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Abstract.—Recognition in many taxa is mediated by genetic-cue diversity. The present study
investigates the likely effects of two recognition contexts on genetic odor-cue diversity in social
Hymenoptera by means of single-locus, two-allele, and multiple-allele population-genetics mod-
els. Full-sister versus half-sister discrimination in polyandrous societies, as in queen-rearing
discrimination in the honey bee, leads to reduced allelic diversity when queens mate with more
than two males. In doubly mated species, discrimination may raise or lower allelic diversity,
depending on the rules used by workers in discrimination, but most plausibly it results in a
reduction in allelic diversity to two alleles. In contrast, colony recognition based on genetic
odors can increase allelic diversity, if colonies with rare odors produce more reproductives.
This assumption seems likely for social insects that use genetic cues for nest-mate recognition.
This result is the reverse of one obtained earlier in an analysis of genetic recognition cues in
marine invertebrates. This discrepancy occurs because opposite fitness assumptions were made
as a result of differences in ecology. The idea that existing allelic diversity at the sex-
determination locus can be used in a system of signaling to prevent matched matings is also
considered. Signaling may evolve when both queens and males benefit from avoiding matched
matings, such as in the fire ant Solenopsis invicta, but not in the honey bee, Apis mellifera, or
the stingless bee Melipona quadrifasciata. However, the high incidence of matched matings in
the fire ant suggests that signaling does not occur, although signaling cannot be ruled out without
additional information about the random expectation of matched matings. Signaling, which
depends on coordinated adaptations of cue production and perception, may not occur because
it is disadvantageous when rare, on account of small costs in the component adaptations. These
results suggest that intercolonial recognition is the most plausible means by which recognition
itself can generate genetic odor-cue diversity. However, in species such as the honey bee, in
which intercolonial recognition appears primarily environmental, the effect may be small. This
leads to the possibility that the weak full-sister versus half-sister discrimination shown by honey
bees is partly due to a low diversity of odor cues. Low diversity of odor cues may also facilitate
the evolution of highly cooperative worker behavior by making queen-rearing discrimination
less worthwhile.

Individual organisms can potentially increase their inclusive fitness by kin rec-
ognition in two main situations: optimal outbreeding in mating (Bateson 1978,
1982), and biasing altruistic acts to closer kin (Hamilton 1964). In social insects,
the second situation can usefully be divided into discrimination between nest
mates and others, as in guarding the nest from conspecific intruders, and discrimi-
nation between nest mates of varying relatedness to self. The second situation is
especially relevant in polygynous societies (i.e., with more than one queen, as
occurs in many ant species [Holldobler and Wilson 1977; Ross 1988] and some
vespid wasps [Jeanne 1980]) or polyandrous societies (i.e., with a single queen
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mated to more than one male, as occurs in honey bees [Page 1986], certain Ves-
pula wasps [Ross 1986], and many ant species [Page 1986; van der Have et al.
1988]), because colony members can potentially enhance their inclusive fitness by
biasing reproductive production toward more related individuals. One example is
the discriminatory rearing of full-sister versus half-sister queens by honey bee
workers (Noonan 1986; Page et al. 1989).

In social insects, recognition can be based on odor cues acquired from the
environment or arising from genetic differences among individuals, depending on
the recognition context. For example, discrimination between nest mates and
others can use either environmentally acquired or genetically produced odors,
since both are expected to vary between colonies (Gamboa et al. 1986; see pt. 2,
below). In contrast, odor differences that allow workers in polyandrous societies
to discriminate between full and half sisters (as documented for the honey bee;
see Getz and Smith 1983; Evers and Seeley 1986; Noonan 1986; Frumhoff and
Schneider 1987; Hogendoorn and Velthuis 1988; Page et al. 1989; review in Getz
1990) must be based on genetic variation because there are no environmental or
maternal differences that correlate with relatedness to self.

The importance of odors of genetic origin in recognition raises the question of
how the diversity of these odor cues is maintained, a question largely ignored in
social insect kin-recognition studies (Crozier and Dix 1979; Getz 1981, 1982; Lacy
and Sherman 1983). This article analyzes the effect of two recognition contexts
on the allelic diversity of genetic odor cues used in recognition by social Hyme-
noptera. Part 1 examines the effect of full-sister versus half-sister discrimination
in polyandrous societies. Part 2 examines the effect of discriminating between
nest mates and intruders. In addition, part 3 investigates the possibility that the
existing allelic diversity at the sex-determination locus could be used in a signaling
system between males and queens, to avoid the cost of mating with a partner
carrying a similar sex-determination allele, thereby enhancing the apparentness
of an existing source of genetic diversity.

The diversity question also occurs for genetically based recognition systems in
other taxa. In flowering plants, pollen-stigma compatibility systems prevent
selfing and lead to frequency-dependent selection favoring rare alleles (de Nettan-
court 1977), such that recognition also generates the necessary allelic diversity
for the system to function. Recent theoretical work suggests that, in contrast to
the flowering plants, sessile marine invertebrates have recognition systems that
are neutral (Grosberg and Quinn 1989) or reduce the allelic diversity that makes
recognition possible (Crozier 1986, 1987, 1988; Grosberg and Quinn 1989), indicat-
ing that the genetic variation used in recognition must be maintained for other
reasons, such as gamete compatibility, disease resistance, or prevention of intra-
specific parasitism (Crozier 1986, 1987, 1988; Grosberg 1988; Grosberg and Quinn
1989).

Although the genetic nature of recognition cues is known for many flowering
plants (de Nettancourt 1977) and some sessile marine invertebrates (Grosberg
1988), it is not known for any social insect, or at least it is unlikely to be based
on a single locus (Greenberg 1979; Getz 1982; Mintzer and Vinson 1985; Crozier
1988). However, this does not negate the value of the single-locus genetic analy-
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TABLE 1

CoroNy TyPES FOR DouBLy MATED QUEENS: TWO ALLELES

DAUGHTER GENOTYPES

CoLoNY MALES FREQUENCY OF
Typre QUEEN 1,2 CoLony TypPE Patriline 1 Patriline 2
Al aa a, a pp? aa aa
A2 aa a, b p2pq aa ab
A3 aa b, b p’q? ab ab
A4 ab a, a 2pgp? Saa, .Sab Saa, .Sab
AS ab a, b 2pq2pq Saa, .Sab Sab, .5bb
A6 ab b, b 2pqq® Sab, .5bb .Sab, .5bb
A7 bb a, a *p? ab ab
A8 bb a, b a*2pq ab bb
A9 bb b, b ’q bb bb

ses presented in parts 1 and 2 below, unless the single-locus situation predicts a
fundamentally different effect of recognition on allelic diversity to the multiple-
locus situation, which seems unlikely.

ANALYSES

1. The Effect of Full-Sister versus Half-Sister Discrimination on Allelic Diversity
of Recognition Cues

Double mating and equal sperm contributions.—This model is constructed for
a single-locus two-allele system (alleles a, b, at frequencies p and g, withp = 1 —
¢, produce recognizably different phenotypic odors), which functions in worker
recognition of full- and half-sister reproductives in polyandrous Hymenoptera.
(Reproductives could be immature or mature queens or egg-laying workers, and
the analysis is applicable to all these cases. For convenience, reproductives are
referred to as immature queens.) Genotype frequencies follow Hardy-Weinberg
equilibrium in an infinite population. Table 1 shows the types of colonies that
occur when queens mate randomly with two males, assuming equal sperm contri-
butions and random sperm use.

The effect of discrimination on allelic diversity is investigated as follows. Work-
ers are assumed to discriminate between full- and half-sister immature queens
by self-referent phenotype matching based on genetic odor cues (Sherman and
Holmes 1985; Visscher 1986; Crozier 1988), that is, by comparing one’s own
odor phenotype with that of an immature queen. Immature queens of different
genotypes are recognized and accepted as full sisters with varying probability,
according to the genotypes of the interacting discriminator worker and immature
queen and to the rule or algorithm used by workers to convert odor information
into a discrimination decision. The different interactions possible are summarized
in table 2, where the genotype at the base of the arrow is the worker accepting
the queen genotype at the head of the arrow with probability j, . . . , n, such that
each type of interaction potentially has a different acceptance probability.

The reasonable assumption is made that queen genotypes accepted more fre-
quently as full sisters by the workers in the colony have a higher probability of
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TABLE 2

ACCEPTANCE PROBABILITIES FOR IMMATURE QUEENS

Probability of Queen
Sister Genotypes Being Accepted
Interacting as Full Sister

Worker — queen:
aa — aa
bb — bb
ab — ab
ab — aa
ab — bb
aa — ab
bb — ab
aa — bb

SIS ~—x~%

TABLE 3

RELATIVE ACCEPTANCES OF QUEENS, AND INITIAL AND FINAL FREQUENCIES OF ALLELE a PER COLONY
TypE, FOR DouBLY MATED QUEENS

FREQUENCY OF

RELATIVE ACCEPTANCE OF QUEENS ALLELE a IN QUEENS
CoLony —— —_—
TypE aa ab bb Initial Final
A2 Jj+Il(=1+pB) k+m(=1-p) 3/4 3/4 + B/4
A4 j+il(=1+0p) k+m(=1-p) .. 3/4 3/4 + B/4
A6 . k+m(=1-0p) j+l(=1+p) 1/4 1/4 — B/4
A8 k+m(=1-p) j+il(=1+pB) 1/4 1/4 — B/4
AS Jjl2 + 1+ nl2 k+ m jl2 + 1+ n/2 12 12

being reared. In other words, if queens of one genotype are accepted as full
sisters by 75% of the workers and queens of another genotype by 50% of the
workers, discrimination during queen rearing results in the former queen geno-
type increasing in frequency over the latter genotype beyond the original fre-
quency dictated by meiosis and sperm use. Note that it is not necessary to specify
by how much probabilities j, . . . , n differ, because the analyses are intended to
show only whether allelic diversity increases or reduces, not the rate of change.
However, it is reasonable to assume thatj = k > [ = m > n.

To determine allele-frequency changes, only mating types A2, A4, AS, A6, and
A8—in which workers of different genotype co-occur in the same colony—need
be considered because queen-rearing discrimination in mating types Al, A3, A7,
and A9—in which all daughters have the same genotype—cannot alter the allele
frequency in immature queens. To reduce the number of parameters, B is intro-
duced as a measure of asymmetry (the reason for this becomes clear below) in
the acceptance probability of heterozygous and homozygous queens:

G+DIk+m=0+p)/1-P). (D

This leads to the relative acceptances in colonies A2, A4, AS, A6, and A8 (table
3). For example, in colony type A2, immature queens of genotype aa and ab
interact with equal numbers of aa and ab workers to give relative acceptances
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TABLE 4

SUMMARY OF CHANGES IN THE ALLELE DIVERSITY OF GENETIC ODOR CUES FOLLOWING QUEEN-REARING
DISCRIMINATION FOR DOUBLY MATED QUEENS

SiGN oF B
INITIAL ALLELE FREQUENCY Positive Negative Zero
p>q,p<q Decrease Increase No change, neutral

P =4

No change, unstable No change, stable No change, neutral

J + land k& + m, respectively. Final frequencies (i.e., after discrimination) of
allele a are then calculated for each mating type (table 3). In mating type AS,
discrimination effects cancel whatever values j, &, [, m, and n take, such that the
input and output of allele a are equal. Summing across colony types A2, A4, A6,
and A8, the initial frequency, p,, final frequency, p*, and the change in frequency
of allele a in those colony types are calculated, using the frequencies of colony
types from table 1:

initial po = 4pq(,p* + Y, q?) types A2, A4, A6, AS;

final p* =2pql¥, + B/HP* + (Y, — B/ ] types A2, A8 ;
+2pql(% + B/AP* + (Y, — B/4)g’]  types A4, A6;

change  p* — py = 2pq(B/2)(P* — ¢7). 2)

The result, equation (2), shows four conditions under which discrimination has
no effect on allelic frequency; p* = p, when p, q, p*> — ¢* or B = 0. (By
reasonable assumption, allelic frequency in males is unaffected by the discrimina-
tion of queens, and males can be ignored.) The first two results are trivial and
occur simply when allele a or b is at fixation. The third occurs when p = ¢ =
0.5. The fourth depends on acceptance probabilities. Inspection of equation (1)
shows that the sign of B8 depends only on the relative magnitudes of j + [ and
k + m, that is, on the relative acceptance of homozygous and heterozygous
queens by workers having one or two alleles in common with the queen. (Some
workers have no alleles in common with some queens in colony type AS only,
but this colony type does not lead to allele-frequency changes.)

If B is positive, allele a increases in frequency if initially at a frequency of more
than half, and decreases if initially at a frequency of less than half. This leads to
an unstable equilibrium at p = 0.5, thereby reducing the allelic diversity of genetic
odor cues. Negative B leads to a stable equilibrium at p = 0.5 and increases
allelic diversity. These results are simply underdominance and overdominance,
with both homozygotes having equal fitness in this case. A summary of changes
in allelic diversity is shown in table 4.

The sign of B could depend on the way odor-cue information is processed in
making a decision about relatedness. For example, if the rule used by discriminat-
ing workers results in sister queens with a foreign odor allele (i.e., one not shared



