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Bivoltinism as an Antecedent to
Eusociality in the Paper Wasp
Genus Polistes
James H. Hunt1* and Gro V. Amdam2*
To learn the evolutionary trajectories of caste differentiation in eusocial species is a major goal of sociobiology. We present an explanatory framework for
caste evolution in the eusocial wasp genus Polistes (Vespidae), which is a model
system for insect eusocial evolution. We hypothesize that Polistes worker and
gyne castes stem from two developmental pathways that characterized the
bivoltine life cycle of a solitary ancestor. Through individual-based simulations, we show that our mechanistic framework can reproduce colony-level
characteristics of Polistes and, thereby, that social castes can emerge from
solitary regulatory pathways. Our explanatory framework illustrates, by specific example, a changed perspective for understanding insect social evolution.
The essence of eusociality in Polistes wasps is
the differentiation of female offspring into two
castes: nonreproductive females that work in
their natal colony and reproductive gynes that
found colonies in the next nesting cycle (1).
Differentiation of Polistes offspring into workers and gynes has been proposed to rely on
physiological events that are triggered after
adults emerge from pupation (2). A more
widely held view, however, is that caste in
social wasps is determined, or at least
predisposed, during larval development (3).
Larval nourishment is believed to play a role
in caste differentiation (1, 3), but the nature of
this mechanism has not been determined.
More importantly, no hypothesis addresses
how a nutritional cue would translate into
specific traits that characterize the two castes.
Regulatory machineries that control sequential shifts between phases in the life
cycles of solitary insects may have been coopted during social evolution (4). From this
perspective, caste evolution can be envisioned
as a remodeling process that uses solitary
control circuits to build social phenotypes.
The regulatory layout of a presocial form
would thus become the ground plan that
underlies the evolutionary design of its social
descendants. One such layout may be the
bivoltine life cycle, an adaptation to seasonal
environments that may be tropical wet/dry as
well as temperate warm/cold. Bivoltine life
cycles have a first generation that undergoes
uninterrupted development and reproduction,
followed by a second generation that enters
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prepupal or adult diapause, passes the unfavorable season, and reproduces the following
year. (The prepupa resides inside the pupal
cocoon and is a quiescent state of the last larval
instar.) The biology of wasps in the vespid
subfamily Eumeninae can have major explanatory implications for the evolutionary trajectories of sociality in Vespidae (5). Bivoltinism
occurs commonly in solitary eumenines (6),
and the eumenine-like solitary ancestor of the
eusocial vespid Polistes may have been
bivoltine. With this initial assumption, we
hypothesize that the regulatory circuits that
separated the two generational trajectories in
the ancestor were co-opted to build a social
life-history pattern in which the worker brood

of Polistes corresponds to the first generation
(G1) (Fig. 1) and the gyne brood corresponds
to the second (G2) (Fig. 1).
Early-emerging Polistes offspring work
as G1 females in a condition of reproductive
readiness but in a context that curtails their
reproductive contribution to the G2 brood (Fig.
2). Worker behavior in Polistes is contextdependent expression of maternal care behaviors (1), and when the females begin to forage
and engage in nest construction, they do so as
workers at the natal nest. The reproductive potential of Polistes G1 females is nonetheless
readily apparent, as Blaying workers[ (7), replacement queens (8), and satellite nest foundresses (9, 10) all come from the early brood.
Thus, at the conceptual level, our approach
characterizes Polistes offspring workers as
reproductives but with their reproduction in
context-dependent suppression. Newly emerged
gynes may similarly be characterized as nonreproductives. Gynes do not forage or reproduce their first year, and gynes show no ovarian
development or nest building behavior when
isolated under favorable conditions in which G1
wasps (that normally would be workers) initiate
reproductive maturation and nest construction
(11, 12). These data suggest that gynes emerge
in a state of reproductive diapause, which is
physiological arrest rather than behavioral quiescence. Developmental and adult traits that
distinguish gynes from workers suggest that
gynes derive from a G2 phenotype (Fig. 2).
This explanation identifies a developmental machinery that can channel individuals into
two castes. Specifically, caste differentiation

Fig. 1. Life cycles of (A) a bivoltine solitary wasp and (B) Polistes in a seasonal environment. Eggs
of the first brood (G1) are laid by adults from the second generation of the preceding favorable
season (G2). In the solitary wasp, G1 females complete development, emerge as adults, and
produce the G2 generation. These individuals then pass the unfavorable season, indicated by
shading between the dotted vertical lines, in prepupal diapause (35). Three principal changes can
convert this solitary life cycle into a social life strategy. One change is that diapause is passed as
an adult rather than as a prepupa, which is known to occur in some bivoltine solitary wasps in
family Sphecidae (35). A second change is that the life cycle is partially rather than discretely
bivoltine. In partial bivoltinism, adults that lay eggs of the first generation also lay some eggs of
the second generation. This strategy is common and may favor evolution of eusociality (6). The
third change is that offspring of the first generation do not reproduce but instead undertake brood
care at their natal nest; thus, no arrow connects the G1 and G2 broods in the Polistes diagram (B).
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could rely on regulatory circuits that, in the
bivoltine ancestor, controlled the conditional
prepupal diapause pathway that separated the
two generational trajectories (Fig. 1A). This
prediction is supported by experimental evidence. The differentiation appears to be largely
determined before emergence (3, 13), and traits
indicative of G1 and G2 phenotypes are apparent from early in life (Fig. 2). Further, the
pupation time of gynes, measured from cocoon
spinning to adult emergence, is longer than the
pupation time of workers (14). Gynes also contain high levels of hexameric storage protein at
the end of pupal development (13). These are
traits normally associated with prepupal diapause (15). It is also worth noting that the high
level of storage protein in Polistes gynes is not
an obligatory trait in Vespidae, being absent
from gynes of Vespinae (13). This suggests that
the presence of hexamerin in Polistes is the signature of a specific differentiation machinery.
In solitary insects, diapause is under innate
regulatory control and is characterized by specific hormonal signatures and patterns of gene

expression (15). A social co-option of the corresponding regulatory circuits would imply that
a cue stemming from the social condition now
controls a modified machinery that induces a
set of diapause characteristics during development and early adult life rather than triggering
a state of developmental arrest. Nutrition is
one factor that governs diapause initiation in
solitary insects (16–18), and differential larval
nutrition is a common means to induce castespecific developmental programs in social taxa
(2). It is also the most prevalent hypothesis for
caste differentiation in Polistes (1, 3, 13, 14).
To explore the validity of the assumption
that a diapause switch triggered by larval nutrition is the basis of caste differentiation in
Polistes, we examined the demographic implications by use of individual-based modeling
(Fig. 3) (19). Each resulting pattern can be
matched to examples from nature. Moderate
food levels (Fig. 3A) produce dynamics that are
typical for Polistes in seasonal environments:
A peak of workers precedes a peak of gynes
(20). Specifically, workers are individuals chan-

Fig. 2. The Polistes life
cycle incorporates fundamental elements of
the bivoltine ground
plan. Larvae respond
during development to
a food cue and diverge
onto one of two trajectories. Scanty provisioning leads to the G1
pathway, which is signaled by slow larval development (due to low
nutrient inflow), short pupation time (14), and no
storage protein residuum
in emerging adults (13).
More abundant provisioning leads to more
rapid larval development, longer pupation
time (14, 20), and residual storage protein
in emerging G2 adults
(13). G1 females have a
‘‘reproduce now’’ phenotype, and they forage
for protein, care for the
brood, and construct
nests. The expression of
these behaviors is conditional, as indicated by
branching points in the
G1 sequence. If the
queen is lost, a G1 female can develop her
ovaries, mate if males
are present, and become a replacement
queen. If a queen is present but the number of workers is low, a G1 female will alloparentally express
maternal behaviors (i.e., nest construction, nest defense, brood care, and foraging) as a worker at her
natal nest. Finally, if a queen is present and the number of workers is high, a G1 female may depart the
natal nest and found a satellite nest in midseason. Because the cold tolerance of G1 females is low,
they do not survive quiescence, and lifetimes are short. In contrast, G2 females have a ‘‘reproduce
later’’ phenotype. They express no maternal behaviors the first year, but after emerging from
quiescence, they break reproductive diapause and shift to the reproduce now phenotype.
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neled into a G1 pathway, whereas gynes follow a G2 trajectory. Variation in nutrient inflow can translate into two distinct phenomena
known in Polistes: a minor peak of early gynes
(21) and a minor peak of late workers (Fig. 3B)
(22). Higher food levels lead to early termination of brood rearing (Fig. 3C) (23), whereas
very low food levels lead to few workers and
almost no gynes (Fig. 3D) (24).
Summary data illustrate how the model
responds to changes in average food level (Fig.
4). The level indicated by arrows is of
particular interest. Here, the number of gynes
has the largest variance and spans the full range
for the observations (0 to 60 gynes). At the
same time, the number of days until colonies
reach maximum gyne production is largest.
These results describe colonies that vary
greatly in gyne production, with many colonies
producing few gynes and a few colonies
producing many gynes. High variability among
colonies, with a few colonies placing large
numbers of gynes into quiescence late in the
nesting season, exactly characterizes annually
seasonal Polistes populations (1).
The fit of the model output to actual
observations in nature, both in general patterns
and particular variations, suggests that a
nutrient-dependent switch mechanism during
larval growth is sufficient to explain caste
differentiation in Polistes. A correlative relationship between feeding and caste determination has long been suspected (1, 3), but a
framework that combines a nutritional switch
with a specific hypothesis on its origin has been
missing. We hypothesize that Polistes workers
and gynes derive from a regulatory ground
plan: the bivoltine life cycle that was designed
to produce a developmental bifurcation in an
ancestral solitary form. Therefore, we not only
provide a specific prediction about the developmental circuits that have been co-opted by
social evolution to produce the two castes, but
we also provide an explanation for the suite of
traits associated with each phenotype (Fig. 2).
The transition from bivoltinism to eusociality may have occurred after the bivoltine ancestor dispersed into a favorable environment
that enabled uninterrupted development of G2
females. Evolution of eusociality, however,
would additionally require that G1 wasps remained as alloparental caregivers at the natal
nest. Trophallactic transfer of amino acid–rich
saliva (25) from larvae to adults may have
been the key evolutionary invention that induced reproductively tuned females to remain
at their natal nest (26). Indeed, experimental
disruption of adult feeding on saliva causes
social wasp colonies to fail (24, 27). However, although larval saliva as an amino acid
source for vitellogenesis would tie G1 individuals to the nest, the costs of foraging
and nest building would constrain them from
oogenesis (28). This scenario implies that castes
in Polistes evolved from interactions between
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adults and larvae rather than from interactions among group-living adults, as hypothesized by West-Eberhard (29).

The bivoltine ground plan hypothesis has
considerable explanatory power to reinterpret
natural history and experimental data on Pol-

Fig. 3. Output from four separate runs illustrates the dynamics of the individual-based model. Each
simulation shows the number of workers from the G1 pathway (dotted line) and gynes of the G2
trajectory (solid line) present on a nest. The amount of food available to individuals that forage is
the only variable changed between runs. (A) Moderate food levels generate a peak of workers
followed by a peak of gynes. (B) Day-to-day random fluctuations in food generated by the model
can result in early gynes, late workers, or both in the same run. (C) More food leads to an earlier
worker peak and to earlier production of more gynes, and the food demands of those gynes cause
a late peak of workers and early termination of brood rearing. (D) Very low food conditions result
in few offspring, almost all of which are workers, and early termination of brood rearing.

Fig. 4. Summary statistics from two sets of simulations (n 0 15 runs
each) illustrate both the consistency of results and the model’s response
to changes in average food level. Open and solid circles are the means of
the two sets; vertical lines are standard errors. (A) The development time
for large larvae is long and has a high standard error at low food levels,
and both development time and standard error decrease with increasing
food. In Polistes, larval developmental time is inversely correlated with
the duration of the pupal stage (14), although total development time is
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istes. Foremost among these is that Polistes
dichotomizes offspring into two behavioral categories, workers and gynes, despite an absence
of morphological differences between them.
These now can be seen as G1 and G2 females
whose behavioral tuning reflects underlying
bivoltine phenotypes. Early gynes (21) and late
workers (22) show that G1 and G2 phenotype
expression in Polistes is cued to colony conditions, which typically change in a seasonal
pattern, rather than to seasonal environmental
variation itself. Individual- and colony-level responses to nutrition manipulations (14, 24), as
well as our simulation results, support this explanation. Our framework can also be meaningfully applied to Polistes species that are social
parasites of other Polistes species. The social
parasites emerge from quiescence after host
nesting is initiated, and they invade nests when
host offspring begin to emerge. Host workers
then rear all of the parasites_ offspring as gynes
(30). This suggests that the G1 generation has
been deleted from the inquiline life cycle.
Specific and testable predictions derive
from our framework. If the differentiation of
G1 and G2 females is driven by a co-opted
diapause switch, we would expect the prolonged times spent by gynes in cocoons (14)
to be predominantly due to a longer prepupal
stage. During this phase, gynes will show
increased production rates of hexameric storage proteins, higher levels of accumulation
compared to workers, and hormonal signatures of diapause. Further, the G1 and G2
signatures should be residual in primitively
social polistine wasps living in nonseasonal
tropics. This is strongly suggested by evidence
from Ropalidia marginata, in which about
half of female offspring will build nests when
isolated at emergence and half will not, even
though colony cycles are indeterminate and

longer for individuals that develop under low food conditions. (B) The
time from the start of the simulation until the peak of gynes present on
the nest has high variance at low levels and reaches a maximum at an
intermediate food level. (C) The number of gynes produced increases
with increasing food level. Arrows indicate the same food level, and in (B)
and (C), also denote the simultaneous occurrence of the longest time
until peak gyne production and the highest standard error in the number
of gynes produced.
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asynchronous (31). We further expect this
form of differentiation to be absent in species
that originated in a nonseasonal environment,
as potentially exemplified by Bfacultative eusociality[ in Stenogastrinae (32). Halictine
bees may represent a separate taxon where
sociality evolved from bivoltine ancestry. A
prerequisite for sociality in this group is that
the species is bi- or multivoltine (33), and the
halictine literature is rich with descriptions
suggestive of G1 and G2 phenotypes (34).
The bivoltine ground plan hypothesis of
caste evolution in Polistes inaugurates a changed
perspective on the evolution and maintenance
of sociality in insects. It shifts emphasis away
from altruism, away from costs and benefits,
and away from conflict and cooperation. It
states that evolutionary trajectories of sociality
are best understood as having been shaped by
regulatory circuits present in solitary ancestral
forms. It calls for a mechanistic approach to
caste evolution, and it illustrates, by specific
example, that social evolution in insects can
be fully—and finally—understood.
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The Structure of a
Retinal-Forming
Carotenoid Oxygenase
Daniel P. Kloer,1 Sandra Ruch,2 Salim Al-Babili,2
Peter Beyer,2 Georg E. Schulz1*
Enzymes that produce retinal and related apocarotenoids constitute a sequenceand thus structure-related family, a member of which was analyzed by x-ray
diffraction. This member is an oxygenase and contains an Fe2þ-4-His arrangement at the axis of a seven-bladed b-propeller chain fold covered by a dome
formed by six large loops. The Fe2þ is accessible through a long nonpolar tunnel
that holds a carotenoid derivative in one of the crystals. On binding, three
consecutive double bonds of this carotenoid changed from a straight all-trans
to a cranked cis-trans-cis conformation. The remaining trans bond is located
at the dioxygen-ligated Fe2þ and cleaved by oxygen.
Retinal and its derivatives participate in numerous cellular activities; they are crucial
for vision and the immune system (1, 2) and
are therefore of nutritional importance (3).
Retinal-forming carotenoid oxygenases constitute a sequence-related family of more than
100 currently known members. The family was
discovered through a 9¶-cis-epoxycarotenoid
1
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oxygenase that participates in the biosynthesis of the important plant hormone abscisic
acid (4). A prominent family member is bcarotene-15,15¶-oxygenase from animals,
which cleaves b-carotene symmetrically to
two molecules of retinal (5–7). Another member is b-carotene-9¶,10¶-oxygenase, cleaving
b-carotene asymmetrically to form apo-10¶-bcarotenal (8), which is thought to be converted
to retinoic acid (9), a key actor in developmental processes (10). The family includes
the retinal pigment epithelial protein RPE65
(11), mutations of which cause Leber_s congenital amaurosis, a severe blinding disease
(12). In plants, the genome of Arabidopsis
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thaliana codes for as many as nine family
members (2, 13), several of which have been
established as carotenoid oxygenases (14, 15).
Some of these genes yield products regulating
growth and development (16, 17). Other plant
members catalyze the biosynthesis of pigments
(18, 19). Cyanobacterial retinal-producing members have been proposed (20) and recently
identified in Synechocystis (21). Here, we report the crystal structure of the Synechocystis
enzyme at 2.4 ) resolution, revealing the reaction geometry and establishing a solid base
for modeling all other family members.
The apocarotenoid-15,15¶-oxygenase (ACO)
from Synechocystis sp. PCC 6803 was expressed in Escherichia coli inclusion bodies
and (re)natured with yields of about 2 mg
purified enzyme per liter culture (22). ACO
was soluble without detergent. It became active after adding Fe2þ ions and retained its
activity over several days. The catalyzed reaction requires dioxygen (Fig. 1A), but the
oxygen atoms in the two resulting aldehydes
most likely originate from both dioxygen
and water in a 1:1 ratio (23). On purification,
the elution pattern of the final gel filtration
column showed a dominant peak at the monomer mass and a small peak at the dimer mass
(fig. S1). After adding the detergent octylpolyoxyethylene (C8E4–8), the dominant peak
ran at the trimer mass, presumably because
ACO had been recruited to a detergent micelle. Because numerous attempts to crystallize the soluble detergent-free protein failed,
detergent was added in all further experiments.
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