MINI-REVIEW

Communicative & Integrative Biology 3:1, |-5; January/February 2010;© 2010 Landes Bioscience

Mechanisms regulating caste differentiation
in an aphid social system

Harunobu Shibao,'* Mayako Kutsukake,? Shigeru Matsuyama,® Takema Fukatsu? and Masakazu Shimada'

Department of Systems Sciences (Biology); University of Tokyo; Tokyo, Japan; 2Research Institute of Genome-Based Biofactory; National Institute of Advanced
Industrial Science and Technology (AIST); Tsukuba, Ibaraki Japan; *Graduate School of Life and Environmental Sciences; University of Tsukuba; Tsukuba, Japan

Key words: social aphid, Tuberaphis styraci, soldier caste, soldier differentiation, density, feedback mechanism, polyphenism

For evolution and maintenance of the social systems of insect
colonies, caste production should be controlled in response
to external cues so that caste ratio in the colony is kept at
an optimal range. Recent developments using artificial diet
rearing techniques have revealed an underlying mechanism for
adaptive control of caste production in a social aphid, Tubera-
phis styraci, which has a sterile soldier caste in the 2" instar.
Aphid density was the proximate cue that acts on I** instar
nymphs and embryos to induce soldier differentiation. The final
determination of soldier differentiation occurred postnatally,
probably at a late |** instar stage. Direct contact stimuli from
live non-soldier aphids mediated the density effect. While coex-
isting non-soldiers facilitated soldier differentiation in I** instar
nymphs, coexisting soldiers acted to suppress such differentia-
tion. These results suggest that caste production in aphid colo-
nies is controlled by positive and negative feedback mechanisms
consisting of density-dependent induction and suppression of
soldier differentiation. Here, we demonstrate the mechanisms
that coordinate aphid society, and provide a striking case of
clonal superorganism system where simple responses of colony
members to local extrinsic stimuli are integrated into a highly
organized regulation of the whole colony.

Introduction

Organisms have evolved through major transitions in the long
history of life. Evolution of sociality is one of the important
transitions and has brought ecological success to organisms. A
colony of social insects, with hundreds, thousands or millions
of individuals integrated into a cohesive and homeostatic system
with division of labor, is one of the most impressive biological
entities in nature. It is of great interest to understand the mecha-
nisms underlying the regulation and control of the biological
system referred to as superorganism.!

In colonies of highly social insects, some individuals are
engaged in reproduction, whereas others produce few or no off-
spring and comprise specialized castes that are characterized by
distinct behavioral and morphological traits for altruistic func-
tions. Morphologically and reproductively differentiated castes
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are well known in social groups like bees, ants and termites,? but
such castes have also evolved in less-studied groups like aphids.?

Some aphids produce individuals that altruistically sacrifice
their own reproduction for the benefit of their colony mates.
Such individuals are called “soldiers” because their primary
social role is usually defense, although some soldiers also play
non-defensive altruistic roles such as housekeeping®® and gall
repair.®® In highly social aphids, soldiers are morphologically
differentiated from the normal nymphs and are unable to grow,
constituting a sterile caste.”'? So far, about 60 soldier-produc-
ing aphids have been found from two aphid subfamilies, the
Pemphiginae and the Hormaphidinae, where morphologically
and reproductively specialized soldier castes have evolved at least
four times independently.’*?

Giving up their personal reproductive potential, these altru-
istic castes ensure transmission of their gene copies only by
contributing to colony success. Production of the sterile castes
improves colony success through their altruistic tasks such as
defense and housekeeping, at the expense of intrinsic growth rate
of the colony. On account of the trade-off between reproduction
and altruistic functions, there should be an optimal investment

IL14-16 Since envi-

to altruistic castes in a particular environment.
ronmental factors such as predation, competition and available
resources fluctuate, the optimal caste ratio is predicted to shift
with time in an unpredictable manner. Therefore, mechanisms
of controlling the caste investment in response to external cues,
whereby the caste ratio in the colony is controlled within an
optimal range, are important for evolution and maintenance of
the social system.

However, the processes underlying the adaptive and flex-
ible control of caste differentiation in social insect colonies are
not well understood. Experimental evidence for adaptive shifts

in caste ratio is limited,"”"

probably because manipulation of
environmental factors that may influence caste ratio is usually
difficult in complex and homeostatic insect social systems. In
particular, social aphids, most of which live on tall trees or bam-

boos, are thought to be difficult to analyze in the laboratory.

Development of an Artificial Diet Rearing System
and Experimental Model of Social Aphids

Tuberaphis styraci is representative of highly social aphids
and forms large coral-shaped galls on the tree Styrax obassia
(Fig. 1A). In the galls, adult females parthenogenetically
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even under the extremely artificial
but experimentally manageable con-
dition. These findings prompted us to
perform experimental approaches to
various biological aspects of the social
aphid. Here, we review our recent
studies on the mechanism underly-
ing adaptive control of soldier caste
differentiation in 7. styraci using the
artificial diet technique.

1 mm

Density-Dependent Soldier
Production in T. styraci

In social aphids, a number of fac-
tors have been shown or suggested
to affect the proportion of soldiers
in a colony of social aphids: gall
size,” colony size,?** proportion of
unwinged adults,” clonal mixing,*
predator abundance,” ant atten-
dance,"? host plant condition® and

seasonal change.?%%3? To date, how-

Figure 1. Ecology and life cycle of Tuberaphis styraci. (A) A mature 2"-year-gall. (B) Two types of 2"
instar nymphs. Left, soldier. Right, normal nymph. Soldiers are easily recognized by sclerotized cuticle and
greenish color, in contrast to soft cuticle and yellowish color of normal 2™ instar nymphs. Bar = | mm.
(C) Soldiers attacking a lacewing larva. (D) Soldiers pushing honeydew globules with their heads. Here
we summarize the ecology and life cycle of T. styraci. This aphid has a biennial life cycle on the host tree
Styrax obassia.”®*' A fundatrix that hatched from an overwintered egg forms a small gall, and next year the
incipient gall grows into a large gall, around 10 cm in diameter and coral-shaped. In the gall, adult females
parthenogenetically produce monomorphic | instar nymphs.When they molt into 2" instar, two distinct
morphs, normal 2" instar nymphs and soldiers, appear. Normal 2" instar nymphs grow to adult and
reproduce, whereas soldiers neither grow nor reproduce but are specialized for altruistic tasks, colony

ever, direct environmental cues that
control aphid soldier production have
been unequivocally identified.

We surveyed population dynam-
ics and colony composition in natural
galls of 1. styraci to statistically iden-
tify environmental factors related to
soldier production.” Regression anal-
yses indicated that soldier propor-

defense and housekeeping. Soldiers are gathering around small holes on the underside of the gall, guarding
the openings, and cleaning the gall by pushing honeydew globules, shed skins and corpses out of the holes.
Encountering intruders, soldiers aggressively attack them by stinging with their stylets and injecting toxic

saliva. It was recently shown that the soldiers produce a venomous protease in their gut and inject it into

tion is significantly correlated with
colony size (r = 0.586, p < 0.05) and
aphid density (r = 0.857, p < 0.001).

copulate and produce eggs, which hatch in the next year.

predators for defense.*”*® Aphid predators such as syrphid maggots and lacewing larvae are tormented,
paralyzed or killed by the attack, and usually drop off the gall surface with attacking soldiers attached to
them.Therefore, the attacking behavior of soldiers is highly self-sacrificing. Mature large galls of T. styraci
sometimes contain over 20,000 insects, more than a half of which may be soldier individuals. In late
August to mid October, alate sexuparae, which migrate to another S. obassia trees and produce the sexual
generation, emerge from the mature gall via the exit holes. Males and females produced by the sexuparae

In stepwise regression analyses, aphid
density exhibited a highly significant
correlation (r = 0.857, p < 0.0001)
with soldier proportion. These results
suggested that crowding is a candi-
date factor that controls soldier pro-

produce monomorphic 1 instar nymphs. When they molt into
2™ instar, two distinct morphs, normal 2 instar nymphs and
soldiers, are produced (Fig. 1B). Normal 2" instar nymphs
grow to adult and reproduce, whereas soldiers neither grow nor
reproduce but are specialized for altruistic tasks, e.g., colony
defense and housekeeping (Fig. 1C and D).2%

Recently, we developed an artificial diet rearing technique
for T. styraci** On a small petri dish filled with synthetic liquid
diet, we were able to maintain 7. styraci in the laboratory for
longer than two months through three successive generations.
On the artificial diet, the aphids survived, grew and reproduced
as they were in native galls. Moreover, soldiers were produced
on the diet, and they exhibited attacking and cleaning behaviors
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duction in 7. styraci.

Using an artificial diet rearing sys-
tem, we investigated the effect of crowding in the laboratory.?
When a single adult was reared in a chamber, few soldiers were
produced. By contrast, when 10 to 20 adults were maintained
in a chamber, many soldiers were produced. After a month
of maintenance, soldier proportion in the offspring reached
around 50% under the crowded conditions. These results indi-
cated that crowded condition induces soldier production in 7
styraci.

Then, we designed a series of artificial diet experiments by
manipulating aphid density or colony size. The results revealed
that soldiers are produced in a density-dependent manner
rather than in a colony size-dependent manner. Thus, it was
concluded that high density induces soldier production in 7
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styraci, which is in perfect agreement with the data from field-
collected galls.?

Proximate Mechanisms for Density-Dependent
Soldier Differentiation

In T styraci, female adults parthenogenetically produce mono-
morphic 1% instar nymphs, and the nymphs molt into normal
2™ instar nymphs and soldiers. Therefore, the nymphs destined
to be soldiers experienced the density treatment through two
developmental phases: as embryos in maternal body and as 1*
instar nymphs. To identify the developmental stage responsive
to high density, we performed combinatorial prenatal and post-
natal density treatments.’® In our experiments, either prenatal
high density or postnatal high density could induce soldier dif-
ferentiation of the treated aphids, indicating that both newborn
nymphs and embryos in maternal bodies are responsive to high
aphid density.

Interestingly, 1* instar nymphs of 7. styraci were able to
become either normal 2" instar nymphs or soldiers in response to
density.* Therefore, the final determination of soldier differen-
tiation must occur postnatally, probably at a late 1* instar stage.
The bipotency of 1 instar nymphs might be important for the
aphid colonies to realize a flexible control of soldier production in
response to a fluctuating environment.

In our experiments, prenatal high density alone induced
around 10% soldiers, and postnatal high density alone also
induced about 10% soldiers. However, the combination of pre-
natal and postnatal high densities resulted in not 20% but 40%
soldiers.’ These results indicated that a combination of prenatal
density and postnatal density enhances soldier differentiation
in a synergistic manner. Continuous exposure to high density is
important for the effective induction of soldiers in 7. styraci.

Under high density conditions, insects must experience a num-
ber of environmental changes such as frequent contact with other
individuals, increased amount of wastes, elevated concentration
of pheromones and other chemicals. To identify the causal agent
of the density-dependent soldier differentiation, we conducted
artificial diet experiments in which adult insects of 7. styraci were
exposed to normal nymphs, soldiers, dead normal nymphs, shed
skins, honeydew globules and excreted wax.”> Among the factors
examined, only live normal nymphs effectively induced soldier
production. These results indicated that coexistence with live
normal insects is important for the density-dependent induction
of soldiers.

Then, what is the nature of the soldier-inducing cue associated
with normal aphids? The level of volatile chemicals like phero-
mones released by normal aphids may increase under crowded
conditions. Salivary components secreted by normal aphids into
the diet may be perceived by other feeding aphids. To gain further
insights into the nature of the soldier-inducing cue, we examined
whether the cue is mediated by volatile/diffusible factors or direct
contact.”® The artificial diet experiments using partitioned and
non-partitioned chambers rejected involvement of these factors,
and suggested that direct contact between live normal aphids is
the principal cue that mediates the information of aphid density.
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Figure 2. A model for the mechanism of caste differentiation and control
in colonies of T styraci.At the individual level, two factors are involved in
soldier differentiation: normal aphids as an inducing cue and soldiers as

a suppressing cue.At the colony level, positive and negative feedback is
operating to control soldier production: higher density of normal aphids
induces soldier production, whereas successive elevation of soldier
proportion suppresses further soldier production, whereby investment to
soldier production at the colony level is controlled within an appropriate
range. In this way, simple responses of aphid individuals to local environ-
mental cues can be integrated into a highly organized regulation of the
whole colony.

Density-Dependent Control Mechanisms over
Induction and Suppression of Soldier Differentiation

In natural and laboratory colonies of 7. styraci, higher density

36 However, the

of insects induced production of more soldiers.
relationship was not linear, and the soldier proportion appeared
to reach a plateau under high aphid densities. One possible expla-
nation for the plateau is that 7. styraci is physiologically con-
strained to produce a limited proportion of nymphs competent
to become soldiers. Another possibility is that soldiers themselves
are involved in the regulation of soldier proportion in colonies of
T styraci.

To test the latter possibility, we designed an artificial diet
experiment to examine how soldier production is affected by

coexisting soldiers and non-soldiers.’

The soldier proportion
attained in the presence of 60 normal nymphs was higher than
that in the presence of 30 normal nymphs, whereas the soldier
proportion attained in the presence of 30 normal nymphs plus 30
soldiers was significantly lower than those in the absence of sol-
diers. These results indicated that pre-existing soldiers suppress
further soldier production, suggesting that soldier proportion
in colonies of 7. styraci may be controlled by a soldier-mediated
negative feedback mechanism.

On the basis of above results, we propose a model for the mech-
anisms of caste differentiation and control in colonies of 7. styraci
(Fig. 2). In the life history of T styraci (Aoki & Kurosu 1989,
1990), the positive and negative feedback mechanisms might
enable an adaptive reproductive allocation. In a young gall with
only a small number of insects, few soldiers are induced because
of low aphid density, which maximizes the intrinsic growth rate
of the colony and leads to prompt attainment of a large colony
size when the nutritional condition of the gall is good. As the
colony size increases, aphid density in the gall is quickly elevated,
available resources and space for gall inhabitants are limited,
and increasing aphid biomass in the gall becomes attractive for
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predators. At this stage, a large number of soldiers are produced
in response to the high aphid density, which suppresses the colony
growth, defends the colony from predators, and therefore meets
the ecological requirements for the colony. Furthermore, even
when the colony size becomes very large in maturity, investment
in soldier production is controlled within an appropriate range by
the negative feedback mechanism. This scenario is, however, at
present hypothetical and to be verified by further studies on the
ecological aspects of 7. styraci.

In both natural and laboratory colonies, the soldier propor-
tion consistently reached a plateau at around 50% under high
aphid densities.*
a dynamic equilibrium between induction by non-soldier aphids

The soldier proportion may be realized through

and suppression by soldiers as proposed. Alternatively, 7. styraci
may be physiologically constrained to be able to produce a lim-
ited proportion of nymphs competent to become soldiers. The
flexibility and constraint underlying the soldier differentiation
are important for understanding the aphid social system and to
be investigated further.

Why maximal soldier proportion is around 50% is intrigu-
ing. It is conceivable that the value reflects the optimal soldier
investment in mature galls of 7. szyraci. To quantitatively evalu-
ate the optimal soldier investment, the cost and benefit of soldier
production should be examined in the ecology and life cycle of
T. styraci. It should be also taken into account that soldiers of
T’ styraci perform colony defense as well as housekeeping.
While predatory attacks are rather episodic and unpredictable,
colony wastes are constantly produced in the galls. The relative
importance of these social tasks for survival and reproductive
success of the aphid colonies is of great interest but are totally
unknown.

Physiological Mechanisms of Soldier Differentiation

In ants, bees, wasps and termites, not only volatile pheromones
but also surface molecules such as cuticle hydrocarbons play
important roles in their social communications and interac-
tions.’”* Our results indicated that information of aphid density
was transmitted between live aphid individuals by direct con-
tact.” In addition, soldier production was induced by coexist-
ing normal aphids, and was suppressed by coexisting soldiers.*®
Probably, reproductive aphids recognize some difference between
normal aphids and soldiers, and differentially respond to them. It
will be of interest to compare the composition of surface non-vol-
atiles between normal aphids and soldiers of 7. szyraci. Contact
chemicals such as cuticle hydrocarbons might be involved in the
caste differentiation and control in the aphid social system.

In our study, not only postnatal density treatment but also
prenatal density treatment induced soldier differentiation in
T, styraci,*® indicating that information of density perceived by
the mother aphid is somehow transmitted to embryos inside the
body. To explain this process, involvement of endocrine system is
suspected. In ants, bees and termites, juvenile hormone has been
shown to regulate caste and task differentiation.”** Treatments
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of T. styraci with analogs and antagonists of juvenile hormone
and other insect hormones would lead to understanding of physi-
ological mechanisms underlying the caste differentiation.

Soldier Caste as an Expression of Aphid Polyphenism

Aphids are known for their complex life cycle and extreme poly-
phenism.“ In many aphid species, crowded conditions induce
differentiation into winged morphs,” which is reminiscent of
the soldier differentiation in 7. styraci. Some common mecha-
nisms might underlie the differentiation of these and other
aphid morphs. Photoperiod, nutritional conditions, tempera-
ture and other factors also affect the differentiation of winged
aphids.” In addition to density, these factors may influence the
soldier differentiation in 7. styraci. In our preliminary experi-
ments, density-dependent regulation of wing polyphenism was
observed in 7. styraci under a short day condition (8L:16D).
Notably, proportion of alates was not directly correlated with
proportion of soldiers but negatively correlated with proportion
of unwinged normal aphids in the colonies (Shibao H, in prep-
aration). These data suggest that the differentiation between
alates and soldiers occurs at an early nymphal or embryonic
stage, and that 7. styraci is physiologically constrained to pro-
duce a limited proportion of soldier-destined nymphs. Further
studies are needed to examine these possibilities.

Perspective

Despite technical difficulties with the non-model insects, recent
development in molecular genetics and genomics has unveiled
some intriguing molecular aspects relevant to social traits in
bees, ants, termites and aphids.®*>® 7. styraci provides a use-
ful model system to understand various aspects of the aphid
sociality. Since soldiers and normal nymphs are parthenogeneti-
cally produced by the same mother, the phenotypic differences
between them must be due to the differential gene expres-
sion between them. The soldier induction technique using
density treatment will enable us to identify the specific genes
expressed in the process of soldier differentiation. Development
of artificial diet rearing system for other social aphids such as
Pseudoregma bambucicola and Colophina arma, those which pos-
sess a 1" instar soldier caste of independent evolutionary origin,
will allow us to conduct comparative studies on aphid social
mechanisms in further depth,” which should provide insights
into such intriguing aspects of the aphid social biology.
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