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Abstract Many social insects exhibit morphologically
distinct worker and queen castes that perform different
functions. These functional differences may generate
unique selection regimes operating on body size. For
example, queens may be under directional selection for
large body size, whereas directional selection on worker
body size may be limited. Such contrasting selection
pressures may differentially affect levels of genetic varia-
tion associated with size variation in the two castes. This
study sought to determine if genetic effects underlying
phenotypic differences varied between the worker and
queen castes of the social wasp Vespula maculifrons. We
predicted that directional selection would remove genetic
variation associated with size differences in the queen
caste, whereas a lack of directional selection would tend to
maintain genetic variation associated with size differences
in the worker caste. We thus (1) calculated broad and
narrow sense heritabilities for several morphological traits,
(2) examined whether some paternal genotypes produced
more morphologically diverse offspring than others, and
(3) determined whether trait size variation was associated
with genetic variation within colonies. We found that few
morphological traits were significantly heritable, indicating
that little genetic variance for those traits existed within our
study population. We also found that some patrilines pro-
duced more morphologically variable offspring than others,
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suggesting a role of genotype in phenotypic plasticity. And
finally, no significant correlations between genetic diver-
sity arising from multiple mating by queens within colonies
and trait variation in either caste were found. Overall, our
findings indicate a weak effect of genotype on both worker
and queen body size variation and are suggestive of a large
environmental influence on morphological trait size.
Moreover, our results do not indicate that levels of genetic
variation underlying size variation differ substantially
between castes in this species.
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Introduction

Social insects often display body size variation between
castes. For example, social hymenopteran queens are
generally larger than workers. These size differences likely
reflect the different selective pressures encountered by the
two castes, which arise because of their distinct societal
functions and life histories. For instance, worker size often
determines function within a colony (Oster and Wilson,
1978; Wheeler, 1986; 1991; Holldobler and Wilson, 1990;
Fjerdingstad and Crozier, 2006). Larger workers frequently
undertake tasks such as colony defense or food processing,
whereas smaller workers may be more efficient at com-
pleting tasks like brood tending. Thus, producing a
diversity of worker body sizes may be selectively advan-
tageous for a queen and her colony. In contrast, queen body
size may be under directional selection. Large body size
may increase a queen’s ability to survive colony founding
as well as maintain a colony through to the production of
new sexuals, particularly in species where queens found
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colonies independently (Abell et al., 1999; Peeters and Ito,
2001; DeHeer, 2002; Wiernasz and Cole, 2003; Bargum
et al., 2004; Fjerdingstad, 2005).

If the opposing selective pressures operating in the two
castes are strong enough, then differences in the genetic
architecture controlling body size in the two castes may
result (Lande, 1980; Phelan et al., 2003; Archer et al.,
2003; Bonduriansky and Rowe, 2005; Bonduriansky and
Chenoweth, 2009). Specifically, the different selective
pressures operating on body size in the two castes may lead
to differences in the magnitude of genetic variation
underlying body size variation. For example, an absence of
directional selection on worker body size would result in
the maintenance of more genetic variation for worker body
size. In contrast, little genetic variation is expected to
underlie phenotypic differences in queen size, because such
variation is expected to have been erased by the operation
of directional selection over time. Therefore, since workers
will be less likely to be under the same type of directional
selection as queens, we predict that there would be greater
genetic control of worker body size than queen body size.

To test this prediction, we used classical quantitative
genetic methods to estimate broad and narrow sense her-
itabilities for several worker and queen traits in a social
wasp. Heritability estimates provide information on the
amount of genetic variation underlying phenotypic varia-
tion and can be used as indicators of the selective pressures
that have acted on traits in the past (Roff, 1997). Generally,
strong, multi-generational directional selection will erode
additive genetic variance from a population, which will
result in low narrow sense heritability (Falconer and
Mackay, 1996). Therefore, we predicted that queens would
display lower heritability for size than workers.

In addition to investigating the relative heritability of
traits between castes, we were also interested in deter-
mining if genotype affected variation in trait size. We thus
tested whether some genotypes produced more variable
offspring than others, which would suggest that some
genotypes were more phenotypically plastic than others.
Again, due to the presumed directional selection faced by
queens, we predicted that these phenotypically plastic
genotypes would be expressed more often among workers
than queens.

Finally, we examined whether increased genetic diver-
sity within a colony resulted in increased phenotypic
variation among the worker and queen castes. Genetic
diversity may lead to phenotypic diversity if genotype
influences morphology (Oster and Wilson, 1978). We
predicted a positive correlation between genetic diversity
and morphological variation within colonies for workers
because we expected genetic variation to influence phe-
notypic variation in the worker caste. However, we did not
predict such a correlation for queens because we did not

expect genetic variation to strongly influence phenotypic
variation in the queen caste (Crozier and Fjerdingstad,
2001).

We chose to investigate the influence of genetic varia-
tion on size variation in the social wasp Vespula
maculifrons. V. maculifrons is a convenient taxon for
investigating genetic effects on size for several reasons.
First, workers and queens show strongly divergent mor-
phology and behavior and therefore may be expected to be
under distinct types of selection (V. maculifrons natural
history reviewed by Spradbery, 1973; Macdonald and
Matthews, 1981; Greene, 1991). Second, V. maculifrons
colonies produce abundant workers and new queens each
year, thus providing the material necessary for genetic
studies. Finally, the social structure displayed by V. ma-
culifrons is well understood; colonies are headed by a
single multiply mated queen (range in queen mate number
of 3-9; Ross, 1985; Goodisman et al., 2007a), and mem-
bers of all patrilines are found in both castes (Goodisman
et al., 2007b). The variation in mate number found across
colonies provides the genetic variation necessary to
undertake our study examining how genetic differences
influence size differences.

Methods
Sample collection

Between the months of July and November in 2004, 2005,
and 2008, a total of 61 V. maculifrons colonies were col-
lected near metropolitan Atlanta, Georgia, United States
(2004, N = 33; 2005, N = 4; 2008, N = 24). All colonies
contained workers and sixteen colonies also contained
newly enclosed queens that had not yet mated (hereafter
referred to as gynes; 2004, N = 7; 2005, N = 4; 2008,
N = 5). In 2004, twelve collected colonies also contained
the true reproductive foundress of the colony (hereafter
referred to as the queen, cf. with gyne above). In 2008, the
queen was identified in five colonies containing adult gy-
nes, and an additional 19 queens were identified in colonies
containing only adult workers. Thus, in total, 1,889
workers (x = SD; 34.35 &+ 24.36 workers per colony), 503
gynes (31.44 £ 12.63 gynes per colony), and 36 queens
were collected in this study.

Genetic analysis

DNA was extracted from single legs of workers and gynes
collected in 2004 and 2005. Tubes containing the leg
samples were submerged into liquid nitrogen for no more
than 30 s. The legs were then immediately crushed using
plastic pestles. Five hundred microliters of 5% Chelex
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solution was added to the samples, which were then incu-
bated at 95°C in a heat block for 20 min (Walsh et al.,
1991).

The worker genotypes were determined at eight micro-
satellite loci: LIST2003, LIST2004, LIST2013, LIST2019,
LIST2020 (Daly et al., 2002), RUFA 5 (Foster et al., 2001),
VMA-3, and VMA-6 (Hasegawa and Takahashi, 2002).
The heterozygosities at these loci were sufficiently high so
that the probability of two males having the same genotype
(nondetection error; Boomsma, 1996) was low (< 0.0001;
Goodisman et al., 2007b). Gyne genotypes were deter-
mined at a subset of loci (LIST2004, LIST2013, LIST2019,
LIST2020, and VMA-6) that possessed sufficient variation
to distinguish all patrilines within colonies.

All PCRs were conducted in a volume of 15 pl con-
taining a final concentration of 4 mM MgCl,, 0.2 mM
dNTPs, 1 x PCR buffer, and 0.1 U Taq DNA polymerase.
In addition, six of the eight loci were multiplexed in pairs.
Pair 1 consisted of the loci LIST2020 and VMA-6 com-
bined at final primer concentrations of 0.47 pM for each
locus. Pair 2 included RUFA 5 and VMA-3 combined at
final primer concentrations of 0.8 and 0.13 uM, respec-
tively. Pair 3 consisted of LIST2019 and LIST2013
combined at final primer concentrations of 0.33 and
0.67 uM, respectively. Finally, both LIST2004 and
LIST2003 were amplified singly at final primer concen-
trations of 0.67 uM. The PCR cycle was run as follows:
2 min denaturation at 94°C, 30 cycles of 94°C for 30 s,
primer optimized annealing temperatures (pair 1 = 60°C;
pair 2 = 54°C; pair 3 = 60°C; LIST2004 = 60°C,
LIST2003 = 48°C) for 30 s, 72°C for 30 s, and a final
72°C extension for 10 min. PCR samples were run on 2.5%
agarose gels to confirm amplification. PCR products were
visualized using an Applied Biosystems PRISM® 3100
Genetic Analyzer. Gynes and workers were assigned to
patrilines within colonies based on their multilocus geno-
type as described by Hoffman et al. (2008).

Morphological measurements

After DNA extractions were completed, workers from 37
colonies (2004, N = 33; 2005, N = 4) and gynes from 11
of those colonies (2004, N = 7; 2005, N = 4) were dried at
60°C. Individual dry mass was then recorded (workers
from 10 of the colonies collected in 2004 were not pho-
tographed and were therefore analyzed for dry mass only).
Additionally, digital photos were taken of workers from 46
of the collected colonies (2004, N = 23; 2005, N = 4,
2008, N = 19), gynes from a total of 16 colonies (2004,
N = 17; 2005, N = 4; 2008, N = 5), and the queens from
36 colonies (2004, N = 12; 2008, N = 24).

Each individual was photographed in a dorsally facing
position with a Zeiss® millimeter micrometer to allow for

calibration. We measured the linear dimensions of each of
the following six traits: thorax width measured from the
inside of the left wing tegula to the inside of the right wing
tegula, i.e., the length of the mesoscutum (TW), thorax
length (TL), length from the head to the end of the thorax
(HTL), length of the third tergum (3TL), gaster length
(GL), and total body length (BL). The length of each of
these traits was measured using tools within the Canvas
9.0.4 computer package.

For this study we were particularly interested in the
effects of genotype on general body size (represented by
Mass and BL). Significant correlations have been found
between both of these traits and survival and fecundity in a
variety of social insects (Riippell et al., 1998; Abell et al.,
1999; Peeters and Ito, 2001; DeHeer, 2002; Wiernasz and
Cole, 2003; Bargum et al., 2004; Fjerdingstad, 2005). The
other measured traits represent components of overall body
size. Moreover, several of these traits are likely to be of
functional importance in one or both castes. For example,
recent studies suggest that length (i.e., GL and BL) of V.
maculifrons gynes is correlated with mating success
(Kovacs et al., 2008). In addition, thoracic measurements
(TW and TL) may potentially be related to flight capabil-
ities (Marden, 2000).

Statistical analyses

Broad sense heritabilities Broad sense heritability (H) is
defined as the proportion of the total variation that can be
attributed to genetic variation within a population, or the
ratio of genetic variance (V) to total phenotypic variance
(Vp; Falconer and Mackay, 1996). H? was estimated using a
sire-within-dam setup modified for haplodiploid organisms
for both worker and gyne traits (Table 2 in Fjerdingstad,
2005). Information resulting from two-factor nested
ANOVAs (patriline within colony, and colony) was used to
estimate H* for measured traits in each year separately due
to significant differences between years (see below).

We effectively assumed that epistatic variance makes a
negligible contribution to our estimates of broad sense
heritability due to difficulties in calculating epistatic vari-
ance in sib analysis (Falconer and Mackay, 1996).
Therefore, only the combined additive and dominance
components were calculated. Estimates of broad sense
heritability for all gyne and worker traits were calculated as

twice the patriline variance (07, = 5Va +3Vp) divided

by the total variance (02, = Va + Vb + Vic + Vew;

Fjerdingstad, 2005). H* estimates were deemed to be sig-
nificant when the lower 95% confidence interval did not
include zero (Falconer, 1989).

In addition to determining the broad sense heritability
for gyne and worker morphological traits, we estimated the
proportion of the observed variance explained by each
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level (i.e., colony, patriline within colony, and offspring
within patriline) by dividing the observational pure com-
ponent of variance (6% by the total variance (atzma,) and
multiplying by 100 (Sokal and Rohlf, 1995). We also used
a three-factor nested ANOVA to determine the influence of
patriline within colony, colony within sampling year, and
sampling year on trait size.

Narrow sense heritabilities Narrow sense heritability
(h?*) is an expression of the extent to which offspring
phenotypes are determined by additive genetic effects. The
value of h* is expressed by the ration V,/Vp and can be
estimated as twice the slope (b) of the regression of mean
offspring size on the mothers’ sizes (parent—offspring
regression). Narrow sense heritabilities could be calculated
for morphological traits for both workers and gynes
belonging to colonies that were collected with their mother
queen. However, when offspring and parent differ in trait
size, as is the case for traits in workers and queens, then
trait sizes must be standardized (Lynch and Walsh, 1998).
Therefore, prior to analyses, both worker and gyne off-
spring as well as queen trait sizes were standardized to a
mean of zero and unit variance within each year. We then
took the mean of the standardized trait values for all
workers (or gynes) within a colony and used this mean, in
conjunction with the trait value of the queen of the colony,
as a single datum point in our regression. These paired
worker (gyne) and queen values were then used to estimate
.

Influence of genotype on variation in trait size In addi-
tion to determining if workers and gynes produced by
different males differed in mean trait size, we also inves-
tigated whether the variance for each trait differed among
workers and gynes sired by different males. To explore this
issue, we tested if the variances in trait size for each
patriline were equal within each colony separately using
Levene’s test for equality of variances. We then combined
the information by performing a Z-transform test on the
colony P values to determine overall significance across all
colonies (Whitlock, 2005).

Influence of genetic variability on morphological vari-
ability within colonies To test for an effect of queen mate
number on phenotypic variation among both worker and
gyne offspring, we used Spearman’s correlation coeffi-
cients to determine if the standard deviation for each trait
was directly related to the effective number of times the
queen of each colony mated (k.3) in 2004. Effective
paternity (k.;) for each colony was calculated using the
sample size correction proposed by Nielsen et al. (2003).
kez combines information on the number of times a queen
mates and the unequal contributions of a queen’s male
mates to offspring, thereby providing a measure of the
amount of genetic variability of diploid individuals within
colonies (Boomsma and Ratnieks, 1996).

Results

A total of 1,427 worker and 397 gynes were assigned to
203 and 70 patrilines using genetic techniques, respec-
tively. The means of all seven worker traits differed
significantly between colonies (P < 0.0001 for all worker
traits; Table 1). In contrast, only two worker traits (GL and
Mass) differed significantly between years (Table 1). Most
gyne traits also differed significantly between colonies
(P < 0.05 for all gyne traits except 3TL; Table 1), as well
as years (P < 0.05 for gyne traits except TW, HTL, and
3TL; Table 1). These results suggest that environmental
variation associated with the development of different
colony environments, genetic variation associated with
colony makeup, or interactions of these factors generated
size variability between colonies.

Broad sense heritabilities

To gain a better understanding of whether genetic variation
specifically affected phenotypic variation, we quantified
broad sense heritabilities (H?) for all traits. Our analysis of
worker Mass incorporated information from 1,427 workers
from 36 colonies, whereas our analysis of other worker
traits included 774 individuals from 17 colonies. All traits
were analyzed from 397 gynes from 11 colonies. Mass in
2004 was the only trait with an H” estimate significantly
greater than zero in workers (Table 2). In contrast, H?
estimates for TW, GL, and Mass in 2004 and TW and BL
in 2005 were significantly different from zero in gynes
(Table 2). The lower 95% confidence intervals for all other
worker and gyne H* estimates contained zero and therefore
were not considered significant (Table 2). Thus, genetic
variation contributed through male sires had only weak
effects on size variation in the two castes.

The proportion of variance explained by colony was
greater than that explained by patriline within colony for
all worker traits, and most gyne traits (Table 2). Most
notably the percentages of variance explained by offspring
within patrilines were much larger than both the percent-
ages of variance explained by either colony or patriline
within colony for both the worker and gyne castes
(Table 2). This suggests a high proportion of the observed
variance in trait sizes in both castes is due to non-genetic
factors.

Narrow sense heritabilities

Offspring phenotypes can be influenced by both dam and
sire genotypes. We quantified the effect of dam genotype
on offspring phenotype by calculating narrow sense herit-
abilities for worker and gyne traits for colonies collected
with the queen. Our analyses included 587 workers from 31
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Table 1 Differences in the sizes of V. maculifrons worker and gyne traits among years, among colonies within year, and among patrilines within
colony. Gyne traits differed significantly between patrilines more than worker traits

Trait Factor Workers Gynes
F df P F df P
Thorax width Year 0.89 1 0.346 3.27 0.071
Colony (year) 8.17 15 0.0001 5.34 9 0.0001
Patriline (year, colony) 0.92 79 0.665 1.86 59 0.0004
Thorax length Year 0.367 1 0.545 6.24 1 0.013
Colony (year) 8.94 15 0.0001 2.55 9 0.008
Patriline (year, colony) 1.05 79 0.370 0.96 59 0.567
Head to thorax length Year 0.01 1 0.940 0.88 0.348
Colony (year) 4.69 15 0.0001 2.95 9 0.002
Patriline (year, colony) 1.00 79 0.488 1.42 59 0.030
Third tergum length Year 0.76 1 0.384 2.59 1 0.109
Colony (year) 7.92 15 0.0001 1.63 9 0.105
Patriline (year, colony) 1.22 79 0.108 1.13 59 0.257
Gaster length Year 6.00 1 0.015 85.07 0.0001
Colony (year) 13.46 15 0.0001 7.08 9 0.0001
Patriline (year, colony) 1.15 79 0.182 1.45 58 0.026
Body length Year 1.58 1 0.209 65.73 0.0001
Colony (year) 8.94 15 0.0001 6.43 9 0.0001
Patriline (year, colony) 0.87 79 0.771 1.11 58 0.289
Mass Year 110.53 1 0.0001 111.58 1 0.0001
Colony (year) 20.76 34 0.0001 6.11 9 0.0001
Patriline (year, colony) 1.31 167 0.008 1.38 59 0.045

Significant P values are in bold

colonies and 80 gynes from 5 colonies. We found that
maternal queen phenotype had little correlation with mean
worker phenotype, resulting in mostly non-significant 4?
estimates in both 2004 and 2008 (Fig. 1; in 2008 only
worker GL and BL displayed significant heritabilities).
Interestingly, worker 4* estimates showed large differences
between years, in both direction (negative or positive) and
significance. In fact, the parent—offspring regressions for
GL were significantly different between years (ANCOVA,
F3,7 =447, P =0.01). The association between queen
size and gyne size was also investigated for five colonies
collected in 2008. No gyne traits displayed significant 4*
estimates (Fig. 2), although our sample size was very
limited for these calculations. Thus, our results must be
viewed with caution and only as suggestive of possible
trends.

Paternal effects on variation in trait size

Genotype, rather than just influencing mean trait size, may
also affect the amount of variability in trait size. That is,
individuals sired by different males may differ in the var-
iability of their traits, with individuals from some patrilines
displaying a wider range of trait sizes than those from

others (i.e., greater phenotypic plasticity). To test this
hypothesis, we analyzed 578 workers and 397 gynes
sampled from 11 colonies. Our analyses revealed signifi-
cant differences in the amount of variation displayed by
both workers and gynes sired by different males for several
traits (Table 3). Worker Mass in 2004 as well as worker
3TL in both years showed significantly different amounts
of variation between patrilines (Table 3). Among gyne
traits, Mass in both 2004 and 2005 and TW and HTL in
2005 displayed significantly different levels of variation
between patrilines. Thus, certain genotypes do lead to more
variable phenotypes than others.

Effect of genetic variability on trait variation

A queen increases the genetic variation among her off-
spring by mating multiply. A possible consequence of
multiple mating is increased size variation among off-
spring if size has a genetic basis. To test if there was a
relationship between levels of polyandry and size varia-
tion, we analyzed worker mass in 1,425 workers from 32
colonies. All other worker morphological traits were
analyzed in 713 workers from 13 colonies. All gyne
analyses include information from 274 gynes sampled
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Table 2 Proportion of variance in worker and gyne trait size
explained at different levels (colony, patriline, and within patriline
among offspring), and estimates of broad sense heritability (H* + SE)

in V. maculifrons. Few worker or gyne traits displayed significant H*
estimates, suggesting a limited role of genotype in determining body
size in both female castes

Trait Level Workers Gynes
% Variance explained H* % Variance explained H
2004 2005 2004 2005 2004 2005 2004 2005

Thorax width Colonies 12.21 27.24 0.002 £+ 0.03 —0.09 £ 0.06 4.71 8.51 0.20 £ 0.07 046 £+ 0.14
Patriline  0.10 —4.73 9.99 22.81
Offspring 87.69 77.49 85.30 68.68

Thorax length Colonies 14.45 22.86 0.04 £0.03 —0.12 £0.06 1.02 8.60 0.05 £ 0.06  0.04 £ 0.08
Patriline  1.83 —6.12 2.52 2.00
Offspring 83.72 83.25 96.45 89.40

Head to thorax length Colonies  8.23 6.43 0.03 £0.03 —0.22 £0.06 6.80 5.71 0.02 £ 0.05 0.06 £ 0.09
Patriline  1.73 —11.21 0.80 2.81
Offspring 90.04 104.79 92.40 91.48

Third tergum length ~ Colonies  9.32 36.50 0.07 £ 0.04 —0.03 £0.06 2.69 -1.19 —0.01 £ 0.05 0.12 +0.10
Patriline ~ 3.52 —-1.74 —0.68 6.06
Offspring 87.16 65.24 98.00 95.13

Gaster length Colonies 21.95 25.04 0.02 £0.03 0.06 £ 0.08 13.55 —0.49 0.13 £ 0.06 0.20 £ 0.11
Patriline  1.01 3.12 6.37 9.98
Offspring 77.04 71.84 80.07 90.51

Body length Colonies 16.33 18.66 0.001 £ 0.03 —0.11 £ 0.07 12.71 —-1.52 —0.04 £ 0.04 0.38 + 0.14
Patriline  0.04 —5.73 —1.76 18.91
Offspring 83.62 87.07 89.04 82.60

Mass Colonies 31.88 29.70 0.06 £ 0.02 0.02 £0.07 9.59 442 0.18 £+ 0.06 —0.07 £+ 0.07
Patriline  2.83 1.13 8.90 —3.43
Offspring 65.29 69.17 81.51 99.01

Significant H* estimates are in bold

from 7 colonies. However, no worker or gyne traits
standard deviations were significantly correlated with
queen effective mate number (Fig. 3, Spearman’s corre-
lations, P > 0.05 for all traits). Thus, total genetic
variation found among colony mates does not appear
to affect total phenotypic variation in V. maculifrons
colonies.

Discussion

Social insect colonies are often composed of individuals
belonging to distinct worker and queen castes. To deter-
mine the effects of genetic variation on variation in worker
and queen body size and test predictions regarding the
nature of genetic variation underlying morphological traits,
we (1) calculated broad and narrow sense heritabilities for
several morphological traits in both castes of a social wasp,
(2) examined whether some paternal genotypes produced
more morphologically diverse offspring than others, and
(3) determined whether there was a positive correlation

between trait size variation within castes and the amount of
genetic variation within colonies.

Genetic effects on mean trait size

We found evidence that variation in genotype influenced
variation in phenotype for a few worker and gyne traits
(Tables 1, 2; Fig. 1; workers: gaster length, body length,
and mass; gynes: thorax width, head to thorax length,
gaster length, body length, and mass). Interestingly, some
of these traits may be associated with individual caste
function and may be under selection. For example, thorax
width is set early in pupal development and may be linked
to flight, which may have important implications for mat-
ing and colony founding in V. maculifrons. Moreover, a
previous study in this species revealed that gyne gaster
length and body length were correlated with female mating
success (Kovacs et al., 2008).

The existence of genetic variation for traits potentially
linked to fitness components (i.e., thorax width, gaster
length, and body length, especially in gynes) is somewhat
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surprising, because directional selection may be expected  clear due to the influence of non-additive genetic effects
to remove additive genetic variation for that trait from the (Wolf et al., 1998; Merila and Sheldon, 1999). Thus, the
population (Mousseau and Roff, 1987; Falconer, 1989). significant heritabilities for these morphological traits,
However, recent research suggests that the magnitude of  which may be linked to variation in fitness, may result from
heritability for fitness-related traits may not always be so ~ dominance and epistatic variance. This hypothesis is



60

J. L. Kovacs et al.

h? =-022+044

0.5+

-0.5

Gyne Mean Thorax Width (standardized)

Gyne Mean Third Tergum Length (standardized)
(@]
|

T T T T
-1.5 -1 -0.5 0 0.5 1

Queen Thorax Width (standardized)

L W =—-060+095

0.5+

I I | [
-1.5 -1 -0.5 0 0.5 1

Queen Thorax Length (standardized)

Gyne Mean Thorax Length (standardized)
o
|

h?=017+111

-1.5 ‘ —T ™ — —
-1 -0.5 0 0.5 1
Queen Head to Thorax Length (standardized)

Gyne Mean Head to Thorax Length (standardized)

2
h*=099+108 ¢

o °
14 Y

1.5 T T T T
2 -1.5 -1 -0.5 0 0.5
Queen Third Tergum Length (standardized)

£o)
g 1 >
<] h* =033+030
®
©
o
8
Z 05 |
B o
c
[0}
|
8
9]
0_
& °
c
©
Q
s
[0}
= -05 T T T T
1G)
45 1 05 0 05 1

Queen Gaster Length (standardized)

T 1 o
(0]

N h* =049+059
s

el

C

s

2 05

£=] ®

2 [

-

>

3 o

m

- o

e

2 L

e

& 05 T T T T

-1 -0.5 0 0.5 1 15
Queen Body Length (standardized)

Fig. 2 Narrow sense heritabilities (h* + SE) for gyne morphological traits in 2008. No gyne traits showed significant narrow sense heritability

bolstered by the fact that all significant heritability esti-
mates for gynes were broad sense estimates, which include
dominance variance. If directional selection quickly erodes
additive genetic variation for a fitness trait then most of the
remaining genetic variation would be due to dominance,

and therefore the contribution of dominance is expected to
be greater in fitness traits than non-fitness traits (Roff et al.,
1997; Merila and Sheldon, 1999). Additionally, some
studies have revealed that fitness-related traits are often
controlled by more loci than non-fitness related traits
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Table 3 Significance levels (P) for tests investigating if V. maculi-
frons workers and gynes sired by different males differed in the
amount of variation displayed. Some worker and gyne traits displayed
significant amounts of variation between patrilines, suggesting
that certain genotypes may result in more variable phenotypes than
others

Significance of (P) of differences in variances
among patrilines

Workers Gynes
Trait 2004 2005 2004 2005
Thorax width 0.351 0.124 0.364 0.016
Thorax length 0.201 0.563 0.504 0.690
Head to thorax length 0.542 0.547 0.708 0.032
Third tergum length  0.002 0.002 0.318 0.137
Gaster length 0.106 0.145 0.074 0.226
Body length 0.126 0.101 0.071 0.626
Mass 0.0001 0.151 0.008 0.012

Significant P values are in bold

(Falconer, 1989; Armbruster et al., 1997) and therefore
epistatic interactions may substantially contribute to vari-
ation in fitness-related traits (Lynch and Walsh, 1998).
We uncovered significant and strong differences in
mean trait size between colonies for both workers and
gynes (Tables 1, 2). Additionally, more trait variance was
explained by differences between colonies, which represent
a combination of both maternal and environmental effects,

than by the amount of variance within patrilines (Table 2).
Thus, variation in individual size in both gynes and
workers is largely determined by environmental conditions
in V. maculifrons.

The heritability estimates calculated for morphological
traits in V. maculifrons in this study were generally
smaller than those calculated for morphological traits in
previous studies of social insects (Oldroyd and Moran,
1983; Milne, 1985; Oldroyd et al., 1991; Diniz-Filho
et al., 1994; Diniz-Filho and Pignata, 1994; Poklukar and
Kezic, 1994; Fraser et al., 2000; Riippell et al., 2001;
Hughes et al., 2003; Bargum et al., 2004; Fjerdingstad,
2005; Rheindt et al., 2005; Schwander et al., 2005; Jaffe
et al.,, 2007; Fournier et al., 2008). For example, the
magnitudes of head width heritabilities for both ant
workers and queens range from 0.10 (workers, Fournier
et al., 2008) to 0.88 (queens; Riippell et al., 2001). These
differ markedly from estimates in V. maculifrons, which
were generally quite low (Table 2; broad sense herita-
bility estimates for gyne thorax width in both years and
body length in 2005 being the notable exceptions). One
explanation for this result is that the traits measured in
this study are more closely related to fitness in wasps
than head width, for example, is in ants. Thus, selection
may have removed genetic variation from the system, as
discussed above. Indeed, estimates of broad sense heri-
tability for body weight, a trait also measured in our
current study, in Lasius niger queens were non-significant
and close to the broad sense heritability estimates
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Fig. 3 Correlations between the amount of genetic variability, as judged by queen effective mate number (k.3) and morphological variability
(trait standard deviation) in worker and gyne traits in 2004. No correlations were significantly different from zero
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obtained in this study (Fjerdingstad, 2005). This may
indicate that similar traits experience similar selective
pressures across species.

Another reason for our overall low heritabilities may be
indirect genetic effects (Wolf et al., 1998). Social insects
are defined by the extensive interactions among colony
members (Holldobler and Wilson, 1990). These interac-
tions may result in indirect genetic effects on phenotypic
trait expression (Wolf et al., 1998), which result when the
genes expressed in a social partner affect an individual’s
phenotype (Wolf et al., 1998; Wolf, 2000). The interac-
tion of social conspecifics can create a genotype-by-
genotype interaction that in addition to contributing to
environmental variance, may also affect non-additive
genetic variance (Via and Lande, 1985, 1987). Under
certain conditions these interactions can distort heritabil-
ity estimates (Meffert, 1995). Due to the design of our
study, we were unable to estimate indirect genetic effects,
but Linksvayer (2006) detected significant maternal
and sib-social effects in ants, indicating that genetic var-
iation possessed by mothers and sibs of individuals within
colonies affected phenotypic variation of those focal
individuals (see also Bienefeld and Pirchner, 1991;
Riippell et al., 2001; Linksvayer and Wade, 2005). Thus,
social environment likely plays a large role in determining
phenotype in social insects and may have a genetic basis
as well. Finally, we note that accurate estimates of heri-
tability may be difficult to obtain because they require
large sample sizes. Although our sample sizes for broad
sense heritability estimates were relatively large, our
sample sizes for narrow sense heritability estimates were
more modest (particularly for gyne—queen regression
analyses) and likely insufficient to accurately estimating
quantitative genetic parameters. Thus, our results may
best be taken as indicative of the magnitude of genetic
effects rather than as strong evidence against their
existence. Nevertheless, we suggest future studies incor-
porating parent—offspring regressions of individuals
belonging to different castes may provide valuable
information on the genetic architecture underlying caste
phenotypes in social insects.

We found a considerable amount of variation in heri-
tability estimates between years, as was the case in
previous studies documenting variation in heritability
across years or environments (Larsson et al., 1997; Merila,
1997; Sgro and Hoffmann, 1998; Bargum et al., 2004; but
see Fjerdingstad, 2005). This variation between years may
be due to changes in either the amount of genetic variance
or the total phenotypic variance present in different years
(Price and Schluter, 1991). Regardless, the observed vari-
ation between years suggests that caution be used when
interpreting heritability estimates obtained from only a
single experiment or breeding season.

Our original motivation for this study was to determine
if the influence of genetic variation on phenotypic variation
differed between castes. In particular, we expected that
variation in worker morphological traits would show evi-
dence of genetic control, and would therefore display
considerable amounts of genetic variation and significant
heritabilities. However, our results ran somewhat contrary
to this prediction. We failed to document substantial
amounts of additive genetic variation or strong heritabili-
ties for most worker traits. We also predicted that variation
in gyne traits would not be strongly influenced by genotype
due to putative positive directional selection on reproduc-
tive female size. We did indeed find a general lack of
additive genetic control for many gyne traits, although
variation in some traits was significantly influenced by
non-additive genetic variation. Moreover, more gyne than
worker traits were influenced by genetic variation. Thus,
our results did not strongly follow our predictions, thereby
casting some doubt on the presumed types of selection
acting on morphological traits in social insect castes.

We also note that the evolution of the genetic archi-
tecture underlying size differences in the two castes may
be affected by intralocus caste conflict, similar to intra-
locus sexual conflict (Bonduriansky and Chenoweth,
2009). Intralocus sexual conflict results in the displace-
ment of sexes from their optimal phenotype as a result of
opposing selection pressure in the sexes. It is possible
that similar conflicts occurred during the evolution of
social insect castes and that such conflicts could affect
the evolution of both the caste phenotypes, as well as the
genetic architecture underlying phenotypic differences in
the castes.

Genetic affect on variation in trait size

Vespula maculifrons wasps of all genotypes show consid-
erable levels of phenotypic plasticity because they can
develop into either gynes or workers (Goodisman et al.,
2007b). Nevertheless, our analyses revealed significant
differences in the variance of trait sizes exhibited by
workers and gynes sired by different males (Table 3). We
believe that these are among the first analyses to demon-
strate a genetic component to morphological trait
variability within social insect castes. However, previous
studies in other nonsocial animal taxa have also found
significant heritabilities for plasticity in traits such as egg
laying date and seasonal body mass (Newman, 1994;
Nussey et al., 2005a; 2005b; Stinchcombe et al., 2004;
Pelletier et al., 2007; Jensen et al., 2008).

Our results suggest that some genotypes may be more
plastic than others. One might expect that genotypes
showing more phenotypic plasticity would be selectively
advantageous under some circumstances (Scheiner and
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Goodnight, 1984; Scheiner, 2002). Indeed due to the gen-
eral life histories of social insects, heritable phenotypic
plasticity for morphological traits may be advantageous
since it would allow for colonies to respond to varying
environmental conditions by producing individuals of dif-
ferent sizes.

Relationship between genetic and phenotypic variation

Both polyandry (female multiple mating) and polygyny
(multiple reproductive females within a colony) generally
result in increased genetic variation within colonies relative
to colonies headed by one, singly mated queen. If genotype
has a strong influence on morphology, increased genetic
variation may lead to an increase in phenotypic variation.
For example, if an increase in phenotypic variation results in
increased worker task efficiency, polyandry and polygyny
may be selectively advantageous (Crozier and Page, 1985;
Crozier and Fjerdingstad, 2001; Fjerdingstad and Crozier,
2006). In fact, Fjerdingstad and Crozier (2006) found a
significant negative correlation between relatedness, which
is relatively low in colonies headed by multiple reproduc-
tives, and variation in worker body mass across 35 ant
species supporting the hypothesis that genetic variability is
associated with phenotypic variability in social insects.

However, we found no correlation between queen mate
number and worker or gyne size variation in V. maculi-
frons. This lack of correlation is not surprising given the
generally low heritability estimates of the analyzed traits
and the low variation in queen mate number in this species.
A lack of correlation between genetic diversity and trait
variability has also been reported in a few polyandrous and
polygyne ants (Brown and Schmid-Hempel, 2003; Sch-
wander et al., 2005). We note that other mechanisms, such
as polygyny syndrome resulting from competition among
reproductives (Keller, 1993), may lead to the lack of cor-
relation between genetic variation and phenotypic variation
within polygyne taxa. However, such explanations cannot
account for the lack of correlation between genetic and
phenotypic variation in polyandrous taxa. Thus, these data
suggest that polyandry would not necessarily evolve in
response to selection for a morphologically variable worker
force given the present-day association between genotype
and worker size in V. maculifrons.

Conclusions

This study sought to understand the evolutionary and
ecological factors affecting size in social insects by
investigating genetic influences on size variation in a nat-
ural social wasp population. We determined the genetic
effects underlying size variation in V. maculifrons workers

and gynes, and found a weak effect of genotype, but a
strong effect of environment, on variation in most traits.
Additionally, we detected significant differences between
offspring belonging to different patrilines in the levels of
morphological variation expressed, suggesting that some
genotypes may be more phenotypically plastic than others.
Finally, we uncovered no evidence of correlations between
the amount of variation in worker and gyne traits and queen
mate number, indicating that high genetic variation within
colonies did not necessarily translate into high phenotypic
variation among colony mates. Overall, our study suggests
a strong environmental influence on morphological trait
size in this taxon. We suggest that future research aimed at
understanding the effect of genotype on morphology in
social insects should investigate a broad range of traits,
including those associated with caste and sex function, in
order to provide a better picture of which traits are under
selection in different phenotypic forms. Overall, such data
would help provide insight into the factors that have led to
the domination of terrestrial communities by social insects.
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