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A b s t r a c t .  If  two polymorphic loci are out of 
phase equilibrium , a homozygote at one of these 
loci is m ore highly related to its kin, at the other 
locus, than is an equivalent heterozygote. As a re­
sult, selection can favor (1) phenotypic responses to 
relative heterozygosity, and (2) increased re­
com bination betw een the loci inducing these re­
sponses. Selection is expected to have these con­
sequences only to the extent that kin strongly affect 
each o ther’s fitnesses. The chromosome numbers of 
social insects appear to be higher, on average, than 
those o f allied  solitary species, which is consistent 
w ith  this m odel on the assumption that chromo­
som e num bers are selected in part for their effects 
on recom bination.

INTRODUCTION
Coefficients of relatedness are always 

conditional on something. In the usual 
formulations they are conditional on 
structural relatedness, that is, on the 
pedigree connections between the indi­
viduals whose relatedness is to be evalu­
ated. Full siblings are related by one half, 
aunt and nephew by one fourth, first 
cousins by one eighth, and so on, in 
randomly mating diploid populations of 
infinite size. At first it seems strange to 
speak of structural relatedness as some­
thing that conditions genetic relatedness, 
since we usually treat it as that which 
d efin es genetic relatedness. Structural 
relatedness is certainly one of the most 
important determinants of genetic
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relatedness, but it is not the only one. For 
example, phenotypic similarity is treated 
as the conditioner of genetic relatedness 
in so-called “spotter gene” or “green 
beard” models. Genetic relatedness at a 
given locus may be conditional on both 
structural relatedness and gene fre­
quency if the fitnesses of the related 
individuals are determined according to 
one of a number of nonadditive schemes 
(Seger, 1981, and references therein). 
Genetic relatedness may also be condi­
tional on heterozygosity, in species with 
certain kinds of population structures 
(Seger, 1976). Here I show that where 
relatedness is conditional on hetero­
zygosity, relatively high rates of recom­
bination may be favored by natural selec­
tion. This idea survives a comparative 
test in which chromosome number is 
used as a proxy for the average rate of 
recombination.

Ernest E. Williams became my thesis 
adviser some time after I first saw the 
outlines of this argument, but some time 
before I first attempted to publish it. This 
is nearly the twentieth version of a paper 
that has had a long and erratic develop­
ment. Ernest encouraged me to stay with 
it on many occasions when I found my­
self stalled and confused. Several im­
portant changes resulted directly from 
his criticisms. From time to time he 
asked me whether I thought the model 
might help to explain lizard micro­
chromosomes. I always said that I sup­
posed it might, but that I was still unable 
to see how. In fact, I found the question
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ex trem ely  aggravating. Micros obviously 
p o sed  a beau tifu l p roblem , closely re ­
la ted  to  all m y o ther in terests, and yet I 
h ad  no idea  w hat to do w ith  them . 
C o u ld n ’t  h e  see that?  W hy th en  d id  he 
p e rs is t in  b ring ing  them  up? I now  sus­
p e c t  th a t E rn e s t sets ou t qu ite  d e lib era te­
ly  to tie  knots like this in  th e  m inds of all 
o f  h is s tuden ts . T hose w ho m anage to get 
rid  o f th e  th ings, by  solving them , w ill 
ad v an ce  science. T h e  rest w ill suffer 
from  recu rrin g  and  unusually  vivid 
flashes o f ignorance, no m atter w hat 
p rog ress th ey  m ay m ake on o ther prob­
lem s. In  e ith e r  case, E rn est succeeds as a 
teach er. W e m ay no t have b ee n  exploited  
as s tu d en ts , b u t if  this suspicion is cor­
rect, m ost o f us w ere thoroughly  outw it­
ted .

RELATEDNESS CONDITIONAL ON 
HETEROZYGOSITY

C o n sid e r tw o loci each w ith  tw o alleles 
(Aj an d  A„ at A, B, and  B0 at B). L e t p } be 
th e  freq u en cy  o f A: at A, and  le t p2 b e  the  
freq u en cy  of B, at B. L et xi; x^ xs, and x4 
b e  th e  frequenc ies of the  gam etes A.B,, 
A[B0, A0B1, and  A,jB0, respectively. T hen  
w e can  express the  gam etic frequencies 
as

=  P i P2+ D ,
*2 = P ^ l - P a ) - 0 ’
*3 = ( l“ Pi)P2_ D >
X4 =  ( 1 - p j X l —p 2) + D ,

b y  le ttin g

D  =  x ^ - x ^ .

I t  follow s from the  defin ition  of condi­
tio n a l p robab ility  tha t

P(Ai =A 1|Bj = B 1) =  P l+ D /P 2 [1]

an d

T h u s th e  p re sen ce  or absence of a lle le  Bj 
affects th e  p robab ility  that Aj occurs on 
th e  sam e gam ete if  D is anything other 
th an  zero.

O n e  o f th e  classic results o f population  
g en e tic s  theo ry  states tha t D decays to 
zero  from any in itial value, in  a closed 
random ly  m ating  population , if  all four 
a lle les  are neu tra l and  there  is any 
reco m b in atio n  b e tw een  the  A and  B loci 
(R obbins, 1981; M alecot, 1948). D is 
trad itio n ally  re ferred  to as the  “coeffi­
c ie n t o f  linkage d iseq u ilib riu m ,” because 
th e  ra te  o f decay d epends on the  tigh t­
ness w ith  w hich  th e  loci are linked. But 
D  can  take nonzero  values for un linked  
loci, ev en  u n d e r  random  m ating, and  so it 
is no w  increasing ly  re ferred  to as the 
“coeffic ien t o f gam etic phase d iseq u ili­
b riu m .”

K im ura (1956) and  m any others have 
s tu d ie d  th e  ways in  w hich  epistatic fit­
n ess in teractions can generate  nonzero 
v a lu es  o f D , at gene frequency  eq u ili­
b riu m , in  an  in fin ite  random ly m ating 
po p u la tio n . H ill and  R obertson (1968) 
w ere  th e  first to show  tha t phase d is­
eq u ilib riu m  is also g enerated  at gene 
freq u en cy  eq u ilib riu m  in  the absence of 
ep istasis , ev en  b e tw een  neu tra l loci, if 
th e  p o p u la tio n  is fin ite in size. T he 
process is d ifficult to m odel, b u t easy to 
g rasp  in tu itively . G am etes are sam pled 
o u t o f th e  paren ta l generation , and  th e re ­
fore som e are inev itab ly  chosen in pro­
po rtio n s th a t do not perfectly  reflect the 
freq u en c ie s  o f th e ir constituen t alleles. 
O n  average th e re  w ill b e  e ith e r an  excess 
o f  “ co u p lin g ” gam etes (D positive) or an 
excess o f “ rep u ls io n ” gam etes (D nega­
tive). T h ese  random  perturbations of the 
gam etic  frequencies ten d  to cancel, giv­
in g  an  expectation  of D equal to zero. But 
s in ce  D  is very  seldom  exa c tly  zero, the 
ex p ecta tio n  o f D2 is g reater than  zero.

T h e  ex p ected  m agnitude o f D depends 
strong ly  on th e  gene frequencies p, and 
p2. I t  can  b e  show n tha t

P (A = A 1|Bj =B 0) = P l- D / ( 1 - P 2). [2] d (p 1>p 2) =  k dP iP 2(1~ P iX 1 - P2]v'2 [3aJ
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gives a reasonab le  approxim ation to the 
ex p e c ted  abso lu te  value of D if  selection 
is w eak  (Seger, 1980). In  equation  [3a]

o f  = l/[3 + 4 N (c+ k )-2 /(2 .5 + N (c+ 2 k ))],
[3b]

w h e re  N is th e  effective population  size, 
k is th e  sum  of the  four forward and 
back w ard  m utation  rates, and  c is th e  re­
com b in atio n  fraction (O hta and Kimura, 
1969). S ince k is usually  m uch sm aller 
th an  c, m utation  rates have little  effect on 
cr| (and  thus on D (p1;p2)), except for very 
tig h tly  lin k ed  genes. Selection also has 
little  effect un less it is very strong (Ohta 
an d  K im ura, 1969). L inkage increases the 
ex p ec ted  m agnitude of D , b u t even  for 
u n lin k e d  genes D  takes values approxi­
m ate ly  0.02, 0.10, and  0.20 tim es its pos­
s ib le  m axim a (given p : and  p2) in  popula­
tions o f sizes N =1,000, N =50, and  N =10, 
resp ec tiv e ly . Such popu lation  sizes ap­
p e a r  to  b e  typ ical (Jain, 1976; L ande, 
1979; L ev in  and  K erster, 1969; Loukas e t 
a l., 1979; Schaal, 1980; Schaal and  Levin, 
1978; W right, 1978). Thus, although the 
s ig n  o f D  is un p red ic tab le  unless there 
a re  ep is ta tic  fitness interactions be tw een  
th e  A an d  B loci, the  expected  m a g n itu d e  
o f  D  m ay b e  substantial, even  w hen A 
an d  B are un linked .

G iv en  th e  conditional probabilities [1] 
an d  [2], it is easy to find the  correlation 
b e tw e e n  an in d iv id u a l’s A-locus alleles, 
co n d itio n a l on its B-locus genotype. As­
sign  th e  arb itrary  genic values 1 and 0 to 
a lle le s  A. and  A0. T he jo in t genic d istri­
b u tio n  o f  th e  gam etes tha t u n ited  to form 
th e  in d iv id u a l can b e  w ritten

a n  a io [4 ]
Mo,

w h e re  an is th e  p robability  that the  ind i­
v id u a l rece iv ed  A l from both  parents, 
a10 =  a ^  is th e  p robability  tha t it received  
Ax from  one p a ren t and  Aq from the other, 
an d  a^  is the  p robability  that it received  
Aq from  both. L etting  X deno te  the  genic

value o f th e  in d iv id u a l’s m aternal gam ete, 
an d  Y th a t o f the  paternal, it follows 
im m ed ia te ly  that

E(XY) =  an 

an d

E(X) =  E(X?) = E(Y) = E(Y*) = au + a 10 = 
M r

S uppose th e  ind iv idual is know n to be  
a h e terozygo te  at the  B locus. T he proba­
b ility  o f  th is ev en t is k = 2 p ,( l—p2). T he 
p ro b ab ility  th a t the  ind iv idual is both 
BjB0 an d  A, A, is 2x, x,. T hus the  condi­
tional p robab ility  that it is AjAj , given 
th a t it is B1B0, can b e  w ritten  as

E(XY) =  an =  2xj x2/k
=  2(p1p2+ D )[p 1( l - p 1) -D ] /k  
=  p f - 2 D [ D + P l(2p2- l ) ] /k .

By sim ilar reasoning

E(X) =  M, =  (x1+x2)/2k
= Pj-D(2p2-l)/k.

T hus

Cov(X,Y) = -[E ^ /k ][2 + (2 p a- l ) 2/k], [5] 

an d

Var(X) =  p 1( l - p 1)+ [D (2p1- l ) /k ]  
[2p1- l - D ( 2 p 2- l ) /k ] ,  [6]

G iv en  any  in term ed iate  values o f p, and 
p2, Cov(X,Y) is negative or zero. Thus 
s in ce  w e expect a nonzero  value o f D  in a 
fin ite  popu la tion , w e expect a negative 
co rre la tio n  b e tw e en  the  A-locus gam etes 
o f a  B-locus heterozygote. T he correla­
tio n  b e tw e en  an ind iv idua l’s gam etes is 
th e  sam e as the  coancestry o f its parents, 
so th e  p aren ts  o f a B-locus heterozygote 
hav e  a  negative coancestry and are nega­
tiv e ly  re la ted  at the  A locus.

W here  m ating  is at random , th ere  can 
b e  no overall correlation b e tw een  par­
en ts  a t th e  A locus or a t any other. This
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c lea rly  im plies tha t the  parents of B-locus 
hom ozygotes are positively  re la ted  at the 
A locus, by  an  am ount sufficient to cancel 
th e  n ega tive  re la tedness b e tw een  par­
en ts  o f  B-locus heterozygotes. By m eans 
o f  an  argum en t exactly like tha t leading 
to  eq u a tio n s  [5] and  [6] it can be  show n 
th a t

Cov(X,Y) = [D2 /k] [2—(2p2 — 1 ̂  /k] [7] 

an d

Var(X) =  Pi (1—Px) + [D(2p2 -  l)/k] 
[ l - 2 P l -D (2 p 2- l ) / k ] ,  [8]

w h e re  k = l —2p2( l  —p2) is the overall 
p ro b ab ility  o f b e in g  a B-locus hom o­
zygote. In  this case Cov(X,Y) is always 
ze ro  or positive . T hus th e  parents o f a B- 
locus hom ozygote are positively  re la ted  
a t th e  A locus, in  a finite population.

T h is  im plies, b u t does no t prove, tha t a 
B jB0 heterozygo te w ill b e  re la ted  to its 
fu ll s ib lin g  by  less than  one half, across 
th e  A locus, w h ile  a B.Bj or B0B0 hom o­
zygote w ill b e  re la ted  to its sib ling  by 
m ore th an  one half. T he explicit dem on­
stra tion  is ted ious b u t straightforw ard 
(Seger, 1980). T h e  conclusion can be 
su m m arized  by  saying that A-locus re­
la ted n ess  is c o n d itio n a l  on B-locus 
g en o ty p e , for full siblings in  a finite 
p op u la tio n . F igu re  1 shows these  condi­
tio n a l coefficients o f re la tedness as a 
fu n c tio n  o f popu lation  size, for th e  case 
in  w h ich  p2=0.5  and  the A and  B loci are 
u n lin k ed . L inkage increases the  ex­
p e c te d  m agnitude o f D, b u t decreases the 
ex ten t to w hich  the  conditional coeffi­
c ien ts  d iverge from one half. T his is il­
lu s tra ted  in  F ig u re  2, for populations of 
effec tive  size 10, 50, and  250.

S uppose th e  p h eno type affected by A- 
locus gen o ty p e  has fitness effects on both 
ego  an d  its sibling. T h en  ordinary kin 
se lec tio n  w ill favor A-locus alleles that 
m axim ize ego’s inclusive fitness, given 
th e  sib lin g s’ nom inal re la tedness o f one 
half, an d  g iven  any w ell defined  con­
stra in t on  th e ir  possib le  jo in t fitnesses.

D'
0 .05 .10 .15 .20

N
Figure 1. Conditional relatedness as a function of 
population size.

The upper curve shows R+, a B-locus homozygote’s 
A-locus relatedness to its sibling, as a function of N, the 
effective population size. The lower curve shows FT, 
the corresponding relatedness of a B-locus hetero­
zygote. The upper horizontal axis shows values of D\ 
the standardized coefficient of gametic phase disequi­
librium, corresponding to the values of N on the lower 
axis. Loci A  and B are unlinked, and p2 = 0.5.

B ut w e know  tha t ego’s A-locus re la ted ­
ness to  its s ib ling  is actually  co n d itio n a l  
on eg o ’s B-locus zygosity. Thus it seem s 
to  follow  th a t an  A-locus alle le  that m ade 
its p h en o ty p ic  effect appropriately  con­
d itio n a l on ego’s B-locus genotype could 
d isp lace  all a lle les w ith  unconditional 
p h en o ty p ic  effects. This conjecture can 
b e  show n  to ho ld  u n d er p lausib le  as­
sum ptions regard ing  the  constraints on 
jo in t fitness (Seger, 1980), and  can be 
su m m arized  by  saying that an uncondi­
tio n a l A-locus p h eno type is n o t in 
g en e ra l an  ESS against a pheno type that 
is co n d itio n ed  on the  zygotic states of 
o th e r po lym orph ic loci (Seger, 1976).

F rom  th e  p o in t o f v iew  o f the  A locus, 
th e  zygotic state o f B is a signal that con­
veys inform ation abou t the  A-locus re ­
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c

Figure 2. Conditional relatedness as a function of 
linkage between A and B.

Increasing the linkage between loci A and B in­
creases the expected magnitude of D', but decreases 
the difference between R+ and R . Here p2 = 0.5, and 
c varies between 0 (no recombination) and 0.5 (free 
recombination). Three different population sizes are 
shown. Upper curves are R+, lower curves are R , as 
explained in the legend to Figure 1.

la ted n ess  o f ego and  its sibling; geno­
ty p es  BjB, and  B0B0 ind icate  an inflated 
A -locus re la ted n ess, and  B.B0 indicates a 
d e f la ted  re la ted n ess, relative to the 
u n co n d itio n a l re la tedness of one half. 
T h u s w e can refer to ego’s m em bersh ip  
in  d is tin c t re la te d n e ss  se ts  w hich are 
d e f in e d  by  its B-locus genotype. In  the 
exam ple  co n sid ered  so far, in w hich 
th e re  is only  one signalling  locus, there 
are only  tw o conditional re la tedness sets. 
B ut in  p rin c ip le  th ere  could  b e  a large 
array  o f s ignalling  loci and  several d is­
tin c t re la ted n ess  sets corresponding to 
d iffe ren t configurations of hom ozygosity 
an d  heterozygosity  across the  array of 
s ig n a llin g  loci. . .

F ig u re  2 show s tha t linkage b etw een  A 
an d  B red u ces the  d istinctness of A-locus 
re la ted n ess  sets defin ed  on B. T hus a 
g en e  th a t increased  the  rate o f recom ­
b in a tio n  b e tw een  A and  B w ould  in­
crease  th e  d istinctness of re la tedness 
sets, and  w ould  th e reb y  prom ote the 
sp read  o f conditionally  responding  
a lle les  a t th e  A locus. But w ould selec­
tio n  also favor th e  gene for increased  
recom bination?

SELECTION FOR INCREASED 
RECOMBINATION BETWEEN 
SIGNALLING LOCI

C o n sid e r a locus C, un linked  to e ith er 
A or B, w ith  alle les C : and C0. Cj pro­
m otes recom bination  b e tw een  A and  B, 
w h ile  C0 suppresses it. Form ally, B is a 
s ig n allin g  locus from the  po in t of view  of 
C, ju s t as it is from the  po in t o f v iew  of A, 
d e sp ite  th e  fact tha t C is unab le  to bring  
ab o u t any pheno typ ic  response to the 
zygotic state o f B. I f  A w ere un linked  to 
B, as C is, it and  C w ould  belong  to the 
sam e re la ted n ess  sets defined  on B and 
w o u ld  there fo re  have the  sam e inclusive 
fitness in terests. T his im plies that C ,, 
w h ich  red u ces linkage, m ight in d eed  be  
favored  over C0. C onsider a slightly  dif­
fe re n t m odel in  w hich  there  are m any 
po lym orph ic  B loci, all linked  to each 
o th e r b u t u n lin k ed  to A and  C. In  the 
lim it o f com plete  linkage to each other 
th e y  constitu te  a supergene w ith  m any 
p seu d o a lle le s  o f d ifferen t degrees of 
com plem entarity . I t is clear th a t the 
average hom ozygosity over this set of B 
loci carries less inform ation about the 
re la ted n ess  o f an ind iv idual’s parents 
w h e n  th e  loci are tigh tly  linked  than  it 
does w h en  th ey  recom bine freely, w hich 
im p lies  th a t a gene prom oting recom bi­
n a tio n  b e tw een  th e  B loci could  be 
favored.

L ike th e  fitnesses o f sex ratio p h en o ­
types, th e  fitnesses o f recom bination 
p h en o ty p es  do no t m anifest them selves 
u n til one  or m ore generations following
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th e ir  expression . Thus th ere  seem s to be  
no sim p le  way to  apply  genotypic co­
v ariance  m ethods (Price, 1970; Seger, 
1980, 1981) to th e  evolution  o f recom bi­
n a tio n  m odifiers. But positive selection 
for in c reased  recom bination can be 
d em o n stra ted  by sim ulation of a particu ­
la r m odel w ith  m any signalling loci. O ne 
su ch  sim ula tion  is d esc ribed  below .

T h e  m odel species is a d ip loid  
h erm ap h ro d ite  in  w hich  self-fertilization 
a lte rn a tes  w ith  random  m ating. T he 
p o p u la tio n  is in fin ite ly  large, b u t the 
e ffec tive  popula tion  size is finite, ow ing 
to  th e  h igh  frequency  of selfing. Off­
sp rin g  are p ro d u ced  in pairs. Each pair is 
g iv en  one u n it o f resource (x), and an 
in d iv id u a l’s fitness (W) depends on the 
am o u n t o f resource it consum es, accord­
in g  to  th e  function

W(x) =  1.0—e _x. ' '

G iv en  th is fitness function and total 
sh a reab le  resource, the fitness set for 
s ib lin g  pairs is slightly  convex (Fig. 3). 
O n e  sib ling , ca lled  “ left,” d iv ides the 
u n it  o f resource b e tw een  itse lf  and  the 
o th e r  sib ling , ca lled  “ right.”

Locus A controls the  left s ib ling’s d i­
v isio n  o f th e  u n it of resource, and locus C 
con tro ls th e  ra te of recom bination  at B, a 
la rg e  array o f signalling  loci to w hich 
n e ith e r  A nor C is linked. In  the sim ula­
tion , A and  C are trea ted  explicitly, b u t B 
is tre a ted  in  the  aggregate. Typical loci in 
B are im agined  to b e  highly  polym orphic, 
such  th a t ou tb red  individuals are always 
m ore heterozygous than  inb red  ind i­
v iduals , if  recom bination  b e tw een  B loci 
is free. causes free recom bination 
b e tw e e n  all B loci, and  C0 suppresses 
reco m b in atio n  b e tw een  them . In  some 
ru n s Cj was dom inan t to C0, and  in  others 
it w as recessive.

T h e  behav io r of this genetic  system  
can  b e  d esc rib ed  as follows. All of the 
se lfed  p rogeny  o f recom bining  parents 
a re  m odera te ly  hom ozygous at B, having 
re ce iv ed  th e  sam e allele  in  egg and 
sp erm  at approxim ately  h a lf of th e ir loci.

Figure 3. Fitness set for siblings.
The fitness of each sibling is determined by its con­

sumption of resource (x), according to the function 
W = 1 .0 -e -x . This function is shown in (a). Given that 
two siblings share a total of one unit of resource, the 
set of their possible joint fitnesses is as shown in (b). 
WL is the fitness of the “left” sibling, and WR is the 
fitness of the “right” sibling, as explained in the text.

H a lf  o f th e  selfed  progeny  o f nonrecom ­
b in in g  p aren ts  are en tire ly  hom ozygous, 
h av in g  rece iv ed  an intact copy o f the 
sam e en tire  strand  in  egg and  sperm , b u t 
h a lf  o f th em  are only slightly  hom ozy­
gous, having  received  the  p aren t’s 
m aternal strand  in  one gam ete, and  its 
p a te rn a l s trand  in  the  other. Aj causes the  
le ft s ib lin g  to respond  to its zygosity at B 
an d  is codom inan t w ith  A,,, w hich  w hen 
hom ozygous causes a fixed division of 
th e  resource. L eft siblings of genotypes 
AqAq k eep  0.8 un its o f resource and  give 
th e  rem a in in g  0.2 units to th e ir right 
s ib lings. T his is th e  ESS nonresponding  
p h en o ty p e , w hich  was found by  playing
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Aq varian ts against each o ther in the ab­
sen ce  o f Ar  L eft siblings o f genotypes 
AjAq an d  AjAj k eep  relatively  m ore for 
th em se lv es  w h en  heterozygous at B (0.85 
an d  0.9 un its , respectively), b u t keep  less 
(0.75 an d  0.7) w h en  m oderately  or en ­
tire ly  hom ozygous at B. This level of 
re sp o n se  is d e riv ed  from a sim ple 
in c lu siv e  fitness m odel, based  on the 
form al re la ted n ess  o f selfed  siblings.

T h e  sim ulation  evolves as expected, 
w h e n  allow ed  to ru n  freely for m any 
g en era tio n s . A( spreads from low fre­
q u en c ie s , ev en  in  populations fixed for 
C0, th e  g en e  th a t blocks recom bination at 
B. T h is h ap p en s because the  zygosity of 
B con ta ins som e inform ation abou t the 
s ib lin g s’ re la ted n ess  even  w hen  th ere  is 
no  recom bination . C onsider an ou tbred  
ca rrie r  o f Aj, the  respond ing  gene. Such 
an  in d iv id u a l is heterozygous at B, and 
th e re fo re  gives re la tively  little  of the 
re so u rce  to its righ t sibling. T his is ap­
p ro p ria te , ow ing to the  relatively  low 
re la ted n ess  of ou tb red  siblings. Now 
co n s id e r th e  in b red  (selfed) carriers of 
Ar  H a lf  o f them  are heterozygous at B, 
b ec au se  th e re  is no recom bination, and 
m istak en ly  act as if  they  w ere outbred, 
b u t h a lf  o f them  are hom ozygous and 
ap p ro p ria te ly  g ive a re la tively  large share 
o f  th e  resou rce  to th e ir right siblings. 
T h u s carriers o f  A 1 re spond  in  a way that 
is ap p ro p ria te  to th e ir  actual relatedness 
th re e  q u arte rs  o f  the  tim e, and  this is suf­
fic ien t to  give them  a h ig h er average in ­
c lu siv e  fitness th an  that realized  by the 
n o n re sp o n d in g  ApA,, hom ozygotes, in this 
p a rticu la r m odel.

W hen  Cj and  Ax are in troduced  to­
g e th e r  th ey  both  spread, and  their 
p rog ress appears to b e  m utually  reinforc­
ing. T h ey  go to  fixation w h e th er is 
recessiv e  or dom inan t and  w h e th e r th e  C 
an d  A loci are linked  or un linked  (Fig. 4). 
T h is  h ap p en s because the  inbred  
p ro g en y  o f recom bin ing  parents usually  
carry  C t , and  those  w ho also carry A: 
n e v e r  m ake th e  inappropria te response 
m ad e  by h a lf  o f  the  nonrecom binant in­
b re d  responders. C: increases the  infor­

m ation  abou t re la tedness that is con­
v ey e d  by th e  zygosity of th e  signalling B 
loci, an d  th e reb y  im proves the accuracy 
o f th e  resp o n se  to zygosity. This benefits 
b o th  Cj and  A. because  th e  siblings are 
eq u a lly  re la ted  across all loci.

T h is m odel differs in  several respects 
from  p rev ious m odels for the evolution of 
recom bination . It does not requ ire  high 
fecund ity , environm ental variation, or 
ep is ta tic  fitness interactions. I t does not 
re q u ire  th a t the  recom bination m odifier 
b e  lin k ed  to th e  sites it affects, or even  
th a t th e re  b e  any average fitness differ­
e n ces  b e tw e en  alleles at the affected loci. 
B u t th is  m odel does requ ire  that the  af­
fec ted  loci (the B array in the  realization 
d iscu ssed  here) exh ib it the  form of over­
d o m in an ce  th a t is b rough t about by the 
sp read  o f genes tha t prom ote responses 
to  th e  zygosity of the  affected loci.

SOCIALITY, RECOMBINATION, AND 
CHROMOSOME NUMBERS

S election  for pheno typ ic  responses to 
zygosity  shou ld  b e  m uch stronger in 
som e species than  in  others. Selection 
sh o u ld  b e  w eak w here  relatives seldom  
co m p ete  or w here  th ere  is never any 
sign ifican t in b reed in g  or gam etic phase 
d iseq u ilib riu m . Both of these conditions 
a re  p ro b ab ly  found in  m any species w ith  
very  large effective population  sizes, for 
exam ple , those w ith  p lanktonic larvae. 
S e lec tio n  shou ld  b e  strong w here re la­
tives often  com pete and  w here condi­
tio n a l re la ted n ess  sets are w ell d ifferen­
tia ted . T h ese  conditions are probably 
found  in  a variety  o f species w ith  small 
effec tive  popu lation  sizes, for exam ple, at 
all stages o f th e  life cycle in m any social 
sp ec ie s , du rin g  the larval stage in  species 
w ith  gregarious developm ent, and  during 
th e  em bryon ic  stage in  m any self­
co m p atib le  herm aphrodites. T he fact that 
p red o m in an tly  self-pollinating angio- 
sperm s ten d  to have h igher chiasm a 
freq u en c ie s  than  do th e ir  predom inantly  
c ross-po llinating  relatives (Lewis and



Relatedness and Recombination • Seger 603

o
CL

(b)

.0 0 1.0

P(A.) P(A,)

Figure 4. Gene frequency trajectories at loci controlling recombination and sibling behavior in a deterministic 
model.

A 1 promotes responses to zygosity, and C, promotes recombination. Figure 4.1a: C, is recessive to C0. 
Trajectories terminate at generation 1350. Recombination fractions between A and C are zero (complete linkage), 
0.005, and 0.5 (free recombination) in the longest, intermediate, and shortest trajectories, respectively. Figure 
4.1b: C, is dominant to C0. Trajectories terminate at generation 800. Recombination fractions are as in Figure 
4.1a.

Both A, and C t spread more rapidly when linked to each other than when not linked, and both spread more 
rapidly when C, is dominant than when it is recessive. Rates of gene frequency change along the trajectories 
suggest that the marginal fitnesses of A, and C, change in complex ways during the course of selection. Apparent 
selective advantages for A 1 range between 0.003 and 0.012. Those for C, range between 0.003 and 0.025. C, 
benefits more from the advance of A., than At does from the advance of C , , which is expected because 
recombination affects only the responding phenotypes (those carrying A ,).

Jo h n , 1963; M urray, 1976; Ved Brat, 
1965; Z arch i e t al., 1972) is consistent 
w ith  th is  expectation, b u t it is also con­
s is ten t w ith  o ther m odels for the  evolu­
tio n  o f recom bination  u n d er selfing 
(C harlesw orth  e t  al., 1977; M aynard 
S m ith , 1978).

In  alm ost all social insect species there 
are  aspects o f larval developm en t and of 
a d u lt b eh av io r th a t appear to reflect the 
d is trib u tio n  o f coefficients of re la tedness 
w ith in  colonies (H am ilton, 1972; Trivers 
an d  H are , 1976). In  som e species th ere  is 
also in ten se  com petition  b e tw een  colo­
n ies  (W ilson, 1971; M ichener, 1974). 
M any species o f social insects appear to 
hav e  popu lations sm all enough to gener­
a te  sign ifican t gam etic phase d isequ ili­

b riu m  even  u n d er local random  m ating 
(T albot, 1965; W ilson, 1958, 1963, 1971; 
M ich en er, 1974; H askins and  W heldon, 
1965; H askins, 1970; Taylor, 1978). I f  so, 
Iso p te ra  (term ites) and  social H ym en- 
o p te ra  (ants, bees, and  wasps) should 
hav e  rates of recom bination  h igher on 
average th an  those o f th e ir closest soli­
tary  re la tives.

U nfortunately , th ere  are no com para­
tive  data  on th e  recom bination  of 
m arkers, or even  chiasm a frequencies, for 
social insects and  th e ir  relatives. But 
chrom osom e n u m b er is a m ajor determ i­
n a n t o f th e  average linkage w ith in  a 
g enom e, and  chrom osom e num bers are 
know n from m any species of insects. Loci 
at th e  opposite  ends o f a long chrom o­
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som e m ay recom bine alm ost freely, if 
sev era l crossovers usually  occur b etw een  
th em . N onethe less, they  rem ain  som e­
w h a t linked . A fission occurring betw een  
th em  red u ces th e ir  linkage all the way to 
zero . M ore im portantly , o ther pairs o f loci 
a t m ap positions b e tw een  them  b u t on 
o p p o site  sides of th e  p o in t o f fission, 
w h ich  w ere  form erly significantly linked, 
a lso  becom e un linked . T hus given an 
approx im ate ly  constan t num b er of cross­
overs p e r  genom e, the  average linkage 
b e tw e e n  loci is a strongly decreasing 
fu n c tio n  o f th e  chrom osom e num ber. 
T h is  im p lies th a t chrom osom e num ber 
can  b e  u sed  as a proxy for the  rate of 
reco m b in atio n  in  com parative studies, as 
lo n g  as large num bers o f species are 
com pared .

As expected , th e  average chrom osom e 
n u m b ers  o f  eusocia l taxa are consistently  
h ig h e r  th an  those of the  m ost closely 
re la ted  nonsocial taxa for w hich chrom o­
som e data  ex ist (Sherm an, 1979). Form i- 
c id ae , A pidae, and  V espidae rep resen t 
in d e p e n d e n t derivations of eusociality 
w ith in  th e  acu leate  H ym enoptera (Wil­
son, 1971). A lthough only a few solitary 
acu lea tes  have b ee n  karyotyped, their 
chrom osom e num bers are sim ilar to 
th o se  o f th e  en tire ly  solitary Sym phyta 
a n d  P arasitica (Table 1). This suggests 
th a t  h ig h  num bers have evolved in d e­
p en d e n tly  in  th e  social families. T he 
Iso p te ra  are en tire ly  eusocial, so no close 
com parisons are possib le  in th e ir case. 
B u t th e ir  average chrom osom e num ber 
exceeds those  o f th e  o ther orthopteroid  
o rders B lattodea, O rthoptera, M antodea, 
D erm ap tera , and  E m biop tera (Table 1).

I t  sh o u ld  be  em phasized  that the  pos­
tu la te d  selec tion  in  favor of increased 
reco m b in atio n  has noth ing  to do w ith 
sociality  as such. Sociality is m erely 
b e in g  u sed  as an  ind icator of situations in 
w h ich  in teractions are expected  to be 
strong ly  cond itio n ed  on relatedness. In 
su ch  situations natural selection  should 
favor p h en o ty p ic  responses to individual 
zygosity , if  a t th e  sam e tim e the popula­
tio n  stru c tu re  is such as to create signifi­

can t gam etic  phase d isequilibrium . 
S e lec tio n  in  favor o f increased  recom ­
b in a tio n  is thus an  expected  secondary 
co n seq u en ce  of th e  estab lishm ent of sys­
tem s o f re spond ing  loci. I t is therefore 
ex p ec ted  in  som e solitary species, for 
exam ple , ones in w hich  ex tended  ju v e­
n ile  d ep en d en cy  leads to parent- 
o ffsp ring  conflict over the allocation of 
resou rces (Trivers, 1974), and it is not 
ex p e c ted  in  som e social species, for 
exam ple , those w ith  very large effective 
p o p u la tio n  sizes. T he range of haploid  
n u m b ers  in  ants (3-46) exceeds that in all 
o th e r H ym enoptera. I f  the  argum ent 
m ad e  h e re  is correct, som e of this varia­
tio n  sh o u ld  be  associated w ith  differ­
en ces o f popu la tion  structure. U nusually 
h ig h  chrom osom e num bers occur in 
R h y tid o p o n e r a , M yrm ec ia , and N otho -  
m y rm e c ia .  Aptery, brachyptery, and 
p a tch y  d istribu tions are com m on in these 
g en e ra  (H askins and  W heldon, 1965; 
H ask ins, 1970; Taylor, 1978), suggesting 
th a t m any of th e ir species typically  ex­
p e r ie n c e  sm all effective population  sizes.

T h e  average chrom osom e num bers of 
six spec ies o f  b la ttid  roaches b e liev ed  to 
ex h ib it larval aggregation are 60% h igher 
th an  th e  chrom osom e num bers of ten  
sp ec ies b e liev ed  not to exhib it larval 
aggregation  (Sherm an, 1979).

I t  is d ifficu lt to assign levels of statisti­
cal sign ificance to the  observed  patterns 
o f chrom osom e nu m b er variation, b e ­
cau se  it canno t be assum ed that the 
chrom osom e num bers of re la ted  species 
are statistica lly  indep en d en t. Thus it is 
n o t leg itim ate  to perform  an analysis of 
v ariance on th e  chrom osom e num bers of 
spec ies, as was done by  Sherm an (1979). 
T h e  analysis g iven  here  treats genus 
averages as prim ary observations. This 
im proves m atters som ew hat, b u t since 
g en e ra  te n d  to be  correlated  w ith in  fami­
lies, as do species w ith in  genera, genera 
can n o t p roperly  be  trea ted  as in d ep en d ­
e n t po in ts in  a com parison b e tw een  fami­
lies. T hus th e  significance levels given in 
th e  leg en d  to T able 1 should be  taken 
on ly  as indicators of the  relative strengths

I
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T able 1. Average haploid chromosome numbers
OF SOCIAL INSECTS AND THEIR ALLIES .*

N n s.d.

O rthopteroids
DERM APTERA 20 13.38 5.92
EM BIO PTERA 4 10.83 0.41
ORTHOPTERA 33 10.84 2.72
PHASMATODEA 40 20.14 4.45
M ANTODEA 69 13.20 2.44
BLATTODEA 64 19.05 6.62

Blattidae 7 18.03 5.90
ISOPTERA* 27 20.71 1.95

H ym enoptera
SYMPHYTA 27 9.41 3.96
APOCRITA

PARASITICA 19 8.51 2.38
ACULEATA

Vespoidea
Formicidae* 69 15.76 6.82
E um enidae 2 7.63 0.53
Vespidae* 2 14.30 2.40

Sphecoidea
H alictidae 4 11.50 5.26
Anthophoridae 3 13.67 4.04
M egachilidae 1 16.00 —
Apidae* 18 16.23 2.86

*Sources of data are listed in Literature Cited B.

Social taxa are indicated in the table by an as­
terisk. Most o f the analysis was conducted using 
genus averages rather than species counts, to in­
crease the independence and representativeness of 
sam ple points, and to increase the normality of the 
resu lting  distributions. Thus N is the num ber of 
genera in a sample, and n is the mean of the genus 
m ean haploid chromosome numbers. The average 
for O rthoptera, however, represents modal numbers 
for 28 families and subfamiles of Caelifera (based 
on hundreds of studied species [White, 1973]), and 
average num bers for five families ofEnsifera (based 
on about 70 genera [Makino, 1951]). Data for 
Isop tera  include nine unpublished species counts 
in  five genera of Kalotermitidae (P. Luykx, personal 
comm unication). O ne-tailed U-tests were applied to 
com parisons of interest (t-tests w ith d.f. adjusted for 
unequal variances w ere also applied and gave simi­
lar results).

Isoptera exceed the blattid roaches, to whom they 
are believed  to be most closely related (McKittrick, 
1965), bu t the difference is not significant. The 
com parison w ith Blattodea as a whole is significant 
(p<0.005), as are those w ith Orthoptera, Mantodea, 
D erm aptera (p<0.0005), and Embioptera 
(p<0.001). The comparison w ith Phasmatodea is 
alm ost significant (p<0.1).

Form icidae (ants) and Apidae (eusocial bees) 
each exceed both Parasitica (chalcids, ichneumons, 
gall wasps) and Symphyta (sawflies, homtails) 
(p<0.0005). The small sample of halictid, antho-

phorid , and m egachilid bees consists o f five species 
w ith haploid num bers of 16, and three species with 
haploid  num bers o f 6, 8, and 9. The species with 
low num bers are communal to quasisocial 
(M ichener, 1974), and three of the species with high 
num bers are solitary, contrary to expectation. 
O w ing to the complexity of social evolution in the 
b ees, a  m uch larger and more representative sample 
of chrom osome num bers is required to determ ine 
w hether in fact they exhibit a pattern different from 
th e  one seen elsew here in  the Hymenoptera.

T he most appropriate comparison is that betw een 
the V espidae (eusocial paper wasps) and the closely 
related  E um enidae (solitary potter wasps). Their 
average num bers diverge in the expected direction, 
bu t too few genera have been studied to allow a 
statistical test of the generic averages. If  all the 
pub lished  species counts (7 and 5, respectively) are 
used, the difference is significant (U=5, p=0.024, 
t= 2.8 , 8 adjusted d.f., p<0.025). Formicidae exceed 
E um enidae (p<0.005) but not Vespidae, using 
species counts for the wasps.

o f d iffe ren t associations, no t as statistical 
tests.

A conservative te s t of the  overall pat­
te rn  can  b e  carried  ou t by  com paring the 
signs o f th e  d ifferences b e tw een  groups 
a t th e  sam e taxonom ic levels. T here  are 
at lea s t six re lev an t com parisons. A pidae 
ex ceed  all o th er bees. V espidae exceed 
E u m en id ae . A culeata as a w hole, w ho are 
m ain ly  social in this sam ple, exceed 
P arasitica. Iso p tera  exceed Blattodea. 
R h y tid o p o n e r a , M yrm ec ia , and  N o th o -  
m y rm e c ia  exceed  o ther ants. G regarious 
b la ttid s  exceed  nongregarious blattids. 
T h e  com parison  b e tw een  Form icidae 
an d  E u m en id ae  could  b e  added  to this 
list, as cou ld  separate  com parisons b e ­
tw ee n  A pidae and  the  o ther fam ilies of 
b ee s , b u t th ese  w ill b e  om itted  in  the 
in te re sts  o f conservatism . T he p robabili­
ty  th a t six in d ep en d e n t com parisons all 
fall in  th e  sam e unspecified  d irection  is 
0.03125, and  th e  p robability  that they  all 
fall in  th e  sam e specified  d irection  is 
0.015625. T hus it appears that an associ­
a tio n  does ex ist b e tw een  high chrom o­
som e n u m b er and  circum stances favor­
ab le  to th e  evolu tion  o f responses to 
zygosity.
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DO BEES HAVE GREEN SETAE?

Sherm an  (1979) was th e  first to note the 
associa tion  b e tw een  eusociality  and high 
chrom osom e num bers. H is explanation 
for th e  association, w hich differs from the 
one g iven  here , can b e  sum m arized as 
follow s. P aren t and  offspring are always 
re la ted  by  exactly one half, because the 
p a re n t transm its to th e  offspring exactly 
one m em b er o f  each  o f its pairs of 
hom ologous chrom osom es. F u ll siblings 
also  expect to share h a lf o f th e ir chrom o­
som es iden tical by  d escen t through the 
p aren ts , b u t ow ing to the  uncertain ties of 
m eiosis  th is expectation  has a finite vari­
ance. Som e sib lings have m ore than  half 
o f  th e ir  D N A  in com m on, identical by 
d escen t, an d  others have less than  half. 
T h u s som e sib lings are re la ted  by m ore 
th an  one half, and  others by  less. I f  an 
in d iv id u a l cou ld  d iscrim inate b etw een  
th e  tw o k inds o f siblings, favoring those 
to  w h ich  it was re la ted  by m ore than  one 
half, it cou ld  increase its inclusive fit­
ness. In  a social insect colony such dis­
c rim in atio n  is likely  to work against the 
rep ro d u c tiv e  in terests  of the  q u een  and 
h e r  m ate. T h e  scope for such discrim ina­
tio n  is a  function  o f th e  variance of actual 
re la ted n ess  b e tw een  siblings, and the 
v ariance  o f re la tedness is an inverse 
fu n c tio n  o f th e  n u m b er of chrom osom e 
pairs. I t is in  the  q u ee n ’s in terest to re ­
d u ce  th e  variance o f re la tedness as far as 
p o ssib le , so as to create a situation in 
w h ich  w orkers are se lec ted  to m in ister to 
th e ir  rep ro d u ctiv e  siblings “on the basis 
o f  th e ir  n e e d  ra ther than  k insh ip” (Sher­
m an, 1979). Increasing  th e  chrom osom e 
n u m b e r is p robab ly  one of the  sim plest 
an d  m ost effective ways to reduce the 
variance  o f re la tedness. T hus chrom o­
som e num b ers are expected  to increase 
in  eusocia l lineages and  in others w here 
sib lings in te rac t in tensely .

T h is  arg u m en t turns on two critical as­
sum ptions. F irst, the  variance of the  pro­
po rtio n  o f DNA h e ld  in com m on iden ti­
cal by  d escen t corresponds to a variance 
o f re la ted n ess  on w hich  kin  selection

co u ld  act. Second, although an increased 
v ariance o f re la tedness w ould  be  in  the 
offsp ring’s in terest, a reduced  variance 
w ill evolve because  tha t is in  the q u ee n ’s 
in te re st. T his second assum ption is 
p rob lem atic , b u t it w ill no t be  considered  
h e re  in  any detail. T he first assum ption is 
a lm ost certa in ly  incorrect, at least as 
s ta ted  by  Sherm an (D awkins, 1979). T he 
id ea  seem s to arise naturally  from the 
id en tity -b y -d escen t view  of relatedness, 
w h ich  em phasizes am ounts ra ther than  
covariances. T h e  p rob lem  w ith  it is that 
id en tity  at one locus does not p red ic t 
id en tity  at another. As D aw kins puts it, 
“ I f  I w an t to  guess w h e th e r your hand  of 
cards contains the  ace o f spades I w ould 
b e  q u ite  w rong to say: I already know 
you have th e  2, 3, 5, 6, 7, 9, 10, Jack and 
K ing o f spades; therefore you have a 
s trong  h an d  in  spades; therefore you 
p ro b ab ly  have the  ace!” A rational gene 
th a t con tro lled  discrim ination w ould  gain 
no  inform ation regard ing  its p resence in 
a s ib lin g  o f its b ea re r by know ing that the 
sib ling , like th e  g en e ’s own bearer, had a 
g reen  beard . I f  the  discrim ination gene 
w ere  tigh tly  linked  to the  green  beard  
g en e  th e  a rgum ent m ight hold, except 
th a t se lec tion  at all un linked  loci w ould 
op p o se  th e  favorable discrim ination. 
F ew  theo re tica l argum ents are affected 
by  th e  fiction o f the  single om nipotent 
gen e , b u t th is appears to be one that is. 
Any act as com plex as a com parison of 
p a rticu la r details  o f o n e’s ow n and  one’s 
s ib lin g ’s p heno types m ust d ep en d  d irec t­
ly  on  scores or h u ndreds o f genes, and 
in d irec tly  on thousands. I t is asking a lot 
to  ex p ect them  all to be  firm ly linked  to 
th e  sam e pheno typ ic  m arker and  to be  
p ro tec ted  from  in terference on the  part of 
g en es  e lsew h ere  in  the  genom e.

I t  was p o in ted  out above th a t correla­
tions o f a lle lic  state arise through drift in 
fin ite  popu lations, and  tha t these correla­
tions can  drive th e  evolution of p h en o ­
ty p ic  responses to zygosity. T hese same 
correlations can b e  show n to underlie  a 
co n sis ten t version  o f Sherm an’s argu­
m en t for th e  evolu tion  o f discrim ination
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b ase d  on pheno typ ic  sim ilarity. But as 
w ill b e  seen , th is version o f the  argum ent 
m ay have im plications som ew hat differ­
e n t from  those  suggested  by Sherm an.

C o n sid e r a gene tic  system  consisting of 
tw o  u n lin k ed  loci, each w ith  two alleles. 
L ocus B de term in es a v isib le phenotypic  
a ttr ib u te  and  has two distinct, fully p en e ­
tran t, codom inant alleles, B, and  B0. 
L ocus A determ ines a response to the  B- 
locus sim ilarity  o f its bearer and  another 
in d iv id u a l taken  at random  from the  local 
po p u la tio n . W ith an  adjustm ent for struc­
tu ra l re la ted n ess  th e  argum ent can easily 
b e  ad ap ted  to the  case of siblings, b u t the 
case  o f u n re la ted  individuals is both 
s im p le r and  m ore general than  that of 
s tru c tu ra lly  re la ted  individuals. Locus A 
can  b e  tak en  to rep resen t every  locus in 
th e  genom e tha t is un linked  to B. We 
seek  th e  A-locus re la tedness of two ind i­
v iduals , cond itio n ed  on th e ir B-locus 
sim ilarity .

L e t P | b e  the  frequency  o f Aj, and le t p2 
b e  th e  frequency  of B j. T hen  from equa­
tions [1] and  [2] w e have that

q x =  P(Ai =A 1|B = B 1) =  p, + D /p ,

an d

q2 =  P(A.=A1|B.=B0) =  p t - D / ( l - p 2),

w h e re  D  is th e  coefficient of gam etic 
p h ase  d isequ ilib rium . D efine as “alike” 
th o se  pairs o f ind iv iduals in  w hich both 
a re  Bj Bj or bo th  are B0B0. Assum ing 
H ardy-W einberg  proportions at bo th  loci, 
a n d  assum ing  th a t individuals m eet at 
random , th e  probab ility  tha t two ind iv i­
duals  are bo th  BjBj is clearly

f, =  Pt,

w h ile  th e  p robab ility  that bo th  are B0B0 is

fo =  ( 1 “ P2)4- ■ '

C o n sid e r th e  A-locus genotypes o f the 
Bj Bj pair. T h e  probability  o f finding A: 
on  e ith e r  chrom osom e at th e  A locus in

e ith e r  ind iv idual is ju s t q r  T hus the 
p ro b ab ility  tha t bo th  individuals are A: A l 
is q*. S im ilarly, if  bo th  individuals are 
B0B0 th e  p robab ility  th a t they  are also 
b o th  A,Aj is q^. T hus if  tw o individuals 
are know n to b e  “a like” at B, the  proba­
b ility  th a t th ey  are both  AjAt is

^2 =  ( f ^ + W I K

w h ere  k = f1+fj). T h e  probability  is the 
first e lem e n t o f the  jo in t genotypic d istri­
b u tio n

0̂2
“11

^0
aio

m 2
M,
H ,.

[9]

P ro ceed in g  in  this m anner it is easy to 
show  th a t th e  o th er e lem ents of the  jo in t 
g en o ty p ic  d istribu tion  can be  rep re ­
se n te d  as

= a =  2(f, c. qf + fj, c() eg )/k, 
= 4(FlCf+^cg)/k ,

M, =  (f,q f+ ^ cg )/k  
Mj =  2(f1c1+^)c0)/k,

w h e re  c ^ q ^ l - q ^  and  c0=q), ( l - q 0). M0 
an d  th e  rem ain ing  a,, are easily  found by 
sub trac tion . Substitu tion  o f the key e le ­
m en ts  o f  [9] into

R =  [a22+ a21+ 1/4a11- ( M 1 + 1/2M2)2]/ 
[M1M0+ 1/4M2(1 -M 2)]

(Seger, 1980) gives R+, the  A-locus re ­
la ted n ess  of tw o random ly chosen ind i­
v id u als  w ho are “a like” at B. I f  bo th  loci 
a re  po lym orph ic  and  if  D  is nonzero th en  
R + is positive  (T able 2).

D efin e  as “u n lik e” those pairs of ind i­
v iduals  in  w hich  one is BjBj and  the 
o th e r is B0BQ. D efine as “ som ew hat” 
th o se  pairs in  w hich  at least one ind i­
v id u a l is th e  heterozygote B ^ .  T hen  
p ro c eed in g  as above it is easy to find R_, 
th e  re la ted n ess  of “u n lik e” pairs, and  Rs, 
th e  re la ted n ess  o f “som ew hat” pairs. 
T h ese  are b o th  negative.

L ike th e  conditional coefficients dis-



608 A dvances in Herpetology and Evolutionary Biology

T able 2. C onditional relatedness in a spotter
GENE MODEL.*

D ' = .05 p2

.1 .3 .5

.00001 .00076 .00499
.1 -.00271 -.00038 0

-.01430 -.00596 -.00499
.00001 .00075 .00499

.3 -.00269 -.00038 0
-.01390 -.00594 -.00499

.00001 .00075 .00499
.5 -.00269 -.00038 0

-.01385 -.00594 -.00499

P2

.1 .3 .5

.00003 .00309 .01980
.1 -.01115 -.00154 0

-.06279 -.02398 -.01980
.00003 .00302 .01980

.3 -.01089 -.00153 0
-.05575 -.02361 -.01980

.00003 .00301 .01980
.5 -.01086 -.00153 0

-05501 -.02357 -.01980

*The upper num ber in each set of three is the A- 
locus relatedness o f two randomly chosen indivi­
duals that are “alike” at the B locus. The lower 
num ber is the relatedness of “unlike” pairs, and the 
m idd le  num ber is the relatedness of “ somewhat” 
pairs. Conditional relatedness is shown for three 
d ifferent frequencies of Aj and B,, at two different 
values o f D ', the standardized coefficient of gametic 
phase disequilibrium . Each distribution is sym­
m etrical about both p : =0.5 and p., =0.5.

cu sse d  in  th e  in troduction, R+ and  R“ 
d iv erg e  as D  increases (Table 2). But R+ 
an d  R also d iverge as the  A and  B loci 
b eco m e m ore tigh tly  linked, unlike the 
cond itiona l coefficients d iscussed  in  the 
in tro d u ctio n , w hich  converge on the  u n ­
co n d itio n al coefficient as linkage 
tig h ten s . T his im plies tha t conflicts 
m ig h t arise  b e tw een  A-loci closely linked 
to  B, an d  A-loci u n lin k ed  to B, because 
th e  fo rm er w ill ten d  to be  farther out of 
p h ase  q u ilib riu m  w ith  B than  w ill the

latter. In  v iew  of this it is hard  to see 
w h e th e r  a h igh  ra te of recom bination 
looks m ore like a way to frustrate d is­
crim in atio n  th an  it does like a way to 
p rom ote  it. By reducing  the  expected  
gam etic  phase  d isequ ilib rium  b etw een  B 
a n d  a  typ ical A locus, recom bination 
red u ces  th e  d ifference b e tw een  R+ and 
R _, th e reb y  reducing  the  po ten tial ad ­
van tage  o f discrim ination. B ut recom bi­
n a tio n  also increases the  fraction of the 
g en o m e tha t is effectively un linked  to 
any  g iven  B locus. By increasing the 
s im ilarity  o f th e  d ifferen t values of R+ 
ev a lu a ted  at d iffe ren t loci, recom bination 
m ig h t w ell increase the  ease w ith  w hich 
m echan ism s inducing  discrim ination 
co u ld  evolve.

P h en o ty p ic  d iscrim ination m echa­
nism s o f th e  form env isioned  by  Sherm an 
an d  o thers req u ire  that an ind ividual be 
ab le  to assess its ow n  sim ilarity to 
an o th e r ind iv idual. R ecent experim ental 
w ork  on d iscrim ination  by m eans of ind i­
v id u a l odor d ifferences in L a sio g lo ssu m  
dem o n stra tes that th ese  bees com pare 
strangers to th e  aggregate o f th e ir nest- 
m ates, and  tha t they  apparen tly  do not 
p e rce iv e  th e ir  own odors (G reenberg, 
1980; C. D. M ichener, personal com ­
m unication).

CONCLUSIONS

I t  is possib le  tha t h igh  chrom osom e 
n u m b ers  are caused  by some feature of 
sociality  th a t has no th ing  to do w ith  kin­
sh ip . F o r exam ple, th e  genom es o f social 
in sec ts  m igh t b e  larger than those of soli­
tary  in sects, and  th ere  m ight be an op ti­
m um  d istrib u tio n  o f chrom osom e sizes, 
a t lea s t w ith in  particu lar lineages. I f  this 
w e re  tru e , chrom osom e num ber and 
g enom e size w ould  correlate positively, 
b u t several lines o f ev idence suggest that 
th ey  do  not. Chrom osom e num bers and 
ab so lu te  DN A  values for 45 species of 
in sec ts  re p resen tin g  six orders do not 
co rre la te  e ith e r w ith in  orders or betw een  
th em  (Fig. 5). Im ai, C rozier, and  Taylor
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HAPLOID NUMBER

Figure 5. Relationship between genome size and 
chromosome number in six orders of insects.

Genome size is expressed as picograms of DNA per 
haploid genome. The orders are Orthoptera (•), 
Hemiptera ( y ), Coleoptera (<}), Lepidoptera (A ),  
Diptera (O), and Hymenoptera (□). Spearman rank 
correlations are nonsignificant within Orthoptera 
(0.097), Diptera (0.006), and Hymenoptera (zero). The 
entire sample is significantly correlated (rs=0.34, 
p<0.05) because it is dominated by Orthoptera and 
Diptera, whose ranges do not overlap on either vari­
able. Using mean values for each of the six orders, the 
overall correlation is negative and nonsignificant 
(rs = -0.086).

There is a large average difference in genome size 
between the hemimetabolous and holometabolous 
insects in this sample (represented by filled and by 
open symbols, respectively). The only social species 
represented (Apis mellifera and A. cerana, n=16, 0.19 
pg) have genomes that appear to be small even for 
Hymenoptera. Other Hymenoptera are Megachile 
rotundata (n= 16, 0.3 pg), Habrobracon juglandis and
H. serinopae (n=10, 0.16 pg), and Mormoniella 
vitripennis (n=5, 0.33 pg).

Sources of data are listed in Literature Cited B.

(1977) optically  m easured  chrom osom e 
len g th s  in  16 species o f m yrm eciine and 
p o n e r in e  ants w ith  hap lo id  num bers of 
four to  42. T hey  found tha t average 
chrom osom e leng th  is inversely  propor­
tio n a l to  chrom osom e num ber, and con­
c lu d e d  th a t th e  d iversity  o f chrom osom e 
n u m b e r in th ese  subfam ilies does not 
re flec t any large or system atic differences

o f genom e size. D ata for angiosperms 
(B en n e tt and  Sm ith, 1976) and  for verte­
b ra te s  (W hite, 1973) also fail to suggest 
an  in h e re n t re la tionsh ip  betw een 
genom e size and  chrom osom e number.

T h e  first argum ent ou tlined  here im­
p lie s  th a t selec tion  w ill favor relatively 
h ig h  overall rates o f recom bination in 
sp ec ies w h ere  it also favors phenotypic 
re sp o n ses  to heterozygosity . Such spe­
cies are charac terized  by  certain  be­
havioral, ecological, and  dem ographic 
p aram eters . To th e  ex ten t that sociality 
in d ica tes  th e  req u ired  param eters, and to 
th e  ex ten t tha t chrom osom e num ber in­
d ica tes th e  ra te  of recom bination, social 
in sec ts  are expected  to have elevated 
chrom osom e num bers, as they  do on 
average. T h e  second  argum ent, that of 
S herm an  (1979), also leads to the  expec­
ta tio n  th a t social insects w ill have ele­
v a ted  rates o f recom bination. T he two 
arg u m en ts invoke nearly  identical sets of 
causal param eters  and  thus m ake similar 
com parative  pred ic tions. T here  seems to 
be  no w ay to d istingu ish  b e tw een  them 
on th e  basis o f  available evidence.
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NOTE ADDED IN PROOF

T ooby  (J. theor. Biol., 97: 557-576 
[1982]) has recen tly  argued  tha t eusocial
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in sec ts  are expected  to have high rates of 
reco m b in a tio n  (and thus h igh  chrom o­
som e num bers) because they  live at high 
p o p u la tio n  d en sities  and  should  therefore 
b e  su b jec t to  particularly  in tense selec­
tio n  for resistance to rapidly  evolving 
pa th o g en s.
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