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A diapause pathway underlies the gyne phenotype
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Colonies of social wasps, ants, and bees are characterized by the
production of two phenotypes of female offspring, workers that
remain at their natal nest and nonworkers that are potential colony
reproductives of the next generation. The phenotype difference
includes morphology and is fixed during larval development in
ants, honey bees, and some social wasps, all of which represent an
advanced state of sociality. Paper wasps (Polistes) lack morpho-
logical castes and are thought to more closely resemble an ances-
tral state of sociality wherein the phenotype difference between
workers and nonworkers is established only during adult life. We
address an alternative hypothesis: a bias toward the potential
reproductive (gyne) phenotype among Polistes female offspring
occurs during larval development and is based on a facultatively
expressed ancestral life history trait: diapause. We show that two
signatures of diapause (extended maturation time and enhanced
synthesis and sequestration of a hexameric storage protein) char-
acterize the development of gyne offspring in Polistes metricus.
Hexameric storage proteins are implicated in silencing juvenile
hormone signaling, which is a prerequisite for diapause. Diverging
hexamerin protein dynamics driven by changes in larval provision-
ing levels thereby provide one possible mechanism that can cause
an adaptive shift in phenotype bias during the Polistes colony
cycle. This ontogenetic basis for alternative female phenotypes in
Polistes challenges the view that workers and gynes represent
behavior options equally available to every female offspring, and
it exemplifies how social insect castes can evolve from casteless
lineages.

caste development | hexameric storage proteins | juvenile hormone
life-history pleiotropy | social behavior

Social insects often show pronounced differences in behavior,
physiology, and morphology between castes of workers (func-
tionally sterile helpers) and reproductives (1). To learn how these
phenotypes developed from originally casteless ancestors is con-
sidered a key to understanding insect social evolution (2). In most
social insect taxa, castes represent alternative intra-specific pheno-
types that are environmentally, not genetically, controlled. There-
fore, they must represent trait ensembles governed by highly
pleiotropic physiological regulators that are sensitive to environ-
mental variables (3). These regulators may have evolved de novo,
but it is more likely that they governed alternative or sequential
stages in the life cycle of solitary ancestors, as proposed for juvenile
hormone and vitellogenin (yolk precursor) that have conserved
reproductive roles in solitary insects yet also regulate highly social
behavior in essentially sterile worker honey bees (4). However,
deeper understanding of caste origins may be more readily acces-
sible by study of less-advanced social insects, such as Polistes paper
wasps, in which offspring can be biased into worker and reproduc-
tive roles without absolute caste determination.

We proposed that nutrient-sensitive diapause physiology in
Polistes underlies a phenotype bias established during larval ontog-
eny (5). The bias is hypothesized to be driven by larval provisioning
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and diverges onto two developmental pathways commonly recog-
nized as workers of the current generation and potential reproduc-
tives of the next generation (gynes). Diapause, a major alternative
life history syndrome of many insects, likely reflects the action of
highly pleiotropic regulators including juvenile hormone (6, 7).
Diapause is characterized by prolonged development and lifespan,
resistance to cold and stress, delayed reproduction, and energy and
nutrient sequestration (6, 8) (often as hexameric storage proteins,
e.g., see refs. 9 and 10). Nondiapause is associated with the opposite
of these. In insects, diapause expression is facultative (7), but in
some species not all individuals diapause (not all experience the
diapause-inducing cue). Some species show gradients of diapause
expression that correspond to environmental variables, as exem-
plified by some sweat bees (11, 12), a solitary wasp (13), and
Drosophila melanogaster (14-16), whereas in others diapause re-
flects nutritional differences among either larvae (e.g., the comma
butterfly; see ref. 17) or adults (e.g., the boll weevil; see ref. 10).
Expression of the diapause syndrome is conditional on low circu-
lating levels of juvenile hormone (6, 7, 18) and responds to selection
in D. melanogaster (14).

Although nondiapause and diapause phenotypes reflect adap-
tation to local ambient environments in most insects (14), there are
indications that the regulatory networks that underlie diapause
provide the foundation for a major developmental switch: the
divergence of alloparental worker and potentially reproductive
gyne castes in some social Hymenoptera (Fig. 1). Larval diapause
correlates with gyne potentiation in some ant species (19). Adult
diapause (18) (i.e., reproductive diapause; see ref. 6), which often
coincides with behavioral quiescence (20), has been speculated to
underlie characteristics of gyne offspring in the paper wasp genus
Polistes (21-24), a social insect that lacks discrete morphological
castes (25). However, the occurrence of early gynes (26) and late
workers (27) in Polistes (5) argues against the role of conventional
ambient variables, such as photoperiod or temperature, as diapause
cues in this taxon. Instead, experimental evidence points to nour-
ishment: low vs. high food levels during rearing in a common
laboratory environment led to putative worker and gyne pheno-
types, respectively, as confirmed by differential survival of a cold
test (28, 29).

Support for the hypothesis of a diapause-driven caste bias in
Polistes can be drawn from Polistes biology. P. dominulus workers
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Fig. 1. Caste dynamics in solitary and independent-founding Vespidae.
Female solitary vespid wasps (a) develop directly from egg to reproductive
adult (R), or larvae pass an inclement season in developmental diapause
before emerging as reproductive adult. Some solitary vespids have only one of
these pathways; some have both (61, 62). Vespa (d) exemplifies independent-
founding Vespinae. Caste (G, gyne; W, worker) in Vespa is determined by the
end of the third larval instar (63), and morphological divergence occurs in
fourth and fifth instars (29). Gynes emerge in reproductive diapause, pass an
inclement season (winter) in quiescence, and become foundresses and then
queens(Q) the following favorable season. Polistes females (b, Polistes 1) seem
to be totipotent as adults (Ad) (64), among which queen/worker castes can be
determined by inter-adult dominance interactions (65) that influence ovarian
activity (66—68). In the present work, however, Polistes is proposed (c, Polistes
2) to exhibit a physiological switch during development leading to adult
phenotypes expressing either reproductive diapause (®D) or nondiapause
(®D~). PD~ females are reproductive (R); although most (thick arrow) become
workers that direct maternal behavior toward siblings in the presence of a
reproducing female (most often their mother), some can become queens (5,
29); none live through the inclement (cold/dry) season. ®D phenotype females
emerge as gynes (G) in reproductive diapause; thus they do not show maternal
behavior but pass the inclement season in quiescence. Some (thin arrow) may
become workers (W) as subdominants in foundress associations the next year;
many become queens (Q), either as solitary foundresses or as the dominant
co-foundress. The developmental switch, thereby, creates a caste bias in
Polistes but does not determine caste outcomes.

live an average of 30—40 days (30), whereas gynes, which become
the next generation’s foundresses and queens, live 250-500 days
(31). P. exclamans gynes survived a cold test at 4.5-fold worker
survival (32), and delayed reproduction is the hallmark of gynes,
which do not reproduce until colony initiation the next year (33).
Abundant fat has been used to distinguish gynes from workers of
P. exclamans (32,34), and storage proteins have been found in gynes
but not workers of several Polistes species (35). These characteristics
show clear correspondence to nondiapause and adult diapause (18)
phenotypes of insects.

However, despite the fundamental importance of understanding
the mechanistic basis for social behavior (36), and despite the recent
hypothesis that diapause physiology underlies the worker/gyne
dichotomy in Polistes (5), the proposition that the gyne phenotype
reflects diapause established before adult emergence has never
been tested. Therefore, we sought two physiological signatures of
the diapause syndrome, development time and developmental
storage protein synthesis and sequestration, in developing imma-
tures of Polistes metricus. This investigation constitutes a strong
inference test (37, 38) of the hypothesis that Polistes offspring do,
indeed, differentiate into nondiapause- and diapause-derived phe-
notypes before the adult stage.

To test the hypothesis, we documented duration of development
and quantified dynamic storage protein levels in specimens from
naturally established single-foundress nests at two phases of the P.
metricus colony cycle in Missouri, an earlier phase when larvae are
reared only by the single foundress and typically emerge to become
workers, and a later phase when larvae are reared by the foundress
plus workers and typically emerge to become gynes (25). Larval
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Fig. 2. Duration of development for female P. metricus. Duration was
measured from cocoon spinning to emergence in the field (a) and from cocoon
spinning (in the field) to adult moltin the laboratory (b) for P. metrius females
reared by a solitary foundress (F-R) or by nestmate workers (W-R). Bars are
means with standard errors. Developmental stages for laboratory reared
specimens are defined in Fig. 2. Mean temperatures (°C *+ SE) during rearing
were: F-R field = 23.0 = 0.5; W-R field = 26.1 = 0.6; F-R lab = 24.4 + 0.4; W-R
lab = 24.0 = 0.1.

duration is prolonged by low provisioning level in P. metricus, and
nourishment generally is better during the later phase of the colony
cycle (28). Thus, to avoid confounding effects of provisioning
variation, we studied only the nonfeeding ontogenetic stages, from
cocoon spinning to adult emergence, which provide unambiguous
measures of inherent developmental rate and storage protein

physiology.

Results and Discussion

We examined development under natural conditions in the field
and under constant conditions in the laboratory. We found that
cocoon duration in the field was equal, at 19 days, for both sets of
female offspring [Student’s ¢ = 0.27, df = 42, P = 0.7; Fig. 2a and
supporting information (SI) Table 1]. However, temperature is a
positive regulator of developmental rates in insects (39), and there
were significant differences in rearing temperature between worker
and gyne offspring in the field (nested ANOVA, Fy g3 = 14.69, P <<
0.0001). To control for temperature effects, newly cocooned indi-
viduals were reared in the laboratory. When development pro-
ceeded under similar temperatures [least significant difference
(LSD) post hoc test, P = 0.5; SI Table 2], there was a significant
5-day difference between the two sets of offspring (Student’s ¢ =
17.2, df = 28, P << 0.0001). Foundress-reared (primarily worker-
destined) females developed from cocoon spinning to the adult
molt in 15.9 days, and worker-reared (primarily gyne-destined)
females did so in 20.8 days (Fig. 2b and SI Table 3).

Thus, we show that gyne offspring are characterized by extended
developmental time, a signature of diapause (7). This trait can be
masked by variation in ambient conditions: The more rapidly
maturing foundress-reared (primarily worker-destined) offspring
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generally develop under significantly lower temperatures in the
field (LSD post hoc test, P < 0.04), and the more slowly maturing
worker-reared (primarily gyne-destined) offspring generally de-
velop under significantly warmer ambient conditions later in the
season (LSD post hoc test, P < 0.0005). A closer look at the
protracted development in worker-reared offspring shows that it
reflects a lengthening of all developmental stages that are passed
within the cocoon (one-way ANOVA, F;112 = 492, P << 0.001,
LSD post hoc tests P < 0.05; Figs. 2 and 3). Overall, the inherent
developmental rates of Polistes offspring are consistent with the
hypothesis that the worker and gyne forms are derived from
nondiapause and diapause phenotypes, respectively.

Next we looked at storage protein dynamics. Gel electrophoresis
separation and densitometric quantification of hemolymph proteins
from known-age females (SI Table 4) spanning development from
cocoon spinning to adult emergence revealed presence of four
storage proteins as previously identified from whole-tissue prepa-
rations of P. metricus pupae (35): hexamerin 1 and 2 (Hex 1, Hex
2), high glutamine/glutamic acid protein (HiGLX), and very high
density lipoprotein (VHDL) (SI Table 5). Quantities differed
significantly as a function of both developmental stage (multivariate
ANOVA, Fi3408 = 20.50, P << 0.0001) and whether larvae were
foundress-reared or worker-reared (multivariate ANOVA, Fy 154 =
6.78, P << 0.0001; Fig. 4). The overall decline in storage protein
levels from the larval stage until adult emergence reflects the
pattern typical of holometabolous insects (35). Concentrations are
high at the end of larval growth and then decline during the pupal
stage. However, the difference between foundress-reared and
worker-reared offspring resides in only one of the four proteins,
Hex 1 (LSD post hoc test, P < 0.0001). That is, the difference due
to rearing condition is not a general response to the higher nutrition
levels that characterize worker-reared larvae (33); instead, it is a
specific response involving only a single hexameric storage protein
(LSD post hoc test: Hex 2, P = 0.61; HIGLX, P = 0.08; VHDL,
P =0.14).

To further validate the key finding of diverging hexamerin levels
in P. metricus offspring, we conducted a protein identification
analysis combining gel electrophoresis, HPLC, and mass spectrom-
etry. Several high quality spectra were obtained, confirming the
specific presence of hexameric storage protein in the bands used for
hexamerin quantification (Fig. 5, SI Fig. 6, and SI Table 6).
Particularly convincing was the identification of peptides that
exactly matched partial P. metricus cDNA sequences for putative
hexamerins (Fig. 56 and SI Table 6). Also, it is unlikely that the
quantitative protein pattern (Fig. 4) is distorted by sequestration of
storage protein in fat body (40), because the signatures identified
for hemolymph coincide with partial patterns obtained from whole-
tissue preparations (35). Because the identified peptides are en-
coded by several different Contigs (SI Table 6), it seems likely that
we identified more than one hexamerin. This assumption is further
supported by the peptide sequences showing homologies to hex-
amerins of different classes from other organisms (data not shown).
In summary, our findings show decisively that the physiology of
foundress-reared and worker-reared individual P. metricus differs
before emergence, and the divergence is reflected in a diapause
protein marker (9, 10).

Our results have shown significantly different patterns of both
development time and storage protein synthesis and sequestration
between foundress-reared (primarily worker-destined) and worker-
reared (primarily gyne-destined) females, and these patterns cor-
respond to expectations based on nondiapause and diapause phe-
notypes. Much evidence suggests that Polistes larvae are biased onto
worker vs. gyne life histories under the influence of low nourish-
ment for foundress-reared larvae and higher nourishment for
worker-reared larvae (33, 41). Provisioning level to larvae also is the
causal basis for morphologically distinct worker and gyne castes in
vespine wasps (29), honey bees (42), and some ants (43), but the
evolutionary origins of these developmental programs remain
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Fig.3. Development of foundress-reared and worker-reared individuals under
constant conditions. (Left) Foundress-reared individuals. (Center) Worker-reared
individuals. Left and Center consist of serial photos of a single specimen taken at
24-hour intervals from cocoon spinning to adulthood; development days from
cocoon spinning to the last day of pupation are numbered for each specimen.
Pupae are ~15 mm in length. The cocoon is spun by a fifth-instar larva that has
completed feeding and growth, which is the bottom photo in Left and Center.
The first developmental marker (green bar; photo at Right) is that the larva voids
its larval fecal waste (the meconium) and in doing so becomes a “prepupa.” The
next marker (green bar; photo at Right) is that the prepupa sheds its cuticle in the
molt to become a pupa. The appearance of a spot of pigmentation on the thorax
(arrows) divides the pupal stage into early and late phases (green bar). The pupa
then sheds its cuticle in the molt (green bar; photo at Right) to become an adult.
The resultant adults (photos in the top of Right) are not visibly different. Larval,
prepupal, and early and late pupal durations all were extended in worker-reared
vs. foundress-reared females (see also Fig. 1).

largely unknown. We show that hexameric storage protein dynamics
diverge throughout late larval and pupal development of foundress-
reared and worker-reared Polistes females and that this difference

Hunt et al.


http://www.pnas.org/cgi/content/full/0705660104/DC1
http://www.pnas.org/cgi/content/full/0705660104/DC1
http://www.pnas.org/cgi/content/full/0705660104/DC1
http://www.pnas.org/cgi/content/full/0705660104/DC1
http://www.pnas.org/cgi/content/full/0705660104/DC1
http://www.pnas.org/cgi/content/full/0705660104/DC1

Lo L

P

2N

a . p < 0.0001

25

20

=

3 3
> >
2 2
- o~
10 20
3 3
T T
5 10
0 0
L P1 P2
F-R
C n.s d
20 f 1 40
15 30
2 =3
2 10 g 20
5 3
o I
T >
5 10
0 0
L Pl P2 A L Pl P2
FR W-R

50 r 1

40

w
S

Rearing condition

Fig.4. Quantities (ug/ul of hemolymph) of four storage proteins in hemolymph of P. metricus immatures from cocoon spinning to adulthood. Storage proteins
are HEX1, hexamerin 1(a); HEX2, hexamerin 2 (b); HiGLX (c); VHDL (d). Stages are L, cocooned fifth instar larva (both predefecation and postdefecation prepupae);
P1, pupa up to day 11 after cocooning; P2, pupa from day 12 after cocooning; A, adult, including preemergence adults in nest cells and adults collected on the
morning after emergence. F-R, foundress reared; W-R, worker-reared; development time was equal for both categories at 19 days. Only the expression level of
Hex 1 (a) differed significantly during development of F-R and W-R offspring. This difference in protein levels is supported by recent results showing a
corresponding 8-fold difference in mRNA levels between W-R and F-R fifth-instar larvae (J.H.H., A. L. Toth, and T. C. Newman, unpublished data). Both protein
(see Fig. 5) and mRNA sequence match to the same 220 bp cDNA fragment from a putative P. metricus hexamerin gene (Contig40833).

reflects a response in a diapause marker rather than an across-the-
board response to higher nourishment. Our data thus provide
support for the hypothesis that activation of a facultative, intra-
specifically variable diapause program (23, 24) underlies the ab-
sence of brood care behaviors at the natal nest and deferment of the
onset of reproductive behaviors that are distinguishing behavioral
characteristics of the gyne phenotype among the female offspring
of a Polistes colony (5, 29). Thereby, the work presented here may
exemplify a mechanism with regulatory potential to serve as an
origin for developmental programs leading to castes.

Elevated levels of a hexameric storage protein in gyne-destined
individuals also can point to a causal basis for the diapause-derived
characteristics of this class of offspring. Hexamerins were recently
implicated in regulation of caste differentiation in termites, where
binding of juvenile hormone to the hexameric molecule results in
physiological silencing of hormone action (44). Diapause is char-
acterized by low juvenile hormone levels (45), and application of a
juvenile hormone analog can trigger P. metricus gynes to initiate
ovarian development (46). Hexamerin 1 protein in Polistes off-
spring, therefore, might be directly responsible for the phenotype
bias of adult females: low levels in workers would permit juvenile
hormone action and expression of reproductive behaviors shortly
after adult emergence. In the context of the natal nest, these
behaviors are channeled into alloparental care such as nursing and
foraging (5, 33). High hexamerin 1 levels in gynes can contribute,
on the other hand, to a juvenile hormone-deficient phenotype that

Hunt et al.

does not express reproductive behaviors until the next year as a
working solitary foundress or dominant or subordinate (working
nonovipositing) cofoundress.

Materials and Methods

Field Sites and Procedures. P. metricus foundresses will individually
initiate nests in “nest boxes” provided for them. Wood and hard-
board boxes ~15 cm on a side with open bottoms were placed on
posts in oldfields at two sites as in previous studies (47, 48): Tyson
Research Center near Eureka, St. Louis County, MO, and Shaw
Nature Reserve near Gray Summit, Franklin County, MO. Found-
resses initiate nests on the underside of lift-off box lids. Boxes were
in place by March 10, 2005; nests were initiated in late March or
early April. From May 30 to June 23, 2005, a set of foundress nests
was examined daily between 0800 and 1000 hours Central Daylight
Time. Each new cocoon was entered on a diagram (“nest map”),
whereby the age in days of each developing cocooned wasp was
known. A separate set of worker-phase nests was similarly moni-
tored from July 2 to July 29, 2005.

Development Time. To determine duration from cocoon spinning to
adult emergence in the field (SI Table 1), nests not used to collect
specimens were monitored daily, and each new cocoon was re-
corded and dated on a nest map, as was the emergence date of an
adult wasp from each cocoon. During the worker phase of the
season, because many emerged worker-reared wasps were males
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Fig. 5. Spectra of selected peptides that correspond to known hexamerins/
arylphorins. (a) Peptide with sequence identical to Anthonomus grandis
hexamerin. (b) Hexamerin peptide sequence from P. metricus matching a
partial cDNA sequence of a putative hexamerin from the same species (Contigs
40833 and 45913). Blue b and red y ions represent fragment ions starting from
the N and C termini, respectively, as generated by collision induced dissocia-
tion (69, 70). x axis, mass over charge values for the fragment ions; y axis,
intensity % describes the relative intensity for the fragmentionsrelated to the
strongest peak in the spectrum.

and because data were ambiguous if two or more wasps, one of
which was a male, emerged on the same day, data from uncollected
nests were supplemented with emergence data from nests from
which collections (see below) had been made. Daily maximum and
minimum temperatures (SI Table 2) were recorded in a standard
meteorological station at Tyson Research Center.

To determine “pupation” duration under laboratory conditions
(SI Table 3), larvae were gently removed from nest cells in the early
morning when newly spun cocoons were discovered. Individual
larvae were placed in plastic Petri dishes lined with filter paper, held
in the shade at ambient temperature, and transported to a labora-
tory rearing room with fluorescent lights on a 15:9 light:dark cycle
that encompassed a 13:11 light:dark cycle by four incandescent
150-W lights. Specimens were shaded from direct light but exposed
to the photoperiod. Heat of the lights raised daytime temperatures,
which fell to building ambient at night. Beginning on day 12 of
rearing, daily maximum and minimum temperatures were recorded
(SI Table 2); rearing conditions for the first 11 days were as for the
recorded days.

Each specimen was digitally photographed on the collection day
and each following day at ~1300 hours Central Daylight Time. Two
of 22 foundress-reared larvae did not molt from larva to pupa, and
2 did not pigment normally or molt from pupa to adult. Five of 58
worker-reared larvae died before reaching the pupal molt, and 16
did not molt from larva to pupa. Of those that did molt, 24 were
males. Of the females, 1 did not pigment normally or molt from
pupa to adult.

Sex Determination. Foundress-reared “early males” (49) have never
been seen in 30 years of research with these populations of P.
metricus (J.H.H., personal observation). In this study, all foundress-
reared offspring collected or observed as pupae or adults were
females. All foundress-reared larvae thus were confidently assumed
to be females. Worker-reared offspring include males. Male pupae
and adults are easily identified. For larvae, we used a molecular
method to determine sex.

Hymenoptera are haplodiploid, therefore larvae heterozygous at
any locus can be considered diploid and female. Accordingly, we
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genotyped larvae at six microsatellite loci originally isolated from
Polistes bellicosus, Pbe128, Pbe203, Pbe205, Pbe269, Pbed24, and
Pbe440 (50). Heterozygosities and allele sizes are given in SI
Table 4.

We extracted DNA via a standard salt precipitation protocol (51,
52). We ground 10-50 mg of tissue in 500 ul of grinding buffer (0.1
M NaCl/0.1 M Tris'HCI, pH 9.1/0.05 M EDTA/0.05% SDS), 10 ul
of RNase A (10 mg/ml), and 10 ul of proteinase K (20 mg/ml). The
homogenate was incubated at 65°C for 30 minutes. Then 86 ul of
warm 8 M KOAc was added and the mix incubated at 4°C for 30
min, then centrifuged at 20,800 X g for 5 min, and the supernatant
was transferred to clean tubes. The supernatant was cleaned by
shaking with an equal volume of phenol:chloroform:isoamyl alco-
hol (25:24:1) for 5 min, followed by two cleanings with chloro-
form:isoamyl alcohol (24:1). After each cleaning, samples were
centrifuged at 14,000 rpm for 5 min and the aqueous phase
transferred to clean tubes. Finally, we added 2.5 vol of cold 100%
EtOH, chilled samples overnight at —20°C, pelleted the DNA, and
resuspended it in 50 ul of H>O.

We amplified microsatellite loci via PCR with a PerkinElmer
(Norwalk, CT) 2400 thermocycler and 10-ul reactions (1X buffer
with 1.5 mM MgCl,/0.1 uM dNTPs/0.5 pmol of each primer/1.0
pmol of M13£-29 primer/0.5 unit FisherBrand Taq polymerase). An
M13£-29 sequence was added to the 5" end of the forward primer
for each locus. M13£-29 primers labeled at the 5" end with either
IRDye 700 or IRDye 800 (Li-Cor Bioscience, Lincoln, NE) were
then added to the reactions and incorporated into the products
during PCR. DNA samples were diluted for use in PCR between
1:5 and 1:20, based on extraction quality as determined by electro-
phoresis on 1% agarose gels. Three to 5 ul of diluted DNA were
used in each reaction. Reactions were initially denatured at 94°C for
5 min, followed by 36 cycles at 94°C for 20 s, the annealing
temperature (50° to 52°C depending on the locus) for 20's, and 72°C
for 30 s, and a final extension at 72°C for 3 min.

We visualized PCR products on 5.5% polyacrylamide gels, using
a Li-Cor 4300 DNA analyzer (Li-Cor Biosciences, Lincoln, NE).
Before loading, PCR products were diluted with 2 ul of 6X loading
dye, denatured 3 min at 94°C, and quenched on ice. We ran 1 ul of
each sample and a 50- to 350-bp sizing standard (Li-Cor Bioscience,
Lincoln, NE). Alleles were scored by eye.

Sex in these wasps is probably determined by heterozygosity at a
single locus (53), which can result in diploid males homozygous at
that locus. However, diploid male production would have been
apparent, as half of the female-destined eggs, on average, would
have developed as males. No colonies having that characteristic
were observed. Because we used six microsatellite loci, with het-
erozygosity at a single locus the basis for female determination, our
method of sexing larvae is likely to be highly accurate.

Storage Proteins. Storage protein samples were collected from
known-age specimens (SI Table 5). For each, the cocoon was
carefully cut away, and the specimen was placed in a tube on ice and
transported to the laboratory. One to 3 h after collection, each live
specimen’s cuticle was cut longitudinally along a lower side of the
gaster of a pupa or along the corresponding body wall for larvae.
Under 6X magnification, with careful attention to not breaching
the gut, ~10-50 wl of hemolymph was gently aspirated via a 10-ul
micropipette, transferred to a tube on ice, then centrifuged 10 min
at 8,000 X g at 4°C. After centrifugation, a 1-ul sample of clear
interphase (between fat and cell layers) was carefully withdrawn
and placed into a 200-ul tube containing 10 ul of Tris-buffered
saline with Roche (Indianapolis, IN) Protease Inhibitor Mixture.
Samples were stored at —80°C until analysis.

Samples were separated by 7.5% SDS/PAGE, using standard
methods (54). Duplicate runs and titration series were run to
optimize sample separation. A B-galactosidase standard (Sigma—
Aldrich) was included to allow densitometric quantification (55).
Storage protein bands corresponding to Hexamerin 1 and 2,
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HiGLX, and VHDL were identified as described in ref. 35. Den-
sitometrical analysis was performed by Quantity One imaging
software (Bio-Rad, Hercules, CA) after staining the gels with
Commassie Brilliant Blue (Sigma-Aldrich). Gel-to-gel variation in
staining intensity was controlled by background correction and the
B-galactosidase standard, which was loaded in equal dilution series
on all gels (55). Protein titer was calculated as the detected protein
amount in micrograms relative to the original hemolymph sample
volume in microliters.

Peptide and Protein Identification via LC-MS". Hemolymph proteins
were mixed with a protein denaturation buffer (50 mM Tris pH
8.5/2% SDS/5% 2-mercaptoethanol/0.15 M NaCl), vortexed, and
boiled (5 min, 95°C). Next, they were concentrated and purified by
methanol-chloroform precipitation (56), reconstituted in 1X Lae-
mmli buffer (54), and separated by SDS/PAGE. Protein bands were
stained with Commassie brilliant blue, cut from the gels, and
digested with trypsin as described in the manual (trypsin proteomics
grade; Roche). Peptides were desalted as described before (57) and
stored at —20°C.

For LC-MS" analysis, peptides were dissolved in 2% TFA, 5%
acetonitrile, separated by reversed-phase HPLC (100-um mono-
lithic column; Merck, Darmstadt, Germany; 60-min gradient from
2% to 40% ACN containing 0.1% formic acid), and directly eluted
into a linear quadrupole ion trap mass spectrometer at 350 nl/min
(ThermoElectron, San Diego, CA). An MS scan was followed by
five MS/MS scans on the most intense peaks. Recorded spectra
were matched against an Apis mellifera database containing addi-
tional hexamerin, trypsin, and keratin sequences, using the Open
Mass Spectrometry Search Algorithm search engine (58). Gener-
ally, only peptides with an e value = 0.01 are reported for the
database search. The de novo sequencing program NovoHMM (59)
was used to identify additional hexamerin peptides and to validate
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shown hexamerin peptides obtained from the database search.
Sequences obtained by NovoHMM were manually inspected and
matched against the same A. mellifera database, using BLAST for
short, nearly exact matches (60).

Data Analysis. Student’s ¢ tests were used to test cocoon duration
difference between foundress-reared and worker-reared individu-
als. Mean daily temperatures were analyzed by nested ANOVA for
differences between rearing location (field and laboratory) nested
within rearing condition (foundress-reared and worker-reared).
Fisher’s LSD test was used for posthoc comparisons. Differences in
lengths of pupal stages were analyzed by one-way ANOVA with
developmental stage as categorical factor and time as dependent
variable. Between the same developmental stage of foundress-
reared and worker-reared individuals, Fisher’s LSD test was used to
test for level of significance. Putative differences between storage
protein levels were examined by multivariate ANOVA with rearing
condition and developmental stage as categorical factors and Hex
1, Hex 2, HiGLX, and VHDL as dependent variables. Fisher’s LSD
test was used for posthoc comparisons. Analyses were performed
with Statistica software, Version 6.0.
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