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ABSTRACT

PHYSIOLOGY AND ESTUARINE ECOLOGY OF 
PH EH AN TH REN E-DEGRADING BACTEL.IA

by

WILLIAM F. GUERIN, JR.

U n iv e r s i t y  o f  New Hampshire, May, 1986

Using r a d i o r e s p i r o m e t r i c ,  s p e c t r o p h o to m e t r ic  and h igh  perfo rm ance  

l i q u i d  and th i n  l a y e r  c h ro m a to g rap h ic  methods, the d e g ra d a t io n  and 

in te rm e d ia ry  m etabo lism  of the  poly c y c l i c  a r o m a t i c  hydrocarbon  (PAH), 

phenan th rene , by e s t u a r i n e  e n r ic h m e n t  and p u re  m ic r o b ia l  c u l t u r e s  was 

examined.

A M ycobacterium s p e c ie s ,  s t r a i n  BG1, a b l e  to  use phenan th rene  a s  

s o le  carbon  and energy  so u rce ,  was I s o l a t e d  from e s t u a r i n e  sed im en t.  

Phenanthrene d e g ra d a t io n  p roceeded  v i a  th e  in t e r m e d i a t e s ,  1 -hydroxy-2 - 

n ap h th o ic  a c id  (1H2NA) and p r o to c a te c h u ic  a c id .  However, u n l ik e  o th e r  

p h en an th re n e -d e g ra d in g  c u l t u r e s ,  a ro m a t ic  i n t e r m e d i a t e s ,  in c lu d in g  

1H2NA, d id  not accu m u la te .  C o n s is te n t  w i th  th e  i n d u c t io n  o f  meta 

pathway enzymes i n  phenan th ren e -g ro w n  BG1 c e l l s ,  phenan threne  

d e g ra d a t io n  was s t im u la t e d  i n  p y ru v a te -su p p le m e n te d  c u l t u r e s  (an end 

p roduc t of meta c leav ag e)  and r e p r e s s e d  i n  s u c c in a te - s u p p le m e n te d  

c u l t u r e s  (an end p roduc t o f  o r th o  c leavage) .  P h e n an th re n e -d eg rad in g  

c e l l s  p o sse ssed  3 p la sm id s  (20.6, 57.5 and 76.7 m egadaltons)  l i k e l y  

r e s p o n s ib le  f o r  d e g ra d a t io n .  P lasm id s  and the p h e n a n th re n e -d e g ra d in g  

phenotype were a b sen t  i n  n u t r i e n t - g r o w n  c e l l  a

Analogous to  d e g ra d a t iv e  r e a c t i o n s  in v o lv in g  o th e r  PAH when



p re s e n t  i n  ex ce ss ,  en r ic h m en t c u l t u r e s  and c u l t u r e s  o f  most i s o l a t e s  

d e r iv e d  from them a cc u m u la ted  near s t o i c h i o m e t r i c  am ounts  o f  1 H2NA 

d u r in g  p henan th rene  d e g ra d a t io n .  In  pu re  c u l tu r e s ,  1H2NA was not 

f u r t h e r  degraded. In  en r ic h m en t  c u l tu r e s ,  su b se q u en t  m i n e r a l i z a t i o n  of 

1H2NA l e d  to  secondary  in c r e a s e s  i n  biomass. Tw o-stage m i n e r a l i z a t i o n  

of p h enan th rene  was a l s o  ev idenced  by a b ip h a s ic  ^C0t> p ro d u c t io n  

i n  en r ic h m en t  c u l t u r e s  sp ik ed  w i th  low c o n c e n t r a t i o n s  (0.5 mg L“ ^) o f  

phenanthrene . Here, however, p o la r  m e ta b o l i t e s  com prised  l e s s  th an  

10$ o f  the  t o t a l  i n i t i a l  a c t i v i t y .

P h en an th re n e -d e g ra d in g  b a c t e r i a  w ere u b iq u i to u s  i n  th e  w a te r s  and 

sed im e n ts  of the  G re a t  Bay E s tu a ry ,  NH, and a c t i v i t i e s  c o r r e l a t e d  

p o s i t i v e l y  w ith  the  degree  of p rev io u s  exposu re  to  PAH. P a r t i c u l a r l y  

a c t i v e  were sed im en ts  c o l l e c t e d  near an  o i l  r e f i n e r y  and w a te r  sam ples  

c o l l e c t e d  downstream from a d red g in g  o p e ra t io n .  Coal t a r - d e r i v e d  PAH, 

an a ly zed  in  dredge and downstream sed im en ts  by c a p i l l a r y  gas  

chrom atography, were in t ro d u c e d  i n t o  the  r i v e r  i n  h igh  c o n c e n t r a t i o n s  

over s e v e r a l  months. Phenanthrene d e g ra d a t io n  p o t e n t i a l s  w ere a l s o  h igh  

i n  a r e a s  in f lu e n c e d  by p le a s u r e  and com m ercia l b o a t in g  a c t i v i t i e s .  

S u r fa c e  m ic ro la y e r  sam ples  from m a rin a s  were e n r ic h e d  w i th  f l u o r e s c e n t  

hyd rocarbons  tu t  o f t e n  showed d e p re s sed  phenan th rene  d e g r a d a t iv e  

a c t i v i t i e s  r e l a t i v e  to  u n d e r ly in g  bulk  w a te r s .  S u n l ig h t ,  hydrocarbons  

or o rg a n o t in  compounds w ere  p o s s ib ly  i n h i b i t o r y .
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INTRODOCTION

Phenanthrene (C^H-jq) i s  a t h r e e - r i n g e d  member of the c l a s s  o f  

compounds known a s  p o ly c y c l i c  a r o m a t ic  h y d ro ca rb o n s  (PAH). These 

f l u o r e s c e n t ,  UV-absorbing compounds c o n ta in  two o r  more fu s e d  a ro m a t ic  

r in g s  i n  p la n a r  geom etry . PAH a r e  hydrophob ic  ( l i p o p h i l i c )  w ith  

s o l u b i l i t i e s  i n  d i s t i l l e d  w a te r  r a n g in g  from  3 2  mg L"^ f o r  n ap h th a le n e  

to  4 ug L“  ̂ fo r  benzo(a)pyrene (T ab le  1). Because of t h e i r  h igh  

f u g a c i t i e s ,  PAH i n  a q u a t i c  e n v iro n m e n ts  a r e  h ig h ly  a d s o r p t iv e .  The 

e x t e n t  of p a r t i t i o n i n g  o f  PAH from w a te r  onto  n a t u r a l  s o i l s  o r  

s e d im e n ts  i s  governed by the compound's o c t a n o l - w a te r  p a r t i t i o n  

c o e f f i c i e n t  (KQW) and th e  o rg a n ic  ca rbon  c o n ten t  of th e  so rb en t .  

D isso lv ed  o rg a n ic  m a t t e r ,  e s p e c i a l l y  a r o m a t ic  humic m a t e r i a l s ,  compete 

w i th  s o l id  s o r b e n t s  to  some e x te n t  and h e lp  to  s o l u b i l i z e  PAH. 

C o n s id e r in g  t h e i r  h ig h  b o i l i n g  p o in t s ,  PAH a r e  a l s o  q u i t e  v o l a t i l e .

PAH a re  n a t u r a l l y - o c c u r r i n g  ( d ia g e n e t i c )  com ponents o f  f o s s i l  

f u e l s  and a re  u n iv e r s a l  p ro d u c ts  of th e  in c o m p le te  com bustion  o f  

o rg a n ic  m a te r i a l s .  P r io r  to  the  i n d u s t r i a l  r e v o lu t io n ,  PAH e n te r e d  th e  

en v ironm en t v ia  o i l  se e p s  and f o r e s t  and p r a i r i e  f i r e s  (Blumer and 

Youngblood, 1975). A nthropogen ic  i n p u t s  have d r a s t i c a l l y  in c re a s e d  

en v iro n m en ta l  PAH c o n c e n t r a t i o n s  w o r ld -w id e  due to  the d e p o s i t i o n  of 

a i r - b o r n e  f l y a s h  p a r t i c u l a t e s ,  th e  g lo b a l  t r a n s p o r t  of crude and 

r e f in e d  pe tro leum  p ro d u c ts  and in c r e a s e d  i n d u s t r i a l i z a t i o n .  The 

sed im en ta ry  re c o rd  shows a sh a rp  in c r e a s e  i n  PAH c o n c e n t r a t i o n s  

beg inn ing  around 1850, r e a c h in g  a peak around 1950, and d e c r e a s in g  

s l i g h t l y  s in c e  then  due to  th e  s h i f t  from ooal to  o i l  and gas a s  m ajor
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TABLE 1.  P h y s i c a l ,  c h e m i c a l  a n d  b i o l o g i c a l  p r o p e r t i e s  o f  some p o l y c y c l i c  a r o m a t i c  h y d r o c a r b o n s .

Compo und
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+ / •

a v a l u e s  f r o m  May e t  a l , 1 9 7 8 ,  e x c e p t  w h e r e  n o t e d ,  i n  mg L ■ 1

v a l u e s  f r o m  Roadman e t  a l , 1 9 8 2 ,  e x c e p t  w h e r e  n o t e d ,  i n  mm Hg;  e x p o n e n t s  i n  p a r e n t h e s e s .
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^ ----- , i n a c t i v e ;  + / - ,  d i s p u t e d ;  + + +,  h i g h  p o t e n t i a l ;  f r o m P h i l l i p s ,  1 9 83-
e f r o m  B o y l e  e t  a l ,  1 9 8 4 .
f  f r o m Dzombak a n d  L u t h y ,  1 9 8 *).



energy  souces  (F o r s tn e r  and M ulle r ,  19 8 1 ; Gschwend and H i te s ,  1981). 

With the d e p l e t i o n  of th e  l a t t e r ,  th e  r e t u r n  to  coa l f o r  f u t u r e  ene rgy  

needs p ro m ises  to  r e v e r s e  t h i s  r e c e n t  tren d .

Concern abou t the en v iro n m e n ta l  f a t e  o f  PAH d a te s  to  th e  l a t e  19 th  

c e n tu ry  when i t  was d is c o v e re d  t h a t  th e se  compounds, p a r t i c u l a r l y  

benzo(a)pyrene, were the  components of so o t  and c r e o s o te  r e s p o n s ib l e  

f o r  the  h igh  in c id e n c e  of cancer among chimney sweeps ( P h i l l i p s ,  1983). 

I t  has  s in c e  been re c o g n iz e d  th a t  many e n v i ro n m e n ta l ly  in d u c ed  c a n c e rs  

a r e  caused  by PAH ( P h i l l i p s ,  1983; S e l k i r k  and MacLeod, 1982). Because 

of t h e i r  t o x i c i t y  (C a lder  and Lader, 1976; S p ie s  e t  a l ,  1982; Trucco e t  

a l ,  1983; G ile w ic z  e t  a l ,  1984), c a r c in o g e n ic i ty  (Brown e t  a l ,  1973; 

Jackim  and Lake, 1978; Maccubbin e t  a l ,  1985), and p o t e n t i a l  f o r  

t r o p h ic  b io m a g n i f i c a t i o n  (Dobroski and E p i fa n io ,  1980; Murray e t  a l ,  

1981; Eadie e t  a l ,  1982; Landrum and S cav ia ,  1983; Trucco e t  a l ,  1983)f 

PAH com prise  16 o f  th e  9 6  o r g a n ic  c h e m ic a ls  l i s t e d  a s  p r i o r i t y  

p o l l u t a n t s  by the EPA (G h isa lb a ,  1983).

A m ajor fo c u s  o f  the  m ic r o b io lo g ic a l  r e s e a r c h  on PAH m etabo lism  

has been to  compare p r o k a r y o t i c  o x i d a t i o n  m echanism s w ith  those  c a r r i e d  

out by eu k ary o tes .  S ince  the  p a r t i a l  o x id a t io n  p ro d u c ts  o f  PAH, and not 

the p a re n t  compounds, a r e  the a c t u a l  m utagens i n  mammalian sy s tem s 

( P h i l l i p s ,  1983), b a c t e r i a  would p ro v id e  co n v en ien t  m odels  f o r  s tu d y in g  

PAH m etabo lism  i f  they perform ed  s i m i l a r  o x id a t iv e  t r a n s f o r m a t io n s .  In  

f a c t ,  b a c t e r i a  d i f f e r  i n  t h a t  they form c i s - d i h v d r o d i o l s  th rough  

d io x e ta n e  i n t e r m e d i a t e s  r a t h e r  than  t r a n s - d ih v d r o d i o l s  through the  

m utagen ic  a ren e  oxide (epoxide) i n t e r m e d i a t e s  o f  e u k a ry o te s  (Gibson e t  

a l ,  1975; J e r i n a  e t  a l ,  1976). A f u r t h e r  d i s t i n c t i o n  i s  th a t  b a c t e r i a  

employ i r o n - c o n t a in i n g  d ioxygenase  enzymes w hich in c o rp o r a te  both atom s

3



of m o lecu la r  oxygen i n t o  a d j a c e n t  p o s i t i o n s  on th e  PAH s u b s t r a t e  a s  a 

p r e r e q u i s i t e  t o  r i n g  c leav ag e  (Dagley, 1978). E u k ary o tes  employ 

monooxygenase enzymes which, as  t h e i r  names im ply , in c o rp o r a te  one 

oxygen atom i n t o  the s u b s t r a t e  ( C e r n ig l i a ,  1981)- The s t r a t e g y  of 

e u k a r y o t ic  PAH m etabo lism  i s  to  s o l u b i l i z e  the  hydrophob ic  compounds by 

c o n ju g a t in g  them w ith  s u l f a t e ,  g lu c u ro n id e  o r  o t h e r  f u n c t i o n a l  g roups 

so they can be e l im i n a t e d  ( C e r n ig l i a  e t  a l ,  1982; S e l k i r k  and MacLeod, 

1982 ) .

B a c te r ia ,  i n  t h e i r  r o l e s  a s  decom posers  and r e m i n e r a l i z e r s ,  

have a l s o  been s tu d ie d  w i th  r e g a rd  to  t h e i r  PAH d eg rad in g  a b i l i t i e s  

s in c e  1927 (Tausson, c i t e d  i n  C e r n ig l ia ,  1984). Not s u r p r i s i n g l y ,  s in c e  

PAH a re  n a t u r a l l y  o c c u r r in g  compounds, b a c t e r i a  which can degrade them 

a r e  u b iq u i to u s ly  d i s t r i b u t e d  and r e p r e s e n t  d iv e r s e  taxonom ic groups. 

S ev e ra l  genera  of b a c t e r i a  have been d e s c r ib e d  which can u t i l i z e  two- 

and th r e e - r in g e d  PAH as  t h e i r  s o l e  so u rce  of carbon and energy ; PAH 

w i th  fo u r  o r  more r i n g s  a re  a t t a c k e d  o n ly  s lo w ly  or no t  a t  a l l .  Table 2 

l i s t s  most of the  s t u d i e s  o f  pure c u l t u r e  d i s s i m i l a t i o n s  o f  PAH 

p u b lish e d  s in c e  1957. The overw helm ing  m a jo r i t y  of th e se  have employed 

s p e c ie s  o f  the  genus, Pseudomonas, b a c t e r i a  w e l l  known f o r  t h e i r  

m e ta b o l ic  v i r t u o s i t y  (C la rk e ,  1982).

Pure c u l tu r e  s t u d i e s  w i th  phenan th rene  have e lu c id a t e d  th e  

b iochem ica l  d e g ra d a t io n  pathway f o r  t h i s  compound (F ig . 1). E arly  work 

showed phenanthrene  to  be degraded, th rough  a s e r i e s  o f  in t e r m e d i a t e s ,  

to  1 -h y d ro x y -2 -n ap h th o ic  a c id  (1H2NA, Fig. 1, compound e). F u r th e r  

d e g ra d a t io n  was p o s tu la t e d  to  occur a s  f o r  naph th a len e  and a n th ra cen e ,  

i .e . ,  d e c a rb o x y la t io n  to  g iv e  1 ,2 -d ih y d ro x y n a p h th a le n e  (compound j) 

which was th en  degraded v i a  s a l i c y l a t e  to  c a te c h o l  (compounds m and n,
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TABLE 2 . Pure c u l tu r e  s tu d ie s  o f  PAH d e g ra d a tio n .

Compound(s)* O rgan ian (s) Reference

PHN Pseudomonas Rogoff and Wender, 1957a

ANT PseudQmfiuas Rogoff and Wender, 1957b

NAH, ANT, PHN Pseudomonas Rogoff, 1952

NAH Pseudomonas Davies and Evans, 1964

NAH, ANT, PHN Pseudomonas Evans e t  a l ,  1965

NAH (c o -o x id a t io n ) Nocardia Raymond e t  a l ,  1967

NAH, ANT, PHN P8«Ud909Qa9 Dean-Raymond and B artha ,1975

FLA, B(a)P Paeudeuonaa B a rn s le y ,  1975

B(a)A,  B(a)P B e i i e r i n c k i a Gibson e t  a l ,  1975

ANT, PHN B e i i e r in c k i a J e r i n a  e t  a l ,  1976

NAH, PHN Iseudoacnas, Afirfiaoaas Klyohara and Nagao, 1978

NAH Pseudomonas Zuniga e t  a l ,  1981

PHN • A lca li j tenes Kiyohara e t  a l ,  1982

NAH, PHN gram n e g a t iv e  ro d s ,  cocc i B a rn s le y ,  1983

PHN Micrococcus Ghosh and Mishra, 1983

* Compound a b b r e v i a t i o n s  a r e  a s  fo l lo w s :  NAH, nap h th a len e ;  ANT, a n th ra c e n e ;  PHN, 
phenan th rene ;  FLA, f l u o r a n th e n e ; B(a)P, b e n z o (a )p y ren e ; B(a)A, b e n z (a )an th ra e e n e .



FIGURE 1. Pathway o f  b a c t e r i a l  p h en an th ren e  d e g ra d a t io n  a s  o u t l i n e d
by K iyohara e t  a l .  (1976), -----------------------------; B a rn s le y  (1983)»
--------------------------- . an(j Evans e t  a l .  ( 1 9 6 5 ) , ---------------------------------- .
a, p henan th rene ;  b, 3 ,4 -d ih y d ro x y p h e n a n th re n e ;  c, c i s - 4 - ( 1 -  
h y d ro x y n a p h th -2 -y l ) -2 -o x o b u t -3 -e n o ic  a c i d ;  d, 1 -hy d ro x y -2 -  
naph tha ldehyde ; e, 1 - h y d ro x y -2 -n a p h th o ic  a c i d ;  f ,  o- 
ca r  bo xy be n za l  p y ru v a te ;  g, o - c a r  boxy be nz a ld eh y d e ;  h, p h t h a l i c  
a c i d ;  i ,  p r o to c a te c h u ic  a c i d ;  j ,  1 ,2 -d ih y d ro x y n a p h th a le n e ;  k, o -  
hydroxy be n za l  p y ru v a te ;  1, s a l i c y l a l d e h y d e ;  m, s a l i c y l i c  a c id ;  n, 
c a te c h o l ;  [p ro p o sed  i n t e r m e d i a t e ] .
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r e s p e c t iv e l y ,  Evans e t  a l ,  1965). K iyohara e t  a l .  (1976) p roved  th e  

e x i s t e n c e  of a d i f f e r e n t  pathway i n  Aeromonas. A lc a l ig e n e s  (K iyohara e t  

a l ,  1982), and i n  Pseudomonas (K iyohara  and Nagao, 1978), th e  same 

genus used i n  the  e a r l i e r  s t u d i e s  of Evans e t  a l .  (1965). A ccording  to  

t h i s  scheme, phenan th rene  was degraded  v i a  1H2NA, o- 

ca r  boxy be nza l py ru v a te  (B a rn s ley ,  1983), and p h t h a l i c  a c id  to  

p r o to c a te c h u ic  a c id  (Fig. 1, compounds e, f ,  h and i ,  r e s p e c t i v e l y ) .

All su b seq u en t work on b a c t e r i a l  phenan th rene  d e g ra d a t io n  has  

s u b s t a n t i a t e d  th e  l a t t e r  pathway. Both p r o to c a te c h u ic  a c i d  and c a te c h o l  

a re  c e n t r a l  i n t e r m e d i a t e s  i n  a ro m a t ic  c a ta b o l i s m  (Dagley, 1978). These 

undergo e i t h e r  m eta  or o r th o  c leav ag e  to  y i e l d  n o n -a ro m a t ic  p ro d u c ts  

( S t a n i e r  and O rnston , 1973). F o llo w in g  th e  meta pathway, the  com ple te  

m i n e r a l i z a t i o n  o f  phenan th rene  (C-m ^g) y i e ld s  3 m o le c u le s  o f  p y ru v a te ,  

one m o lecu le  of a c e ta ld e y d e  and 3 m o le c u le s  of CC^.

Phenanthrene was chosen a s  a model PAH f o r  t h i s  s tu d y  because 

of i t s  in t e r m e d i a t e  s o l u b i l i t y ,  v o l a t i l i t y  and a d s o r p t i v e  b eh av io r  

(T ab le  1). Phenan threne i s  a m ajor component of th e  PAH co m p o s i te s  from 

many s o u rc e s  and, t o g e th e r  w i th  i t s  a l k y l a t e d  homologs, i s  pe rhaps  th e  

s i n g l e  most abundant PAH i n  th e  env ironm ent (Neff, 1979). Phenanthrene 

i s  a l s o  a good model compound because  i t ,  l i k e  the  c a r c in o g e n ic  PAH, 

p o s s e s s e s  th e  s o - c a l l e d  "bay reg io n "  form ed by th e  a n g u la r  r i n g  

a r rangem en t (T ab le  1). Phenan threne  i s  n o n -c a rc in o g e n ic  and r e l a t i v e l y  

n o n - to x ic ;  t h i s  s i m p l i f i e d  h a n d l in g  p r e c a u t io n s .  F u rtherm ore ,  and 

d e s p i t e  the  e x te n s iv e  knowledge of the b io c h e m is t ry  o f  p h enan th rene  

d e g ra d a t io n ,  l i t t l e  was known about th e  b io g e o c h e m is t ry  o f  t h i s  

im p o r ta n t  PAH. As seen  i n  Table 3, en v iro n m e n ta l  s t u d i e s  o f  

phenan th rene  d e g ra d a t io n  a r e  few i n  com parison  to  those  f o r

8



TABLE 3 . S tu d ie s  on PAH b io d e g ra d a tio n  i n  a q u a t ic  e n v iro im e n ts .

Compounds T es ted H a b i ta t Reference

NAH, PHN, ANT, B(a)A, DBA 

NAH, B(a)A

NAH, MethylNAH, ANT, B(a)A, B(a)P 

NAH, ANT, B(a)A, B(a)P

ANT, FLA, B(a)A, B(a)P 

PHN, PYR

B(a)A

NAH

B(a)P

S eaw ate r

C o as ta l  s e a w a te r

Marine mesocosms

P o l l u t e d  an d  p r i s t i n e  
s tream  sed im en ts

Marine sed im en ts

P o l lu te d  and p r i s t i n e  
f r e s h w a te r s

Marine mesocosms

O xidized  and reduced  
s a l t  marsh sed im en ts

O xid ized  and reduced  
e s tu a r i n e  sed im en ts

S i s l e r  and ZoBell, 19^7 

Roubal and A tla s ,  1978 

Lee e t  a l ,  1978 

H e rb e s  and  S c h w a l l ,  1978

Gardner e t  a l ,  1979 

S h e r r i l l  and S a y le r ,  1980

Hinga e t  a l ,  1980 

DeLaune e t  a l ,  1980

DeLaune e t  a l ,  1981



TABLE 3 .  ( c o n t . )

ft
Compounds Tested H a b i t a t R eference

NAH, ANT, B(a)A Stream  w a te r ,  sed im en ts H erbes, 1981

NAH, ANT, B(a)A Marine and e s t u a r i n e  
sed im ents

A t la s  e t  a l ,  1981

B(a)A, DimethylB(a)A Marine mesocosms Lee e t  a l ,  1982

NAH, B(a)P Marine ( o i l  f i e l d )  
sed im en ts

Saltzm ann, 1982

NAH, B(a)P E s tu a r in e  w a te r s Readman, e t  a l ,  1982

NAH Lake w a te r ,  sedim ent Cooney e t  a l ,  1985

NAH, ANT Marine sed im en ts Bauer and Capone, 1985

f
Compound a b b r e v i a t i o n s  a r e  a s  f o l lo w s :  NAH, n ap h th a le n e ;  PHN, p henan th rene ; 

ANT, a n th ra c e n e ;  B(a)A, b e n z (a )a n th ra c e n e ;  DBA, d ib e n z (a ,  h )a n th ra c e n e ;  B(a)P, 
benzo (a )p y ren e ;  FLA, f l u o r a n t h e n e ; PYR, pyrene.



n ap h th a len e ,  a n th ra c e n e ,  b en zan th racene  and benzo(a)pyrene.

The purpose of t h i s  s tudy  was to  g a in  some i n s i g h t  i n t o  the  

b iogeochem ica l f a t e  of phenan th rene  (and PAH) i n  th e  e s t u a r i n e  

env ironm en t,  and in  p a r t i c u l a r ,  th e  G rea t  Bay E s tu a ry ,  NH. This  

i n t e r e s t  evolved  ou t  of the  p a s t  occu rrence  of s e v e r a l  m ajor o i l  s p i l l s  

i n  the e s tu a r y  and the  r e c o g n i t i o n  t h a t  PAH a re  among th e  most t o x i c  

and r e c a l c i t r a n t  components o f  such s p i l l s .  F ig u re  2 shows th e  

com p lex ity  of i n t e r a c t i o n s  w hich may in v o lv e  PAH i n  an  e s t u a r i n e  

env ironm en t.  Physicochem ica l p ro c e s s e s  in c lu d in g  v o l a t i l i z a t i o n ,  

p h o to o x id a t io n ,  co m p lex a t io n  w i th  d is s o lv e d  and c o l l o i d a l  o rg a n ic  

m a t t e r  and a d s o r p t io n  to  b io l o g ic a l  and m in e ra l  p a r t i c u l a t e s  may 

in f lu e n c e  the a v a i l a b i l i t y  of PAH to  b iodeg r  a d a t iv e  o rgan ism s. 

A d d it io n a l  f a t e s  f o r  PAH in c lu d e  t r a n s p o r t  out of the  e s tu a r y  or b u r ia l  

i n  the sed im en ts .  In  the  sed im en ts ,  PAH may p e r s i s t  because  oxygen, 

w hich i s  an  a b s o lu te  r e q u ire m e n t  f o r  d e g ra d a t io n ,  may be a b s e n t .  Oxygen 

l i m i t a t i o n  may be p a r t i c u l a r l y  im p o r ta n t  i n  e s t u a r i n e  and c o a s t a l  

s e d im e n ts  where, due to  r e l a t i v e l y  high r a t e s  o f  o rg a n ic  m a t t e r  

d e p o s i t io n ,  anox ic  c o n d i t io n s  may develop  j u s t  m i l l i m e t e r s  below the 

s e d im e n t /w a te r  i n t e r f a c e .  The abundance of m i n e r a l i z a b l e  PAH i n  a q u a t i c  

sed im en ts  s u g g e s t s  th a t  oxygen l i m i t a t i o n  may be a m a jo r  d e te rm in a n t  of 

th e  e n v iro n m en ta l  f a t e  of these  compounds.

D egrada tion  of PAH i n  the env ironm en t i s  in f lu e n c e d  by 

te m p e ra tu re ,  n u t r i e n t  s t a t u s ,  pH and s a l i n i t y .  S ince the  enzymes 

r e q u i r e d  f o r  hydrocarbon  m etabo lism  a re  g e n e r a l ly  in d u c ib l e ,  the  

a v a i l a b i l i t y  of more e a s i l y  a s s i m i l a b l e  carbon so u rces ,  or th e  p resence  

o f  PAH i n  low c o n c e n t r a t io n s ,  could  s u p p re s s  PAH m e tab o lism  (A lexander, 

1981). C onversely , a l t e r n a t e  s u b s t r a t e s  could a c t  to  su p p o r t  the



FIGURE 2. E s tu a r in e  i n t e r a c t i o n s  in v o lv in g  PAH. Boxes show
com partm en ts  i n  w hich  b io d e g ra d a t io n  p o t e n t i a l s  w ere  a s s e s s e d  i n  
t h i s  s tudy  in c lu d in g  th e  e s t u a r i n e  s u r f a c e  m ic ro la y e r ,  bu lk  
w a te r  and sed im en ts .
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com etabo lism  o f  PAH w hich would o th e rw is e  go undegraded. I n f o r m a t io n  on 

the b io ch em ica l  pathw ays and m e ta b o l i c  i n t e r m e d i a t e s  of PAH 

d e g ra d a t io n s  o b ta in e d  th rough  pure c u l tu r e  s t u d i e s  i s  in v a lu a b le .  

However, l i t t l e  of t h i s  in f o r m a t io n  can be a p p l i e d  d i r e c t l y  tow ard  an  

u n d e r s ta n d in g  o f  the  behav io r  of PAH i n  a complex e s t u a r i n e  env ironm en t 

due to  i n s u f f i c i e n t  knowledge of the p h y s io logy  and r e g u l a t i o n  o f  PAH 

m etabo lism  by m icroorgan ism s.

B efore s tu d y in g  th e  ecology of phenan th rene  d eg ra d in g  b a c t e r i a ,  i t  

was n ece ssa ry  to  develop  methods f o r  a s s e s s i n g  b a c t e r i a l  PAH 

d e g ra d a t io n  i n  l a b o r a to r y  s tu d ie s .  In  c o n t r a s t  to  th e  s i t u a t i o n  f o r  

s o lu b le  s u b s t r a t e s ,  r o u t i n e  m ethods f o r  s tu d y in g  b io d e g ra d a t io n  o f  

w a t e r - i n s o l u b l e  hyd ro ca rb o n s  a r e  poorly  developed  (G erike , 1984). As 

w i th  a l l  PAH, the s tudy  o f  phenan th rene  b io g e o c h e m is t ry  i s  f r a u g h t  w i th  

a n a l y t i c a l  d i f f i c u l t i e s  r e l a t e d  to  i t s  low s o l u b i l i t y  and a d s o r p t i v e  

behav ior .  To a g r e a t  e x t e n t ,  th e se  d i f f i c u l t i e s  were surm ounted  and 

q u a n t i t a t i v e  s t u d i e s  w ere  made p o s s ib le  by the  developm ent o f  a growth 

medium i n  which a b i o t i c  l o s s e s  of phenan th rene  w ere avoided  by the  

in c o r p o r a t io n  o f  s u r f a c t a n t s .

During b io d e g ra d a t io n  a s sa y s ,  th e  carbon o f  phenan th ren e  may 

rem a in  unchanged, be co n v er ted  to  b iom ass, be r e s p i r e d  or be p r e s e n t  i n  

i n t e r m e d i a t e  m e ta b o l i c  fo rm s  (Fig. 3). M easurements o f  s u b s t r a t e  

d is a p p e a ra n c e  r a t e s  a re  o f  l i m i t e d  v a lu e  a s  a s o le  in d e x  of 

b io d e g ra d a t io n  (Cook e t  a l ,  1983). I t  i s  d e s i r a b l e  to  c o r ro b o ra te  

s u b s t r a t e  d isa p p e a ra n c e  w ith  some m easure o f  c e l l  grow th. The n e c e s s i t y  

o f  w ork ing  w i th  p a r t i c u l a t e  s u b s t r a t e  su sp e n s io n s  p r e c lu d e s  th e  use of 

t u r b i d i m e t r i c  and most en u m e ra t iv e  m easurem ents  of grow th  due to  

a t ta c h m e n t  of d eg ra d in g  b a c t e r i a  to  th e  s o l i d  s u b s t r a t e .  M anometric

14



FIGURE 3. B io lo g ic a l  ( s o l i d  a r ro w s)  and a b i o l o g i c a l  (b roken  a rro w s)  
f a t e s  o f  p h en an th ren e  i n  e s t u a r i n e  en v iro n m en ts .

1 5



v o l a t i l i z a t i o n

C O

photo-oxidation

polar  m a tab o l i ta scom plexation ^

ic rob ia l  b io m a s s
adsorp tion

p e r s i s te n c e

16



methods s u f f e r  from the  slow r a t e  o f  p a r t i c u l a t e  PAH m i n e r a l i z a t i o n  

d u r in g  a q u a t i c  in c u b a t io n s .

A m ajor em phasis  o f  t h i s  s tudy  was to  i d e n t i f y  and a s s e s s  th e  

q u a n t i t a t i v e  s i g n i f i c a n c e  of m e t a b o l i t e s  produced d u r in g  p u re  and mixed 

c u l tu r e  d e g ra d a t io n s  o f  phenanthrene . P rev io u s  work had shown t h a t  the  

p ro d u c t io n  of m e ta b o l i t e s  could be a s i g n i f i c a n t  f a t e  f o r  PAH (H erbes 

e t  a l ,  1977; Herbes and S chw all ,  1978; H erbes, 1981). S ince  they  a re  

o f t e n  more t o x i c  than  the  p a re n t  compounds (C alder  and Lader,  1976) and 

s in c e  they  a re  c h e m ic a l ly  r e a c t i v e  (Wang and Li, 1977; K i r k b r ig h t  e t  

a l ,  1965; B o llag ,  1983) much e f f o r t  was s p e n t  i n  t h i s  s tudy  to  develop  

new methods f o r  a n a ly z in g  b a c t e r i a l  PAH m e ta b o l i t e s .

Using the F o l in - C io c a l t e a u  r e a c t i o n  a s  a ( s e m i - ) q u a n t i t a t i v e  

m easure of m e ta b o l i t e  c o n c e n t r a t i o n  and HPLC a s  a q u a l i t a t i v e  to o l  fo r  

i d e n t i f i c a t i o n s ,  the  i n t e r m e d i a t e  m e tab o lism  (p h y s io lo g y )  o f  

phenan threne d e g ra d a t io n  by pure  and mixed m i c r o b ia l  c u l t u r e s  was 

examined. In  the course  o f  t h i s  work, an unusual phenan th rene  

d e g ra d a t io n  p a t t e r n  was ob se rv ed  i n  s t u d i e s  on an i s o l a t e  ( s t r a i n  BG1) 

l a t e r  i d e n t i f i e d  a s  a Mycobacterium s p e c ie s .  U n like  most o th e r  

i s o l a t e s  w hich a l low  the  a c c u m u la t io n  o f  1H2NA w h i le  d e g rad in g  

phenanthrene, BG1 brough t abou t the  com ple te  m i n e r a l i z a t i o n  of 

phenan threne  w ith o u t  a c c u m u la t in g  1H2NA r e g a r d l e s s  o f  the  i n i t i a l  

phenan threne c o n c e n t ra t io n .  In  mixed ba tch  c u l t u r e s ,  1H2NA accu m u la ted  

a t  h igh  i n i t i a l  phenan th rene  c o n c e n t r a t i o n s  but was i n s i g n i f i c a n t  a t  

low phenan threne c o n c e n t r a t i o n s  t y p i c a l  of e s t u a r i n e  env iro n m en ts .  For 

en v iro n m en ta l  s tu d i e s  then , a l t e r n a t e  methods f o r  a s s e s s i n g  

b io d e g ra d a t io n  p o t e n t i a l s  w ere developed.

R a d lo r e s p i r o m e t r ic  te c h n iq u e s  f o r  m e asu r in g  th e  h e t e r o t r o p h i c
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a c t i v i t i e s  o f  a q u a t i c  m ic r o b ia l  com m un it ie s  have ga in ed  w id esp read  

a c c e p ta n c e  i n  th e  p as t  decade. Using a com bina tion  o f  f l a s k  and tube 

te c h n iq u e s ,  an  e x t re m e ly  p r e c i s e  h y b r id  method f o r  m e asu r in g  the 

p ro d u c t io n  o f  from [ 9 - 1l*C] p h enan th rene  was developed. This

method was a p p l ie d  i n  e c o l o g i c a l  s t u d i e s  of the  d i s t r i b u t i o n  o f  

phenan th rene  d e g ra d a t io n  p o t e n t i a l s  i n  th e  w a te r s  and s e d im e n ts  o f  the  

G re a t  Bay E s tu a ry .  S im u ltan e o u s  a n a ly s e s  of n u t r i e n t s ,  o rg a n ic  m a t t e r ,  

and p a r t i c u l a t e  phases  i n  th e  w a te r  a lo n g  w i th  a n a ly s e s  o f  sed im e n ta ry  

PAH re v e a le d  th a t  phenan th rene  d e g ra d a t io n  i n  the e s tu a r y  was m ost 

a c t i v e  i n  a r e a s  w i th  p r i o r  exposure  to  PAH. M arinas and a  dredge s i t e  

i n  the Cocheco R ive r  w ere  found to  be r e s e r v o i r s  of PAH-degrading 

b a c t e r i a l  p o p u la t io n s .

To t e s t  th e  h y p o th e s i s  t h a t  a c c u m u la t io n  o f  hydrophobic  PAH i n  th e  

e s t u a r i n e  s u r f a c e  m ic r o la y e r  m igh t e n r i c h  f o r  an  a c t i v e  PAH-degrading 

b a c t e r i a l  p o p u la t io n ,  s e v e r a l  s u r f a c e  m ic r o la y e r  and bu lk  w a te r  sam p les  

from th ro u g h o u t the e s tu a r y  w ere  ana lyzed . M ic ro la y e rs  showed 

c o n s i s t e n t  e n r ic h m e n ts  o f  o rg a n ic  m a t te r ,  n u t r i e n t s  and hydrocarbons , 

but o f t e n  a d ep re s se d  a c t i v i t y  of phenan th rene  d eg rad in g  b a c t e r i a .  T h is  

o b s e r v a t io n  was p a r t i c u l a r l y  t r u e  i n  p o l lu te d  m arina  en v iro n m en ts  and 

may have been due to  th e  a c c u m u la t io n  of t o x i c  o rg a n o t in  compounds or 

h y d rocarbons  i n  th e  m ic ro la y e r s .
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CHAPTER ONE

MINERALIZATION OF PHENANTHRENE BY A MYCOBACTERIUM SPECIES

ABSTRACT

A Mycobacterium sp., d e s ig n a te d  s t r a i n  BG1, a b le  to  u t i l i z e  the  

p o ly c y c l i c  a ro m a t ic  hydrocarbon, phenan th rene , a s  s o le  carbon  and 

energy  so u rce  was i s o l a t e d  from e s t u a r i n e  se d im e n t  f o l l o w i n g  e n r ic h m en t  

w i th  the  hydrocarbon. U nlike o th e r  phenan th rene  d eg rad e r3 ,  t h i s  

organism  degraded  p h en an th ren e  v i a  1 - h y d ro x y -2 -n a p h th o ic  a c i d  w i th o u t  

a c c u m u la t in g  t h i s  o r  o th e r  a ro m a t ic  i n t e r m e d i a t e s  a s  shown u s in g  HPLC. 

D egrada tion  proceeded  v i a  meta c leav ag e  of p r o to c a te c h u ic  a c id .

A d d it io n  o f  py ruva te ,  a p roduct o f  m eta c leav ag e ,  su p p o r te d  r a p id  

m i n e r a l i z a t i o n  of p henan th rene  i n  b ro th  c u l t u r e ;  s u c c in a te ,  a p ro d u c t  

o f  o r th o  c leavage ,  su p p o r ted  grow th  but co m p le te ly  r e p r e s s e d  th e  

u t i l i z a t i o n  of phenan th rene .  D i f f e r e n t  n o n - io n ic  s u r f a c t a n t s  (Tweens) 

s o l u b i l i z e d  th e  phenan th rene  to  d i f f e r e n t  d eg ree s  and enhanced 

phenan th rene  u t i l i z a t i o n .  The o rd e r  of enhancement, however, d id  not 

c o r r e l a t e  w i th  in c r e a s e d  s o l u b i l i t y  s u g g e s t in g  p h y s io lo g i c a l  a s  w e l l  as  

phys ico ch em ica l  e f f e c t s  of the s u r f a c t a n t s .  P la sm id s  o f  a p p ro x im a te ly  

20.6, 57.5 and 76.7 m egadaltons  w ere  d e t e c te d  i n  c e l l s  grown w i th  

phenan th rene  but no t  i n  th o se  which, a f t e r  grow th on n u t r i e n t  media, 

had l o s t  th e  p h e n a n th re n e -d e g ra d in g  phenotype. The invo lvem en t of 

p la sm id s ,  the p o s s e s s io n  of a hydrophobic  c e l l  w a l l  o r  

th e  c o lo n iz a t io n  o f  p a r t i c u l a t e  phenan th rene  by m in e r a l i z in g  c u l t u r e s  

may have g iven  r i s e  to  the unusual d e g ra d a t io n  p a t t e r n  observed .
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IHTRODOCTION

A v a r i e t y  o f  b a c t e r i a  be long ing  to  the g en e ra  Pseudomonas (Rogoff 

and Wender, 1957; Evans e t  a l ,  1965), Aeromonas (K iyohara  e t  a l ,  1976; 

Kiyohara and Nagao, 1978), A lc a l ia e n e s  (K iyohara e t  a l ,  1982), 

M icrococcus (Ghosh and M ishra, 1983), B e i . ie r in c k ia  (K iyohara  e t  a l ,  

1983; J e r i n a  e t  a l ,  1976), Nocardia (Peczynska-Czoch and M ordarsk i,  

1984), V ib r io  (West e t  a l ,  1984) and F lav o b a c te r iu m  (C o l l a  e t  a l ,  1959 

c i t e d  i n  C e r n ig l i a ,  1984) have been shown to  degrade p o ly c y c l i c  

a r o m a t i c  h y d rocarbons  (PAH). Most s tu d i e s  o f  b a c t e r i a l  PAH d e g r a d a t io n  

have been aimed a t  e l u c i d a t i n g  b io ch em ica l  pathw ays and r e a c t i o n  

mechanisms. In  p a r t ,  t h i s  h as  been ach iev ed  by i s o l a t i n g  and 

i d e n t i f y i n g  m e ta b o l i c  i n t e r m e d i a t e s  and d e te rm in in g  t h e i r  s p e c i f i c  

s t e r e o c h e m i s t r i e s .  Many of th e  d e g ra d a t iv e  s te p s  f o r  PAH, however, have 

been i n f e r r e d  from s im u l ta n e o u s  a d a p t a t i o n  or s e q u e n t i a l  in d u c t io n  

e x p e r im e n ts  and from enzyme a c t i v i t y  a s s a y s  (Evans e t  a l ,  1965;

Kiyohara e t  a l ,1976 ) .  T h is  i s  because  m ost w i ld - ty p e  PAH d e g ra d e rs  do 

no t  accu m u la te  m e ta b o l i c  i n t e r m e d i a t e s  o th e r  than  th e  o-hydroxy, 

carboxy d e r i v a t i v e s  form ed upon c leavage  of an  end r in g  (K iyohara e t  

a l ,  1976; 1982; K iyohara  and Nagao, 1978; Rogoff and Wender, 1957; 

Wodzinski and Johnson, 1968; Evans e t  a l ,  1965; Ghosh and M ishra , 1983; 

Dean-Raymond and B ar th a ,  1975; G uerin  and Jones ,  subm.). Thus, f o r  

p h enan th rene ,  1 -h y d ro x y -2 -n ap h th o ic  a c id  (1H2NA) a c c u m u la t io n  i s  

commonly observed  d u r in g  d e g r a d a t io n  by p u re  and mixed m ic r o b ia l  

c u l tu r e s .  In  r e c e n t  pure  c u l tu r e  s tu d i e s ,  1H2NA has  been shown to  be 

degraded  to  p ro to c a te c h u a te  (K iyohara e t  a l ,  1976; B a rn s ley ,  1983;
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Ghosh and M ishra, 1983) r a t h e r  than c a te c h o l  (Evans e t  a l ,  1965) b e fo re  

e n t e r i n g  the  (^>-ketoadipate  pathway or u ndergo ing  meta c leavage . While 

th e  b io c h e m is t ry  of phenanthrene  d e g ra d a t io n  h as  been w e l l  e s t a b l i s h e d ,  

the phys io logy  has  not. L i t t l e  i s  known ab o u t the n a tu re ,  e x t e n t  o r  

r e g u l a t i o n  o f  m e ta b o l i t e s  produced d u r in g  b a c t e r i a l  g row th  on 

phenanthrene o r  how grow th c o n d i t io n s  a f f e c t  the p ro cess .  Such 

knowledge would be of i n d u s t r i a l ,  en v iro n m e n ta l  and s c i e n t i f i c  

i n t e r e s t .

Here we d e s c r ib e  a M ycobacterium sp., s t r a i n  BG1, a b le  to  use 

phenan th rene  a s  s o le  ca rbon  and energy  source . This  o rgan ism , i s o l a t e d  

from e s tu a r i n e  sed im en ts ,  was a t y p i c a l  of p h enan th rene  d e g ra d e rs  i n  

t h a t  i t  m in e r a l i z e d  the  hydrocarbon  w i th o u t  a c c u m u la t in g  s i g n i f i c a n t  

q u a n t i t i e s  o f  1H2NA or o th e r  a ro m a t ic  in t e r m e d i a t e s .  D eg rad a t io n  did , 

however, p roceed  v ia  1K2NA and p r o to c a te c h u a te  a s  proposed by K iyohara 

e t  a l .(1976).  We examined th e  in f l u e n c e s  o f  a l t e r n a t e  carbon so u rces  

and v a r io u s  n o n - io n ic  (Tween) s u r f a c t a n t s  on phenan th rene  d e g ra d a t io n  

and m e ta b o l i t e  p ro d u c t io n  by t h i s  o rganism . Evidence i s  p r e s e n te d  

i n d i c a t i n g  th a t  phenan th rene  d e g ra d a t io n  by s t r a i n  BG1 was p la sm id -  

m ed ia ted  s in c e  l o s s  o f  th e se  e le m e n ts  i n  n u t r i e n t - g r o w n  c u l t u r e s  

accom panied l o s s  of the phenan th rene  d eg rad in g  phenoptype.
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MATERIALS AND METHODS

I s o l a t i o n

S t r a i n  BG1 was i s o l a t e d  from  an en r ic h m en t c u l t u r e  u s in g  sed im en t 

from th e  G re a t  Bay E s tu a ry ,  NH, a s  inoculum . This e n r ic h m e n t  c o n ta in ed  

0.1? ( v o l /v o l )  o f  an A lg e r ia n  crude o i l  r i c h  i n  a ro m a t ic s  and 0.01$ 

phenan th rene  (Sigma). BG1 was p u r i f i e d  by a l t e r n a t e l y  s t r e a k i n g  the 

sam ple  on phenan th rene  a g a r  p l a t e s  (0 .0 1 $ phenan th rene  in t ro d u c e d  a s  a 

s o l u t i o n  i n  a c e to n e )  and g row ing  i s o l a t e d  c o lo n ie s  i n  

Phenan threne/T w een  80 (P/T80) b ro th  (G uerin  and Jo n es ,  subm.). S t r a i n  

BG1 has been m a in ta in e d  i n  c u l t u r e  on phenan th rene  s in c e  i t s  i s o l a t i o n  

i n  1 9 8 0 .

I d e n t i f i c a t i o n  .and C h a r a c t e r i z a t i o n

S t r a i n  BG1 i s  a  n o n -m o t i le ,  n o n - s p o ru la t in g ,  ro d -sh ap ed ,  

p leom orph ic  bac te r ium  w hich undergoes a rod  to  coccus c e l l  c y c le  i n  

a g in g  b ro th  c u l tu r e s .  On blood a g a r  p l a t e s ,  i t  fo rm s  high-domed 

c o lo n ie s  w i th  smooth edges. I t  i s  orange pigm ented. BG1 s t a i n s  poorly  

by Gram's method e x c e p t  th a t  d a rk ly  s t a i n i n g  g ra n u le s  a re  seen  w i t h i n  

th e  c e l l a  The organism  i s  a c i d - f a s t .

On th e  b a s i s  o f  th e  above c h a r a c te r s ,  s t r a i n  BG1 was presumed to  

be a  Mycobacterium s p e c ie s .  To confirm  t h i s  i d e n t i f i c a t i o n ,  the c e l l  

w a l l  l i p i d s  w ere  an a ly zed  by t h i n  l a y e r  chrom atography o f  w hole c e l l  

m e th a n o ly sa te s  u s in g  the  p rocedure  o u t l in e d  by M inniken e t  al.(1975). 

L ip id s  w ere  e x t r a c t e d  from BG1 and from s e v e r a l  r e f e r e n c e  s t r a i n s  

i n c lu d in g  members of the g en e ra  C orynebac te r ium . N ocard ia . Rhodococcus. 

A r th ro b a c te r  and M ycobacterium , a f t e r  grow th i n  t r y p t i c a s e  soy b ro th
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supp lem en ted  w i th  0.01? a s p a ra g in e .  The on ly  e x c e p t io n  was U.. 

i n t r a c e l l u l a r e  which was h a rv e s te d  from  L o w e n s te in -Je n se n  s l a n t s .

L ip id s  w ere v i s u a l i z e d  on TLC p l a t e s  (20 x 20 x 0.025 cm) by s p r a y in g  

w i th  a s o lu t i o n  o f  K2 Cr2 Oj (0.05? i n  3.4N H2 SO4 ) and c h a r r in g  (150°C 

f o r  1 h).

Phase c o n t r a s t  p h o to m ic ro g rap h s  o f  l i v i n g  c e l l s  w ere  ta k e n  on a 

Z e i s s  s ta n d a rd  r e s e a r c h  m ic roscope  equipped  w i th  a 35mm camera and 

e l e c t r o n i c  f l a s h  a t ta c h m e n t .

I s o l a t i o n  o f  p la sm id  DNA i n  s t r a i n  BG1 was perfo rm ed  a c c o rd in g  to  

th e  method o f  Guerry e t  a l .  (1973). P r io r  t o  l y s i s  w i th  lysozyme/SDS, 

c e l l  w a l l s  w ere  weakened by re p e a te d  f r e e z i n g  and thaw ing. P lasm id s  

were s e p a ra te d  by v e r t i c a l  g e l  e l e c t r o p h o r e s i s  i n  0.7? a g a ro se .  P lasm id  

m o le c u la r  w e ig h ts  w ere  c a l c u l a t e d  from t h e i r  r e l a t i v e  m o b i l i t i e s  and 

the  s lope  of the  r e g r e s s i o n  e q u a t io n  f o r  lo g  ( r e l a t i v e  m o b i l i t y )  vs. 

l o g  (m o le c u la r  w e ig h t)  f o r  a s e r i e s  o f  p la sm id  s ta n d a rd s .  P lasm id  

s ta n d a rd s  w ere  i s o l a t e d  from  c o l i  s t r a i n s  PRC 104 (62 Md p la sm id  

R1), PRC 116 (34 Md p la sm id  RP4), PRC 119 (25 Md p la sm id  S -a )  and PRC 

304 (5.5 Md p la sm id  RSF1030).

C h a r a c t e r i s t i c s  j j f  Growth £ f  J £ 1  s n  £hfinanfclir.gns

Growth and m e ta b o l i c  a c t i v i t y  of s t r a i n  BG1 i n  P/T80 b ro th  w ere  

fo l lo w e d  u s in g  methods d e s c r ib e d  p re v io u s ly  (G uerin  and Jo n es ,  subm.). 

These in c lu d e d  s o lv e n t  e x t r a c t i o n  o f  c u l t u r e  f l u i d s  to  d e te rm in e  

phenan th rene  c o n c e n t r a t io n s ,  m easurem ents  o f  p r o t e i n  (Lowry e t  a l ,

1 9 5 1 ) a s  an e s t i m a t e  o f  b iom ass, and a n a l y s i s  o f  m e ta b o l i c  

i n t e r m e d i a t e s  i n  c u l t u r e  s u p e rn a ta n t  f l u i d s  by a  m o d i f i c a t io n  o f  the  

F o l in - C io c a l te a u  (F-C) r e a c t i o n  f o r  p o ly p h en o ls .  A rom atic  a c i d s ,
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a ld eh y d es  and am ines a l s o  reduce  the  F-C r e a g e n t  a s  do some non- 

a ro m a t ic  and in o r g a n ic  compounds (Box, 1983; S in g le to n ,  1974). Because 

each compound e x h i b i t s  a  d i f f e r e n t  m olar  a b s o r p t i v i t y ,  the F-C r e a c t i o n  

p ro v id e s  a s e m i - q u a n t i t a t i v e  e s t i m a t e  o f  m e ta b o l i t e  c o n c e n t r a t i o n s  

where many of th e se  a re  p re s e n t .

S o lu b le  i n t e r m e d i a t e s  i n  c u l tu r e  s u p e rn a ta n t  f l u i d s  w ere  a l s o  

an a ly zed  by h igh  perfo rm ance  l i q u i d  ch rom atography  (HPLC) u s in g  the  

d i r e c t  i n j e c t i o n  p ro ced u re  p re v io u s ly  d e s c r ib e d  (G uerin  and Jones ,  

subm.). Sample peak r e t e n t i o n  t im e s  w ere compared to  th o se  of a u t h e n t i c  

compounds known o r  s u sp e c te d  to  be i n t e r m e d i a t e s  i n  phenan th rene  

d e g ra d a t io n .  A s o lu t i o n  c o n ta in in g  (mg L“ 1 d i s t i l l e d  w a te r )  

p h e n a n t h r e n e  (0 .2 ) ,  1H2NA ( 0 .8 ) ,  o - c a r  boxy be nz a ldehyde  (9.0), p h t h a l i c  

a c id  ( 1 0 . 1), and p ro to c a te c h u ic  a c id  (3 .0 ) c o n ta in e d  a l l  the  a ro m a t ic  

in t e r m e d i a t e s  o f  the  phenan th rene  d e g ra d a t io n  scheme proposed  by 

K iyohara e t  a l .  (1976) t h a t  w ere co m m erc ia l ly  a v a i l a b l e .  A second 

s ta n d a r d  s o l u t i o n  c o n ta in in g  th e  a v a i l a b l e  i n t e r m e d i a t e s  o f  the  pathway 

proposed by Evans e t  a l .  (1965) was composed o f  (mg L” 1 d i s t i l l e d  

w a t e r )  p h e n a n t h r e n e  ( 0 .5 ) ,  1H2NA (0.8), 1,2 -d ih y d ro x y n a p h th a le n e  

( c o n c e n t r a t io n  unde te rm ined) ,  s a l i c y la ld e h y d e  ( c o n c e n t r a t i o n  

u n d e te rm in e d ) ,  s a l i c y l i c  a c id  (10.4) and c a te c h o l  (12.8). S e v e ra l  o th e r  

known or s u sp e c te d  i n t e r m e d i a t e s  were no t a v a i l a b l e  com m erc ia l ly .  Non- 

a r o m a t ic  d e g ra d a t io n  p ro d u c ts  o f  p h enan th rene  gave low UV re s p o n s e s  and 

e lu te d  w ith ,  or s h o r t l y  a f t e r ,  th e  i n j e c t i o n  peak. F ig u re  4 i l l u s t r a t e s  

th e  s e p a r a t io n  o f  phenan th rene  m e t a b o l i t e s  a t t a i n a b l e  w i th  the  HPLC 

p rocedu re  employed. V a r i a b i l i t y  i n  sample peak and s ta n d a rd  r e t e n t i o n  

t im e s  was n e g l i g i b l e  i n  r e p l i c a t e  a n a ly se s .  Over th e  l i f e  of the  HPLC 

column ( s e v e ra l  hundred a n a ly s e s ) ,  however, column r e s o l u t i o n  and
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FIGURE 4. HPLC chrom atogram s o f  phenan th rene  d e g ra d a t io n
i n t e r m e d i a t e s  produced a c c o rd in g  to  the pathw ays proposed  by 
Evans e t  a l .  (1965, d o t t e d  l i n e )  and K iyohara e t  a l .  (1976, s o l i d  
l i n e ) .  Chromatogram peak d e s ig n a t io n s  a s  f o l l o w s :  PHEN, 
ph en an th ren e ;  1H2NA, 1 - h y d ro x y -2 -n a p h th o ic  a c i d ;  1,2-DHN, 1 ,2 -  
d ih y d ro x y n a h th a le n e ;  SA, s a l i c y l i c  a c id ;  SCA, s a i l c y l a l d e h y d e ;  o- 
CBA, o - c a r  boxy be nz a ld e h y d e ; PCA, p r o to c a te c h u ic  a c i d ;  PA, 
p h t h a l i c  a c i d ;  CAT, c a te c h o l .
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s e l e c t i v i t y  s lo w ly  d e t e r i o r a t e d  and s ta n d a rd  r e t e n t i o n  t im e s  d ec re ase d  

10 to  15?. However, t h i s  d e t e r i o r a t i o n  was slow enough th a t  no 

a p p r e c ia b le  change i n  r e t e n t i o n  t im e s  o c c u r re d  over  the  2 0  or 3 0  d 

r e q u i r e d  f o r  each ex p e r im en t .

I n f lu e n c e  o f  A l t e rn a te  Carbon S ources  im  Phenan th rene  D egrada t ion  

The in f lu e n c e  of e a s i l y  a s s i m i l a b l e  carbon so u rc e s  on p h enan th rene  

u t i l i z a t i o n  by BG1 was t e s t e d  by s u p p lem en tin g  p h enan th rene  grow th 

medium (no Tween 80 p r e s e n t )  w i th  sodium a c e t a t e ,  sodium py ruva te ,  

sodium s u c c in a te ,  or g lucose .  C on tro l f l a s k s  c o n ta in in g  only  

phenan th rene  or phenan th rene  p lu s  Tween 80 w ere  a l s o  in o c u la te d .  In  a l l  

f l a s k s  w i th  two carbon s o u rc e s  ( in c lu d in g  Tween), th e  r a t i o  of 

phenan th rene  C: a l t e r n a t e  C was 1:1. Hydrocarbon d e g ra d a t io n  i n  th e s e  

f l a s k s  was fo l lo w e d  by HFLC a n a l y s i s  o f  m e ta b o l i t e s  i n  c u l tu r e  

s u p e r n a ta n t  f l u i d s  and of p henan th rene  i n  CH2 CI2  e x t r a c t s  o f  c u l t u r e  

a l i q u o t s .  The l a t t e r  m easure  proved to  be u n r e l i a b l e  due to  a d s o r p t i o n  

o f  phenan th rene  to  the  w a l l s  o f  f l a s k s  which d id  not c o n ta in  Tween.

None of th e  a l t e r n a t e  carbon  s o u rc e s  used w ere  d e t e c t a b l e  by the  UV 

m o n i to r  o f  th e  in s t ru m e n t .  L ik ew ise ,  no UV-absorbing i n t e r m e d i a t e s  or 

secondary  m e ta b o l i t e s  w ere  d e te c te d  d u r in g  HPLC a n a l y s i s  o f  in o c u la te d  

c o n t r o l s  c o n ta in in g  the  a l t e r n a t e  carbon so u rce  but l a c k in g  

p h enan th rene .

In f lu e n c e  S u r f a c t a n t s  P henan threne  D egrada t ion  

To d e te rm in e  w hether  the s o l u b i l i z i n g  a c t i v i t y  of d i f f e r e n t  Tween 

s u r f a c t a n t s  i n f lu e n c e d  th e  a v a i l a b i l i t y  of phenan th rene , and hence th e  

grow th  r a t e  o f  BG1, m edia were p rep a red  w hich co n ta in ed  100 mg L“  ̂ each 

o f  phenan threne  and e i t h e r  Tween 20, 40, 60, 80 or 85. F la sk s  w ere
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i n o c u la te d  w i th  e a r l y  s t a t i o n a r y  phase c e l l s  o f  P /T80-grow n BG1 to  g iv e  

an  i n i t i a l  p r o t e i n  c o n c e n t r a t i o n  of a p p ro x im a te ly  1 pg  ml- 1  i n  the  

e x p e r im e n ta l  f l a s k s .  Phenanthrene  d isa p p e a ra n c e ,  b iom ass ( p r o te in )  

p ro d u c t io n  and the p ro d u c t io n  of F-C r e a c t i v e  i n t e r m e d i a t e s  w ere 

m o n i to red  i n  th e se  f l a s k s  f o r  29 d. At 25 d, HPLC a n a l y s i s  o f  th e  

s u p e r n a ta n t  f l u i d s  was a l s o  perfo rm ed  to  d e t e r m i n e ' i f  th e re  w ere  

d i f f e r e n c e s  i n  th e  m e t a b o l i t e s  produced.

U sing a p ro ced u re  s i m i l a r  to  th a t  d e s c r ib e d  by May e t  a l .  

(1978) f o r  d e te rm in in g  th e  s o l u b i l i t y  of PAH, th e  s o l u b i l i z i n g  e f f e c t s  

of Tweens on p h en an th ren e  was i n v e s t i g a t e d .  B r i e f l y ,  t h i s  in v o lv e d  

pumping Tween s o l u t i o n s  (0.5 and 1.0 mg L- ’' d i s t i l l e d  w a te r )  th rough  a 

s t a i n l e s s  s t e e l  column packed w i th  p h e n a n th re n e -c o a te d  g l a s s  beads. The 

abso rb an ce  (250 nm) o f  th e  e f f l u e n t  was m easured  a g a i n s t  th e  i n i t i a l  

Tween s o l u t i o n  and compared to  a s i m i l a r l y  p re p a re d  s o l u t i o n  o f  

phenan th rene  i n  d i s t i l l e d  w a te r .  The a p p l i c a t i o n  o f  t h i s  te c h n iq u e  to  

s tu d y in g  the s o l u b i l i z i n g  e f f e c t s  o f  m arine  d i s s o lv e d  o rg a n ic  m a t t e r  on 

PAH has  been p r e s e n te d  r e c e n t l y  (W hitehouse, 1985).

D i s t r i b u t i o n  £ f  R a d i o a c t i v i t y  i n  M e ta b o l i t e s  Af t g r  I n o u ta t io n  

.of JG 1 .C&U9  w i th  [9 - I^ C l  P henan threne

A liq u o ts  (2.5 ml) of the P/T80 c u l t u r e  (25d) used i n  the  above 

ex p e r im en t ,  were t r a n s f e r r e d  to  a c id -w a sh e d  15 ml Corex c e n t r i f u g e  

tu b e s  and s p ik e d  w i t h  3.6 x 1 0 5  dpm [ 9 - ^ C ]  phenan th rene  (19.3 mCi 

mmol- '',  Amersham S e a r le )  i n  2 p i  ace tone .  The tu b e s  w ere capped w i th  

serum s to p p e r s  and in c u b a te d  a t  18°C. A f te r  1.25 h, one tu b e  was 

a c i d i f i e d  and was t ra p p e d  on p h en e th y lam in e -so ak ed  f i l t e r  paper

suspended from the serum s to p p e r  i n  a p l a s t i c  cup. A f te r  18 h, the  

f i l t e r  paper was added t o  a g l a s s  s c i n t i l l a t i o n  v i a l  c o n ta in in g  9 ml
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l i q u i d  s c i n t i l l a t i o n  c o c k t a i l  ( S c in t iv e r s e  E, F is h e r )  and counted  on a 

Beckman LS7000 l i q u i d  s c i n t i l l a t i o n  s p e c t ro m e te r .  A second tu b e  was 

c e n t r i f u g e d  (12,100 x g, 10 min, 4°C) and 250 u l  of th e  s u p e rn a ta n t  

f l u i d  was an a ly zed  by HPLC. T h i r ty  f i v e  1 ml (min) e l u t i o n  f r a c t i o n s  

w ere  c o l l e c t e d  i n  s c i n t i l l a t i o n  v i a l s  c o n ta in in g  9  ml s c i n t i l l a t i o n  

c o c k t a i l  and counted. Counts were co n v er ted  to  dpm by e x t e r n a l  s ta n d a rd  

quench c o r r e c t io n .  A second s e t  of two tu b e s  was h a rv e s te d  a t  4.25 h 

and t r e a t e d  i d e n t i c a l l y .  The ra d io c h e m ic a l  p u r i t y  o f  the  l a b e le d  

phenanthrene  was 98$ a s  d e te rm in e d  by both TLC and HPLC.
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RESULTS

M eth an o ly sa te s  o f  s t r a i n  BG1 y i e ld e d  a  complex TLC s p o t  p a t t e r n  

i n d i c a t i n g  th e  p resen ce  of f o u r  or more lo n g  carbon  c h a in  l i p i d s  (Fig. 

5). Of the  v a r io u s  r e f e r e n c e  s t r a i n s  t e s t e d ,  on ly  m y c o b ac te r ia  gave 

s i m i l a r  m u l t i - s p o t  p a t t e r n s  o f  m y co lic  a c i d  m e thy l e s t e r s  (MAME, 

M inniken e t  a l ,  1975; G oodfellow  e t  a l ,  1976) w i th  ML i n t r a c e l l u l a r e  

most c lo s e ly  re s e m b l in g  s t r a i n  BG1. Low m o lecu la r  w e ig h t  f a t t y  ac id  

m ethyl e s t e r s  (FAME) w ere a l s o  v i s u a l i z e d  on TLC p l a t e s .  On the b a s i s  

of i t s  l i p i d  co m p o s i t io n ,  i t s  f a i l u r e  to  grow a t  37°C and th e  

p ro d u c t io n  o f  dense g row th  i n  t r y p t i c a s e  soy b ro th  i n  48 to  72 h a t  

20°C, s t r a i n  BG1 was c l a s s i f i e d  a s  a  r a p id l y  grow ing, s a p ro p h y t i c  

My-cofracterimn s p e c ie s .

A n a ly s is  o f  p la sm id s  i n  s t r a i n  BG1 r e v e a le d  th e  p resen ce  o f  th r e e  

d i s t i n c t  bands i n  P/T80-grown c e l l  p r e p a r a t io n s  (Fig. 6 ). These had 

m o le c u la r  w e ig h ts  o f  20.6, 57.5 and 76.7 Md. A f te r  grow th  i n  n u t r i e n t  

medium, c e l l s  could  no lo n g e r  degrade p h enan th rene  and showed no 

ev idence  of p la sm id s .

D uring grow th i n  m edia c o n ta in in g  p a r t i c u l a t e  phenan th rene  

su sp e n s io n s ,  s t r a i n  BG1 c o lo n iz e d  the p a r t i c l e s  and p r o l i f e r a t e d  u n t i l  

c l u s t e r s  o f  c e l l s  i n  th e  shape of the  p a r t i c l e s ,  but no hydrocarbon, 

rem ained . F ig u re  7 i s  a phase c o n t r a s t  pho tom icrog raph  showing t h i s  

grow th h a b i t .  The l i g h t  a r e a  i n  th e  c e n te r  of the  pho tograph  i s  th e  

r e f r a c t e d  l i g h t  from a p a r t i a l l y  degraded  p h enan th rene  p a r t i c l e  

e n c a p su la te d  by BG1 c e l l s .
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FIGURE 5. Thin l a y e r  chrom atogram s o f  w hole c e l l  m e th a n o ly sa te s  
show ing th e  m ig r a t io n  p a t t e r n s  o f  m y co lic  a c id  m ethyl e s t e r s  
(MAME) and f a t t y  a c id  m e th y l e s t e r 3  (FAME) f o r  s t r a i n  BG1 and 
v a r io u s  r e f e r e n c e  s t r a i n s .  Lane 1, M ycobacterium rubrum (ATCC 
14346); 2, M. gordonae (TCM 1318, UNH M icrob io logy  Dept, 
c o l l e c t i o n ) ;  3* M. sm egm atis  (TCM 1515, UNH); 4, S t r a i n  BG1; 5, 
J&_ .sc ro fu laceum  (UNH); 6 , M. i n t r a c e l l u l a r e  (ATCC 13950).
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FIGURE 6. V e r t i c a l  g e l  e l e c t r o p h o r e s i s  o f  p la sm id  p r e p a r a t i o n s
from  (a) n u t r i e n t  b ro th -g ro w n  BG1, (b) P/T80-grow n BG1 and (c) 
v a r io u s  o o l i  s ta n d a r d  s t r a i n s .
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FIGURE 7. Phase c o n t r a s t  pho tom icrog raph  of s t r a i n  BG1 d u r in g  lo g  
phase o f  grow th on phenan th rene  showing the c o l o n iz a t i o n  o f  the 
p a r t i c u l a t e  s u b s t r a t e  ( l i g h t  a r e a  i n  c e n te r  o f  pho tograph) by 
c e l l s .
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U nlike  o th e r  phenan th rene  d e g ra d in g  i s o l a t e s ,  s t r a i n  BG1 

m in e ra l i z e d  t h i s  PAH w ith o u t  a c c u m u la t in g  s i g n i f i c a n t  q u a n t i t i e s  o f  

a ro m a t ic  i n t e r m e d i a t e s .  F ig u re  8 shows a t im e co u rse  f o r  p h enan th rene  

d e g ra d a t io n  i n  P/T80 b ro th  w i th  an i n i t i a l  phenan th rene  c o n c e n t r a t i o n  

o f  200 pg  ml“ ^. D isappearance  of th e  hydrocarbon  was accom panied by 

e x p o n e n t ia l  b iom ass ( p r o te in )  p ro d u c t io n  f o l lo w in g  a l a g  p e r io d  o f  

s e v e r a l  days. F-C r e a c t i v e  m e ta b o l i t e s  began to  i n c r e a s e  a t  the o n s e t  

o f  e x p o n e n t ia l  c e l l  grow th , but th e n  l e v e l e d  o f f  a t  a c o n c e n t r a t i o n  o f  

ab o u t 5 pg  ml“ 1 RE. These m e ta b o l i t e s  were s lo w ly  removed from the  

medium over the  l a t t e r  h a l f  of the  i n c u b a t i o a  The p a t t e r n  (Fig. 8) o f  

d e c re a s in g ,  th en  i n c r e a s i n g  phenan th rene  c o n c e n t r a t i o n  was a 

r e p r o d u c ib le  f e a t u r e  i n  P/T80 (o r  o th e r  s u r f a c t a n t )  in c u b a t io n s ,  was 

a l s o  o bserved  when c u l t u r e s  w ere  made a l k a l i n e  p r io r  to  e x t r a c t i o n ,  and

a lw ay s  o c c u r re d  a t  the  o n s e t  of r a p id  p h enan th rene  u t i l i z a t i o n .  I t  was

presum ably  a  m a n i f e s t a t i o n  o f  s o r p t i o n - d e s o r p t i o n  i n t e r a c t i o n s  between 

th e  inoculum  and th e  s u b s t r a t e .

Concurren t HPLC a n a l y s i s  o f  BG1 c u l t u r e  s u p e rn a ta n t  f l u i d s  

confirm ed  th a t  on ly  low c o n c e n t r a t i o n s  of a ro m a t ic  i n t e r m e d i a t e s  w ere  

form ed d u r in g  m i n e r a l i z a t i o n  o f  phenan th rene . F ig u re  9 shows th e  HPLC 

s p e c t r a  of an u n in o c u la te d  c o n t ro l  and o f  BG1 c u l tu r e  s u p e r n a ta n t s  a t  d

4 ,  5 ,  7 ,  9* 11, and 16. The g e n e r a l  p a t t e r n  o b s e r v e d  i s  t h a t  o f  a

p ro g re s s iv e  t r a n s f o r m a t io n  of phenan th rene  ( r t  = 25.6 min) t o  more 

p o la r  p ro d u c ts  over the  course  of the  i n c u b a t i o a  C on tro l c u l t u r e s  i n  

which Tween 80 was the s o le  carbon souroe gave f e a t u r e l e s s

chrom atogram s over the  course  of th e  experim en t .

At the o n se t  of phenan th rene  d e g ra d a t io n  (d 4), an  e a r l y

m e ta b o l i t e  (peak I )  e l u t i n g  a t  24 min and c o r re s p o n d in g  e x a c t ly  to  th e

43



FIGURE 8. Time cou rse  f o r  phenanthrene  d e g ra d a t io n  by s t r a i n  BG1.
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FIGURE 9> HPLC chrom atogram s o f  c u l t u r e  s u p e r n a ta n t s  o f  s t r a i n  BG1 
grown i n  P/T80 b ro th  d u r in g  th e  in c u b a t io n  d e p ic te d  i n  Fig. 8. 
C h ro m a to g ra m s  a t  4 ,  5 ,  7» 9 ,  11* 14 and  16 d an d  f o r  an  
u n in o c u la te d  c o n t r o l  a r e  shown. R e te n t io n  tim e s c a l e  i n  min. Peak 
d e s ig n a t io n s  f o r  r e f e r e n c e  to  t e x t .
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r e t e n t i o n  tim e o f  1H2NA was produced (F ig . 9). A peak of t h i s  s i z e  

co rresponded  to  a 1H2NA c o n c e n t r a t i o n  o f  a p p ro x im a te ly  1 pg ml~1 (Fig. 

4). By d 5, peak I  had d im in is h e d  and two more p o la r  p ro d u c ts  (peaks I I  

and I I I )  had appeared . A group o f  sm a l l  peaks (IV) e l u t i n g  betw een 13 

and 16 min appeared  on d 7 and became a perm anent, y e t  v a r i a b l e  f e a t u r e  

o f  the  chromatograms. These peaks, on d 9 and 11 co rresp o n d ed  i n  

r e t e n t i o n  t im es  to  those  of p r o to c a te c h u a te ,  p h th a l a t e  and o- 

ca r  boxy be nz aldehyde. Peaks I I  and I I I  in c r e a s e d  i n  m agnitude th rough  d 

9 a t  which tim e no p h en an th ren e  was d e t e c t a b l e  i n  the s u p e rn a ta n t .  On d 

11, peak I I  d e c re a se d  w h i l e  peak V ( r t  = 20 min) in c r e a s e d  s l i g h t l y  in  

magnitude. By d 14, peak V had r e p la c e d  peak I I  and peak I I I  was no 

lo n g e r  d e te c te d .  S o lu b le  phenan th rene  (about 1 pg  m l--' )  and two non- 

a ro m a t ic  components of h igh  p o l a r i t y  (peaks  VI and VII) were p r e s e n t  on 

d 14. At th e  end o f  the  in c u b a t io n ,  peak a r e a s  w ere reduced  and, w ith  

the  e x c e p t io n  o f  the  i n j e c t i o n  peak ( i ) ,  chromatogram co m p lex ity  

decreased . Maximum chromatogram c o m p lex i ty  on d 9 and 11 (F i&  9) 

co in c id ed  w i th  maximum F-C r e a c t i v e  i n t e r m e d i a t e  c o n c e n t r a t io n s  (Fig. 

8 ) .

None of th e  a u t h e n t i c  compounds t e s t e d  had r e t e n t i o n  t im e s  

co rre sp o n d in g  to  those  of peaks I I  o r  V. T heir  r e t e n t i o n  t im es ,  

however, were c h a r a c t e r i s t i c  o f  d i c y c l i c  o r  a l k y l - s u b s t i t u t e d  

m onocyclic  compounds. Peaks I I I ,  VI and V II had r e t e n t i o n  t im e s  o f  l e s s  

than  10 min s i m i l a r  to  those  o bserved  f o r  n o n -a ro m a t ic  compounds. Non- 

a ro m a t ic  p ro d u c ts  of r i n g  c leav ag e  r e a c t i o n s  in c lu d e  compounds such a s  

^ -k e to a d i p a t e ,  muconic se im a ld eh y d es ,  muconate, p y ru v a te  and s u c c in a te .  

With the e x c e p t io n  of muconate, th e se  e x h i b i t  low UV a b s o r p t i o a  At the  

high c o n c e n t r a t io n s  needed to  e l i c i t  a re sp o n se  i n  th e  UV d e t e c to r ,  the
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colum n's  c a p a c i ty  f a c t o r  i s  exceeded  r e s u l t i n g  i n  broad  peaks f o r  th e se  

compounds. As a  r e s u l t ,  peaks I I I ,  VI and VII could  not be i d e n t i f i e d .  

At no t im e  d u r in g  th e  in c u b a t io n  w ere peaks c o r re sp o n d in g  i n  r e t e n t i o n  

t im e s  to  th o se  o f  1,2 -d ih y d ro x y n a p h th a le n e ,  s a l i c y la ld e b y d e ,  s a l i c y l i c  

a c id  o r  c a te c h o l  d e te c te d .

The same spectrum  of m e ta b o l i t e s  was produced when BG1 was grown 

on phenan th rene  a lone  or on phenan th rene  to g e th e r  w i th  an  a l t e r n a t e ,  

more e a s i l y  a s s i m i l a b l e  carbon source . Of th e se ,  a c e t a t e ,  p y ru v a te  and 

g lu c o se  in c r e a s e d  the  m i n e r a l i z a t i o n  r a t e  o f  phenan th rene  such th a t  

m i n e r a l i z a t i o n  was e s s e n t i a l l y  com ple te  14 d a f t e r  i n o c u la t i o n .  In  a l l  

in c u b a t io n s ,  the  m a jo r  m e ta b o l i t e  o bserved  i n  HPLC s p e c t r a  was a 20 min 

peak c o r re sp o n d in g  to  peak V i n  Fig. 9. In  c o n t r a s t  to  th e  above 

compounds, s u p p le m e n ta t io n  w i th  s u c c in a te  su p p o r ted  grow th o f  BG1 but 

co m p le te ly  r e p re s s e d  p h en an th ren e  u t i l i z a t i o n .  No ev id en ce  of 

phenan th rene  d e g ra d a t io n  was a p p a re n t  even 64 d a f t e r  i n o c u l a t i o n  of 

th e  phenan threne  p lu s  s u c c in a te  f l a s k .

Tween 80 s l i g h t l y  in c re a s e d  th e  r a t e  of phenan th rene  d e g ra d a t io n .  

However, th e  l e v e l  o f  m e ta b o l i t e  a c c u m u la t io n  i n  the  Tween 80 f l a s k  was 

h ig h ly  e x a g g e ra te d  compared to  t h a t  of th e  c o n t ro l  f l a s k  o r  those  

supp lem ented  w i th  a c e t a t e ,  g lu co se  or p y ruva te .  M e ta b o l i t e  

c o n c e n t r a t io n s  w ere  a l s o  much h ig h e r  i n  t h i s  P/T80 b ro th  (P-C:T80-C o f  

1:1, phenan threne  c o n c e n t r a t i o n  250 mg L- ^) than  i n  the P/T80 medium 

r e p r e s e n te d  i n  F igs. 8 and 9 (P-C:T80-C o f  4 :1 ,  phenan th rene  

c o n c e n t r a t i o n  200 mg L“ 1). The m e ta b o l i t e s  produced i n  P/T80 media 

d i f f e r e d  q u a n t i t a t i v e l y ,  though not q u a l i t a t i v e l y  from those  of 

c u l t u r e s  no t  r e c e i v i n g  Tween.

While Tween 80 was in c o rp o r a te d  i n t o  th e  ©-owth medium f o r  th e
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p r im a ry  purpose o f  p r e v e n t in g  l o s s e s  o f  phenan th rene  due to  a d s o r p t io n  

and v o l a t i l i z a t i o n ,  l a t e r  work showed t h a t  t h i s  Tween was no t the  most 

conducive  to  p h enan th rene  u t i l i z a t i o n .  F ig u re  10 shows t im e  c o u rse s  f o r  

phenan th rene  d e g ra d a t io n  and p r o t e i n  and F-C r e a c t i v e  i n t e r m e d i a t e  

p ro d u c t io n  by BG1 i n  f l a s k s  c o n ta in in g  d i f f e r e n t  Tween s u r f a c t a n t s .  The 

r a t i o  of phenanthrene-C:Tw een-C  was a p p ro x im a te ly  2:1 i n  a l l  f l a s k s ,  

w i th  i n i t i a l  phenan th ren e  c o n c e n t r a t i o n s  o f  about 100 mg L” ’' .  As seen  

i n  Fig. 10, th e  l a g  t im e p re c e e d in g  r a p id  phenan th rene  u t i l i z a t i o n  

v a r i e d  s i g n i f i c a n t l y  a c c o rd in g  to  th e  Tween used i n  th e  medium. In  

g e n e ra l ,  th e  more l i p o p h i l i c  s u r f a c t a n t s  su p p o r te d  more r a p id  

p h enan th rene  d e g ra d a t io n .  However, Table 4 shows t h a t  once i n i t i a t e d ,  

the  r a t e  of phenan th ren e  u t i l i z a t i o n  was s i m i l a r  i n  a l l  f l a s k s  e x c e p t  

t h a t  c o n ta in in g  Tween 60. T h is  Tween s u p p o r te d  th e  h ig h e s t  phenan th rene  

u t i l i z a t i o n  r a t e ,  p r o t e i n  p ro d u c t io n  r a t e  and p r o t e i n  y i e l d  from 

p henan th rene  by BG1. BG1 d id  no t grow a t  th e  expense of any of th e  

Tweens when p r e s e n t  a s  the  s o le  carbon so u rce ;  however, Tween 60 and 

Tween 40 were r e a d i l y  hydro lyzed  a s  d e te rm in e d  u s in g  th e  method o f  

S l i j k h u i s  e t  a l .  (1984). All of the  Tweens enhanced the s o l u b i l i t y  o f  

phenan th rene . Phenan threne c o n c e n t r a t i o n s  i n  Tween s o l u t i o n s  w ere  from 

4 (Tw een 20 a t  0 .5  mg L” '') t o  2b% (Tw een 85 a t  1 mg L"1) h i g h e r  t h a n  

d i s t i l l e d  w a te r  c o n c e n t r a t i o n s  w i th  the  low H y d ro p h i le -L ip o p h i le  

B alance (HLB) number s u r f a c t a n t s  b e ing  more e f f e c t i v e .  F ig u re  10 shows 

t h a t  w i th  i n c r e a s i n g  r a t e  of phenan th rene  d e g ra d a t io n ,  more o f  the  

s u b s t r a t e  was in c o r p o r a t e d  i n t o  b iom ass ( p r o te in )  a t  the  expense  o f  

m e ta b o l i t e  p ro d u c t io n .  HPLC a n a l y s i s  o f  c u l t u r e  s u p e rn a ta n t  f l u i d s  a t  

25 d showed th a t ,  a g a in ,  the same spec trum  of m e ta b o l i t e s  were produced 

i n  a l l  f l a s k s .
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FIGURE 10. Time c o u rs e s  f o r  phenan th rene  d e g ra d a t io n  by s t r a i n  
BG1 i n  m edia c o n ta in in g  e i t h e r  Tween 20, 40, 60, 80 o r  85. 
Phenan threne  d isa p p e a ra n c e ,  p ro d u c t io n  o f  p r o t e i n  and p ro d u c t io n  
o f  m e t a b o l i t e s  a re  show a
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TABLE 4 .  Growth c h a r a c t e r i s t i c s  o f  Mycobacterium s t r a i n  BG1 on phenan threne 
w ith  d i f f e r e n t  Tween s u r f a c t a n t s  employed i n  th e  medium.

Tween HLB Number3 Alkyl Side Chain

Phenanthrene
U t i l i z a t i o n
Rate

P r o te in
P ro d u c tio n
Rate^ Y ie ld 0

20 17 (most h y d ro p h i l ic ) m onolaura te  (C^2^24°2^ 0 .3 8 0.117 n. d.

40 16 m onopalm itate  ( ^ i g H ^ ^ 0.37 0.130 0.21

60 15 m o nos teara te  (C^gH^gOg) 0.46 0.271 0 .28

80 14 m onooleate (C-igH gi^) 0 .38 0.080 0.23

85 10 (most l i p o p h i l i c ) t r i o l e a t e  (C^H^ijOgJg 0 .3 8 0.109 0 .25

a H y d ro p h ile -L ip o p h ile  Balance Numbers, 
k fig ml-1 h-1 c a l c u l a t e d  from l i n e a r  p o r t i o n s  o f  cu rves .  
C (f>g p ro te in )  (pg p h en an th ren e )- 1 . 
n .d .  no t de term ined .



S h o rt  term in c u b a t io n s  o f  P/T80 c u l t u r e  a l i q u o t s  (25 d, Fig. 10) 

w i th  [ 9 - ^ C ]  p henan th rene  confirm ed  t h a t  on ly  low l e v e l s  o f  m e ta b o l i t e s  

w ere accum ula ted  by s t r a i n  BG1 and t h a t  HPLC peaks r e p r e s e n te d  

phenan th rene  d e g ra d a t io n  p ro d u c ts  and not secondary  m e t a b o l i t e s  or 

exuded U V-absorbing m a t e r i a l s .  F ig u re  11 shows th e  d i s t r i b u t i o n  of 

r a d i o a c t i v i t y  i n  HPLC e l u t i o n  f r a c t i o n s  of the s u p e r n a ta n t  1.25 h a f t e r  

a d d i t i o n  o f  l a b e le d  phenan th rene  to  a P/T80 c u l t u r e  a l i q u o t .  The 4.25 h 

sample gave an i d e n t i c a l  chromatogram and a  s i m i l a r  r a d i o a c t i v i t y  

e l u t i o n  p a t t e r n .  Almost none of the  added a c t i v i t y  was d e t e c te d  a s  

phenan th rene  ( r t  = 28.7 min) but some was p r e s e n t  i n  peaks 

c o r re sp o n d in g  to  e a r l y  m e ta b o l i t e s .  Table 5 shows th e  f r a c t i o n a l  

d i s t r i b u t i o n  of r a d i o a c t i v i t y  i n  r e s p i r e d ,  i n t e r m e d i a t e  and bound fo rm s  

f o r  the  1.25 and 4.25 h sam ples. Samples f o r  HPLC w ere  not a c i d i f i e d  

p r i o r  to  a n a l y s i s .  T h e re fo re ,  the  e l u t i o n  p a t t e r n  o f  NaH^co^ i n 75? 

a r t i f i c i a l  s e a w a te r  was d e te rm in e d  and co rresp o n d ed  e x a c t ly  to  t h a t  of 

th e  l a r g e  p o la r  peak e l u t i n g  betw een 3 and 14 min i n  the sam ple 

chromatogram a  However, s in c e  p y ru v a te  and o th e r  h ig h ly  p o la r  p ro d u c ts  

of phenan th rene  d e g ra d a t io n  showed s i m i l a r  r e t e n t i o n  t im es ,  d a t a  f o r  

HPLC f r a c t i o n s  1 t o  14, 15 t o  35 and t o t a l  (1 to  35) a r e  g i v e n  i n  T a b le  

5. The d e c re a se  i n  the  t o t a l  HPLC a c t i v i t y  from  1.25 to  4.25 h was 

accoun ted  f o r  by the  i n c r e a s e  i n  a c t i v i t y  d e t e c te d  a s  I^CC^ i n  indepen  

den t a n a ly se s  betw een 1.25 and 4.25 h. The c a l c u l a t e d  p e rc e n ta g e  of 

added I^C p r e s e n t  i n  bound form was c o n s ta n t  a t  about 44? i n  both 

sam ples. R e g a rd le s s  o f  w h e th e r  f r a c t i o n s  1 t o  14 r e p r e s e n te d  ^ c O g  o r  

n o n -a ro m a t ic  m e ta b o l i t e s ,  only  7 t o  8? o f  the  t o t a l  r a d i o a c t i v i t y  was 

p r e s e n t  a s  a ro m a t ic  i n t e r m e d i a t e s  a f t e r  s h o r t  term  in c u b a t io n s .  Most of 

t h i s  a c t i v i t y  was p r e s e n t  i n  e a r l y  e l u t i n g  peaks, p a r t i c u l a r l y ,
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FIGURE 11. HPLC chromatogram of 250 /j1 o f  s u p e r n a ta n t  from a 
s t a t i o n a r y  phase P/T80 b ro th  c u l t u r e  o f  s t r a i n  BG1 and 
d i s t r i b u t i o n  o f  i n  1 ml e l u t i o n  f r a c t i o n s  1.25 h a f t e r  
a d d i t i o n  o f  [ 9 - ^ C ]  p h enan th rene  (3.6 x 10^ dpm p e r  2.5 ml). 
Large peak e l u t i n g  a t  9 min. i s  a c e to n e  used a s  c a r r i e r  i n  1^0- 
phenan th rene  a d d i t i o n .  Mobile phase: 100$ 1^0 f o r  3 min, 0-100$ 
m ethanol ( l i n e a r )  o v e r  20 min, h e ld  a t  100$ methanol.
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TABLE 5 . D i s t r i b u t i o n  o f  r a d i o a c t i v i t y  i n  r e s p i r e d ,  in t e rm e d ia te  and bound form i n  
s h o r t - te r m  l a b e l i n g  e x p e r im en ts  w i th  BG1 and e l u t i o n  p a t t e r n  o f  NaH^CO^- 
sp iked  75$ a r t i f i c i a l  seaw ate r  c o n t ro l .

Sample

$ T o ta l  R a d io a c t iv i ty  i n

14co2

HPLC E lu a te

•
BoundF ra c t io n s 1-14 F ra c t io n s  15-35 T o ta l

BG1 (1 .25 h) 33 16.0 7 .8 23.9 43.1

BG1 (4 .2 5 h) 38 11.1 6 .9 18.0 44

NaH^COg #*
2 5 .5 74 .5 0 74.5

J 100 -  ( 14C02 + HPLC t o t a l )  
By d i f f e r e n c e



th e  23 min peak c o r re s p o n d in g  t o  peak V i n  Fig. 9. The HFLC p r o f i l e  o f  

the  P/T80 c u l tu r e  s u p e r n a ta n t  w i th o u t  a d d i t i o n  o f  I^C -p h en an th ren e  was 

i d e n t i c a l  to  t h a t  shown i n  Fig. 11 ex cep t f o r  th e  absence  of the  

a c e to n e  peak ( r t  = 9 min). L ik ew ise ,  r a d io c h e m ic a l  i m p u r i t i e s  d id  no t  

c o n t r i b u t e  to  th e  d i s t r i b u t i o n  o f  r a d i o a c t i v i t y  observed .
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DISCUSSION

M ycobac te r ia  a r e  w e l l  known f o r  the  r o l e s  they  p lay  i n  p a th o g e n ic  

p ro c e s s e s  but a r e  c o m p a ra t iv e ly  o b scu re  i n  t h e i r  r o l e s  a s  s a p ro p h y te s  

( C o l l in s  e t  a l ,  1984; K rulw ich  and P e l l i c c i o n e ,  1979; Kubica and Good, 

1981; W i l l i a m s  e t  a l ,  1984). Yet th e  l i s t  of s u b s ta n c e s  which 

m y c o b ac te r ia  can degrade  in c lu d e s  s t e r o i d s  (M ulhe irn  and Van Eyk, 1981) 

a s  w e l l  a s  a l i p h a t i c  (Murphy and P e r ry ,  1983; King and P erry ,  1975; 

B u sh n e ll  and H aas ,1941; F o s te r ,  1962), a ro m a t ic  (Peczynska-Czoch and 

M ordarsk i,  1984) and h e t e r o c y c l i c  (K ru lw ich  and P e l l i c c i o n e ,  1979) 

hydrocarbons. The p o t e n t i a l  im p o rtan ce  o f  m y c o b ac te r ia  i n  hydrocarbon 

d e g ra d a t io n  can be a p p r e c i a t e d  by c o n s id e r in g  t h a t  a common method of 

e n r ic h m e n t  f o r  m y c o b a c te r ia  has  been to  p ro v id e  p a r a f f i n  a s  the  carbon  

so u rce  i n  a s im p le  s a l t s  s o l u t i o n  (Kubica and Good, 1981). The 

hydrophobic c e l l  w a l l  o f  m y co b ac te r ia  shou ld  a l lo w  i n t i m a t e  c o n ta c t  

betw een c e l l s  and hydrocarbon  s u b s t r a t e s .  M ycobac te r ia  i n c o rp o r a te  

a l i p h a t i c  hydrocarbons  i n t a c t  i n t o  t h e i r  c e l l  l i p i d s  (King and Perry , 

1975; Murphy and P e r ry ,  1983).

T h is  i s  th e  f i r s t  r e p o r t  o f  a M ycobacterium a b le  to  use 

phenan th rene  (or o th e r  PAH) a s  s o le  sou rce  of carbon and energy . S t r a i n  

BG1 was a t y p i c a l  of o th e r  phenan th rene  d e g ra d e rs ,  however, i n  t h a t  

a ro m a t ic  i n t e r m e d i a t e s ,  and i n  p a r t i c u l a r ,  1H2NA, d id  no t acc u m u la te  to  

a p p r e c ia b le  l e v e l s  d u r in g  d e g ra d a t io n .  D eg rada t ion  d id , however, 

p roceed  v ia  1H2NA and p r o to c a te c h u ic  a c id  a s  shown by HPLC a n a l y s i s  o f  

m e ta b o l i t e s .  HPLC a l s o  p e r m i t t e d  th e  d e t e c t i o n  o f  s e v e ra l  u n i d e n t i f i e d  

n o n -a ro m a t ic  compounds w hich  m ust have been p r e s e n t  i n  h igh

59



c o n c e n t r a t i o n s  c o n s id e r in g  t h e i r  g e n e r a l ly  low UV e x t i n c t i o n  

c o e f f i c i e n t s .  The m ajor a ro m a t ic  i n t e r m e d i a t e s  o f  phenanthrene  

d e g ra d a t io n  by s t r a i n  BG1 (peaks I I  and V, Fig. 9) d id  no t  match the 

r e t e n t i o n  t im e s  o f  any of the  a u t h e n t i c  compounds a v a i l a b l e .  Peaks w i th  

i d e n t i c a l  r e t e n t i o n  t im e s  w ere a l s o  th e  m a jo r  m e ta b o l i t e s  produced by a 

M icrococcus s p e c ie s  i s o l a t e d  from the  e s tu a r y  and c u l tu r e d  i n  a 

p h enan th rene  medium w i th o u t  Tween (G uerin  and S anseve rino ,  unpub lished  

d a ta ) .  R ad io lab e l  e x p e r im e n ts  (Fig. 11) and HPLC r e t e n t i o n  t im e s  (Fig. 

4) s u g g e s t  t h a t  th e se  peaks w ere d i c y c l i c  or s u b s t i t u t e d  m onocyclic  

a r o m a t ic  i n t e r m e d i a t e s .  A ttem p ts  to  i d e n t i f y  th e se  i n t e r m e d i a t e s  rem a in  

h in d e red  by t h e i r  low l e v e l s  of p ro d u c tio n .

Low l e v e l s  o f  m e ta b o l i t e  p ro d u c t io n  by p h e n a n th re n e -d e g ra d in g  

c u l t u r e s  of s t r a i n  BG1 may be r e l a t e d  t o  a p h y s ic a l  i n t e r a c t i o n  between 

th e  c e l l  and th e  s u b s t r a t e .  When c u l tu r e d  w ith  phenan th rene , BG1 grew 

and p r o l i f e r a t e d  w h i le  a t ta c h e d  to  th e  hydrocarbon p a r t i c l e s  (F ig . 7). 

A dso rp t io n  o f  p henan th rene  i n t o  th e  l i p i d - r i c h  c e l l  w a l l  of BG1 could  

a c t  t o  r e t a r d  the d i f f u s i v e  l o s s  of e a r l y  p o la r  m e ta b o l i t e s  such a s  

1H2NA. The r e s u l t i n g  h ig h e r  l o c a l i z e d  c o n c e n t r a t i o n s  o f  m e ta b o l i t e s  

m igh t more e f f e c t i v e l y  in d u ce  s y n th e s i s  of enzymes in v o lv e d  i n  

subsequen t r e a c t i o n s  and th u s  m a in ta in  d i s s o lv e d  i n t e r m e d i a t e  

c o n c e n t r a t i o n s  a t  low l e v e l s .  C o n s is te n t  w i th  t h i s  i n t e r p r e t a t i o n  was 

th e  f i n d i n g  t h a t  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  Tween i n  th e  medium 

r e s u l t e d  i n  in c r e a s e d  c o n c e n t r a t i o n s  of p h enan th rene  m e ta b o l i t e s .  Tween 

80 i s  commonly employed i n  m y c o b a c te r ia l  grow th media to  d i s r u p t  the  

hydrophobic  i n t e r a c t i o n  between c e l l s  th a t  causes  "cord ing" (Davis e t  

a l ,  1973).

S u r f a c t a n t s  a l s o  a c t  to  e m u ls i fy  l i q u i d  hydrocarbons  (Lupton and
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M arsh a l l ,  1978) and to  im prove  mass t r a n s f e r  of s o l i d  hyd ro ca rb o n s  (Cox 

and W il l ia m s ,  1980) th e re b y  i n c r e a s i n g  t h e i r  a v a i l a b i l i t y  to  

m ic roo rgan ism s .  A d d it io n  o f  s u r f a c t a n t s  in c r e a s e d  y i e l d s  o f  ^ i a - 1 ,2- 

d ih y d ro x y -1 ,2 -d ih y d ro n a p h th a le n e  from n ap h th a len e  by a Pseudomonas 

m u tan t (Cox and W il l ia m s ,  1980). L ikew ise , th e  r a t e  of a l i p h a t i c  

hydrocarbon  (C10 to  C2o^ d e g ra d a t io n  by an  A c in e to b a c te r  s t r a i n  was 

enhanced by the  a d d i t i o n  o f  Tweens a t  c o n c e n t r a t i o n s  a s  h igh  as  1 g L“ 1 

(Lupton and M a rsh a l l ,  1978). D eg rada t ion  (and e m u l s i f i c a t i o n )  in c re a s e d  

w ith  d e c r e a s in g  HLB numbers o f  the  s u r f a c t a n t s  w i th  Tween 85 b e in g  th e  

m ost e f f e c t i v e  and Tween 20 th e  l e a s t  e f f e c t i v e .  The r e s u l t s  p re s e n te d  

h e re  a r e  c o n s i s t e n t  w i th  th e se  f i n d i n g s  and su p p o r t  the  c o n c lu s io n s  o f  

Wodzinsld. and Coyle (1974) th a t  p h enan th rene  m i n e r a l i z a t i o n  r a t e  i s  

s o l u b i l i t y  l i m i t e d .  Thus s u r f a c t a n t s  w i th  low HLB numbers s o l u b i l i z e d  

p h enan th rene  and prom oted  i t s  more r a p id  m i n e r a l i z a t i o n  i n  com parison  

to  h igh  HLB number s u r f a c t a n t s  (Table  4). The more r a p id  m i n e r a l i z a t i o n  

o f  p h en an th ren e  i n  P/T85 medium compared to  P/T80 medium m ust have been 

due to  th e  g r e a t e r  s o l u b i l i z i n g  a c t i v i t y  o f  Tween 85 s in c e  the  

a l i p h a t i c  m o i e t i e s  i n  both  Tweens i s  o l e i c  a c id .  However, s in c e  

m i n e r a l i z a t i o n  was most r a p id  i n  P/T60 ( in t e r m e d i a t e  HLB number) 

medium, a d d i t i o n a l  p h y s io lo g i c a l  f a c t o r s  m ust a l s o  be im p o r ta n t .  

Perhaps, l i k e  many m y c o b a c te r ia  (S ch ae fe r  and Lewis, 1965; Hedge cook, 

1968), BG1 in c o r p o r a t e s  th e  a l i p h a t i c  g roups o f  Tween3 i n t o  l i p i d  

com ponents i n t a c t  (w i th o u t  m e ta b o l i z in g  them) and th e  s a t u r a t e d  

s t e a r a t e  ( C i ^  m0*e t y 0** Tween 60 may have been a b e t t e r  b u i ld in g  b lock  

th an  th e  m o nounsa tu ra ted  g roups o f  Tweens 80 (m onoolea te )  and 85 

( t r i o l e a t e ) .  The p a l m i t a t e  and l a u r a t e  g roups of Tweens 40 and 20, 

r e s p e c t i v e l y ,  were even poo rer  supp lem en ts  f o r  phenan th rene  d e g ra d a t io n
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by and grow th of s t r a i n  BG1 (T ab le  4).

An a l t e r n a t e  e x p la n a t io n  f o r  the  low l e v e l  of m e ta b o l i t e  

a c c u m u la t io n  by s t r a i n  BG1 could  be th a t  phenan th rene  d eg ra d in g  enzyme 

s y n t h e s i s  was h ig h ly  r e g u la t e d  i n  t h i s  organism . As th e  1H2NA (peak I ,  

Fig. 9) c o n c e n t r a t i o n  rea c h e d  a p p ro x im a te ly  1 mg L“ 1 i n  the c u l t u r e  

b ro th ,  i t  was im m e d ia te ly  consumed w i th  th e  co n co m itan t  appea rance  of 

more p o la r  m e ta b o l i t e s .  The c o n c e n t r a t i o n  o f  1H2NA was m a in ta in e d  a t  

u n d e te c ta b le  l e v e l s  (< 10 pg L“ 1) th ro u g h o u t  th e  re m a in d e r  of the 

in c u b a t io n ,  s u g g e s t iv e  of some k ind  o f  i n d u c t io n  mechanism. S im i l a r l y ,  

th e  m e ta b o l i t e  r e p r e s e n t e d  by peak I I I  i n  Fig. 9 appea red  only  

t r a n s i e n t l y  d u r in g  th e  i n c u b a t i o a  I t s  subsequen t d is a p p e a ra n c e  was 

fo l lo w e d  by the  app ea ran ce  o f  two more p o la r  p ro d u c ts ,  peaks VI and 

VIL Growth cu rv es  o f  BG1 on p h enan th rene  showed norm al ba tch  c u l tu r e  

k i n e t i c s  t y p i c a l  o f  m ic r o b ia l  grow th  on s im p le ,  d i s s o lv e d  s u b s t r a t e s .  

L ik e w ise ,  ^^COg p ro d u c t io n  cu rv e s  f o r  BG1 grow ing  w i th  [ 9 - ^ C ]  

phenan th rene  w ere smooth and s ig m o id a l  ( d a ta  no t shown) w ith  50$ 

c o n v e rs io n  to  ^ C 02  an(* no s u g g e s t io n  of the  two s ta g e  m i n e r a l i z a t i o n  

p a t t e r n  o bserved  i n  c u l t u r e s  w hich accu m u la te  1H2NA (G uerin  and Jones , 

subm.). P lasm id s  may have been in v o lv e d  i n  r e g u l a t i n g  d e g ra d a t io n .

P lasm ids  a r e  in v o lv e d  i n  th e  d e g ra d a t io n  o f  many m onocyclic  and 

p o ly c y c l ic  a ro m a t ic  hydrocarbons. Such in v o lv em en t i s  o f t e n  i n f e r r e d  

from the  f r e q u e n t  l o s s  o f  d e g r a d a t iv e  f u n c t i o n s  i n  o rg a n ism s  i s o l a t e d  

on hydrocarbons  a f t e r  c u l t u r e  on a l t e r n a t e  carbon s o u rc e s  or n u t r i e n t  

m edia (C la rke , 1982; K iyohara  e t  a l ,  1983; Cook e t  a l ,  1983; G uerin , 

unpub lished) .  P la s m id -m e d ia te d  d e g ra d a t io n s  of a ro m a t ic  hydrocarbons  

a lm o s t  i n v a r i a b l y  o ccu r  v i a  m eta c leav ag e  (Zuniga e t  a l ,  1981; 

C hak raba rty ,  1972; 1976; Dunn and G unsa lus ,  1973) w h i le  some
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s u b s t r a t e s ,  eg., benzoa te ,  a re  degraded  v i a  o r th o  c leavage  by 

chromosome-encoded enzymes. Growth of p la s m id -b e a r in g  i s o l a t e s  on th e  

l a t t e r  compound s e l e c t s  f o r  cured  s t r a i n s  (C la rke ,  1982; Haas, 1983; 

K iyohara e t  a l ,  1983).

P lasm ids  have been shown to  be r e s p o n s ib l e  f o r  the  b a c t e r i a l  

d e g ra d a t io n  of b ip h en y l (K iyohara e t  a l ,  1983)* d ib e n zo th io p h e n e  

( M o n t ic e l lo  e t  a l ,  1985), nap h th a len e  (C hakrabarty ,  1976), s a l i c y l a t e  

(Zuniga e t  a l ,  1981) and phenan th rene  (K iyohara e t  a l ,  1983; Foght and 

W e s t l a k e ,  A b s t r .  Q20, Am. Soc. M i c r o b i o l .  Ann. M tg., Las V egas , Nev., 

1985). The b io ch em ica l  r e l a t e d n e s s  of nap h th a len e  (NAH) and s a l i c y l a t e  

(SAL) d e g ra d a t io n  p la sm id s  has  been e s t a b l i s h e d  (Haas, 1983). As seen  

i n  Table 6, m o le c u la r  w e ig h t  d e t e r m in a t io n s  p lace  th e se  and o th e r  

bi ode gr a d a t iv e  p la sm id s  i n t o  a few narrow s i z e  ran g es  -  20 to  21, 55 to  

58 and 73 to  79 Md -  o r  m u l t i p l e s  of them. The r e l a t e d  f u n c t i o n s  of a t  

l e a s t  c e r t a i n  a s p e c t s  o f  th e se  p la sm id s ,  eg., the  g e n e r a l i z e d  m e ta b o l i c  

approach  to  PAH r i n g  c le a v a g e s  (G uerin  and Jones ,  subm.), a l low  

s p e c u la t io n  t h a t  they  s h a re  some homologous r e g io n s .  In  ana logy  to  th e  

p la sm id -m e d ia te d  d e g ra d a t io n  of the n ap h th a len e  m e ta b o l i t e ,  s a l i c y l a t e  

(Zuniga e t  a l ,  1981), 1H2NA d e g ra d a t io n  may a l s o  be p lasm id -encoded .  

I n e f f i c i e n t  t r a n s f e r  o f  ex trach rom osom al g e n e t i c  e le m e n ts  among 

b i ode gr a d a t iv e  p o p u la t io n s  m ight p a r t i a l l y  e x p la in  th e  a c c u m u la t io n  o f  

1H2NA d u r in g  pure  and mixed c u l tu r e  d e g ra d a t io n s  of phenan th ren e  

(G uerin  and Jones ,  subm.).

R e s u l t s  w i th  s t r a i n  BG1 conform to th e se  o b s e rv a t io n s .  D eg rad a t io n  

of phenan threne  by t h i s  organism  was m ost l i k e l y  p la sm id -m e d ia te d  s in c e  

both f e a t u r e s ,  p la sm id s  and th e  phenan threne  d eg ra d in g  phenotype, were 

l o s t  by c u l tu r e s  grown on n u t r i e n t  media. Phenanthrene d e g r a d a t iv e
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TABLE 6 .  M olecular w e ig h ts  ( th o u san d s )  o f  v a r io u s  a ro m a t ic  b io d e g ra d a t iv e  p lasm ids .

Compound Organism Plasm id M olecu lar W eigh t(s)  
(Mega da l to n s )

R eference

Phenanthrene Mvcobacterium 20.6  57.5 76 .7 T his  work
B e i . l e r i n c k i a 20.8 (73 .5)a 147 K iyohara e t  a l ,  1983
F lavobacteriu ra 30 76 Foght and W estlake , 1985

Naphthalene Pseudomonas 38 P a in c e i r a  e t  a l ,  1985
Pseudomonas 40 C hak rabarty ,  1976

S a l i c y l a t e fs&RdPjgojia? 55 C hakrabarty ,  1976
Pseudomonas (55) 110 Zuniga e t  a l ,  1981

D ibenzothiophene Pseudomonas 55 M o n tic e l lo  e t  a l ,  1985
Toluene Pseudomonas 75 C hak rabarty ,  1976
N i c o t i n e A r t h r o b a c t e r (78.9) Brandsch and Decker, 1984

a V alues i n  p a re n th e s e s  a r e  h a l f - w e i g h t s  o f  l a r g e  (>100,000 MW) p la sm id s  
w h ic h  may e x i s t  a s  d im e r s .



f u n c t i o n s  w ere  a p p a r e n t ly  h ig h ly  r e g u la t e d  i n  t h i s  organism  s in c e  

a ro m a t ic  i n t e r m e d i a t e s ,  and i n  p a r t i c u l a r  1H2NA, d id  no t  accum ula te .  

Phenanthrene-grow n c e l l s  o f  BG1 gave n e g a t iv e  R othera  r e a c t i o n s  

i n d i c a t i n g  m eta  c leav ag e  by t h i s  organism . In  a d d i t i o n ,  phenan th rene  

d e g ra d a t io n  was enhanced i n  medium c o n ta in in g  py ru v a te  bu t was 

co m p le te ly  r e p re s s e d  i n  medium supplem ented  w i th  s u c c in a te .  This  

o b s e r v a t io n  in d i c a t e d  th a t  phenan th rene  m i n e r a l i z a t i o n  was co m p a tib le  

w i th  the u t i l i z a t i o n ,  o f  py ruvate ,  a m eta c leavage  p ro d u c t ,  but was 

in c o m p a t ib le  w i th  the  u t i l i z a t i o n  of s u c c in a te ,  a p ro d u c t  o f  o r th o  

c leavage . S u c c in a te  was found to  r e p r e s s  th e  p la m id -m e d ia te d  

d e g ra d a t io n  of d ib en zo th io p h en e  by a Pseudomonas s p e c ie s  (M o n t ic e l lo  e t  

a l ,  1985). S im i la r  r e s u l t s  w ere o b ta in e d  w i th  Rhizobium laponicum i n  

w hich s u c c in a te  co m p le te ly  r e p re s s e d  phenol u t i l i z a t i o n  but on ly  

p a r t i a l l y  i n h i b i t e d  p-hydroxy benzoa te  r e s p i r a t i o n  (Rohm and Werner, 

1985). The l a t t e r  s u b s t r a t e  i s  m e ta b o l iz e d  v ia  th e  o r th o  c le a v a g e  

pathway by R. .laponicum (Muthukumar e t  a l ,  1982) and by Pseudomonas 

p u t id a  (C la rke , 1982). I n  p u t id a .  however, phenol i s  degraded  

in d e p en d en tly  v ia  th e  m eta  c leavage  pathway ( F e i s t  and Hegeman, 1969). 

The o p e r a t io n  of a  d i f f e r e n t ,  meta c leavage  pathway f o r  phenol 

d e g ra d a t io n  i n  JL. laponicum i s  th u s  su g g es ted  by i t s  r e p r e s s i o n  by 

s u c c in a te  and by th e  f i n d i n g  t h a t  the  a d d i t i o n  of p y ru v a te  e l i c i t e d  a 

more r a p id  and e x t e n s i v e  m i n e r a l i z a t i o n  o f  phenol a f t e r  a s h o r t  l a g  

p e r io d  (Rohm and W erner, 1985). No s e a rc h  f o r  p la sm id s  i n  t h i s  JL 

laponicum s t r a i n  was conducted. The e x te n s io n  of th e se  r e s u l t s  on th e  

s im u l ta n e o u s  u t i l i z a t i o n  of a ro m a t ic  hydrocarbons and r i n g  c leavage  end 

p ro d u c ts  may h e lp  t o  i d e n t i f y  r i n g  c leav ag e  pathw ays f o r  o th e r
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hydrocarbons and o rgan ism s  and p o s s ib ly  be used a s  a  s c r e e n  f o r  

p la s m id -b e a r in g  i s o l a t e s .
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CHAPTER TWO

TWO-STAGE MINERALIZATION OF PHENANTHRENE 
BT ESTOARINE ENRICHMENT COLTURES

ABSTRACT

The p o ly c y c l i c  a ro m a t ic  hydrocarbon (PAH), p h enan th rene ,  was 

m in e r a l i z e d  i n  two s t a g e s  by s o i l ,  e s t u a r i n e  w a te r  and sed im en t  

m ic ro b ia l  p o p u la t io n s .  At h igh c o n c e n t r a t io n s ,  p henan th rene  was 

degraded  w i th  co n co m ita n t  p ro d u c t io n  o f  b iom ass and a c c u m u la t io n  of 

F o l i n - C i o c a l t e a u - r e a c t i v e  a ro m a t ic  in t e r m e d i a t e s .  Subsequent 

consum ption  o f  th e se  i n t e r m e d i a t e s  r e s u l t e d  i n  a secondary  in c re a s e  i n  

b iom ass. A n a ly s is  o f  i n t e r m e d i a t e s  by HPLC, TLC and UV a b s o r p t i o n  

s p e c t ro m e try  showed 1 -h y d ro x y -2 -n a p h th o ic  a c id  (1H2NA) t o  be the  

p redom inan t p roduc t.  A tw o -s ta g e  m i n e r a l i z a t i o n  p a t t e r n  was a l s o  

ob se rv ed  by m o n i to r in g  ^CO2  p ro d u c t io n  from low c o n c e n t r a t i o n s  (0 .5  mg 

L- ^) o f  r a d i o l a b e l e d  p h enan th rene .  I n c r e m e n ta l  was produced upon

th e  m i n e r a l i z a t i o n  o f  ^C-1H2NA. The p ro d u c t io n  of m e ta b o l i t e s  d u r in g  

PAH bio d e g ra d a t io n  i s  d i s c u s s e d  w ith  r e g a r d  to  i t s  p o s s i b le  a d a p t iv e  

s ig n i f i c a n c e  and i t s  m e th o d o lo g ic a l  im p l i c a t io n s .
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INTRODUCTION

P o ly c y c l ic  a ro m a t ic  hydrocarbons (PAH), a r e  a c l a s s  o f  fu se d  r in g  

a r o m a t ic  compounds w hich a re  of g r e a t  concern  because of t h e i r  

t o x i c i t y ,  c a r c in o g e n ic i t y ,  p o t e n t i a l  f o r  t ro p h ic  b io m a g n if i c a t io n ,  and 

r e s i s t a n c e  to  b io d e g ra d a t io n  ( P h i l l i p s ,  1983; Maccubbin e t  a l ,  1985).

As p ro d u c ts  o f  com bustion  and as  components of f o s s i l  f u e l s ,  PAH a re  

u b iq u i to u s  e n v i ro n m e n ta l  p o l l u t a n t s  and t h e i r  abundance i s  c o r r e l a t e d  

w ith  p ro x im ity  to  urban  and i n d u s t r i a l  c e n t e r s  (Windsor and H ite s ,

1979; Lake e t  a l ,  1979). E s tu a r i e s  a r e  prim e r e p o s i t o r i e s  f o r  PAH due 

to  u r b a n iz a t i o n  and the  f l o c c u l a t i o n  of r iv e r - b o r n e ,  hum ic- and 

par t i d e - a s s o c i a t e d  PAH induced  by se a w a te r  mixing( Jackim and Lake, 

1978; O lsen e t  a l ,  1982). T o ta l  PAH c o n c e n t r a t io n s  i n  urban e s t u a r i n e  

s e d im e n ts  may exceed 100 pg g-1 ( Windsor and H ite s ,  1979) w h ile  

d i s s o lv e d  c o n c e n t r a t i o n s  of i n d i v id u a l  compounds g e n e r a l ly  l i e  i n  the  

p a r t  per t r i l l i o n  range  or s e v e ra l  o r d e r s  o f  m agnitude below s a t u r a t i o n  

(Readman e t  a l ,  1982). The r e t u r n  to  coa l com bustion  a s  a m a jo r  f u t u r e  

energy  source  p ro m ise s  t o  r e v e r s e  the  r e c e n t  t r e n d  o f  d e c re a s in g  

e n v i ro n m e n ta l  PAH burdens brought on by the co n v e rs io n  from coal to  o i l  

an d  g a s  i n  t h e  1 9 5 0 's .

Phenan threne (C ^H ^q), though not p a r t i c u l a r l y  hazardous i t s e l f  

( P h i l l i p s ,  1983), i s  a good model compound f o r  s tu d y in g  PAH 

b io g e o c h e m is t ry  because i t  i s  in t e r m e d i a t e  i n  s o l u b i l i t y  and p h y s ic a l  

b eh av io r  (May e t  a l ,  1978; Readman e t  a l ,  19 82). As a r e s u l t  o f  

d e t a i l e d  b io c h em ic a l  s t u d i e s  ( J e r in a  e t  a l ,  1976; B arn s ley ,  1983; Evans 

e t  a l ,  1965; K iyohara e t  a l ,  1976), the d e g ra d a t iv e  pathw ays f o r
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phenan th rene  a r e  w e l l  known. Common to  a l l  p u b l i sh e d  r e p o r t s  i s  th e  

i n i t i a l  c o n v e rs io n  of phenan th rene  to  1 - h y d ro x y -2 -n ap h th o ic  a c i d  

(1H2NA), which o f t e n  a c c u m u la te s  i n  th e  grow th medium and tu r n s  i t  an 

orange c o lo r  (Dean-Raymond and B ar th a ,  1975; Evans e t  a l ,  1965; Ghosh 

and M ishra, 1983; K iyohara  e t  a l ,  1976, 1982; K iyohara  and Nagao, 1977, 

1978; Rogoff and Wender, 1957a; Wodzinski and Johnson, 1968). In  

com parison  to  th e  ana logous  a c c u m u la t io n  o f  s a l i c y l i c  a c id  (SA) d u r in g  

naph th a len e  d e g ra d a t io n  (K lausm eier  and S t r a w in s k i ,  1957; H o s ie r ,  1963; 

I s h ik u r a  e t  a l ,  1968; Murphy and Stone, 1955; Shamsuzzaman and 

B a rn s ley ,  197*1; Wodzinski and Johnson, 19 6 8) however, v i r t u a l l y  n o th in g  

i s  known about th e  f a c t o r s  r e g u l a t i n g  th e  a c c u m u la t io n  o r  subsequen t 

u t i l i z a t i o n  o f  1H2NA d u r in g  phenan th rene  d e g r a d a t i o a

Although 1H2NA a c c u m u la t io n  i s  c h a r a c t e r i s t i c  o f  most pure 

c u l t u r e s  d eg rad in g  p h enan th rene ,  i n  a companion pap er  we d e s c r ib e  a 

M ycobacterium  sp. which m i n e r a l i z e s  phenanthrene  v i a  1H2NA but w i th o u t  

ac c u m u la t in g  the  m e ta b o l i t e .  We undertook  the p r e s e n t  s tudy  to  

d e te rm in e  w hether  (or w hich) r e s u l t s  w i th  pure  c u l t u r e s  could be 

a p p l i e d  to  p ro c e s s e s  of phenan th rene  d e g ra d a t io n  by mixed c u l tu r e s .  The 

purpose was to  i d e n t i f y  and a s s e s s  th e  q u a n t i t a t i v e  s i g n i f i c a n c e  of 

m e ta b o l ic  i n t e r m e d i a t e s  produced by c o n s o r t i a  of e s t u a r i n e  

m ic ro o rg an ism s  d eg rad in g  phenanthrene . With t h i s  in fo rm a t io n ,  i t  m igh t 

then be p o s s i b le  to  e v a lu a te  the  o f f ic a c y  o f  bio d e g ra d a t io n  methods 

which m easure s u b s t r a t e  d isa p p e a ra n c e  or C02 e v o lu t io n  from la b e le d  

phenan threne , but which do not c o n s id e r  the p o t e n t i a l l y  im p o r ta n t  

compartment of p a r t i a l l y  o x id iz e d ,  s o lu b le  t r a n s f o r m a t io n  p ro d u c ts .
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MATERIALS AMD METHODS

Media

Two ty p e s  o f  phenan th rene  growth media w ere employed i n  t h i s  

s tudy . These d i f f e r e d  fu n d a m e n ta l ly  i n  t h e i r  phenan th rene  

c o n c e n t r a t i o n s ,  and c o n seq u en t ly  i n  th e  p h y s ic a l  s t a t e s  o f  the 

s u b s t r a t e .  Low c o n c e n t r a t i o n  phenan threne s o lu t i o n s  were p rep a red  by 

pumping 75$ a r t i f i c i a l  s e a w a te r  (ASW, K es te r  e t  a l ,  1967) th rough  a 

column (4.6 x 250 mm s t a i n l e s s  s t e e l )  packed w i th  p h e n a n th re n e -c o a te d  

g l a s s  beads (60/80 mesh) a t  a f low  r a t e  of 0.5 ml min” ). The g l a s s  

beads were p re p a re d  a s  d e s c r ib e d  by May e t  a l .  (1978). A column of t h i s  

s i z e  g e n e ra te d  p h enan th rene  s o l u t i o n s  ra n g in g  from about 70 to  90$ 

s a t u r a t i o n .  A f te r  d i l u t i o n  w i th  75$ ASW to  g ive  a h a l f - s a t u r a t e d  

phenan th rene  s o l u t i o n  (0.5 mg L”  ̂ as  d e te rm in e d  by absorbance  a t  250 

nm), 1.5 mg NfyNOg, 1.5 mg Tween 80 and 1 ml o f  0.05 M phosphate  

b u f f e r  (pH 7.5) p e r  l i t e r  w ere  added. The pH was a d ju s t e d  to  7.5 and 

the s o l u t i o n  was s t e r i l i z e d  by f i l t r a t i o n  (0.2 um N uclepore). A liq u o ts  

o f  190 ml w ere a s e p t i c a l l y  d isp e n se d  i n t o  s t e r i l e  500 ml Erlenm eyer 

f l a s k s  m o d if ie d  by the  a d d i t i o n  o f  8mm (o.d.) pyrex  s id e a rm s  f i t t e d  

w i th  serum s to p p e r s  (Fedorak  e t  a l ,  1982). F la sk s  w ere i n o c u la te d  w i th  

10 ml of u n t r e a te d  e s t u a r i n e  w a te r  or a 10“ 2 d i l u t i o n  of sed im en t and 

s p ik e d  w i th  10 p i  (~1 pCi) o f  a [ 9 - ^ C ]  phenan th rene  i n  ace to n e  

s o l u t i o n  (sp. a c t .  19.3 mCi mMole” ^, Amersham-Searle, 98$ r a d io c h e m ic a l  

p u r i t y  by TLC and HPLC) and s to p p ered .  A l t e r n a t iv e ly ,  200 ml w a te r  

sam ples  were s p ik e d  w i t h  10 p i  of a c e to n e  i n  which th e  la b e le d  

phenan th rene  ( “ 1 pCi) was d i l u t e d  w i th  u n la b e le d  phenan th rene  to  r e s u l t
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i n  a f i n a l  sample c o n c e n t r a t i o n  o f  0.5 pg ml“ ^. The t o t a l  i n i t i a l  

a c t i v i t y  i n  each f l a s k  was d e te rm in e d  from d u p l i c a t e  1 ml a l i q u o t s  

taken  im m ed ia te ly  a f t e r  in o c u la t i o n .  E n r ich m en ts  w ere  in c u b a te d  a t  18°C 

i n  th e  dark  on a r o t a r y  shaker  (140 rpm).

Media c o n ta in in g  p h en an th ren e  a t  c o n c e n t r a t i o n s  i n  e x c e s s  o f  i t s  

s o l u b i l i t y  were p rep a red  i n  two p a r t s .  P a r t  A was p rep a red  by add ing  

150 ml d i s t i l l e d  w a te r  ( M i l l i  Q system , M i l l ip o r e ) ,  80 mg NHjjNÔ  and 1 

mg FeCl^* 6H2 0 to  750 ml 100? ASW. The s o l u t i o n  was f i l t e r e d  th rough  0.4 

um N uclepore  f i l t e r s ,  and the pH was a d j u s t e d  to  7.5. A liq u o ts  (90 ml) 

were d isp en sed  i n t o  250 ml E rlenm eyer f l a s k s  and a u to c la v e d .  P a r t  B was 

prepared  by b lend ing  200 mg of dry h e a t - s t e r i l i z e d  (75-85°C» 24 h) 

phenan threne (94.4?C) w i th  100 ml of s t e r i l e  d i s t i l l e d  w a te r  c o n ta in in g  

80 mg Tween 80 (59?C) and  300 u l  o f  0 .05  M p h o s p h a t e  b u f f e r  (pH 7 .5 ) .  

Two 2.5 min b len d in g  p e r io d s  w i th  a 5 min i n t e r v a l  to  a l low  

r e i n t r o d u c t i o n  of the b ubb le -suspended  p h en an th ren e  i n t o  th e  aqueous 

phase r e s u l t e d  i n  a f i n e  d i s p e r s io n .  Ten ml a l i q u o t s  o f  su sp e n s io n  B 

w ere added to  f l a s k s  c o n ta in in g  p a r t  A to  produce a Phenanthrene/T w een  

80 (P/T80) b ro th  w ith  a P-C:T80-C r a t i o  of 4:1 and an ap p ro x im a te  C:N:P 

r a t i o  o f  100:10:2. The l a t t e r  r a t i o  v a r i e d ,  as  d id  the  i n i t i a l  

phenanthrene c o n c e n t r a t io n ,  due to  e v a p o r a t iv e  l o s s e s  d u r in g  

a u to c la v in g ,  to  v o l a t i l i z a t i o n  o f  hydrocarbon d u r in g  s t e r i l i z a t i o n ,  and 

to  e r r o r s  in h e re n t  i n  t a k in g  a l i q u o t s  from p a r t i c u l a t e  su sp en s io n s .  

Volumes were som etim es doubled f o r  i n c u b a t io n s  i n  500 ml E rlenm eyer 

f l a s k s  and phenan th rene  c o n c e n t r a t i o n s  w ere  v a r ie d ,  as  in d i c a t e d ,  w h i le  

m a in ta in in g  a c o n s ta n t  P-C:T80-C r a t i o .

A nalyses

D egrada t ion  of r a d i o l a b e l e d  p h en an th ren e  a t  0.5 mg L“ 1 was
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fo l lo w e d  by p e r io d i c  a n a l y s i s  o f  the  1J*C02 produced from r e s p i r a t i o n .

D u p l ic a te  a l i q u o t s  of the c u l t u r e s  (2 ml w a te r ,  4 ml headspace) w ere

c o l l e c t e d  by s y r in g e  and i n j e c t e d  i n t o  ev a c u a te d  15 x 125 mm t e s t  tu b e s

capped w i th  b u ty l  ru b b e r  serum s to p p e r s  and c o n ta in in g  1 ml o f  2N HC1.

The C02 l i b e r a t e d  was t r a p p e d  on a 6 x 1 cm s t r i p  o f  p le a te d

Whatman no. 1 f i l t e r  paper soaked w i th  0.2 ml of phenethy lam ine

(N a tio n a l  D ia g n o s t ic s )  and suspended from the  serum s to p p e r  i n  a

p l a s t i c  cup. A f te r  24 h of d e g a s s in g  w i th  shak ing , the  f i l t e r  pap ers

were removed and s w i r l e d  i n  9 ml S c i n t iv e r s e  E (F ish e r )  and 5 ml of 95?

e th a n o l  (used  to  r i n s e  the p l a s t i c  cup) i n  20 ml s c i n t i l l a t i o n  v i a l s .

Samples w ere  counted  (2 min p r e s e t  tim e, 2% p r e s e t  e r r o r )  on a Beckman

LS7000 l i q u i d  s c i n t i l l a t i o n  co u n te r .  Counts were con v er ted  to  dpm by

use of th e  a u to m a t i c  quench com pensa tion  f e a t u r e  of th e  in s t ru m e n t .  H

1number v a  p e rc e n t  e f f i c i e n c y  c u rv e s  were c o n s t ru c te d  u s in g  '^ C - to lu e n e  

i n t e r n a l  s ta n d a rd s  w i th  ace tone  a s  a quench ing  agen t .  C are fu l  a t t e n t i o n  

to  f l a s k  sam p lin g  d e t a i l s  and sc ru p u lo u s  c l e a n in g  of t e s t  tu b e s  

(com bustion  a t  475°C f o r  6 h) and s to p p e r -c u p  a s s e m b l ie s  betw een u ses  

r e s u l t e d  i n  e x t re m e ly  p r e c i s e  m easu re s  o f  ^ C 0 2 p ro d u c tio n .  P r e c i s io n  

among t r i p l i c a t e  tu b es  averaged  ±0.48/5 (+ 1 sd) o f  th e  t o t a l  i n i t i a l  

a c t i v i t y  (n=87, ran g e  0.03 to  2.19). To conserve s u p p l ie s ,  sam ples  w ere  

r o u t i n e l y  run i n  d u p l i c a te .  C on tro l  tu b es  y i e ld e d  a p p a re n t  ^ C 0 2 

a c t i v i t i e s  am ounting  to  2 t o  3? of the t o t a l  i n i t i a l  a c t i v i t y  due t o  

t r a p p in g  o f  v o l a t i l i z e d  ^ C  phenan threne . Four to  f i v e  days a f t e r  

s p ik in g  w i th  r a d i o l a b e l e d  phenan th rene ,  r a d i o a c t i v i t y  i n  c o n t ro l  tu b e s  

dropped to  background l e v e l s  due to  a d s o rp t io n .  Samples, u n c o r re c te d  

f o r  c o n t ro l s ,  som etim es  m a n ife s te d  t h i s  v o l a t i l i z a t i o n  a r t i f a c t  e a r l y  

i n  th e  in c u b a t io n s .
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R a d io a c t iv i ty  i n  th e  above f l a s k s  was s e p a ra te d  i n t o  p o la r  

( in c lu d in g  1H2NA) and n o n p o la r  (p henan th rene)  f r a c t i o n s  by s e q u e n t i a l  5 

ml CHgC^ e x t r a c t i o n s  o f  a 5 ml c u l t u r e  a l i q u o t  made a l k a l i n e  by the  

a d d i t i o n  o f  1 drop 2N NaOH i n  15 ml g l a s s - s to p p e r e d  c e n t r i f u g e  tubes .  

Tubes w ere c e n t r i f u g e d  (10 min, 2500 g) a f t e r  shak ing  f o r  1 min to  g iv e  

an upper aqueous l a y e r ,  a lo w e r  o rg a n ic  l a y e r  and an i n t e r v e n in g  

p e l l i c l e  o f  c e l l s  and d e b r i s .  The f i r s t  5 ml of CH2 CI2 was removed by 

p a s te u r  p ip e t  to  a s c i n t i l l a t i o n  v i a l .  A f te r  the second e x t r a c t i o n ,  4 

ml o f  upper aqueous l a y e r  was removed w i th  a g l a s s  s y r in g e  and 

t r a n s f e r r e d  to  a s e p a r a te  s c i n t i l l a t i o n  v i a l  c o n ta in in g  1 ml o f  2N HC1. 

The second 5 ml of CHgC^ was th e n  w ith d raw n  and combined w i th  the  

f i r s t  e x t r a c t  and the  v i a l s  w ere  l e f t  t o  e v a p o ra te  (o r  degas) i n  the  

hood o v e rn ig h t .  The f o l l o w i n g  day, 1 ml o f  100$ e th a n o l  y a s  used to  

d i s s o lv e  the o rg a n ic  s o lu b le  r e s id u e  and 9 ml of s c i n t i l l a t i o n  c o c k t a i l  

w ere added to  each s e t  of v i a l s .  V ia l s  w ere counted  a s  d e s c r ib e d  above 

to  g ive  m easures  o f  undegraded and p a r t i a l l y  degraded  phenan th rene .

The n a tu re  of th e  w a te r  s o lu b le  a c t i v i t y  was a l s o  a s s e s s e d  by HPLC 

a n a l y s i s  of c u l tu r e  s u p e r n a ta n t  f l u i d s  a f t e r  c e n t r i f u g a t i o n  (12,100 x 

g, 10 min, 4°C). One ml e l u t i o n  f r a c t i o n s ,  c o r re sp o n d in g  to  th e  

r e t e n t i o n  t im e s  of known p h enan th rene  m e ta b o l i t e s ,  were c o l l e c t e d  i n  

s c i n t i l l a t i o n  v i a l s  c o n t a in in g  9 ml c o c k t a i l .  F u r th e r  d e t a i l s  o f  the  

HPLC p ro ced u re  a re  g iven  below and i n  G uerin  and Jo n es  (subm.).

D eg rada tion  o f  p a r t i c u l a t e  phenan th rene  was m o n i to red  by s e v e ra l  

methods. S u b s t r a te  d is a p p e a ra n c e  was d e te rm in e d  by e x t r a c t i n g  d u p l i c a t e  

1 to  5 ml a l i q u o t s  of th e  c u l t u r e s  i n  a c id  washed and s o lv e n t  r i n s e d  60 

ml s e p a ra to ry  f u n n e l s  w i th  2 x 10 ml p o r t i o n s  of CH2 CI2  (Baker, Pho trex  

g rade).  E x t r a c t s  w ere  pooled  i n  s i m i l a r l y  c le a n e d  25 ml g ra d u a ted

78



c y l in d e r s  and 50-100 mg o f  100/200 mesh s i l c a  gel ( S u p e lc o s i l ,  Supelco) 

was added to  c l e a r  the e x t r a c t s  of T8 O/H2 O em uls ions .  The e x t r a c t  was 

b rought to  volume b e fo re  m easu r in g  th e  abso rbance  a t  250 m  on a 

Beckman DU- 8  s p e c t ro p h o to m e te r  i n  1 cm q u a r tz  cu v e ts .  Tween 80 served  

to  s t a b i l i z e  th e  medium; no l o s s e s  o f  phenan th rene  from u n in o c u la te d  

c o n t r o l s  were d e te c te d .

Due to  th e  a t t a c h m e n t  of c e l l s  t o  phenan th rene  p a r t i c l e s ,  

e n u m e ra t io n  of c e l l s  by p l a t e  coun ts  or by d i r e c t  e p i f l u o r e s c e n c e  

m ic ro s c o p ic  co u n t3  p roved u n s u i t a b le .  T h ere fo re ,  b iom ass was e s t i m a t e d  

a s  p r o t e i n  by th e  method o f Lowry e t  a l .  (1951) on a Bausch and Lomb 

S p e c t ro n ic  8 8  u s in g  bovine serum a lbum in  a s  a s tan d a rd .  C e l l s  w ere 

h a r v e s te d  i n  a c i d  washed Corex c e n t r i f u g e  tu b e s  (12,100 x g, 10 min, 

4°C); s u p e r n a ta n t  f l u i d s  w ere  saved f o r  a n a l y s i s  o f  p o la r  m e ta b o l i t e s .

A n a ly s is  of p h en an th ren e  m e ta b o l ic  i n t e r m e d i a t e s  was c a r r i e d  o u t  

u s in g  two methods. S ince  many of the  known phenan th rene  m e t a b o l i t e s  a r e  

h y d ro x y la te d  a ro m a t ic  compounds, c u l tu r e  s u p e r n a ta n t  f l u i d s  w ere  

an a ly zed  f o r  the  p re sen ce  of p h e n o l ic s  by a m o d i f i c a t io n  o f  the  F o l in -  

C io c a l te a u  r e a c t i o n  a s  o u t l i n e d  by Box (1983). Absorbance a t  750 nm was 

m easured on a Bausch and Lomb S p e c t ro n ic  88 a f t e r  c e n t r i f u g a t i o n  to  

remove the p r e c i p i t a t e  t h a t  fo rm s i n  the  a p p l i c a t i o n  of t h i s  method to  

sea w a te r .  The s a l t  p r e c i p i t a t e  d id  no t a f f e c t  th e  l i n e a r i t y  of the  

c a l i b r a t i o a  R e s o rc in o l  was used a s  a s ta n d a rd  and a l l  v a lu e s  were 

e x p re s s e d  i n  pg m l“  ̂ r e s o r c i n o l  e q u iv a le n t s  (RE).

Phenan threne d e g ra d a t io n  p ro d u c ts  w ere  a l s o  an a ly zed  by r e v e r s e  

phase HPLC. C u l tu re  s u p e rn a ta n t  f l u i d s  (12,100 x g, 10 min, 4°C) were 

i n j e c t e d  d i r e c t l y  i n t o  a Beckman Model 332 G ra d ie n t  L iq u id  

Chromatograph w i th  dua l model 110 pumps, a model 420 m ic ro p ro c e sso r
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c o n t ro l le r /p ro g ra m m e r  and f i t t e d  w i th  a 4.6 x 250 mm 5 um C-18 

A dsorbosphere column (A pplied  S c ie n c e s ) .  A l i n e a r  e l u t i o n  g r a d ie n t  (0- 

100J» m ethanol a t  5$ min” ^) was used w i th  a s t a r t i n g  s o lv e n t  o f  100$ HgO 

a d ju s te d  to  pH 2.75 w ith  H^POij. The s o lv e n t s  and th e  HgPOij w ere HPLC 

grade (Baker). Flow r a t e  was 1 ml min"^ and d e t e c t i o n  was by abso rbance  

a t  254 nm in  a H i t a c h i  model 100-40 s p e c tro p h o to m e te r  f i t t e d  w i th  an 

A ltex  model 155-00 20 p i  f lo w - th ro u g h  c e l l .  D e te c to r  s e n s i t i v i t y  was 

s e t  to  g iv e  f u l l  s c a l e  d e f l e c t i o n  on a Heath r e c o rd e r  a t  an  absorbance  

o f  0.1. Peak r e t e n t i o n  t im e s  were compared to  those  of a u t h e n t i c  

s ta n d a rd s  w hich rem a ined  c o n s ta n t  over th e  course  of an ex p er im en t .  No 

a d v e rse  e f f e c t s  on column perfo rm ance  were no ted  u s in g  t h i s  d i r e c t  

i n j e c t i o n  procedure . C o n tro l s  c o n ta in in g  Tween 80 as  th e  s o le  carbon 

and energy  source  gave f e a t u r e l e s s  HPLC s p e c t r a  and no F-C r e a c t io n .

To confirm  t h e i r  i d e n t i t y ,  m e ta b o l i t e s  w ere  i s o l a t e d  by e th y l  

a c e t a t e  e x t r a c t i o n  (2 x 50 ml) of a c i d i f i e d  c u l tu r e  s u p e r n a ta n t  f l u i d s  

(100 ml). E x t r a c t s  w ere  d r i e d  over anhydrous Na2S0jj and c o n c e n t ra te d  

under h igh  p u r i t y  N2 gas. C o n c e n t ra te s  and s ta n d a rd s  w ere a p p l ie d  to  

p r e p a r a t iv e  TLC p l a t e s  (2 mm x 20 cm x 20 cm) and developed  i n  a 

s o lv e n t  system  of pe tro leum  e t h e r : t o l u e n e : a c e t o n e : a c e t i c  a c id  

(80:20:10:4). F lu o re s c e n t  s p o ts  w ere  sc rap ed  from the  p l a t e s ,  e lu te d  i n  

a c e to n e  and th e  UV a b s o r p t io n  s p e c t r a  r e c o rd e d  on a Beckman DU-8 

sp e c tro p h o to m e te r  i n  q u a r t z  cuve ts .

In o c u la

As in o c u la ,  sam p les  o f  sed im en t,  beach t a r ,  s u r fa c e  m ic ro la y e r  and 

bulk  w a te r  were c o l l e c t e d  from  l o c a t i o n s  around the  G re a t  Bay E s tu a ry ,  

NH. A pe tro leum  co n ta m in a te d  s o i l  sample c o l l e c t e d  from the  UNH bus
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depo t was a l s o  used i n  th e s e  s tu d ie s .  S ev e ra l  p h e n a n th re n e -d e g ra d in g  

i s o l a t e s  w ere o b ta in e d  from th e se  e n r ic h m e n ts  on the b a s i s  of t h e i r  

a b i l i t y  to  form c l e a r i n g  zones  i n  a  c r y s t a l l i n e  phenanthrene o v e r la y  on 

a g a r  p l a t e s  (K iyohara e t  a l ,  1982). These i s o l a t e s  were su b se q u e n t ly  

t e s t e d  by th e  methods d e s c r ib e d  to  d e p ic t  t h e i r  p a t t e r n s  of 

phenan th rene  d e g ra d a t io n  and m e ta b o l i t e  fo rm a t io n .
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RESULTS

All e s t u a r i n e  and s o i l  en r ic h m en t c u l t u r e s  fo l lo w e d  the same 

g e n e ra l  p a t t e r n  o f  d e g ra d a t io n  when phenan th rene  was s u p p l ie d  i n  

p a r t i c u l a t e  su spens ion .  F ig u re  12 shows the tim e c o u rse s  f o r  d u p l i c a t e  

i n c u b a t io n s  d e s ig n a te d  AP-31 and AP-32 w ith  i n i t i a l  phenan th rene  

c o n c e n t r a t i o n s  o f  220 and 260 mg L” ^, r e s p e c t iv e l y .  Sedim ent from a 

b o a t  ramp a t  Adam's P o in t  was used a s  th e  i n i t i a l  inoculum. Time z e ro  

i n  F ig . 12 r e p r e s e n t s  the  tim e of the second t r a n s f e r  of th e  mixed 

c u l t u r e  to  f r e s h  P/T80 b ro th s .  The p r e - a d a p t a t i o n  o f  t h i s  c u l tu r e  to  

g row th on p h enan th rene  l e d  t o  the  r a p i d  d isa p p e a ra n c e  of the 

hydrocarbon  d u r in g  th e  f i r s t  s ta g e  o f  growth. Phenan threne 

d is a p p e a ra n c e  was accom panied by an  i n c r e a s e  i n  b iom ass and the 

p ro d u c t io n  o f  F-C r e a c t i v e  i n t e r m e d i a t e s  (RE) r e s u l t i n g  i n  an  orange 

c o l o r a t i o n  of the g row th  medium. At 10 d, F-C r e a c t i v e  p ro d u c t  

c o n c e n t r a t i o n s  w ere maximal and p r o t e i n  c o n c e n t r a t i o n s  p la te a u e d  o r  

d e c re a se d  s l i g h t l y .  F u r th e r  i n c r e a s e s  i n  p r o te i n  c o n c e n t r a t i o n s  

o c c u r re d  d u r in g  th e  second s ta g e  of d e g ra d a t io n  d u r in g  which 

m e ta b o l i t e s  were consumed. AP-32 lagged  7 days behind AP-31 d u r in g  t h i s  

s ta g e .  A f te r  the  d isa p p e a ra n c e  of m e ta b o l i t e s  from the  medium, p r o t e i n  

c o n c e n t r a t io n s  began to  d ec rease .

F ig u re  13 shows th e  tim e course  f o r  phenan threne  d e g ra d a t io n  i n  

p r im ary  e n r ic h m e n ts  u s in g  s u r f a c e  m ic ro la y e r  and bulk  w a te r  m ic r o b ia l  

p o p u la t io n s  from a m arina  i n  P r e s c o t t  Park  (PP), Portsm outh , NH as 

in o c u la .  I n i t i a l  phenan th rene  c o n c e n t r a t i o n s  w ere a b o u t  40 mg L” "*. The 

m ic ro la y e r  sample (mean th i c k n e s s  o f  45 um c o l l e c t e d  w i th  a g la s s
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FIGURE 12. Time cou rse  f o r  phenan th rene  d e g ra d a t io n  by p a r a l l e l  
sed im en t  en r ic h m en t  c u l t u r e s  AP-31 (open c i r c l e s )  and AP-32 
( s o l i d  c i r c l e s ) .
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FIGURE 13. Time course  f o r  phenan th rene  d e g ra d a t io n  by PP
s u r f a c e  m ic ro la y e r  ( to p )  and bu lk  w a te r  (bottom ) m ic r o b ia l  
p o p u la t io n s .  Breaks i n  th e  p h enan th rene  (b roken  l i n e )  and 
RE ( s o l i d  l i n e )  c u rv e s  a t  10 d i n  th e  m ic r o la y e r  in c u b a t io n  
a r e  e x t r a p o l a t i o n s  based on su bsequen t d a ta  p o in t s .  P r o t e i n  
deno ted  by d o t t e d  l i n e .
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p la t e )  was e n r ic h e d  th r e e f o l d  i n  t o t a l  v i a b l e  h e t e r o t r o p h s  r e l a t i v e  to  

the u n d e r ly in g  bulk  w a te r  and showed a s h o r t e r  l a g  p e r io d  p r i o r  to  

phenan threne  d e g ra d a t io n .  Phenanthrene and m e t a b o l i t e s  had d is a p p e a re d  

i n  the  m ic ro la y e r  sample by 23 d w i th  a  maximum p r o t e i n  y i e l d  o f  abou t 

15 pg ml- ’' .  D eg rada t ion  by th e  bu lk  w a te r  p o p u la t io n  o c c u r re d  more 

s lo w ly  w i th  m e ta b o l i t e s  j u s t  b eg in n in g  to  d is a p p e a r  a t  33 d and maximum 

p r o t e i n  c o n c e n t r a t i o n s  o f  about 10 pg ml“ ^. Secondary i n c r e a s e s  i n  

p r o te i n  c o n c e n t r a t i o n s  fo l lo w e d  tem porary  d e c re a s e s  c o in c id in g  w i th  the 

d e p l e t i o n  o f  phenan th rene  ( l e s s  th a n  10 pg  ml-1 a t  16 d) and F-C 

r e a c t i v e  i n t e r m e d i a t e s  (26 d) d u r in g  th e  m ic r o la y e r  in c u b a t io n ,  and the 

d e p l e t i o n  o f  phenan th rene  (23 d) d u r in g  th e  bulk  w a te r  in c u b a t io n .

A n a ly s is  of c u l tu r e  s u p e r n a ta n t  f l u i d s  by HPLC d u r in g  the co u rse  

o f  these  i n c u b a t io n s  r e v e a le d  t h a t  the  o n s e t  and d is a p p e a ra n c e  of F-C 

r e a c t i v i t y  was due to  the p ro d u c t io n  and su b seq u en t consum ption  of a 

s i n g l e  component whose r e t e n t i o n  t im e  m atched t h a t  o f  1H2NA. Other UV- 

a b s o rb in g  i n t e r m e d i a t e s  were p r e s e n t  o n ly  i n  minor amounts. F ig u re  14a 

shows th e  HPLC chromatogram f o r  th e  PP bulk  w a te r  sam ple  co rre sp o n d in g  

to  d 34 of th e  in c u b a t io n  shown i n  Fig. 13. The r e t e n t i o n  tim e of the 

m ajor peak i n  t h i s  sam ple  m atched  t h a t  of 1 H2NA. L ikew ise ,  on TLC 

p l a t e s ,  a c i d i f i e d  c u l tu r e  e x t r a c t s  gave a b lu e  f l u o r e s c e n t  s p o t  w i th  

th e  R̂ , v a lu e  of 1H2NA. The i d e n t i t y  of the  m ajor m e ta b o l i t e  was 

confirm ed by m atch ing  th e  UV a b s o r p t i o n  spec trum  of a u t h e n t i c  1H2NA 

(Sigma) w ith  th a t  of th e  T L C -iso la ted  p ro d u c t  (Fig. 14b).

Since on ly  a s in g le  compound was r e s p o n s ib l e  f o r  F-C r e a c t i v i t y  i n  

th e se  e n r ic h m e n ts ,  RE could  be used t o  p rov ide  a q u a n t i t a t i v e  m easure 

of m e ta b o l i t e  p ro d u c t io n  a f t e r  i n t e r  c a l i b r a t i o n  w i th  1H2NA. A maximum 

of 33 and 36 moles % o f  the  i n i t i a l  phenan th rene  could  be accoun ted
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FIGURE 14. A n a ly s is  o f  m e ta b o l i t e s  i n  PP bu lk  w a te r  sam ple  (Fig. 
13t bo ttom ) a f t e r  34 d o f  i n c u b a t i o a  a) HPLC chrom atogram s 
f o r  34 d c u l t u r e  s u p e rn a ta n t  f l u i d  ( s o l i d  l i n e )  and a 
s ta n d a rd  m ix tu re  made up o f  a u t h e n t i c  compounds d i s s o lv e d  
i n  d i s t i l l e d  w a te r  (b roken  l i n e ) .  PCA, p r o to c a te c h u ic  a c id ;  
PA, p h t h a l i c  a c i d ;  o-CBA, o -carboxybenza ldehyde ; 1H2NA, 1 -  
h y d ro x y -2 -n a p h th o ic  a c i d ;  P, phenan threne . b) UV a b s o r p t io n  
s p e c t r a  of a u t h e n t i c  1H2NA (broken  l i n e )  and the  TLC- 
i s o l a t e d  p ro d u c t a f t e r  e t h y l  a c e t a t e  e x t r a c t i o n  o f  
a c i d i f i e d  34 d bu lk  w a te r  sample ( s o l i d  l i n e ) .
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fo r  as  1H2NA i n  sed im en t e n r ic h m e n ts  AP-31 and AP-32, r e s p e c t i v e l y ,  and 

a maximum o f  59 and 72 m oles % was p r e s e n t  a s  1H2NA i n  the PP 

m ic r o la y e r  and bulk  w a te r  en r ic h m en ts ,  r e s p e c t iv e l y .

During in c u b a t io n s  w i th  [ 9 - ^ C ]  phenan th rene , d e g ra d a t io n  beyond 

1H2NA i s  n e c e ss a ry  b e fo re  ^ C 0 2 i s  evo lved . A d e g ra d a t io n  p a t t e r n  i n  

which some of the phenan th rene  carbon  a c c u m u la te s  as  1 H2NA (now l a b e l e d  

a t  C-3 or C-4) and i s  su b se q u e n tly  m in e ra l iz e d ,  would th e n  be ex p e c te d  

to  show e v o lu t io n  cu rv e s  s i m i l a r  to  the g row th  ( p r o te i n )  cu rves

i n  F igs . 12 and 13. Such a two s ta g e  p a t t e r n  o f  m i n e r a l i z a t i o n  was 

ev idenced  i n  the s tepped  e v o lu t io n  cu rv e s  shown in  Fig. 15 f o r

s e v e r a l  w a te r  and se d im e n t  sam ples  c o l l e c t e d  from the  e s tu a r y  over a 

one y e a r  per io d .  In  g e n e ra l ,  t h i s  s tep p ed  p a t t e r n  was more pronounced 

i n  th e  more a c t i v e  sam ples, i .e . ,  those  w i th  a s h o r t  l a g  p e r io d ,  a h igh  

i n i t i a l  r a t e  of m i n e r a l i z a t i o n ,  and a h ig h  f i n a l  p e rc e n t  

m i n e r a l i z a t i o n .  Because of the  p r e c i s i o n  o f  the  12*C02 measurement, 

however, two s ta g e  p a t t e r n s  w ere a l s o  d is c e rn e d  i n  low a c t i v i t y  

sam ples.

At th e  low phenan th rene  c o n c e n t r a t i o n s  (0.5 mg L” ^) employed i n  

r a d i o l a b e l  e x p e r im e n ts ,  w a te r - s o lu b l e  p ro d u c ts  d id  no t acc o u n t  f o r  more 

th an  about 10$ o f  th e  t o t a l  i n i t i a l  a c t i v i t y .  In  some cases ,  th e  w a te r -  

s o lu b le  r a d i o a c t i v i t y  showed p ro d u c t io n  and subsequen t consum ption  

cu rv es  s i m i l a r  to  the  RE cu rv es  i n  F igs. 12 and 13, w h i le  i n  o th e r s ,  

the  a c t i v i t y  in c r e a s e d  s lo w ly  over time. A f te r  7 d in c u b a t io n  o f  8 

w a te r  sam ples, a p p ro x im a te ly  one h a l f  (0.46 ± 0 . 1 2 ,  3c ±  1 s.d .) o f  the  

w a te r  s o lu b le  r a d i o a c t i v i t y  e l u t e d  i n  the  HPLC f r a c t i o n  c o r re sp o n d in g  

in  r e t e n t i o n  t im e  to  1H2NA. In  acco rdance  w i th  th e se  f i g u r e s ,  the  

in c r e m e n ta l  ^ C 02 produced d u r in g  the second s ta g e  of m i n e r a l i z a t i o n
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FIGURE 15. Tw o-stage m i n e r a l i z a t i o n  c u rv e s  show ing e v o l u t io n  o f  
^ C 0 2 d u r in g  low c o n c e n t r a t i o n  (0.5 mg L- ^) i n c u b a t io n s  
w i th  [ 9 - ^ C ]  p h en an th ren e  f o r  s e v e r a l  s u r f a c e  m ic ro la y e r  
(d , h ) ,  b u lk  w a t e r  (a ,  c, f ,  g, i )  and  s e d im e n t  (b, e )  
s a m p l e s .  E r r o r  b a r s  f o r  c u r v e s  df g and  h a r e  ±. 1 s .d .  
around th e  mean o f  t r i p l i c a t e  d e t e r m in a t io n s .  All o th e r s  
r e p r e s e n t  th e  r a n g e s  o f  d u p l i c a t e  d e te rm in a t io n s .
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ranged  from a p p ro x im a te ly  1 to  11 $ o f  th e  t o t a l  i n i t i a l  a c t i v i t y  (Fig. 

15). In  c o n t ro l  and e x p e r im e n ta l  f l a s k s ,  C F ^ C ^ - e x t r a c ta b l e  

r a d i o a c t i v i t y  d e c re a se d  e x p o n e n t i a l ly  over time.

I s o l a t e s  were o b ta in e d  from e n r ic h m e n ts  on the b a s i s  of t h e i r  

a b i l i t y  to  form c l e a r i n g  zones  i n  a c r y s t a l l i n e  phenan th rene  o v e r la y  

a f t e r  colony developm ent on phenan th rene  (0.02?) ag a r  p la te s .  U sua lly ,  

c l e a r i n g  o f  the  phenan th rene  o v e r la y  caused  a brown o r orange 

c o l o r a t io n  of the  a g a r  below due to  d i f f u s i o n  of s o lu b le  in t e r m e d i a t e s .  

When grown i n  P/T80 b ro th ,  th e se  i s o l a t e s ,  d e s ig n a te d  phenan th rene  

" d e g ra d e rs ,"  accu m u la ted  1H2NA (up to  60 fig ml“ ^) w i th o u t  a p a r a l l e l  

in c r e a s e  i n  biomass. E v e n tu a l ly ,  1H2NA p ro d u c t io n  s topped  even though 

abundant p a r t i c u l a t e  p h en an th ren e  rem ained . T h is  was n o t  a t t r i b u t a b l e  

to  a c id  i n h i b i t i o n  s in c e  th e  pH i n  th e  n a t u r a l l y - b u f f e r e d  s e a w a te r  

medium never dropped below 7. F ig u re  16 shows the  HPLC chrom atogram s of 

P/T80 c u l t u r e  s u p e rn a ta n t  f l u i d s  f o r  i s o l a t e s  o b ta in e d  from e n r ic h m e n ts  

i n o c u la t e d  w i th  p e t ro le u m -c o n ta m in a te d  s o i l  (BD3-E and BD2-Y) e s t u a r i n e  

sed im en t (APBS61B) o r  beach t a r  (TBB-C). The o rgan ism s, a l l  gram 

n e g a t iv e  ro d s ,  showed the  p ro d u c t io n  of h igh  c o n c e n t r a t i o n s  o f  1H2NA a s  

th e  s o le  or m ajor m e ta b o l i t e  w h i le  d eg ra d in g  phenan threne .

One organism , a y e l lo w  pigm ented , n o n -m o t i le ,  gram n e g a t iv e  rod , 

was t e s t e d  f o r  i t s  a b i l i t y  to  degrade phenanthrene beyond 1H2NA by 

m o n i to r in g  ^ C 0 2 p ro d u c t io n  from  l a b e l e d  phenanthrene  over a range  o f  

i n i t i e i l  c o n c e n t r a t i o n s  (0.084 to  68.5 mg L“ ^) w ith  KNÔ  or NH^Cl a s  N 

so u rces .  The r e s u l t s ,  g iv e n  i n  Table 7, showed th a t  p h enan th rene  

m i n e r a l i z a t i o n  by t h i s  phenan th rene  "d eg rader"  was c o n c e n t r a t io n  

dependent. At c o n c e n t r a t i o n s  below 2 o r  3 mg L- ^ , 40 t o  47? of the 

added r a d i o a c t i v i t y  was p r e s e n t  a s  ^ C02 a f t e r  19 d and i n t e r m e d i a t e s
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FIGURE 16. HPLC chrom atogram s o f  f o u r  p h e n a n th re n e -d e g ra d in g  
i s o l a t e s  show ing  th e  p ro d u c t io n  o f  the  p redom inan t 
in t e r m e d i a t e ,  1H2NA.
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TABLE 7 .  E f f e c t s  o f  n i t r o g e n  source  and phenan th rene  c o n c e n t r a t i o n  on th e  p e rc e n t  
d i s t r i b u t i o n  of r a d i o a c t i v i t y  between C02 , w a te r - s o lu b le ,  and CH2C12-  
e x t r a c t a b l e  f r a c t i o n s  a f t e r  19 d growth of i s o l a t e  PC-1 on [9— C] 
phenan th rene . RE c o n c e n t r a t i o n s  a t  19 d a r e  a l s o  shown.

N itro g en
Source

I n i t i a l  
Phenanthrene 
Con c e n t r a  t i o n a

P e rcen t  of I n i t i a l R a d io a c t iv i ty  In

19 d REco2 W ater-S o lub le CH2C12- E x t r a c t a b l e

NHnCl 0 . 084 42 . 3 3 . 9 3 . 8 <1
0 . 3 8 42 . 4 4 . 2 3 . 2 <1
2 . 6 5 40 . 0 4 . 7 4 . 5 <1

68 . 5 25 . 3 6 . 6 17.0 4 . 6

KNOg 0 . 0 8 4 46 . 8 3 . 5 3 . 5 <1
0 . 38 41 . 9 3 . 4 3 . 8 <1
2 . 6 5 44 . 0 5 . 9 4 . 5 <1

68 . 5 30.1 7 .1 13.0 6 . 4

2 1
I n i t i a l  phenan th rene  c o n c e n t r a t io n s  (ug ml” ) were v a r i e d  by d i l u t i o n
w ith  u n la b e le d  canpound.



d id  no t accum ula te .  At 68.5 mg L” 1 , ^ C 0 2 p ro d u c t io n  was lo w e r  (25 to  

30? of the  i n i t i a l  a c t i v i t y )  and in t e r m e d i a t e  c o n c e n t r a t i o n s  rem a in ed  

high even a f t e r  3 weeks. The 19 d RE e s t i m a t e  of m e ta b o l i t e  

a c c u m u la t io n  was h ig h e r  than  the e s t i m a t e  based on w a te r  s o lu b le  

r a d i o a c t i v i t y  due to  in c o m p le te  e q u i l i b r a t i o n  betw een th e  u n la b e le d  

p a r t i c u l a t e  phenan th rene  (> 1 mg L- ^) and th e  ^ C -p h e n a n th r e n e  added i n  

ace tone .  L ikew ise ,  s o lv e n t  e x t r a c t a b l e  was p robab ly  an 

u n d e re s t im a te  of the  a c t u a l  p e rc e n t  of th e  i n i t i a l  p h enan th rene  

undegraded a f t e r  19 d. S l i g h t l y  h ig h e r  p ro d u c t io n  o f  ^ C 0 2 and 

i n t e r m e d i a t e s  were no ted  a t  h igh  i n i t i a l  phenan th rene  c o n c e n t r a t i o n s  

when KNOg r a t h e r  than NH^Cl was th e  source  of N.

O c c a s io n a l ly ,  i s o l a t e s  w ere o b ta in e d  w hich degraded  p h en an th ren e  

w ith o u t  s i g n i f i c a n t  a c c u m u la t io n  o f  m e ta b o l i t e s  ( in c l u d in g  1H2NA) 

r e g a r d l e s s  o f  th e  i n i t i a l  phenan threne  c o n c e n t r a t io n .  These i s o l a t e s ,  

d e s ig n a te d  a s  phenan th rene  " m i n e r a l i z e r s , " a t t a i n e d  h ig h  c e l l  d e n s i t i e s  

and u t i l i z e d  a l l  of the phenan th rene  p rov ided  to  them. The 

c h a r a c t e r i s t i c s  o f  one such organism , a M ycobacterium sp., a r e  g iv e n  i n  

a companion paper (G uerin  and Jones ,  su b m it te d ) .
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DISCUSSION

M e ta b o l i t e  a c c u m u la t io n  i s  a common c h a r a c t e r i s t i c  o f  PAH (but no t 

benzene) c a ta b o l i s m  by b a c t e r i a  (Abbott and G l e d h i l l ,  1971). The most 

common in t e r m e d i a t e s  produced from PAH a re  the  ^ -h yd roxy , carboxy 

compounds w hich r e s u l t  from c leavage  o f  a te rm in a l  r in g .  F ig u re  17 

shows the  i n i t i a l  d ih y d ro x y la t io n  s i t e s  and end r i n g  c leavage  p ro d u c ts  

o f  n ap h th a len e ,  phenan th rene ,  a n th ra c e n e ,  b enzan th racene  and 

benzo(a)pyrene. The w e l l - s t u d i e d  t r a n s f o r m a t io n s  in v o lv in g  n ap h th a len e  

and p h enan th rene  have shown s a l i c y l a t e  and 1H2NA, r e s p e c t iv e l y ,  to  be 

th e  m ajo r or s o le  t r a n s f o r m a t io n  p ro d u c ta  Work w ith  a n th ra c e n e  has  

been l i m i t e d  but 2 -h y d ro x y -3 -n a p h th o ic  a c i d  (2H3NA) h a s  been i d e n t i f i e d  

a s  a m a jo r  i n t e r m e d i a t e  (Evans e t  a l ,  1965; Rogoff and Wender, 1957b). 

The r e c e n t  i d e n t i f i c a t i o n  o f  1 -h y d ro x y -2 -a n th ra n o ic  a c id  a s  the  

dominant m e ta b o l i t e  o f  b en z(a )an th racen e  d e g ra d a t io n  by a B e l i e r in c k ia  

sp . ( W. M a h a ffe y ,  A b s t r .  K166, Am. Soc. M ic r o b i o l .  Ann. M tg., Las 

Vegas, Nev. March, 1985) was the  f i r s t  r e p o r t  of r i n g  c leavage  of a PAH 

w ith  more than  t h r e e  r in g s .  While the  9 ,10 -d ih y d ro x y  d e r i v a t i v e  of 

benz(a )pyrene  i s  the  m ajo r e a r l y  t r a n s f o r m a t io n  p roduc t  of t h i s  

compound (Gibson e t  a l ,  1975), the  r i n g  c leav ag e  p roduc t d e p ic te d  i n  

F ig .  17 i s  h y p o th e t i c a l .  End r i n g  c leavage , however, may acc o u n t  f o r  

r e p o r t s  o f  the  slow p ro d u c t io n  o f  ^ C 0 2 from [ 7 , 1 0 - ^ C ]  benzo(a)pyrene 

by mixed c u l t u r e s  (Gardner e t  a l ,  1979; DeLaune e t  a l ,  1981; Readman e t  

a l ,  1982; S altzm ann , 1982) and, r e c e n t ly ,  by a fungus (Bumpus e t  a l ,  

1985). The s i m i l a r i t i e s  of th e se  r e a c t i o n s  su g g e s t  a g e n e r a l iz e d  

approach  to  PAH t r a n s f o r m a t io n s  by b a c t e r ia .
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FIGURE 17. I n i t i a l  r e a c t i o n s  i n  th e  b a c t e r i a l  d i s s i m i l a t i o n  o f  
(from to p  to  bo ttom ) n a p h th a le n e ,  p h en an th ren e ,  a n th ra c e n e ,  
b en za n th race n e  and benzo(a)pyrene. Major s i t e s  o f  
d ih y d r o x y la t io n  and p la n e s  of r i n g  c leav ag e  ( d o t t e d  l i n e s )  
a r e  shown on th e  l e f t  s id e .  On th e  r i g h t  s id e  a r e  shown th e  
o-hydroxy, carboxy i n t e r m e d i a t e s  f r e q u e n t ly  r e p o r te d  to  
acc u m u la te  d u r in g  PAH d e g ra d a t io n s .  The r i n g  c leav ag e  
p ro d u c t  f o r  b enz(a )py rene  i s  h y p o th e t i c a l .  S t a r s  i n d i c a t e  
th e  most common p o s i t i o n s  o f  1 ̂ C - l a b e l in g  i n  co m m erc ia l ly  
a v a i l a b l e  PAH and the  b a c t e r i a l  m e t a b o l i t e s  of them.
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Because p y ru v a te  i s  r e a d i l y  u t i l i z e d  by most o rgan ism s,  i t s  

p ro d u c t io n  d u r in g  th e  end r i n g  c leav ag e  r e a c t i o n s  d e p ic te d  i n  Fig. 17, 

would v i o l a t e  a t  l e a s t  one c o n d i t io n  r e q u i r e d  to  c a l l  th e se  r e a c t i o n s  

c o m e ta b o l ic  (H u lb e r t  and Krawiec, 1977). However, th e  p ro d u c t io n  of 

i n t e r m e d i a t e s  which can not be f u r t h e r  m e ta b o liz e d  by an  organism  

through th e  c o i n c id e n t a l  a c t i o n  o f  low s p e c i f i c i t y  d ioxygenase  enzymes 

i s  common to  such  (c o m e ta b o l ic )  r e a c t i o n s  ( F o s te r ,  1962; P e rry ,  1979). 

The p ro d u c t io n  of s a l i c y l a t e  and 2 -h y d ro x y -3 -n a p h th o ic  a c id  (2H3NA) 

from n ap h th a len e  and a n th ra c e n e ,  r e s p e c t i v e l y ,  by a C orvnebacterium  sp. 

g row ing on hexadecane and g lu co se ,  r e s p e c t i v e l y ,  has been a t t r i b u t e d  to  

com etabo lism  (D alton  and S t i r l i n g ,  1982). R ep o r ts  o f  e v o lu t io n

from end r i n g - l a b e l e d  benzo(a)pyrene may be a n o th e r  exam ple of such a 

p ro cess ,  and not n e c e s s a r i l y  ev id en ce  o f  com ple te  m i n e r a l i z a t i o n  (Fig. 

17). However, "com etabo lism " does  no t  d e s c r ib e  th e  a c c u m u la t io n  o f  

s a l i c y l a t e  ( I s h ik u r a  e t  a l ,  1968), 1H2NA (K iyohara e t  a l ,  1976, 1982), 

o r  2H3NA (Evans e t  a l ,  1965) by o rg an ism s  cap a b le  o f  the  com plete  

d i s s i m i l a t i o n  of the  r e s p e c t i v e  p a re n t  PAH. W hile i t  i s  not c l e a r  why 

an  organism  w i th  th e  p o t e n t i a l  to  m i n e r a l i z e  a hydrocarbon  does no t do 

so i n  a c o o rd in a te d  manner w i th o u t  a c c u m u la t in g  m e ta b o l i t e s ,  the  

e x t e n s iv e  work on n a p h th a le n e  m e tab o lism  may shed some l i g h t  on t h i s  

problem.

Much of the  i n t e r e s t  i n  n ap h th a len e  m e tabo lism  i s  d i r e c t e d  a t  

m ax im iz ing  p ro d u c t io n  o f  s a l i c y l a t e  and o th e r  i n t e r m e d i a t e s  (Cox and 

W il l iam s ,  1980) fo r  chem ica l and i n d u s t r i a l  uses. F a c to r s  shown to  

in c r e a s e  s a l i c y l a t e  y i e l d s  w ere: 1) k eep ing  the pH of th e  medium above 

l e v e l s  where a c id  e f f e c t s  w ere  d e t r i m e n t a l  (K lau sm eie r  and S t r a w in s k i ,  

1957); 2) keep ing  the pH below 8 w here f u r t h e r  d e g ra d a t io n  of the
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s a l i c y l a t e  was promoted (H o s ie r ,  1963); 3) the p resen ce  of an  a n io n  

exchanger or d i a l y s i s  t o  keep d i s s o lv e d  s a l i c y l a t e  c o n c e n t r a t i o n s  low 

(Abbott and G l e d h i l l ,  1971); and 4) the p resen ce  of n ap h th a le n e  i n  

e x c e ss  to  i n h i b i t  s a l i c y l a t e  d e g ra d a t io n  (H osier ,  1963). Shamsuzzaman 

and B a rn s le y  (1974), w o rk in g  w i th  a Pseudomonas sp., r e p o r t e d  t h a t  the 

m olar  r a t i o  of s a l i c y l a t e  produced to  naph th a len e  consumed was 0.53. 

O th e rs  have r e p o r t e d  v a lu e s  a s  h igh  a s  0.87 (K lausm eier  and S t r a w in s k i ,  

1957). H osie r  (1963) n o te d  t h a t  d u r in g  e a r l y  s t a g e s  o f  naph th a len e  

d e g ra d a t io n ,  the c e l l s  grew e f f i c i e n t l y  w i th  l i t t l e  s a l i c y l a t e  

a c c u m u la t io n ;  a s  d e g ra d a t io n  proceeded , s t o i c h i o m e t r i c  s a l i c y l a t e  

p ro d u c t io n  from n ap h th a len e  o c c u r re d  and c e l l  g row th a t  the expense o f  

th e  r i n g  c leav ag e  p ro d u c t  (p y ru v a te )  was poor. [ I t  was r e c e n t l y  

r e p o r t e d  t h a t  a Pseudomonas sp. a cc u m u la ted  s a l i c y l a t e  and grew poo r ly  

when NH^* or NH^NO  ̂ was s u p p l ie d  a s  t h e  n i t r o g e n  sou rce  (Aranha and 

Brown, 1981). When grown w i th  NOg” , s a l i c y l a t e  was d e t e c te d  i n  t r a c e  

am ounts on ly  e a r ly  i n  th e  in c u b a t io n  and th e  c u l t u r e  a t t a i n e d  h igh  c e l l  

d e n s i t i e s .  Oxygen consum ption  and CĈ  p ro d u c t io n  w ere  a l s o  se v e n fo ld  

h ig h e r  u s in g  NO^-  s u g g e s t in g  a  much more e f f i c i e n t  use of the  

s u b s t r a t e .  Thus, a  Pseudomonas behaved a s  a n ap h th a len e  "deg rader"  when 

grown w i th  NH^* and a n ap h th a len e  " m in e r a l i z e r "  when grown w i th  NO^- . 

The phenomenon d e s c r ib e d  by th e se  a u th o r s  does not app ly  to  n ap h th a len e  

d e g ra d e rs  i n  g e n e ra l ,  however (W alker and W i l t s h i r e ,  1953), nor to  th e  

a n a lo g o u s  a c c u m u la t io n  o f  1H2NA d u r in g  phenan th rene  d e g ra d a t io n  (Table 

7 ) ] .

With many o rg an ism s,  th e  s a l i c y l a t e  t h a t  i s  produced d u r in g  

n ap h th a len e  d i s s i m i l a t i o n  i s  l a t e r  consumed a s  the p r im ary  s u b s t r a t e  i s  

e x h a u s te d  (K lausm eie r  and S t r a w in s k i ,  1957; Murphy and Stone, 1955;
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I s h ik u r a  e t  a l ,  1968; Shamsuzzaman and B a rn s ley ,  1974). D iaux ic  grow th 

cu rves  c o r re sp o n d in g  to  the s u c c e s s iv e  u t i l i z a t i o n  of n ap h th a len e  and 

s a l i c y l a t e  by P,. a e ru g in o sa  have been p re s e n te d  ( I s h ik u r a  e t  a l ,  1968). 

At the p o in t  of maximum s a l i c y l a t e  c o n c e n t r a t io n ,  c e l l  coun ts  d ec re ase d  

p re c e d in g  a  second p e r io d  o f  grow th d u r in g  w hich the  s a l i c y l a t e  was 

u t i l i z e d  (Murphy and S tone ,  1955). M orpholog ical changes a s s o c i a t e d  

w i th  t h i s  s h i f t  i n  m e tabo lism  have been noted  (H osie r ,  1963).

When p r e s e n t  i n  e x c e ss ,  then, n ap h th a le n e  i s  n o t  t r e a t e d  by m ost 

o rgan ism s  a s  a s i n g l e  s u b s t r a t e  to  be m in e r a l i z e d  by c o n s e c u t iv e  

en zy m a tic  r e a c t io n s .  R a ther ,  under these  s u b s t r a t e  s u f f i c i e n t  

c o n d i t io n s ,  n ap h th a len e  i s  "seen" a s  a r e a d i l y  a v a i l a b l e  source  of 

py ru v a te  and the  s a l i c y l a t e  t h a t  i s  produced assum es  the  r o l e  of a 

second s u b s t r a t e .  Once th e  naph th a len e  i s  d e p le te d ,  and p ro v id e d  th e  

a c i d i c  b ip ro d u c t  does n o t  a t t a i n  i n h i b i t o r y  c o n c e n t r a t io n s ,  o rgan ism s  

may th en  s y n th e s iz e  a new s u i t e  of enzymes, or d e r e p re s s  e x i s t i n g  ones 

f o r  the  e f f i c i e n t  u t i l i z a t i o n  of s a l i c y l a t e  (H arder and D ijkhu izen ,

1982).

A s i m i l a r  approach  to  phenan threne  d e g ra d a t io n  i s  th e  most l i k e l y  

e x p la n a t io n  f o r  the  a c c u m u la t io n  o f  1H2NA by pure c u l t u r e s  and f o r  the 

two s tag e  m i n e r a l i z a t i o n  p a t t e r n  observed  h e re  f o r  mixed m ic ro b ia l  

c u l tu r e s .  At h igh  phenan th rene  c o n c e n t r a t io n s  0 0 .5  mg L” ^), en r ic h m e n t  

c u l t u r e s  a r e  dom inated  by phenanthrene  "d eg rad e rs "  which, a l th o u g h  

pe rhaps  a b le  t o  m in e r a l i z e  th e  hydrocarbon, degrade  i t  on ly  a s  f a r  a s  

1H2NA, making th e  r i n g  c leav ag e  p roduc t ,  py ru v a te ,  a v a i l a b l e  f o r  

growth. In  com parison  to  phenan th rene  " m in e r a l i z e r s , "  which d e r iv e  

t h r e e  m o le c u le s  o f  p y ru v a te  and one of a c e ta ld e h y d e  from the  c o o rd in a te  

m i n e r a l i z a t i o n  of p h enan th rene  v i a  meta c leavage  (Dagley, 1978), th e se
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phenan th rene  "d eg rad e rs"  must p ro cess  much more s u b s t r a t e  to  a c q u i r e  an 

e q u iv a le n t  amount of energy . The r e s u l t  i s  t h a t  1H2NA i s  produced more 

r a p id l y  than  i t  i s  consumed d u r in g  th e  f i r s t  s tag e  of m i n e r a l i z a t i o n  

and th u s  acc u m u la te s .  Only upon d e p l e t i o n  of the phenan th ren e  i s  1H2NA, 

a s  th e  second s u b s t r a t e ,  degraded , a l lo w in g  a second s ta g e  of p r o t e i n  

p ro d u c t io n  t o  ensue. A t h i r d  s tag e  of g row th  (a p p a ren t  d u r in g  the PP 

m ic ro la y e r  in c u b a t io n  o f  f i g u r e  13) may fo llo w  a s  l a t e r ,  n o n -a ro m a tic  

i n t e r m e d i a t e s ,  w h ich  would go u n d e te c te d  i n  the F-C and HPLC a n a ly s e s ,  

a r e  u t i l i z e d .

At low phenan th rene  c o n c e n t r a t io n s ,  1H2NA a c c u m u la te s  to  a l e s s e r  

e x t e n t .  Under th e se  n u t r i e n t  l i m i t i n g  c o n d i t io n s ,  c o n c u r re n t  

u t i l i z a t i o n  o f  p h enan th rene  and 1H2NA a l lo w s  phenan th rene  "deg rad ers"  

t o  more e f f i c i e n t l y  m i n e r a l i z e  the s u b s t r a t e  (Table  7). A l t e r n a t iv e ly ,  

phenan th rene  " m in e r a l i z e r s "  may be more c o m p e t i t iv e  a t  low s u b s t r a t e  

c o n c e n t r a t io n s  because  o f  t h e i r  g r e a t e r  i n h e r e n t  e f f i c i e n c y  of 

s u b s t r a t e  u t i l i z a t i o n .  The r e s u l t  i n  e i t h e r  case i s  t h a t  1H2NA does not 

acc u m u la te  i n  h igh  m olar  p r o p o r t i o n  to  the phenan th rene  degraded and a 

more s u b t le ,  tw o -s ta g e  p a t t e r n  o f  m i n e r a l i z a t i o n  i s  som etim es, but not 

a lw ays  d isc e rn e d .

The tw o -s ta g e  m i n e r a l i z a t i o n  p a t t e r n  observed  a t  h igh  phenan threne  

c o n c e n t r a t i o n s  was c h a r a c t e r i s t i c  of a l l  the sam ples  exam ined 

r e g a r d l e s s  of th e  e x t e n t  of PAH p o l l u t i o n  and hence p re -e x p o su re  

(p r e a d a p ta t io n )  of the community to  phenanthrene . In  com parison  to  the 

PP sam ples  (Fig. 13)» th e  more r a p id  phenan th rene  d e g ra d a t io n  and lo w e r  

m olar c o n v e rs io n  to  1 H2NA by the  AP sam ples  (F ig . 12) may have been due 

to  s e l e c t i o n  f o r  a more e f f i c i e n t  phenan th rene  d e g rad in g  p o p u la t io n  

d u r in g  r e p e a te d  t r a n s f e r  of the  AP sample t o  f r e s h  medium. The r a p id
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t r a n s f o r m a t io n  o f  PAH to  p o la r  i n t e r m e d i a t e s  may have a d a p t iv e  

s ig n i f i c a n c e .  In  an  open system , th e  advan tage  of t h i s  mode of 

m e tabo lism  i s  t h a t  hydrophobic  a ro m a t ic  compounds which could  

p o t e n t i a l l y  d i s r u p t  membrane f u n c t i o n s  (A bbott and G le d h i l l ,  1971) a r e  

co n v e r ted  t o  w a te r  s o lu b le  p ro d u c ts  which a r e  f r e e  to  d i f f u s e  or be 

ad v ec ted  away. In co m p le te  m i n e r a l i z a t i o n  o f  PAH may be th e  p r o k a r y o t i c  

e q u iv a le n t  of the e u k a r y o t ic  d e t o x i f i c a t i o n  s t r a t e g y  of s o l u b i l i z a t i o n  

o f  PAH by c o n ju g a t io n  ( C e r n ig l i a  e t  a l ,  1982). In  s o i l ,  sed im en ta ry  

and a q u a t i c  en v iro n m en ts ,  the  r e a c t i v i t y  of the  a ro m a t ic  a c id  and 

p h e n o l ic  p r o d u c ts  would f a v o r  t h e i r  i n t e r a c t i o n  o r  co n d en sa t io n  w ith  

n a t u r a l  humic m a t e r i a l s  which c o n ta in  s t r u c t u r a l  u n i t s  of s i m i l a r  

co m p o s i t io n  (S c h n i tz e r ,  1978; B o llag ,  1983). Thus, PAH may be re n d e re d  

innocuous  w i th o u t  be ing  c o m p le te ly  m in e ra l iz e d .

Of th e  few s t u d i e s  concerned w i th  PAH b io d e g ra d a t io n  by 

e n v i ro n m e n ta l  sam ples , most do not c o n s id e r  p o la r  t r a n s f o r m a t io n  

p ro d u c ts  a s  a s e p a r a t e  compartment. N otable  e x c e p t io n s  a r e  the  works o f  

H erbes and c o w o rk e ra  H erbes e t  a l  (1977) no ted  a lm o s t  com ple te  

co n v e rs io n  o f  ^ C - n a p h th a l e n e  and ^ C - a n th r a c e n e  to  p o la r  p ro d u c ts  

d u r in g  s h o r t - t e r m  in c u b a t io n s  w i th  mixed c u l t u r e s  of e n v i ro n m e n ta l  

i s o l a t e s .  With w a te r  sam ples, p o la r  was th e  dom inant a n th ra c e n e  

t r a n s f o r m a t io n  p ro d u c t ,  bu t acco u n ted  f o r  on ly  a s m a l l  p e rc e n ta g e  of 

th e  added r a d i o a c t i v i t y  (Herbes, 1981). From sed im en ts ,  1^C02 and bound 

(p e rh ap s  a humic acid-2H3NA a d d u c t)  were the  m ajo r p ro d u c ts  

re c o v e re d  a f t e r  in c u b a t io n s  w i th  l a b e l e d  a n th ra c e n e  (H erbes and 

S ch w a ll ,  1978). T ra n s fo rm a t io n  to  p o la r  p ro d u c ts  may a l s o  be im p l i c a t e d  

by the  slow r a t e s  o f  ^ C 0 2 p ro d u c t io n  from l a b e l e d  a n th ra c e n e  d e s p i t e  

i t s  r a p id  rem oval from a m arine  e n c lo s u re  (Lee e t  a l ,  1978) and from
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sed im en t s l u r r i e s  (Bauer and Capone, 1985). We a r e  unaware of any o th e r  

s tu d i e s  d e a l in g  w i th  phenan th rene  d e g ra d a t io n  by n a t u r a l  sam ples.

Herbes and S chw all  (1978) p r e s e n te d  12*C02 e v o lu t io n  cu rv es  f o r  

n ap h th a len e  c lo s e ly  r e s e m b l in g  the s tep p ed  cu rv es  f o r  phenan th rene  

observed  here .  Using a p ro ced u re  s i m i l a r  to  th e  one d e s c r ib e d  h e re  f o r  

seaw a te r  sam ples, R e ic h a rd t  e t  a l .  (1981) a l s o  p re s e n te d  ^CC^ 

e v o lu t io n  d a ta  from [ U - ^ C ]  b ip h e n y l  and m o noch io rob ipheny ls  ( l a b e le d  

u n ifo rm ly  on one r in g )  which showed s tepped  cu rves .  (C h lo r in a te d )  

B iphenyl d e g ra d a t io n  i s  o f t e n  accom panied by ac c u m u la t io n  o f  

( c h io ro )b e n z o ic  a c id  or o th e r  r i n g  c leavage  p ro d u c ts  ( C e r n ig l ia ,  1981) 

and, a l th o u g h  no s i g n i f i c a n t  r a d i o a c t i v e  pool of w a te r  s o lu b le  

t r a n s f o r m a t io n  p ro d u c ts  was d e te c te d ,  the  a n a ly s e s  w ere perform ed  a t  

th e  end o f  th e  in c u b a t io n  (14? c o n v e rs io n  to  C02 ), a f t e r  the  

i n c r e m e n ta l  ^ C 0 2 was produced.

T ra n s fo rm a t io n  o f  PAH to  p o la r  i n t e r m e d i a t e s  has  im p o r ta n t  

i m p l i c a t i o n s  r e g a r d i n g  th e  methodology used to  m easure PAH 

b io d e g ra d a t io n .  C le a r ly ,  th e  d is a p p e a ra n c e  of p a r e n t  compounds d u r in g  

in c u b a t io n s  w i th  n a tu r a l  sam ples  shou ld  not be equa ted  w i th  

m i n e r a l i z a t i o n .  C onversely , ^ C 0 2 e v o lu t io n  from i n t e r i o r  r i n g - l a b e l e d  

PAH (Fig . 17) w i l l  p ro v id e  an u n d e r e s t im a t io n  o f  t r a n s f o r m a t io n  r a t e s  

a t  h igh  t e s t  c o n c e n t r a t io n s .  For phenan th rene  a t  low c o n c e n t r a t i o n s  (<1 

mg LT^) however, m e ta b o l i t e s  c o n s t i t u t e  a m inor f r a c t i o n  of th e  ^ C  

added and ^ C 0 2 p ro d u c t io n  i s  a  r e a s o n a b le  in d e x  o f d e g ra d a t io n .  

N e v e r th e le s s ,  from the shapes  o f  the  m i n e r a l i z a t i o n  cu rves  d e p ic te d  

h e re  (Fig. 15), i t  i s  c l e a r  t h a t  b io d e g ra d a t io n  r a t e  d a ta  d e r iv e d  by 

co n n ec t in g  a t im e  z e ro  and some l a t e r  ^CC^ e v o lu t io n  d a ta  p o in t ,  may 

be e rro n eo u s .  Use of th e  p ro ced u re  d e s c r ib e d  h e re  f o r  m o n i to r in g
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m i n e r a l i z a t i o n  o f  1l*C-PAH p ro v id e s  i n f o r m a t io n  and p r e c i s i o n  

u n a t t a i n a b l e  w i th  o th e r  methods.
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CHAPTER THREE

ESTUARINE ECOLOGY OF PHENAHTHRENE-DEGRADING BACTERIA

ABSTRACT

Phenanthrene d eg ra d in g  b a c t e r i a  w ere u b iq u i to u s ly  d i s t r i b u t e d  i n  

th e  w a te r s  and s e d im e n ts  of the  G re a t  Bay E s tu a ry ,  NH, a s  d e te rm in e d  

u s in g  a ^C -phenanthrene  m i n e r a l i z a t i o n  assay . S im i la r  l e v e l s  o f  

a c t i v i t y  were ob se rv ed  i n  w a te r  sam ples c o l l e c t e d  in  March and June 

when th e se  w ere in c u b a te d  a t  1 8°C even  though am bient w a te r  

t e m p e ra tu r e s  w ere  1-4°C and 10-22°C, r e s p e c t iv e l y .  This  o b s e r v a t i o n  

i n d i c a t e d  th e  c o n s ta n t  p resen ce  of a m e so p h i l ic  p h en a n th re n e -d e g ra d in g  

b a c t e r i a l  p o p u la t io n  i n  the e s tu a ry .  H ighes t b io d e g ra d a t io n  a c t i v i t i e s  

w ere  a s s o c i a t e d  w ith  PAH-contaminated w a te r s  downstream from a d red g in g  

o p e r a t i o n  w hich in t ro d u c e d  high c o n c e n t r a t i o n s  o f  coal t a r  PAH 

( p o ly c y c l i c  a ro m a t ic  h y d rocarbons)  i n t o  th e  Cocheco R iver. High 

a c t i v i t i e s  a l s o  o c c u r re d  i n  a r e a s  r e c e iv in g  PAH i n p u t s  from p le a s u re  

and com m ercial b o a t in g  a c t i v i t i e s .  Low c o r r e l a t i o n s  w ere o b ta in e d  

between bio d e g ra d a t io n  r a t e s  and c o n c e n t r a t i o n s  of n u t r i e n t s ,  

p a r t i c u l a t e s  and o rg a n ic  m a t te r .  Somewhat b e t t e r  ag ree m en ts  betw een 

11*C-phenanthrene m i n e r a l i z a t i o n  p o t e n t i a l s  and p l a t e  c o u n ts  on a 

p h e n a n th re n e / to lu e n e  ag a r  (PTA) medium w ere observed. PTA co u n ts  showed 

h ig h ly  s i g n i f i c a n t  c o r r e l a t i o n s  w i th  d i m e th y l t i n  (D M T )-re s is tan t  p la t e  

c o u n ts  i n d i c a t i n g  t h a t  m arinas ,  as  so u rces  o f  both PAH h y d ro ca rb o n s  and 

a n t i f o u l i n g  o rg a n o t in  compounds, p ro found ly  in f lu e n c e d  th e  m ic ro b io lo g y  

o f  the  e s tu a ry .  V a r i a b i l i t y  i n  th e  phenanthrene  d e g ra d a t io n  p o t e n t i a l s
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e x h ib i t e d  by e s t u a r i n e  w a te r  and sed im en t sam ples  appea red  to  be 

overw helm ing ly  due to  th e  degree  of p rev io u s  ex p o su re  to  PAH.



INTRODUCTION

P o ly c y c l ic  a ro m a t ic  hy d ro ca rb o n s  (PAH) a r e  a n a t u r a l l y  o c c u r r in g  

c l a s s  o f  fu s e d  r i n g  a ro m a t ic  compounds whose p r im ary  p r e - i n d u s t r i a l  

r o u te  of e n t ry  i n t o  the  env ironm ent was th rough  o i l  seeps  and f o r e s t  

f i r e s  (Blumer and Youngblood, 1975). As p r o d u c ts  o f  com bustion  and a s  

components o f  f o s s i l  f u e l s ,  modern day i n p u t s  o f  PAH a r e  numerous and 

p l e n t i f u l  (N eff ,  1979). E s tu a r i e s ,  p a r t i c u l a r l y  th o se  i n  c lo se  

p ro x im ity  to  u r b a n / i n d u s t r i a l  c e n t e r s ,  a r e  prim e r e p o s i t o r i e s  f o r  PAH 

(Lake e t  a l ,  1979; Olsen e t  a l ,  19 82). PAH e n t e r  e s t u a r i n e  e n v i ro n m e n ts  

th rough  a tm o s p h e r ic  f a l l o u t  of f l y a s h  p a r t i c u l a t e s  (H e it ,  1985; P rah l 

e t  a l ,  1984), ru n o f f  from s t r e e t s  and h ighw ays (Herrmann, 1981; Hoffman 

e t  a l ,  1984), m u n ic ip a l  and i n d u s t r i a l  w a s te w a te r  d i s c h a rg e s  (B a rr ic k ,  

1982), r i v e r i n e  t r a n s p o r t  (P rah l  e t  a l ,  1984; Herrmann and Hubner,

1982), major o i l  s p i l l a g e s  (N eff, 1979) and c h ro n ic  l o w - l e v e l  in p u t s  

a s s o c i a t e d  w ith  com m ercial and p le a s u re  b o a t in g  a c t i v i t i e s .  Due to  the 

m u l t i p l i c i t y  of in p u ts ,  each w i th  i t s  own PAH c o m p o s i t io n a l  s ig n a tu r e ,  

i t  i s  u s u a l ly  d i f f i c u l t  to  p in p o in t  the sou rce  o f  hydrocarbons  i n  a 

p a r t i c u l a r  environm ent. The problem i s  e x a c e rb a te d  by the  v a r i a b l e  

v o l a t i l i t y ,  s o l u b i l i t y  and b i o d e g r a d a b i l i t y  of the  v a r io u s  compounds. 

Sedim ents, n e v e r th e le s s ,  p rov ide  an h i s t o r i c a l  r e c o rd  w hich shows a 

d ra m a t ic  p o s t - i n d u s t r i a l  (ca. 1850) i n c r e a s e  i n  the e n v i ro n m e n ta l  

burden of PAH ( H i te s  e t  a l ,  1977; F o r s t n e r  and M ulle r ,  1981).

A dso rp t io n  i s  a m ajor p ro c e s s  g o v e rn in g  the  f a t e  of PAH i n  a q u a t i c  

env ironm ents .  High m o le c u la r  w e ig h t  PAH w i th  fo u r  or more r i n g s  and 

o c t a n o l - w a te r  p a r t i t i o n  c o e f f i c i e n t s  (Kows)  above ~10^ show s t ro n g
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c o r r e l a t i o n s  w i th  suspended p a r t i c u l a t e s  i n  e s t u a r i n e  sy s tem s  (Readman 

e t  a l ,  1982). C o n c e n t ra t io n s  o f  lo w e r  m o le c u la r  w e ig h t  PAH w i th  two or 

t h r e e  r i n g s  c o r r e l a t e  poo rly  w ith  p a r t i c u l a t e  m a t e r i a l s  due to  th e  

h ig h e r  s o l u b i l i t y  ( lo w e r  KQW) and v o l a t i l i t y  of these  compounds. At 

e q u i l ib r iu m  w ith  the average  suspended p a r t i c u l a t e  lo a d  o f  c o a s ta l  

en v iro n m en ts  (10 to  20 mg L"^, 6% carbon), compounds w i th  Kow v a lu e s  <. 

105 e x i s t  p red o m in an tly  (80 to  90?) i n  th e  d i s s o lv e d  form (Pavlou  and 

D exter, 1979). As the p a r t i c u l a t e  l e v e l s  in c r e a s e ,  such a s  a t  the 

s e d im e n t /w a te r  i n t e r f a c e ,  a d s o r p t io n  becomes much more im p o r ta n t .  Here, 

however, h ig h e r  c o n c e n t r a t i o n s  o f  d i s s o lv e d  o rg a n ic  m a t t e r  would 

compete w i th  the  o rg a n ic  c o a t in g s  on p a r t i c u l a t e s  and h e lp  to  

s o l u b i l i z e  PAH (G je s s in g  and B e rg l in d ,  198 1; W ija y a ra tn e  and Means, 

1984; W hitehouse, 1985).

Phenan threne i s  a m ajor component of the  PAH assem blage found i n  

s e d im e n ts  and i n  th e  v a r io u s  in p u t  s o u rces  (N eff ,  1979; B a r r ic k ,  1982; 

Hoffman e t  a l ,  1984; Ogan e t  a l ,  1979). I t  i s  an  e x c e l l e n t  model 

compound f o r  the s tudy  of PAH b io g e o ch em is t ry  due t o  i t s  i n t e r m e d i a t e  

s o l u b i l i t y  (1.0 pg ml- ^, May e t  a l ,  1978), v o l a t i l i t y  ( vapor p re s su re ,  

6 . 8  x 10_1* mm Hg, Readman e t  a l ,  1 9 8 2 ) and a s s o c i a t i o n  w ith  p a r t i c u l a t e  

p h ases  (KQW = 3 . 7  x 101*, K a r ic k h o ff  e t  a l ,  1979). Phenanthrene i s  a l s o  

i n t e r m e d i a t e  i n  i t s  b io d e g r a d a b i l i t y ,  b e in g  l e s s  e a s i l y  degraded than  

n ap h th a len e  but more e a s i l y  degraded  th a n  a n th ra c e n e  and l a r g e r  r i n g  

compounds (Fedorak and W estlake ,  1981). In  a d d i t io n ,  phenan th rene  i s  

th e  s m a l le s t  of the  a n g u la r  PAH p o s s e s s in g  th e  s o - c a l l e d  bay re g io n  

w hich i s  c h a r a c t e r i s t i c  of the c a rc in o g e n ic  members of t h i s  c l a s s  of 

hydrocarbons  ( P h i l l i p s ,  1983). Phenanthrene i s  n o n -c a rc in o g e n ic  

( P h i l l i p s ,  1983) and r e l a t i v e l y  n o n - to x ic  (C alder  and Lader, 1976;
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H u sse in i  and S t r e t t o n ,  1981). D esp ite  th e se  f e a t u r e s ,  p h en an th ren e  i s  

l i t t l e  s tu d ie d  i n  com parison  to  some o th e r  PAH in c lu d in g  n a p h th a len e ,  

a n th ra cen e ,  b en za n th race n e  and benzo(a)pyrene.

B a c te r i a  a re  the  p r i n c i p a l  a g e n ts  of PAH d e g ra d a t io n  i n  n a tu re  

(A lexander, 1981) a l th o u g h  f u n g i  ( C e r n ig l i a ,  1981; Fedorak e t  a l ,

1984), m ic ro a lg a e  (L in d q u is t  and Warshawsky, 1985), and h ig h e r  

o rgan ism s (Stegem an, 1981) b r in g  ab o u t l i m i t e d  t r a n s f o r m a t io n s  of th e se  

compounds. Two and th r e e  r i n g  PAH a r e  co m p le te ly  m i n e r a l i z a b le  w hereas  

f o u r  r i n g  and l a r g e r  compounds a re  not s u i t a b l e  a s  s o le  carbon  and 

energy s o u rc e s  f o r  b a c t e r i a  (C e rn g l ia ,  1984). The m i n e r a l i z a t i o n  of PAH 

by some, i f  no t  a l l  o rg an ism s ,  i s  dependent on the p o s s e s s io n  of 

d e g ra d a t iv e  p la sm id s  some of which (NAH, SAL) have been c h a r a c t e r i z e d  

(Chakrabar t y ,  197 6).

As w i th  the  c a ta b o l i s m  of any o rg a n ic  s u b s t r a t e ,  th e  a v a i l a b i l i t y  

of n u t r i e n t s ,  the te m p e ra tu re  and the  pH a l s o  a f f e c t  the  m i n e r a l i z a t i o n  

o f  PAH by b a c t e r i a .  U nlike some o th e r  s u b s t r a t e s ,  however, oxygen i s  an 

a b s o lu t e  r e q u i r e m e n t  f o r  PAH d i s s i m i l a t i o n  because the d ia to m ic  02 

m o lecu le  i s  i n c o r p o r a te d  d i r e c t l y  i n t o  the  s u b s t r a t e  a s  a p r e r e q u i s i t e  

to  r i n g  c leavage  (Dagley, 1978). The o x id a t io n - r e d u c t io n  (redox) s t a t e s  

of n a tu r a l  e n v iro n m en ts  a r e  thus  c r i t i c a l  in  d e te rm in in g  th e  

p e r s i s t e n c e  of PAH (DeLaune e t  a l ,  1980, 1981; Gardner e t  a l ,  1979; 

Bauer and Capone, 1985; Hughes and McKenzie, 1975). The a v a i l a b i l i t y  of 

a l t e r n a t e  carbon s o u rc e s  may a l s o  be im p o r ta n t  in  s u p p o r t in g  the  

com etabolism  of PAH ( S h i a r i s  and Cooney, 1983; D alton  and S t i r l i n g ,

1983; Rubin and A lexander, 1983; Shimp and P faender ,  1985a); 

a l t e r n a t i v e l y ,  th e se  so u rc e s  may a c t  to  p re v e n t  in d u c t io n  o f  PAH 

deg rad in g  enzymes (Ward and Brock, 1975; M artens, 1982; Shimp and
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Pfaender,  19 85b).

Compound r e l a t e d  f a c t o r s  such as  PAH c o n c e n t r a t i o n  and p re 

exposure  to  the compounds d e te rm in e  the d e g ra d a t iv e  a c t i v i t i e s  o f  

m ic ro b ia l  p o p u la t io n s  i n  n a tu re  (Wyndham and C o s te r  ton, 1981). These 

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

in d u c t io n  o f  enzymes r e q u i r e d  f o r  d e g ra d a t io n ,  and p r o l i f e r a t i o n  of 

ex trachrom osom al e l e m e n t s  en co d in g  d e g ra d a t iv e  enzymes (S p a in  and Van 

Veld, 1983). Though PAH a r e  u b iq u i to u s  i n  t r a c e  am ounts, t h e i r

c o n c e n t r a t i o n s  may be below l e v e l s  n ece ssa ry  to  supp ly  th e  m a in tenance

energy  r e q u i re m e n ts  o f  a c t i v e  b io d e g ra d a t iv e  p o p u la t io n s  (B o e th l in g  and 

A lexander, 1979; A lexander,  1981; Rubin and A lexander, 198 3 ). However, 

PAH d e g ra d in g  b a c t e r i a  a r e  a l s o  u b iq u i to u s  ( M u lk in s - P h i l l i p s  and 

S te w a r t ,  1974b; S i s l e r  and Z oB ell ,  1947) and th rough  e n r ic h m e n t  and 

a d a p t a t i o n  can become a c t i v e .  Thus b a c t e r i a l  p o p u la t io n s  from PAH 

co n tam in a ted  s i t e s  e x h i b i t  more r a p id  tu rn o v e r  of PAH than  t h e i r  

c o u n t e r p a r t s  from p r i s t i n e  en v iro n m e n ts  (Herbes, 1981; H erbes and 

S ch w all ,  1978; Lee e t  a l ,  1978; Mul k i n s - P h i l l i p s  and S te w a r t ,  1974a; 

Saltzm ann, 1982; W alker and C o lw e l l ;  1975; Cooney e t  a l ,  1985; S h e r r i l l

and S a y lo r ,  1980; Bauer and Capone, 1985b).

In  t h i s  paper, I  exam ined th e  a c t i v i t y  and d i s t r i b u t i o n  o f  

p h e n a n th re n e -d e g ra d in g  b a c t e r i a  i n  th e  w a te r s  and se d im e n ts  o f  a n o r th  

te m p e ra te  e s tu a ry .  D i s t r i b u t i o n s  w ere  th en  r e l a t e d  to  th e  p h y s ic a l ,  

chem ica l and b io l o g i c a l  c h a r a c t e r i s t i c s  of the en v ironm en t.
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MATERIALS AND METHODS

Study Area

The G rea t  Bay e s t u a r i n e  ecosystem  (Fig. 18) i s  one of the  l a r g e s t  

e s t u a r i e s  on the  e a s t e r n  seaboard  of the  U nited  S t a t e s  (M ath ieson  and 

Hehre, 1986), w ith  a w a te rsh e d  o f  over 900 sq u a re  m i le s  and a t i d a l  

a re a  o f  11000 a c r e a  S e m id iu rn a l  t i d e s  w i th  an  am p li tu d e  o f  2.5 m 

c r e a te  s t ro n g  c u r r e n t s  o f  up to  6 k n o ts  th rough  the  narrow s a d j a c e n t  to  

Dover, Fox and Adams P o i n t a  Most of the t i d a l  p r ism  f lo w in g  up the  

P is c a ta q u a  R ive r  i s  channe led  p a s t  Dover Pt. and s e r v e s  to  f l u s h  L i t t l e  

and G rea t  Bays ( c o l l e c t i v e l y ,  the  Bay). S eaw ate r  a l s o  i n t r u d e s  up the  

P isc a ta q u a  R iver and beyond th e  con fluence  of the  Salmon F a l l s  and 

Cocheco R ivers  but t h i s  f low  i s  a m inor f r a c t i o n  of the t o t a l  t i d a l  

f low . Seven r i v e r s  empty i n t o  th e  system  w i th  a  combined mean f low  of 

1370 c f s  o f  w hich  1.9% i s  sewage. This flow  a c c o u n ts  f o r  l e s s  th a n  2% 

o f  the  t o t a l  w a te r  volume exchanged d u r in g  each  t i d a l  cyc le .  The 

r e s id e n c e  tim e o f  w a te r  i n  the  Bay has been e s t i m a t e d  a t  20 to  30 d 

(Loder e t  a l ,  1983). Most of the  r i v e r s  fe e d in g  th e  e s tu a r y  a re  dammed 

to  produce d i s c o n t in u o u s  s a l i n i t y  g r a d ie n ts .  The main stem o f  the 

P is c a ta q u a  R iver (from Dover Pt. to  th e  sea) i s  h e a v i ly  i n d u s t r i a l i z e d  

w ith  o i l  r e f i n e r i e s ,  b o a ty a rd s ,  m arinas ,  a c o a l - f i r e d  power p la n t ,  and 

s e v e ra l  m u n i c i p a l i t i e s  in c lu d in g  th e  c i t y  of Portsm outh , NH a lo n g  i t s  

banka  Minor i n d u s t r i e s  and sewage t r e a tm e n t  f a c i l i t i e s  i n  the s m a l l e r  

towns and c i t i e s  su r ro u n d in g  th e  e s tu a r y  a l s o  im p ac t  on th e  o v e r a l l  

w a te r  q u a l i t y  of the system .
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FIGURE 18. Map o f  th e  G re a t  Bay E s tu a ry ,  New Hampshire-M aine,
show ing l o c a t i o n s  o f  sed im en t sam ples  c o l l e c t e d  8 -31-84  (JEL, 
OR, BB, and SR) and 10-17-84 (S1-S6) and w a te r  sam ples  (1-12) 
c o l l e c t e d  i n  March and Ju n e ,  1985. The l o c a t i o n  o f  a  d red g in g  
o p e r a t i o n  i n  th e  Cocheco R ive r  and o f  s e d im e n ts  used i n  PAH 
a n a ly s e s  ( s t a r s )  a r e  a l s o  i n d i c a t e d .
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Sample C o l l e c t i o n  

W ater and sed im en t sam ples  were c o l l e c t e d  from  l o c a t i o n s  

th roughou t th e  e s tu a r y  a s  shown i n  Fig. 18. I n t e r t i d a l  s ed im en t sam ples  

were c o l l e c t e d  8-31-84 from the  JEL (Jack so n  E s tu a r i n e  L a b o ra to ry ,

UNH), OR (O yster R ive r) ,  BB (Bellam y R iver B ridge )  and SR (Sprague 

R e fine ry )  s i t e s  by a s e p t i c a l l y  sco o p in g  the  top  0.5 cm i n t o  s t e r i l e  

beakers. Samples w ere r e tu r n e d  to  th e  l a b o r a to r y  on i c e  and p ro c e sse d  

w i th in  3 h o f  c o l l e c t i o a  Sedim ent sam ples  S1 th rough  S6 were c o l l e c t e d  

10-17-84 from aboard  th e  R/V J e r e  Chase u s in g  a Sh ipek  g ra b  sam pler .  

O xidized s u r fa c e  sed im en t ( top  1 cm) o u t  o f  c o n ta c t  w i th  the sam p le r  

was t r a n s f e r r e d  to  s t e r i l e  b o t t l e s  and kep t on i c e  u n t i l  r e t u r n i n g  to  

the  l a b o r a to r y  w i t h i n  12  h.

S urveys o f  the  e s tu a r y  were perform ed  i n  March and June, 1985. 

S u rfa c e  w a te r  sam ples  from  12 s t a t i o n s  (F ig . 18) were c o l l e c t e d  i n  a 

s t a i n l e s s  s t e e l  bucket from the  bow of the  R/V J e r e  A. Chase to  avo id  

c o n tam in a tio n .  Subsam ples f o r  m ic r o b io lo g ic a l  a n a ly s e s  w ere taken  

a s e p t i c a l l y ,  a d d i t i o n a l  subsam ples  w ere  ta k en  f o r  chem ica l a n a ly s i s ,  

and the bucket was w iped tho rough ly  w i th  100/6 e th a n o l  between sam ples.

B a c t e r i a l  Enum erations 

Im m ed ia te ly  a f t e r  c o l l e c t i o n ,  w a te r  sam p les  from s t a t i o n s  1 

th rough  12  were s e r i a l l y  d i l u t e d  i n  9  nil b la n k s  o f  7 5 $ a r t i f i c i a l  

s e a w a te r  (ASW, K es te r  e t  a l ,  1967) and severed  d i l u t i o n s  were sp read  

p la t e d  i n  q u a d r u p l i c a t e  onto  e s t u a r i n e  n u t r i e n t  a g a r  (ENA) and 

p h e n a n th re n e / to lu e n e  a g a r  (PTA). Upon r e t u r n  to  th e  l a b o r a to r y ,  p l a t e s  

were p laced  i n  a dark  18°C in c u b a to r  f o r  2 (ENA) o r  3 (PTA) weeks 

befo re  c o u n t in g .

Water sam ples w ere a l s o  p la te d  o n to  e s t u a r i n e  n u t r i e n t  a g a r  (ENA)
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which had been supp lem en ted  w i th  d im e th y l  t i n  (15 mg L”  ̂ (C H ^^S nC ^ as  

Sn). P l a t e s  w ere  in c u b a te d  f o r  2 w eeks a t  18°C i n  the dark  and counted. 

Counts o f  d im e th y l  t i n  (D M T )-re s is ta n t  b a c t e r i a  were compared to  coun ts  

on unsupplem ented  ENA.

Numbers o f  b a c t e r i a  i n  s ed im en t sam ples  S1 th rough  S6 were a l s o  

enum era ted  on PTA a f t e r  d i l u t i o n  w i t h  75$ ASW. D i lu t io n  and p l a t i n g  of 

th e se  sam ples  was c a r r i e d  ou t  upon r e tu n  to  th e  l a b o r a to r y ,  as  much as  

12 h a f t e r  c o l l e c t i o n .

The se a so n a l  d i s t r i b u t i o n  o f  p h e n a n th re n e -d e g ra d in g  b a c t e r i a  i n  

th e  w a te r  and se d im e n ts  a t  th e  JEL, OR, BB and SR s i t e s  was the t o p i c  

o f  a M a s te r 's  t h e s i s  by J. S an sev er in o  (UNH, Dept, o f  M icrob io logy ,

1984). Phenanthrene d e g ra d in g  b a c t e r i a  i n  th e se  sam ples  w ere enum era ted  

on a 0 .0 1 $ p h enan th rene  a g a r  by c o u n t in g  th e  c l e a r i n g  zones  i n  a 

c r y s t a l l i n e  p h enan th rene  o v e r la y  sp ray ed  on the p l a t e s  a f t e r  

in o c u la t io n .  While not d i r e c t l y  com parab le  to  th e  e s t i m a t e s  made on th e  

o th e r  sam ples , they d id  a l lo w  com parisons  betw een th e  fo u r  s e d im e n ts  to  

be made.

Phenan th rene  B io d e g ra d a t io n  P o t e n t i a l ?

One cm^ p o r t i o n s  o f  w e l l -m ix e d  sed im en t sam ples  were ta k e n  w i th  

s t e r i l e  s y r in g e  c o r e r s  and d i l u t e d  te n  f o l d  i n  75$ ASW. One ml a l i q u o t s  

of the d i l u t i o n s  were used to  i n o c u l a t e  100  ml of a 0 . 5  mg L“  ̂ s o l u t i o n  

o f  phenan threne  i n  75$ ASW which a l s o  c o n ta in e d  (p e r  L); NĤ NO  ̂ ( 1 . 5  

mg), 0 .0 5 M p h o s p h a te  b u f f e r  (pH 7 .5 ,  1 m l) ,  F e C lg '6 H2 0  (0 .2  mg) and 

Tween 80 (0.85 mg) t o  m in im iz e  a d s o r p t io n  and v o l a t i l i z a t i o n  o f  the  

phenanthrene. The pH o f the  medium was a d j u s t e d  to  7.5 b e fo re  

s t e r i l i z a t i o n  by f i l t r a t i o n  (0.2 jam N uclepore). F la sk s  w ere  sp iked  w i th



5 p i  o f  a [ 9 - 1 i,C] phenan th ren e  (A m ersham -Searle , 19.3 mCi mmole- 1 , 98$ 

ra d io c h e m ic a l  p u r i t y  by HPLC and TLC) i n  ace to n e  s o l u t i o n  and t o t a l  

i n i t i a l  a c t i v i t y  ( “1 0 , 0 0 0  dpm ml- 1 ) was a s s e s s e d  by c o u n t in g  d u p l i c a t e  

1 ml a l i q u o t s  of th e  medium. In c u b a t io n s  w ere c a r r i e d  o u t  i n  s to p p e red  

250 ml E rlenm eyer f l a s k s  f i t t e d  w i th  8 mm sam pling  p o r t s  f o r  p e r io d i c  

w ith d ra w a l  o f  w a te r  and headspace  f o r  measurement o f  11*C02  (Fedorak e t  

a l ,  1 9 8 2 ).

Phenanthrene b io d e g ra d a t io n  p o t e n t i a l s  o f  u n d i lu te d  w a te r  sam ples  

were d e te rm in e d  by a s e p t i c a l l y  t r a n s f e r r i n g  2 0 0  ml a l i q u o t s  o f  w a te r  

sam ples  to  500 ml E rlenm eyer f l a s k s  f i t t e d  w i th  8 mm sa m p lin g  p o r ts .  

Sam ples were s p ik e d  w i th  10 p i  o f  an  ace to n e  s o l u t i o n  o f  [ 9 - 1i*C] 

phenan th rene  which had been d i l u t e d  w i th  u n la b e le d  phenan th rene  to  g ive  

a t o t a l  a s sa y  c o n c e n t r a t i o n  o f  1.09 mg L-1 . T o ta l  i n i t i a l  a c t i v i t e s  i n  

th e  f l a s k s  w ere  about 1 0 , 0 0 0  dpm ml- 1  a s  d e te rm in e d  by c o u n t in g  

d u p l i c a t e  1 ml a l i q u o t s  im m ed ia te ly  a f t e r  s p ik in g .  M in e r a l i z a t io n  o f  

phenan th rene  was fo l lo w e d  i n  th e  same manner a s  f o r  sed im en t sam ples. 

D e ta i l s  of the p ro ced u re  have been p re v io u s ly  d e s c r ib e d  (G uerin  and 

Jones ,  s u b m it te d ) .

E f f e c t s  o f  N u t r i e n t s  IN and P) and A l te rn a te  Carbon Sources 

Phenan th rene  3 io d eg r ada.tlg_s 

D uring th e  June survey , e i g h t  100 ml a l i q u o t s  o f  w a te r  from 

s t a t i o n  6 were t r a n s f e r r e d  to  250 ml E rlenm eyer f l a s k s .  F la sk s  then  

r e c e iv e d  1 ml of a s o l u t i o n  c o n ta in in g  200 ug C a s  a c e t a t e ,  s u c c in a te ,  

p y ruva te ,  g lu co se ,  Tween 80 o r  humic a c id  (A ld r ich ) .  One f l a s k  r e c e iv e d  

0.5 ml o f  0 .05  M p h o s p h a te  b u f f e r  (pH 7 .5 )  p l u s  0.5 ml NH^NO^ (1 mg m l“ 

1 d i s t i l l e d  w a te r )  and one f l a s k  r e c e iv e d  1 ml s t e r i l e ,  d i s t i l l e d  

w a te r  as  a c o n t ro l .  A ll f l a s k s  r e c e iv e d  5 p i of a 1 i*C -labeled
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phenan th rene  s o l u t i o n  ( t o t a l  a s sa y  c o n c e n t r a t i o n  o f  1 . 0 9  mg L- ^) to  

r e s u l t  i n  a  p h e n a n th re n e -C :a l te rn a te -C  r a t i o  of 1:2. T o ta l  i n i t i a l

1 ua c t i v i t y  was im m e d ia te ly  d e te rm in e d  and f l a s k s  w ere  in c u b a te d  and ,n C02 

p ro d u c t io n  was m o n i to red  a s  d e s c r ib e d  above.

Chemical A nalyses

Water sam ples  w ere  f i l t e r e d  (0.4 pm N uclepore) on board s h ip  and 

a l i q u o t s  of th e  f i l t r a t e  w ere  im m e d ia te ly  f ro z e n  f o r  l a t e r  d i s s o lv e d  

o rg a n ic  carbon  (DOC) and n u t r i e n t  a n a ly se s .  Samples f o r  DOC w ere  s to r e d  

in  precom busted  (475°C> 6 h) sc re w -c a p  t e s t  tu b e s  a t  -20°C f o r  up to  9 

mos b e fo re  a n a l y s i s  on a B a rn s ted  Photochem DOC a n a ly z e r .  N u t r i e n t s  

(NH$, NO3 + NOjj, PO4 3) i n  d u p l i c a t e  sam p les  were an a ly zed  on a 

Technicon A u to an a ly ze r  a c c o rd in g  t o  th e  p ro ced u re s  o f  G l i b e r t  and Loder

(1977).

A d d i t io n a l  u n f i l t e r e d  w a te r  sam ples  w ere  t r a n s f e r r e d  to  1 L 

p o ly e th y le n e  b o t t l e s  and s to r e d  on i c e  u n t i l  t h e i r  r e t u r n  to  th e  

la b o ra to r y .  There, sam p le s  w ere  f i l t e r e d  th rough  precom busted, 

p rew eighed  Whatman GF/C g l a s s  f i b e r  f i l t e r s  ( e f f e c t i v e  r e t e n t i o n  1.2 

pm).  F i l t e r s  w ere  d r i e d  (90°C o v e rn ig h t ) ,  rew eighed , combusted (475°C,

6 h) and w eighed a g a in  to  g ive  suspended p a r t i c u l a t e  m a t te r  (SPM) and 

p a r t i c u l a t e  o rg a n ic  m a t t e r  (POM) c o n c e n t r a t i o n  e s t im a te s .  S a l i n i t i e s  of 

the  f i l t r a t e s  were d e te rm in e d  on a G u i ld l in e  A utosal S a l in o m e te r  Model 

8400. The ab so rbance  of f i l t r a t e s  a t  250 nm was m easured on a Beckman 

DU- 8  s p e c t ro p h o to m e te r  i n  1 cm q u a r tz  cuve ts .

The c o n c e n t r a t i o n  and s p e c i a t i o n  o f  t i n  compounds ( in o rg a n ic ,  

mono-, d i - ,  t r i -  and t e t r a m e th y l  and mono- and t r i b u t y l  t i n s )  was a l s o  

d e te rm in e d  on March and June w a te r  sam ples  and w i l l  be p re s e n te d
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e lsew h ere  (Donard and G uerin ,  i n  p r e p a ra t io n . ) .

O rgan ic  m a t t e r  c o n te n t  of a l l  sed im e n ts  was d e te rm in e d  a s  th e  

w e ig h t  l o s s  of d r ie d  ( 9 0 °C, o v e rn ig h t )  s e d im e n ts  a f t e r  com bustion  a t  

475°C f o r  6 h. In  a d d i t io n ,  s e d im e n ts  S1 th rough  S6 were an a ly z e d  i n  

d u p l i c a t e  f o r  o rg a n ic  C and N on a Carlo  Erba E lem en ta l A nalyzer Model 

1106. The s p e c i f i c  s u r f a c e  a r e a s  o f  a l l  sed im e n ts  w ere d e te rm in e d  by 

the c e ty l  p y r id in iu m  bromide (CPB) a d s o r p t io n  tech n iq u e  d e s c r ib e d  by 

Mayer and R ossi (1981) and by the  BET ( n i t r o g e n  a d s o rp t io n )  method 

u s in g  a Quantachrome Corp. Monosorb in s t ru m e n t .

P o ly c y c l ic  a r o m a t i c  hydrocarbon  a n a l y s i s  o f  s e d im e n ts  was c a r r i e d  

ou t u s in g  the e x t r a c t i o n  and c leanup  procedure  o f  G iger and S c h a f fn e r

(1978) w i th  s l i g h t  m o d i f ic a t io n s .  A n a ly s is  was by c a p i l l a r y  gas 

chrom atography on a Shimadzu GC-9A in s t r u m e n t  w i th  FID d e t e c t o r  and a 

program m able i n t e g r a t i n g  r e c o rd e r .  Compounds w ere  i d e n t i f i e d  by 

m a tch ing  sample peak r e t e n t i o n  t im e s  w i th  those  of a u t h e n t i c  s ta n d a rd s .  

While coupled gas chrom atography-m ass  sp e c tro m e try  would a l lo w  more 

d e f i n i t i v e  i d e n t i f i c a t i o n s ,  such an  in s t r u m e n t  was no t  a v a i l a b l e  to  us. 

Confidence i n  our i d e n t i f i c a t i o n s  i s  s t r e n g th e n e d ,  however, by the  

rem a rk ab le  s i m i l a r i t y  of our chrom atogram s to  those  of o th e r s  (eg., 

G iger and S c h a f fn e r ,  1978; P rah l  and C a rp en te r ,  1983) who employed t h i s  

method. The d a ta  p r e s e n te d  h e re  a re  p a r t  of a more com ple te  s tudy  of 

the  d i s t r i b u t i o n  o f  PAH i n  th e  G rea t  Bay E s tu a ry  and c o r r e l a t i o n s  o f  

c o n c e n t r a t i o n s  w i th  g r a in  s i z e  and o rg a n ic  c o n te n t  p a ra m e te rs  (G uerin  

and  G a u t h i e r ,  i n  p r e p . ) .



RESULTS AND DISCUSSION

Phenan th rene  D eg rad a t io n  in  Sediment Samples

Table 8 l i s t s  the p h y s ic a l  and chem ica l c h a r a c t e r i s t i c s  o f  th e  

s e d im e n ts  employed i n  t h i s  s tudy. Sed im ents  i n  th e  G rea t  Bay E s tu a ry  

range  from muds i n  the s a l t  m arshes, t i d a l  f l a t s  and s h e l t e r e d  coves to  

sands i n  th e  main t i d a l  channe ls .  T h is  i s  r e f l e c t e d  i n  th e  s u r f a c e  a re a  

d a ta  of T ab le  8 which shows v a lu e s  ra n g in g  from  6 to  7 g“  ̂ i n  the

P is c a ta q u a  R iver (SR and S4) to  17 m̂  g“  ̂ a t  S2 (CPB d a ta ) .  The s u r fa c e  

a re a  d a ta  f o r  S1 w ere  v a r i a b l e  u s in g  the CPB and BET methods due to  the  

c a lc a re o u s  n a tu re  of t h i s  sed im e n t;  o th e rw is e ,  agreem ent betw een th e  

two m easu res  was good (r^  = 0.966 f o r  a l l  G re a t  Bay sam ples  e x c e p t  S1, 

n = 20). Sed im en ts  showed a s u r f a c e  a re a -d e p e n d e n t  v a r i a b i l i t y  i n  

o rg a n ic  m a t t e r  c o n te n t  (r^  = 0.863, n = 14, u s in g  CPB d a ta )  t y p i c a l  of 

e s t u a r i n e  and m arine  s e d im e n ts  (Mayer e t  a l ,  1985). The C:N r a t i o  i n  

s e d im e n ts  S2 th rough  S6 i n c r e a s e d  m o n o to n ic a l ly  w i th  d i s t a n c e  ups tream  

r e f l e c t i n g  th e  predominance o f  t e r r e s t r i a l l y - d e r i v e d  o rg a n ic  m a t e r i a l s  

i n  the  r i v e r s .

Phenanthrene (and o th e r  PAH) c o n c e n t r a t i o n s  i n  s e d im e n ts  

th roughou t the  e s tu a r y  were u n r e la t e d  to  s u r f a c e  a re a  or o rg a n ic  m a t t e r  

c o n te n t ;  r a t h e r ,  c o n c e n t r a t i o n s  were dependent on p ro x im ity  to  p o in t  

so u rces  (G uerin  and G a u th ie r ,  i n  prep.). High c o n c e n t r a t i o n s  a t  S4 w ere  

due to  i n p u t s  o f  pe tro leum  p ro d u c ts  from the  a d j a c e n t  Sprague O il 

R efinery .  The se d im e n ts  h e re  c o n ta in e d  sand s iz e d  a g g lo m e ra te s  o f  

m in e ra l  p a r t i c l e s  embedded i n  a t a r - l i k e  re s id u e .  High c o n c e n t r a t i o n s  

i n  sample S2 w ere m ost l i k e l y  d e r iv e d  from the nearby m arina  on the
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TABLE 8. C haracteristics o f the Great Bay sediments used in  th is  study.

Sample Weight Loss 
(?)

CPB Area 
(m2 /g )

BET Area 
(m2 /g )

% c % N C:N Phenanthrene 
(n g /g  dry w eigh t)

JEL 1 . 1 5 .6 n. d . a n. d. n. d. n. d. 2 9 0 b

OR 5.9 12.5 9.5 n. d. n. d. n. d. c

BB 4 .6 9 .6 7 .2 n. d. n. d. n. d. n. d.

SR 2 . 8 6 . 6 2 .7 n. d. n. d. n. d. d

S1 2 . 6 36.4 3 .3 n. d. n. d. n. d. 146

S2 1 0 . 6 1 6 . 6 1 2 . 1 3 . 2 6 0.44 7.41 443

S3 7 .3 14.5 9 .7 2.31 0 . 2 8 8 .25 167

S4 3.1 7 .0 4.4 0 . 8 6 0.09 9.56 691

S5 7 .4 1 3 . 2 13.1 2 . 3 0 0.23 1 0 . 0 0 179

S6 8 . 6 1 3 . 8 11.5 2 .75 0 .24 11.46 337

a no t determ ined
determ ined  on sample c o l l e c t e d  a t  a l a t e r  d a te  

0 compare S5 v a lu e  
^ compare S4 value



s h e l t e r e d  s id e  o f  New C a s t l e  I s la n d .  A p p rec iab le  PAH c o n c e n t r a t i o n s  i n  

the o f f s h o re  S1 sam ple were perhaps due to  the d e p o s i t i o n  o f  f i n e 

g ra in e d  m a t e r i a l s  and a s s o c i a t e d  h y d rocarbons  e roded  from the  e s tu a ry  

by the s t r o n g  t i d a l  c u r r e n t s  (Young e t  a l ,  1985). The high CPB s u r f a c e  

a re a  m easurem ent s u p p o r ts  t h i s  h y p o th e s i s  and a g re e s  w i th  th e  f in d in g s  

o f  Boehm and F a r r in g to n  (1984).

F ig u re  19 shows th e  phenan threne  m i n e r a l i z a t i o n  cu rves  f o r  fo u r  

sed im en ts .  Among th e  JEL, OR, BB and SR s e d im e n ts  examined by 

S anseverino  (1984), phenan th rene  d e g rad in g  b a c t e r i a  were d e t e c te d  only  

i n  the  OR sample (5.0 x 102 m l ' 1), the one w i th  the  h ig h e s t  s u r f a c e  

a re a  and o rg a n ic  m a t t e r  c o n te n t .  This  sam ple, however, was th e  l e a s t  

a c t i v e  i n  te rm s  o f  1l,C -p henan th rene  m i n e r a l i z a t i o n  a c t i v i t y ,  w i th  a 12 

d m i n e r a l i z a t i o n  e f f i c i e n c y  ( 111C -phenanthrene to  11,C02 ) o f  13$.

Sedim ent from the PAH-contaminated SR s i t e  b rough t ab o u t r a p id  and 

e x t e n s iv e  m i n e r a l i z a t i o n  o f  phenan th rene  (42$ e f f i c i e n c y  a t  1 2  d) 

d e s p i t e  i t s  low s u r f a c e  a re a ,  o rg a n ic  m a t t e r  c o n te n t  and ab sen ce  o f  

c u l t u r a b l e  phenan th rene  d eg rad e rs .  This sam ple and th e  JEL sed im en t 

both showed d i s t i n c t i v e  tw o -s ta g e  m i n e r a l i z a t i o n  cu rves  c h a r a c t e r i s t i c  

o f  mixed c u l t u r e  d e g ra d a t io n s  i n  which a c c u m u la t io n  o f  the 

in t e r m e d i a t e ,  1 - h y d ro x y -2 -n a p h th o ic  a c id  (1H2NA) occurs .  The BB sample 

a l s o  showed a c t i v e  phenan th rene  m in e r a l i z a t i o n .  Although phenanthrene  

c o n c e n t r a t io n  d a t a  f o r  t h i s  l o c a t i o n  were u n a v a i la b le ,  i t  appea red  th a t  

th e  l e v e l  of p r i o r  exposu re  to  phenanthrene  ( i . e . ,  c o n c e n t r a t io n )  

d e te rm in ed  the p o t e n t i a l  of the sed im en t p o p u la t io n s  to  degrade the 

hydrocarbon i n  th e  a ssay s .  A ccordingly , th e  phenan threne  b io d e g ra d a t io n  

p o t e n t i a l  was h ig h e s t  i n  the sample (SR) c o l l e c t e d  from the 

i n d u s t r i a l i z e d  p a r t  of the  P is c a ta q u a  R. The m ic ro b io lo g ic a l  d a ta  of



FIGURE 19. Time c o u rs e s  o f  1 l*C02  e v o lu t io n  from  1 4 C -phenan th rene  by 
sed im en t sam ples c o l l e c t e d  8-31-84 .
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S an sev er in o  (1984) c o r r e l a t e d  p o o r ly  w i th  th e  m i n e r a l i z a t i o n  r e s u l t s  

o b ta in e d .

M in e r a l i z a t io n  o f  ^ C -p h e n a n th r e n e  i n  th e  a s s a y s  was dependent on 

the s iz e  o f  the  inoculum . F ig u re  20 shows th e  ^ C 0 2 e v o lu t io n  cu rv es  

when 1.0, 0.1 or 0.01 cm3 of OR sed im en t was used a s  inoculum in  

m i n e r a l i z a t i o n  a s s a y s .  The h e a v i ly - in o c u la t e d  f l a s k  showed e s s e n t i a l l y  

no l a g  p e r io d  b e fo re  th e  com ple te  u t i l i z a t i o n  o f  the  added phenan th rene  

(50-60$ C02 , 40-50$ biom ass-C  ty p i c a l  f o r  grow th s u b s t r a t e s  (Fewson,

1985) and f o r  pure  c u l t u r e s  g row ing bn phenan th rene  (Guerin, 

u n p u b lish ed  d a ta ) ) .  Almost no m i n e r a l i z a t i o n  was ob se rv ed  i n  the  f l a s k  

r e c e i v i n g  0.01 cm3 OR sed im en t a s  inoculum . The f o r t u i t o u s  choice  o f  a 

0.1 cm^ inoculum  i n  sed im en t  a s s a y s  (F ig . 19) p rov ided  an  in t e r m e d i a t e  

l e v e l  of a c t i v i t y  which a l lo w e d  com parisons  among sam p les  to  be made.

The v a r i a b l e  a c t i v i t y  o b se rv ed  w i th  d i f f e r e n t  s iz e d  i n o c u la  h as  

been observed  i n  o th e r  sy s tem s  ( P a r i s  e t  a l ,  1981; Kool, 1984) and 

h i g h l i g h t s  the d e s i r a b i l i t y  of n o rm a l iz in g  b io d e g ra d a t io n  r e s u l t s  to  

some b i o l o g i c a l  p a ram e te r .  For e x p re s s io n  o f  the  h e t e r o t r o p h i c  

a c t i v i t i e s  of a q u a t i c  m ic r o b ia l  communites, the use of s p e c i f i c  (per  

c e l l ,  d e te rm in e d  by e p i f l u o r e s c e n c e  d i r e c t  count) a c t i v i t i e s  has  been 

su g g es ted  (W righ t,  1978). Such an e x p r e s s io n  i s  u s e f u l  when the 

s u b s t r a t e  of i n t e r e s t ,  eg., g lu co se ,  i s  u t i l i z a b l e  by the  m a jo r i t y  of 

o rgan ism s c o m p ris in g  a m ic r o b ia l  community. However, i t  i s  d i f f i c u l t  to  

a c c u r a t e l y  enum era te  the  sm a ll  p ro p o r t io n  o f  a sed im en t p o p u la t io n  

which can degrade p h enan th rene  (Ward and Brock, 1976). Inasmuch a s  

s p e c i f i c  s u r f a c e  a r e a  u l t i m a t e l y  governs  th e  o rg a n ic  m a t t e r  c o n te n t  and 

m ic ro b ia l  numbers i n  s ed im en ts ,  i t  i s  s u f f i c i e n t  t o  r e c o g n iz e  th a t  

b io d e g ra d a t io n  a c t i v i t y  was h ig h e r  i n  th e  l e s s  p o p u la ted  (S an sev e r in o ,
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FIGURE 20. Time c o u rs e s  o f  11,C02 e v o lu t io n  from 1 ^C -phenan th rene  
u s in g  d i f f e r e n t  am ounts (cm 3) of OR sed im en t a s  inoculum . 
A pparent ^COg a c t i v i t y  r e s u l t i n g  from  v o l a t i l i z a t i o n  and 
t r a p p in g  o f  ^ C -p h e n a n th re n e  i n  an u n in o c u la te d  c o n t ro l  f l a s k  i s  
a l s o  shown ( s t a r s ) .

133



% ADDED ACTIVITY as CO,

U)4=

O
no
o

oj
o o

cn
o

H

m
CL
P>
*<
U)
K S •o

cn



u n p u b lish ed ) ,  low s p e c i f i c  s u r f a c e  a re a  (SR) sample th an  th e  more 

p o p u la ted ,  h igh  s p e c i f i c  s u r f a c e  a re a  (OR) sam ple. T h is  f u r t h e r  

em phasizes  the  im p o rtan ce  of p r i o r  exposure  a s  a d e te rm in a n t  of th e  

phenan th rene  d e g rad in g  a c t i v i t y  of sed im en ts .

^ C -P h e n a n th re n e  m i n e r a l i z a t i o n  p o t e n t i a l s  d e c re a se d  la n d w ard  i n  

s ed im en t  sam ples  S1 th rough  S6 (Fig. 21). Numbers o f  c u l t u r a b l e  

h e t e r o t r o p h s  on PTA showed a s i m i l a r  d e c re a se  up e s tu a r y  w i th  the  

e x c e p t io n  o f  a low count i n  th e  o f f s h o re  sample, S1 (T ab le  9).

N u t r i e n t s  were added (arrow  "a", Fig. 21) and sam p les  were s w i tc h e d  

from a f e d  ba tch  to  a b a tch  c u l tu r e  mode (arrow  "b", Fig. 21) b e fo re  

a p p r e c ia b le  m i n e r a l i z a t i o n  was o bserved  in  sam p les  S3 th rough  S6. The 

low m i n e r a l i z a t i o n  e f f i c i e n c i e s  a t  in c u b a t io n  t im e s  a s  lo n g  a s  100 d i n  

th e se  sam ples c o n t r a s t e d  w i th  r e s u l t s  o b ta in e d  w i th  i n t e r t i d a l  

s e d im e n ts  c o l l e c t e d  2 mos p r i o r  (JEL, OR, BB and SR s e d im e n ts ,  above). 

This d i f f e r e n c e  may have been due to  s e a so n a l  e f f e c t s  o r  the  

developm ent of a n a e r o b io s i s  i n  th e  sam ples  betw een th e  t im e  of 

c o l l e c t i o n  and sample p ro c e s s in g .  An a l t e r n a t e  e x p l a n a t i o n  r e l a t e s  to  

th e  o rg a n ic  m a t t e r  of the  s e d im e n ts  examined. I n c r e a s i n g  C:N r a t i o s  

w i th  d i s ta n c e  up e s t u a r y  (T ab le  8) r e f l e c t e d  th e  i n c r e a s i n g  

c o n t r i b u t i o n  by c a r b o n - r i c h  t e r r ig e n o u s  o rg a n ic  m a t e r i a l .  T h e re fo re ,  

a l th o u g h  n i t r o g e n  was added to  the  a ssay  medium, th e  lo w er  C:N r a t i o  o f  

th e  o rg a n ic  m a t t e r  from the  more m arine  sed im e n ts  may have been a 

b e t t e r  supp lem en t in  s u p p o r t in g  phenan threne  d e g ra d a t io n .  In  a d d i t i o n ,  

th e  more a ro m a t ic  c h a r a c te r  of th e  t e r r i g e n o u s  o rg a n ic  m a t e r i a l  

a s s o c i a t e d  w i th  the non-m arine  sed im e n ts  may have more e f f e c t i v e l y  

s e q u e s te re d  th e  added p h enan th rene  (W hitehouse, 1985), making i t  l e s s  

a v a i l a b l e  to  the  m icroorgan ism s.
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FIGURE 21. Time c o u rse s  o f  ^COp e v o lu t io n  from ^C -phenan th rene  f o r  
the  s i x  sed im en t sam ples  c o l l e c t e d  10-17-84. Arrows i n d i c a t e  
t im e s  o f  n u t r i e n t  a d d i t i o n  ("a", 10 mg y e a s t  e x t r a c t  p lu s  10 mg 
g lu c o se )  and c o n v e rs io n  from  fed  b a tch  to  b a tch  c u l t u r e  (nbn). 
Note b reak  i n  t im e  s c a l e  on x a x i s .
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TABLE 9 .  PTA p l a t e  count d a ta  f o r  sed im ent sam ples 
S1 th ro u g h  S6 .

Sample Log (PTA cfu  p e r  ml)

S1 6 .4 3  (+ 0 .7 2 )*

S2 7 .5 4  (+ 0 .25 )

S3 7 .4 3  (±0 .04 )

S4 7 .27  (±0 .41)

S5 7 .0 0  (±0 .17 )

S6 6 .95  (+0 .49)

Numbers i n  p a re n th e s e s  r e p r e s e n t  + 1  s . d .  
ab o u t  th e  mean o f  q u a d r u p l i c a t e  c o u n ts .
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Phenan th rene  D egrada t ion  i n  Water Samples

The chem ica l c h a r a c t e r i s t i c s  of the  w a te r  a t  th e  12 sam pling  

s t a t i o n s  i n  March and June a r e  shown i n  Tab le  10. The March sam pling  

t r i p  was p receded  by r a i n s  and a s p r in g  thaw. Zero s a l i n i t i e s  a t  

s t a t i o n s  5 , 6 and 7  and r e l a t i v e l y  low s a l i n i t i e s  ( 1 6  to  22%} a t  the  

Bay s t a t i o n s  (1 th rough  4) w ere  ev idence  of the  h igh  ru n o f f  a t  t h i s  

tim e. High SPM and POM w ere  a l s o  found. Low flow c o n d i t io n s  d u r in g  th e  

June sam p lin g  t r i p  w ere  r e f l e c t e d  i n  the  r e l a t i v e l y  h igh  and c o n s ta n t  

s a l i n i t i e s  ob se rv ed  i n  th e  Bay. Seaw ater i n t r u s i o n  up th e  Cocheco R iver 

r e s u l t e d  i n  a s a l i n i t y  o f  3.5$» a t  s t a t i o n  5. This  s t a t i o n  was s e v e ra l  

hundred m downstream of a p r im ary  sewage e f f l u e n t  o u t f a l l  i n  th e  c i t y  

of Dover, NH a s  i n d i c a t e d  by the  h igh POM, DOC and n u t r i e n t  

c o n c e n t r a t i o n s  observed  h e re  and f u r t h e r  downstream a t  s t a t i o n  6 . A 

secondary  sewage t r e a tm e n t  p la n t  i n  the town of Durham, NH on the  

O yste r  R ive r  (n ea r  S6 , Fig. 18) r e s u l t e d  i n  e l e v a te d  c o n c e n t r a t i o n s  o f  

th e se  components a t  s t a t i o n  3 a s  w e ll .  The im pac t of the  Durham p l a n t  

on th e  w a te r  c h e m is try  a t  s t a t i o n  3 was more pronounced i n  March than  

i n  June  when U n iv e r s i t y  c l a s s e s  were no lo n g e r  i n  s e s s io n .  The g r e a t e r  

d is c h a rg e  r a t e  of th e  Cocheco R iver d i l u t e d  th e  Dover sewage e f f l u e n t  

i n  March; th e  im pac t  of t h i s  p la n t  on the  w a te r  c h e m is t ry  a t  s t a t i o n s  

5, 6 and p e rh ap s  7, was more pronounced in  June.

While sam p ling  i n  the Cocheco River ( s t a t i o n s  5 and 6 ) i n  March, 

p a tc h e s  o f  o i l y  s u r f a c e  m a t e r i a l  were observed  f l o a t i n g  downstream but 

the sou rce  of the  m a t e r i a l  was not d e te rm in e d  a t  the tim e. S e v e ra l  days 

l a t e r  i t  was le a r n e d  t h a t  a d red g in g  o p e r a t io n  was being  conducted  

ups tream  i n  the  c i t y  of Dover, NH and t h a t  an  e x t e n s iv e  bed o f 

h y d ro c a rb o n - la d e n  s e d im e n ts  had been d is tu rb e d .  The hydrocarbons
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TABLE 10. Chemical c h a r a c t e r i s t i c s  o f  w a te r  samples c o l l e c t e d  i n  March
and June ( i n  p a re n th e s e s )  from th e  G re a t  Bay E s tu a ry .  All n u t r i e n t  
c o n c e n t r a t io n s  ex p re s se d  i n  u n i t s  o f  p n o le s /L .

S ta t io n Temp
(°C)

S a l i n i t y
( «

NO^+NO^ nh£ PO4 3 DOC
(mg/L)

SPM
(mg/L)

POM
(mg/L)

1 2(18) 1 6 .8 (2 9 .9 ) 8 .0 8 (2 .5 2 ) 4 .4 3 (3 .1 7 ) 0 .8 4 (0 .7 4 ) 2 . 9 ( 2 . 0 ) 2 0 .2 (1 2 .7 ) 2 . 1 ( 2 . 1 )

2 4(19) 2 0 .3 (2 9 .7 ) 6 .3 6 (1 .5 6 ) 2 .9 7 (1 .8 2 ) 0 .6 7 (0 .5 9 ) 2 . 8 ( 2 .4) 2 3 .0 (1 3 .6 ) 2 . 3 ( 2 .4)

3 4(18) 1 6 .6 (2 9 .9 ) 11 .57(1 .48) 8 .0 5 (2 .2 8 ) 1 . 1 0 (0 . 6 2 ) 3 . 5 ( 2 . 6 ) 2 3 .8 (1 2 .9 ) 2 . 2 (2 . 0 )

4 4(18) 2 1 . 8 ( 3 0 . 0 ) 6 .9 3 (2 .3 1 ) 2 .9 3 (3 .1 9 ) 0 .6 7 (0 .7 5 ) 1 . 8 ( ---- ) 2 1 .1 (1 1 .5 ) 2 . 2 ( 1 .9)

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

6 1 ( 2 2 ) 0  (1 3 .1 ) 11 .65(19 .3 ) 9 .8 0 (5 8 .2 ) 1 .2 4 (4 .9 0 ) 7 .0 (5 .1 ) 1 00 .8 (15 .9 ) 1 3 .7 (4 .7 )

7 2 ( 2 2 ) 0 (2 0 .3 ) 10 .0 3 (9 .1 8 ) 6 . 2 7 ( 1 2 . 6 ) 0 .8 3 (1 .2 5 ) 6 .4 (4 .0 ) 4 9 .4 (1 2 .1 ) 5 .8 (2 .5 )

8 3(19) 1 0 .9 (2 7 .8 ) 9 .1 3 (4 .8 8 ) 5 .7 7 (6 .4 6 ) 0 .7 5 (0 .9 9 ) 4 . 0 ( ---- ) 2 7 .8 (9 .4 ) 2 . 6 ( 1 . 6 )

9 4(18) 2 3 .4 (3 0 .3 ) 6 . 7 6 (2 . 6 2 ) 3 .7 0 (3 .5 5 ) 0 .6 9 (0 .8 4 ) 1 .3 (3 .7 ) 1 5 .8 (9 .8 ) 1 .5 (1 .5 )

10 4(15) 2 8 .6 (3 0 .9 ) 5 .4 8 (3 .7 8 ) 2 .6 6 (3 .0 8 ) 0 .7 7 (0 .7 5 ) 1 . 2 ( ---- ) 1 6 . 6 ( 9 . 8 ) 1 .4 (1 .7 )

11 4(14) 2 9 .9 ( 3 1 . 2 ) 5 .25(1  .96) 1 .9 6 (2 .8 4 ) 0 .7 8 (0 .7 0 ) 1 . 2 (2 . 6 ) 1 5 .8 (9 .2 ) 1 .4 (1 .9 )

12 4(10) 3 2 .5 (3 2 .1 ) 5 .0 7 (0 .5 9 ) 1 .5 3 (1 .1 3 ) 0 .8 3 (0 .4 0 ) 1 . 0 ( 2 .4) 1 3 .5 (7 .4 ) 1 . 1 ( 1.8)



r e l e a s e d  from the  dredge s i t e  fo rm ed an o i l y  s l i c k  c o v e r in g  hundreds  o f  

m  ̂ and t h i s  m a t e r i a l  was be ing  broken up and t r a n s p o r t e d  downstream. 

Water sam ples  w ere  not an a ly zed  d i r e c t l y  fo r  PAH co n ten t .  However, the  

p resen ce  of d i s s o lv e d  a r o m a t ic  hydrocarbons  i n  the  w a te r  a t  s t a t i o n  5 

was i n d i c a t e d  by i t s  h igh  abso rbance  (250 nm) to  DOC r a t i o  (Fig. 22).

Sam ples of the  o i l y  dredge m a t e r i a l  and s e d im e n ts  from downstream 

s i t e s  w ere  c o l l e c t e d  and an a ly zed  f o r  PAH con ten t .  The PAH 

chrom atogram s of both  m a t e r i a l s  were s i m i l a r  and, based on t h e i r  h igh  

f lu o re n e  c o n te n t  and o th e r  c h a r a c t e r i s t i c s  (Lao e t  a l ,  1975) were 

concluded to  be d e r iv e d  from coal t a r  w a s te s  from a 19 th  cen tu ry  gas 

p l a n t  w hich occup ied  th e  r i v e r  bank n ea r  the  dredge s i t e .  The gas 

chrom atogram s f o r  a Cocheco River sed im en t PAH e x t r a c t  i s  shown in  Fig. 

23  a long  w i th  chrom atogram s f o r  a r e l a t i v e l y  p o l l u t e d  sed im en t 

c o l l e c t e d  below a  s to rm  w a te r  d r a in  i n  the  c i t y  o f  P ortsm outh , NH (N. 

M il l  Pond) and a p r i s t i n e  sed im en t c o l l e c t e d  i n  a s a l t  marsh near Adams 

P o in t (Crommet Creek). The Cocheco R iver e x t r a c t ,  d i l u t e d  te n ^ fo ld  

r e l a t i v e  to  th e  o th e r s ,  was r i c h  i n  2, 3> 4 and 5 r i n g  PAH w ith  

c o n c e n t r a t i o n s  o f  phenan th ren e  and the p o te n t  ca rc inogen ,  

benzo(a)pyrene o f  35.5 and 27.1 pg  g" 1 (d ry  w e ig h t) ,  r e s p e c t iv e l y .

These a r e  among the  h ig h e s t  PAH c o n c e n t r a t i o n s  ev e r  r e p o r te d .  The 

d red g in g  o p e r a t io n  was com ple ted  a t  the  end o f  March, 1985 but 

hydrocarbons  co n tin u ed  to  be r e l e a s e d  from the se d im e n ts  and from the  

r i v e r  banks w here the  dredge was b rought a s h o re  f o r  s e v e ra l  months. 

During th e  June sa m p lin g  t r i p ,  the sm e l l  of a ro m a t ic  hydrocarbons  

( r e m in is c e n t  of m o th b a l l s )  cou ld  be d e t e c te d  more than  1 km downstream 

of the dredge. The in p u t  o f  hydrocarbons  from the  dredge was 

undoubted ly  r e s p o n s ib l e  f o r  th e  h igh  phenan threne  b io d e g ra d a t io n  r a t e s
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FIGURE 22. L in ea r  r e g r e s s io n  l i n e s  betw een ab so rbance  (250 nm) o f  
March (open sym bols) and June ( c lo s e d  symbols) w a te r  sam ples  
d i s s o lv e d  o r g a n ic  carbon  (DOC) c o n t e n t s  show ing th e  h igh  
abso rb an ce  a t  s t a t i o n  5.
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FIGURE 23. C a p i l l a ry  gas  chrom atogram s o f  sed im en t PAH e x t r a c t s  from 
the  d re d g e - im p a c te d  Cocheco R iver, th e  r e l a t i v e l y  p o l l u t e d  N. 
M il l  Pond ( c i t y  o f  Po rtsm ou th ,  NH) and th e  p r i s t i n e  Crommet 
Creek. Peak i d e n t i t i e s  a s  f o l l o w s :  N, n a p h th a le n e ;  I ,  i n j e c t i o n  
s ta n d a r d  (hexam ehylbenzene); AC, acenaph thene ;  FE, f lu o r e n e ;  PH, 
p h en an th ren e ;  AN, a n th ra c e n e ;  MP, m e th y lp h e n a n th re n e s ;  S, 
e x t r a c t i o n  s ta n d a rd  (d im e th y lp h e n a n th re n e ) ;  FA, f lu o r a n th e n e ;
PY, pyrene; CH, c h ry sen e ;  BA, b en za n th race n e ;  BP, 
benzo(a)pyrene. Note t h a t  the  Cocheco R iver e x t r a c t  was d i l u t e d  
t e n  f o l d  r e l a t i v e  to  th e  o th e r  s a m p le a
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ob se rv ed  i n  the Cocheco R iver sam ples .

^C -phenan th rene  m i n e r a l i z a t i o n  e f f i c i e n c e s  (^ C -p h e n a n th re n e  to  

1^C02 a f t e r  500 h in c u b a t io n )  w ere  h igh  i n  the  Cocheco R iver sam ples  

( s t a t i o n s  5 and 6) i n  March and June (Fig. 24). M i n e r a l i z a t io n  o c c u r re d  

i n  th e se  sam p les  w i th o u t  an  a p p r e c ia b le  l a g  p e r io d  and a t t a i n e d  

e f f i c i e n c i e s  o f  up to  435&. High ru n o f f  d u r in g  th e  March sam p lin g  t r i p  

caused a downstream s h i f t  of a c t i v i t y  such t h a t  e x t e n s iv e  d e g ra d a t io n  

was a l s o  ob se rv ed  i n  th e  s t a t i o n  7 sam ple. Low ru n o f f  i n  June se rv ed  to  

c o n f in e  a c t i v i t y  to  the  Cocheco R iver s a m p le a  The s a l i n i t y  d a ta  i n  

Fig. 24 r e f l e c t  th e se  hydrodynam ic d i f f e r e n c e s .

B ecause a l l  i n c u b a t io n s  were conducted  a t  18°C, the  in f l u e n c e  o f  

te m p e ra tu r e  on PAH d e g ra d a t io n  was no t e v a lu a te d  i n  t h i s  s tu d y ; r a t h e r ,  

the  d i s t r i b u t i o n  of m e s o p h i l i c  phenan th rene  d e g ra d in g  b a c t e r i a  i n  the  

e s tu a r y  was a s se s se d .  The d a ta  i n  Fig. 24 r e v e a l  t h a t ,  i n  g e n e ra l ,  

a p p ro x im a te ly  equa l l e v e l s  of a c t i v i t y  w ere o b se rv ed  i n  the  March and 

June sam ples  i n d i c a t i n g  th e  p resen ce  of a  m e s o p h i l i c  p h en an th ren e -  

d eg rad in g  p o p u la t io n  a t  both t im e s  o f  y ea r .  S im i l a r  r e s u l t s  were 

o b ta in e d  by Cooney e t  a l .(1985) who found hydrocarbon  d e g ra d a t io n  by 

l a k e  w a te r  and sed im en t p o p u la t io n s  to  rem a in  f a i r l y  c o n s ta n t  

th roughou t th e  y e a r  when in c u b a t io n s  w ere  c a r r i e d  o u t  a t  27°C d e s p i t e  

s e a s o n a l  w a te r  te m p e ra tu re  f l u c t u a t i o n s  from  0 to  27°C. L ik ew ise ,  

S h e r r i l l  and S ay lo r  (1980) found f a i r l y  c o n s ta n t  r a t e s  o f  phenan th rene  

d e g ra d a t io n  by la k e  w a te r  p o p u la t io n s  th ro u g h o u t the  y e a r  when sam ples  

w ere in c u b a te d  a t  25°C. H y d ro c a rb o n o c la s t ic  and o th e r  h e t e r o t r o p h i c  

a c t i v i t i e s  a re  t e m p e r a t u r e - l i m i t e d  j j j  s i t u  d e s p i t e  the  c o n s ta n t  

p resen ce  o f  m e so p h i l ic  b io d e g ra d a t iv e  p o p u la t io n s  (Mul k in s - P h i l  l i p s  and 

S te w a r t ,  1974a; Bauer and Capone, 1985b; Ward and Brock, 1976).
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FIGURE 24. ^ C -p h e n a n th r e n e  m i n e r a l i z a t i o n  e f f i c i e n c i e s  (500 h
c o n v e rs io n  t o  ^C O ?) and s a l i n i t i e s  ( s o l i d  d o ts )  o f  th e  12 w a te r  
sam p les  c o l l e c t e d  i n  March and June, 1985.
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S t a t i o n s  9, 10 and 11 were s i t u a t e d  i n  th e  i n d u s t r i a l i z e d  p o r t i o n  

of the  P is c a ta q u a  R iver. The r e l a t i v e l y  h igh  a c t i v i t i e s  obse rved  a t  

th e se  s t a t i o n s  was no doubt r e l a t e d  to  a n th ro p o g e n ic  in f lu e n c e s .  

However, s in c e  the  t i d a l  c u r r e n t s  i n  t h i s  p o r t i o n  of the e s tu a r y  s re  so  

s t ro n g ,  and th e  m ix ing  so e x te n s iv e ,  b io d e g ra d a t iv e  a c t i v i t y  was 

s p a t i a l l y  homogeneous and showed l i t t l e  r e l a t i o n s h i p  w ith  p o s s ib le  

p o in t  so u rc e s  o f  PAH. An e x c e p t io n  was th e  e x t re m e ly  a c t i v e  sam ple from 

s t a t i o n  10 i n  June.

The d i f f e r e n c e s  betw een th e  March and June sam ple s e t s  w ere due 

p r im a r i l y  t o  hydrodynamic c o n d i t io n s ,  and not s ea so n a l  e f f e c t s .  The 

h igh  phenan th rene  d e g ra d a t io n  p o t e n t i a l  a t  s t a t i o n  10 i n  June, however, 

was p robab ly  due to  s e a so n a l  e f f e c t a  In  t h i s  s e c t i o n  o f  the  P is c a ta q u a  

R iver, th e  o p e r a t io n  o f  numerous s e a so n a l  m a rin as  r e s u l t s  i n  c h ro n ic  

lo w - le v e l  i n p u t s  o f  PAH i n  th e  warm summer m o n th a  Thus, p re -e x p o su re  

to  PAH a l lo w e d  th e  s t a t i o n  10 sam ple to  b r in g  about e x te n s iv e  

m i n e r a l i z a t i o n  of phenan th ren e  w i th o u t  a  l a g  per io d .  The s e a so n a l  

im pac t of the  m a rin as  was a l s o  su p p o r ted  by the  e l e v a te d  l e v e l s  o f  

b u ty l  t i n  compounds found i n  the P is c a ta q u a  R. d u r in g  June (Donard and 

Guerin, i n  p rep .) .  C o n c e n t ra t io n s  o f  NÔ  + NÔ  were s l i g h t l y  e l e v a te d  

a t  s t a t i o n  10 i n  Ju n e  ( T a b le  10).

In  March, s a l i n i t i e s  i n  G rea t  Bay and L i t t l e  Bay ( s t a t i o n s  1-4) 

v a r i e d  from  16 to  22%, w i th  low v a lu e s  near  the  mouths of the  O yster  and 

Lamprey R ivers . In  June, s a l i n i t i e s  w ere  uniform  a t  about 30?* a t  a l l  

fo u r  s t a t i o n s .  S ince th e  r e s id e n c e  tim e of the  w a te r  i n  th e  Bay i s  20 

to  3 0  d and th e  w a te r  column i s  c h e m ic a l ly  homogeneous, a  m ic ro b ia l  

f l o r a  ad a p te d  to  a f a i r l y  r e s t r i c t e d  range of p h y s ico ch em ica l  

c o n d i t io n s  would seem to  be favored . I t  i s  perhaps  s i g n i f i c a n t  then,
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t h a t  th e  m i d - e s tu a r in e  maxima i n  phenan th rene  d eg ra d in g  a c t i v i t y  

observed  d u r in g  both  sam p lin g  t r i p s  a lo n g  th e  s a l i n i t y  g r a d ie n t  between 

s t a t i o n s  5 and 12 o ccu red  a t  those  s t a t i o n s  whose s a l i n i t i e s  most 

c lo s e ly  matched th o se  o f  th e  Bay ( s t a t i o n s  1-4). In  March, t h i s  

o c c u rre d  a t  s t a t i o n  9 ( s a l i n i t y  = 23W and i n  June a t  s t a t i o n s  8 and 9 

( s a l i n i t y  = 28 and 30$*, r e s p e c t i v e l y ) .  With the  e x c e p t io n  o f  an 

anom alously  h igh  a c t i v i t y  a t  s t a t i o n  10 i n  June, and d i s r e g a r d i n g  the  

dredge im p ac ted  sam ples ,  b io d e g ra d a t io n  r a t e s  d ec re ase d  w i th  both 

i n c r e a s i n g  and d e c r e a s in g  s a l i n i t i e s  ab o u t th e se  maxima. No e x p la n a t io n  

can be g iv e n  f o r  th e  v a r i a b i l i t y  i n  phenan th rene  m i n e r a l i z a t i o n  

e f f i c i e n c i e s  ob se rv ed  i n  th e  Bay s t a t i o n s  (1 -4 ) ,  a l th o u g h  s t a t i o n  4 was 

n ea r  a l a r g e  m arina.

The a d d i t i o n  o f  N + P enhanced and th e  a d d i t i o n  o f  a l t e r n a t e  

carbon so u rces  d e p re s s e d  th e  ^ C -p h e n a n th re n e  m i n e r a l i z a t i o n  

e f f i c i e n c i e s  o f  sam ple  a l i q u o t s  c o l l e c t e d  from s t a t i o n  6 i n  June.

F ig u re  25 shows th e  e v o lu t io n  c u rv e s  f o r  a c o n t ro l  and the

v a r io u s  t r e a tm e n ts .  The a d d i t i o n  o f  N + P to  s t a t i o n  6 w a te r  r e s u l t e d  

i n  a 15$ in c r e a s e  i n  th e  amount o f  evo lved  a t  500 h. Humic a c id ,

s u c c in a te ,  p y ru v a te  and a c e t a t e  d e p re s se d  ^ C 0 2  p ro d u c t io n  by 21 to  23$ 

r e l a t i v e  to  the c o n t ro l .  L ess  s i g n i f i c a n t  r e d u c t io n s  w ere o bserved  i n  

th e  g lucose  and Tween 80 amended sam ples. These r e s u l t s  a r e  d is c u s s e d  

below i n  the c o n te x t  o f  th e  am bien t n u t r i e n t  and DOC c o n c e n t r a t io n s .

P l a t e  c o u n ts  on ENA and PTA showed f a i r l y  unifo rm  numbers o f  

h e t e r o t r o p h s  th roughou t the  e s tu a r y  i n  March (Fig. 26). The h igh  r i v e r  

d is c h a rg e  and w a s h - in  o f  t e r r e s t r i a l  m icrobes  p robab ly  dampened much of 

the s p a t i a l  h e t e r o g e n e i ty  i n  the  d i s t r i b u t i o n  of b a c t e r i a  i n  the  

e s tu a ry .  However, as  w i th  phenan th rene  m i n e r a l i z a t i o n  e f f i c i e n c i e s ,
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FIGURE 25. Time c o u rse s  o f  e v o lu t io n  from ^ C -p h e n a n th re n e  f o r
Ju n e ,  1985 s t a t i o n  6 w a te r  sam ples  amended w i th  n u t r i e n t s  (N +
P) o r  o rg a n ic  s u b s t r a t e s .  A b b re v ia t io n s  f o r  carbon  a d d i t i o n s  
a r e :  C, c o n t r o l ;  T80, Tween 80; G, g lu c o se ;  HA, humic a c i d ;  S, 
s u c c in a t e ;  A, a c e t a t e ;  P, py ruva te .  Carbon source  a d d i t i o n s  
r e s u l t e d  i n  a  p h e n a n th re n e -C :a l te rn a te -C  o f  1:2.
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FIGURE 26. D i s t r i b u t i o n  of v i a b l e  h e t e r o t r o p h i c  b a c t e r i a ,  as
d e te rm in e d  by p l a t e  c o u n ts  on ENA and PTA, i n  th e  G re a t  Bay 
E s tu a ry  i n  March and June, 1985*
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th e re  was a seaw ard d e c re a se  i n  colony fo rm in g  u n i t s  (CFU) on both ENA 

and PTA. Somewhat lo w er  numbers of ENA c u l tu r a b l e  o rg an ism s  and h ig h e r  

numbers o f  PTA c u l t u r a b l e  o rg an ism s  i n  th e  d re d g e - im p a c te d  Cocheco R. 

sam ples ( s t a t i o n s  5 and 6) caused  a s m a l le r  d is c re p a n c y  between the  two 

coun ts  a t  th e se  s t a t i o n s  th a n  was g e n e r a l ly  observed . The d e p re s se d  ENA 

count and e l e v a te d  a b s o lu t e  numbers of D M T -res is tan t  b a c t e r i a  a t  th e s e  

s t a t i o n s  a l s o  r e s u l t e d  i n  a  h igh  p ro p o r t io n  o f  t i n - r e s i s t a n t  to  t o t a l  

h e t e r o t r o p h ic  b a c t e r i a .

A low ENA count a t  s t a t i o n  5 was a l s o  o bserved  i n  June when ENA 

counts  th ro u g h o u t the  e s tu a r y  e x h i b i t e d  more s p a t i a l  v a r i a b i l i t y .  

Remarkably, c o u n ts  on PTA w ere  h ig h e r  than  th o se  on ENA f o r  s t a t i o n s  5, 

6, 7 and 11 i n  June. The e l e v a te d  PTA coun ts  a t  s t a t i o n s  5 and 6 

co rresponded  w i th  the  h ig h  phenan th rene  d eg rad in g  a c t i v i t i e s  observed  

(F ig .  24).

The m id - e s tu a r in e  maxima i n  phenan th rene  b io d e g ra d a t io n  p o t e n t i a l s  

( s t a t i o n s  8 and 9» Fig. 24) were no t  r e f l e c t e d  i n  the  PTA p l a t e  count 

d a ta  (Fig. 26). However, PTA was p re p a re d  w i th  75$ ASW and i t  was 

observed  i n  a n o th e r  s tu d y  (G uerin , i n  p r e p a r a t io n )  th a t  s i g n i f i c a n t l y  

h ig h e r  coun ts  on both ENA and PTA w ere o b ta in e d  f o r  a  low s a l i n i t y  

(3.5W sample on media p re p a re d  w i th  25$ ASW v e r s u s  75$ ASW; the  

r e v e r s e  was t r u e  f o r  a h ig h  s a l i n i t y  (33.5$<) sam ple. The l a c k  o f  

correspondence  betw een the  p l a t e  count d a ta  and th e  m i n e r a l i z a t i o n  

r e s u l t s  has  been ob se rv ed  by o t h e r s  (Roubal and A tla s ,  1978) and i s  no t 

s u r p r i s i n g  i n  l i g h t  of th e  f a c t  t h a t  on ly  the  l a t t e r  p ro v id e s  the  

o p p o r tu n i ty  fo r  phenan th rene  u t i l i z a t i o n  by mixed c o n s o r t i a  of 

organism s.

Again i n  June, ENA c o u n ts  w ere  low a t  th e  Cocheco R ive r  s t a t i o n s
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and most o f  th e se  w ere e n t e r i c  o rg an ism s  d e r iv e d  from the  sewage 

t r e a tm e n t  p la n t  upstream . S ince  no sam p les  w ere ta k e n  upstream  of the  

dredge s i t e ,  the  a p p a re n t  d e p r e s s io n  of m ic r o b ia l  numbers downstream 

could  no t  be p o s i t i v e l y  r e l a t e d  to  th e  d redg ing . However, th e  dredge 

m a t e r i a l  was r i c h  i n  low m o le c u la r  w e ig h t  a r o m a t ic  hydrocarbons  (Fig. 

23) t o  which to x i c  e f f e c t s  have been a s c r ib e d  e l s e w h e re  (C a ld e r  and 

Lader, 1976; Bauer and Capone, 1985a).

Highly s i g n i f i c a n t  c o r r e l a t i o n s  betw een PTA co u n ts  and DMT- 

r e s i s t a n t  coun ts  were n o ted  th ro u g h o u t  the  e s tu a r y .  F ig u re  27 shows th e  

d a ta  f o r  the  March and June sam p lin g  t r i p s .  Although th e  s lo p e s  o f  the  

l i n e s  d i f f e r ,  the d a ta  f i t  th e  r e g r e s s i o n  l i n e s  q u i t e  w e l l  ( r  = 0.915 

i n  March, r  = 0.958 i n  June ) .  The ob se rv ed  r e l a t i o n s h i p s  w ere not an  

a r t i f a c t  o f  m easu r in g  s u b s e t s  of the  same p o p u la t io n  s in c e ,  1) DMT- 

r e s i s t a n t  b a c t e r i a  com prised  on ly  a sm a l l  p e rc e n ta g e  o f  the  t o t a l  

v i a b l e  c o u n t  on ENA (2 t o  6% i n  M arch , 2 t o  9% i n  J u n e ) ,  2) t h e  

c o r r e l a t i o n  between PTA c o u n ts  and ENA c o u n ts  was low in  June ( r  =

0.62) w i th  s e v e ra l  s t a t i o n s  g iv in g  h ig h e r  numbers on PTA th an  on ENA, 

and 3) PTA coun ts  w ere a t  l e a s t  1 0 - f o ld  h ig h e r  th an  D M T -res is tan t  

c o u n ta  Walker and C o lw e l l  (1974) o b se rv e d  a h ig h  in c id e n c e  o f  m ercury 

r e s i s t a n c e  among e s t u a r i n e  b a c t e r i a  i s o l a t e d  on th e  b a s i s  o f  t h e i r  

a b i l i t y  to  u t i l i z e  p e tro leu m . C onverse ly , a h igh  p e rc e n ta g e  of i s o l a t e s  

o b ta in e d  on th e  b a s i s  o f  t h e i r  m ercury  r e s i s t a n c e  d e m o n s tra te d  

pe tro leum  d e g ra d a t iv e  a b i l i t i e a  In  the c o n ta m in a te d  se d im e n ts  from 

which th e se  i s o l a t e s  w ere  o b ta in e d ,  th e  o rg an ism s  r e c e iv e d  s im u l ta n e o u s  

exposure  to  m ercury and p e tro leu m  hydrocarbons . S im u l tan e o u s  s e l e c t i o n  

fo r  t i n  r e s i s t a n t  and h y d rocarbon  d e g ra d in g  b a c t e r i a  could  o ccu r  i n  the  

m a rin as  which abound i n  th e  G re a t  Bay E s tu a ry .  Here, th e  l e a c h in g  o f
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FIGURE 27- L in ea r  r e g r e s s i o n  l i n e s  show ing th e  r e l a t i o n s h i p s  between 
d im e th y l  t i n - r e s i s t a n t  o rg an ism s  and v i a b l e  h e te r o t r o p h 3  on PTA 
among th e  March ( c lo s e d  sym bols) and June  (open sym bols) ,  1985 
w a te r  sam ples .
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t i n  from a n t i - f o u l i n g  m arine  p a i n t s  and th e  c h ro n ic  r e l e a s e  o f  a ro m a t ic  

hydrocarbons  o ccu r  to g e th e r ,  e s p e c i a l l y  d u r in g  the  warm months.

Table  11 shows th e  r e s u l t s  o f  l i n e a r  r e g r e s s io n  a n a ly s e s  between 

v a r io u s  b io l o g i c a l  and ch em ica l p a ra m e te r s  ( in d ep e n d en t  v a r i a b l e s )  and 

phenan th rene  m i n e r a l i z a t i o n  e f f i c i e n c i e s  a t  500 h (dependen t v a r i a b l e s )  

f o r  the March and June d a ta  s e t s .  C o r r e la t io n  c o e f f i c i e n t s  be tw een  ^ C -  

phenan th rene  m i n e r a l i z a t i o n  e f f i c i e n c i e s  and i n i t i a l  ^ C -p h e n a n th re n e  

m i n e r a l i z a t i o n  r a t e s  ( c a l c u l a t e d  from th e  120 h ^ C 0 2 p ro d u c t io n  

f i g u r e s )  were 0.95 and 0.91 f o r  th e  March and June d a ta ,  r e s p e c t iv e l y .  

These f i g u r e s  i n d i c a t e  t h a t  th e  a d a p t iv e n e s s  of th e  m ic r o b ia l  

community, i t s  p re p a re d n e s s  to  m i n e r a l i z e  phenan th rene , was th e  f e a t u r e  

m easured by the  p ro ced u re  employed. The p re fe re n c e  of th e  500 h 

p a ra m e te r  to  e x p re s s  m i n e r a l i z a t i o n  p o t e n t i a l s  i s  based on th e  s tepped  

^ C 0 2 e v o lu t io n  c u rv e s  som etim es  ob se rv ed  f o r  mixed c u l t u r e s  d eg rad in g  

phenan th rene  i n  two s ta g e s .  A s i m i l a r  co rrespondence  between i n i t i a l  

m i n e r a l i z a t i o n  r a t e  and maximum $ PAH m in e r a l i z e d  was observed  by Bauer 

and Capone (1985b). P l a t e  coun ts  on PTA accoun ted  f o r  52$ o f  the  

v a r i a b i l i t y  i n  p h en an th ren e  m i n e r a l i z a t i o n  e f f i c i e n c i e s  i n  March, but 

on ly  28$ i n  June ( r  v a lu e s  squared ) .  A p h e n an th ren e -b ased  a g a r  medium 

was found by M allo ry  and S ay lo r  (1983) to  be r e l a t i v e l y  n o n - s e le c t iv e .  

T h is  i s  most l i k e l y  due to  th e  low s o l u b i l i t y  o f  the  hydrocarbon. 

O l ig o t ro p h ic  b a c t e r i a  g row ing  on i m p u r i t i e s  i n  a g a r  would be j u s t  a s  

l i k e l y  to  be s e l e c t e d  a s  phenan th rene  d eg rad e rs .

C o r r e l a t i o n s  w i th  n u t r i e n t  c o n c e n t r a t i o n s  i n d i c a t e d  v a r i a b l e  

i n f l u e n c e s  o f  th e se  p a r a m e te r s  on phenan th rene  d e g ra d a t io n  w i th  

c o e f f i c i e n t s  ( r  v a lu e s )  r a n g in g  from  0.12 (POIJ  ̂ i n  March) t o  0.57 (POij^ 

i n  June).  The chance s im u l ta n e o u s  i n p u t s  o f  p r im ary  sewage e f f l u e n t  and
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TABLE 11. C o r r e l a t i o n  c o e f f i c i e n t s  ( r  v a lu e s )  w ith  ^ C -
p h en an th ren e  m i n e r a l i z a t i o n  e f f i c i e n c i e s  (500 h 
c o n v e rs io n  to  CO2 ) i n  March and June w a te r  
sam ples  a s  the  dependent v a r i a b l e s  and v a r io u s  
b i o l o g i c a l  and chem ical p a ram e te rs  a s  th e  
in d e p e n d e n t  v a r i a b l e s .

In d ep en d e n t V a r ia b le

.M in e ra l i s a t io n

March

Sff.leiencie.3  In  

June

I n i t i a l  M in e r a l i z a t io n  
R ate3

0 .95 0.91

LOG (PTA cfu /m l) 0 .72 0 .53  ( 0 .1 7 ) b

SPM 0.34 0 .3 8  (0 .1 4 )

POM 0.42 0 .50  ( - 0 .1 9 )

DOC 0.37 0.71  (0 .1 1 )

NHj 0.33 0 .55  ( -0 .0 1 )

NÔ  + NOg 0.33 0 .34  (0 .18 )

PO^3 0 .12 0 .57  (0 .2 2 )

3 c a l c u l a t e d  by c o n n e c t in g  tim e z e ro  and 120 h d a ta  p o in t s ,  
k v a lu e s  i n  p a r e n th e s e s  a r e  c o e f f i c i e n t s  w i th  d a ta  from 

s t a t i o n s  5 and 6 exc luded  from th e  r e g r e s s i o n  a n a l y s i s .
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PAH hydrocarbons  ups tream  of s t a t i o n s  5 and 6 o b scu red  the  e c o l o g i c a l  

s i g n i f i c a n c e  of p r i o r  exposu re  to  PAH a s  a  s e l e c t i o n  p r e s s u r e  r e s u l t i n g  

i n  h ig h  m i n e r a l i z a t i o n  e f f i c i e n c i e s ,  and e x a g g e ra te d  the  im p o r tan ce  of 

n u t r i e n t  c o n c e n t r a t i o n s  i n  d e te rm in in g  th e  a c t i v i t y  o f  th e  samples.

When the  Cocheco R iver d a ta  ( s t a t i o n s  5 and 6) w ere  d e l e t e d  from the 

a n a ly se s ,  th e  c o e f f i c i e n t s  dropped by one h a l f  o r  more (v a lu e s  i n  

p a re n th e s e s ) .  S im i l a r l y ,  th e  i n f l u e n c e s  of DOC, POM and SPM on 

m i n e r a l i z a t i o n  w ere  o v e r e s t im a te d  by i n c l u s i o n  o f  th e  ( e f f l u e n t )  d a ta  

from s t a t i o n s  5 and 6. T h is  i s  not to  say, however, t h a t  the n u t r i e n t  

s t a t u s  o f  th e  w a te r  a t  s t a t i o n s  5 and 6 (T ab le  10) had a n e g l i g i b l e  

e f f e c t  on th e  m i n e r a l i z a t i o n  e f f i c i e n c i e s  o b se rv ed  th e re .  The im pac t  o f  

a s m a l l  s e a s o n a l  m arina  ( f o r  w hich th e  d re d g in g  o p e r a t io n  p ro v id ed  a 

tu r n i n g  b a s in )  a c r o s s  th e  r i v e r  from the sewage t r e a tm e n t  p la n t  shou ld  

a l s o  no t be ig n o red .  S u rfa c e  m ic r o la y e r  and bulk  w a te r  sam ples  

c o l l e c t e d  a t  t h i s  s i t e  8 mos p r i o r  to  the d re d g in g  a c t i v e l y  degraded 

phenan th rene .  The e f f e c t s  o f  th e  PAH in t ro d u c e d  a s  a  r e s u l t  o f  the  

d re d g in g  o p e r a t io n ,  however, w ere  f a r  more p e rv a s iv e  and f a r - r e a c h i n g  

th a n  th e s e  in p u t s .

There a r e  many d a ta  on th e  i n f lu e n c e  o f  n u t r i e n t s  on th e  

hydrocarbon  d e g ra d a t io n  p o t e n t i a l s  o f  m arine , e s t u a r i n e  and f r e s h w a te r s  

( f o r  re v ie w s ,  see  A tla s ,  1981; C o lw e l l  and Walker, 1977; Rosenburg and 

G utn ick , 1981). Phosphorous i s  o c c a s i o n a l l y  c i t e d  a s  b e in g  more 

l i m i t i n g  th a n  n i t r o g e n  (Mul k i n s - P h i l  l i p s  and S te w a r t ,  1974a) e s p e c i a l l y  

in  s u r f a c e  s e a w a te r  where P0Jj3 c o n c e n t r a t i o n s  a r e  e x t re m e ly  low. 

A d d it io n  o f  n u t r i e n t s  to  w a te r  sam ples  can s t i m u l a t e  d e g ra d a t io n .  

A rom atic  hydrocarbons  a r e  more r e a d i l y  degraded  th a n  th e  more reduced  

a lk a n e s  under low n u t r i e n t  c o n d i t io n s  (Cooney e t  a l ,  1985, Fedorak and
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W estlake ,  1981; Roubal and A tla s ,  1978). In  th e  G re a t  Bay E s tu a ry ,  

n u t r i e n t  c o n c e n t r a t i o n s  d id  n o t  d e te rm in e  the  r e l a t i v e  a c t i v i t i e s  o f  

phenan th rene  d eg rad in g  b a c t e r i a  (T ab le  11) and were p robab ly  not 

l i m i t i n g  a t  th e  l e v e l  of carbon en r ic h m en t  chosen. The s t i m u l a t i o n  of 

^C 02  p ro d u c t io n  by the  a d d i t i o n  o f  N + P to  th e  June s t a t i o n  6 sample, 

however, was p u z z l in g  i n  l i g h t  of the  a l re a d y  e u t ro p h ic  n a tu r e  o f  the  

w a te r  here  (Table  10).

D isso lv ed  o rg a n ic  carbon  (DOC) h as  been r e p o r te d  to  both promote 

and d e lay  hydrocarbon d e g ra d in g  a c t i v i t i e s .  P henan th rene  m i n e r a l i z a t i o n  

by G reat Bay w a te r  sam ples  was in d e p en d en t of the  carbon c o n c e n t r a t i o n s  

i n  the  w a te r  a s  ev idenced  by th e  low c o r r e l a t i o n s  o bserved  w i th  DOC and 

POM (T able  11). A l te r n a te  carbon source  e x p e r im e n ts  showed th e  a d d i t i o n  

of th e se  to  u n ifo rm ly  d e p re s s  ^CC>2 p ro d u c t io n  from ^ C -p h e n a n th re n e  i n  

w a te r  sam ples  from s t a t i o n  6 i n  June (Fig. 25). However, th e se  d a ta  

r e p o r t  on ly  the p ro d u c t io n  of r e s p i r e d  carbon from phenan th rene  and not 

th e  t o t a l  r e s p i r a t i o n  o f  th e  a v a i l a b l e  carbon by the  community. No 

a d d i to n a l  l a g  p e r io d  was ob se rv ed  i n  carbon  amended v e r s u s  c o n t ro l  

sam ples ,  i n d i c a t i n g  t h a t  a t  th e  low s u b s t r a t e  l e v e l s  added, th e se  w ere 

u t i l i z e d  s im u l ta n e o u s ly  by the community (Harder and D ijkhu izen ,  1982; 

Schm idt and A lexander, 1985). Perhaps i n  a l e s s  w e l l - a d a p te d  

p o p u la t io n ,  d ia u x ic  u t i l i z a t i o n  of the s u b s t r a t e s  would be observed . 

Work w i th  mixed s u b s t r a t e  u t i l i z a t i o n  by pure  and mixed m ic ro b ia l  

c u l t u r e s  has  shown t h a t  chang ing  the  average  o x id a t io n  s t a t e  o f  th e  

carbon  s u p p l ie d  cau ses  s h i f t s  i n  th e  r a t i o  of r e s p i r e d  to  in c o rp o r a te d  

carbon (Babel and M u lle r ,  1985). T h ere fo re ,  l i t t l e  can be concluded 

from the  a l t e r n a t e  carbon  sou rce  d a ta  p re sen te d .  The e f f e c t  th e se  

t r e a tm e n t s  would have on phenan th ren e  m i n e r a l i z a t i o n  by an o l i g o t r o p h i c
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m ic ro b ia l  community may have been d i f f e r e n t .

Suspended p a r t i c u l a t e  m a t t e r  (SPM) c o n c e n t r a t i o n s  w ere a l s o  

u n im p o r ta n t  i n  d e te rm in in g  the  d i s t r i b u t i o n  of p henan th rene  d eg rad in g  

a c t i v i t y .  T h is  o b s e r v a t io n  a g re e s  w i th  th e  r e s u l t s  o f  S h e r r i l l  and 

Say lo r  (1980) and o f  Readman e t  a l .  (1982). The l a t t e r  i n v e s t i g a t o r s  

found n ap h th a le n e  d e g ra d a t io n  to  c o r r e l a t e  poo rly  w ith  p a r t i c u l a t e  

l e v e l s  i n  the  Tamar E s tu a ry .  N aphthalene, phenan th rene  and a n th ra c e n e  

d i s t r i b u t i o n s  w ere a l s o  u n r e l a t e d  to  p a r t i c l e  d i s t r i b u t i o n s .  

C o n c e n t ra t io n s  of th e  more i n s o l u b l e  benzo(a)pyrene, a s  w e l l  a s  

benzo(a)pyrene d e g ra d a t io n  r a t e s  w ere  s t r o n g ly  c o r r e l a t e d  w i th  

p a r t i c u l a t e  c o n c e n t r a t i o n s  i n  the  e s tu a r y .  Because PAH a r e  r e a c t i v e  

compounds s u b j e c t  to  a d s o rp t io n ,  p h o to -o x id a t io n ,  v o l a t i l i z a t i o n ,  

com plexa t ion  and b io d e g ra d a t io n ,  d i s s o lv e d  c o n c e n t r a t i o n s  o f  

n ap h th a len e  and benzo(a)pyrene were not c o r r e l a t e d  w i th  t h e i r  r a t e s  o f  

b io d e g ra d a t io n .

The l a c k  o f  a d s o r p t io n  a s  an im p o r ta n t  f a c t o r  g o v e rn in g  th e  f a t e  

of phenan th rene  or the  d i s t r i b u t i o n  o f  phenan th rene  d eg ra d in g  b a c t e r i a  

i n  th e  e s t u a r i n e  env ironm en t can a l s o  be i n f e r r e d  from th e  r e s u l t s  o f  

the  e x p e r im e n t  on the  e f f e c t s  of inoculum  s iz e  on the  r a t e  o f  

d e g ra d a t io n  shown i n  Fig. 20. A l a r g e  sed im en t inoculum  was e x p ec ted  to  

show a s h o r t  l a g  p e r io d  because  o f  th e  l a r g e  number of o rgan ism s  

in t ro d u c e d ,  but to  be l i m i t e d  i n  th e  f i n a l  m i n e r a l i z a t i o n  e f f i c i e n c y  by 

a h ig h e r  degree  o f  a d s o r p t i o n  to  th e  inoculum . A s m a l l e r  inocu lum , by 

t h i s  re a so n in g ,  would show a lo n g e r  l a g  p e r io d  but a h ig h e r  f i n a l  

m i n e r a l i z a t i o n  e f f i c i e n c y .  However, i n c r e a s i n g  p a r t i c u l a t e  

c o n c e n t r a t i o n s  i n  th e  sam ples  d id  n o t  r e s u l t  i n  a d s o r p t i o n - l i m i t e d  

d e g ra d a t io n  of phenan th rene .  R ather ,  th e  l a r g e r  inoculum , c o n s i s t e n t

163



w ith  the  model o f  P a r i s  e t  a l .  (1981), a l lo w ed  th e  more r a p id  tu rn o v e r  

of phenan th rene . R e s u l t s  w i th  acenaph thene  ( s o l u b i l i t y  2.4 yg ml~^, 

Rossi and Thomas, 1981) a l s o  showed no i n h i b i t i o n  o f  d e g ra d a t io n  by 

high 3 0 l i d s  l e v e l s  (H a ll  e t  a l ,  1986). In  l a b o r a to r y  s tu d ie s ,  even w i th  

50% a d s o r p t io n  o f  p henan th rene  to  o r g a n ic - c o n d i t io n e d  m o n tm o r i l lo n i t e ,  

no d im in u t io n  o f  m i n e r a l i z a t i o n  by pure c u l t u r e s  was o b se rv ed  r e l a t i v e

to  p a r t i c l e - f r e e  c o n t r o l s  (G uerin, u n p u b lish e d  d a ta ) .  For th e  more

s o lu b le  PAH then , a d s o r p t io n ,  to  the  e x t e n t  t h a t  i t  does occu r ,  does 

no t  l i m i t  m ic r o b ia l  d e g ra d a t io n .  T h is  s i t u a t i o n  c o n t r a s t s  w i th  t h a t  f o r  

o th e r  x e n o b io t ic  compounds such a s  (2 ,4 -d ic h lo ro p h e n o x y )a c e t i c  a c id  

(Ogram e t  a l ,  1985) and p e rh ap s  th e  l a r g e r ,  more hydrophob ic  PAH.

The s e l e c t i o n  o f  PAH-degrading b a c t e r i a  by exposu re  to  the  

compounds has  been amply i l l u s t r a t e d  i n  l a b o r a to r y  and f i e l d  s t u d i e s  

(see  I n t r o d u c t io n ) .  D isso lv ed  c o n c e n t r a t i o n s  o f  PAH w ere not d e te rm in ed  

i n  t h i s  s tudy  but th e  i n f l u e n c e  o f  the  d re d g in g  o p e r a t i o n  i n  th e

Cocheco R iver on th e  a d a p t a t i o n  o f  phenan th rene  d e g ra d in g  b a c t e r i a

downstream was obvious. Hydrocarbon p re -e x p o s u re  due to  b o a t in g  

a c t i v i t i e s  i n  the  P is c a ta q u a  R iver was the  l i k e l y  e x p la n a t io n  f o r  the  

h igh  a c t i v i t y  observed  a t  s t a t i o n  10 i n  June.

The h igh  a c t i v i t y  o f  w a te r  and sed im en t sam ples  c o l l e c t e d  i n  th e  

i n d u s t r i a l i z e d  p o r t i o n  o f  th e  P is c a ta q u a  R iver a l s o  i m p l i c a t e s  p re 

exposure  a s  an  im p o r ta n t  d e te rm in a n t  of b io d e g ra d a t iv e  a c t i v i t i e s .  At 

th e  mouth o f  the  e s tu a r y ,  d e g ra d a t io n  p o t e n t i a l s  d e c re a se d  due to  

d i l u t i o n  w i th  w a te r  p r e v io u s ly  unexposed to  PAH. During two summer 

c r u i s e s  i n  th e  G u lf  of Maine, no phenan th rene  d eg rad in g  a c t i v i t y  was 

o bserved  i n  s u r f a c e  m ic ro la y e r  or bu lk  w a te r  sam ples  (G uerin , 

u n p u b lish e d  d a ta ) .  M ic ro la y e r  and bulk  w a te r  sam ples  c o l l e c t e d  a t  the
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mouth of th e  M errimack R ive r  (MA) and i n  th e  G re a t  Bay E s tu a ry ,  on th e  

o th e r  hand, a c t i v e l y  degraded  p h enan th rene  even  when d i l u t e d  20 f o ld .

In  th e  u n d i lu te d  sam p les  a ssay ed  i n  t h i s  s tudy , s i g n i f i c a n t  

m i n e r a l i z a t i o n  o f  p h enan th rene  o ccu rre d  th roughou t the  e s tu a r y ,  l a r g e l y  

a s  a  r e s u l t  o f  p re -e x p o s u re  to  PAH through  human a c t i v i t i e s .
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PHENANTHRENE DEGRADATION BT ESTUARINE SURFACE MICRGLAIER 

AND BULK WATER MICROBIAL POPULATIONS

ABSTRACT

P a ire d  e s t u a r i n e  s u r f a c e  m ic ro la y e r  and bulk  w a te r  sam ples  from 

p r i s t i n e  and c o n ta m in a te d  s i t e s  i n  th e  G re a t  Bay E s tu a ry ,  NH, were 

exam ined w i th  r e g a rd  to  numbers o f  b a c t e r i a ,  **C -phenan th rene  

b io d e g ra d a t io n  p o t e n t i a l s  and o r g a n ic  and in o r g a n ic  chem ica l 

c h a r a c t e r i s t i c s .  M ic ro lay e r  sam p les  were g e n e r a l ly  e n r ic h e d  i n  

n u t r i e n t s  (N and P) and d i s s o lv e d  o rg a n ic  m a t t e r  c o n c e n t ra t io n s .

S e v e ra l  m ic ro la y e r  sam ples  gave s p e c t r a l  (peaks i n  UV a b s o r p t i o n  a t  250 

nm and non-hum ic a s s o c i a t e d  f lu o re s c e n c e )  and chem ica l ( b u ty l  t i n  

compound en r ic h m e n t)  ev idence  o f  hydrocarbon c o n ta m in a t io n  by m arinas .  

D esp ite  th e se  c o n s i s t e n t  e n r ic h m e n ts ,  ^ C -p h e n a n th re n e  b io d e g ra d a t io n  

p o t e n t i a l s  w ere som etim es  lo w e r  i n  m ic ro la y e r  than  i n  bulk  w a te r  

sam ples .  The cause of th e  a p p a re n t  i n h i b i t i o n  o f  m ic ro la y e r  sam ples  was 

undeterm ined . P h en an th re n e -d e g ra d in g  b a c t e r i a ,  enum era ted  by co u n t in g  

c l e a r i n g  zones  i n  a  c r y s t a l l i n e  phenanthrene o v e r la y  a f t e r  colony 

developm ent on a p h e n a n th re n e / to lu e n e  a g a r  (PTA) medium, was the b e s t  

m i c r o b io l o g ic a l  p r e d i c t o r  of th e  more c o s t ly  and t im e  consuming 

a s s a y .
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INTRODUCTION

A quatic  s u r f a c e  m ic r o la y e r s  c o n s t i t u t e  the  o r g a n ic a l l y  e n r ic h e d  

upperm ost m ic ro m ete r  of f r e s h  and s a l t  w a te r s  ( S ie b u r th  e t  a l ,  1976; 

Hunter and L i s s ,  1981). They a re  im p o r ta n t  f e a t u r e s  which in f lu e n c e  the  

exchange of m a t e r i a l s  (g a se s ,  v o l a t i l e  o rg a n ic s ,  d u s t  and s a l t s )  a c r o s s  

the  a i r / w a t e r  i n t e r f a c e .  Once though t to  be composed p re d o m in an tly  of 

l i p i d - l i k e  m a t e r i a l s  (L a rs so n  e t  a l ,  1974), r e c e n t  ev idence s u g g e s ts  

th a t  c a rb o h y d ra te s  and p r o t e i n s  a r e  q u a n t i t a t i v e l y  more s i g n i f i c a n t  

components (K a t tn e r  e t  a l ,  1985; H en r ich s  and W il l ia m s ,  1985; H unter 

and L is s ,  1981). In  a d d i t i o n ,  o rg a n ic  and in o r g a n ic  p a r t i c u l a t e s  (Lion 

e t  a l ,  1979), t r a c e  e le m e n ts  (Hardy e t  a l ,  1985; L ion and L eck ie ,  1981; 

Duce e t  a l ,  1972), p o ly c h lo r in a t e d  b ip h e n y ls  (PCffs, Duce e t  a l ,  1972; 

L arsson  e t  a l ,  1974), p e s t i c i d e s  (DDT, DDE, ‘e t c . ,  L a rsson  e t  a l ,  1974), 

hydrocarbons (Meyers and Kawka, 1982; G ear in g  and G earing , 1982;

Obsovifc e t  a l ,  1985; Hansen, 1975) and in o r g a n ic  n u t r i e n t s  (H atcher and 

Parker, 1974; H orr ig an  e t  a l ,  1981) a r e  o f t e n  e n r ic h e d  i n  m ic r o la y e r s  

over t h e i r  c o r re sp o n d in g  bulk  w a te r  c o n c e n t r a t io n s .  The degree  of 

en r ich m en t depends l a r g e l y  on th e  th ic k n e s s  o f  the  sample c o l l e c t e d  

which i n  t u r n  v a r i e s  from  l e s s  th an  1 pm to  a lm o s t  1 mm depending on 

the  sam pler employed (Norkrans, 1980).

P o ly c y c l ic  a ro m a t ic  hydrocarbons (PAH) a re  a l s o  e n r ic h e d  i n  

s u r fa c e  m ic ro la y e r s .  These n a t u r a l l y  f lu o r e s c e n t ,  f u s e d - r in g  a ro m a t ic  

hydrocarbons a re  components of f o s s i l  f u e l s  and p ro d u c ts  o f  com bustion 

and may e n t e r  the  a q u a t i c  env ironm en t a s  s p i l l e d  o i l ,  a tm o sp h e r ic  

f a l l o u t  and s t r e e t  and highway ru n o f f .  Concern ab o u t  t h e i r
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en v iro n m en ta l  f a t e  s tem s  from t h e i r  r e c a l c i t r a n c e ,  t o x i c i t y ,  

c a r c in o g e n ic i ty  and p o t e n t i a l  f o r  t r o p h i c  b io m a g n if i c a t io n .  PAH a re  

ex t re m e ly  hydrophobic  and bind t e n a c io u s ly  to  such m ic ro la y e r  

components a s  humic m a t e r i a l s  (G je s s in g  and B e rg l in d ,  1981) and 

e s tu a r i n e  c o l l o i d s  (W ija y a ra tn e  and Means, 1984) a s  w e l l  a s  m in e ra l  

(K arickho ff  e t  a l ,  1979) and b i o l o g ic a l  (S teen  and K ar ick h o ff ,  1981) 

p a r t i c u l a t e s .  Readman e t  a l .  (1982) found t h a t  the d i s t r i b u t i o n  o f  

f o u r - r in g e d  and l a r g e r  PAH i n  th e  Tamar E s tu a ry  was h ig h ly  c o r r e l a t e d  

w ith  the d i s t r i b u t i o n  o f  p a r t i c u l a t e  m a te r i a l .  However,' n aph tha lene ,  

an th ra cen e  and p h enan th rene ,  because of t h e i r  r e l a t i v e l y  h ig h e r  

s o l u b i l i t i e s  and vapor p r e s s u r e s  d id  not c o r r e l a t e  w i th  p a r t i c u l a t e  

m a t e r i a l s ;  t h e i r  e s t u a r i n e  d i s t r i b u t i o n s  w ere governed p r i n c i p a l l y  by 

v o l a t i l i z a t i o n  and bio d e g ra d a t io n .  The s u r f a c e  m ic ro la y e r  may a c t  a s  a 

p h y s ic a l  and ch em ica l im pedim ent to  th e  v o l a t i l i z a t i o n  o f  low m o lecu la r  

w e ig h t  PAH and p ro v id e  a s i t e  f o r  t h e i r  b io d e g ra d a t io n  by b a c t e r i a .  In  

f a c t ,  Marty e t  a l .  (1978, c i t e d  i n  N eff, 1979) found 4 - f o ld  en r ic h m e n ts  

of t o t a l  hydrocarbons  i n  m ic r o la y e r s  of the t r o p i c a l  A t l a n t i c  Ocean 

w i th  a p r e f e r e n t i a l  en r ic h m en t of a ro m a t ic  hydrocarbons. F u rtherm ore , 

phenan th rene  was the s i n g l e  most abundant compound c o m p ris in g  40$ o f  

th e  a ro m a t ic  f r a c t i o n ;  m e th y l p h en an th ren es  were a l s o  abundant.

Phenanthrene d e g ra d in g  b a c t e r i a  a re  u b iq u i to u s  i n  e s t u a r i n e  

en v iro n m en ts  and may be p a r t i c u l a r l y  a c t i v e  i n  s u r fa c e  m ic ro la y e r s  

where PAH a r e  abundan t and where 02> n u t r i e n t s  (H atche r  and P arker,  

1974) and s u p p o r t in g  s u b s t r a t e s  (H enrichs  and W il l ia m s ,  1985 ) a r e  a l s o  

e n r ic h ed .  The a lm o s t  i n v a r i a b l e  e n r ic h m en t  of t o t a l  and c u l t u r a b l e  

h e t e r o t r o p h i c  b a c t e r i a  i n  s u r fa c e  m ic r o la y e r s  h as  been amply documented 

(Fuhs, 1982; N orkrans, 1980; Dutka and Kwan, 1978; D ietz  e t  a l ,  1976).
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However, such e n r ic h m e n t  may be the  r e s u l t  o f  a p h y s ic a l  a t t r a c t i o n  

between th e  b a c t e r i a  and th e  i n t e r f a c e  (Dahlback e t  a l ,  1981; M a rsh a l l ,  

1976) and no t  the  r e s u l t  o f  i n  s i t u  r e p r o d u c t io n  of in d ig e n o u s  

m icroorgan ism s. Low s p e c i f i c  (pe r  c e l l )  a d e n y la te  energy  charge (D ie tz  

e t  a l ,  1976; De Souza-Lima and Romano, 1983; N orkrans,  1980) and 

h e t e r o t r o p h ic  p o t e n t i a l  (D ie tz  e t  a l ,  1976) and h igh  t o t a l  count : 

v i a b le  count r a t i o s  (N orkrans, 1980) i n  the  m ic r o la y e r  i n d i c a t e  a 

h ig h ly  s t r e s s e d  m i c r o b ia l  p o p u la t io n .  Daytime d e p l e t i o n  and n ig h t im e  

en r ic h m en t of p h y to n e u s to n  (C ar lso n ,  1982a) and the  i n h i b i t i o n  of 

n e u s to n ic  n i t r i f y i n g  b a c t e r i a  by l i g h t  (H orrigan  e t  a l ,  1981) su g g e s t  

th a t  ha rm fu l r a d i a t i o n  may c o n t r i b u te  to  the s t r e s s e d  c o n d i t io n  of 

m arine  m ic ro la y e r  o rgan ism s. However, o th e r  f a c t o r s  in c lu d in g  

e n r ic h m e n ts  o f  t o x i c  m e ta l s ,  t o x i c  o rg a n ic s  and p h o to - a c t iv a te d  

chem ica l s p e c ie s  may be c o n t r ib u to ry .  Here, a s  p a r t  o f  a  more e x te n s iv e  

s tudy  on t h e i r  e s t u a r i n e  eco logy , I  compare the  phenan th rene  

b io d e g ra d a t io n  p o t e n t i a l s  o f  b a c t e r i a  from e s tu a r i n e  s u r fa c e  

m ic ro la y e r  and bu lk  w a te r  env ironm en ts .
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MATERIALS AND METHODS

Study S i t e

With over 11,000 a c r e s  o f  t i d e w a te r ,  th e  G rea t  Bay e s t u a r i n e  

ecosys tem  (Fig. 28) i s  one of the  l a r g e s t  e s t u a r i e s  on th e  e a s t e r n  

seaboard  o f  the  U n ited  S t a t e s  (M ath ieson  and Hehre, 1986). Seven r i v e r s  

fe e d  the  e s tu a r y ,  d r a in i n g  an  a re a  of a b o u t  930 sq u are  m i le s .  S ix  o f  

these  r i v e r s  a r e  dammed to  produce d is c o n t in u o u s  s a l i n i t y  g r a d ie n t s .

The s e m i -d iu rn a l  t i d a l  a m p li tu d e  i s  a p p ro x im a te ly  2.5 m r e s u l t i n g  i n  

c u r r e n t  v e l o c i t i e s  up to  6 k n o ts  a lo n g  th e  P is c a ta q u a  R iv e r  and th rough  

the narrow s a d j a c e n t  to  Adams P o in t ,  Fox P o in t  and Dover P o in t .  The 

w a te r  column i s  v e r t i c a l l y  homogenous th roughou t most o f  the  e s tu a r y  

(Loder and G i l b e r t ,  1980) and the se d im e n ts  a re  graded  from  

p red o m in an tly  mud to  sand seaward. The G rea t  Bay i s  a m u l t i p l e  use 

e s tu a r y  and s u r ro u n d in g  fa rm la n d ,  sewage t r e a tm e n t  p l a n t s ,  s h ip b u i l d in g  

y a rd s ,  m arinas ,  an o i l  t e rm in a l  and s e v e r a l  m u n i c i p a l i t i e s  in c lu d in g  

the  c i t y  of Portsm outh , NH in f lu e n c e  the c h e m is t ry  o f  th e  w a te r .  

S ed im en tary  phenanthrene c o n c e n t r a t i o n s  range from about 100 ng g_1 in  

th e  f a r  re a c h e s  o f  G re a t  Bay to  a lm o s t  200 fig g"^ i n  the  Cocheco R iver 

(G uerin  e t  a l ,  i n  prep.) where th e  sed im e n ts  a r e  la d e n  w i th  coal t a r  

w a s te s  from a 19 th  c e n tu ry  gas p la n t .

Sampling

S u r fa c e  m ic ro la y e r  and bulk  w a te r  sam ples  were c o l l e c t e d  betw een 

J u ly  and November, 1984 a t  the  f i v e  s t a t i o n s  i n  G rea t  Bay shown in  

Fig. 28. M ic ro la y e rs  w ere sampled a t  h igh  t i d e  from docks (JEL, GBM,

PP), from the  bow of a f i b e r g l a s s  dingy (CR) o r  by wading i n  1 m of
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FIGURE 28. Map o f  th e  G re a t  Bay E s tu a ry ,  New Hampshire-M aine, 
showing s u r f a c e  m ic r o la y e r  s a m p lin g  s i t e s .
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w ate r  (NC). A s t e r i l e  neoprene w in d s h ie ld  w ip e r  was used to  s c rap e  the  

Seim  p ie  from a  s t e r i l e  g l a s s  p l a t e  (20 x 20 cm) w hich was dipped 

r e p e a te d ly  u n t i l  200 to  300 ml o f  sam ple  was c o l l e c t e d  i n  a s t e r i l e ,  

p re-com busted  500 ml brown g l a s s  b o t t l e .  Bulk w a te r  sam ples  w ere  

o b ta in e d  from d ep th s  o f  40 to  50 cm. Water te m p e ra tu re ,  sea  s t a t e  and 

the number of d ip s  w ere  rec o rd e d  and sam ples  w ere r e tu r n e d  to  the 

l a b o r a to r y  on ic e .

Enum eration o f  B a c te r ia

One ml a l i q u o t s  o f  sam ples  w ere added to  sc re w -c a p  t e s t  tu b e s  

c o n ta in in g  4$ f o r m a l in  i n  9 ml o f  75$ a r t i f i c i a l  s e a w a te r  (ASW, K es te r  

e t  a l ,  1967) and r e f r i g e r a t e d  i n  the  dark . C e l l s  w ere 3 ta in e d  w i th  DAPI 

(4 ' ,6 -d ia m id in o -2 -p h e n y l in d o le ,  Sigma) and counted  a f t e r  f i l t r a t i o n  

o n to  an I r g a l a n  b l a c k - s t a in e d  0.2 pm N uclepore  f i l t e r  on a Z e i s s  

r e s e a r c h  m icroscope  w i th  e p i f lu o r e s c e n c e  a t ta c h m e n t  ( P o r t e r  and Feig, 

1980). T o ta l  coun ts  were o b ta in e d  by a v e ra g in g  the number of c e l l s  i n  a 

minimum of 10 random f i e l d s  and a p p ly in g  a p p r o p r i a t e  c o r r e c t i o n  f a c t o r s  

f o r  f i e l d  a re a ,  e f f e c t i v e  f i l t e r  a re a  and sam ple volume. Blank v a lu e s  

were s u b t r a c t e d  from a l l  coun ts  and w ere  m in im ized  by f i l t e r i n g  (0.4 

pm) a l l  s o lu t i o n s .

V iab le  h e t e r o t r o p h s  w ere enum era ted  a f t e r  2 weeks in c u b a t io n  

(18°C) of s e r i a l l y - d i l u t e d  sam ples  s p r e a d - p l a t e d  i n  q u a d r u p l i c a t e  on 

e s t u a r i n e  n u t r i e n t  a g a r  (ENA) o f  the  f o l lo w in g  c o m p o s i t io n  (pe r  1 75$ 

ASW): g lu c o s e  (0 .5  g ) ,  y e a s t  e x t r a c t  (0 .5  g ) ,  p e p to n e  (0 .5  g ) ,  NH^NOg 

(0.1 g ) ,  a c t i d i o n e  ( o r  c y c l o h e x i m i d e ,  a f u n g i c i d e ,  0.1 g ) ,  a g a r  (15 g ). 

The pH was a d j u s t e d  to  7.5, the  medium was a u to c la v e d  (20 min., 121°C). 

When cool, 2 ml 0.05 M phospha te  b u f f e r  (pH 7.5) was added b e fo re
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p o u r in g  p l a t e s .

Sam ples w ere  p l a t e d  on p h e n a n th re n e / to lu e n e  a g a r  (PTA) p re p a re d  by 

add ing  250 p i  o f  a s o l u t i o n  of phenan th rene  i n  to lu e n e  (250 mg ml” ^) to  

ho t (75°C) medium c o n ta in in g  (p e r  1 75$ ASW): F e C l ^ ^ ^ O  (3 mg), NĤ NÔ  

(0.1 g ) ,  a c t i d i o n e  (0.1 g ) ,  a g a r  (15 g ) ,  pH 7.5 . The m edium w as 

a u to c la v e d  and when cooled , 1 ml 0.05 M phosphate  b u f f e r  was added. 

Q u a d ru p l ic a te  p l a t e s  w ere  in c u b a te d  f o r  3 weeks a t  18°C b e fo re  

c o u n t in g  A f te r  coun ting ,  p l a t e s  w ere sprayed  w i th  a s o l u t i o n  (100 mg 

ml“ ^) of p h en an th ren e  i n  d im e th y l s u l fo x id e  (DMS0). The DMSO ev ap o ra ted  

to  l e a v e  a c r y s t a l l i n e  phenanthrene  o v e r la y  on th e  a g a r  su r fa c e .  

C le a r in g  zones  i n  the  o v e r la y  (0CZ) were counted a f t e r  an  a d d i t i o n a l  10 

d i n c u b a t io n  a t  18°C.

Phenan th rene  B io d e g rad a t io n  P p te n t ia i l

For th e  m easurem ent of phenan th rene  b io d e g ra d a t io n  p o t e n t i a l ,  10 

ml o f  sam ples  w ere added to  190 ml o f  an a r t i f i c i a l  s e a w a te r  medium 

c o n ta in in g  p h en an th ren e  a t  a c o n c e n t r a t io n  o f  0.5 mg L"^ i n  m o d if ie d  

500 ml E rlenm eyer f l a s k s  (Fedorak e t  a l ,  1982). F la sk s  w ere sp ik ed  w i th  

10 j i l  ("1 j i d )  of  a  s o l u t i o n  o f  [ 9~1 ] phenan th rene  (sp. a c t i v i t y  19.3

mCi mMol” ^, A m ersham -Searle , 98$ r a d io c h e m ic a l  p u r i ty )  i n  ace tone . 

I n i t i a l  a c t i v i t y  (dpm ml“ ^) was im m ed ia te ly  d e te rm in e d  on d u p l i c a t e  1 

ml a l i q u o t s .  F la sk s  w ere  s to p p e red  and in c u b a te d  a t  18°C i n  th e  dark  on 

a  r o t a r y  sh ak er  (140 rpm). At i n t e r v a l s ,  a l i q u o t s  w ere  w ithd raw n  i n  

t r i p l i c a t e  f o r  the  d e t e r m in a t io n  o f  r e s p i r e d  11*C02 . P r e c i s io n  o f  the  

a n a ly s e s  averaged  +0.5$ o f  the t o t a l  i n i t i a l  a c t i v i t y  (n=87, range  0.03 

to  2.51). For some sam ples ,  the  d isap p ea ran ce  of C ^ C ^ - e x t r a c t a b l e  

^ C -p h e n a n th r e n e  from th e  medium and the  appearance  o f  w a te r  s o lu b le
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^ C - l a b e l e d  t r a n s f o r m a t io n  p ro d u c ts  was a l s o  m onito red . D e t a i l s  o f  the  

methods can be found i n  G uerin  and Jo n es  (subm.). At the b eg in n in g  o f  

th e  in c u b a t io n s ,  f l a s k  c o n te n ts  removed f o r  a n a l y s i s  (w a te r  p lu s  

headspace, 2 t o  3% of  t o t a l  volume) a t  each sam p lin g  t im e  w ere  r e p la c e d  

by u n in o c u la te d  medium and s t e r i l e  a i r  from a  c o n t ro l  f l a s k  ( f e d  b a tch  

mode). As the  l a b e l e d  p h en an th ren e  i n  the c o n t ro l  f l a s k  d is a p p e a re d  

a f t e r  a few days due to  a d s o rp t io n ,  w ithd raw n  sam ple was no lo n g e r  

r e p la c e d  and in c u b a t io n s  w ere sw i tc h e d  to  b a tc h  mode. To d e te rm in e  i f  

phenan threne  d e g ra d a t io n  by th e  sam ples  was n u t r i e n t  l i m i t e d ,  1 ml of a 

n u t r i e n t  s o l u t i o n  (10 mg y e a s t  e x t r a c t ,  10 mg g lucose  per  ml d i s t i l l e d  

w a te r )  was added l a t e r  i n  th e  in c u b a t io n s .

For the PP sam ples ,  phenan th rene  bio  d e g ra d a t io n  p o t e n t i a l s  w ere  

a l s o  a s s e s s e d  by i n o c u l a t i n g  10 ml of m ic ro la y e r  and bulk  w a te r  sam ples  

i n t o  a phenan threne/T w een  80 (P/T80) medium w ith  an  i n i t i a l  

phenan th rene  c o n c e n t r a t io n  o f  about 40 mg L"1. The d isa p p e a ra n c e  of 

p henan th rene  and the  p ro d u c t io n  of b iom ass  and m e ta b o l i c  p ro d u c ts  w ere  

d e te rm in e d  by methods d e s c r ib e d  p r e v io u s ly  (G uerin  and Jones ,  

s u b m i t t e d ) .

Chemical A nalyses

Samples w ere  f i l t e r e d  th rough  pre -com busted  (475°C, 6 h) Whatman 

GF/C g l a s s  f i b e r  f i l t e r s  (1.2 jim e f f e c t i v e  r e t e n t i o n ) .  S a l i n i t y  of the  

f i l t r a t e s  was m easured by r e f r a c t o m e t r y  and pH was d e te rm in e d  w i th  a 

F is h e r  Accumet pH m eter .  N u t r ie n t  c o n c e n t r a t i o n s  (N0^ + NOg, NHjJ, POJJ )̂ 

were d e te rm in e d  in  d u p l i c a t e  on a Technicon A u toana lyze r  a c c o rd in g  to  

th e  methods o f  G l i b e r t  and Loder (1977). S ev era l  n o n s p e c i f i c  m easures  

of bulk  o rg a n ic  m a t t e r  w ere o b ta in e d .  U l t r a v i o l e t  a b s o r p t io n  s p e c t r a  

and r e a d in g s  a t  250 and 280 nm were re c o rd e d  on a Beckman DU8
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s p e c t ro p h o to m e te r  i n  1 cm q u a r tz  cu v e ts .  D isso lv ed  o rg a n ic  carbon  (DOC) 

was m easured on a  B a rn s te d  Photochem DOC A nalyzer. R e la t iv e  

c o n c e n t r a t i o n s  o f  p o ly p h e n o l ic  m a t e r i a l s  i n  w a te r  sam ples  w ere  measured 

by the  F o l in - C i o c a l t e a u  r e a c t i o n  u s in g  the  r e a g e n t s  and p ro p o r t i o n s  

recommended by Box (1981) on a  Beckman model 35 sp e c tro p h o to m e te r  i n  5 

cm cu v e ts .  R e s o rc in o l  was used a s  a  s ta n d a rd  and a l l  v a lu e s  a r e  

e x p re s se d  i n  pg m l“  ̂ r e s o r c i n o l  e q u iv a le n t s  (RE).

R e la t i v e  c o n c e n t r a t i o n s  o f  humic (bu lk  o rg an ic )  m a t e r i a l s  w ere  

a l s o  e s t i m a t e d  a s  th e  f lu o r e s c e n c e  of sam p les  (A  = 3 5 0  nm, A,m = 450
6  XC c u l

nm) on a Perkinr-Elm er MPF-44E s p e c t r o f l u o r o m e t e r  a f t e r  a d j u s t i n g  th e  

in s t r u m e n t  g a in  to  g iv e  a c o n s ta n t  f lu o r e s c e n c e  f o r  a  15 pg L- "' q u in in e  

s u l f a t e  s ta n d a rd .  A d d i t io n a l  f lu o r e s c e n c e  s p e c t r a  w ere re c o rd e d  u s in g  

e x c i t a t i o n  and e m is s io n  w a v e le n g th s  found to  g iv e  maximal re s p o n s e s  

d u r in g  manual s c a n s  o f  m ic r o la y e r  sam ples. These s p e c t r a  w ere  

u n c o r r e c te d  f o r  w av e len g th  dependen t v a r i a t i o n s  i n  s e n s i t i v i t y  and 

re s p o n se .



RESULTS AND DISCUSSION

Using th e  g l a s s  p l a t e ,  th e  average  th i c k n e s s  o f  the  m ic ro la y e r s  

sampled ranged  from 45 t o  81 pm (Table  12), w i th i n  th e  range  r e p o r te d  

by o t h e r s  u s in g  t h i s  method (see  C arlson , 1982b). None of the  sam ples 

were c o l l e c t e d  e n t i r e l y  w i t h i n  v i s i b l e  s u r f a c e  s l i c k s  a l th o u g h  p a tc h e s  

o f  n a t u r a l  (PP and NC) and o i l y  (GBM, CR and PP, a l l  c o l l e c t e d  i n  o r  

n ea r  m arin as )  s l i c k  m a t e r i a l  com prised  m inor f r a c t i o n s  o f  some sam ples. 

No d i f f e r e n c e s  i n  s a l i n i t y  or pH were d i s c e rn e d  betw een m ic r o la y e r  and 

bu lk  w a te r  sam ples.

N i t r a t e  p lu s  n i t r i t e  and ammonia w ere e n r ic h e d  i n  th e  s u r fa c e  

m ic r o la y e r s  i n  a l l  but the  CR sample (T ab le  13). Here, higfi n i t r o g e n  

and phosphorous c o n c e n t r a t i o n s  r e f l e c t e d  th e  p ro x im ity  of the  sam p ling  

s i t e  t o  the  submerged o u t f a l l  of a sewage t r e a tm e n t  p l a n t  i n  the c i t y  

o f  Dover, NH. The PP m ic r o la y e r  was s t ro n g ly  e n r ic h e d  i n  n i t r o g e n  but 

s l i g h t l y  d e p le te d  i n  phosphorous r e l a t i v e  t o  the bulk  w a te r .  The PP 

bu lk  w a te r  sam ple had n u t r i e n t  c o n c e n t r a t i o n s  more ty p i c a l  of t h i s  p a r t  

o f  the e s tu a r y  i n  O ctober (Loder e t  a l ,  1983). The GBM and JEL sam ples  

l i k e w i s e  showed m ic r o la y e r  en r ich m en t of n i t r o g e n  and d e p l e t i o n  o f  

phosphorous w h i le  j u s t  the  r e v e r s e  was t r u e  f o r  the  CR sample. The NC 

m ic ro la y e r  was e n r ic h e d  i n  a l l  n u t r i e n t s  analyzed .

M ic ro lay e r  sam ples  w ere c o n s i s t e n t l y  e n r ic h e d  i n  bulk o rg a n ic  

m a t t e r  r e l a t i v e  to  th e  u n d e r ly in g  w a te r  as  shown by t h e i r  h ig h e r  

ab so rb an ce  (250 and 280 nm), f lu o re s c e n c e ,  RE and DOC v a lu e s  (Table  

14). A ll of th e se  m easures  p rov ide  e s t i m a t e s  o f  th e  h u m ic - l ik e  

m a t e r i a l s  which com prise  a m a jo r  f r a c t i o n  of the o rg a n ic  m a t t e r  i n
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TABLE 12. P h y s ic a l and chem ical c h a r a c t e r i s t i c s  o f  m ic ro la y e r  sam ples.

Sample a Date Timeb
W ater  

Tem perature S a l i n i t y pH
S u r f a c e

C ond it ions
A verage
T hickness

GBM 7/23/84 +1 17°C 29.5*. 7 .8 calm 71 pm

JEL 7 /2 3 /8 4 +1.5 22°C 26.7*. 7 .75 tu r b u le n t 00 "B

NC 8/22 /84 0 18.5°C 33.5*. 7 .9 r i p p l e s 71 pm

CR 8/22 /84 +1.5 23°C 3.5$o 7 .2 t u r b u l e n t 76 pm

PP 11/11/84 0 12.5°C 33.5*o — calm, some s l i c k  45 pm

a Sample s i t e  a b b r e v i a t i o n s  a r e  a s  follows:GBM, G re a t  Bay M arina; JEL, Jackson  
E s t u a r i n e  L a b o r a t o r y  (UNH); NC, New C a s t l e  I s l a n d ;  CR, Cocheco R iv e r ;  PP, 
P r e s c o t t  Park, c i t y  of Portsm outh , NH.
Time denoted a s  h o u rs  p a s t  (+) s l a c k  h igh  t i d e  ( 0 ) .



TABLE 13* N u t r i e n t  c o n c e n t r a t i o n ^  an d  e n r i c h m e n t  
f a c t o r s 15 ( i n  p a re n th e s e s )  i n  G re a t  Bay 
E s t u a r y  s u r f a c e  m ic r o la y e r  (s)  and bulk  
w a te r  ( s s )  sam ples.

Sample NO^+NOo” NH„+ *0 o -£r
1 U>

GBM S
SS

4 .8
3 .5

(1 .3 7 ) 7 .5
3 .9

(1 .9 2 ) 0 .89  
1.08

(0 .8 2 )

JEL S
SS

3 .2
2 .8

(1 .1 4 ) —
0.56
0 .57

(0 .9 8 )

NC S
SS

3 .9  
1 .4 (2 .7 9 ) 5 .3

4 .2
(1 .2 6 ) 1.16

0 .55
(2 .1 1 )

CR S
SS

2 2 .2
23 .3

(0 .9 5 ) 6 .7
20 .8

(0 .3 2 ) 2 .9 2
1.88

(1 .5 5 )

PP S
SS

5 2 .8
4 .0

(1 3 .2 ) 14 .8
4 .2

(3 .5 2 ) 0 .74
0.80

(0 .9 2 )

Q
A ll c o n c e n t r a t i o n s  e x p re s s e d  i n  pMoles L ' .  

15 Enrichm ent f a c t o r s  c a l c u l a t e d  a s  r a t i o s  o f  
m ic ro la y e r  to  bu lk  w a te r  c o n c e n t r a t i o n s .
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TABLE 14. O rg a n ic  m a t t e r  c h a r a c t e r i s t i c s  o f  G re a t  Bay e s t u a r i n e  su r fa c e  
m i c r o l a y e r  and  b u lk  w a t e r  s a m p le s .  E n r i c h m e n t  f a c t o r s  f o r  
m ic ro la y e r  sam ples  shown i n  p a re n th e se s .

Sample DOC3 Polyphenols*5 F lu o re sc e n c e 0 A250 *280 *2 50 ’ *2 80

GBMS
SS

2 .0
1.3

( 1 .5 4 ) d 0 .2 5  
0.31

( 0 .8 1 ) ” ( 1 .1 8 ) .091
.073

( 1 .2 5 ) •.°o” ( 1 - , 3 )
1 .72  
1.55

JEL S
SS

4 .8
2 .3

(2 .0 9 ) 0.47
0.36 (1 .3 1 ) 105 <1-53)

.101

.097
(1 .0 4 ) .073

.075
(0 .9 7 ) 1.38 

1.29

CR S 
SS

4 .0
4 .3

(0 .93) 0.56
0 .52

(1 .0 8 ) H T (1 .0 8 ) .231
.184

(1 .26 ) .154
.138

(1 .1 2 ) 1.50 
1.33

NC S 
SS

2 .6
1 .9

(1 .3 7 ) 0.16
0.13

(1 .23 ) J 5
.068
.031

(2 .1 9 ) .040
.026

(1 .5 4 ) 1.70 
1.19

PP S 
SS

4.4 
1.2 (3 .6 7 ) 0 .02  

n. d. ---
.035
.013

(2 .6 9 ) .022
.008 (2 .7 5 ) 1.59 

1.62

a — 1
D isso lved  Organic Carbon ex p re s se d  i n  mg L 1. 

k Expressed  i n  mg L”  ̂ R eso rc ino l  E q u iv a le n ts  (RE).
0 A r b i t r a r y  u n i t s  w i th  7^xc = 350 nm, Aem = 450 nm.

Enrichment f a c t o r s  e x p re s sed  a s  r a t i o  of m ic ro la y e r  c o n c e n t r a t io n  to  bu lk  w a te r  
c o n c e n t ra t io n .



n a t u r a l  w a te r s .  RE i s  s e n s i t i v e  to  the p o ly p h e n o l ic  component of t h i s  

m a t e r i a l  and may o r i g i n a t e  from e i t h e r  t e r r e s t r i a l  or m a c ro a lg a l  

so u rces  (C a r lso n  and Mayer, 1983), th e  l a t t e r  c o n t r i b u t i n g  more d u r in g  

th e  lo w - ru n o f f ,  summer months. Absorbance a t  280 nm c o r r e l a t e s  s t r o n g ly  

w i th  p o ly p h e n o l ic  c o n c e n t r a t i o n s  i n  o th e r  n o r th  te m p e ra te  e s t u a r i e s  

(C a r lso n  and Mayer, 1980). F lu o re scen c e  has  been used a s  a t r a c e r  f o r  

d i s s o lv e d  o rg a n ic  m a t t e r  but because of d i f f e r e n t  f lu o r e s c e n c e  

e f f i c i e n c i e s  per u n i t  DOC f o r  lo w -m o le c u la r -w e ig h t  f u l v i c  a c i d s  and 

h ig h -m o le c u la r -w e ig h t  humic a c i d s  (S te w a r t  and W etze l ,  1981), 

f lu o re s c e n c e  i s  no t s u i t a b l e  a s  an in d e p en d en t m easure of o rg a n ic  

m a t te r  c o n c e n t r a t io n s .  This  i s  p a r t i c u l a r l y  t r u e  i n  e s t u a r i n e  s e t t i n g s  

where h ig h -m o le c u la r -w e ig h t  m a t e r i a l s  a r e  more prone to  s a l t - i n d u c e d  

f l o c c u l a t i o n  s e l e c t i v e l y  rem oving  them from e s t u a r i n e  w a te r s

(S h o lk o w itz ,  1976; Fox, 1983). On th e  o th e r  hand, humic a c id s  a r e  a l s o

more s u r f a c e  a c t i v e  and ten d  to  p a r t i t i o n  i n t o  the s u r f a c e  m ic ro la y e r  

i n  p re fe re n c e  to  f u l v i c  m a t e r i a l s  (Hayase and Tsubota , 1983). 

R eg a rd le ss ,  p l o t s  o f  f lu o r e s c e n c e  (350/450 nm) v s  abso rb an ce  (280 nm), 

f lu o r e s c e n c e  v s  RE and ab so rb an ce  v s  RE a l l  showed h ig h ly  s i g n i f i c a n t

c o r r e l a t i o n s  (d a ta  not shown).

S e v e ra l  m ic ro la y e r  sam ples  gave s m a l l  peaks i n  abso rb an ce  a t  250 

nm and had r e l a t i v e l y  h igh  &250:h 8 0  rafcio3 s u g g e s t in g  e n r ic h m e n ts  o f  

a r o m a t ic  r e l a t i v e  to  f u n c t i o n a l i z e d  a r o m a t i c  hyd ro ca rb o n s  (T ab le  14). 

These sam ples  (GBM, CR m ic ro la y e r ,  NC m ic r o la y e r  and PP) w ere  a l s o  

found to  e x h i b i t  f lu o r e s c e n c e  e x c i t a t i o n  maxima a t  250 nm. F ig u re  29 

shows the  ab so rbance  and f lu o re s c e n c e  e x c i t a t i o n  and e m is s io n  s p e c t r a  

f o r  the  GBM m ic ro la y e r  and bulk  w a te r  sam ples. Whereas abso rbance  and 

f lu o re s c e n c e  (350/450 nm) m easurem ents  (T ab le  14) i n d i c a t e d  sm a l l
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FIGURE 29. U l t r a v i o l e t  a b s o r p t io n  s p e c t r a  (a) and f lu o r e s c e n c e  
e x c i t a t i o n  ( / ^ m = 363 nm, s o l i d  l i n e )  and e m is s io n  (?%XQ = 
251 nm, broken l i n e )  s p e c t r a  (b) o f  th e  GBM s u r f a c e  
m ic r o la y e r  (upper cu rv es )  and bu lk  w a te r  ( lo w er  cu rv es)  
sam ples.
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e n r ic h m e n ts  o f  h u m ic - l ik e  m a t e r i a l s  i n  th e  GBM m ic ro la y e r ,  f lu o r e s c e n c e  

e x c i t a t i o n  (?̂ ea  = 363 nm) and e m is s io n  ( / ^ xc = 251 nm) s p e c t r a  showed 

s u b s t a n t i a l  e n r ic h m e n ts  o f  f l u o r e s c e n t  a ro m a t ic  h y d roca rbons  here .  

F u rtherm ore ,  th e s e  s p e c t r a  re sem b led  th o se  f o r  p h en an th ren e  i n  the  

p o s i t i o n i n g  o f  some, but no t a l l  peaks. E nrichm ent of hydrophobic  

a ro m a t ic  m a t e r i a l s  i n  th e  GBM m ic r o la y e r  may have been r e s p o n s i b l e  f o r  

crow ding  o f  s u r f  a c e - a c t i v e  p o ly p h e n o l ic  m a t e r i a l s  ou t w i th  the  r e s u l t  

t h a t  t h i s  sam ple was the  on ly  one to  show m ic ro la y e r  d e p l e t i o n  o f  RE 

(T ab le  14). With the  e x c e p t io n  o f  the  NC m ic ro la y e r ,  a l l  sam p les  w i th  

h igh  A25 q :A280 r a t i o s  w ere  c o l l e c t e d  w i th i n  or near  m arinas .  Evidence 

t h a t  the  NC sam ple  was a l s o  im p a c te d  by m arina  i n p u t s  was in d i c a t e d ,  

however, by e x t re m e ly  h ig h  mono- and t r i - b u t y l  t i n  c o n c e n t r a t i o n s  i n  

th e  m ic ro la y e r  (Donard e t  a l ,  1985). These t i n  compounds a r e  th e  a c t i v e  

a n t i f o u l i n g  components o f  m arine  p a in t s .

D esp i te  e n r ic h m e n ts  o f  a ro m a t ic  h y d roca rbons  i n  m a r in a - im p a c te d

m ic ro la y e r s ,  the  p h en an th ren e  d e g ra d a t io n  p o t e n t i a l s  of th e se  sam ples

were o f t e n  lo w er  th a n  th o se  of the  c o r re sp o n d in g  bu lk  w a te r s .  F ig u re  30

shows th e  ^ C 0 2 e v o lu t io n  cu rv es  f o r  p a i re d  m ic ro la y e r  and bulk  w a te r

sam ples  from 4 s i t e s  i n  th e  G rea t  Bay E stua ry .  A c t i v i ty  in  th e  GBM and

CR sam ples  was g r e a t e r  i n  the bulk  w a te r  than  i n  the  m ic ro la y e r .  The NC

sam ple  a l s o  showed a s l i g h t l y  g r e a t e r  i n i t i a l  a c t i v i t y  i n  th e  bulk

w a te r  but th e  20 d m i n e r a l i z a t i o n  e f f i c i e n c y  ( ^ C -p h e n a n th re n e  to  

14 COgJwas h ig h e r  i n  th e  m ic ro la y e r .  The JEL sam ple  was i n a c t i v e  but 

showed some m i n e r a l i z a t i o n  a f t e r  the  a d d i t i o n  of n u t r i e n t s  a t  10 d 

(a r ro w s  "a"). N u t r ie n t  a d d i t i o n  a l s o  s t im u la t e d  11,C02 p ro d u c t io n  i n  th e  

GBM bulk  w a te r  sample bu t  had no a p p a re n t  e f f e c t  on the  m ic r o la y e r  

sam ples. S t e r i l e  f i l t r a t i o n  o f  the  l a t t e r  th rough  a Whatman GF/C g l a s s
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FIGURE 30. ^ C 0 2  e v o lu t io n  cu rves  from ^ C -p h e n a n th r e n e  u s in g
s u r f a c e  m ic r o la y e r  and bulk  w a te r  sam p les  from th e  JEL, 
GBM, CR and NC s i t e s  a s  in o c u la .  The m i n e r a l i z a t i o n  curve  
f o r  f i l t e r e d  (GF/C) GBM m ic r o la y e r  w a te r  i s  shown by th e  
d o t t e d  l i n e  ( lo w e r  l e f t ) .  Arrows ("a") i n d i c a t e  t im e  o f  
a d d i t i o n  of n u t r i e n t s  o r  ("b") the  co n v e rs io n  from fe d  
b a tch  to  b a tch  c u l tu r e .  Note b reak  i n  t im e  a x i a
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f i b e r  f i l t e r  ( e f f e c t i v e  r e t e n t i o n ,  1.2 }im) r e s u l t e d  i n  no d im in u t io n  o f  

a c t i v i t y  and i n d i c a t e d  th a t  phenan th rene  d e g ra d e rs  were not p a r t i c l e  

a s s o c ia t e d .  A s i m i l a r  c o n c lu s io n  was reac h ed  r e g a r d in g  n ap h th a len e ,  but 

not benzo(a)pyrene d e g ra d e rs  i n  the  Tamar E s tu a ry  (Readman e t  a l ,

1982). N u t r ie n t  a d d i to n  to  CR and NC sam ples  a t  23 d caused  a d e c re a se  

i n  ^C 02  i n  the  f l a s k s ,  perhaps  due to  h e t e r o t r o p h ic  CO2 f i x a t i o n .  The 

p e rc e n t  m i n e r a l i z a t i o n  b e fo re  n u t r i e n t  a d d i t i o n  v a r i e d  from 0 f o r  both 

JEL sam ples  t o  3 6 % f o r  the  NC m ic ro la y e r .  As p re v io u s ly  noted (G uerin  

and Jones ,  subm.), sam p les  w i th  h igh  m i n e r a l i z a t i o n  e f f i c i e n c i e s  w ere 

a l s o  th o se  w hich e x h i b i t e d  s h o r t  l a g  p e r io d s  and h igh  i n i t i a l  

m i n e r a l i z a t i o n  r a t e s .  Arrows ("b") i n  Fig. 30 i n d i c a t e  t h a t  medium 

w ithd raw n  f o r  a n a l y s i s  was no t r e p la c e d  w i th  f r e s h  medium a f t e r  t h i s  

t im e ,  i .e . ,  c u l t u r e s  w ere  run  i n  ba tch  mode. The b reaks  i n  some o f th e  

m i n e r a l i z a t i o n  cu rv e s  o c c u r r in g  a t  the  a r ro w s  were p robab ly  no t  r e l a t e d  

to  t h i s  s w i tc h  from fed  ba tch  to  ba tch  c u l tu r e  f o r  the  f o l lo w in g  

r e a s o n s :  1) s i m i l a r  b reak s  i n  ^ C 02  cu rv es  a re  o bserved  in  sam ples  run  

e n t i r e l y  i n  b a tch  mode, 2) a sm a l l  p e rc e n ta g e  o f  the  c u l tu r e  volume (3$ 

i n  th e se  cases )  was removed a t  each sam pling  p o in t ,  and 3) l i t t l e  

phenan th rene  rem ained  i n  th e  rep la c e m e n t  b ro th  ( c o n t r o l )  f l a s k  a f t e r  5 

d due to  a d s o r t i o n .

Adsorbed p h enan th rene  i n  th e  e x p e r im e n ta l  f l a s k s  was b i o l o g i c a l l y

a v a i l a b l e  to  some e x t e n t  a s  ev idenced  by the con tin u ed  p ro d u c t io n  o f  
14

COg i n  th e se  and o th e r  sam ples  even a f t e r  the  d isa p p e a ra n c e  of 

CH2 Cl2 ~ e x t r a c t a b l e  1 **C -phenan th rene  from th e  medium. In  a l l  f l a s k s ,  a s  

i n  c o n t r o l s  (n o t  shown), C l ^ C ^ - e x t r a c t a b l e  r a d i o a c t i v i t y  d ec re a se d  

e x p o n e n t i a l ly  w i th  t im e (Fig. 31) due to  a d s o r p t i o n  to  f l a s k  w a l l s  and 

c o n te n ts .  T h is  a d s o r p t i o n  made i t  im p o s s ib le  to  d i s t i n g u i s h  between
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FIGURE 31. D i s p o s i t i o n  o f  i n  o rg a n ic ,  aqueous and COp 
phases  d u r in g  in c u b a t io n  of PP m ic ro la y e r  (a) and bulk 
w a te r  (c) s am p le s  w i th  ^ C -p h e n a n th re n e .  Arrows (na B and 
"b") a re  e x p la in e d  i n  th e  t e x t  and i n  c a p t io n  t o  f i g u r e  3. 
Bottom p a n e ls  show the  r e s u l t s  o f  s im u l ta n e o u s  In c u b a t io n s  
o f  PP m ic ro la y e r  (b) and bulk  w a te r  (d) sam p les  w i th  
u n la b e le d  phenan th rene .  S o l id  l i n e s  r e p r e s e n t  p r o te in ,  
b roken l i n e s  r e p r e s e n t  phenan th ren e ,  and d o t t e d  l i n e s  
r e p r e s e n t  F o l i n - r e a c t i v e  i n t e r m e d i a t e s  ( e x p re s s e d  a s  
r e s o r c i n o l  e q u i v a l e n t s ) .
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FIGURE 31. (cont . )
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bound, u n a l t e r e d  1l*C-phenanthrene and I n c o r p o r a t e d  i n t ^  biom ass, 

thus  p r e c lu d in g  a com ple te  mass ba lance . However, the  d i s t r i b u t i o n  o f  

r a d i o a c t i v i t y  i n  s o lv e n t  e x t r a c t a b l e ,  w a te r  s o lu b l e  and r e s p i r e d  fo rm s  

was measured d u r in g  t r i p l i c a t e  in c u b a t io n s  of PP m ic r o la y e r  and bulk 

w a te r  sam ples  w i th  ^^C -phenanthrene (Fig. 31).

F ig u re  31a»c i l l u s t r a t e s  the  r e s u l t s  o f  t r i p l i c a t e  i n c u b a t io n s  o f  

PP m ic r o la y e r  and bu lk  w a te r  sam ples  w i th  1^C -phenan th rene  and shows 

th a t  b e s id e s  p ro v id in g  p r e c i s e  e s t i m a t e s  o f  m in e r a l i z e d  p h enan th rene ,  

th e  method a l s o  r e p ro d u c ib ly  e s t i m a t e s  th e  d e g ra d a t io n  p o t e n t i a l  o f  a 

g iv e n  w a te r  sample. The e v o lu t io n  cu rv e s  f o r  the t h r e e  m ic r o la y e r

f l a s k s  w ere s i m i l a r ,  each showing a l a g  p e r io d  o f  about 7 d and 24 d 

m i n e r a l i z a t i o n  e f f i c i e n c i e s  between 11 and 14$. A d d i t io n  o f  n u t r i e n t s  

a t  24 d (arrow  "a") le d  to  m odera te  i n c r e a s e s  i n  m i n e r a l i z a t i o n .  The 

r e p l i c a t e  f l a s k  w i th  th e  lo w e s t  m i n e r a l i z a t i o n  e f f i c i e n c y  showed a 

p ro d u c t io n  and consum ption  curve f o r  w a te r  s o lu b le  r a d i o a c t i v e  

i n t e r m e d i a t e s  t y p i c a l  o f  mixed p h enan th rene  d eg ra d in g  c u l t u r e s  (G uerin  

and Jones ,  subm.). 1 -H y d ro x y -2 -n a p h th o ic  a c id  i s  th e  m ajo r w a te r  

s o lu b le  i n t e r m e d i a t e  form ed i n  such in c u b a t io n s .  The o th e r  two 

m ic ro la y e r  sam ples  accu m u la ted  w a te r  s o lu b le  a c t i v i t y  a t  a slow r a t e  

over the course  of th e  in c u b a t io n s .

The PP bulk  w a te r  sam ples  were uniform  i n  show ing no phenan th rene  

d eg rad in g  a c t i v i t y  nor were they s t im u la t e d  by th e  a d d i t i o n  o f  

n u t r i e n t s  a t  24 d. However, 10 ml sam ples  w ere  a l s o  used  to  i n o c u la t e  

phenan threne/T w een  80 medium w i th  i n i t i a l  p h enan th rene  c o n c e n t r a t i o n s  

o f  40 mg L”  ̂ (Fig. 31b, d). Both the  PP m ic r o la y e r  and bulk  w a te r  

sam ples degraded the  p h enan th rene  i n  th e se  f l a s k s  i n  the  tw o -s ta g e  

p a t t e r n  t y p i c a l  o f  mixed c u l t u r e s  a t  h igh  phenan th rene  c o n c e n t r a t io n s .
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D eg rad a t io n  o c c u r re d  w i th  a s h o r t e r  l a g  p e r io d ,  a lo w e r  peak m e ta b o l i t e  

(RE) c o n c e n t r a t i o n  and a  h ig h e r  p r o t e i n  y i e l d  i n  th e  m ic r o la y e r  sample 

(G uerin  and Jo n es ,  subm.). Phenan threne d e g ra d a t io n  and m ic r o b ia l  

g row th  w ere  more s lu g g is h  i n  the bulk  w a te r  sample.

When bulk  w a te r  sam p les  from JEL or e l s e w h e re  i n  th e  e s tu a r y  a re

a ssa y e d  f o r  phenan th rene  b io d e g ra d a t io n  p o t e n t i a l  by ad d in g  ( ^ C -

sp ik ed )  p henan th rene  to  u n d i lu te d  w a te r  sam ples ,  a l l  show s u b s t a n t i a l

^ C 0 2 p ro d u c t io n  i n d i c a t i n g  the u b iq u i ty  of phenan th rene  d eg ra d in g

b a c t e r i a  i n  some numbers. S ince b io d e g ra d a t io n  r a t e s  a r e  p r o p o r t i o n a l

to  the s i z e  o f  the b io d e g ra d in g  p o p u la t io n ,  th e  f a c t  t h a t  s i g n i f i c a n t  

1 C -phenanthrene m i n e r a l i z a t i o n  was ob se rv ed  i n  many o f  th e  sam ples  

a ssay ed  h e re ,  d e s p i t e  a 2 0 - fo ld  d i l u t i o n ,  i n d i c a t e s  t h a t  h ig h ly  a c t i v e  

phenan th rene  d eg rad in g  p o p u la t io n s  occupy p o r t i o n s  o f  the  e s tu a r y  in  

th e  warm summer and e a r l y  f a l l  months. The use o f  s m a l l  in o c u la  and low 

s u b s t r a t e  c o n c e n t r a t i o n s  i n  t h i s  s tudy  p e rhaps  a l lo w e d  f i n e r  r e s o l u t i o n  

of d i f f e r e n c e s  i n  the phenan th rene  b io d e g ra d a t io n  p o t e n t i a l s  i n  i n t e r 

sam ple  com parisons  w h i le  s t i l l  p ro v id in g  h igh  i n t r a - s a m p l e  

rep ro d u  c i  b i l i  ty .

B a c t e r i a l  c o u n ts  w ere of l i m i t e d  h e lp  i n  e x p l a in in g  th e  

p h enan th rene  m i n e r a l i z a t i o n  r e s u l t s  observed . DAPI d i r e c t  

e p i f lu o r e s c e n c e  coun ts  w ere  c o n s i s t e n t l y  h ig h e r  i n  m ic r o la y e r  sam ples  

on a  p e r  volume b a s i s ,  a l th o u g h  on ly  s l i g h t l y  so i n  the  NC sam ple 

(Fig. 32). V iab le  h e t e r o t r o p h s  on ENA w ere a l s o  more numerous i n  

m ic ro la y e r  sam p les  and gave numbers one to  two o r d e r s  o f  m agn itude  

lo w e r  than  DAPI counts . S im i la r  to  th e  o b s e r v a t io n s  o f  Fehon and O liv e r  

(1979), m ic ro la y e r s  c o n ta in e d  a h ig h e r  p r o p o r t i o n  of p igm ented  c e l l s  

th a n  th e  co r re sp o n d in g  bu lk  w a te r .  In  th e  low s a l i n i t y  CR sam ple, the
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FIGURE 32. Log ( c e l l s  o r  c fu  ml- 1 ) a s  e s t i m a t e d  by DAPI d i r e c t  
coun ts ,  p l a t e  c o u n ts  on ENA or PTA, and o v e r la y  c l e a r i n g  
zones  (OCZ) on PTA f o r  p a i r e d  s u r f a c e  m ic ro la y e r  (S) and 
s u b s u r fa c e  bu lk  w a te r  (SS) sam ples  from  f i v e  l o c a t i o n s  i n  
th e  G re a t  Bay E s tua ry .  E r ro r  b a r s  r e p r e s e n t  ±  1 s.d. about 
th e  mean o f  q u a d r u p l i c a t e  counts .  On the  bottom a re  shown 
th e  f i n a l  C -phenan threne  m i n e r a l i z a t i o n  e f f i c i e n c i e s  f o r  
the  sam ples.
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m ic ro la y e r  and bulk  w a te r  c o n ta in ed  (x ±  1 s.d.) 54+10$ and 32+16$ 

p igm ented  colony fo rm in g  u n i t s  (CFU), r e s p e c t i v e l y .  For the  m arine  NC 

sam ple, 42±.19$ and 15+6$ of the  m ic ro la y e r  and bulk  w a te r  CFU, 

r e s p e c t i v e l y ,  were pigm ented. Among th e  summer sam ples , th e  numbers o f  

o rgan ism s  by th e se  e s t i m a t e s  w ere lo w e s t  i n  the  NC sample which showed 

th e  h ig h e s t  p h enan th rene  d eg rad in g  a c t i v i t y .  I n t e r e s t i n g l y ,  the  

d isc re p a n c y  betw een DAPI d i r e c t  coun ts  and ENA v ia b l e  c o u n ts  was 

g r e a t e r  i n  bulk  w a te r s  th a n  i n  m ic r o la y e r s  i n  sam ples  where both 

e s t i m a t i o n s  were made (F ig . 32). By t h i s  c r i t e r i o n  (N orkrans, 1980), 

bulk  w a te r  p o p u la t io n s  ap p ea red  more s t r e s s e d  th an  m ic ro la y e r  

p o p u la t io n s .

V iab le  p l a t e  c o u n ts  on PTA w ere  g e n e r a l ly  h ig h e s t  i n  sam p les  w i th  

h igh  p h enan th rene  m i n e r a l i z a t i o n  a c t i v i t y .  However, the  r e l a t i v e  

abundance of o rg an ism s  grow ing  on PTA i n  m ic ro la y e r  vs. bu lk  w a te r  

sam ples  was o f t e n  the  r e v e r s e  of t h e i r  phenan th rene  b io d e g ra d a t io n  

p o t e n t i a l s ,  th u s  l i m i t i n g  th e  u s e f u ln e s s  o f  t h i s  p a ra m e te r  to  l e s s  

s p e c i f i c  com parisons. Due to  the  v o l a t i l i t y  o f  to lu e n e  and the  

i n s o l u b i l i t y  of p henan th rene ,  PTA p robab ly  p ro v id ed  a s  much s e l e c t i o n  

f o r  o l i g o t r o p h ia  b a c t e r i a  a s  f o r  a ro m a t ic  hydrocarbon d e g ra d e rs  

(M allo ry  and S ay lo r ,  1983). Counts on PTA w ere  som etim es a s  much a s  100 

f o l d  lo w er  than  co u n ts  on ENA, the  d i f f e r e n c e  b e ing  g r e a t e s t  i n  

m ic ro la y e r  sam ples. Colony s i z e  on PTA was g e n e r a l ly  q u i t e  sm a ll .

O verlay  c l e a r i n g  zo n es  (OCZ) on PTA p l a t e s  p rov ided  a r e a s o n a b le  

c o r r e l a t i o n  w i th  p henan th rene  b io d e g ra d a t io n  p o t e n t i a l s  e x p re s s e d  a s  

th e  maximum f r a c t i o n  o f  ^ C -p h e n a n th re n e  m in e ra l iz e d .  While no t a lw ays  

p r e d i c t i n g  th e  " r ig h t "  r e l a t i o n s h i p  betw een m ic ro la y e r  and bulk  w a te r  

(eg., h ig h e r  OCZ i n  NC and PP bulk  w a te r s ) ,  the  OCZ pe r  ml, when
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p l o t t e d  a g a i n s t  p e rc e n t  m i n e r a l i z a t i o n ,  gave a c o r r e l a t i o n  c o e f f i c i e n t  

o f  0 .7  (n  = 8, F ig .  33). T h i s  t r a n s l a t e s  i n t o  a c o e f f i c i e n t  o f  

d e t e r m in a t io n  (r^ )  which a l lo w s  50? o f  the  v a r i a b i l i t y  i n  d e g ra d a t io n  

p o t e n t i a l  to  be e x p la in e d  by d i f f e r e n c e s  i n  OCZ number. Perhaps t h i s  i s  

a s  good a s  can be ex p e c te d  c o n s id e r in g  t h a t  th e se  c u l t u r a l  methods do 

no t a l low  f o r  s p e c ie s  i n t e r a c t i o n s  or the  e x p r e s s io n  o f  d e g ra d a t io n  

p o t e n t i a l  by a u x o t ro p h ic  o rg a n ism s  w hich a r e  c e r t a i n  to  be in v o lv e d  i n  

phenan th rene  d e g ra d a t io n  i n  n a tu re  and i n  mixed c u l t u r e s  (H arder,

1981 ) .

P a r t  of th e  l a c k  o f  c o r r e l a t i o n  betw een ^ C -p h e n a n th r e n e  

b io d e g ra d a t io n  p o t e n t i a l s  and p l a t e  count d a ta  may be r e l a t e d  to  the  

s a l i n i t y  of th e  m edia employed. Twenty fo ld  d i l u t i o n s  o f  th e  i n o c u la  i n  

b io d e g ra d a t io n  a s s a y s ,  w h i le  s e r v in g  to  n o rm a l iz e  the  ch em ica l 

env ironm en t and a c c e n tu a t e  b io l o g i c a l  d i f f e r e n c e s ,  may have d r a s t i c a l l y  

a f f e c t e d  the  a c t i v i t i e s  o f  m e so h a l in e  o rgan ism s. Table 15 shows the  

e f f e c t s  o f  s a l i n i t y  of th e  medium on th e  v i a b l e  p l a t e  coun ts  o f  low 

s a l i n i t y  (CR) and m arine  (NC) m ic ro la y e r  and bulk  w a te r  sam ples .  Counts 

on both ENA and PTA w ere  h ig h e r  on m edia  p re p a re d  w i th  25? ASW f o r  the  

CR sample and h ig h e r  on m edia p re p a re d  w i th  75? ASW f o r  the  NC sample. 

The r o u t i n e  use of m edia p re p a re d  w i th  75? ASW i n  both th e  ^ C -  

p henan th rene  m i n e r a l i z a t i o n  a s s a y s  and p l a t e  count e n u m e ra t io n s  may 

have more s i g n i f i c a n t l y  u n d e re s t im a te d  th e  a c t i v i t i e s  o f  low s a l i n i t y  

than  of h igh s a l i n i t y  sam ples .  F u r th e rm o re ,  d i f f e r e n t i a l  i n h i b i t i o n  

imposed by high s a l i n i t y  may have a f f e c t e d  l i q u i d  and s o l i d  phase 

c u l t u r e s .

In  c o n ju n c t io n  w i th  a d d i t i o n a l  t i n  d a ta ,  th e  tem p o ra l  and s p a t i a l  

d i s t r i b u t i o n s  of p henan th rene  d e g ra d in g  a c t i v i t y  i n  th e  G re a t  Bay
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FIGURE 33. R e la t i o n s h ip  betw een th e  f i n a l  I^C -phenan th rene  
m i n e r a l i z a t i o n  e f f i c i e n c i e s  and the number o f  o v e r la y  
c l e a r i n g  zo n es  a f t e r  colony developm ent on PTA f o r  fo u r  
p a i r e d  s u r f a c e  m ic r o la y e r  and bu lk  w a te r  sam ples.

206



PH
EN

 
M

IN
ER

A
LI

ZE
D

40

3 0 -

2 0 -

Y -  . 0 0 4  8 8X + 4 . 5 7  
r * 0 . 7 0 6

82 40 6
CLEARING ZONES CmHXxlO3 )

207



208

TABLE 15. Numbers o f  c u l t u r a b l e  h e t e r o t r o p h s  i n  m arine  and e s t u a r i n e  w a te r  sam ples  
a s  in f lu e n c e d  by the  s a l i n i t y  o f  th e  medium.

Sample S a l i n i t y Depth* Medium

CFU p e r  ml 

25$ ASW

on a g a r  p rep a red  w i th  

75$ ASW

CR 3 .5  $o S ENA 7 .4  x 10 j 2 .3  x 104
PTA 5 .7  x 104 1.4 x 104

SS ENA 1 .5  x  105 6 .0  x 104

NC 33.5 %o S ENA 1.2  x 104 3 .2  x 10®
PTA 3 .6  x 104 1.1 x 105

SS ENA 9 .6  x 103 6 .4  x 104
PTA 3 .8  x 103 1 .7  x 104

§
S, S u r fa c e  m ic ro la y e r ;  SS, S ubsu rface  bu lk  w a te r .



E s tu a ry  s t r o n g ly  i m p l i c a t e  m a r in a s  a s  r e s e r v o i r s  o f  hydrocarbons  and 

h y d r o c a r b o n o c la s t ic  b a c t e r i a  (G uerin  and Donard, u n p u b lish e d  d a ta ) .  

Although the s u r f a c e  m ic r o la y e r s  of such e n v iro n m en ts  a r e  hydrocarbon- 

e n r ic h e d ,  they  a re  o f t e n  d e p le te d  w i th  r e s p e c t  to  b a c t e r i a  w hich can 

degrade them. O th e rs  have made s i m i l a r  o b s e rv a t io n s .  Passman e t  a l .  

(1979) found no s i g n i f i c a n t  d i f f e r e n c e s  i n  th e  h y d ro c a rb o n o c la s t ic  

a c t i v i t i e s  o f  m ic ro la y e r  and bulk  w a te r  m ic r o b ia l  p o p u la t io n s  i n  the  

North A t l a n t i c  but found t h a t  th e  a c t i v i t i e s  o f  both co v a r ied  

g e o g ra p h ic a l ly .  Fehon and O liv e r  (1977, c i t e d  i n  N orkrans, 1980) found 

t h a t  bu lk  w a te r  b a c t e r i a  w ere more a c t i v e  crude o i l  d e g ra d e rs  th a n  th e  

b a c te r io n e u s to n  i n  a h ig h ly  p o l l u te d  a rea .  The p redom inant b a c t e r i a l  

s p e c ie s  i n  s u r fa c e  f i l m s  have been found to  be p r o t e o l y t i c  o r  

a m y lo ly t i c  r a t h e r  than  h y d ro c a rb o n o c la s t ic  (B artha  and A tla s ,  1977). 

However, R am beloarisoa  e t  a l .  (1984) found e x t re m e ly  a c t i v e  hydrocarbon  

d e g ra d e rs  i n  sea s u r f a c e  foam s form ed a t  the o u t l e t  of a pe tro leum  

r e f i n e r y .

In  a d d i t i o n  to  th e  p o t e n t i a l l y  l e t h a l  e f f e c t s  o f  r a d i a t i o n ,  o th e r  

f a c t o r s  may l i m i t  the numbers o r  a c t i v i t y  o f  hydrocarbon d eg rad in g  

b a c t e r i a  i n  e s t u a r i n e  s u r f a c e  m ic ro la y e r s .  In  m a rin as ,  the  p resen ce  of 

t o x i c  hydrocarbons  i n  o i l ,  gas  or condensed ex h a u s t  (Hodson e t  a l ,

1977) o r  the  a c c u m u la t io n  o f  to x i c  o r g a n o t in  compounds i n  th e  s u r fa c e  

f i l m  ( H a l la s  and Cooney, 1981; Walsh, 1985) may c o n t r ib u te .  The 

f o rm a t io n  o f  r e a c t i v e  p h o to o x id a t io n  p ro d u c ts  from hydrocarbon s u r fa c e  

f i l m s  may a l s o  be im p o r ta n t  (L arson  e t  a l ,  1977). U nlike the s i t u a t i o n  

in  p e l a g ic  en v iro n m en ts ,  m ic r o b ia l  hydrocarbon  d e g ra d a t io n  i n  the  

e s t u a r i n e  s u r f a c e  m ic r o la y e r s  exam ined d id  no t appear to  be l i m i t e d  by 

th e  a v a i l a b i l i t y  o f  n u t r i e n t s  or carbon  s u b s t r a t e s .
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CONCLUSIONS

T his  work was u n d e r ta k e n  w i th  the purpose  o f  g a in in g  a b e t t e r  

u n d e r s ta n d in g  o f  the  m ic r o b io lo g ic a l  f a t e  o f  p o ly c y c l i c  a r o m a t ic  

hydrocarbons  (PAH) in  e s t u a r i n e  env ironm en ts .  Although a c o n s id e r a b le  

body of knowledge c o n ce rn in g  th e  b io c h e m is t ry  of PAH d e g ra d a t io n  by 

pure c u l t u r e s  o f  b a c t e r i a  e x i s t e d ,  i t s  a p p l i c a t i o n  to  e n v i ro n m e n ta l  

p ro c e s s e s  was q u e s t io n a b le .  S p e c i f i c a l l y ,  i t  had been found i n  most 

pure c u l t u r e  s t u d i e s  w i th  phenan th rene  t h a t  1 -h y d ro x y -2 -n a p h th o ic  a c id  

(1H2NA) ac c u m u la te d  a s  a m ajor d e g ra d a t io n  p roduc t.  I f  t h i s  was a l s o  

c h a r a c t e r i s t i c  o f  phenan th rene  d e g ra d a t io n  by mixed e n v i ro n m e n ta l  

sam ples ,  th e n  e n v i ro n m e n ta l  f a t e  a s s e s s m e n ts  based on r a t e s  o f  

phenan th rene  d isa p p e a ra n c e  or the p ro d u c t io n  o f  from i n t e r i o r

r i n g - l a b e l e d  phenan th ren e  would be e r roneous .  The f i r s t  two c h a p te r s  o f  

t h i s  t h e s i s  a d d re s s e d  q u e s t i o n s  concern ing  the  phys io logy  o f  

phenan th rene  d e g ra d a t io n  by pu re  and mixed m ic r o b ia l  c u l tu r e s .

The problem  o f  e x t r a p o l a t i n g  r e s u l t s  o b ta in e d  w i th  pure c u l t u r e s  

to  p ro c e s s e s  m ed ia ted  by mixed m ic ro b ia l  p o p u la t io n s  was c o m p lic a te d  by 

th e  i s o l a t i o n  of an unusual phenan th rene  d eg rad in g  bac te r iu m . 

M ycobacterium s t r a i n  BG1, i s o l a t e d  from e s tu a r i n e  sed im en t m in e r a l i z e d  

p h en an th ren e  w i th o u t  a c c u m u la t in g  1H2NA or o th e r  a ro m a t ic  

i n t e r m e d i a t e s .  M in e r a l i z a t io n  was most l i k e l y  a p la sm id -en co d ed  

f u n c t i o n  i n  t h i s  organism  and i n  many o th e r  i s o l a t e s  w hich l o s t  the  

d e g ra d a t iv e  phenotype a f t e r  s u b c u l tu r e  i n  n u t r i e n t  o r  d e f in e d  m edia 

l a c k in g  phenan th rene .  The q u e s t io n  then became not o n ly  w h e th e r ,  but 

a l s o  w h ic h  r e s u l t s  w i th  pure c u l t u r e s  could be ex tended  to  mixed



c u l t u r e s .

Mixed m ic r o b ia l  c u l t u r e s ,  l i k e  most pure  c u l tu r e s ,  degraded 

phenan th rene  w i th  the c o n c o m ita n t  a c c u m u la t io n  o f  1H2NA. U nlike pure  

c u l tu r e s ,  however, 1H2NA was su b se q u e n t ly  degraded  by mixed c u l t u r e s  

a f t e r  the p henan th rene  w as e x h au s te d .  The r e s u l t a n t  tw o -s ta g e  p a t t e r n  

of phenan threne  m i n e r a l i z a t i o n  was common i n  a l l  en r ic h m en t c u l t u r e s  

examined w hether  sed im en t,  w a te r  or s o i l  was used a s  the  inoculum . An 

e x a m in a t io n  o f  th e  l i t e r a t u r e  on th e  m ic r o b ia l  d e g ra d a t io n  o f  o th e r  

two-, th r e e - ,  f o u r -  and f i v e - r i n g e d  PAH re v e a le d  a com m onality  i n  th e  

m etabo lism , perhaps  com etabo lism , o f  th e se  compounds. That i s ,  o- 

hydroxy, carboxy i n t e r m e d i a t e s  a c c u m u la te  d u r in g  the end r i n g  c leav ag e  

of n aph tha lene ,  a n th ra c e n e ,  b en z (a )a n th ra c e n e  and, presum ably, 

benzo(a)pyrene i n  a manner d i r e c t l y  a n a la g o u s  to  th a t  ob se rv ed  f o r  

phenan th rene .

M e ta b o l i te  (1H2NA) p r o d u c t io n  by mixed m ic r o b ia l  c u l t u r e s  was 

c o n c e n t r a t io n  dependent. At low i n i t i a l  phenan th rene  c o n c e n t r a t i o n s  

(0.5 to  1 pg L_1), l i t t l e  of th e  i n t e r m e d i a t e  was produced and 1l*C02 

p ro d u c t io n  was a good in d e x  of d e g r a d a t iv e  a c t i v i t y .  I t  should  be 

s t r e s s e d  h e re  however, t h a t  a l th o u g h  only  low c o n c e n t r a t i o n s  of 

i n t e r m e d i a t e s  were p r e s e n t ,  c o n c e n t r a t i o n s  may have been s u f f i c i e n t  i n  

the  batch  c u l tu r e  sy s tem s  employed, to  in d u c e  s y n th e s i s  o f  enzymes 

in v o lv e d  i n  i n t e r m e d i a t e  d e g ra d a t io n .  In  n a t u r a l  a q u a t i c  en v iro n m en ts ,  

i n t e r m e d i a t e s  would be f r e e  to  d i f f u s e  or be a d v e c te d  away from 

d eg rad ing  c e l l s  and th e re b y  never a t t a i n  c o n c e n t r a t i o n s  s u f f i c i e n t  t o  

t r i g g e r  t h e i r  d e g ra d a t io n .  A p r i n c i p a l  f a t e  f o r  PAH i n  n a tu re  may be 

the  in c o r p o r a t i o n  o f  w a te r  s o lu b le  i n t e r m e d i a t e s  i n t o  the pool of 

s t r u c t u r a l l y - r e l a t e d  d i s s o lv e d  o r g a n ic  m a t e r i a l a
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The second two c h a p te r s  o f  t h i s  t h e s i s  c o n ta in e d  th e  r e s u l t s  o f  

f i e l d  s t u d i e s  aimed a t  d e te r m in in g  the  a c t i v i t y  and d i s t r i b u t i o n  o f  

phenan th rene  d eg ra d in g  b a c t e r i a  i n  th e  e s t u a r i n e  env ironm en t In  

c h a p te r  th r e e ,  i t  was e s t a b l i s h e d  th a t  p re v io u s  exposure  to  PAH 

hydrocarbons ,  to  th e  e x t e n t  t h a t  i t  s e l e c t e d  f o r  a PAH-adapted 

m ic r o b ia l  community, was of overw helm ing  im p o r tan ce  i n  d e te rm in in g  the  

p o t e n t i a l  of a g iv e n  w a te r  o r  sed im en t sam ple to  degrade phenan th rene  

under a s sa y  c o n d i t io n s .  By com parison , the n u t r i e n t  s t a t u s ,  p a r t i c u l a t e  

m a t t e r  c o n c e n t r a t io n ,  d i s s o lv e d  o rg a n ic  carbon c o n te n t ,  s a l i n i t y  and pH 

were of m inor im p o r tan ce .  Of p a r t i c u l a r  i n t e r e s t  was the  m ic r o b ia l  

p o p u la t io n  downstream from a d red g in g  o p e r a t io n  i n  th e  Cocheco R iver 

which degraded  p h en an th ren e  w i th  l i t t l e  or no l a g  per io d .  The 

d i s tu r b a n c e  o f  a coa l t a r - l a d e n  bed o f  s e d im e n ts  i n  th e  r i v e r  r e s u l t e d  

i n  th e  r e l e a s e  of enorm ous q u a n t i t i e s  o f  PAH and the  developm ent of an 

a c t i v e  PAH-degrading m i c r o b ia l  p o p u la t io n  downstream. M arinas w ere  a l s o  

ho t s p o t s  of p h e n a n th re n e -d e g ra d in g  a c t i v i t y  due to  PAH i n p u t s  r e l a t e d  

to  b o a t in g  a c t i v i t i e s .

The m u l t i p l i c i t y  o f  p o in t  and n o n -p o in t  i n p u t s  o f  PAH i n  th e  G rea t  

Bay E s tu a ry  en su red  t h a t  PAH-degrading b a c t e r i a  were u b iq u i to u s .  

Phenanthrene d e g ra d a t io n  p o t e n t i a l s  d e c re a se d  seaw ard  and no a c t i v i t y  

was ob se rv ed  i n  sam ples  c o l l e c t e d  i n  th e  G ulf of Maine d u r in g  two 

summer c r u i s e s .  While s i m i l a r  t r e n d s  i n  th e  e s t u a r i n e  d i s t r i b u t i o n  o f  

x e n o b io t ic  d e g ra d a t iv e  a c t i v i t i e s  have been a s c r ib e d  to  d i r e c t  

d e t r i m e n t a l  e f f e c t s  o f  s a l i n i t y  on f r e s h w a te r  o rgan ism s,  i t  i s  l i k e l y ,  

i n  the  case  of PAH, t h a t  the d e g ra d a t io n  g r a d ie n t  obse rved  was more a 

r e f l e c t i o n  o f  the  e x t e n t  of d i l u t i o n  o f  the  e s t u a r i n e  w a te r  sam ple  by 

se a w a te r  p r e v io u s ly  unadap ted  to  PAH. Indeed, e v id en ce  f o r  a  mid
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s a l i n i t y  optimum i n  p henan th rene  d e g rad in g  a c t i v i t y  was o b ta in e d  d u r in g  

e s t u a r i n e  t r a n s e c t s  on two s e p a ra te  o c ca s io n s .

As a s p e c i a l  case , an e x a m in a t io n  o f  the  phenanthrene deg rad in g  

a c t i v i t y  o f  p a i r e d  s u r f a c e  m ic ro la y e r  and bulk  w a te r  m ic ro b ia l  

p o p u la t io n s  was conducted. S u rface  m ic r o la y e r s  w ere  c o n s i s t e n t ly  

e n r ic h e d  i n  n u t r i e n t s ,  d i s s o lv e d  o rg a n ic  ca rbon  and numbers of v i a b l e  

h e t e r o t r o p h s  c u l t u r a b l e  on n u t r i e n t  media. S ev era l  m ic ro la y e r  sam ples, 

c o l l e c t e d  i n  or n e a r  m a r in a s ,  w ere a l s o  e n r ic h e d  w i th  f l u o r e s c e n t ,  

p resum ably  PAH, hydrocarbons. These showed no c o n s i s t e n t  en r ic h m en t of 

phenan th rene  d e g ra d in g  a c t i v i t y  s u g g e s t in g  i n h i b i t i o n  of the m ic ro la y e r  

p o p u la t io n  by some u n i d e n t i f i e d  chem ica l or p h y s ic a l  component. 

I n t e r e s t i n g l y ,  m arina  s u r f a c e  m ic ro la y e r  sam ples  w ere  h ig h ly  e n r ic h e d  

i n  o r g a n o t in  compounds em ployed a s  a c t i v e  a g e n t s  i n  m arine  a n t i f o u l i n g  

p a i n t a  A h ig h ly  s i g n i f i c a n t  r e l a t i o n s h i p  was a lso  observed  between 

numbers o f  b a c t e r i a  g row ing  on p h e n a n th re n e / to lu e n e  a g a r  and numbers o f  

b a c t e r i a  r e s i s t a n t  to  d im e th y l  t i n  c h lo r id e  i n  w a te r  sam ples c o l l e c t e d  

d u r in g  two s u rv ey s  o f  th e  e s tu a ry .  M arinas, a s  s o u rc e s  o f  both t i n  and 

PAH, th u s  appear t o  i n f l u e n c e  p ro found ly  the  m ic ro b io lg y  of the  G rea t 

Bay E stua ry .
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