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ABSTRACT

Ovarioles are the functional unit of the female insect reproductive organs and the number of ovarioles per
ovary strongly influences egg-laying rate and fecundity. Social evolution in the honeybee (Apis mellifera)
has resulted in queens with 200-360 total ovarioles and workers with usually 20 or less. In addition, variation
in ovariole number among workers relates to worker sensory tuning, foraging behavior, and the ability to
lay unfertilized male-destined eggs. To study the genetic architecture of worker ovariole number, we
performed a series of crosses between Africanized and European bees that differ in worker ovariole number.
Unexpectedly, these crosses produced transgressive worker phenotypes with extreme ovariole numbers
that were sensitive to the social environment. We used a new selective pooled DNA interval mapping
approach with two Africanized backcrosses to identify quantitative trait loci (QTL) underlying the
transgressive ovary phenotype. We identified one QTL on chromosome 11 and found some evidence for
another QTL on chromosome 2. Both QTL regions contain plausible functional candidate genes. The
ovariole number of foragers was correlated with the sugar concentration of collected nectar, supporting
previous studies showing a link between worker physiology and foraging behavior. We discuss how the
phenotype of extreme worker ovariole numbers and the underlying genetic factors we identified could be

linked to the development of queen traits.

HE number of ovariole filaments per ovary is an im-
portant female reproductive character that affects
fecundity across insect taxa (RiCHARD et al. 2005;
MAKERT et al. 2006). Social insect lineages have evolved
a strong dimorphism in ovariole number between re-
productive and nonreproductive castes. For example,
while most families of bees consistently have 6 total
ovarioles, and most species in the family Apidae have 8,
the highly social species in the genus Apis (the hon-
eybees) have queens that can have >360 total ovarioles
and workers that often have <10 (WINsTON 1987;
MiCHENER 2003). This queen-worker dimorphism is of
primary importance because it translates into differen-
tial reproductive potential that defines the social roles
of these female castes (WINSTON 1987) and classifies
social species in general (SHERMAN ef al. 1995). Fur-
thermore, ovary size (i.e., ovariole number) is the most
sensitive indicator of caste-specific development in hon-
eybees (DEDE]J et al. 1998). The extreme increase in
ovariole number for queen honeybees enables high
egg-laying rates (>1500 per day) and is apparently a
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result of selection for increased colony reproduction
(growth and fission by swarming) (SEELEY 1997). Hon-
eybee queens are thus highly specialized for egg laying,
similar to queens of several other social insect taxa,
such as army ants or higher termites (HOLLDOBLER and
WiLsoN 1990). Honeybee workers in contrast, do not
normally reproduce but perform all other essential ac-
tivities including foraging for nectar, pollen, and water;
caring for brood; and building, maintaining, and de-
fending the colony (WiNsTON 1987; SEELEY 1997).

While worker honeybees have drastically reduced ovar-
iole numbers relative to queens, they have retained func-
tional ovaries and can produce unfertilized (haploid)
male-destined eggs in the absence of queen phero-
monal inhibition (VELTHUIS 1970; PAGE and ROBINSON
1994). In the absence of a queen, variation in worker
ovariole number translates into differential reproduc-
tive success (MAKERT el al. 2006), but in the presence of
a queen this variation is correlated with several other
worker attributes. Variation in worker ovariole number
may underlie the pollen hoarding syndrome of honey-
bees, a set of correlated behavioral and physiological
traits associated with biases in pollen vs. nectar foraging
within honeybee colonies (AMDAM et al. 2004, 2006).
Ovariole number is thus an important phenotype asso-
ciated with queen—-worker dimorphism but also worker
reproduction and division of labor.
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In honeybees, adult ovariole number is determined
during larval development by nutrition. Nurse workers
feed queen-destined larvae an overabundance of food
while the diet of worker-destined larvae is restricted in
the fourth and fifth larval instar (BEETsMA 1985). Nurse
feeding behavior and thus indirect genetic effects of the
colony environment can strongly influence larval de-
velopmental trajectory (BEEKMAN e al. 2000; ALLsOpP
et al. 2003; LINKSVAYER et al. 2009). The differential
feeding affects larval gene networks sensitive to nutri-
tional status (the target of rapamycin (TOR) pathway;
PATEL et al. 2007) to change DNA methylation (KUCHARSKI
et al. 2008) and juvenile hormone (JH) titers, with ti-
ters higher in queen- than in worker-destined larvae
(HARTFELDER and ENGELs 1998). Until the fourth
instar, queen- and worker-destined larvae have the same
number of ovariole primordia (REGINATO and Cruz-
Lanpim 2001). Lower JH titer in workers coincides with
disintegration of parts of the cytoskeleton in the germ
cells and apoptosis, which decreases ovariole number by
the fifth instar (CAPELLA and HARTFELDER 1998, 2002).
In accord, worker ovarioles can be rescued by JH appli-
cation during the fourth and early fifth instar (CAPELLA
and HARTFELDER 1998, 2002).

Worker ovariole number and the extent of queen—
worker dimorphism for ovariole number vary between
species of Apis and between recognized races and strains
of Apis mellifera. Both A. cerana and A. mellifera workers
typically have <20 total ovarioles (KariL 1962; MICHENER
and BROTHERS 1974), but A. cerana queens have only
~140 ovarioles (VELTHUIS et al. 1971) while A. mellifera
have 200-360 (MiCHENER 1974). In contrast, A. dorsata
queens have 248-274 ovarioles and workers have 22—
106 (VELTHUIS et al. 1971). RUTTNER and Hessk (1981)
studied seven races of A. mellifera and found mean total
worker ovariole numbers ranging from 6.4 in A. mellifera
mellifera to 18.8 in A. mellifera capensis. Several studies
provide evidence that variation in worker ovariole num-
ber within populations and between strains has a strong
genetic component (DINIzZ et al. 1993; THULLER et al.
1996, 1998; JorRDAN et al. 2008).

Here, we compared the distribution of worker ovar-
iole number in colonies from a population of feral
Africanized bees in Arizona with commercial European
bees. Africanized and European bees are derived from
lineages separated for ~1 million years (WHITFIELD et al.
2006a) and differ in a variety of traits including body
size, development time, defensiveness, and behavioral
traits associated with the pollen hoarding syndrome
(WINSTON et al. 1983, 1987; Pankiw 2003). Genome
scans have identified a number of loci that differ be-
tween Africanized and European lineages, and at least
some of these genetic differences seem to be the result
of divergent selection (PANKIw 2003; WHITFIELD et al.
2006a; ZAYED and WHITFIELD 2008). In addition, QTL
mapping studies for body size and defensive behavior
(HUNT et al. 1998, 2007) have suggested few genes

with major effect underlying some of these lineage
differences.

We first describe crosses between Africanized and
European bees that revealed segregating variation for
extreme ovariole number in workers that were sensitive
to the social environment. Next, we describe the results
of selective pooled DNA QTL mapping of worker ovar-
iole number in two Africanized backcrosses with trans-
gressive worker ovariole phenotypes, and we list potential
candidate genes in the regions of the detected QTL.
Finally, we demonstrate that variation in ovariole num-
ber, albeit unusual, correlates with differences in worker
foraging behavior that have previously been shown to be
linked to normal variation in ovariole number.

METHODS

Initial survey of ovary variation and mating scheme:
In November 2005, we surveyed 12 Africanized (AHB)
and 12 European (EHB) honeybee colonies for worker
ovariole number. AHB colonies were collected as feral
swarms near Mesa, Arizona. EHB colonies were derived
from commercial sources. For each colony, we dissected
20 newly emerged workers and counted the ovarioles in
both ovaries. Workers were immobilized by chilling, the
abdomen opened dorsally, and both ovaries transferred
onto a microscope slide with cover slip to count the
ovarioles under a compound microscope. We analyzed
ovariole number differences between strains with a
general linear mixed model with strain as a fixed effect
and colony (strain) as a random effect, using Statistica
7.1 software (StatSoft, Tulsa, OK).

The highest AHB and lowest EHB colonies were used
as sources for drone and queen parents, respectively, to
produce a hybrid colony (Figure 1). Daughter queens
from this mating (e, with one set of chromosomes
from each, the AHB and EHB parent) were then either
backcrossed to drones of the EHB or AHB parent colony
to produce EHB backcrosses (EBC) and AHB back-
crosses (ABC), respectively (Figure 1). In addition, queens
and drones from the original parent AHB and EHB
colonies were mated in sibcrosses to produce inbred AHB
or EHB worker offspring. Further crosses (e.g:, the recip-
rocal hybrid with an AHB queen and EHB male) were not
made due to time, space, and financial constraints.

All parental, hybrid, backcross, and inbred colonies
were surveyed for worker ovariole number in May 2006
as described above. We used a similar general linear
mixed model described above for the initial ovariole
number survey to analyze differences in ovary size be-
tween cross types and colonies nested within cross types.
We used a post hoc LSD test for differences between
specific colonies. On the basis of these initial results, two
colonies with workers with extraordinarily high num-
bers of ovarioles were selected to collect mapping popu-
lations of workers (ABC3, n=94; ABC5, n=400). In July
2006, the extraordinary worker ovary size in population
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ABC3 was reconfirmed in an additional series of dis-
sections. Workers were also assessed for queen charac-
teristics other than ovaries (notched mandibles, absence
of pollen baskets on hind legs, spermatheca) but no
evidence for queen characteristics other than large ova-
ries was found. Thus, the workers did not represent in-
tercastes described previously in the literature (WEAVER
1957; DEDEJ et al. 1998; DEGRANDI-HOFFMAN et al. 2004).
Selective pooled DNA QTL mapping: Genomic DNA
was isolated by a modified CTAB-lysis, combined with a
single phenol-chloroform extraction (HUNT and PAGE
1995). The DNA was resuspended in 100 pl TE and
quality and quantity was assessed with a Nanodrop
spectrophotometer. DNA samples of sufficient purity
(Agg0,280 = 1.8) and quantity (>100 ng/ul) were di-
luted to 100 ng/pl and used for subsequent analyses.
We used a selective pooled DNA QTL approach
(DArvAst and SoLLER 1994; Dekrkers 2000; KoroL
et al. 2007; WANG et al. 2007) to map the genomic
location in the two AHB backcross populations with the
most extreme worker ovary size (ABC3 and ABC5, Fig-
ure 1). DNA from individuals in the high and low tails
of the phenotypic distribution of ovariole number was
pooled into high and low pools for both ABC3 and
ABCb). From each cross and each phenotypic tail, three
DNA subpools were created as biological replicates with
8 individuals each (fractioned DNA pool design; KoroL
et al. 2007). Workers composing the high ovariole pools
had a median total ovariole number of 37.5 (range, 31-54)
(ABC3) and 42 (39-58) (ABCbH), workers in the low
ovariole pools 14 (5-17) and 13.5 (8-15), respectively.
The DNA pools were made up by combining an equal
amount of DNA from each individual and genotyped
at 1136 verified SNPs on an Illumina (San Diego, CA)
array platform according to previous studies (WHITFIELD
et al. 2006a). These SNP markers vary between Arizona

AHB and EHB (estimated Fsy = 0.406; supporting in-
formation, Table S2 WHITFIELD et al. 2006a) and ade-
quately cover the ~4000 cm (SOLIGNAC et al. 2007) or
260 Mb (HONEYBEE GENOME SEQUENCING CONSORTIUM
2006) large honeybee genome.

For each locus we estimated the allele frequency in
each DNA pool from the normalized signal intensity of
the alternative alleles. To correct for inherent allelic biases,
we computed a k-correction factor (HOOGENDOORN et al.
2000) on the basis of differences in the allelic normal-
ized signal intensity of samples of individuals that had
been previously genotyped as heterozygous, and were
kindly provided by C. Whitfield (University of Illinois at
Urbana-Champaign). Allele frequencies in the pooled
DNA samples were then estimated using the specific k-
correction factor for each locus.

As all genotyped workers were offspring of a queen
inseminated by a single drone, only a small number
of genotypic distributions were possible for each locus.
Only the following two mating types produce genetically
variable offspring: AjAs X Ao, and AjAy X Ay, both
producing half heterozygote and half homozygote off-
spring, with an overall expected minor allele frequency
(2.e., frequency of the rarer allele) of 0.25. If these
variable loci segregate perfectly in the high and low tails,
one tail will have a minor allele frequency of 0.0 and the
other 0.5. We used two different approaches to exclude
uninformative marker loci:

(1) Under the more liberal approach, we only excluded
loci with minor allele frequencies that were much
lower than expected for segregating loci (i.e., these
loci were assumed to be fixed for one allele). We
excluded all loci with minor allele frequency esti-
mates for both the high and low phenotypic pools
that were <0.132, which is the lower 99% confi-
dence interval for a frequency of 0.25 given bi-
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nomial sampling and the observed technical error
variance (see next paragraph; the distribution and
confidence intervals were estimated using 100,000
simulated samples). This approach resulted in 486
informative loci.

(2) For the more conservative approach, we excluded
loci that had an estimated minor allele frequency
averaged across the high and low pools that was out-
side the interval (0.155, 0.345), the estimated 99%
confidence interval for a frequency of 0.25 given
binomial sampling and the observed technical error
variance. Allele frequencies could be outside this
interval if one allele is fixed or if the k-correction
factor does notadequately correct for allele frequency
estimate biases of the genotyping platform. This
second approach resulted in 257 informative loci.

Differences in estimated allele frequencies between
upper and lower ovariole pools were calculated for each
marker and for each of the AHB BC mapping popula-
tions (DArRvAsT and SOLLER 1994; DEkkERS 2000; WANG
et al. 2007). From these differences, a Z statistic was
calculated, Z= D/(1/2*%0.25/n + Vrg) " /2, where D is
the estimated difference in allele frequency between
high and low tails, n = 24, the number of individuals per
tail, and Vpg is the estimate of technical error variance
(DArvast and SoLrLErR 1994; WaNG et al. 2007). We
estimated studywide Vg by comparing allele frequency
estimates from the overall pool for ABC3 with the mean
of the three replicate subpools for ABC3, and then
averaging the Vry estimate for each of the high and low
pools to obtain an overall estimate Vry = 0.000424. Z
scores from the two backcross populations were com-
bined to give a x? statistic for each marker (WANG et al.
2007). In the resulting single marker analysis, the
marker with the highest x* statistic on a given chromo-
some or chromosomal region is assumed to be closest to
a putative causative locus (DARvast and SOLLER 1994;
WANG et al. 2007).

Furthermore, both crosses were analyzed for QTL
with a least squares interval mapping selective pooled
DNA approach developed by WANG et al. (2007). As
traditional interval mapping, this analysis combines the
information from two adjacent markers (allelic differ-
ences between high and low pools) with the estimated
recombination rates between markers and hypothetical
QTL positions to calculate a x? statistic for each genomic
position (WANG et al. 2007). x* statistics are summed
over the two populations at each putative QTL position,
and the position with the highest statistic is taken as the
estimate of QTL position (WANG et al. 2007). x* statistics
were subsequently converted to LOD scores. To deter-
mine SNP order and recombination distances, we
located the SNPs on the physical map of the bee genome
by BLAST and assigned recombination distances be-
tween adjacent markers by inference from a saturated
microsatellite map (SOLIGNAC et al. 2007). Specifically,

for each chromosome, we created a function relating
recombination distance to physical distance using a least
squares fit of a six-term polynomial of physical distance
to recombination distance; R* > 0.99 for all chromo-
somes (BEYE et al. 2006; SOLIGNAC et al. 2007). After
estimating QTL position, QTL allele frequencies were
estimated and used to estimate QTL substitution effects,
&;, for each mapping population (following DEKKERS
2000; WANG et al. 2007).

While standard permutation tests (between subpools,
ignoring whether subpools come from the high or low
phenotypic pools) can be used to establish genomewide
thresholds in the fractioned pool design (Korow et al.
2007), our low number of subpools (3) was not suffi-
cient (only 10 total permutations per backcross). In-
stead, as suggested by WANG et al. (2007), we simulated
allele frequencies of subpools with a binomial distribu-
tion using the observed allele frequency estimates and
the technical error variance estimates for each locus.
These simulated subpools were then randomly distrib-
uted between the two phenotypic pools. As for permu-
tation tests (CHURCHILL and DOERGE 1994), we established
a genomewide threshold as the 95th and 99th quantile
of maximum statistic taken from each of 10,000 such
simulated data sets. We subsequently used these simu-
lated data sets to estimate P-values for QTL above the
genomewide threshold. We also compared our simu-
lated genomewide threshold with a LOD-3 genomewide
threshold previously established for QTL mapping in
A. mellifera (HUNT et al. 1995; RUEPPELL et al. 2004).
Bootstrap resampling (10,000 random samples) from
within high and low subpools was used to estimate the
95% confidence intervals of QTL position (KOROL et al.
2007). Because our sample size was very limited we also
calculated 1.5-LOD support intervals for QTL position
(LANDER and BoTsTEIN 1989; Dupruls and SIEGMUND
1999). For single cross analysis, we only report results
of the more conservative 1.5-LOD support intervals.
All calculations, permutation tests, and bootstrap re-
sampling were done with Mathematica 6.0 (Wolfram
Research).

Within the 95% confidence intervals and 1.5-LOD
support intervals of the QTL, we searched the NCBI
Mapviewer database for the A. mellifera 4.0 genome ver-
sion (http:/www.ncbi.nlm.nih.gov/mapview/map_search.
cgi’taxid=7460) for genes whose functional prediction
or homology to known genes suggested that they could
be involved in ovariole number determination. For this
putative functional annotation we used the FlyBase
(http://flybase.bio.indiana.edu/), IHOP (http:/www.
ihop-net.org/UniPub/iHOP/), NCBI (http:/www.ncbi.
nlm.nih.gov/), and the Geneontology (http:/www.
geneontology.org/) databases, as well as primary ar-
ticles. Furthermore, we considered adult and embry-
onic gene expression of putative candidate gene
homologs in Drosophila using FlyAtlas (http:/www.
flyatlas.org/) (CHINTAPALLI et al. 2007) and the BDGP
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database (http:/www.fruitfly.org/cgi-bin/ex/insitu.pl)
(TomaNcaKk et al. 2002). The selection of functional
candidates from the list of positional candidate genes
is necessarily incomplete and somewhat arbitrary to the
extent that our knowledge of the molecular cascade
leading to ovary size determination in workers is
incomplete.

Foraging behavior of workers with extreme variation
in ovariole number: To produce a sampling population
of backcross workers that maximized variation in
ovariole number, two backcross colonies that differed
greatly in ovariole number were used as sources in the
same behavioral experiment in June 2006 (ABC) and
ABCS, see also Figure 3). Over 2 consecutive days,
workers emerged in an incubator (50% RH, 34°) from
brood combs retrieved from ABC5 and ABC8. Upon
emergence, each bee was uniquely tagged by gluing
a small numbered plastic tag (BeeWorks) onto her
thorax before introduction into a four-frame observa-
tion hive that contained an unrelated commercial
colony. In total, 200 bees were tagged from each back-
cross source.

The observation hive was monitored for 1 hr daily
from June 10 to June 30, 2006. To avoid afternoon
orientation flights that are not for foraging, worker
activities were observed between 6:00 AM and 8:30 AM. As
tagged workers returned after morning foraging trips,
they were collected into wire cages at the hive entrance.
The bees were anesthetized with CO»s within 30 min.
Nectar loads were expelled from the crop into pre-
weighed glass capillary tubes by gently squeezing the bee
from the tip of the abdomen to the base of the thorax.
Sugar content was estimated using a digital refractom-
eter as described before (AMDAM et al. 2006). Thereaf-
ter, workers were kept immobile at 4° until ovarioles
were counted (see above). We analyzed the effect of
source (i.e., ABCH or ABCS; categorical predictor) and
total ovariole number (continuous predictor) on the
sugar concentration of nectar collected using stepwise
regression.

quent Crosses.

European

RESULTS

Results of initial AHB and EHB survey: The distri-
bution of total worker ovariole number in the surveyed
12 AHB and 12 EHB colonies is shown in Figure 2.
As expected, there was an effect of strain (strain effect,
F 991 =28.89, P=0.0069) and the total ovariole number
of AHB workers was higher (median 8, range 1-30) than
the ovariole number of EHB workers (median 5, range
1-14). There was also significant variation among colo-
nies within the strains [colony (strain) effect, Foo 435 =
7.89, P < 0.0001], and we chose the AHB and EHB
colonies with highest and lowest mean ovariole counts,
respectively, as parents for the subsequent crosses
(Figure 2).

Results of crosses: The distribution of total worker
ovariole number in the parental AHB and EHB colo-
nies, inbred AHB and inbred EHB colonies, hybrid
EHB X AHB colony, and backcross AHB and backcross
EHB colonies are shown in Figure 3. The ovariole
number of hybrid workers (median 7, range 4-20) was
statistically indistinguishable from the ovariole number
of EHB parent workers (median 6, range 2—-8) and AHB
parent workers (median 8, range 5-18; LSD test, all P>
0.3, d.f. = 624). The EHB backcross and inbred crosses
resulted in phenotypes that were not significantly dif-
ferent from the EHB parental phenotype (LSD test, all
P> 0.5, d.f. = 624). In contrast, five out of seven AHB
backcross (ABC 1, 2, 3, 5, 6) and two out of four AHB
inbred (Al 3, 4) colonies resulted in workers with
significantly more ovarioles than the AHB parent colony
(LSD test, all P < 0.01, d.f. = 624; Figures 3 and 4).
Three crosses (Al4, ABC3, ABCH) contained workers
with at least 75 total ovarioles (e.g., Figure 5).

Importance of the social environment for the ex-
treme ovary size phenotype: Both times (in May and
July) that colony ABC3 was sampled when larvae were
reared in their natal colony, the distribution of total
ovariole number was strongly bimodal (May, median 77,
range 6-110, Figure 3; July, median 32, range 8-147,
Figure bA). In contrast, for the QTL mapping study,
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(E; shown as colony E10 in Figure 2). AHB backcross colonies ABC3 and ABCH with extreme ovariole number phenotype were

used for selective pooled DNA QTL mapping.

larvae from ABC3 were reared in an unrelated EHB
nursery colony, resulting in a decrease in ovariole
number (median 23.5, range 5-62; Mann-Whitney (-
test, P=0.000030) and a unimodal distribution (Figure
6A). None of the other colonies sampled showed a
notable bimodal distribution or such high numbers of
ovarioles. However, the second mapping cross (ABC5)
was phenotyped under similar conditions and also showed
a reduction in worker ovariole number when workers
were raised in unrelated nursery colonies (median 23,
range 7-58; Figure 5B) compared to their own colony
(median 29.5, range 3-94, Figure 6B; Mann-Whitney
Utest, P=0.0072).

Detailed genetic analysis of two BC colonies: The
results for single marker analysis are summarized in
Table 1, listing the 25 loci with the highest score com-
bined from both backcrosses, based on the liberal marker
selection. Their relative ranks for populations ABC3 and
ABCb are also listed separately because the backcrosses
displayed considerable differences. In addition, their
genomic position and information on their overall score

under conservative marker selection are given. Many of
the most significant markers were excluded under more
conservative marker selection criteria.

Using the more liberal marker selection criteria, in-
terval mapping for the two populations together re-
vealed two QTL above the 99% genomewide threshold
(Figure S1 for all results): on chromosome 2 with an
estimated location of 10.1 Mb or 153 cM (Figure 7);
peak LOD score = 5.19, P=0.001; 95% C.I. of location,
10.1-10.5 Mb (= 153-160 cM), 1.5-LOD support in-
terval, 9.2-10.9 Mb (= 146-177 cM)] and an estimated
substitution effect of 2.46 ovarioles for ABC3 and 1.78
ovarioles for ABCH; and on chromosome 11, location
10.0 Mb or 160 cM (Figure 8); peak LOD score = 4.66,
P=0.001;95% C.I. of location, 8.9-12.2 Mb (= 135-205
cM), 1.5-LOD support interval, 8.5-12.3 Mb (=125-206
cM)], and an estimated substitution effect of 3.67
ovarioles for ABC3 and 1.27 ovarioles for ABC5. There
was also a QTL on chromosome 4 above the estimated
95% genomewide threshold, location 6.5 Mb or 144 cM
[see Figure SI, peak LOD score = 3.66, P = 0.039;

F1GURE 4.—Normal-sized
worker ovary from the Afri-
canized parent colony A
(A) and large worker ovary
from Africanized backcross
colony ABC3 (B). Each vis-
ible filament is an ovariole
(e.g., there are 7 ovarioles
in A and 46 ovarioles in B).
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FIGURE 5.—(A) Histogram of ABC3 worker total ovariole
number sampled in May and July, raised in natal colony; me-
dian 76, range 6-147. (B) Histogram of ABC5 worker total
ovariole number sampled in May, raised in natal colony; me-
dian 30, range 3-94.

1.5-LOD support interval of location, 4.5-7.8 Mb (= 92—
172 cM)].

We also analyzed the two crosses separately (Figure S2
and Figure S3): For ABC3, the QTL on chromosome 11
was above the 99% genomewide threshold, location
9.6 Mb or 150 cM [peak LOD score = 2.98, P= 0.0065;
1.5-LOD support interval of location, 8.5-12.2 Mb
(= 125-205 cM)], and a QTL on chromosome 10 was
above the 95% genomewide threshold, location 6.5 Mb
or 87 cM [peak LOD score = 2.41, P= 0.0445; 1.5-LOD
support interval of location, 5.2-10.9 Mb (= 50-188
cM)]. For ABC), the QTL on chromosome 2 was above
the 99% genomewide threshold, location 10.2 Mb or
154 ¢cM [peak LOD score 3.82, P = 0.0005, 1.5-LOD
support interval of location, 9.3-11.4 Mb (= 146-187
cM) ], and there were two QTL above the 95% genome-
wide threshold; on chromosomes 4, location 6.2 Mb
or 129 ¢cM [peak LOD score =2.93, P=0.0155; 1.5-LOD
support interval of location, 4.3-7.7 Mb (= 87-169 cM) ],
and on chromosome 8, location 7.8 Mb or 129 cM

A Histogram of ABC 3
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FIGURE 6.—(A) Histogram of ABC3 worker total ovariole
number used for selective pooled QTL mapping, raised in
an unrelated nurse colony; median 23.5, range 5-62; N =
88. Shading indicates samples included in the high and low
pools. (B) Histogram of ABC5 worker total ovariole number
used for selective pooled QTL mapping, raised in an unre-
lated nurse colony; median 23.0, range 7-58; N = 571. Shad-
ing indicates samples included in the high and low pools.

[peak LOD score = 2.61, P = 0.0345; 1.5-LOD support
interval of location, 3.8-8.6 Mb (= 68-147 cM)].

Using the more conservative marker selection criteria
with 257 marker loci with the two populations combined
(see Figure S4), we detected a single QTL above the
99% genomewide threshold on chromosome 11, loca-
tion 9.6 Mb = 150 cM (Figure 9); peak LOD score =
3.68, P = 0.009; 95% C.I. of location, 8.9-12.0 Mb
(= 135-204 cM)], 1.5-LOD support interval, 8.4-12.3
Mb (= 124-206 cM)] and an estimated substitution
effect of 4.88 ovarioles for ABC3 and 1.73 ovarioles
for ABCb. For single cross analysis with ABC3 (Figure
S5), the QTL on chromosome 11 was above the 95%
genomewide threshold, location 9.6 Mb or 150 cM
[peak LOD score = 2.33, P = 0.049; 1.5-LOD support
interval of location, 8.2-12.2 Mb (= 122-205 cM)]. For
ABCS5, there were no QTL above the 95% genomewide
threshold (Figure S6).
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TABLE 1

Summary of single marker analysis

Rank Position Rank
SNP marker (liberal) ABC3 rank ABCbH rank Chromosome (Mb) (conservative)
est6265 1 30 1 8 6.5 —
est8456 2 1 442 11 9.9 1
ahb2567 3 12 4 11 10.8 2
ahb2105 4 2 239 10 6.3 —
ahb9731 5 217 2 8 8.1 —
est7418 6 3 58 10 8.8 —
ahb12014 7 157 3 8 6.5 —
est10300 8 7 23 14 8.2 —
est2045 9 20 10 2 9.8 —
ahb8451 10 49 7 6 5.7 —
est8460 11 4 246 11 9.7 —
ahb8075 12 5 219 6 1.5 3
ahb4562 13 18 18 14 7.7 4
ahb8307 14 199 6 6 12.7 —
est8926 15 486 5 11 3.4 5
ahb1464 16 94 9 1 23.0 6
ahb8287 17 272 8 6 12.6 —
ahb2788 18 40 17 11 12.0 —
ahb7938 19 32 25 5 6.7 7
ahb2458 20 177 11 11 13.8 8
ahbb5409 21 271 12 2 13.8 —
est1736 22 35 30 2 9.4 9
est3715 23 179 13 4 6.5 10
est9592 24 159 14 12 7.8 —
ahb2783 25 58 29 11 12.0 11

Of 486 markers used in the liberal analysis, the top 25 based on combined Zscores for ABC3 and ABC5 map-
ping populations are shown. Also listed are the ranks in the separate backcross analysis, the genome location,
and the markers’ overall rank in the conservative analysis.

“—, Indicates no rank because the marker was excluded from the analysis.

For the combined analyses, both the simulated 95 and
99% genomewide thresholds were more conservative
than a LOD 3.0 threshold (Figure S1 and Figure S4),
while for the backcross-specific analyses, only the simu-
lated 99% threshold approached or surpassed the
LOD 3.0 threshold (Figure S2, Figure S3, Figure S5,
and Figure S6). We therefore focused on QTL that were
consistently above the 95% threshold in the combined
analyses and also were above the 99% cutoffin one of the
backcrosses (i.e., the QTL on chromosomes 2 and 11).

Candidate genes: We searched for potential candi-
date genes within the confidence intervals for our
strongest supported QTL on chromosomes 2 and 11.
The confidence interval of the first QTL on chromo-
some 2 (Figure 7), detected with liberal marker selec-
tion, contains only a single gene, which is homologous
to the geko gene in Drosophila (CG13695). This gene
is classified as an olfactory receptor involved in ethanol
response (SHIRAIWA et al. 2000). However, the wider ge-
nome region indicated by the 1.5-LOD support interval
additionally suggested 53 potential candidate genes.
The most plausible functional candidates among these
are two genes that are involved in actin regulation,
the genghis khan homolog LOC412132 and the fimbrin

homolog LOC408694, as well as LOC726899, related to
the Drosophila gene thread, which is involved in apo-
ptosis (List et al. 2000) and has a degenerate ovary
phenotype (RODRIGUEZ et al. 2002).

The second QTL interval on chromosome 11 (Fig-
ures 8 and 9), detected with both conservative and
liberal marker selection, contained 135 genes, several of
which can be regarded as good functional candidates.
The most notable ones are quail (LOC410324), which
is involved in actin filament-dependent apoptosis in
nurse cells in the Drosophila ovary (MATOVA et al. 1999);
cabut (LOC410326), which is an ecdysteroid-responsive
transcriptional activator associated with cell death, germ-
band shortening, and the JNK cascade (Munoz-DEscALZO
et al. 2005; ZHAO et al. 2008); delta (LOC410351), which
affects notch signaling and has been reported to influ-
ence the number of germline stem cells in the Dro-
sophila ovary (WARD et al. 2006); and miro (LOC725244),
which is involved in mitochondrial homeostasis, apo-
ptotic signal transduction and cytoskeleton organiza-
tion (FRANSSON et al. 2003). In addition, several other
genes could also be involved in determining ovariole
number (Table S1). The wider 1.5-LOD support interval
additionally suggested 33 potential candidate genes
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FiGURE 7.—LOD score values for combined ABC3 and
ABCb populations showing the location of a QTL on chromo-
some 2 with liberal marker selection. Triangles show marker
location. The dotted line shows the 95% genomewide thresh-
old for QTL detection and the dashed line the 99% genome-
wide threshold.

with the following 3 noteworthy functional candidates:
SHC-adaptor protein (LOC412172) affects ovary de-
velopment in Drosophila via intracellular signaling
cascades (LUSCHNIG et al. 2000), FL(2)D (LOC552833)
is involved in the female germline sex determination
through alternative splicing (GRANADINO et al. 1992),
and the carmer homolog (LOC411458), a methyltrans-
ferase that is involved in induction of programmed cell
death by ecdysone (CAKOUROS et al. 2004).

Foraging behavior of workers: Across the extreme
range of ovariole numbers generated by ABC5 and
ABCS8 (Figure 3), stepwise regression rejected source,
and identified forager ovariole number as being corre-
lated with the sugar concentration of nectar collected
(R* = 0.084, I 107 = 9.82, P = 0.0022; Figure 10).

DISCUSSION

Our study reveals genetic variation that strongly af-
fects worker ovariole number in the Africanized honey-
bee population. Worker ovariole number was sensitive
to the social environment and correlated with worker
foraging behavior. Interval mapping based on selective
DNA pooling revealed one, possibly two, strongly
supported QTL, as well as three potential additional
backcross-specific QTL. Below we discuss what our
crossing design revealed about the genetic architecture
of the transgressive worker ovariole number; we discuss
candidate genes located in the regions of the two
strongest supported QTL; we discuss the relationship
between ovariole number and forager behavior; and
we consider how the large worker ovary phenotype is
related to caste development.

Genetic architecture of honeybee worker ovariole
number: Heritable variation for ovariole number has
been found in a variety of insects (GRENIER and NARDON
1994; WAYNE et al. 1997) and in some cases ovariole

Chromosome 11
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Frcure 8.—QTL on chromosome 11 detected with liberal
marker selection. The horizontal black bar shows the 95% C.1.
for a QTL affecting age at first foraging described in RUEPPELL
(2009).

number has been shown to be phenotypically plastic,
depending on larval nutrition or other environmental
factors (HopiN and Rippirorp 2000; Tu and TATAR
2003; BERGLAND et al. 2008). Further study of the
genetic architecture of ovariole number in Drosophila
spp. has revealed genotype-by-environment interaction
(STARMER et al. 1998; BERGLAND et al. 2008) and several
loci of large effect that interact epistatically (WAYNE
et al. 2001; RicHARD et al. 2005; ORGOGOZO et al. 2006).

In accordance with these previous studies, the results
of our crosses (Figure 3) suggest a complex genetic ar-
chitecture for worker honeybee ovariole number. While
inbreeding and backcrossing of the EHBs produced
offspring that uniformly resembled the parental sources,
inbred and backcrossed AHBs showed a wide pheno-
typic distribution among and within colonies and sig-
nificantly exceeded the parental phenotypes. Transgressive
phenotypes observed in backcrosses are often explained
as being due to novel combinations of additive small-
effect alleles contributed by each parent that are
brought together by hybridization (RIESEBERG et al.
1999). However, this model cannot explain our results
given that some inbred AHBs also showed the trans-
gressive ovary phenotype: the distribution of ovariole
number for the inbred Al4 was approximately the same
as the distribution in ABC5H, one of the backcrosses
with transgressive ovary phenotypes that we mapped
(Figure 3). Thus, the AHB parent was the source of
alleles causing the transgressive phenotype.

The simplest genetic model that could explain the
occurrence of the transgressive phenotype in only some
backcross and inbred AHB is that there is a single rare
recessive gene of major effect on worker ovariole number
with incomplete penetrance; i.e., workers expressing
the extreme ovary phenotype are hypothesized to have
genotype OO and workers expressing the normal ovary
phenotype are hypothesized to have genotype Oo or oo.
In this case, if both the AHB parent queen and the
hybrid queen were heterozygotes (QOo), half of the
AHB BC colonies would be expected to contain workers
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FIcUure 9.—QTL on chromosome 11 detected with conser-
vative marker selection.

expressing the extreme ovary phenotype (i.e., these
colonies would be composed of OOand Ooworkers) and
half of the colonies would contain only normal-ovary
workers (with genotypes Oo and 00).

However, a more complex model is required to ex-
plain the pattern of large variation within and between
AHB inbred and backcross colonies. The distribution
of ovariole number for the inbred and backcross AHB
fell into somewhat discrete categories (see Figure 3, for
example ABC3 had the largest ovaries, Al4 and ABCbH
had the next largest, etc.). This suggests there may be
two (or possibly more) recessive genes of major effect on
ovariole number that could interact synergistically. For
example, the most extreme individuals may be homo-
zygous recessive at two loci (0;0;0:0,), individuals with
moderately sized ovaries homozygous may be recessive
at one locus and heterozygous at the second locus
(070;0,0; or 0;0;0205), and all other genotypes pro-
duce the normal ovary size. Colonies typically showed a
normal distribution of worker ovariole number (but
see Figure bA, discussed in the next paragraph). This
together with the fact that we detected mean differences
between AHB and EHB workers in our initial survey
(Figure 2) suggests that there are additional genetic
(or environmental) factors of small effect contributing
quantitative variation to ovariole number. One possibil-
ity is that the recessive gene(s) of major effect makes the
developing ovary more sensitive to other genetic and
environmental factors, so that ovariole number is less
canalized (see below).

A bimodal distribution of worker ovary size was ob-
served in ABC3 (Figure 5A). Such a distribution could
be caused by a single genetic factor (e.g., a recessive
major effect allele as discussed above). Alternatively,
multiple genetic and environmental factors could affect
a normally distributed variable, such as a hormone titer,
which is translated via a threshold function into two
discrete phenotypic classes (i.e., a threshold character;
note that a multiple threshold model may also help to
explain the occurrence of multiple more-or-less discrete
phenotypic classes; FALCONER and MACKAY 1996). How-
ever, this bimodality occurred only when ABC3 larvae

80
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F1GUure 10.—The sugar concentration of nectar collected
by foragers is negatively correlated with forager total ovariole
number (R* = 0.084). Foragers from two Africanized back-
cross colonies (ABCH and ABC8) were used.

were reared in their natal colony and not when the
larvae were reared in an unrelated host colony (com-
pare Figures 5A and 6A). Furthermore, rearing of ABC3
and ABC5 larvae in their natal colonies vs. an unrelated
host colony resulted in workers with more ovarioles on
average (compare Figures 5 and 6). The conditionality
on the social environment suggests additional complex-
ity in the genetic architecture involving genotype-by-
environment interaction and indirect genetic effects
(LINKSVAYER 2006, 2007; LINKSVAYER et al. 2009). The
hypothetical loci discussed above with direct effects on
ovariole number may also have indirect social effects on
ovariole number, or alternatively genetic components of
the social environment may arise from distinct loci. Our
findings of conditionality of worker ovariole number
on the social environment are consistent with previous
studies demonstrating that different genotypic combi-
nations of nurse workers, older larvae, and young larvae
produce new workers with different ovariole numbers,
indicating that a worker’s ovariole number is a property
of its own genotype as well as the genotypic composition
of the colony (BEEKMAN et al. 2000; ALLSOPP et al. 2003;
LINKSVAYER et al. 2009).

Our QTL analysis also supports the interpretation of
the transmission genetics of a complex genetic archi-
tecture with loci of varying effects. With our combined
mapping effort we detected one, possibly two well-
supported QTL with variable effects in the two inves-
tigated mapping populations, as well as additional, less
well-supported backcross-specific QTL (Figure S2, Fig-
ure S3, Figure S5, and Figure S6), despite a high overall
genetic similarity between the two mapping populations
(r = 0.6875). This is also true for most of the single
marker effects (Table 1). The predominance of backcross-
specific effects is best explained by multilocus interac-
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tions that distinguish the genetic architecture even
between the two AHB backcrosses with the highest
ovariole number. However, more detailed genetic anal-
yses including individual QTL mapping analyses and
characterization of the parental genotypes are needed
to synthesize a more detailed genetic model that
accommodates specific roles for individual loci.

QTL and candidate genes for worker ovariole
number: In combination, the QTL mapping based on
split pools from the phenotypic extremes detected only
one or two strongly supported QTL, depending on the
stringency of marker exclusion from the analyses. The
QTL on chromosome 11 was detected regardless of the
marker selection stringency, and several of the highest
ranking markers in the single marker analysis were on
chromosome 11 (Table 1). Interestingly, this QTL over-
lapped with a previously mapped behavioral QTL in-
fluencing another component of the pollen hoarding
syndrome, the age of first foraging (Figure 8; RUEPPELL
2009), indicating a potential overlap in genetic archi-
tecture underlying this suite of correlated traits. In
contrast, the QTL on chromosome 2 was not detected
with the more conservative marker selection criteria,
and markers on chromosome 2 were not among the
highest ranking in the single marker analysis (Table 1).
Conversely, many of the highest-ranking single markers
under liberal marker selection that were excluded in
the conservative analysis did not translate into a well-
supported QTL in our interval mapping analysis (e.g.,
on chromosomes 8 and 10). Combined, these findings
favor the results of the conservative marker selection.

The detection of one or two QTL supports our in-
terpretation of the phenotypic results of the crossings
and it is common to detect only a few QTL of major
effect (Mackay 2001). However, QTL studies are biased
to detect only QTL with the largest phenotypic effects,
and furthermore estimates of the effects of detected
QTL are upwardly biased, particularly with small sam-
ples size (i.e., the Beavis effect; Xu 2003). WANG et al.
(2007) used simulation to evaluate the power of the
interval mapping selective DNA pooling approach they
developed. They found that selective DNA pooling had
similar power as individual genotyping to detect QTL in
the middle of a chromosome but less power to detect
distally located QTL. Furthermore, they found that
estimates of location for distally located QTL were more
centrally biased with selective DNA pooling than indi-
vidual genotyping (WANG et al. 2007). Thus, our study
was biased to detect centrally located QTL; our esti-
mates of QTL location may also be centrally biased; and
given our small overall sample size, our estimates of
QTL effects may be upwardly biased.

The center of the QTL on chromosome 2 is gene poor
with only one gene, identified in an olfactory response
screen using ethanol (SHIRATWA el al. 2000). However,
this locus cannot be ruled out to influence ovary size
because it shows expression in many tissues of the adult

fly, with highest expression levels in testis (FlyAtlas), and
it is expressed during development in the ring gland
(BDGP Gene Expression Report). However in the QTL
vicinity, within the LOD-1.5 support interval, several
candidate genes are located, whose functional annota-
tion indicates a possible role in ovary size determina-
tion. In addition, two of these positional candidates
are in the top 10 list of genes upregulated in worker-
destined fourth instar larvae relative to queen-destined
fourth instar larvae [CRMP-PB = LOC408692 and
CG30105-PA = LOC726711; see Table 2 in BARCHUK
et al. (2007)]. These genes are compelling because the
fourth instar is the developmental stage that presumably
initiates the large differences in worker and queen
ovaries (CAPELLA and HARTFELDER 1998; CApELLA and
HARTFELDER 2002).

The second QTL on chromosome 11 was not affected
by our method of marker exclusion, substantiating
its significance. It falls into a very gene-rich genome
region, containing several genes that are plausible func-
tional candidates, on the basis of their molecular
functions in Drosophila and our understanding of the
developmental mechanism of the ovary developmentin
honeybees. Probably the most compelling candidate
gene for affecting ovary size is quail. In Drosophila, it is
mostly expressed in pole cells and later germ cells
through early embryonic development (BDGP Gene
Expression Report) and also in adult flies, its expression
is highest in the testis and ovaries (FlyAtlas). The molec-
ular functions of quailthat were identified in Drosophila
(MATOVA et al. 1999) suggest that it could be involved
in a JH-titer-dependent disintegration of the actin
cytoskeleton in the germ cells leading to the apoptotic
reduction of ovariole anlagen in honeybee workers.

Another well-characterized, good candidate is the
delta gene, a ligand of notch. It plays a role in cell fate
specification throughout Drosophila development and
it is involved in many reproductive functions from es-
tablishing cell polarity in the oocyte to preventing fusion
of egg chambers and necrosis of germ cells (BENDER
et al. 1993). It is expressed almost ubiquitously during
embryonic development and has the highest levels of
adult expression in the hindgut and ovary. Overexpres-
sion of delta in the germline results in extra germline
stem cells (WARD et al. 2006), which could be respon-
sible for extra ovarioles. Cabut was selected as another
top candidate because it is expressed in the pole plasm
early in development, it is responsive to endocrine stim-
uli (ZuAo et al. 2008), and it is connected to cellular
apoptosis via the JNK pathway (MaAzaArs et al. 2001).
The last top candidate was miro, selected for its in-
volvement in apoptosis and interaction with the cyto-
skeleton (FRANSSON et al. 2003). Itis also suggested to be
an integrator of intracellular signaling (K.-A. NILSEN,
K. E. InLg, K. FREDERICK, M. K. FONDRK, B. SMEDAL,
K. HARTFELDER, G. V. AMDAM, unpublished results) and
is expressed in the pole cells during early development
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and CNS and ovary in adult Drosophila. Finally, the
carmer arginine methyltransferase is intriguing because
epigenetic transcriptome regulation is a key regulatory
step in honeybee caste development (KUCHARSKI et al.
2008), ecdysone titers between workers and queens are
different during larval development (HARTFELDER and
ENGELS 1998), and worker ovary size determination is
largely governed by apoptosis (CAPELLA and HARTFELDER
1998; CaPELLA and HARTFELDER 2002).

The QTL region in chromosome 11 is broad and we
listed many other, second-tier candidate genes. Expres-
sion patterns in Drosophila did not provide evidence for
the involvement of any of these second-tier candidate
genes. However, one candidate gene, the transcription
factor NFAT (GB15645) was found among the 100 most
differentially expressed genes between developing worker
and queen larvae (BARCHUK et al. 2007). Another candi-
date gene was considered secondary on the basis of its
molecular and functional characterization, CG16708-
homolog GB19002, but it was the only gene among all
genes in the QTL intervals whose expression level was
significantly affected (P= 2.5 X 10°°) by the JH-analog
methoprene (WHITFIELD et al. 2006b).

Association of ovariole number with foraging behav-
ior: Our data show a weak but significant negative
correlation between ovary size and the concentration of
the nectar collected by foragers. These results extend
the findings of an earlier study on wild-type European
honeybees (AMpAM et al. 2006) to the extreme range of
ovary sizes observed here. The concentration of the
workers’ nectar loads is linked to the sucrose sensitivity
(Pankiw and PAcGre 2000) and thus a correlation be-
tween ovary size and sucrose sensitivity (TSURUDA et al.
2008) can explain the association between ovary size,
sensory tuning, and foraging behavior in worker honey-
bees (AMDAM et al. 2009). The association between
behavior and ovary size was not very strong (R* = 0.084;
Figure 10), similar to earlier studies (AMDAM et al. 2006;
TsuruDA el al. 2008). However, this is not surprising
because worker ovariole number is a physiological trait
fixed during development, while the concentration of
collected nectar is a flexible behavioral trait influenced
by a variety of dynamic environmental factors such as
current nectar availability, individual foraging experi-
ence, and current colony conditions (SEELEY 1997;
PaNkiw et al. 2001, 2004).

Link to the development and evolution of caste
differences: Whether a female social insect larva devel-
ops into a reproductive queen or a facultatively sterile
worker (i.e., reproductive caste determination and differ-
entiation), has traditionally been considered to be caused
by environmental factors such as the quantity and quality
of nutrition fed to larvae by nurse workers (WHEELER
1986). However, recently a number of examples of strong
genetic influences on caste development, e, “genetic
caste determination,” have been found in various social
insect taxa (reviewed by ANDERSON et al. 2008).

We did not examine the phenotypes of newly pro-
duced queens in our study colonies, and thus it is
unclear whether there is a direct mechanistic link
between the extreme worker ovariole phenotype we
discovered and queen development. However, extreme
ovariole number is clearly a queen characteristic. The
observed phenotype could arise by a mutation in the
specific pathway, such as JH-conditional apoptosis, that
affects only ovariole number and none of the other
queen traits. Alternatively, the ABC3 and ABC)5 geno-
types that express the extreme worker ovariole number
phenotype may have “leaky,” less-canalized queen—worker
caste development. Their general developmental phys-
iology may be biased toward the queen trajectory, for
example through an increased JH level, even when fed a
worker diet. Consequently, workers of these genotypes
surpass the queen threshold for one queen trait, ova-
riole number, but not others, even under conditions
that normally produce canalized worker phenotypes
with low ovariole number.

Studies in which worker larvae are transferred into
queen cells at different ages support our argument
above by suggesting that ovary size is the most plastic
trait that characterizes the honeybee caste dimorphism
and is determined gradually over the course of larval
development (WEAVER 1957; WoYKE 1971; DEDEJ ¢t al.
1998). In contrast, the determination of external mor-
phological caste characters is less sensitive to the rearing
environment early in development (DEDE] et al. 1998).
External characters may depend on an increase in
ecdysteroid titers, which are directly affected by the
preceding JH titer (RaAcHINSKY and HARTFELDER 1995)
and may canalize quantitative JH titer differences into
two qualitatively distinct trajectories. This could explain
why the differentiation of external morphological traits
that occurs later in development is less sensitive to
rearing environment than ovariole number.

Nurse honeybee workers strictly control the quantity
and quality of food provisioned to brood so that only
discrete queen and worker phenotypes are normally
produced. This canalization of queen and worker phe-
notypes at the colony level may usually suppress the
effect and detection of genetic variation for caste de-
termination. Rearing effects also clearly affected ovary
size in our experimental colonies because workers of
ABC3 and ABC5 had larger ovaries when reared in their
natal colony, indicating the importance of indirect
genetic effects, as described above. However, our crosses
have revealed genetic variation that permeated the
developmental canalization.

Presumably in the ancestral state, caste differences
were less extreme, developmental trajectories less can-
alized, and large ovary workers more common. There-
fore, the transgressive worker ovary phenotype may be
regarded as an atavism, and the genetic factors we
identified in our crosses may have been involved in the
ancestral caste development system and in the evolution
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of queen—worker dimorphism. Thus, this study reveals
potential components involved in queen-worker de-
velopment and provides a complimentary approach to
functional genomic studies (Evans and WHEELER 2001;
WHEELER et al. 2006; BARCHUK et al. 2007; PATEL et al.
2007; KucHARSKI et al. 2008) that can serve as the basis
to understand the molecular mechanisms of caste de-
velopment, as well as worker behavior, in honeybees.

It is currently unknown how commonly the large
worker ovary phenotype that we observed occurs under
natural colony conditions. However, previous studies
have found evidence for segregating variation for high
worker ovariole number (CHAUD-NETTO and BUENO
1979; THULLER et al. 1996, 1998). In a substantial set of
crosses within and between AHB and EHB colonies,
THULLER et al. (1996, 1998) observed worker ovaries in
backcross colonies that exceeded the values of either
parent in a similar fashion as we have demonstrated
here. These previous studies, together with our results,
suggest that alleles associated with extreme worker
ovariole number may be somewhat common in honey-
bee populations, and in some cases the extreme ovariole
phenotype may only be expressed following hybridiza-
tion. These observations bear marked similarities with
recent discoveries of genetic components to caste devel-
opment in several social insects (reviewed by ANDERSON
et al. 2008) . Hybridization and cross-fostering may disrupt
coevolved components of the honeybee developmental
program expressed in larvae and nurses (LINKSVAYER
2007; LINKSVAYER et al. 2009), resulting in the produc-
tion of females with less strictly canalized queen and
worker phenotypes.

One possible explanation for the maintenance of
alleles causing the large worker ovary phenotype is that
workers with more ovarioles are more likely to lay un-
fertilized male-destined eggs, and successfully mother
haploid males, in the event of queen death (MAKERT
et al. 2006); however, at some point, increasing worker
ovariole number may actually decrease the probability
of ovary activation and egg laying, because worker bees
cannot selectively activate a subset of ovarioles and
competition among ovarioles for limited circulating re-
sources may lead to no single ovariole receiving enough
resources to complete egg development (VELTHUTS 1970).
Selection may have eroded additive genetic variance
for worker ovariole number so that most segregating
variation is nonadditive, due to dominance or epistasis.
We lack the data to analyze these two phenomena at the
individual QTL level but the phenotypic distributions of
the AHB inbred and backcrossed colonies support this
interpretation, as discussed above.
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TABLE S1

Functional candidate genes within the 95% CI of the QTL on chromosome 11

Category

A. mellifera Locus

Function or Homologue

Signaling Pathway Genes

Transcription Factors

Cytoskeleton Organization

Cell death

LOC410256
LOC725615
LOC724956
LOC551283
LOC552232
LOC410322
LOC410315
LOC410253
LOC726930
LOC726202
LOC408354
LOC409095
LOC410261
LOC410348
LOC552651
LOC408315
LOC410257

Ras-GTPase binding

Protein kinase
ecdysone-responsive signaling protein swi2
lesswright

binder of Arl Two

Ral guanine nucleotide exchange factor 2
rapsynoid

orille

RB1-inducible coiled-coil 1

dichaete

NFAT

aplerous

CG10372 homologue

Katnb1-prov protein

stathmin (germ cell migration)
CG16708 homologue

CG10372 homologue
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FIGURE S1.—Results of QTL mapping with liberal marker selection
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FIGURE S2.—Results of QTL mapping with liberal marker selection for ABC3
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FIGURE S3.—Results of QTL mapping with liberal marker selection for ABC5
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FIGURE S5.—Results of QTL mapping with conservative marker selection for ABC3
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FIGURE S6.—Results of QTL mapping with conservative marker selection for ABC5



