9 3 1 ; Mukharji, 1 9 6 1 ). T he m id-gut (Fig. 4 c) has a clearly defined anterior sac, 
posterior to which a narrow tubular intestine passes towards the rear of the abdominal 
cavity, and then returns to  a point near the oesophageal valve. T he lining cells of the 
first part of this loop are typical mid-gut cells, but the returning part is lined with 
enormously hypertrophied cells which practically obliterate the lumen. Licent 
regarded these as excretory cells, packed with crystals o f calcium carbonate, while 
Cecil thought they were engorged with bacteria and succeeded in obtaining cultures 
from them. At the anterior end of the abdominal cavity, the returning loop of the 
m id-gut, together with the proximal ends of the Malpighian tubules, passes beneath 
the peritoneal covering o f the anterior m id-gut sac, near the oesophageal valve. In  
the subperitoneal space, the posterior end of the m id-gut follows a sinuous course 
forward and back again, to emerge not far from its point of entry. The Malpighian 
tubules are also convoluted in this region and join the m id-gut before it emerges. The  
transition to the hind-gut is at the point where the intestine emerges through the 
peritoneal covering and the lining cells here form a shallow valve-like collar. T he  
lining epithelium of the anterior m id-gut is pushed out among the convoluted tubes 
o f the filter complex in an elaborate series of folds (Fig. 4  d) . T he whole filter system  
forms a smooth rounded capsule on the right side of the m id-gut near the oesophageal 
valve, with the opening into the rest of the mid-gut (anterior sac) rather constricted. 
In some Cicadidae the filter chamber is separated from the main sac by a distinct 
tube. Suspensory muscles run forward from the m id-gut sac and the filter chamber 
to  join the oesophagus. T h e epithelia of all the parts concerned in the filter chamber, 
namely the basal parts o f the Malpighian tubules and both extremities of the mid-gut, 
are of a uniform pattern, with thin flattened cells, large nuclei and weakly staining 
cytoplasm. In some of the smaller Cicadoidea (Jassidae, Licent, 1 9 1 2 ; Membracidae, 
Mukharji, 1 9 6 1 ) the filter arrangements are less complex, and the epithelium of the 
posterior mid-gut is thin only on the side facing the anterior m id-gut epithelium, the 
outer side, towards the peritoneal covering, being of normal columnar cells. In these 
simpler forms also, the cells of the second part of the tubular m id-gut are not greatly 
hypertrophied, but the lum en is usually occluded by a pasty mass, or ‘coagulum’. 
In the subfamily Typhlocybinae of the Jassidae, a true filter chamber is not formed 
(Licent, 1 9 1 2 ; Saxena, 1 9 5 5 ; Willis, 1 9 4 9 ). The posterior end of the mid-gut, just 
posterior to the junction with the Malpighian tubules, is closely applied to the slightly 
dilated anterior end of the mid-gut, and bound thereto by delicate strands of muscle. 
W ith the small area of contact, transfer of water must be slight, but Willis observed 
that the epithelium of the tubular intestine at this point is thin and vacuolated, and 
that pumping movements occur in it. In all other respects the alimentary canal is 
typically cicadoid, and may be secondarily simplified.

T he hind-gut of Cicadoidea is very long and narrow and follows a more or less
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sinuous path backwards from the filter chamber to the anus, closely accompanied by 
the Malpighian tubules. Its lining is entirely composed of domed, eosinophil, gland- 
type cells. There is usually a slight expansion, or rectum, at the posterior end, and in 
this region the ends of the Malpighian tubules come into close contact with the 
rectal wall, being sunk into pockets of the wall and enclosed by a delicate peritoneal 
membrane. In some cases this peritoneal covering is more strongly developed, and 
Mukharji ( 1 9 6 1 ) describes the distal ends of the tubules in Platypleura capitata Oliv. 
(Cicadidae) as enclosed in a peritoneal sheath together with the convoluted posterior 
end of the tubular hind-gut, anterior to the rectal expansion. T he terminations of the 
Malpighian tubules are separate in Cercopidae, but fused in pairs or all four together 
in other families.

A  rational interpretation of the function of the cicadoid filter chamber owes much 
to Ramsay’s ( 1 9 5 0 ) concept o f rectal absorption of solutes. Earlier approaches were 
inclined to regard it as a filtration under an applied pressure and Licent ( 1 9 1 2 ) 
believed the occlusion of the m id-gut by hypertrophied cells to function as a ‘filter 
b e d ’ in restricting flow along the lumen, thereby directing it through the filter 
chamber. This view suffers from two disadvantages. One is that dilute ingesta under 
pressure in  the mid-gut would lose water to the blood, which is undesirable, and the 
other is that the thin-walled tubes of the filter complex would collapse under a 
pressure applied to their outer sides. W e can discount the possibility of active 
secretion of water by the posterior end of the mid-gut, since its epithelium, in the 
filter chamber, is thin and shows no signs o f physiological activity. T he only re
maining possibility is that water is extracted from the ingesta by passive osmosis to 
the contents of the Malpighian tubules, which are isotonic with the blood. Effec
tively, this is the same osm otic gradient as that which tends to draw water through 
the m id-gut wall into the blood, but the Malpighian tubule fluid is exposed to the 
ingesta over a very large area of thin epithelium, before that ingesta can pass on into 
the rest o f the mid-gut. By that time it will have lost its excess water, and since most 
of the material in it is assimilable, the more posterior region of the mid-gut will 
carry only a weak flow. T hus its Cells may become modified for storage, or a precipitate 
of less soluble waste will accumulate. T he Malpighian tubule fluid, diluted by 
absorbed water, will pass down the long tubular hind-gut, the glandular cells of 
which w ill absorb useful solutes so as to produce excreta which are hypotonic to the 
ingesta. T his process is very efficient. Gruner (quoted by Licent, 1 9 1 2 ) found that 
the excreta of the cercopids Apkrophora  and Pkilaenus contained only 3 *6 % of the 
organic matter present in the ingesta. T he shape of the hind-gut, as a long narrow 
tube, is admirably adapted to this function, by reason of its high surface-to-volume 
ratio. T h e physiological significance of the association of the distal ends of the 
M alpighian tubules with the rectum is not obvious. In comparison with the crypto- 
nephridial systems of many Coleoptera, and of larvae of Lepidoptera and M yrme- 
leonidae, there is no apparent modification of the tubules in this region in Cicadoidea. 
In  the other insects in which it occurs, this arrangement would seem to be a water- 
conversing mechanism (Wigglesworth, 1 9 5 0 ). On this assumption, I have suggested 
that the filter chamber may be so effective in excluding excess water from the
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haemolymph that the cryptonephridial arrangement is necessary in order to maintain 
a flow along the tubules (Goodchild, 1 9 6 3  a).

V III. TH E COCCOIDEA  

In this group, as in the Cicadoidea, the hind-gut takes its origin from the mid-gut 
far forward in the abdominal cavity, where its proximity to the oesophageal opening 
makes a true filter system possible. Alimentary canals of Coccoidea have been 
described by Berlese ( 1 8 9 3 ), Hough ( 1 9 2 5 ), Misra ( 1 9 3 1 )* Negi ( 1 9 3 4 ), and Pesson 
( I933, J935> I93^> I941)* T he Malpighian tubules are two in number in most species, 
and are relatively short and not convoluted, but irregular in diameter like a string of 
beads. Their lumen is thread-like (Childs, 1 9 1 4 ). T he region of contact of the ex
tremities of the mid-gut is sunk into an invagination in the anterior end of the sac- 
like, thin-walled rectum, which appears to be lined entirely with non-glandular cells. 
T he connexion between the posterior end of the intestine and the rectum is by a 
delicate tube (colo-rectum o f some authors), which emerges from the filter complex to 
enter the side of the rectum. Berlese failed to observe this tube and thought that the 
intestine ended blindly in the invagination o f the rectal wall. T o  judge from pub
lished illustrations, the colo-rectum may be composed of rectal gland cells, but 
in the most advanced forms it is fused with the rectal wall and is non-glandular in 
nature. T he thin syncytium forming the rectal lining bears a chitinous intima on its 
inner surface, which is produced into numerous minute peg-like or hair-like processes. 
T he anatomy of Pulvinaria  spp. (Pesson, 1 9 3 5 ; Goodchild, unpub.) represents the 
highest degree of specialization of the coccoid filter apparatus (Fig. 5  a). The ex
tremities of the intestine, in the filter complex, are so fused together as to resemble 
superficially a single tube, which forms a helix o f two or three turns in the rectal 
invagination. T he dual nature of this tube was missed by some investigators (Hough, 
1 9 2 5 ; Misra, 1 9 3 1 ), but in fact the outer side of the helix is the posterior end of the 
intestine and the inner side is the anterior end. A  thin, apparently structureless, 
membrane which divides the lum en o f this helical tube into inner and outer com
partments represents the fused region of contact between the intestinal extremities 
(Fig. 5  b). T he inner wall of the helix is composed of tall columnar cells with pale- 
staining cytoplasm, while the outer wall consists o f shallow domed cells with darker 
cytoplasm. Since the outer tube is posterior to the Malpighian tubule junction, 
Negi ( 1 9 3 4 ) regards it as belonging to the hind-gut, in which case its cells may be 
of rectal gland nature. T he fused tubes of the filter complex separate at the opening 
of the rectal invagination, and connect with the ends of the free loop of the mid-gut, 
which lies posterior to the filter chamber. From the anterior end of this loop there 
is a long tubular diverticulum on one side o f the body cavity. Both the mid-gut 
loop and its diverticulum are lined with simple bulbous cells with rather basophil 
cytoplasm. T he Malpighian tubules lie alongside the rectum on either side of the 
body and fuse into a short, narrow ureter before opening into the m id-gut near its 
posterior end. Normal m id-gut epithelium continues from that point until the tube 
joins the filter complex. At the inner end of the rectal invagination, the inner part of
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Fig. 5. a, Alimentary canal of Pulvinaria jacksoni, Coccidae; b, longitudinal section of filter 
of P. jacksoni; c, alimentary canal of Psylla mali Schmidt, Psyllidae (after Brittain, 1923); 
d, alimentary canal and salivary glands of Yemma exilis Horv., Berytidae (from Miyamoto, 
1961, with acknowledgements). Cae, gastric caeca; IW, inner wall of filter tube; ML, middle 
lamella of filter tube; OW, outer wall of filter tube; RA, region of association of mid-gut 
extremities; RLu, lumen of rectum, others as Fig. 4.
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the helix joins the very narrow, thin-walled oesophagus, which passes forwards 
along the axis of the helix to the cibarial pump. T he outer part becomes the wider, 
but also thin-walled, colo-rectum, which passes forwards outside the helix. In 
Pulvinaria  it would appear that the colo-rectum passes through the wall of the rectal 
invagination, across the rectal lumen, and then turns backwards to a wide opening 
into the rectum.

In less highly developed forms the contact region between the ends of the intestine 
is simpler. In Pseudococcidae (Pesson, 1 9 3 3 ) the filter tubes are not twisted together, 
but a convoluted posterior end lies against a simple anterior end. In the Marga- 
rodidae (e.g. Icerya purchasi) there is a simple region of contact, which is only 
slightly sunk into the side of the rectum. There are three M alpighian tubules in this 
species, which appear from Pesson’s ( 1 9 3 6 ) illustration to be more normal in structure 
than in other Sternorrhyncha. The m id-gut of the Diaspididae is reduced to a blind 
sac, there is no filter apparatus, and the common ureter of the two Malpighian 
tubules opens direct into the rectum (Pesson, 1 9 4 1 ). Filtering mechanisms are also 
found in other Sternorrhyncha, in the form of simple contact between parallel 
lengths of intestine, ensheathed by the peritoneal layer of the posterior end of the 
m id-gut (Aleyrodoidea and some Aphidoidea), or with the ends of the m id-gut 
twisted together (Psylloidea (Fig. 5  c)). T he hind-gut is a narrow tube in Aleyro
doidea and Psylloidea, but probably capable of distension like that of the Aphidoidea.

T he manner of functioning of the coccoid filter chamber m ust be different from  
that postulated in Cicadoidea, since the rectum is mostly non-glandular, and the 
modified Malpighian tubules, with their thick wall and narrow lumen, in which the 
presence of a brush or honeycomb border has not been detected, probably do not 
pass a large volume of fluid. Instead of an osm otic withdrawal o f water from the 
ingesta, followed by absorption of solutes in the hind-gut, it is likely that in Coc
coidea the transfer of water from the inner to the outer part o f the filter tube takes 
place under the influence of hydrostatic pressure. Unlike that of Cicadoidea, the 
structure of the parts in Coccoidea is well adapted to such a mechanism. T he  
suggestion of Berlese ( 1 8 9 3 ) that water might pass into the rectum through the wall 
of the invagination can be rejected, not only because the alimentary canal is now  
known to be continuous, but because it is unlikely that sufficient pressure would be 
available in the lumen o f the invagination. T he functional reason for the invagination 
of the filter complex into the rectum might be to isolate it from the blood, and to  
restrict any water which exudes from the inner part of the helix. T he depth of the 
columnar epithelium on the inner wall would also help to slow  down the escape of 
water in this direction. I f  the cells of the outer wall o f the helix are functional in 
absorbing solutes, such materials will be transferred into the surrounding cavity, 
where they will raise the osmotic pressure of any leakage from the inner part before 
it mixes with the blood.

IX. THE PENTATOMOMORPHA

In this group of Heteroptera the most notable change from the primitive intestinal 
pattern is the enlargement of the pyloric region into a conspicuous sac, the so-called
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ileum  (Goodchild, 1 9 6 3  6 ). This region is lined with bulbous cuboid or columnar 
cells similar to those of the anterior mid-gut, and in living tissues the cell tips can 
be seen to be inflated with a clear fluid and occasionally to break away from the 
epithelium and pass into the rectum. This is possibly a method of water excretion, 
since this group is essentially phytophagous. T he openings of the Malpighian 
tubules into the ileum are much wider than in other Hemiptera and lined with 
epithelium similar to that of the ileum for a short distance into the tubules. In  the 
family Pyrrhocoridae, which have adopted a diet of dry seeds, the ileum lining is 
thicker, and its cells tall and narrow, and the tubule openings are restricted. In the 
families of Pentatomomorpha in which partly or wholly sap-sucking habits have been 
evolved, a second characteristic feature appears. T his is the development, on the 
section of the m id-gut immediately anterior to the ileum, of numerous tubular or 
pouch-like diverticula, the gastric caeca. Altogether, the pattern of the alimentary 
canal is as follows (Whitfield, 1 9 2 9 ; Breakey, 1 9 3 6 ; Harris, 1 9 3 8 ; Yanai, 1 9 5 2 ; 
Bocharova-Messner, 1 9 6 1 ). A  large anterior expansion, lined with typical bulbous 
m id-gut cells, is followed by a tubular intestine lined with columnar cells having a 
narrow brush-like border. The length of this region is variable, being long and 
forming several loops on the ventral side o f the anterior sac in Scutellerinae and 
Phyllocephalinae (Pentatomidae), and in Acanthosomatidae and Largidae, but being 
greatly abbreviated in Urostylidae, Plataspidae, Tessaratominae and Dinidorinae 
(Pentatomidae). In  others it is of moderate length. Posterior to the tubular region 
there is a bulb-like swelling, histologically similar to the preceding region, and 
smaller than the anterior sac. It is a permanent feature in most species, but would 
appear to be temporary in many Pentatomidae. T he gastric caeca are borne on a 
tubular region which follows the posterior bulb, the length of which varies from a 
small fraction to as much as three-quarters of the total mid-gut. T he caeca are 
irregularly bunched long tubes in some Lygaeidae (Rhyparochrominae and Blis- 
sinae), form two opposing longitudinal rows of finger-shaped caeca in Largidae and 
Berytidae (Fig. 5  d), and in other families form long series of pouch-like caeca, the 
rows o f which tw ist in a gentle helix around the central tube of the caeca-bearing 
region, except in Pyrrhocoridae, Rhopalidae, Lygaeinae and some other Lygaeidae, 
and Asopinae (Pentatomidae), in which the caeca are secondarily vestigial or absent.

In the most advanced forms the caeca are flattened in the longitudinal direction by 
pressure from adjacent caeca, and the connexion with the central tube is through 
a narrow tube, with a lumen only a few microns wide. In the Pentatomidae there are 
four rows of caeca and the caeca are laterally expanded so as to touch those of neigh
bouring rows, so that the central tube is hidden (Fig. 6 a). The other families have 
only two rows of caeca, and the transparency of the connecting tube zone in fresh 
material may give the impression that the caeca are isolated from the mid-gut 
(Rosenkranz, 1 9 4 0 ). In  its natural position in the insect, the caeca-bearing region of 
the m id-gut lies closely against the posterior dorsal part of the anterior sac. Where 
the caeca are long tubes they are forwardly directed to lie in contact with this sac, and 
where they are short, the longer section of intestine which bears them is looped 
around the dorsal part of the sac. T he caeca, in the living state, contain tall domed
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Fig. 6. a, Alimentary canal of unspecialized pentatomid type (based on Agonoscelis versicolor 
Fab.); b, the same, of Acanthocoris obscuricornis Dali., an advanced type of Coreidae; c, the 
same, of Dalsira bohndorffi Dist., Phyllocephalinae, ventral view; d, the same, of M ezira  
scabrosa Scott, Aradidae (from Miyamoto, 1961, with acknowledgements). ADR, anterior 
diverticulum of rectum; Bib, bulb at anterior end of caecal region; DF, position of dorsal 
folds of mid-gut sac; Dis, region of discontinuity of intestinal lumen; others as Figs. 3, 4, 5.
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cells, each of which may have a large clear vacuole at its tip. In the caecal lumen  
there may be found transparent spheres, formed by the nipping off of the vacuolated 
cell tips. These discharge their contents into the connecting tube and do not leave the 
caecum in an intact state. Unfortunately, the vacuoles and spheres are destroyed by 
fixation and in histological sections the epithelium of the caeca is almost pavement
like in appearance. T he caeca also contain, in most cases, large numbers of bacteria, 
which are readily seen in sections. In Pentatomidae these micro-organisms are 
distorted thread-like forms, which can neither be cultured artificially nor identified 
with any known species o f bacteria. In the other families the caecal organisms can be 
cultured (Glasgow, 1 9 1 4 ; Steinhaus, Batey & Boerke, 1 9 5 6 ) and resemble the free- 
living soil bacteria of the genus Pseudomonas. The gastric caeca have in the past been  
regarded as organs developed solely for the harbourage of symbiotic bacteria, although 
the nature of the relationship has not been clearly established. It is possible, how
ever, to consider the caeca as having been evolved originally for purposes of water 
excretion, even though in a number of cases they have undoubtedly become mycetome- 
like organs. The evidence for this view has been presented in full (Goodchild, 1 9 6 3 6 ) 
and may be summarized as follows. The unusual type of secretory process seen in 
living caeca may be a means of actively discharging a hypotonic fluid from the body, 
and does not appear to be in any way concerned with ordinary processes of digestion. 
T h e sac-like rectum, being lined with a chitinous intima, can safely accumulate a 
hypotonic excreta, but the ileum is not so lined and water might re-enter the 
blood through its permeable walls. It is therefore significant that in the most ad
vanced sap-sucking groups, the Pentatomidae and Coreidae, the position of the 
opening of the m id-gut into the ileum has changed so as to bring it closer to the 
ileo-rectal (pyloric) valve, the ileum becoming a diverticulum receiving only the 
fluid from the Malpighian tubules. Possible osmotic flow through the wall of the 
central tube is minimized by its thick wall of deep columnar cells, or in Pentatomidae 
by surrounding it entirely by the caecal rows, and flow anteriorly along the axis of 
the gut is restricted by a valve-like narrowing of the lumen, which in a number of 
species is carried to the point of complete discontinuity (some Blissinae, larval stages 
of many Pentatomidae, some Urostylidae and Cydnidae, o f the less specialized 
forms). The close anatomical association of the caeca with the anterior m id-gut is 
also favourable to the water-excreting hypothesis.

T he essential nature of the bacterial inhabitants may also be queried, since they  
are variable in specific identity within a single insect species (Steinhaus et al. 1 9 5 6 ) 
and in some cases their presence in the caeca is not constant (Goodchild, 1 9 6 3 6 ; 
Slater & Carayon, 1 9 6 3 ). T he resemblance of the bacteria to common soil types, 
which may be accidentally ingested (Miles, 1 9 5 8 ; Srivastava & Rouatt, 1 9 6 3 ), suggests 
that the association may be fortuitous, the purity of the caecal cultures being ex
plained by competition between different strains of organisms (as in Triatom a  
infestans (Klug.) (Goodchild, 1 9 5 5  a)). Both Bonnemaison ( 1 9 4 6 ) and Muller ( 1 9 5 6 ) 
have succeeded in rearing bacteria-free specimens of Pentatomidae and Copto- 
somatidae (Plataspidae) respectively. Organisms which are known to be symbiotic, 
in synthesizing essential growth factors, can be harboured in intestines not having
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gastric caeca, as they are in Rhodnius prolixus (Brecher & Wigglesworth, 1 9 4 4 ). T he  
possibility that the association of the insect with bacteria may not be the primary 
reason for the evolution of gastric caeca does not mean that the bacteria are of no 
value to their hosts. Indeed, in the Pentatomidae the specialized nature of the 
bacteria, and the development of organs in the female reproductive system which 
smear the eggs with a culture of infective forms, to ensure the transmission of a 
bacterial flora to the offspring (Rosenkranz, 1 9 4 0 ), shows that their presence must 
be advantageous. In their ability to grow in the caeca, the bacteria show that the 
material secreted into them must contain useful materials such as amino acids and 
sugars, which would mostly be lost to the insect if not locked up in the bacteria. It 
has been observed (Miyamoto, 1 9 6 1 ) that in those species in which the intestine is 
discontinuous between the third and fourth m id-gut regions, the anterior end of the 
latter (caeca-bearing) region is enlarged into an additional bulb (Fig. 6 6 ) which is in 
communication with the caecal region. T he size of this bulb varies from a diameter 
only slightly greater than the m id-gut tube, in most Pentatominae, to as large as, or 
larger than, the third region (posterior bulb) of the mid-gut in Dinidorinae and 
Tessaratominae (Pentatomidae) and some Cydnidae and Coreidae. In Pentatominae 
the intestine is discontinuous in the larval stages, but becomes continuous when the 
adult stage is reached, and the additional bulb disappears. There is a strong histo
logical evidence from the contents of the pre-caecal bulb, that the bacteria from the 
caeca are being digested therein (Goodchild, 1 9 6 3 6 ). The contents have a fibrous 
hyaline appearance but grade into typical bacteria at the end nearest the caeca. 
Material of this kind has also been seen in the mid-gut, between the posterior bulb 
and the caecal rows, of less specialized Coreidae with continuous intestines and no 
additional bulb. There is therefore a process by which the insect can recover useful 
substances from the bacteria, so that they can correctly be referred to as symbiotic, 
but in a manner which does not contradict the water-excreting theory of gastric caeca.

In certain extreme cases, in Plataspidae, Dinidorinae, and a few Coreidae and 
Lygaeidae (Blissinae), the m id-gut is also discontinuous posterior to the caecal region, 
which then becomes an isolated mycetome-like organ, still retaining its additional 
bulb. Although these insects are truly sap-sucking and should therefore show the 
maximum development of water disposal mechanisms, the gastric caeca can no 
longer function in this way. T he ileum, however, the water-excreting possibilities of 
which have already been mentioned, is in these forms well developed. In Dinidorinae 
its epithelial lining is folded into numerous crypts and strongly vacuolated, while in 
Plataspidae the whole organ is invaginated into the posterior end of the anterior m id
gut sac. It must be supposed that symbiosis with the bacteria enters a new phase in 
these insects and a certain amount of circumstantial evidence exists in favour of a 
possible nitrogen-fixing function (Goodchild, 1 9 6 3 6 ). Whatever may be the case, the 
rate of sap intake must be such that the ileum can maintain osmotic equilibrium by  
itself. It is noteworthy that the caeca of these insects are not seen to contain large 
vacuoles or transparent spheres in the living state, and in Plataspidae and D ini
dorinae the caeca are shallow and tend to merge with the central tube, which is no 
longer thick-walled.
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T h e subfamily Phyllocephalinae of the Pentatomidae is unique in the extreme 
development of the ileum (Miyamoto, 1 9 6 1 ; Goodchild, 1 9 6 3  a), which extends 
forwards from the rectum, dorsal to the anterior m id-gut sac, to the anterior end of 
the abdominal cavity. T he Malpighian tubules join it at its anterior end, and both 
the ileum and the proximal parts of the tubules are enclosed by folds of the anterior 
sac which extend upwards on each side, leaving only a narrow dorsal gap in which the 
heart is situated (Fig. 6 c). This anatomical specialization can only be regarded as a 
kind of filter chamber, and it is interesting to note that it has the characteristic feature 
o f the cicadoid filter chamber in the histological resemblance of the different layers. 
T h e mode of operation cannot be the same as in Cicadoidea, however, since the 
rectum is sac-like and weakly glandular as in other Pentatomidae, and it is probable 
that active secretion of hypotonic fluid takes place in the ileum. Unfortunately no 
studies have yet been made on fresh tissues, and in the fixed condition the ileum  
cells are flattened and no vacuole formation can be detected. T he gastric caecal 
system  of this subfamily is of a rather primitive pentatomid type, with neither in
testinal discontinuity nor pre-caecal bulb, although the histology suggests that 
bacterial digestion may be taking place in the third region (posterior bulb) of the 
mid-gut. The opening of the mid-gut into the ileum, near its junction with the rectum, 
is wide in Gonopsis affinis Uhler (Miyamoto, 1 9 6 1 ) and Dalsira distinctus Sign. 
(Goodchild, unpub.), but is a very narrow capillary in D . bohndorffi Dist. (Goodchild, 
^ 6 3  a)- Unless this opening is closed during larval life, which is at present unknown, 
it is difficult to see why the ileum should have developed in this way. T he presence 
of four rows of caeca shows that these insects are of pentatomid stock, but their line 
of evolution has clearly been separate from an early stage.

There is a high degree of correlation between the presence of caeca and preference 
for feeding on soft plant tissues. It is true that the Miridae and Tingidae do not 
possess caeca, but they have a different evolutionary background and feed upon 
m esophyll cells with the aid of a toxic saliva. Som e caeca-bearing species have a 
preference for drier foods, such as developing ovules (e.g. Podopinae, Scutellerinae, 
som e Pentatominae (Pentatomidae), Alydinae (Coreidae), Acanthosomatidae), but 
their caecal regions are short and in many cases it is likely that the caeca are not in 
communication with the lumen of the mid-gut. However, even among species 
feeding upon ovules with a water content as low as 5 0 %, such as the wheat pest 
Eurygaster integriceps Put., watery excreta collect in the rectum. This was studied in 
som e detail by Bocharova-Messner ( i 9 6 0 ), who showed that ingested water passed 
rapidly through the wall of the anterior mid-gut sac, and described its subsequent 
appearance in the rectum but without suggesting any mechanism by which this might 
be achieved. In a diagram, a direct movement o f water through the rectal wall is 
indicated. Huber-Schneider ( 1 9 5 7 ) also suggested that water might enter the rectum  
in  this way, regarding the anterior diverticulum of the coreid rectum as a rudi
mentary filter chamber. In view of the impermeability of the rectal lining and the 
absence of any obvious secretory activity in its epithelium this route does not seem  
likely. Bocharova-Messner illustrates a section through a caecum in which circular 
gaps in the mass of bacteria must represent the positions of the secretory vacuoles,



Alimentary canal in Hemiptera 127
but does not make any mention of this phenomenon. In the Pentatomomorpha 
which lack gastric caeca (Pyrrhocoridae, etc.) the diet is of dry seeds or is zoophagous, 
though they may pierce plants in search of water. T his habit can cause confusion as 
to their true source of food (Puchkov, 1 9 5 6 ). Saxena & Bhatnagar (1 9 5 8 ) claimed to 
have shown that the cotton-seed bug, Oxycaraenus hyalinipennis (Costa), preferred 
succulent parts of the plant, but Bhatnagar ( 1 9 6 3 ) has shown that this species only 
seeks such material when in a state of dessication. Saxena ( 1 9 6 2 ), quoting a Ph.D . 
thesis of Kumari, states that Dysdercus koenigii Fabr. failed to reach maturity on 
succulent tissues alone, but grew normally on seeds. M ost of the Pentatomomorpha 
which lack caeca, or in which only vestiges are present as in many Pyrrhocoridae, 
have lost them secondarily and retain a distinct thick-walled tubular region between 
the third mid-gut region and the ileum (Hood, 1 9 3 7 ; W oolley, 1 9 4 9 ; Rastogi, i 9 6 0 ). 
In some Lygaeidae (Geocorinae, Chauliopinae) and in Aradidae, the posterior 
bulb joins the ileum directly and it is possible that they are primitively without caeca. 
N o histological details are available for Aradidae. In gross structure, the alimentary 
canal of Aradinae is much like that of primitive Lygaeidae, but that of Aneurinae and 
Mezirinae has a small cone-shaped ileum, connected to the rectum by a long thin- 
walled tube (Fig. 6  d). Miyamoto (1 9 6 1 ) states that this has no thick glandular wall 
and is not equivalent to  the ileum of Cryptocerata. It may be conjectured that it is 
merely an elongated ileo-rectal valve. This valve tends towards a tubular shape in 
Coreidae (Goodchild, 1 9 6 3 6 ), and the exaggeration of this to the degree found in 
these Aradidae may have some connexion with the arrangements of the internal 
organs in their extremely flattened bodies. All Aradidae have a discontinuity of the 
m id-gut lumen between the posterior bulb and the ileum, the purpose of which is 
not readily apparent.

T he utilization of symbiotic micro-organisms which have absorbed nutrients that 
would otherwise have been lost to the insect, as has been postulated for the gastric 
caecal system of Pentatomomorpha, may possibly be paralleled in some Fulgoroidea. 
It was found (Goodchild, 1 9 6 3  a) in Gyarina nigritarsis (Flatidae) that in newly 
moulted adults the rectal organ, a rounded body found on the dorsal side of the 
rectum in the female and consisting of a dense mass o f micro-organisms, had dis
integrated and its contents could be recognized not only in the rectum but in the 
lum en of the m id-gut throughout its length.

X. CONCLUSIONS

It will be seen from the foregoing account that there exists in the Hemiptera a 
considerable variety o f patterns of alimentary canal structure. T he most complex of 
these are associated with the utilization of plant sap as a source of food, which 
provides a strong a priori inference that they are concerned with disposal of excess 
water. Another moderately complex intestine, that o f the water bugs (Cryptocerata), 
is also concerned with the excretion of water, which suggests that a predisposition 
towards this kind o f adaptation in the order has contributed to their evolutionary 
success in that habitat. There are five different types of intestine found in sap-
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sucking Hemiptera, namely those of Aphidoidea, simple and lacking Malpighian 
tubules; of Coccoidea, with a helically twisted filter tube invaginated into the sac- 
like, thin-walled rectum; of Cicadoidea, with the convoluted proximal ends of the 
Malpighian tubules inserted beneath the peritoneum of the anterior mid-gut to form 
the filter chamber, and a long, narrow, glandular hind-gut; of Fulgoroidea, with a 
sheath of oenocytic cells enclosing the mid-gut; and of the Pentatomomorpha, with 
their actively pumping cells in the ileum and gastric caeca. T he specialized filter 
chamber of Phyllocephalinae must have arisen in the pentatomomorph line after 
that group had begun its adaptation to sap-sucking, and differs mainly in degree, 
rather than in kind, from other members of the group. Likewise, the aphidoid and 
coccoid patterns could be derived from a single line which had begun to exploit sap. 
Bearing these points in mind, it is still possible to distinguish four kinds of sap- 
sucking alimentary structure which must have arisen separately in evolution from a 
basic, mesophyll-feeding stock with simple intestines.

Som e of these types have been analysed in terms of probable physiological 
mechanism in relation to histological structure (Goodchild, 1 9 6 3 0 , b). It was pointed 
out that where water transfer between adjacent parts of the alimentary canal is 
concerned, there are only three possible mechanisms, these being hydrostatic pres
sure in the donor region, osmotic movement due to higher concentration of solutes 
in the receptor region, or active secretion of hypotonic fluid by the cells of the receptor 
region. All of these may be found in Hemiptera, the first in Coccoidea, the second in 
Cicadoidea, and the third in Pentatomomorpha. In addition to these, there are the 
Fulgoroidea and Aphidoidea which, in different ways, have solved the problem by 
resisting altogether the ingress of water into the haemocoel. Repeated evolution of 
sap-sucking might have been expected to produce a series of convergently similar 
alimentary structures, but the differences which are found can be shown to be a 
necessary consequence of the evolutionary pathways which they have followed.

It is necessary to postulate a basic mesophyll-feeding stock in which the mouth- 
parts had already evolved their peculiar pattern. There is no doubt that the advantage 
to be gained from the exploitation of deeper cell layers would be sufficient to stimulate 
such a development from an earlier, thrips-like surface-scratching type of mechanism. 
It is notable that there is a gradation in size according to the amount of nourishment 
available at one feeding site, from the minute Thysanoptera through the small 
mesophyll-feeding Jassidae, Miridae, etc., to the large, often very large, sap-sucking 
Cicadidae, Coreidae, Pentatomidae, and so on. It is therefore reasonable to assume 
that an early evolutionary radiation would have occurred at the mesophyll-feeding 
level, bringing with it sufficient variability for selection to operate upon, in the further 
development o f sap-sucking adaptations.

There are among living Hemiptera certain insects, the Peloridiidae, which also 
form the series Coleorrhyncha of the Homoptera, that are judged to be the most 
primitive members of the order. China ( 1 9 6 2 ) has suggested that they may indeed be 
living members o f the extinct family Ipsviciidae of Upper Triassic date. Their basal 
position in the Homoptera is shown by the derivation (Muller, 1 9 6 2 ) of symbiont 
types and symbiont-harbouring organs in the Auchenorrhyncha from the condition
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in Coleorrhyncha. Although now associated with the Homoptera (China, 1 9 2 4 ), the 
Peloridiidae were formerly allied with the Heteroptera (Reuter, 1 9 1 0 ). They have 
been regarded as intermediate between the two suborders, and Pendergrast ( 1 9 6 2 ) 
regards the salivary glands as showing resemblance to Heteroptera in their simplicity, 
but since they consist of two pairs of compact glands they are in fact nearer to the 
aphid pattern.

T h e ancestral population of peloridiid-like Hemiptera, feeding upon cell contents, 
w ould occasionally penetrate phloem bundles and imbibe sap, or have it forced into 
them  by the turgor pressure of the sieve tubes (Mittler, 1 9 5 7 ). In the absence of 
any mechanism for handling it, surplus water would rapidly pass into the blood, the 
increase in pressure and volume o f which would initiate a flow through the Malpig
hian tubules. T he unadapted rectum would not be able to extract sufficient solutes 
from the unaccustomed increase in flow, so that a serious loss of materials such as 
amino acids (which are in much lower concentration in sap than in insect blood) 
w ould ensue. Thus, most of these chance encounters with the plant vascular system  
would be disastrous to these insects. Of the insects which formed this primitive stock, 
those in which the hind-gut was more tubular, and commenced well forward in the 
body cavity, would be able to evolve by-pass pathways which gradually became the 
filter chambers o f Cicadoidea and Coccoidea, though in the latter there had already 
begun a trend to resist the wasteful outflow of Malpighian tubule fluid by suppression 
of the tubules. It has been shown by Maddrell ( 1 9 6 3 ) that in Rhodnius prolixus the 
secretion of the urine after a blood meal is initiated in response to neural and endo
crine stimuli. Perhaps in the early Sternorrhyncha the release mechanism was first 
suppressed and the Malpighian tubules became anatomically modified subsequently. 
In the Aphidoidea the tubules have been completely lost, though in the other 
Sternorrhyncha a filtering arrangement in the alimentary canal was evolved before 
this extreme state was reached. T he reduction which had taken place, however, was 
enough to render impossible an osmotic reabsorption mechanism as in Cicadoidea and 
the system became adapted to operate on hydrostatic pressure, which in turn reduced 
the need for a glandular hind-gut. On present evidence we may assume that the 
aphid filter chamber has evolved separately from that of other Sternorrhyncha, as a 
means of escape from the limitations on size, activity and rate of sap utilization which 
a turgid body imposes.

T he line of evolution from the basal stock which led to the Fulgoroidea and 
Heteroptera must have been one in which the hind-gut was shorter and sac-like, with 
the Malpighian tubule junction not adjacent to the anterior end of the mid-gut, thus 
precluding the development of a true filter chamber. Such a rectum might have 
arisen as an adaptation to the formation of drier, semi-solid excreta, and in both of the 
groups concerned, at any rate in less specialized forms, glandular cells in the rectum 
are restricted to limited areas. T he dorsal location in Heteroptera might be supposed 
to be well adapted to water absorption, the solid residues accumulating ventrally and 
not tending to smother the gland area. One may visualize the evolution of the 
fulgoroid pattern as resulting from accidental encounters with plant vascular tissue 
as in the previous case, until a mutation occurred which favoured the separation of an

9  Biol. Rev. 4 1
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oenocyte-rich inner layer of the epidermis to become the intestine sheath, leaving the 
Malpighian tubules in a normal blood environment, to remain unmodified.

All the homopteran lines of evolution remained feeders on tissues or sap of growing 
plants, but in the transition to the Heteroptera this habitat was deserted for the 
forest floor litter. T h e diet in this situation would necessarily be mixed, with little 
in the way of plant material but seeds and fungi, but with a good supply of animal 
life— mites, springtails, molluscs, worms and so on. Thus were laid the foundations 
of the present-day families of Heteroptera, the majority of which are carnivorous, 
and yet from among which have arisen, not merely families of plant suckers, but 
another dynasty of sap-suckers. T he assumption of a litter habitat is borne out, on 
the one hand by the fact that the most primitive living Heteroptera, the Enico- 
cephalidae and Dipsocoridae (Dipsocorimorpha of Miyamoto, 1 9 6 1 ), are to be found 
in this situation, and on the other by the appropriateness of heteropteran structure to 
such a life. The articulation of the rostrum at the front of the head enables it to be 
extended in front of the insect, a position which is adopted by most seed-sucking or 
zoophagous Heteroptera, and also by the haematophagous forms. It is appropriate 
to feeding in confined spaces in litter, though the more advanced predators, such as 
Reduviidae and Cryptocerata, no longer living in cramped situations, use the fore 
limbs in capturing active prey and suck it from above. In the plant-sucking Hete
roptera, the stylets are inserted into the food below or even behind the head, which 
further demonstrates that the change in position o f articulation could not have 
occurred in a purely phytophagous line. T he antennae, which in Homoptera follow  
a general trend towards shortening and reduction in number of joints as in most of 
the more advanced insects, with specialized chemoreceptors replacing the tactile 
receptors of filiform antennae, are secondarily elongated (as the small number of 
joints indicates) in Heteroptera. This is no doubt important in enabling them to 
palpate possible food objects in an environment where, unlike the broad expanses of 
leaf and stem, most o f the objects encountered are inedible. T he modifications of the 
wings of Heteroptera, in toughness of the fore wing and in manner of folding, would 
provide a flatter and smoother dorsum for penetrating piles o f plant debris, and the 
walking habit, as contrasted with the leaping habit common in most Homoptera, 
must also be a consequence of life in this situation. T he difficulty of escape from 
enemies (spiders, centipedes, other insects) in the narrow crevices in litter would have 
encouraged the evolution of the repugnatorial glands, which have now been clearly 
shown (Remold, 1 9 6 3 ) to  have this function.

A formidable assemblage of internal features has been listed by Miyamoto ( 1 9 6 1 ) 
as characterizing different groups of Heteroptera. In addition to the variations in the 
pylorus region and the disposition of the rectal gland cells, which have been described 
earlier, the main salivary gland has a wide lumen in Pentatomomorpha, mico- 
morpha, Saldidae and Corixidae, and a narrow one (the more primitive condition) in 
Dipsocorimorpha, Amphibicorisae and most Cryptocerata; the accessory salivary 
gland is tubular in Pentatomomorpha, but terminates in a thin-walled vesicle in all 
other forms (though that of Enicocephalidae is a narrow tube); and the Malpighian 
tubules make an anterior loop from the ventral pair in Pentatomomorpha, Cimico-
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morpha and Saldidae, from the dorsal pair in Amphibicorisae and Cryptocerata, and 
are short, without anterior loop, in Dipsocorimorpha.

T h e adaptive significance of the Malpighian tubule and main salivary gland varia
tions is not clear. T h e vesicular accessory gland is strongly correlated with the zoo- 
phagous habit, and its presence in primitive forms such as Dipsocoridae is not 
surprising. Miyamoto regards the tubular accessory gland of the Pentatomomorpha as 
being derived from the vesicular form. It is noticeable in the cimicomorph families 
which have adopted a phytophagous habit that the accessory gland duct is thickened 
and may be regarded as glandular, and the origin of the tubular form in this way would 
account for its shape, since the duct must have become elongated in order to bring 
the terminal vesicle into contact with the anterior mid-gut (Goodchild, 1 9 5 2 ) so as to 
absorb water from that region. Those members of the Pentatomomorpha which have 
a zoophagous feeding habit (notably Pentatomidae Asopinae and Lygaeidae Geo- 
corinae) have not retained a vesicular accessory gland, even in Lygaeidae, which are 
near to the base o f the evolutionary tree of this group, nor has it been redeveloped. 
M any Pentatomomorpha, and particularly predatory species, have a long and sinuous 
accessory gland duct closely applied to the anterior mid-gut, which may to some 
extent functionally replace the lost vesicle. The possible value of the expanded 
pylorus region (ileum) in  performing a limited amount of water excretion in phyto
phagous forms has already been mentioned. Its presence in predatory Lygaeidae is 
further support for the view that they have returned secondarily to the zoophagous 
habit. T he Lygaeidae are a family in which a great variety of dietary habits may be 
found and the exact source of food of many species is obscure (Sweet, i 9 6 0 ; Eyles, 
1 9 6 4 ). Some species have even become suckers of vertebrate blood (Slater & Carayon, 
1 9 6 3 ). As a means o f water excretion, the ileum seems to have had limitations, 
which have only been overcome in the aberrant Phyllocephalinae. Additional organs, 
the gastric caeca, developed for this purpose, perhaps through an intermediate stage 
in which the wall o f the posterior mid-gut itself was strongly vacuolated (Goodchild, 
I9^3^)* The family Lygaeidae exhibits in its various members most of the possible 
shapes which the caeca could assume. Although long tubular caeca can enfold the 
anterior mid-gut effectively, the shape which was adopted by the families that arose 
out of the early lygaeid stock was that of numerous short caeca. It may be that this 
facilitates the discharge o f their secretion into the mid-gut. T he invasion of the caeca 
by bacteria has been advantageous to the insects, probably because useful substances 
are locked up in the bacterial organisms which would otherwise be lost, and thus 
mechanisms have evolved which enable the insect to draw on this store by digesting 
the bacteria. M echanisms have also evolved, especially in the pentatomoid line, 
which ensure the transmission of bacteria to the next generation. This symbiosis 
with t'..Iberia suggests that the degree of hypotonicity of the caecal secretion 
is low. Such an inefficient process may be the reason for the inadequacy of the 
ileum.

T he Cimicomorpha appear, from the structure of their pylorus and rectal gland, 
to have followed a separate line of evolution from an early period and have become 
adapted to the water-conserving existence of purely terrestrial predators, the ampullae

9-2
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o f the pyloric region absorbing water strongly (Wigglesworth, 1 9 3 1 ). Phytophagous 
habits have arisen in the families Miridae and Tingidae, and have reached an extreme 
in the tropical Bryocorinae, which have almost become sap-suckers and show  
alimentary-canal modifications. Nevertheless, the fact that their representatives in 
the temperate zone feed upon geologically ancient plants such as ferns must not be 
regarded as showing a continuity of phytophagous feeding from early times.

M any of the litter-inhabiting ancestral Heteroptera would have invaded the 
accumulations of debris on the shores of lakes and streams, from which it is a short 
step to the occupation of the water surface or subaquatic habitats. T he resemblances 
of salivary gland and M alpighian tubule characteristics shows that the Amphibi
corisae and Cryptocerata are related, and have departed from each other in adaptation 
of bodily shape to locomotion under different conditions. T he long tubular hind-gut 
of Cryptocerata is clearly an adaptation to osmotic regulation, and the fusion of the 
apices of the Malpighian tubules and the reduction of the pylorus are probably also 
involved in this adaptation, the resemblance to Cicadoidea being convergent rather 
than an indication of a closer evolutionary connexion. In spite of some apparently 
primitive features of the gut and mouthparts (Sutton, 1 9 5 1 ), the Corixidae are 
generally regarded (China, 1 9 5 5 ; Marks, 1 9 5 7 ) as arising high up on the crypto- 
ceratan stem, so that the wide lumen of the main salivary gland must have evolved 
separately from that o f terrestrial Heteroptera, perhaps as an adaptation to their 
peculiar algophagous diet. T he internal features of the Saldidae strongly suggest that 
they are a group which has arisen near the base o f the Pentatomomorpha, and in 
some species have evolved a slight resemblance to Cryptocerata in their hind-gut, as a 
response to the osmotic problems of occasional submersion. Pendergrast ( 1 9 5 7 ) 
places them in the Geocorisae on the basis of reproductive organ structure and 
Parsons ( 1 9 6 2 ) finds no links with either Amphibicorisae or Cryptocerata in the 
anatomy of the head. T he dissociation of Saldidae from the ancestral line of either 
of the two major aquatic groups resolves the problem encountered by Brown ( 1 9 4 8 ), 
who observed that the aquatic habit was most strongly developed in Saldids of sea
shore habitats (where the osmotic situation calls for water conservation, as on land), 
and that Saldids remain quiescent while submerged. T he probable sequence of 
events in the evolution of Hemiptera can be represented graphically as shown in 
Table I.

In reviewing the patterns of alimentary canal structure in the Hemiptera, it can be 
seen that the basic assumptions that haemolymph dilution is an occupational hazard 
of sap-suckers, and that the Malpighian tubules are not adequate to maintain osmotic 
equilibrium in these circumstances, provides a consistent basis for the interpretation 
of the different types of intestine. This includes the correlation of simple types of 
intestine with feeding habits not involving osmotic stress. T he specialized structures 
associated with sap-sucking have been shown to include, in addition to the previously 
recognized filter chambers, the gastric caeca of Heteroptera, the intestinal sheath of 
Fulgoroidea and the absence of Malpighian tubules in Aphidoidea. T he reason why 
this order of insects has been so prolific of sap-sucking adaptations, in contrast to 
their absence in the Diptera (for example), is the absence of a stomodaeal crop,
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Table 1 . Evolutionary interrelationships between divisions of Hemiptera, 
based on alimentary structure and function

Reduviidae 
Cimicidae, etc.

Miridae 
Tingidae

plant feeding 

Cimicomorpha

" V
carnivorous

litter-inhabiting 
omnivorous-carnivorous, 
Heteropteran features 
evolved

P entatom oidea Coreioidea

Asopinae

sap-suckingcarnivorous

Geocorinae
Lvgaeoidea

Pentatom om orpha

~ 7  ;
return to plant feeding

seed-sucking

Pyrrhocoridae

terrestrial

Dipsocorimorpha

littoral habit Saldidae

shore litter
surface skating- 

subaquatic------

Amphibicorisae 

• Hydrocorisae

algophagous- Corixidae

Fulgoroidea

1
intestine sheath 
developed, sap- 
suckers

Cicadoidea

filter chamber 
developed, sap- 
suckers

Coleorrhvncha

hind-gut 
junction 
posterior, 
rectum short

Coccoidea

fully evolved 
filter complex

Psylloidea
Alevrodoidea

/
ends of mid-gut 
associated

. /  
Malpighian tubules
reduced, sap-suckers

hind-gut
junction
anteriorly
situated

\
tubules lost

Aphidoidea

mesophyll-feeding 
true Hemiptera

surface scratching 
pre-hemipterans - Thvsanoptera
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which must have rendered the occasional piercing of phloem bundles more frequently 
fatal to the insect, and intensified the selective advantage of the first mutations in the 
direction of water-disposal mechanisms.

XI. SUM M ARY

1. Insects of the order Hemiptera are characterized by the possession of highly 
specialized suctorial mouthparts, which are essentially similar in structure through
out the order. In contrast to this, their alimentary canals show great variety, and, in 
some groups, great complexity.

2 . T he sources of food taken by hemipteran species range from plant sap, with a 
high water content, through plant cell contents, tissues of invertebrates and vertebrate 
blood, with moderate water content, to dry seeds. The Hemiptera are unique in the 
ability of many species to utilize plant sap as their only source of nourishment.

3 . T he presence of specialized structures in the alimentary canal is correlated with  
the existence of a sap-sucking habit, which necessitates the production of excreta 
hypotonic to the blood and to the ingesta. A  modified alimentary-canal pattern is also 
found in the Cryptocerata, where it is concerned with the osmotic control associated 
with the freshwater habitat.

4 . Although the existence of the various alimentary-canal specializations has in 
most cases been known for many years, only those complex associations of the 
extremities of the m id-gut which form the filter chambers o f Cicadoidea and Coc
coidea have hitherto been regarded as water-excreting mechanisms.

5 . Following recent researches of Ramsay which suggest that the Malpighian 
tubules are not the site of osmoregulation in insects, but that this is effected by the 
glandular areas of the hind-gut, the special features of the alimentary canals of 
Fulgoroidea and Pentatomomorpha have been examined for anatomical and histo
logical evidence of a water-controlling function. It has been found that the structures 
concerned can reasonably be interpreted in this way.

6 . T he general structure of the hemipteran alimentary canal has been reviewed, 
with particular reference to features about which there exist differences of interpreta
tion or of nomenclature.

7 . Among the Hemiptera with simple types of alimentary canal (of which the most 
significant feature, compared with other orders, is the absence of a stomodaeal crop), 
the Coleorrhyncha (Peloridiidae) are primitively simple and probably feed on plant 
cells. T he Cimicomorpha and Amphibicorisae have developed from an omnivorous 
or carnivorous basal heteropteran stock, into terrestrial and water-surface inhabiting 
carnivores respectively. O f the Cimicomorpha, many Miridae and Tingidae have 
returned to a plant-feeding habit, but in a carnivore-like manner, using a toxic 
saliva to destroy patches o f cells. T he tropical Miridae Bryocorinae feed on plant 
tissues of higher water-content and their alimentary canal is modified by the lack 
of water-absorbing structures.

8 . T he Aphidoidea, although they have a simple type of alimentary canal, are 
mostly sap-suckers. Since the function of specialized structures in other sap-sucking 
groups appears to be that o f minimizing dilution of the blood by osmotically imbibed
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water (as well as facilitating a rapid throughput of sap), it is suggested that such 
dilution is prevented in aphids by the development of a turgor pressure in the insect’s 
body. This theory might account for the absence of Malpighian tubules in this group, 
as an adaptation to prevent leakage of solutes under the increased internal pressure, 
and for the subglobular shape, small size and slow movements characteristic of aphids.

9 . T he structure of the filter chambers of Cicadoidea and Coccoidea has been 
reviewed and an analysis of their function has been made. T he anatomy and histology 
of the parts in Cicadoidea suggests that water is extracted from the ingesta by passive 
osmosis to the fluid passing down the Malpighian tubules, solutes being subsequently 
absorbed in the hind-gut so as to form hypotonic excreta. In Coccoidea it would 
seem  that hydrostatic pressure in the anterior part of the m id-gut is the operative factor.

1 0 . T he structure of the alimentary canal of Fulgoroidea has been discussed and 
it is suggested that the membranous sheath which surrounds the intestinal coils may 
be physiologically significant in preventing dilution of the blood. T his interpretation 
also provides a reasonable explanation for the air-filled anterior diverticulum of the 
m id-gut of these insects.

1 1 . In the Pentatomomorpha the alimentary canal departs from the primitive 
condition in two ways: the presence of an enlarged, sac-like, pyloric region, and the 
development of a series of hollow outgrowths of the posterior m id-gut, the gastric 
caeca. These features are well known, but have not previously been regarded as 
organs of water excretion. T he evidence for this interpretation is presented and it 
is shown to be compatible with earlier theories of the gastric caeca as harbourages 
for symbiotic bacteria, since the bacteria may absorb materials which would other
wise be lost, and are them selves digested and absorbed. In the most highly evolved 
species, which occur in several different families, the gastric caecal system is isolated 
by interruption of the m id-gut both anteriorly and posteriorly. There is evidence to 
suggest that the bacteria in these insects actively supplement the source of nutrition, 
possibly by nitrogen fixation. T he remarkable structure of the Phyllocephalinae 
(Pentatomidae), where the pyloric expansion is arranged in the manner of a filter 
chamber, is in need of further study on living insects, but confirms the idea that the 
pylorus of Pentatomomorpha is concerned with water excretion.

1 2 . Altogether, five different types of alimentary canal are associated with feeding 
on plant sap, namely those o f Aphidoidea, Coccoidea, Cicadoidea, Fulgoroidea, and 
Pentatomomorpha. Although convergent in food habit, these groups show no con
vergent resemblance in alimentary structure. This is the result o f the operation of 
D ollo’s Law, concerning the failure of organisms to regenerate structures lost in the 
course of evolution. T he first three groups named must have arisen from an ancestry 
in which the hind-gut extended far forward in the abdominal cavity, so that the 
extremities of the m id-gut were close together. T his would make possible the by
passing of the mid-gut by means of a filter chamber. In the ancestors o f the Cica
doidea the Malpighian tubules were fully developed, but in the line leading to 
Coccoidea suppression of the tubules and restriction of their outflow had begun. A  
different filtration mechanism, and, correspondingly, a different anatomical arrange
ment, was evolved. In the Aphidoidea the suppression of the tubules was complete,
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and in the majority o f species no filter chamber has been evolved. T he Fulgoroidea 
and Heteroptera are probably derived from a line in which the hind-gut was short, 
sac-like, and confined to the posterior part of the abdomen. T his may have evolved 
as an adaptation to the production of semi-solid excreta, perhaps in an arid environ
ment which encouraged water retention. This type o f alimentary canal could not 
develop a filter chamber, owing to the separation of the m id-gut extremities. The  
Fulgoroidea remained phytophagous, and with the evolution of the intestine sheath 
were able to become sap-suckers. The Heteroptera evolved probably in a litter 
habitat and their characteristic features can be regarded as adaptations to this life. 
It also resulted in the adoption of carnivorous habits, which have been retained by 
most families. T he Pentatomomorpha separated from the basal heteropteran stock 
as a line which had returned to plant feeding, first as mesophyll feeders but in their 
most highly evolved forms as true sap-suckers.
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XIII. ADDENDUM

Although no paper on the Hemiptera which has been published, or has come to my 
attention, since this article went to press contains information which affects the validity 
of the views expressed above, it is worth mentioning some similar studies which have 
been pursued on a parallel course independently of my own. Bahadur ( 1 9 6 3 ) has sur
veyed the structure of the so-called ‘ ileum ’ of eighteen species of terrestrial Hetero
ptera and suggested the name ‘ excretory vesicle ’ for this region of the gut, since it 
receives the fluid from the Malpighian tubules. W hile he accepts that the four 
ampullae of the Cimicomorpha are water-absorbing organs, he does not offer any 
explanation of the large sac-like vesicle of the Pentatomomorpha. Rastogi ( 1 9 6 5  a) has 
examined the oesophageal valves of six species of terrestrial and three species of 
aquatic Heteroptera, and arranged them into five types on essentially the same lines as 
indicated above. A lthough the structure of these valves is clearly capable of preventing 
regurgitation of alimentary contents, this author seems to be confused by the numer
ous records of pre- or post-feeding salivary exudation into supposing alimentary re
gurgitation to be com m on in Hemiptera. In fact, this is not the case. This confusion 
has led Rastogi to seem  to cast doubt on my observations on cacao capsid bugs 
(Goodchild, 1 9 5 2 ), but the salivary source of this ‘regurgitation’ was clear from several 
lines of morphological and experimental evidence. The suggestion is also made by this 
author that the elongated and largely chitinous valve of Corixidae and Pentatomidae is 
a primitive relic of the peritrophic membrane. However, in those insects where the 
oesophageal valve is concerned with the formation of the peritrophic membrane, by 
acting as an annular mould, the cell layers are well developed, and resemble the valves 
of Aphididae or Miridae. It would, perhaps, be true to say of the Corixidae and 
Pentatomidae that their oesophageal valve structure is a secondary return to a partial 
peritrophic membrane, for the reason which I have suggested above, and like all 
secondary re-developments of lost structures it does not reproduce the ancestral 
structure in detail, but adapts existing structures to a similar function. In another 
paper, the same author (Rastogi, 1 9 6 5  b) describes denticles in the epipharyngeal 
region of Coridius janns  (Fabr.) (Dinidoridae), which he compares with those found in 
Corixidae and Naucoridae (Sutton, 1 9 5 1 ), and again regards as possibly primitive. In  
view of the extremely small number of observations which have been made that might 
have revealed these structures in other species of Hemiptera, their apparent absence in 
those species is insufficient evidence for the phylogenetic significance of their presence. 
If they are regarded as functioning in the comminution of particulate food (as, for 
example, in Corixidae), it is important to note that the alimentary canal of C. janus is 
very unlike that o f other Dinidoridae in lacking the gastric caeca and the interrupted 
lum en (Rastogi, personal communication, 1 5  March 1 9 6 1 ), and a form of mesophyll 
feeding is to be expected.
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dam age to cacao pods, and  a related species, 
P. fallax, has been seen on cacao in Nigeria 
(Golding, 1941). In bo th  cases the pest status 
was of negligible im portance.

D uring  a  visit to M akerere  University 
College, K am pa la ,  f rom  July  to September 
1966, the w riter had the o p p o rtun ity  of observ
ing an intense infestation o f  a p lant o f  the 
O yster N u t  (Telfairea pedata  H ook . Cucurbit- 
aceae), grow ing in the U nivers ity  Botanic 
G a rd en ,  by the shield bug  P iezosternum  
calidum  (Tessaratomidae). T h e  effect on the 
p lant was very severe. In  the articles dealing 
with this crop, in earlier vo lum es of this 
journal,  the only insect pests m entioned  are 
those with generalized feeding habits, which 
also attack  m any  other types o f crop. Swynner- 
ton (1937) m entions termite d am age  as shorten
ing the useful life of the p lants  in the T a n g a 
nyikan plains, while Popp le ton  (1940) refers 
to attacks by grasshoppers on young plants. 
A ccording to G reenw ay (1945) the plants are 
usually grow n in a scattered fashion by native 
fa rm ers,  because in a close stand they are 
subject to pests and diseases, bu t this au thor  
does no t m ention any par ticu la r  pests. Oyster- 
nu t plants may also be affected by m am m als  
(rodents o r  ungulates) and  by the root n em 
atode H eterodera m arioni, which causes spongy 
swellings just below the soil (N attrass,  1941). 
T here  does not appear to be any  record of 
attack by a pest of the n a tu re  o f P. calidum , 
that is, a sap-sucking insect with a restricted 
range o f host plant species. In the w riter’s 
experience, and from  records in the British 
M useum  collection, this species occurs on 
species of M om ordica  (C ucurb itaceae) only, 
though the solitary im m atu re  specimen in the 
British M useum  was collected on “passion 
f ru it” in T anganyika. This  in festa tion  represents 
a change of host p lant species fo r  this insect, 
and perhaps the severe reaction  of the plant 
was partly  due to lack o f adap ta t ion  to the 
saliva injected by the pest. It m ay be that a 
race of insects is arising which can infest 
O yster N u t,  and possibly in due course other 
cultivated Cucurbitaceae , just as m any other 
insect pests, the cacao capsid bugs for example, 
have tu rned  from  wild host plants to crop 
plants, in recent years. A lthough  this is the 
first record of P. ca lidum  b reeding on a crop 
(and indeed the first record o f  any  investigation 
into its breeding habits), there is an early 
record (M ayne, 1917) of adults  causing mild

The Insect

P iezosternum  calidum  is a m oderately  large 
insect, about £ inch long and |  inch broad, 
with the shield-like shape characteris tic  of this 
g roup ( F ig . 1). The back is sm ooth, shiny, and 
dark  green in colour, with dark  blue-grey wing 
m em branes covering the posterior part of the 
abdom en. The head, an te r io r  m argin of the

Plate I—Piezosternum calidum adults feeding on 
stem of Oyster Nut

thorax, and legs are yellow (the latter with 
green patches at the joints). T h e  narrow  an ten 
nae, £ inch long, and the proboscis (which 
encloses the sucking m outh  parts) are brown. 
The edge of the abdom en , which can be seen 
outside the edges of the folded wings, is ser
rated. due to the pro longation  of the posterior 
margin of each segment into a short spine.
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W hen  the insect flies, the transparen t dark- 
blue h ind  wings, and the iridescent dark-blue 
do rsa l  su rface  of the ab d o m en ,  can be seen. 
T h e  underside  is deep o range ,  with narrow  
transverse  black lines at the m argin of each 
segm ent o f  the abdom en , and  a central long
itud ina l black line. T he  th ird  thoracic  segment 
bears,  betw een the bases o f  the third pair of 
legs, a  conspicuous sternal ridge, which extends 
fo rw ard s  below  the second thoracic  segment, 
b eco m in g  nar ro w er  and  deeper,  and terminates 
a b ru p t ly  a t  the posterior m arg in  of the first 
segm ent,  w here  the tip of the proboscis rests 
aga inst  it.

E x am p les  o f  the last larval stage were found 
in th e  infestation. These are  brigh t orange in 
co lou r ,  w ith  a b road  b lack b an d  on each side, 
bo th  d o rsa lly  and ventrally, in which is situated 
in e a c h  segm ent o f  the ab d o m en  a large 
cream y-w hite  spot. T h e re  are longitudinal 
black lines on either side o f  the middle of the 
th o rax ,  dorsally , and on the ou te r  side o f  the 
leg ar ticu la tions , ventra lly , and  rectangular 
black spots around  the openings of the scent 
g lands  on the  dorsal surface  o f the abdomen. 
The final larval stage is i - f  inch long and |  
inch b road .  T he  edges o f  the abdom en are 
spiny, as in the adult.

P. calidum  might possibly be confused with 
the c o m m o n  and widely d istributed Green 
Shield Bug, N ezara viridula  Linn. The latter 
insect m ay  be distinguished, however, by its 
u n ifo rm  green co loration , lighter in shade and 
less sh iny  than  P. calidum,  its colourless wing 
m em b ran es  and  hind wings, and the absence 
o f s terna l ridge and spiny edges to the abdo
men. T h e  larval stages o f N. viridula are dark 
b row n, la ter  green, with tw o rows of white 
spots on  each side, and are n o t  spiny edged.

T he  recorded  d is tribu tion  o f P. calidum  is 
in fo res t  regions th ro u g h o u t  tropical Africa.

The Infestation on Telfairea pedata
T he p lan t o f  Oyster N u t  on which these in

sects were fo und  was a well-grown specimen, 
estab ished  nearly  fou r  years  (the species is 
capab le  o f  bearing for as long as 20 years), and 
g row ing  over the top  o f a m ango  tree about 
25 feet high. T h e  insects were on m ature  woody 
stems n o t  fa r  below the g row ing  tips, which 
latter, when first seen by the writer, had died 
back a lm ost completely. T h e re  were no healthy 
leaves on the plant a t  all, and  in the infested 
region there was a mass o f  tangled  dead leaves, 
tendrils, and  shoots (Fig. 2). A plan t of Oyster

Plate II—The affected Oyster Nut plant

N u t at the University F arm , 11 miles distant, 
was in a state of vigorous growth, so it was 
concluded that c limatic factors  were no t the 
cause o f  the die-back.

M ost of the infested stems were out of reach 
of direct m easurem ent,  but a rough estimate 
indicated that a total o f  ab o u t  22 feet of stem 
was densely infested, and  a few sample counts 
gave an average o f  35 insects per foot. The 
total population was therefore  in the region of 
770 insects. Since these counts  were m ade not 
long after the colony h ad  been violently dis
turbed by shaking the vine, fo r  the purpose of 
collecting specimens, the initial density may 
have been som ew hat higher, perhaps as m any 
as a thousand insects. A t this stage in their 
development, however, m ost of the d isturbed 
insects returned to the plant, and the degree of 
infestation seemed as great as before. On 
horizonta l stems the insects were predom inantly  
on the underside, though  they occupied all 
sides of vertical o r  near-vertical stems, in 
which situation all feeding insects were orien t
ated tail dow nwards. In fact the density of 
insects quoted above represented the m ax 
im um  possible fo r  insects of this size, almost 
in contac t  with one another.

In spite o f  the to tal absence o f  healthy 
leaves, the insects con tinued  to feed actively 
and excrete norm ally , d u ring  the tw o-m onth
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period of observation. Like all sap-sucking 
Hemiptera, they passed clear watery excreta. 
The volume excreted was much less than that 
passed by such forms as the familiar “froth 
bugs” (Cercopidae), of which some species can 
saturate the ground below their host plant with 
the rain of excreta, when present in compar
able numbers. Based on a series of observations 
in which both numbers of droplets of excreta 
per excretion, and numbers of excretions per 
hour were recorded, it was calculated that the 
average number of drops per excretion was 
7.6, and the average interval between excre
tions was 59.7 minutes. By catching droplets 
in a dish of liquid paraffin, it was possible to 
measure their diameter. Although these 
measurements lacked accuracy, it could be 
estimated that the modal diameter was between 
H  and 2  mm., giving an approximation for 
volume of 3 cu.mm. The excretory output of 
the whole colony was therefore about 17.6 
ml. per hour, or 422.4 m l. per day. The fre
quency of excretion of the whole colony would 
be about one per five seconds, which is in 
complete agreement with the impressions of 
an observer standing beneath! The fact that 
this flow was being maintained so long after 
the growing tips of the plant had died suggests 
that root damage, by nematodes or soil in
sects, was not the cause of the symptoms. The 
dead parts did not show any signs of fungal 
infection, nor were there visible lesions where 
the insects were feeding. Interference with 
translocation in the plant by blockage of the 
vessels with salivary secretion is conceivable, 
but against this it must be noted that the in
sects were distributed over considerable lengths 
of stem, and those farthest from the roots 
would be receiving sap which had passed the 
feeding sites of many others. It is probably a 
simple matter of competition for sap between 
the growing tips and the infesting insects, 
which the latter temporarily won. In con
firmation of this, information has reached me 
that the insects ceased feeding and left the in
fested region during October, and that sub
sequently vigorous regeneration of the plant 
took place.

Insects of the same family are pests in other 
parts of the tropics. The “bronze-orange bug” 
(Musgraveia sulciventris (Stal) Leston and 
Scudder) is an important pest of citrus orchards 
in Australia, causing die-back of shoot tips 
(Hely, 1938). Tessaratoma papillosa Thun, 
causes similar damage to lichee trees in India 
(Kershaw, 1907), and T. Javanica Thun, is a

sporadic pest of “kusum”, the host tree of the 
lac-insect, in Chota Nagpur (Mehra and 
Purakayastha, 1955). No other Tessaratomidae 
are reported as pests of Cucurbitaceae, but in 
a related family, Dinidoridae of similar feeding 
habits, Megymenum brevicorne Fab. is a minor 
pest of Cucurbitaceae in Malaya (Miller, 1929) 
and Queensland (May 1946), and Coridius 
janus (Fab.) is known in India as the “red 
pumpkin bug”.

Notes on the biology of Piezosternum calidum
When the infestation was first observed, in 

mid-July, about one-tenth of the population 
were immature forms, and moulting to the 
adult stage was taking place. Later, very few 
young specimens were to be found, so that the 
period of close observation coincided largely 
with a period of adult maturation. This was 
still incomplete when observation ceased in 
mid-September, since feeding was continuing 
and none of the sample females dissected 
(about twenty) had mature eggs in their ovaries. 
Although I had observed a pair mating, and 
another attempted copulation, in early 
September, I am informed that no further 
mating was observed before the insects ceased 
feeding in late September, nor was any seen 
while they migrated up the vine and dispersed 
during October. The impression that mating 
takes place after the dispersal flight is sup
ported by the fact that these insects possess 
the ability to stribulate. This was observed in 
the feeding colony as a brief “buzz” of the 
wings, in the half extended position, for about 
a second, repeated at five- to ten-second in
tervals for a few minutes. Only occasionally 
did individuals perform in this way, although 
often they seemed to be “answered” by other 
individuals. The proportion of insects stridulat- 
ing during the hour-long observation sessions 
seemed to be increasing towards the end of the 
two months of study. This behaviour seemed 
to have no useful function in the feeding 
colony, although it appeared possible that it 
might serve to dislodge excretory droplets 
which had fallen on to the insect from others 
higher up, but it was not correlated with the 
presence of such contamination. A means of 
mutual recognition would be of value if mating 
took place after dispersal, since finding a mate 
would present no problems if it normally 
occurred before the colony dispersed.

Maturation of the eggs probably takes 
place after active feeding has ceased. It was 
observed in the dissected specimens that the
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alimentary canal became progressively more 
filled! with a pasty food mass while feeding 
was taking place, and this would presumably 
be digested to supply the needs of egg pro
duction. The insects evidently fed continuously 
at one spot for many hours at a time, but in 
the gToups of 20 to 40 intensively studied, there 
were always two or three in the act of moving 
along the stem, and another one or two resting 
with their mouth parts withdrawn from the 
plant Those which were feeding usually con
tinued to do so during the hour of observation, 
and could be found in the same position many 
hours later. If we infer that, since five out of 
forty insects are not feeding at any one time, 
then on average each insect spends seven- 
eighths of its time feeding, and one-eighth rest
ing or wandering, it is likely that the actual 
periods involved are of the order of hours 
(e.g. perhaps seven hours feeding and one hour 
not feeeding). A behaviour trait of constant 
occurrence but unknown function, observed 
usually three or four times in each observation 
period, was a vibration of the abdomen up and 
down relative to the substratum, with an 
amplitude of about one millimeter, five or six 
times in about 1  ̂ seconds, the whole repeated 
about every five to ten seconds as with stridula- 
tion. The similarity of repetition to the 
stridulation suggests a similar function, either 
as low frequency vibration transmitted through 
the stem, or as sound of frequency too high 
for the human ear.

It is unusual to find so long a period of 
maturation in the adult stage, especially in a 
tropical insect. Assuming that most of the 
population had become adult in early July, 
and ceased feeding in late September, the adult 
feeding period is about 80 days. According to 
later information, ovipositing adults and 
young larvae were present again in mid- 
December. If the larvae are assumed to be the 
progeny of the earliest adults, and the period 
from oviposition to hatching is as usual for 
this type of insect, namely two to three weeks, 
it would appear that there is a non-feeding 
period of adult maturation of about 50 days 
(i.e. late September to mid-November), mak
ing a total pre-oviposition adult life of 130 
days. In related species, such as the Bronze- 
Orange Bug in Australia, a long pre-oviposition 
life is associated with a dormant period during 
the hottest time of the year, December to 
February, when no feeding takes place. With 
Tessaratoma javanica in Chota Nagpur, Mehra 
and Purakayastha (1955) found the pre-

oviposition period to vary from 23 to 72 days 
in summer to 111 to 279 days over the winter 
season.

Whatever may be the reason for this long 
period of adult maturation, there does not 
appear to be any serious mortality due to 
predatory natural enemies in the course of it. 
Although wasps of several kinds were seen 
occasionally hovering near the infested stems, 
no attempts to capture P. calidum individuals 
were observed. This might be due partly to the 
large size of the adult insect, but must also be 
connected with the possession, in common with 
other shield-bugs and related forms, of glands 
which secrete a pungent and irritating fluid. 
These glands are situated in the last thoracic 
segment of the adult, and the dorsal side of the 
abdomen of the larvae. Hely (1938) describes 
how the Bronze-Orange Bug will project jets 
of this fluid to a distance of two feet, even at 
persons passing by, and that it also causes 
unsightly spots on leaves and fruit of the in
fested citrus tree, apart from the damage 
caused by sap sucking. Kershaw (1907) states 
that Tessaratoma papillosa can eject its 
odoriferous fluid to a distance of six to ten 
inches. Although P. calidum secretes such a 
fluid when handled, and it is pungent and stains 
the skin yellow, it has not been seen to be 
forcibly expelled, and the insects are not dis
turbed by movements in their vicinity. If the 
stem itself is shaken, this stimulates the dis
charge of excreta from the anus, but this 
material has neither odour nor irritant pro
perties.

The occurrence of this massive infestation of 
an insect which, in my experience of several 
years collecting in both Hast and West Africa, 
is usually confined to forest zones, and even 
there is only seen as an occasional specimen 
resting on vegetation within reach of the 
collector, raises the question of its origin. This 
species has been found in lakeside forest about 
five miles from Kampala, and as they seem to 
be strong flyers could, with assistance from 
storm winds, reach the site where the infesta
tion was observed. The absence of any pre
viously recorded occurrence of this type must 
mean that, since mating probably follows dis
persal, the chance of a pair being accidentally 
transported to the same spot outside their 
normal habitat, or of a mated female being 
so transported, is vanishingly small. In addition, 
suitable host plants are widely scattered in an 
urban area. The possibility of transport among
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botanical specimens cannot, in the present in
stance, be ruled out. It is of interest to note 
that the insects were breeding on a hitherto 
unrecorded host, while plants of Momordica 
spp. in the same Botanic Garden were not 
affected. Oyster Nut was evidently providing 
an adequate source of food, although a small 
proportion of the adult insects had deformed 
wings, due to failure to expand after moulting, 
and this might have been due to a dietary 
factor. The numbers present make it almost 
certain that it was the progeny of more than 
one female, even allowing for the possible 
freedom, in a strange habitat, from the 
parasitic Hymenoptera which destroy a pro
portion of the eggs of insects of this kind. With 
Tessaratoma javanica, the highest number of 
eggs from one female was 406 (Mehra and 
Purakayastha, 1955). One to two hundred 
would be a reasonable figure to expect as an 
average. Since the coincidence of accidental 
transport of several females is unlikely, it must 
be assumed that the infestation represents the 
second generation on this plant, the first having 
escaped notice. Mortality from egg parasites 
may reach quite high levels in other species of 
large Heteroptera. Mortality among the larval 
stages is mostly due to predators such as 
spiders, ants, lizards, birds, mantids, etc., in 
other species of Heteroptera, and is of variable 
and uncertain extent. In the adults of 
P. calidum  dissected, two out of thirty con
tained parasites of the Order Strepsiptera, 
which would render them sterile. As was stated 
above, predation upon adults was not observed. 
Allowing for the effects of the Strepsipteran 
parasite, and assuming, for convenience, a total 
population of 840, the original female and the 
average first generation egg production need 
not be higher than 85 eggs to produce the 
observed population density, even with 50 per 
cent egg and larval mortality. With 80 per cent 
mortality, an average egg number of 150 would 
be required. These numbers are well within 
the range of what is known for closely related 
insects. It is hoped, if infestations continue to 
appear, to study more closely the bionomics 
of this insect, and obtain exact information as 
to fecundity and mortality.

Summary

An infestation of a plant of the Oyster Nut 
(Telfairea pedata Hook.) by a hitherto 
unrecorded pest, Piezosternum calidum Fab. 
(Heteroptera, Tessaratomidae), is described.

The main recognition features of the insect 
are described, and the effects of its feeding 
upon the plant. As a result of sap sucking by 
several hundred large insects, all the actively 
growing parts of the plant were desiccated and 
killed.

Some aspects of the biology of P. calidum 
are discussed, with reference to information 
available from related pests in other regions 
of the tropics.
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Some unusual cell inclusions in the mid-gut of a moth bug, Gyariita 
nigritarsis Karsch (Homoptera : Flatidae), and their 

possible significance in nutrition

By A. J. P. G o o d c h i ld  

School of Biological Sciences Bath, University o f Technology

Synopsis

An account is given of the histology of the anterior diverticulum, intestine and 
hind gut of Gyarina nigritarsis. The nature of rod-like inclusions in the cells of the 
diverticulum is discussed.

In tr o d u ctio n

I t  is now well established that the typical alimentary canal o f Fulgoroidea consists of 
a tubular mid-gut coiled within a membranous sheath, from the anterior end of 
which a diverticulum, often branched or irregularly shaped, emerges and extends 
forward into the thorax. There has been some diversity o f opinion on the function of 
this diverticulum (reviewed by Goodchild, 1966), but whatever duties it has come to 
perform in different species, it is not unlikely that its evolutionary origin is connected 
with that of the sheath enclosing the intestine in order to provide a region capable of 
inflation in the process o f ecdysis.

Fulgoroidea are also well provided with microbial symbionts contained within 
various special organs in the body cavity, or in a compact mass in the ventral wall o f  
the rectum, or as yeast-like cells freely invading the extensive fat body, or in combina
tions of these situations (Ermisch, 1960).

On an earlier occasion, examination o f a few specimens o f the flatid bug Gyarina 
nigritarsis Karsch (Goodchild, 1963) revealed that the cells lining the mid-gut 
diverticulum were distended with an apparently homogeneous eosinophil material, 
similar to that observed by Kershaw (1913) in another Flatid, Siphanta acuta Walker. 
It was also observed that the mid-gut of adults contained much basophil matter, which 
was interpreted as being derived from the breakdown o f a symbiont-containing rectal 
organ (the gut o f sap-sucking Hemiptera being usually empty o f solid material).

It was possible to collect more specimens o f this species during a visit to Uganda 
in 1966, and a more rigorous examination of the alimentary canal has made it necessary 
to revise these interpretations.

M a terial  a n d  M eth o ds

Adults and nymphs o f various ages were collected from twining plants in a small 
grove of Eucalyptus and other trees on the campus o f Makerere University College, 
Kampala. Nymphs were fixed in alcoholic Bouin’s fluid after small ruptures had 
been made in the cuticle to assist penetration. Adults were pickled in Pampers 
fluid. It was not at first intended to use the adults for histological study, but when so 
used, the fixation appeared to be entirely satisfactory. Nymphs were embedded 
whole in ordinary paraffin wax and, because o f their soft cuticle, excellent sections were 
obtained without other treatment. Adults were embedded in Steedman’s ester wax 
after excision o f the hardest regions of the cuticle, the rostrum, leg and wing bases, 
and genitalia. Sections 8  p  thick were stained by triple staining techniques, the most 
satisfactory being a normal haematoxylin/eosin followed by a brief dip in Edicol pea 
green (1 per cent, in 90 per cent, alcohol), although Masson’s iron haematoxylin/ 
ponceau fuchsin/light green was also used.
Proc. R. ent. Soc. Lond. (A). 44 (1-3). Pp. 11-16, 1 fig., 2 plates. 1969.
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A n te r io r  D iv e r t ic u lu m  o f  M id -G u t 
Sagittal sections o f half-grown nymphs showed that the an terior diverticulum 

originates from  the mid-gut just behind the oesophageal valve, in the second abdom i
nal segment (fig. 1). From  this point it travels forward, dorsal to the oesophagus, 
as a tube similar in diam eter and cell type to tha t of the m id-gut proper, as far as the 
first abdom inal segment, where it rapidly expands into a wide sac, filling the m edian 
region of the thorax and head and extending back above the connecting tube to the 
level o f its origin. The cells lining this sac are mostly extremely large (up to 80 /x by 
180 /x )  com pared with norm al m id-gut cells (average 15 /x  by 40 /x ) ,  their tips are 
swollen to near spherical proportions, and  their dark-staining, coarsely granular nuclei 
also enlarged (33 /x  by 22 /x , com pared with the mid-gut nuclei o f 12 /x  by 8 /x ) .  The

Fig. 1.—Sagittal section through posterior half of anterior mid-gut diverticulum of late nymph of 
G. nigritarsis (detail simplified for clarity). A.D. , anterior diverticulum, showing rod-like 
inclusions cut in various planes; C.T., tube connecting diverticulum to mid-gut proper; Oes, 
oesophagus; Oe.V, oesophageal valve; Sh, cellular sheath of mid-gut.

cell border is a thin m em brane, and the cytoplasm  is completely occupied by a bundle 
o f parallel rods, each about 5 /x in thickness and as long as the cell and sometimes 
longer, when they are accom m odated by one or two flexures o f the whole bundle, 
with the outside o f the curve towards the lum en o f the sac. The rods may be orien
tated parallel to the wall of the sac, or perpendicularly to it, or at slight angles to either 
o f these directions, the orientation being generally the same in groups of several 
contiguous cells. In some cells there are two bundles o f rods, with different orienta
tions. Counts o f transverse sections o f bundles indicate tha t each may consist o f as 
m any as 50 rods. A t the bases o f some cells fragments of rods may be seen, and in the 
m ain bundles some rods may show clean transverse fractures, dividing the rod into 
tw o or more segments, which, however, retain  their linear arrangem ent. The staining 
reaction o f the rod substance is mildly eosinophil, that is to  say, similar to  that o f the 
muscle fibres, which with eosin/pea green are pale orange, and unlike that o f the storage 
granules of the fat body, which are bright pink with this stain. The rod structure is 
completely homogeneous, and neither differentiated internal structures nor distinct 
limiting m em brane can be detected. The scanty cytoplasm around  the rods is finely 
granular and distinctly basophil. W here the rods are crowded against the cell border 
they are more m arkedly eosinophil, or w ith M asson’s stain a bright red (whereas 
deeper in the cell they are green with this stain). The rods show up extremely well 
under phase contrast illumination. Rods dissected from a whole preserved adult, 
and examined in water, seem to be o f a transparent crystalline nature. Included
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among the cells were abundant droplets of lipoid material, but the intact rods had no 
trace o f affinity for fat stains.

Scattered among the bases o f these large cells are other cells o f all sizes down to 
about 20 fi by 25 /x. (the nuclei o f which are of normal mid-gut size). All cells contain 
the rod-like inclusions, running the full height of the cell distal to the nuclei or, in the 
smallest, on either side o f the nucleus. Although fewer in number and shorter than 
the rods seen in the largest cells, these undeveloped rods are not much less thick 
(2 to 3 y). In the region surrounding the opening of the connecting tube there is a 
gradual transition from normal mid-gut cells to the rod-containing cells. The anterior 
dorsal part of the sac wall lies close beneath the hypodermis of the head and first two 
thoracic nota, and its cells are obviously stretched by the expansion o f the sac at 
ecdysis, being very wide and flattened (about 90 y  by 10-15 y). Their cytoplasm is 
well stocked with rod fragments o f various sizes, in some instances partly projecting 
through a torn cell border.

In the posterior part o f the sac a delicate meshwork o f muscle strands can be 
detected among the cell bases, and there is also a thin peritoneal membrane, with 
scattered small nuclei, around the whole sac.

In the smallest nymphs studied (possibly first instar), all the cells o f the anterior 
mid-gut diverticulum were small, but most contained typical rod promordia. In 
males and immature females the posterior part o f the sac is immensely inflated, the 
cells stretched into a pavement epithelium, and the organ extending far back into the 
abdomen, between the gonad and the mid-gut. It penetrates amongst, and is in 
immediate contact with, the ovarioles (Plate I, fig. A), but is wholly ventral to the 
testes, from which it is separated by a layer o f fat body. The middle part o f the sac, 
in the thorax, is restricted by the development of the longitudinal muscles, but in the 
head it remains expanded and there the cells are also flattened. The narrow neck of 
the sac in the thorax is filled with swollen cells, some o f which are no longer attached 
to the epithelium and may also be enucleate. Among them and posteriorly towards 
the clearly defined spherical margin of the air bubble is a mass o f finely granular 
basophil material enclosing clusters o f rods (Plate II, figs. A, B). At the edge of the 
air space the rods are densely crowded, tangentially orientated and with indistinct 
outlines. Intermediate stages in the degenerative process can be found. From the 
typical cell with a bundle o f long rods, there appears to be a change towards a break
up o f the rods into lengths o f 20 to 40 y , with rounded ends, and an increase in the 
amount o f normal cytoplasm present so that the rods are less closely packed. The 
whole mass may be liberated by the dissolution of the cell membrane. Also present 
to a greater or less degree are cell tips (no nuclei being visible), in which the rods remain 
long and closely packed but their outlines become less distinct; on the dissolution of 
the membrane a structureless eosinophil mass, containing poorly defined thread-like 
fibres, is released. The distinction between the two modes is not sharp, however. 
In some specimens bundles o f eosinophil rods may be found among the debris, still 
within an enclosing membrane, and in one specimen such a bundle was seen in the 
anterior part o f the mid-gut proper (Plate I, B). The nuclei in these degenerating 
cells may be swollen and misshapen, and often surrounded by a zone o f normal baso
phil cytoplasm. It may be that the increase of cytoplasm only occurs when the 
nucleus is present, cells that lose their nuclei undergoing the second mode o f break
down. Over the surface o f the cells in the posterior part o f the sac, and within the 
margin o f the air bubble where it is in contact with the rod-laden debris, is a narrow 
zone o f strongly eosinophil granules and strands, in many instances fusing into an 
eosinophil membrane on its inward side.

In the mature female a similar situation obtains in the anterior and thoracic region 
of the sac, but with the growth o f the eggs the posterior region contracts and its 
epithelium returns to a cuboid or columnar appearance (although the cells are separate, 
except near their bases). Few of these cells contain rods, but many have frayed tips
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indicating the loss o f their distal part. The nuclei are of various sizes, densely granu
lar and basophil. The cytoplasm is also basophil. The muscular layer is thick and 
conspicuous, and many o f the nuclei appear as if trapped in it and distorted to a 
dumb-bell shape.

T he  I ntestine  a n d  H in d  G u t

The mid-gut proper is a sinuous tube of even diameter, which leads backwards 
from the oesophageal valve to near the posterior end of the abdomen on the ventral 
side, then returns forward and loops over its anterior end before turning back again 
to join the hind gut in the middle o f the abdomen. As in other Fulgoroidea, it is 
enclosed in a sheath, which in this species takes the form of a thin pavement epithelium, 
better developed in the nymph than in the adult. In the latter it cannot be followed 
continuously around the gut coils, and is reduced in thickness to an eosinophil mem
brane with occasional nuclei. Close around the gut wall there is also a thin basement 
membrane with scattered small nuclei. The cells lining the mid-gut are essentially o f  
a uniform nature, but appear to undergo cyclical changes, possibly in waves o f activity 
passing along the length o f the gut. This conclusion is based on the fact that such 
differences as can be seen are not constantly associated with particular sections o f the 
gut. The cells are columnar, with bulbous tips projecting into the lumen, sometimes 
singly but more usually in groups o f about six cells forming a single lobe. Around 
the circumference o f the gut there may be six to ten such lobes, separated by much 
shallower cells. The cell tips contain finely granular basophil cytoplasm, usually with 
many tiny vacuoles, and have a well defined brush-like border. Particularly in the 
middle region o f the mid-gut, the cell tip may discharge a large, thin-walled globule o f  
cytoplasmic material into the lumen. The tallest cells are about 50 /x by 10 /x, and the 
free lumen between the tips is about equal to the cell height in nymphs and young 
adults. The lumen is empty except for a few eosinophil granules in immature forms, 
but in maturing adults it becomes filled and its width increases three or four times, the 
cells simultaneously being stretched into a wider and lower shape. The anterior 
half of the mid-gut o f adults contains scattered eosinophil granules, which on close 
examination appear to be arranged in regular circular or part-circular patterns o f  
about 20 /x diameter (Plate I, fig. A). The impression is given that these are relics o f  
spherical shells o f eosinophil material, irregular in thickness, which surrounded a 
globule o f a substance leached out by the processes o f histological preparation. 
Similar material can be traced forwards along the connecting tube and into the anterior 
diverticulum. In the posterior part o f the mid-gut the shell-like structures are much 
less frequent, and the few remaining are embedded in a dense mass of finely granular 
basophil material with which the gut is noticeably distended. In the middle region 
o f the gut a transition zone is present, with coarse granules o f varying degrees o f  
eosinophilia among the basophil contents. In some specimens the posterior part o f  
the gut was empty, while the anterior part contained abundant eosinophil material, 
as if the digestive process was in an early stage. In some very mature females the 
gut was mostly empty throughout, and the'anterior diverticulum shrunken and with 
little rod debris. This suggests that The gut contents are voided as the ovarian system 
expands.

The hind gut is a single sac-like rectum, the walls being composed entirely o f rather 
flattened cells with nuclei somewhat larger than those in the mid-gut cells. It is 
thus more in the nature o f rectal gland epithelium than the usual rectal syncytium. 
In all adults, and some larger nymphs, the rectum was strongly contracted and the 
lining thrown into complex folds, with little free lumen visible, and surrounded by a 
thick muscle layer. Some granular, neutral staining, debris was seen in the lumen or 
rectal valve region in a few specimens. N o symbiont-containing rectal organ could 
be detected.
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D iscussion

When the results o f this investigation are compared with the early account by 
Kershaw (1913), many points o f similarity can be found. Although Kershaw did not 
observe rod-like inclusions in the anterior diverticulum (“reservoir” in his terminology) 
of Siphanta acuta, his finding o f the epithelium as constantly in a state of degeneration 
and renewal suggests that, as in the present writer’s earlier studies of Gyarina, the 
fixation methods were unsuitable. Kershaw gives no details of his procedure in this 
respect, but in the writer’s experience dissected guts of small Hemiptera easily suffer 
from over-fixation or post-fixation damage, and vastly better results have been 
obtained from the fixation and embedding o f whole animals. Furthermore, it does 
not seem that Kershaw used a triple staining technique, without which the structures in 
Gyarina are far less evident.

Whether or not Kershaw’s material could have been rod-like, the remainder o f his 
description of cell detachment, breakdown into a viscid fluid and passage along the 
mid-gut, is in full agreement with what appears to happen in Gyarina. On the 
other hand the situation in Gyarina does not lend itself to interpretation in the way 
that Kershaw put forward for Siphanta. He regarded the secretion o f the reservoir 
as primarily a digestive secretion, with the possibility that the organ might aid in 
getting rid of the waxy matter secreted by the insects. The rod-like inclusions of 
Gyarina are totally unlike any known digestive secretion o f insects, the normal 
appearance of secreting epithelium being that o f the mid-gut proper in this species. 
The crystalline style o f molluscs has some similarity, perhaps, but there seems to be 
no reason why such a structure should arise in an insect. As regards the waxy nature 
of the reservoir contents, the presence of lipoid droplets in the diverticulum of Gyarina, 
and the probability that the gut contents are partly o f this nature, corroborates the 
observations on Siphanta, although the ingestion o f wax secreted by the cuticle o f the 
insect itself must be regarded as unlikely.

Rod-like intra-cellular structures, especially in such insects as Homoptera, must 
always be suspected of being a form of symbiotic micro-organism, but in Gyarina the 
large size reached, the lack of nuclear structures, and the brittle texture, make it 
difficult to accept such an hypothesis. Furthermore, the anatomical situation would 
be unique among Fulgoroid symbionts, and there is no evidence of a mechanism of  
transmission, whether transovarial or by spore formation.

Supposing, therefore, that the rod-like inclusions are formed by the cells them
selves, they could be a form o f storage, either o f an excretory nature, or for subsequent 
utilisation. The breakdown and passage through the gut could be compatible with 
an excretory product, if there was need for space in the body for the maturing repro
ductive system, but the histological evidence suggests that a digestive process is taking 
place. As Kershaw pointed out, certain plants, and particularly the eucalyptids on 
which Siphanta acuta fed, contain an abundance o f lipid or resinous substances, 
which may be disposed o f by intra-cellular deposition in the insect. In many Cerco- 
pidae (Goodchild, 1966), the hinder part o f the mid-gut is clogged with hypertrophied 
cells containing excretory matter. On the other hand, nymphs o f the Flatidae 
secrete such an abundance o f wax on their external surface that it is difficult to imagine 
there being a surplus for internal deposition. If it is stored for use at the time o f  
maturation of the reproductive system, why is it not stored in the fat body, as in most 
insects? In G. nigritarsis the fat body is very densely infested with yeast-like sym
bionts, which seem to be undergoing continual destruction and absorption, judged by 
the variation in staining reaction and refractivity under phase-contrast illumination. 
It may be that this specialisation of the fat-body prevents its acting as a storage depot 
in the usual way. Incidentally, no other form o f symbiont or symbiont-containing 
organ was found in this species. The rods may be a lipoid-protein complex, which 
separates in the breakdown phase into a lipoid droplet surrounded by a protein skin 
and is digested in the mid-gut in this form. The dense basophil granular contents of
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the posterior mid-gut would then be the final stages in this process and would not, as 
previously suggested, be caused by the breakdown of a rectal symbiont organ.

It has been tentatively suggested (Goodchild, 1966) that the secretory activity of 
the cells of the anterior diverticulum might be a reaction to resist osmotic flow into the 
haemocoele in this region, which is not enclosed in the intestinal sheath. In G. 
nigritarsis the activity seems too exaggerated to be directed to this end alone, and the 
presence, in nymphs at any rate, of a definite constriction, with conspicuous muscle 
layers in the connecting tube, suggests that flow of the ingested plant sap into the 
diverticulum may be restricted, if not entirely prevented.

It is regrettable that this account is based on histological evidence alone, and there 
seems to be a case for more detailed examination of the nutrition of Flatidae by those 
in a position to study the living insects.

Summary

(1) In the anterior diverticulum of the mid-gut o f Gyarina nigritarsis Karsch 
(Fulgoroidea, Flatidae), the cells are swollen to accommodate large rod-like inclusions.

(2) In maturing adults these rods break down and pass into the posterior mid-gut, 
where the contents appear as shells surrounding presumed lipoid droplets, and grade 
into finely granular basophil material in the hindmost part of the mid-gut.

(3) It is suggested that these inclusions are formed by the cells themselves for 
subsequent utilisation.

R eferences

E r m is c h , A., 1960, Vergleichend-anatomische Untersuchungen uber die Endosymbiose der Ful- 
goroiden mit besonderer Beriicksichtigung der Araeopiden. Z. Morph. Okol. Tiere 49 : 47-138. 

G o o d c h i l d , A. J. P., 1963, Some new observations on the intestinal structures concerned with water 
disposal in sap-sucking Hemiptera. Trans. R. ent. Soc. Lond. 115 : 217-37.

  1966, Evolution of the alimentary canal in the Hemiptera. Biol. Rev. 41 : 97-140.
K e r s h a w , J. C., 1913, The alimentary canal of Flata and other Homoptera. Psyche, Camb. 20 : 175— 

88.
(Manuscript received 28th February, 1968)

P l a t e  I
F i g . A.—Upper part: part of transverse section through mid-gut, showing lining cells and 

“eosinophil shell” contents. Lower part: fold of stretched anterior diverticulum between two 
ovarioles.

F i g . B.—Clump of rod debris from anterior diverticulum, in anterior end of mid-gut adjacent to 
oesophageal valve (left hand edge). Scale, 50 p.

P l a t e  II
F ig . A.—Sagittal section through head and thoracic region of the anterior diverticulum of a 

mature female, showing rod-containing cells in various stages of breakdown.
F i g . B.—Sagittal section of thoracic region of anterior diverticulum of a mature male, showing 

cell breakdown. Scale on each fig., 0*2 mm., anterior end to right.



Proc. R. ent. Soc. Lond. (A) Vol. 44 PLATE I

Gyarina nigritarsis

A. J. P. Goodchild



Proc. R. ent. Soc. Lond. (A) Vol. 44 PLATE II

Gyarina nigritarsis

A. J. P. Goodchild



ArPPerj^iA "7
62

The rectal glands of Halosalda lateralis (Fallen) (Hemiptera : Saldidae) and 
Hydrometra stagnorum (L.) (Hemiptera : Hydrometridae)

By A. J. P. G o o d c h i ld
School o f  Biological Sciences, Bath University o f  Technology 

S ynopsis
An account is given of the histology of the hind gut in Halosalda lateralis and 

Hydrometra stagnorum, and in larvae of two species of Aedes. The possible mechanisms 
of rectal gland function are discussed.

In tr o d u ctio n

Specialised regions o f large columnar or cuboid cells are found in the hind gut of 
most kinds o f insects. Usually referred to as “rectal glands” or “rectal pads”, they 
have long been regarded as the main site of water absorption from the rectal contents. 
Physiological studies, such as those of Ramsay (1955, 1964), Sutcliffe (1960) and 
Phillips (1964), have confirmed the earlier suggestion by Wigglesworth (1932) that 
water is re-absorbed in the rectum of certain insect species against a steep osmotic 
gradient. The identification, as the tissues responsible for this, o f the “gland” 
regions, rather than the thin syncytial layer that forms the remainder of the rectal 
wall rests essentially on the histological evidence, although it is supported by the 
finding o f Berridge & Gupta (1967) that in the blow-fly Calliphora the ordinary rectal 
wall was not affected by injection of hypotonic fluid into the rectum, whereas marked 
changes were produced in the glandular papillae. Even in insects such as those 
species o f Hemiptera studied by Bahadur (1963) and Berridge (1965), which can 
only re-absorb water from hypotonic rectal contents, extensive gland areas are present.

The mechanism by which this movement of water is effected remains uncertain. 
The concept o f “active transport” of water is no longer accepted by those vertebrate 
physiologists such as Diamond (1965), who have found no evidence for water transport 
in the absence of a concomitant transport of ions. On the other hand, water is 
known to pass through the outer cuticle o f insects against an osmotic gradient 
(Beament, 1965), and the rectum is lined with similar material. The complex rectal 
papillae o f Calliphora, described in detail by Graham-Smith (1934) (who, incidentally, 
did not accept water absorption as their sole function), have been re-investigated with 
electron microscopy by Gupta & Berridge (1966b). In physiological experiments, the 
same authors find (Berridge & Gupta, 1967) evidence for a structure compatible with 
the “double-membrane” model for water transport proposed by Curran & McIntosh 
(1962).

A relationship between cell structure and function in the rectal gland was put 
forward by Ramsay (1950) as a result o f his observations on the larvae o f the mos
quitoes Aedes aegypti L. and Ae. detritus Edwards. The first named species breeds 
in fresh water, and the larva maintains the osmotic pressure of its body fluids by 
passing hypotonic excreta, as well as by absorbing salts through its anal papillae 
(Wigglesworth, 1933). Ramsay showed that the urine flowing from the Malpighian 
tubules is isotonic with the haemolymph, and that it is during the passage through the 
rectum that the excreta become hypotonic. The other species, Ae. detritus, can 
develop in fresh, brackish or saline water, and the larvae therefore pass excreta that
Proc. R. ent. Soc. Lond. (A). 44 (4-6). Pp. 62-70, 1 fig., 2 plates. 1969.
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are hypotonic or hypertonic to the haemolymph, according to the nature of the 
environment. In the larvae of these species, the rectum is lined for the posterior 
four-fifths of its length with thick gland cells. In Ae. aegypti, these cells are all o f  
one kind, with a narrow striated border towards the lumen, but in Ae. detritus there 
are two kinds o f gland cell, those of the anterior part o f the gland having a greatly 
diminished striated border and being sharply distinguished from the cells of the 
posterior part, in which the striated border is very well developed. Ramsay con
cluded that the posterior part of the gland in Ae. detritus most greatly resembled that 
o f Ae. aegypti, and that it was therefore this region in which solutes were absorbed, 
water being absorbed in the anterior gland.

Rectal glands in the Hemiptera present a considerable variety o f form (Bahadur, 
1963; Goodchild, 1963), but although they range from a small discoidal area to almost 
the entire lining o f the rectum, or may be formed into a tubular sub-region of the 
hind gut, they always consist o f a simple single layer o f cells, not complex papillae as 
in adult Diptera. Within the order Hemiptera there are species, terrestrial as well as 
aquatic, that are like Ae. aegypti in passing hypotonic excreta. The best-known of  
these belong in two widely distinct groups, the Homoptera Cicadoidea (Licent, 1912) 
and the Heteroptera Hydrocorisae (Staddon, 1963, 1964). They share a common 
anatomical feature o f a long tubular hind gut lined with gland-type cells, although the 
detailed histology o f these differs considerably in the two groups. In terrestrial 
Heteroptera, a comparison of rectal gland structure over a range of species from the 
most water-conserving (e.g. Reduviidae) to the water-disposing sap suckers (e.g. 
Pentatomidae) suggested a positive correlation o f depth and eosinophilia of the striated 
border with probable water absorption (Goodchild, 1963). This conclusion is 
strengthened by the discovery by Berridge (1965) that in the cotton-stainer (Dysdercus 
fasciatus Signoret) water is absorbed only from hypotonic rectal contents. Although 
this insect can feed on dry seeds, it requires water to drink, and its rectal gland (pre
sumably inherited from plant-sucking ancestors) has a poorly developed striated 
border.

During the preparation of a review o f the alimentary canal structure in Hemiptera, 
I realised that the conclusions reached by Ramsay (1950) on the relationship o f  
development o f striated cell border to cell function were opposite to those I had 
formed from studying Hemiptera (Goodchild, 1966). To resolve the contradiction, 
I decided to investigate a hemipteran insect from the same kind of habitat as Ae. 
detritus. Halosalda lateralis (Fallen) belongs to the family Saldidae, and since 
Miyamoto (1961) described the hind gut o f some genera o f this family as having two 
distinct glandular areas, on the tubular ileum and on the rectal sac, it was hoped that 
histological studies would reveal two cell types, a feature not hitherto recorded in 
Hemiptera. Another problem referred to in the above-mentioned review was the 
existence in Hydrometridae of a hind gut of the hydrocorisid pattern, with tubular 
ileum and rectal sac. Since the ileum of Hydrocorisae has been presumed to absorb 
solutes and form hypotonic excreta (Goodchild, 1963), whereas most Amphibicorisae 
have a simple sac-like hind gut with gland cells of presumed water-absorbing type, 
material o f Hydrometra stagnorum (L.) (Hydrometridae) was examined to discover 
the histological nature o f the ileum.

M aterial a n d  M ethods

Specimens o f Halosalda lateralis were collected from a Salicornia marsh at Wyke 
Regis, Dorset, and Hydrometra stagnorum from ponds in the Bath area. For pur
poses o f comparison with the latter species, specimens o f Corixidae (Sigara sp.) were 
collected from local streams. Material o f Aedes was also examined. Larvae o f  
Ae. detritus were collected in the Severn estuary near Avonmouth, and those of Ae.
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aegypti were reared from eggs kindly supplied by Mr. S. A. Smith of the London 
School of Hygiene and Tropical Medicine.

The alimentary canals were dissected out under saline, fixed in alcoholic Bouin's 
fluid, embedded in paraffin wax and sectioned at 8 p. Stains used were Mayer’s 
haemalum and alcoholic eosin.

H is to lo g y  o f  t h e  H in d  G u t  

Halosalda lateralis

The hind gut of H. lateralis consists of a narrow ileum of fusiform shape, joined 
by a short tubular region to a wide rectal sac (fig. 1). The mid-gut opens into the

Fig. 1.—Semi-diagrammatic sagittal section through hind-gut of H. lateralis, showing disposition of 
gland-type cells. G 1, gland in ileum; G 2, anterior rectal gland; G 3, posterior rectal gland; 
II, ileum; MG, midgut; MT, Malpighian tubule; Rec, rectal sac.

ileum by way o f a well-developed rectal valve, which is a posteriorly directed funnel 
formed by a double layer of small ovoid basophil cells that secrete a rather loosely 
attached chitinous intima. The ileum itself is about 120 p long and 150 p. wide in a 
contracted condition. It is lined with a flattened epithelium about 4 p  thick, with 
nuclei of the same diameter but without distinct cell boundaries. The epithelium is 
thrown into many small folds in specimens empty of faecal matter. On the dorsal 
side of the ileum there is an oval glandular pad of cells 30 p  deep, which extends 
almost the full length of the organ but not down the lateral walls. Where it joins the 
thin epithelium, the latter is carried up the sides of the gland cells almost to their free 
border (Plate I, fig. A). The nuclei of the gland cells are 20 p  by 10  ft, and lie close 
to the free border with their long axes parallel to the border. They are densely 
granular, and between them and the cell border is a zone 4 p  deep in which the cyto
plasm is weakly eosinophil and rather coarsely and irregularly striated. The cyto
plasm towards the cell base, below the nuclei, is distinctly eosinophil and very finely 
striated. Between the nuclei, poorly defined vacuoles or gaps in the cytoplasmic 
striations are usually present.

The connecting tube is 70 p wide and 60 p  long, lined with small basophil columnar 
cells about 20 p  deep. The rectal sac is 350 p  long and 320 p wide in the contracted 
condition. Its dorsal and lateral parts are lined with gland-type epithelium, and its 
ventral wall is composed of thin syncytial epithelium like that in the ileum. This is
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deeply folded when the organ is contracted. The glandular epithelium is of two 
distinct kinds, divided from one another by a junction zone, two or three cells wide, 
o f narrow columnar cells with very dark staining nuclei. The junction is more or less 
straight and transversely orientated (Plate I, fig. B). The anterior part of the rectal 
gland occupies about one-third, and the posterior part two-thirds, of the length of the 
rectal sac. The anterior cells are similar in shape and size, and in nuclear type, to 
those o f the ileum gland, but do not have the striated zone between the nuclei and the 
cell border. Instead, the nuclei rest in contact with the cell membrane, sometimes 
being flattened into extensive contact. The cells of the posterior rectal gland are 
markedly different, having a depth of 65-70 /u, and nuclei which are larger, ovoid in 
shape with granules clumped against the nuclear membrane, and situated near the 
base of the cell. The cytoplasm between the nuclei and the free border of the cell is 
finely striated and definitely eosinophil, whereas that around the nuclei is finely granular 
and slightly basophil, and extends in strands towards the cell border. The basal 
part o f the cell is composed of weakly eosinophil, faintly vacuolated, cytoplasm.

Hydrometra stagnorum

The hind gut o f H. stagnorum  resembles that of the Hydrocorisae in being formed 
in two distinct regions, a long narrow tubular “ileum” followed by an expanded, thin 
walled “rectum”. In the Hydrocorisae the ileum is thick walled (except for a narrow 
ventral strip), the cells o f this region being characterised by strongly eosinophil 
cytoplasm with striations running from base to free border, and nuclei elongated in 
the same direction. The striations may thin out towards the free border (Goodchild,
1963). This was confirmed by study o f Sigara sp. (Plate II, fig. B). The Amphi- 
bicorisae have been found (Goodchild, 1966) to have simple sac-like hind guts, with 
an extensive dorsal gland area, the cells o f which have an eosinophil striated border 
about half the depth of the cell and spherical nuclei. The ileum of H. stagnorum was 
found to have a thick wall with a narrow ventral zone of thin rectal cells, the thick 
part consisting o f cells typical o f the gland in Amphibicorisae (Plate II, fig. A). In 
the Hydrocorisae the long narrow ileum might be supposed to enhance the effective
ness o f the gland epithelium by increasing the area/volume ratio; it seems however 
that the similarity o f the anatomy of H. stagnorum may be a result of its highly 
elongated body.

Aedes Larvae

The rectal gland cells o f larvae of Aedes aegypti (Plate II, fig. D) are approximately 
cuboidal and only slightly thicker than the diameter of the spherical nucleus (25-30 /*), 
The cytoplasm is mildly eosinophil and densely fibrous in texture throughout the cell, 
with a narrow border zone along the apical margin. This border is eosinophil, but 
with a hint o f a basophil element in its innermost parts, and is very dense, the striations 
being only poorly discernible.

In the larvae o f Aedes detritus, the two types of cell occupy the anterior quarter 
and posterior three-quarters of the glandular region of the rectum and are separated 
by a circumferential zone of small unspecialised rectal cells, which extends into the 
lumen of the rectum as a shallow fold (Plate II, fig. E, bottom). The cells of the 
anterior part of the gland are cuboidal, with large nuclei extending almost from base 
to apical margin (Plate II, fig. E). There is a very narrow, sparsely striated, eosinophil 
border zone along the apical margin, and below that a zone rich in basophil granules. 
The general cytoplasm is coarsely fibrous, the fibres being orientated from base to 
apex and more widely separated in the region o f the lateral margins o f the cell than 
they are in the vicinity o f the nucleus. The overall staining reaction is mildly eosino
phil.
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In the posterior region of the gland (Plate II, fig. F) the cells are taller than they 
are wide, the nuclei being similar in size to those of the anterior gland and situated 
close to the base. The additional cell height is brought about by the very great 
development o f the eosinophil striated apical border. This zone is composed of 
coarse fibres, which tend to clump together so that clear channels penetrate at irregular 
intervals towards the nucleus. In the region immediately belcw the chitinous intima, 
the striations thin out very markedly, leaving wide open spaces separated by single 
membranes. The eosinophil striated zone is in distinct contrast to the granular 
basophil cytoplasm below and at the sides o f the nuclei.

D iscussion

It is clear that insects subjected to immersion in water o f varying salinity, so that 
on different occasions the excreta must be made either hypotonic or hypertonic to the 
haemolymph, cannot rely on a single type of rectal gland cell to perform both tasks. 
The fact that the dipteran Aedes detritus and the hemipteran Halosalda lateralis belong 
to very widely separated taxonomic groups, and that their relatives in which the 
osmotic problem is simple water conservation or water disposal (but not both) have 
simple glands, must rule out any non-adaptive explanation o f the two-fold gland in 
these species.

Before going on to consider whether this observation contributes significantly to 
our understanding of cell structure in relation to function, it is necessary to review 
briefly the most recent work on insect rectal gland structure. Noirot & Noirot- 
Timothee (1966, 1967) have described the ultrastructure o f gland cells o f the hind gut 
o f the termite Cephalotermes rectangularis Silvestri. In this insect, there is an anterior 
expansion o f the hind gut (referred to as the paunch), connected by way of a narrow 
colon to a sac-like rectum. Enlarged cells o f gland type occur in both the paunch and 
the rectum. They are different in structure, those o f the rectum having a deeply 
infolded apical membrane with elongated mitochondria abundant among the folds. 
The cytoplasmic face o f this folded cell membrane is evenly coated with a layer of 
granules. In the gland cells o f the paunch, the mitochondria are located towards the 
base o f the cell and are surrounded by invaginations of the basal membrane, the 
nucleus is central and spherical, and the apical membrane is deeply infolded but lacks 
the inner granular coating. A light micrograph shows a cell not unlike that of the 
rectal gland o f Hydrometra stagnorum.

The authors, using a technique that revealed sodium accumulations in electron 
micrographs, found that this ion was concentrated in the apical membrane of the 
rectal gland, in which there is a granular coating, but not in that of the paunch gland, 
which lacks this coating. They conclude that the rectal gland absorbs salts, and 
suggest that the paunch gland may be responsible for absorbing fatty acids, the 
products o f bacterial fermentation o f cellulose. It seems likely that the cell border 
o f the rectal gland in the termite would appear to light microscopy rather like that of 
the rectal gland o f larvae of Aedes aegypti, or the lining o f the hind gut of a cicadoid 
homopteran (Plate II, fig. C), both of which absorb solutes. This cell type may be 
the site of uptake of organic molecules, as it has been shown (Jackson & Smyth, 
1968) that transport o f these is sodium-dependent.

Since the structure o f the paunch gland cells of C. rectangularis is like that o f those 
Hemiptera that absorb water from hypotonic rectal contents only, it is possible that 
in the termite it is concerned with regulating water content o f haemolymph relative to 
hind gut. The postulated function of absorption o f organic molecules faces two 
objections, firstly the probability that the rectal gland is performing this task, and 
secondly the likelihood that passive diffusion through unspecialised rectal lining would 
be significant (Berridge & Gupta (1967) recognise this as a possible pathway). The
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large extent of glandular rectal epithelium in those Hemiptera in which water is 
absorbed with the assistance of an osmotic gradient suggests that it is under active 
control, perhaps by variation o f permeability o f the chitinous intima.

The presence of two types of cell in glands o f the hind gut o f C. rectangularis 
cannot however be strictly comparable to the situation in Ae. detritus and H. lateralis. 
In the termite, the deep striated border is on the more anterior of the glands; in both 
estuarine insects it is posterior. Furthermore, the peculiar physiology o f wood-eating 
termites, with microbial fermentation in the hind gut, would necessitate an additional 
absorptive area to supplement the normal absorptive function o f the mid-gut.

Another type of rectal gland cell, found in the blow-fly Calliphora (Gupta & 
Berridge, 1966a, b) and in adults of Aedes aegypti (Hopkins, 1967), is characterised by 
only moderate development of the infolded apical membrane, not involving associated 
mitochondria, and by very considerable development o f infoldings o f the lateral cell 
membranes, which open into intercellular spaces and ramify among concentrations of 
mitochondria. In the blow-fly, the innermost parts o f this system are lamelliform 
spaces, which are intricately assembled into stacks with accompanying mitochondria. 
According to Gupta & Berridge (1966a), the apical cell membrane has a granular inner 
layer, but the lateral membranes have not. In Ae. aegypti, Hopkins could not detect 
such a layer on any of the cell membranes, but suggested that the lateral membranes 
bore an extracellular coating, which might be physiologically important. In both 
species it was observed that, under conditions when the insect was feeding actively, 
the intercellular spaces and part of the infolded lateral membrane system seemed to 
be open and engorged with fluid, and fluid-filled spaces developed between the 
chitinous intima and the apical membrane; when the blow-fly was fasting during 
oogenesis, and before the mosquito took a blood meal, however, these spaces were 
closed. This observation accords with the theory of Diamond &Tormey (1966) on 
the function in fluid transport through epithelia o f such long extracellular channels, 
in that rapid equilibration of water with actively transported ions will enable local 
osmosis to effectively move an isotonic solution. Although, when these spaces 
appear open, it is extremely probable that isotonic transport is occurring, this theory 
does not explain the absorption of water in the later stages when the rectal contents 
are hypertonic to the haemolymph, and the intercellular spaces are closed.

Although Berridge & Gupta (1967) made out a case for regarding the rectal gland 
cells o f the blow-fly as functioning in the manner o f the Curran-Mclntosh two- 
membrane model, the same authors (Gupta & Berridge, 1966a) did not rule out the 
possibility that the granular coating on the apical cell membrane represented the site 
of a enzyme system capable o f water transport, utilising extramitochondrial energy 
sources. One enzyme mentioned as possibly involved is carbonic anhydrase, which 
is known to be involved in absorption in the vertebrate renal tubule (Clapp, Watson 
& Berliner, 1963). It is therefore of interest to record an experiment o f mine in which 
larvae o f Aedes detritus were kept in weak solutions (20 p.p.m.) o f a number o f diuretic 
drugs in either sea or tap water. Those larvae kept overnight in sea water with drugs 
having anti-carbonic anhydrase activity (acetazolamide, and to some extent chloro
thiazide) were shrunken and inactive. Other drugs, and also some local anaesthetics 
which act by affecting ion transport in nerves, had no effect, even when repeated at 
twice the concentration. In fresh water, none o f the drugs tested, including anti- 
carbonic anhydrases, had any effect on the appearance or activity o f the larvae, nor 
had the anti-diuretic pitressin, which was also tested.

In the Hemiptera, rectal gland cells essentially the same as those o f the posterior 
gland o f Ae. detritus can be found in a large number of species, but particularly among 
families o f Cimicomorpha such as Reduviidae. The habitat and food preferences o f  
these species strongly suggest a need for water conservation. Although the inter
cellular spaces o f the rectal papilla in the blow-fly are visible to light microscopy, the 
most minute study of sections o f the rectal glands o f Hemiptera fails to reveal a system
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of this kind. In a table summarising published figures for maximum osmotic gradient 
developed between rectal contents and haemolymph in a number of insect species, 
Berridge & Gupta (1967) list Calliphora as achieving a freezing point depression 
difference of 0*9° C., the locust Schistocerca 2-0° C., and Ae. detritus 1*3° C. Much 
greater differences occur in the larvae of the shore flies Ephydra riparia Fallen and 
Coelopa frigida  (F.), which achieved differentials o f 5-3° C. and 3*7° C., respectively, 
and the meal-worm Tenebrio is quoted as reaching a 9-0° C. difference. Unfortu
nately no histological information is available for E. riparia or C. frigida, but the rectal 
gland o f the meal-worm is assisted by the cryptonephric system (Saini, 1964; Ramsay,
1964), in which an osmotic pressure exceeding that o f the general bulk of the haemo
lymph is generated in the narrow perirectal space, thus reducing the osmotic gradient 
across the rectal gland epithelium. The mechanism by which this is achieved is 
presumed to be the active secretion of potassium chloride (to a maximum concentra
tion of more than twice molar) into the Malpighian tubules from the haemolymph, 
for which the tubule cells themselves may be responsible. Water is drawn from 
the perirectal fluid, but the ionic composition o f this fluid remains “normal”, the 
osmotic pressure being made up by non-electrolytes. Ramsay suggested that this 
ensures that no epithelium is exposed to excessive ionic concentrations on both sides. 
This point makes it difficult to accept the possibility that in Calliphora the rectal 
contents are made hypertonic to the haemolymph by the secretion into the inter
cellular spaces (80 to 90 per cent, o f the cell surface (Berridge & Gupta, 1967)) of even 
more concentrated solutions.

Since the larval rectum of Aedes detritus, with a simple layer o f gland cells, achieves 
a greater osmotic gradient than does Calliphora, it is not unreasonable to conclude 
that the apical membrane is actively involved in the process. More knowledge of 
detailed structure is obviously needed before such problems as the high osmotic 
activity in E. riparia and C. frigida  can be resolved. The detailed structure of the 
cicadoid Homoptera and hydrocorisid Heteroptera also needs further investigation. 
In the former, sections show many cells with a cavity below the nucleus (Plate II, 
fig. Q , and it may perhaps be that the cell undergoes a cycle o f filling and expulsion 
of water under pressure. If any of the cytoplasmic elements were contractile under 
certain ionic conditions, this mechanism would be possible. In the Hydrocorisae, 
the rectal gland cell seems like the supposed water-absorbing, eosinophil, type with 
striated border, carried to an extreme, in which the basal granular basophil cytoplasm 
is eliminated. There is no doubt that the excreta are hypotonic to the haemolymph 
(Staddon, 1963, 1964), but it is not proven whether the hypotonicity is produced in 
the Malpighian tubules or conferred upon the excreta during passage along the ileum. 
Two possible explanations arise from the fact that the excretory product is ammonium 
bicarbonate, and water is not only absorbed by cuticular osmosis, but is actively 
ingested to provide a sufficient flow to carry this material at a non-toxic concentration. 
One is that the Malpighian tubules may be producing an excessively hypotonic fluid, 
and the ileum may in fact absorb water. The other is that the ion-absorbing aspect 
o f striated border cells, which can be shown to occur (Phillips, 1964) and which must 
be present in order to restore sodium/potassium balance following the excessive 
passage o f potassium into the Malpighian tubules, may in Hydrocorisae be the main 
component o f their activity. In view of the fact that potassium secretion into the 
Malpighian tubules is presumed to be concerned with uric acid excretion (Wiggles
worth, 1931), the ionic composition of the tubule fluid in Hydrocorisae may be very 
different from that recorded from terrestrial insects. It is also possible that the 
ileum cells might actively transport water into the lumen.

It is o f interest that in both Aedes detritus and Halosalda lateralis the presumed 
solute-absorbing region is anterior to the presumed water absorbing region. This 
must mean that, at least under one of the alternative conditions o f hypo- or hyper- 
tonicity o f excreta, the solute absorption must precede the water absorption. It has
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not yet been shown whether the routine ion balancing that takes place under all 
osmotic conditions is performed by the posterior gland (thus leaving the anterior 
gland inactive, except when hypotonic excreta are produced) or by the anterior gland, 
or by both.

Finally, the lack of resemblance between the histology o f the rectal glands of H. 
lateralis and that o f the Hydrocorisae supports the current view that the Saldidae are 
not particularly close to the ancestry of that group. The longitudinal section o f the 
mid-hind gut junction o f Saldula sp., published by Miyamoto (1961) and repeated, 
with permission, in my own review (Goodchild, 1966), is misleading (cf. fig. 1) in 
failing to indicate the restricted entry of the Malpighian tubules and the presence of 
the rectal valve immediately posterior to this point. A restricted pyloric region such 
as this is compatible with primitive Geocorisid structure, but histological studies on 
the Dipsocorimorpha would clarify this point.

Summary

1. The hind gut and rectal glands of a salt marsh hemipteran, Halosalda lateralis 
(Fallen), are shown to consist o f two cell types comparable to those o f the same region 
in larvae o f Aedes detritus Edwards. This condition is not found in any other 
Hemiptera, and is probably related to the estuarine habitat o f this species.

2. The rectal gland cells o f Hydrometra stagnorum (L.) are shown to conform to 
the structure in other Amphibicorisae, although the hind gut has an overall resem
blance to that o f the Hydrocorisae.

3. The rectal gland o f Hydrocorisae is shown to differ significantly from glands 
producing hypotonic excreta in other species.

4. It is suggested that for rectal glands of the types described here, some measure 
of active water transport by eosinophil striated cytoplasmic regions cannot be ruled 
out. The additional, supposedly solute-absorbing gland cells o f estuarine insects 
may be actively pumping water from the haemolymph.
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Proc. R. cut. Soc. Lone/. (A) Vol. 44 PLATE I

Fig. A.—Oblique sagittal section through contracted ileum of Halosalda lateralis, showing gland 
cells, rectal valve and other structures.

Fig. B.—Part of sagittal section through rectal gland of H. lateralis, showing anterior (on right) 
and posterior cell types, and junction zone.

A. J. P. Goodchild
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Fig. A .—Rectal gland (ileum) cells of H ydrom etra stagnorum.
Fig. B.— Rectal gland (ileum) cells of Sigara  sp.
Fig. C .— Hind-gut cells of Ptyelus flavescens F. (Homoptera: Cercopidae). 
Fig. D .— Rectal gland cells of Aedes aegypti.
Fig. E.—Anterior rectal gland cells of Ae. detritus.
Fig. F.— Posterior rectal gland cells of Ae. detritus.

Scale, 50 g  (B and C; D, E and F, to same scale)

A. J. P. Goodchild
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Bionomics, Aggregated Feeding Behaviour, 
and Colour Variations in the Sap-sucking Bug 

Mygdonia tuberculosa Sign.
( Hemiptera: C oreidae)

By A.J.P. GOODCHILD 
(School of Biological Sciences, Bath University, England)

SYNOPSIS

M ygdonia tubercu losa  is a sap-sucker which feeds on shoots of the 
tree M arkham ia  pla tycalyx  in East Africa. Feeding occurs in an aggre
gated manner on suitable leaves, and several distinct colour varieties 
are found in the imm ature stages. Aggregated feeding seem s to be 
necessary for efficient exploitation of the food, and therefore the 
colour variations may render the clusters of nymphs less conspicuous 
to predators.

INTRODUCTION

The medium  to large sized bugs of the sub-family Coreinae (Divi
sion Mictaria St&l 1873) are fairly distinctive insects, w idely distri
buted through the w et tropics. Typically of uniform  dull brown, grey, 
or black colour, in many genera w ith foliaceous expansions o f pro- 
notum  or abdomen, and large hind legs bearing single m assive femoral 
or tibial spines, they are of regular occurrence, though never very 
abundant. The hind legs, especially in the males, may be strongly  
curved, and they are som etim es referred to as « bow-legged bugs ».
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A few species rank as minor pests of a wide range of tropical crops. 
M ygdonia tubercu losa  is of no econom ic importance, but was suffi
ciently abundant on the campus of Makerere University, Kampala, 
Uganda, for the observations recorded here to be made, in July-Au
gust 1966.

BIOLOGY OF M YG D O N IA TU BERCU LO SA

The adults o f this species are dull black, except for a variable sized  
patch of deep red on the dorsal surface of the abdomen. The pronotum  
is rough, and profusely covered w ith  small tubercles. The only host 
plant in East Africa is the tree M arkham ia  platycalyx  Sprague (Bigno- 
niaceae), a w idely  distributed medium  sized (c. 40-50 ft.) tree w ith  
vigorous pow er of regeneration when coppiced, and normally pro
ducing abundant vegetative suckers from its base. Pairs of adults 
may be found feeding near the tip of a sucker or coppice shoot (Fig.
1 ), and rem ain in this situation for a w eek or more, before copulation  
occurs. The duration of mating is unknown, but in all cases studied, 
the pair w ere no longer present on the shoot the day after mating 
had been observed. More than one pair to a shoot tip have not been  
found, though som etim es two of one sex and one of the other are 
present. It w ould seem  that adults alighting on the shoot move to
wards the tip (where soft plant tissues suitable as food may be found), 
but the presence of a pair already in possession has a repellent effect, 
so that later arrivals wander until they find a vacant shoot. Since the 
feeding of a single pair does not usually prevent the shoot tip con
tinuing to grow out, it is likely that it could support several adults, 
though m ultiple feeding might cause the tip to shrivel. The adult 
behaviour pattern in relation to food is therefore dispersive, and 
ensures the continuation of a food supply for the larval stages.

The eggs are laid in a continuous string along the mid-rib, on the 
underside of a fully hardened leaf near the base of the shoot, there 
being up to 36 in a batch. It is not known how many such batches 
the female can produce during her life. The eggs are more or less 
prison shaped, cem ented to the leaf by one flat side, the others rising 
to a blunt ridge aligned in the direction of the leaf mid-rib, w ith a 
ring of m inute m icropylar processes at one end. They hatch in three 
weeks, and the first instar nymphs remain near the egg shells for a 
further week, and then moult to the second instar w ithout having fed.
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Fig. 1. — Pair o f  adult  M. tu b erc u lo sa  (female above) 
on shoot tip  prev ious to m ating  (d raw n  from  a pho to g rap h )

The second in s ta r  ny m p h s  m igra te  to the u p p e r  p a r t  of the shoo t  
and  congrega te  on  a par t ly  expande d  leaf. The g row th  of the shoo t  
tips of M a r k h a m i a  p l a t y c a l y x  p ro d u c e s  opposite  pa i rs  of p inna te  
leaves of 7 to 11 leaflets,  w i th  overal l  length of 8 to 18 inches,  and  
w hen  grow ing  u n d e r  favourable  condi t ions  the re  will be a pa i r  of 
leaves j u s t  unfolding,  a pa i r  hal f  expanded ,  and  a p a i r  fully expanded
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but not hardened, on the top three nodes of the shoot. M. tuberculosa  
does not feed on hardened leaves, and only in the final instar on the 
terminal part of the shoot axis. The unexpanded leaf primordia do 
not provide enough space for a full batch of nymphs, but they may 
be forced to feed on this site if the shoot is growing slowly, when the 
leaves at lower nodes have hardened. Under average conditions, the 
leaves at a node take four to five weeks to expand fully and harden. 
All the nymphs in a batch cluster on a single suitable leaf, w ith few  
if any on the opposite member of the pair. They occupy both upper 
and lower sides, w ith their mouth parts inserted into the mid-rib 
or petiole w ithin a very restricted area, and their bodies directed 
radially away from that region. Feeding continues at the same point 
throughout an instar, even though the distal part of the leaf may 
w ilt and shrivel. If few  nymphs are present (due to predation or egg 
parasitism ) the effect on the leaf is slight, though it has been ob
served that when the leaf hardens while nymphs are feeding (which  
happens on infrequent occasions) a black scar forms along the m id
rib, the outer hardened lamina remaining green.

In nearly every case observed, some half dozen or so second instar 
nymphs colonised the leaf a few days before the rem ainder of the 
batch, presumably as a result of earlier hatching, and remained an 
instar in advance of the others throughout the nymphal period. 
Moulting takes place on the leaf, and the instar length is 7 to 8  days. 
There is a pause in feeding a day or two before the m oult, during 
which the nymphs rest in the centre of a leaflet, random ly orientated  
w ith a tendency for those on the periphery of the group to face out
wards. There is also a delay of a day or so before feeding is resumed  
after the moult. If, in the meantime, the leaf has hardened, several 
days may elapse before the batch of nymphs migrates to a suitable 
leaf higher up the stem , or on an adjacent stem if it is in contact 
with the first. The third and fourth instars also feed in this aggregated 
manner, but the fifth (and last) nymphal instar may be found scat
tered over several small or unexpanded leaves at the shoot tip, or may 
feed on the apical stem  axis. After feeding for about a week, they 
they cluster again on a hardened leaf lower down the stem , and moult 
to the adult eight days later. Some feeding on the original shoot may 
occur in the adult stage, but after a week all the newly fledged adults 
will have dispersed. Growth in length and weight during the nymphal 
instars is rapid, as indicated in Table I.
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TABLE I.
Length and weight of unfed nym phs of M. tuberculosa

Instar Body length (m m .) Mean w eight (mg.)

II 7.0 8 .0

III 8.5 17.0
IV 1 2 .0 60.6
V 16.5 173.5

AGGREGATION BEHAVIOUR

The feeding aggregations of nym phs are m aintained by a form of 
« hom ing » behaviour which is all the more noticeable because their 
reactions to disturbance are stongly dispersive. There are two stages 
in their alarm reaction. The first one is initiated w hen rain or wind  
shake the plant vigorously, or by the sudden casting of a shadow on 
the leaf. The nymphs disperse over the whole surface of the leaf, and 
remain m otionless w ith quivering antennae. In this condition they 
cling w ith considerable tenacity to the sm ooth surface of hardened 
leaves, and even to a clean glass surface, if they have been collected  
in a glass vessel. This must ensure that wind or rain do not dislodge 
them from the plant. The tarsi bear the usual pair o f claws and pseu- 
darolia, the latter being rounded and longitudinally ridged above, but 
m em branous below and perhaps capable of a sucker-like action.

If nym phs in this first state of arousal are approached w ith a col
lecting tube, which might sim ulate a predator, their behaviour chan
ges again, and they release their foothold, and, w ith  legs drawn up 
to the body, tum ble off the leaf. Although they readily cling to any 
leaf or stem  which they touch in their fall, many drop to ground 
level. However, after a few hours, or the follow ing day, the cluster 
w ill be found to have reformed, and in a high proportion of those 
observed, on the original leaf. If several suitable shoots are close  
together more than one feeding group may form after artificial dis
turbance, but less com m only after natural alarms. This behaviour 
m akes it very easy to transfer colonies o f nym phs from  one area to 
another, for convenience of observation, as it is only necessary to 
shake them out of the container over a suitable shoot.



— 1037 —

The disturbed nymphs show a strong negative geotaxis, but it is 
not known whether they have any ability to discrim inate between  
the species of plant at ground level, or w hether it is sim ply the high 
probability that the nearest stem s belong to the plant on which they 
were feeding which ensures that m ost individuals return to a sui
table shoot. Occasionally nymphs may be seen on the upper leaves 
of other species of plant in the same hedgerow. The insects may 
em ploy tactile, gustatory or visual senses to detect unhardened leaves, 
but the tendency to return to the original leaf even when adjacent 
ones are equally suitable, suggests a reaction to traces of the insects 
own scent, as has been found w ith cotton stainers (Youdeowei & 
Calam, 1969).

Solitary specim ens, or groups of two or three, are com m only seen, 
the result o f predation and parasitism on a batch of eggs. They do 
not remain on one shoot for long, and in fact the life cycle of such  
individuals has proved im possible to follow  because of this. They 
do not seem  to feed with any persistence, and may be more vulne
rable to predators than nymphs in large groups. When a wandering 
nym ph m eets one which is feeding, it touches it w ith its antennae 
and im m ediately probes the substram w ith  its proboscis. If it en
counters a cluster of nymphs it is more strongly stim ulated, and not 
only probes, but thrusts itself in among the others in an excited  
manner. A curious feature of the nymphal aggregations is the pre
sence am ong many of them of a few nym phs of the related coreid  
Phyllogonia biloba  Sign., particularly during a period in 1966 when  
many adults of this species were found on M arkham ia  shoots. No 
clusters o f P. biloba  nymphs alone were found, though nymphs feeding 
in their normal solitary fashion on creepers (C issus sp.) were seen.

Aggregation im plies toleration by insects of the close presence of 
other individuals, and in this case extended even to individuals of a 
different species. It must therefore be recorded that the larger nymphs 
of M. tubercu losa  showed clear signs of discom fort when a smaller 
nymph walked over them. If the intruder paused on the dorsal sur
face of the larger insect, a distinct behaviour pattern was elicited  
from the latter, a rhythmical sideways rocking about once a second  
until the sm aller insect moved on.
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COLOUR VARIATION

A conspicuous feature of the immature stages of M. tuberculosa  
is the existence of a range of colour variations which are apparent 
in the third to fifth  instars. There is not any such variability in the 
adults, except in the extent of red colouring on the abdominal dorsum  
(the correlation of w hich with nymphal colour is unknown). Second 
instar nym phs are all alike, with black thorax, head, and antennae, 
and abdom en which in the unfed state is iridescent greenish black, 
but w hich soon becom es shiny dark brown when the insects feed, 
presum ably due to elim ination of fine surface wrinkles which gave 
diffraction colour effects. The legs may be black w ith a red band 
around the m iddle of the femur, or all red except for the tarsi.

In the third instar colour bands of variable extent, and either red 
or yellow , are present on both femora and tibiae; the thorax may be 
all black, or have orange-yellow wing pads and a broad border of 
the same colour round the pronotum; and the abdomen may be uni
form dark brown, or have small creamy-white spots on the lateral 
margins of each segm ent. Correlated w ith this last variation, the leg 
bands and pale areas of thorax are also creamy-white.

The variations observed in the fourth and fifth instars can be 
grouped into four types, in some of which there is a wide range of 
variability of expression.

T ype  1 (« speckled »). This is the com m onest type, and ranges from  
very dark to light coloured spotted forms. Head, legs, and antennae 
b lack ; underside dark sepia-brown, pronotum, wing pads, and lateral 
margins of abdom inal segm ents orange-brown. Variable sized patches 
of creamy-orange on sides of head, coxae, femuro-tibial joints, poste
rior margins of thoracic pleura, and as irregular longitudinal stripes 
on either side of m idline of abdominal dorsum and scutellum . In 
lighter coloured specim ens creamy stripes occur also along abdo
minal m idline and adjacent to the orange-brown border, and the 
dark brown ground colour of the abdomen is isolated as irregular 
lateral and subm edian spots in each segment. Included in Type 1 
are the darkest form s in which there is no trace of creamy-orange 
patches.

Type  2 (« w hite »). Second com m onest form, resem ble the lighter 
variants of Type 1 in pattern, but w ith the range of variation within
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the type extending further in the encroachment of pale areas on 
the dark ground colour. Legs with broad bands or alm ost all pale, 
sides and ventral part of thorax with pale patches, abdominal venter 
with pale segmental spots ranging to extensive pale areas with dark 
residual spots. General dilution of colour so that areas orange-brown 
or creamy-orange in Type 1 are grey-white, dark areas grey-brown.

Type  3 (« red leg »). Similar to dark form of Type 1, but legs all 
red or red-brown, instead of black.

Type  4 (« black »). In fifth instar only (as observed so far), entirely 
black or deep sepia brown. In two instances, fourth instar nymphs 
of Type 3 were found to m oult into this Type.

Although these variations pose an interesting genetic problem, there 
is insufficient data at present to do more than guess at the mecha
nism s involved. There are probably multiple genes governing the 
extent of pale area in Types 1 and 2, and maybe a single gene for 
colour dilution accounting for the difference between these types. 
The situation with regard to Types 3 and 4 is obscure.

The maintenance of a polymorphic population im plies that the 
variability is of survival value, and since the effect of these variations 
is to give the feeding cluster a variegated appearance, they may have 
the beneficial result of disguising it from some forms of predator. 
Adult M. tuberculosa  are probably not taken by predators to any great 
extent, as they produce abundant pungent secretions from their meta- 
thoracic glands (Remold, 1963, discussed the functions of this secre
tion), and also have been found to use the spines of the hind tibia 
in a defensive manner. If an adult is picked up by its abdomen, the 
hind legs are raised above the abdomen and the spines forced firmly 
inwards in such a way that they would encounter the face of a lizard, 
bird or mammal predator attem pting to capture the insect.

The nymphal stages have no such defence m echanisms. Although 
they have presum ed scent glands in the dorsal abdomen, they do not 
produce the pungent odour typical of the adults. Predation upon 
nymphs by spiders, mantids, and ants has been observed, and strong 
suspicion falls on lizards and reduviid bugs found in the neighbour
hood of nymphal colonies which had suffered losses.
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DISCUSSION

Feeding in dense aggregations is characteristic of sap-sucking Hem i
ptera, since the plant vascular system  supplies a continuous source 
of food, in contrast to the local destruction of tissue by Miridae or 
Tingidae or m esophyll-feeding Homoptera such as Jassidae. Also cha
racteristic of sap-suckers is their ability to feed on mature stem s, even 
woody tree branches. Among the small H om optera the Coccidae have 
this habit, and it has been observed by the present writer (1963a, 
1963b, 1967) in Tettigom etridae (Fulgoroidea), Cercopidae (Cicadoi- 
dea), Tessaratomidae and Plataspidae (Heteroptera). The area o f the 
plant suitable as a feeding site for these form s is much in excess of 
that occupied by the insects, but they tend to remain clustered near 
to the egg mass from which they emerged. Reduced powers o f m ove
ment and lack of a positive dispersal behaviour lead to these aggre
gations. The same can be said of aphid colonies on soft plant tissues, 
Aleyrodidae, and Psyllidae. So far no species of large sap-sucking Co- 
reidae has been found to feed on woody stem s of its host plant. The 
American Squash Bug, Anasa tr istis  De G., is said to be gregarious 
in its early stages, but later in its infestation of cultivated Curcubits 
it is gregarious only in the sense of com peting for restricted feeding  
or resting sites. African species observed by the present w riter usu
ally feed on small and w idely scattered points of soft growing tissue, 
which can only support one or two of the mature nymphs. These spe
cies are Phyllogonia biloba  (creepers, Cissus spp.), A noplocnem is cur- 
vipes  (on a wide range of herbs and shrubs), A noplocnem is signata  
(on a herb, Aspilia africana, Compositae), and C ossutia sta li (on a 
tree, Bridelia  m icrantha, Euphorbiaceae). Their behaviour pattern  
must be dispersive, like that of the adult M ygdonia, and it m ay be 
significant that no colour varieties have been observed in the nym phal 
stages o f these species.

As has been described, the plant host of M ygdonia tubercu losa  
provides large areas of suitable food in its slow  maturing leaves, but 
the insects aggregate very strongly in only a small part o f this. The 
insertion of the mouth parts of all m em bers of the colony into a 
very short length of the leaf axis m ust m axim ise sap availability. It 
cannot be an adaptation to avoid predation, because the reaction to 
danger is imm ediate dispersal. Fuseini & Kumar (1975) found that 
the clusters of bright red nymphs of cotton stainers resem bled flo
wers, and the insects were not easily alarmed. The absence of preda
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tion on the clusters could not be explained by aposem atic colouring 
as the nym phs were readily eaten by lizards and mongoose.

The evidence suggests that the variegated colouring of the M ygdonia  
nymphs m ust be beneficial, in order for the polym orphism to persist 
in the population, but it is not clear how it functions. It may be that 
the cluster is in some way made less conspicuous, or the pattern pre
sented in the first phase of the alarm reaction confuses a predator, 
but the answer may lie in an entirely different direction, in each 
colour gene carrying with its com pensating advantages and disadvan
tages in physiological efficiency or resistance to parasitoids.

SUMMARY

1. The coreid bug Mygdonia tuberculosa and its host plant Markhamia platycalyx 
are briefly described.

2. The instar length and behaviour associated with moulting are shown to be 
related to the duration of availability of the immature leaf as a source of 
food. The insects cannot feed on hardened leaves or woody stems.

3. The formation, and re-formation after disturbance, of aggregations of nymphs 
into feeding clusters is described.

4. Various distinct colour patterns of the older nymphs are described. Nymphs 
of related species which feed in a solitary manner have not been found to be 
variable in colour, and it is suggested that the variability of M. tuberculosa 
may render the clusters less conspicuous to predators.
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Evidence is presented in support of the hypothesis that in Piezosternum calidum the mid-gut contents 
consist of symbiotic bacteria from the gastric caeca, and are not derived from the plant sap ingested. A 
similar process has been observed in other large sap-sucking Heteroptera, of which Mygdonia 
tuberculosa (Coreidae) has been studied as an example, the site of bacterial digestion is usually posterior 
to an interruption in the continuity of the mid-gut, but in P. calidum the gut is continuous and the 
contents fill it completely. It is suggested that the mid-gut contents of some other sap-sucking 
Heteroptera with continuous guts may also prove to be derived from their bacterial symbionts.

Phytophagous Heteroptera obtain their food from many different sites on the 
plant. They may feed on the endosperm of ripe seeds, destroy areas of plant tissue 
with their toxic saliva, suck out the contents of mesophyll cells or ovules, or 
imbibe sap from the vascular bundles. Though many species can feed in more than 
one of these ways, or show changes in feeding site through the life cycle, one mode 
or another usually predominates. It has been observed (Goodchild, 1963b) that the 
anterior sac of the mid-gut is filled with thick paste-like contents in those species 
which feed on plant tissues, but is empty, except for a little fluid and air bubbles, in 
the sap-suckers. Where observational evidence of feeding habits is lacking, the 
nature of the gut contents might be regarded as proof of the source of food. Even 
in sap-suckers, however, solid contents accumulate in a bulbous region lower 
down the mid-gut (“mid-gut bulb”), and these may include substances precipitated 
from the ingesta in the process of detoxifying plant defence chemicals.

In a study of some large tropical sap-sucking Heteroptera (Goodchild, 1963b), it 
was found that the mid-gut lumen was interrupted posterior to the mid-gut bulb, 
and that an additional bulbous expansion, absent from the mid-guts of tissue 
feeders, was developed behind the point of interruption. This bulb (“pre-caecal 
bulb”) contained paste-like material, though it was in communication only with 
the posterior mid-gut, on which are borne the numerous gastric caeca filled with 
symbiotic bacteria. In these species also, the gastric caecal openings into the gut 
tube were not restricted as they are in tissue feeders, and recognisable caecal 
bacteria could be observed in the mid-gut lumen, extending anteriorward into the
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pre-caecal bulb. The staining characteristics of the bacteria merged gradually into 
those of the bulb contents, suggesting that a process of digestion of the symbiotic 
bacteria was taking place. The occurrence of mid-guts with essentially the same 
pattern in a number of different families seemed to indicate that it was a functional 
adaptation to sap sucking (Goodchild, 1966). As far as the Tessaratominae are 
concerned, early observations by the present author (unpubl.) on occasional 
specimens captured in West Africa suggested an unspecialized continuous gut. 
However, in order to include the group in the study mentioned above (1963b), the 
gut of unfed specimens of P.calidum was described, and compared with the typical 
sap-sucking pattern. Later, an opportunity to study a large colony of maturing 
adults (Goodchild, 1967) made it clear from their feeding behaviour that they were 
true sap-suckers, while examination of their intestines showed that there was no 
interruption of the lumen, and that they became filled, anterior sac included, with 
a paste-like contents. The histology of the mid-gut and its contents suggested the 
possibility that they did not originate from the ingested sap, but were the 
equivalent of those found in the pre-caecal bulb of interrupted guts, i.e., they were 
derived from digestion of the caecal bacteria. This unusual situation was felt to be 
worthy of as rigorous a proof as the available material would permit, and therefore 
the intestinal contents of a sample of both P.calidum and a Coreid with a typical 
interrupted gut, Mygdonia tuberculosa, were examined by physiological, 
biochemical, and microbiological methods. The sap-feeding habit of M.tuberculosa 
has been verified by field study (Goodchild, 1977).

MATERIAL AND METHODS

Piezosternum calidum is a moderately large shield bug, about 20 mm long, dark 
green above and orange under. Widely distributed through forest regions of 
tropical Africa, its wild hosts are probably Momordica spp. (Cucurbitaceae).

Superficially similar to the common Nezara viridula, it differs from the latter in 
its short proboscis and conspicuous sternal keel. Mygdonia tuberculosa is a dull 
black coreid bug, up to 25 mm long, with a similar distribution, found only on 
shoots of the tree Markhamia platycalyx (Bignoniaceae) in Uganda, but on 
Clerodendron sp. (Verbenaceae) in West Africa.

Material of both was collected in Kampala, Uganda, where the observations on 
freshly dissected insects were made. Histological studies were made on guts from 
insects fixed whole (after removal of wings and some abdominal tergites) in 
Brasil’s alcoholic Bouin fluid, and on dissected guts fixed in formol saline. Wax- 
embedded tissues were sectioned at 10 gm and stained by Masson’s Trichrome 
method (iron haematoxylin/acid fuchsin/light green).

Chemical tests and microbiological studies were made on a consignment of live 
insects received by air from Uganda, also air-dried host-plant material from the 
same source. Thin film cellulose powder chromatography was used for amino acid 
analysis, using one way runs with either butanol/acetic acid/water (12:3:5) or 
butanol/pyridine/water (equal vols.) as solvents.
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Fig. 1. A. Alimentary canal of Mygdonia tuberculosa (Coreidae). B. Alimentary canal of P. calidum. Key 
to abbreviations: AS - anterior sac of mid-gut; CAE - gastric caeca (two rows in A, four rows in B); INT 
- site of interruption of gut lumen; MGB - mid-gut bulb; MT - bases of Malpighian tubules joining 

excretory vesicle; OES - oesophagus; PCB - pre-caecal bulb; PCT - pre-caecal tube; REC - rectum.

RESULTS

Anatomy and physiology o f the mid-gut
The gross ana tomy of the al imentary canals  of the two species is shown in Fig. 1.
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In the case of M.tuberculosa, there is a mid-gut bulb, the contents of which are dark 
brown and disperse easily in water, and a pre-caecal bulb with creamy-green 
contents of mucoid consistency which do not mix readily with water. The contents 
are also quite distinct in histological sections, the former having an intrinsic 
golden-brown colour and staining only with neutral red, nile blue, toluidine blue or 
cresyl fast violet, while the latter is very faintly eosinophil. Between the two is the 
interrupted region of the mid-gut.

In P.calidum, the single mid-gut bulb arises from a short extension of the anterior 
sac. The point of entry into the bulb is extremely narrow (lumen about 30 gm 
wide), but the presence of histologically identical contents on either side showed 
the junction to be effectively continuous. From the mid-gut bulb a short pre- 
caecal tube leads to the caecal region. This tube, about 2 mm long and 0.5 mm 
wide, is lined with columnar cells 40 gm x 15 gm, with lobed tips and a narrow 
striated border. The gut in the caecal region is narrow, 60—80 gm wide, lined with 
columnar cells 20 x 8 gm, with basal nuclei and an apical zone containing 
secretory vacuoles. Globules of secretion, which take up light green stain, can also 
be seen between the lobes of the cell tips in the pre-caecal tube. The caeca are 
disclike, 0.4 mm across and 27—33 gm deep (in the axial direction), closely 
packed, with adjacent walls fused together. This region is about 8 mm long, and 
there are four rows of caeca, so that there must be about 1000 caeca altogether. 
The caecal openings are wide in nymphs, but restricted in adults, except when a 
bolus of caecal contents is being extruded. The cells of the caeca are pavement
like, though there are a few domed cells filled with granules staining with fuchsin.

In fresh material, the caeca, pre-caecal tube, and mid-gut bulb are dense white 
in colour, and the latter moderately well Filled in all insects examined. In sections, 
the caeca and the gut tube in that region, contain basophil masses of bacteria with 
a scattering of acidophil granules and secretion globules. Unlike M.tuberculosa, 
where the pre-caecal bulb is the site of a change in staining reaction, in P.calidum 
unchanged caecal contents can be traced far forward into the pre-caecal tube. 
This tube has not, however, been found to be completely filled in any of the 
specimens examined. The contents of the mid-gut bulb are a mixture of small 
ovoid or rod-like granules which stain with fuchsin, and larger ovoid globules 
6—12 gm in diam., together with coalescent masses of such globules up to 0.5 mm 
across. The globules take up light green stain more and more strongly as they 
increase in size, and within many of them, clusters of granules staining intensely 
with fuchsin may be detected. The small fuchsinophil granules predominate in the 
outer layers and in the opening to the pre-caecal tube, while the large coalescent 
masses are mainly in the centre of the bulb.

The anterior mid-gut sac of P.calidum is, in the unfed adult, about 2.5 mm wide 
and 7 mm long. The anterior part (about 3 mm) is pale orange, and the remainder 
translucent buff colour. The wall is thrown into many transverse folds. During the 
long (10—11 weeks; Goodchild, 1967) pre-oviposition feeding period, the mid-gut 
bulb becomes more distended, and dense white material gradually fills the anterior 
sac. In sections the contents of the sac are similar to those of the mid-gut bulb,
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though with very few of the small fuchsinophil granules, and with larger coalescent 
masses of globules. The anterior sac is also well filled in the nymphal stages, but 
the contents are digested and absorbed before moulting takes place. The scanty 
contents remaining in newly fledged adults appear in sections as a homogeneous 
mass staining deeply with light green. The histological evidence is consistent with 
the view that caecal bacteria, mixed with digestive secretion, pass forward to the 
mid-gut bulb, where a rapid change in character is due to digestion proceeding in 
the presence of the low pH which has been found in that region. The formation of 
the typical globules might then be due to dissolution of bacterial cell walls and the 
running together o f their protein contents. It is probable also that nucleic acids are 
broken down at this stage, thus destroying the basophil staining reaction of the 
bacteria.

Nature o f  intestinal contents
Attempts were made to produce the characteristic globules by the action of 

salivary gland extract on water extract of dried host plants, and by the action of 
pre-caecal tube extract on a suspension of caecal bacteria. The mixtures were 
allowed to react overnight, and dried, heat-fixed smears were stained by Masson’s 
Trichrome method. The plant extract/salivary gland material did not resemble 
globules at all. The pre-caecal tube/bacterial suspension mixture, at pH 7 and pH 
3, produced clumping o f the organisms, with staining reaction similar to that of gut 
contents, but not typical globules. Boiled controls had the same effect. The result, 
therefore, is suggestive but not conclusive.

Pooled gut contents from 44 insects, anterior sacs and mid-gut bulbs separately, 
were analysed by suspending in excess of distilled water and centrifuging. The 
supernatant was freeze-dried in a weighed container, and the precipitate re- 
suspended in N/20 HC1 and the process repeated. The second precipitate was 
suspended in N/20 NaOH and centrifuged. This supernatant was neutralised by 
drop-wise addition o f HC1. A cloudy precipitate appeared at about pH 5.8, 
dissolving at lower pH. The precipitate was centrifuged down, dried, and weighed. 
The dry weights o f the different fractions from the two gut regions are given in 
Table I. The item under mid-gut bulb “precipitated by high speed centrifuge” 
refers to the fact that the first supernatant was cloudy, and was cleared by 
centrifuging at 15.000 r.p.m. for one hour. Stained smears were prepared from 
each precipitate and supernatant. These showed that suspension in water broke up 
the large coalescent masses, and that acid destroyed the globular structure 
altogether. The ultracentrifuge precipitate consisted entirely of what looked like 
bacterial fragments, and the final insoluble residue was a very weakly staining 
mass of strands and small globules. None of the smears reacted positively with the 
periodic acid/Schiffs reagent test for polysaccharides.

The dried fractions all had a white or creamy, fluffy crystalline appearance. The 
water-soluble material contained sugars, amino acids, and protein. Some of this 
protein was a digestive enzyme, as this fraction showed strong enzyme activity.
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TABLE I

Dry weight offractions of intestine contents in P. calidum

Region of Mid-Gut

Anterior Sac

Mid-gut Bulb

Fraction Weight Proportion
(mg) of whole, %

Water soluble 22.1 66.8
Acid soluble 8.4 25.4
Alkali soluble 1.5 4.5
Insoluble 1.1 3.3

Total 33.1 100.0

Water soluble 18.5 50.8
Acid soluble 11.0 30.2
Alkali soluble 1.9 5.2
Insoluble 1.7 4.7
Precipitated
hy high speed 3.3 9.1
centrifuge

Total 36.4 100.0

The acid-soluble fraction seemed to be entirely protein, yielding amino acids only 
after hydrolysis, but showed no enzyme activity. The amino acid spectrum of the 
acid and alkali-soluble material, after hydrolysis, was the same as that of the amino 
acids in the water-soluble fraction.

A comparison was made with the amino acids in a water extract of host-plant 
material. Dried plant material was soaked in distilled water, homogenised, and 
centrifuged, all at 0°. The extract contained amino acids, non-reducing sugars, and 
traces of phenolic compounds, but was negative to tests for reducing sugars, 
peptides, and heat-coagulable protein. A positive result was given to a test for 
nitrate. The amino acid spectrum was not affected by incubation with salivary 
gland extract. The typical chromatograms obtained, and those of mixtures of 
known amino acids, are shown in Fig 2. The contents of the two gut regions gave 
similar results, but differed from the plant material, most notably in the following 
respects.

1). Proline was present in gut contents but not in the plant extract. This amino 
acid was recognised by the characteristic yellow spot when developed with 
ninhydrin, which was confirmed by development with isatin. A spot at about the 
same level in the chromatogram of plant extract was blue with ninhydrin, and 
could have been aminolaevulinic acid, common in plants as a chlorophyll 
precursor.

2). A spot at about Rf 15 with butanol/acetic solvent was observed in the gut 
content but not the plant extract chromatograms. Lack of pure samples to act as 
standards prevented identification, but the position suggests a sulphur-containing 
amino acid or a diamino acid.
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Fig. 2. Typical chromatograms of amino acids in host-plant extract and intestinal contents of P. 

calidum (water-soluble fraction). A - alcoholic host-plant extract; B - reference amino acid mixture 
(asp. - aspartic acid; glut. - glutamic acid; gly. - glycine; hist, histidine; meth. - methionine; ph-al. - 
phenyl alanine; ser. - serine.); C - aqueous host-plant extract; D - intestinal contents (anterior sac); E - 
reference amino acid mixture (alan.-alanine; arg. - arginine; asp. - aspartic acid; lys. - lysine; prol. - 

proline; thre. - threonine); F - intestinal contents (mid-gut bulb).
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3). The general ninhydrin colour reaction differed in that all the plant extract 
spots were blue-purple, but the gut contents, in addition to the yellow of proline, 
gave a large brownish spot near the glycine position.

The amino acid spectrum of gut contents was also compared with that of an acid 
hydrolysate of caecal bacteria grown on a synthetic medium with an inorganic 
nitrogen source, and with an amino acid chromatogram of the contents of the pre- 
caecal bulb of M. tuberculosa. All three were strikingly similar, whereas that of the 
mid-gut bulb in the latter species was quite different, with a single large ninhydrin- 
positive spot at very low Rf and only faint traces of any other components.

The water extract of plant material will undoubtedly contain substances not 
present in the sap as ingested by the insect, and therefore the absence in the gut 
contents of compounds found in this extract cannot be taken as evidence against 
the origin of those contents from the ingesta. The probable source of the ingesta 
was xylem sap, because the host plant did not bear any green leaves during the 
period when the maturing adults were feeding (Goodchild, 1967), and phloem 
transport must therefore have been minimal. Xylem is recorded as the food source 
of many Homoptera (Cheung & Marshall, 1973; Marshall & Cheung, 1975). These 
authors observed solid residues in the guts of the insects, but they were mineral in 
nature. In other sap-sucking Homoptera, residues in the gut have been identified 
as carbohydrate (Edwards, 1965). Xylem sap would contain amino acids and 
nitrate (Bollard, 1960; Pate, 1973), but little if any, protein.

The protein nature of the gut contents of P. calidum, and the resemblance of its 
amino acid spectrum to that of caecal bacteria, and to that of the contents of the 
pre-caecal bulb of M. tuberculosa, are therefore in favour of the hypothesis of their 
origin from the caecal bacteria. On this view, the contents of the anterior sac 
would have undergone more prolonged digestion than those of the mid-gut bulb, 
which would explain the presence in the former of a higher proportion of water- 
soluble amino acids and a lower proportion of the acid-soluble protein.

Physiology of digestion and of the caecal bacteria
The digestive enzymes of P. calidum were studied to see whether they showed 

the capacity to deal with caecal bacteria on the large scale suggested. Salivary 
glands and anterior sac tissue were tested. The anterior sacs were divided into the 
orange anterior portion and the buff hind portion, but mid-gut bulb tissues were 
not tested owing to the small amount available. The only salivary enzyme detected 
was a weak invertase, but both parts of the anterior sac showed strong invertase, 
weak lipase and peptidase, and faint acid protease activity. It was realised too late 
that tests for lysozyme and ribonuclease would have been valuable. (Barnard 
(1969) suggested that the high level of pancreatic ribonuclease in ruminants may 
be due to the importance of bacteria in their nutrition). The weakness of the 
protease may be related to the long period of adult maturation, during which the 
protein gut contents accumulate. It is possible that at sexual maturity a more 
active protein digestion occurs.

In insects utilising micro-organisms as a food source, it has been found, that
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limited regions of the gut have a high degree  of  acidity (dipteran larvae: Hobson,  
1931; termites:  Randall  &  Doody,  1934). This has been interpreted as a means of  
killing the micro-organisms prior  to digest ion.  The  mid-gut of  P .  c a l i d u m  has also 
been found to possess such a region. The  pH of the conten ts  of  the gut was 
investigated by extending whole guts on dry nar row-range indicator  paper,  and 
punctur ing  each region so that its con ten ts  wetted the paper. The  mid-gut bulb was 
in the range pH 3 to 4, while the ante r ior  sac was pH 6.7 to 7.0 and the caecal  
region and rectum were pH 7.0 to 7.3. F ur therm ore ,  the dried water-soluble 
fract ion of  the mid-gut bulb showed a pH of about  4 when redissolved.  Hobson 
(1931) was able to detec t  phosphoric acid in the  gut of  Diptera,  and he assumed 
that it was secreted by the gut. It is this acid,  however,  which would be l iberated by 
the ac t ion of  r ibonuclease.  Unfortunately,  no tests for phosphate were made on 
the gut contents  of P .  c a l i d u m ,  but  those of  the pre-caecal  bulb of  M .  t u b e r c u l o s a  

gave an abundant  precipitate with the am m onium  molybdate test for phosphate.
The  caecal  bacteria  grew readily on nutr ient  agar,  and some trials were carried 

out  to de termine  their  capacity for growth with inorganic nitrogen sources or  
metabolic waste nitrogen,  and thus to assess their  possible value to the insects. 
Although the caecal forms are thread-l ike and up to 25 gm long, the forms in 
cul ture are Gram-negative short  rods 2 gm long, with polar flagellae, and can be 
assigned to the genus P s e u d o m o n a s  (kindly de te rmined  by Dr. R. G.  Board). This is 
in acc o rdance  with the identif ications of  caecal  bac te ria  made by Steinhaus,  Batey 
& Boerke (1956). Culture media were prepared ,  using as energy sources sucrose,  
glucose,  or di- or tr icarboxylic acids (citric, tartar ic ,  etc.), and as ni trogen sources 
pep tone ,  mixed amino acids, uric acid, ni trate,  nitrite, or am m onium  salts. Low 
concen tra t ions  were used (0.2% energy source,  0.01% nitrogen source)  as it was 
thought that  this might be a be t ter  approximat ion  to condit ions within the caeca.  
Trials were also carried out on bac te ria  isolated from M .  t u b e r c u l o s a ,  which were 
of  similar morphology and taxonomic  position.  It was found that  in many cases 
growth was bet ter  if both carboxylic acid a n d  glucose were supplied.  A summary of 
the response  of the bacteria  to different  ni trogen sources is given in Table  II. It can 
be seen that  the bacteria  are well able to utilise the inorganic nitrogen present  in 
the plant  sap, and to recycle metabolic waste nitrogen, but the organisms from P .

T A B L E  II

Response of caecal symbionts of P. calidum and M. tuberculosa to the nitrogen supply in the medium

N supply Uric Ac i d NO, NO, n h 4 no N

M. tuberculosa + + + + + + _ + + +
with c i tric  ac id + + + + + + + + +
P. calidum + + — + —
with ci tr ic  ac id + + + + + + + + + + —

Basic medium: 1 % agar, 0.2% glucose, nutrient salts 
— no growth, ± growth just visible, + weak growth 
+ + moderate growth, + + + vigorous growth
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calidum did not grow in the absence of a nitrogen source. Those from M. 
tuberculosa showed a slight amount of growth without nitrogen, and might 
therefore be able to fix nitrogen to some degree (see Discussion in Goodchild, 
1963b).

DISCUSSION

The evidence supports the idea that, in the nutritional process of P. calidum, 
there is large-scale exploitation of the caecal bacteria. This brings it into line with 
the other large tropical sap-suckers in which such a process is clearly taking place. 
It also provides an explanation for the presence in the anterior sac of the mid-gut, 
of cell types normally associated with the absorptive process in the intestinal tube 
(Goodchild, 1963b). What is remarkable, however, is the apparent absence of any 
residues originating from the ingesta, such as are found in the mid-gut bulb of 
interrupted intestines. This could be due to the absence from the plant sap of toxic 
compounds requiring sequestration. A comparison may be made with the gut of 
the Red Pumpkin Bug (Coridius janus Fabr.) which, according to Rastogi (1966) is 
continuous and with uniform pasty contents; whereas a close relative in the 
pentatomid subfamily Dinidorinae, Aspongopus xanthopterus Fairm., which as far 
as is known feeds on Passifloraceae or Bignoniaceae, has a typical interrupted 
intestine (Goodchild, 1963b). The guts of the cucurbit-feeding coreids Leptoglossus 
membranaceus F. (Goodchild, unpubl.) and Anasa tristis De G. (Breakey, 1936) are 
continuous; but the morphology of the gut of Megymenum spp. (Dinidorinae), 
cucurbit-feeders of S. E. Asia and Australia, has not yet been described. In regard 
to the two coreids named, the nature of the mid-gut bulb contents has not yet been 
determined, and it would be of great interest in the present context, if they were 
found to be of caecal origin. Material probably of this nature was found in the 
short connecting tube between caecal region and mid-gut bulb in several 
unspecialised coreids (Goodchild, 1963b).

The contents of the mid-gut bulb in the uninterrupted gut of Pentatomidae 
Phyllocephalinae is of the same histological type as that of the pre-caecal bulb of 
interrupted guts (Goodchild, 1963a), but the host plants of the species studied 
were not known. Most members of that sub-family seem to feed on Gramineae. 
The gut morphology of other species of Tessaratominae than P. calidum has not 
been described, but examination of material of the Bronze Orange Bug 
(Musgraveia sulciventris (Stdl)), a citrus pest in Australia, showed it to be of much 
the same pattern. Other Tessaratominae of agricultural importance are also pests 
of tree crops (Goodchild, 1967).

Plant families and genera differ in their content of defensive or insect-repellent 
substances (Swain, 1977) and in the nature of the nitrogen compounds transported 
in the vascular tissues (Pate, 1973). It would not therefore be surprising to find that 
the guts of sap-sucking Heteroptera show functional adaptation to these 
differences. It would be expected that utilisation of the caecal flora would increase 
with the level of inorganic nitrogen in the sap, or with deficiency of essential



SYM BIOTIC BACTERIA  IN M I D -G U T  O F P IE Z O S T E R N U M 187

amino acids, while the isolation of the posterior gut by interruption of the lumen 
would be associated with plant-defence chemicals.

Very little investigation has yet been made into the details of these adaptations, 
but it must be significant that Cucurbitaceous hosts are so often associated with 
continuous guts, and that the widest range of hosts is reported from species 
(Coreidae, Mictinae) with interrupted guts. The Tessaratominae seem to be 
somewhat restricted in their host range, and this may be associated with the nature 
of their mid-guts.

I thank Mr. M. Lubega and Mr. E. Roberts, Makerere University, Kampala, 
Uganda, for supply of insects and plant material; Dr. T. E. Woodward, University 
of Queensland, Brisbane, for supply of Bronze Orange Bug; and Dr. R. G. Board, 
Bath University, for determination of the caecal bacteria.

r£sum£

LA NATURE ET LO R I GINE DU CONTENU DE LTNTESTIN MO YEN CHEZ UN HETEROPTERE 
SUCEUR DE SEVE. PIEZOSTERNUM CALIDUM (TESSARATOMINAE) ET LE ROLE DES BAC-

t Er i e s  SYMBIOTIQUES DANS SA NUTRITION

Les Heteropteres suceurs de seve possedent sur le mesenteron posterieur dc nombrcux coecums 
remplis de bacteries symbiotiques. Chez beaucoup d’especes, par exemple Mygdonia tuberculosa (Co
reidae) le mesenteron est interrompu dans sa region moyenne et la partie posterieure renferme un con- 
tenu digestif qui represente les bacteries coecales digerees. La partie anterieure contient peu de matie- 
re solide provenant de la seve de la plante-hote. Chez Piezosternum calidum, suceur de seve sur des cu- 
curbitacees; I’intestin moyen n'est pas interrompu et est completement rempli par un materiel presque 
solide. Ce contenu digestif est uniforme d'aspect sur coupes histologiques et sa composition riche en 
acides amines, le rapproche davantage des bacteries coecales que de la seve de la plante-hote. Le me
senteron presente d’ailleurs une region tres acide ou les bacteries pourraient etre digeries. Ces bacte
ries se cultivent sur un milieu a base d’acide urique, de nitrate ou d’ammoniaque, en ce qui conceme la 
source d’azote. L’utilisation massive des bacteries symbiotiques par 1’insecte lui est peut-etre necessai- 
re car la source d'azote dans la plante n'est pas directement assimilable. La continuite de la lumiere in- 
testinaie est peut-etre liee k I'absence dans la seve de la plante d'une substance qui serait nuisible aux 
bacteries.
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