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The morphological, physiological and behavioural differences between solitarious and gregarious desert
locusts are so pronounced that one could easily mistake the two phases as belonging to different species,
if one has no knowledge of the phenomenon of phenotypic plasticity. A number of phase-specific features
are hormonally controlled. Juvenile hormone promotes several solitarious features, the green cuticular
colour being the most obvious one. The neuropeptide corazonin elicits the dark cuticular colour that is
typical for the gregarious phase, as well as particular gregarious behavioural characteristics. However,
it had to be concluded, for multiple reasons, that the endocrine system is not the primary phase-
determining system. Our observation that longevity gets imprinted in very early life by crowding of
the young hatchlings, and that it cannot be changed thereafter, made us consider the possibility that,
perhaps, epigenetic control of gene expression might be, if not the missing, a primary phase-determining
mechanism. Imprinting is likely to involve DNA methylation and histone modification. Analysis of a
Schistocerca EST database of nervous tissue identified the presence of several candidate genes that may
be involved in epigenetic control, including two DNA methyltransferases (Dnmts). Dnmt1 and Dnmt2
are phase-specifically expressed in certain tissues. In the metathoracic ganglion, important in the
serotonin pathway for sensing mechanostimulation, their expression is clearly affected by crowding.
Our data urge for reconsidering the role of the endocrine system as being sandwiched in between genet-
ics and epigenetics, involving complementary modes of action.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Locusts are parasocial insects that either live singly (solitariously)
or gregariously in hopper bands and swarms. Their life cycle is a
typical example of phenotypic plasticity, meaning that changes
in environmental conditions affect the morphology and behaviour
of the organisms. Both phases differ in many aspects, e.g. solitari-
ous animals are bigger, greenish, they migrate during the night,
they shun each other, they live longer, and they produce more eggs
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than the smaller and darker-pigmented gregarious morphs that fa-
vour company and migrate during the day [31,47]. Even the brain
of adult gregarious desert locusts is bigger than that of their solit-
arious counterparts [28]. As long as sufficient food is available, the
solitarious ‘‘lifestyle’’ dominates. The gregarious behaviour is initi-
ated when females crowd in a small breeding ground for oviposi-
tion. When large numbers of young hatchlings crawl out of the
soil at the same time, contact by touching each other is unavoid-
able. Such touching stimulates touch receptors in the body surface,
in particular in the large femur of the hind legs and/or in the anten-
nae [9,25,36]. In laboratory conditions, two hours of crowding lar-
gely suffices for initiating gregarious behaviour [31]. In contrast, in
both the well documented species Locusta migratoria and
Schistocerca gregaria [31] but not in the Australian plague locust
(Chortoicetes terminifera, [14]) solitarious or gregarious phase char-
acteristics accumulate over generations and involve intermediate
(transient) forms.

For a long time it was thought that the key determinant of
phase polyphenism was hormonal in nature. The search for
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hormonal differences between the two phases revealed that
juvenile hormone is more abundant in solitarious animals. Implan-
tation of extra corpora allata or treatment with synthetic juvenile
hormone (JH) analogs induce some of the typical solitarious fea-
tures, such as for example the green cuticular coloration. A recent
review stressed again that JH, although important, is not the phase
determining hormone [31]. Gregarious locusts have a much darker
body colour, which is hormonally regulated [40]. In both Locusta
and Schistocerca this ‘‘dark pigmentotropin’’ was identified as the
11-mer neuropeptide [His7]-corazonin [43], a potential stress
hormone [5]. In its turn, corazonin is not the phase determining
hormone, because it does not induce the full spectrum of, but only
a shift towards, gregarious characteristics [41]. Since then, for a
number of other neuropeptides differences in levels of expression
between both phases have been reported, but none is the gregaris-
ing trigger.

In recent years, the role of serotonin in inducing gregarious
behaviour as well as the transmission of maternal information to
the progeny has been focused on [1,25,37,38], but the results are
not yet fully conclusive. Although important, serotonin is probably
also a downstream regulator that comes into play soon after
crowding induces gregarisation.

An alternative explanation could be the action of a primary
phase determining gene, i.e. a transcription factor, at the bottom
of a complex cascade that in the end results in the determination
of both phases in locusts. Differential display techniques have re-
vealed quite a lot of differentially expressed genes, but a primary
phase determining gene has not been identified at this moment
[2,7,15]. All these negative data urge for asking the question
whether, perhaps, we may have overlooked for too long the possi-
ble role of epigenetics in locust phentotypic plasticity.

Fifty years have passed since Helen Crouse (1960) first de-
scribed the phenomenon of genomic imprinting in insects [8]. To
date, the molecular players involved are known, mainly from
vertebrate research: DNA methylation and/or histone (de)acetyla-
tion. In the model insect Drosophila, epigenetic mechanisms are
less well developed than in vertebrates: the degree of methylation
of its genome is low and only one DNA-methylase (Dnmt2) is pres-
ent. Dnmt1 and Dnmt3 have been lost during dipteran evolution
[23,26]. In Drosophila, Dnmt2 plays a role in the maintenance of
telomere integrity, an anti-ageing mechanism [32]. In higher verte-
brates, three Dnmts, each with specific functions are documented.
Dnmt1 performs maintenance methylation, whereas Dnmt3
performs de novo methylation. Dnmt2 performs RNA methylation,
but its role in epigenetics and its function as such remains elusive
[17]. It is thought to play a role in cytoplasmic tRNA methylation in
higher vertebrates [33]. This situation in Drosophila led to the
(false) assumption that the same situation of being less important
might prevail in all insects.

Proof of the contrary came from research in the honey bee. With
the completion of the honeybee genome sequence [51], a func-
tional DNA methylation system in the honey bee has been discov-
ered [46]. Later on, Kucharski et al. [19] demonstrated that
silencing of DNA-methylase 3 (Dnmt3) in young bee worker larvae
that were not fed royal jelly (the normal trigger for becoming a
queen) developed into queen-like adults, ovarian development
inclusive [18]. Ever since, methylation related studies in the honey-
bee follow each other rapidly. Recently differentially methylated
gene patterns have been discovered in the brains of queens, work-
ers and drones [22]. Queen determination in the honeybee is a
clear example of phenotypic plasticity controlled by epigenetic
mechanisms. It should be noted that it was thought for a long time
that a compound with juvenile hormone activity was the active
substance in royal jelly [34].

The initiating trigger in the phase determining cascade of lo-
custs should be able to explain how environmental cues, mainly
touching each other during crowding in early life, can result in a
wide array of physiological, behavioural, etc. effects that not only
last lifelong, but that even can be partially transmitted to the next
generation(s). There are more and more examples illustrating that
some genes have a built-in (intrinsic) memory that can be used for
‘‘imprinting’’ during lifetime or sometimes even longer [4,12,
48–50]. If such changes are not genetic the classic way (mutations),
the only other alternative is that they are epigenetic, thus Lamarck-
ian, in nature [4].

In the light of such novel developments, the idea that the endo-
crine system could be an important mediator in epigenetic control
of development and ageing is very attractive. For the moment, no
firm data are available, neither in vertebrates nor in invertebrates.
Locust phase polyphenism is a good model to start investigating
this relationship.

In this paper we put forward the hypothesis that epigenetic reg-
ulation is the primary mechanism for locust phenotypic plasticity
and that hormones are later players in the cascade. We show that
the very pronounced differences in longevity between solitarious
and gregarious animals are determined in the early larval stages
after eclosion and that they cannot be changed anymore thereafter
by crowding, proving that imprinting, an aspect of epigenetics, is at
work. Second, we show that a functional DNA methylation system
is present in the desert locust. Finally, real time PCR data show that
crowding influences DNA methylation in the metathoracic
ganglion, and that DNA methyltransferase transcripts are phase-
specifically expressed in certain tissues. In our opinion, these data
may trigger other investigations aiming at making epigenetics
meet endocrinology [53].
2. Materials and methods

2.1. Animals

Gregarious Schistocerca gregaria were raised at 31 ± 2 �C at
ambient humidity and under a 13 h:11 h light/dark regime in cages
of 24 � 24 � 24 cm that can hold hundreds of nymphs or about
100–150 adults. Solitarious S. gregaria were raised individually in
well aerated plastic boxes measuring 14 � 8 � 9 cm [16]. All were
fed cabbage and dry oat flakes ad libitum in order to avoid effects
caused by calorie restriction. The cages are too small for the ani-
mals to fly, excluding effects of increased physical activity by
flying.
2.2. Longevity and fecundity

Only females were used in these experiments. Data on longevity
of locust males and females (Locusta migratoria, S. gregaria) in rela-
tion to corpus allatum activity have been published before [29]. To
find out whether (absence of) crowding influences female longev-
ity and/or fecundity, three conditions were compared. Condition
one (gregarious:gregarious): 20 gregarious males and 20 gregari-
ous females in a gregarizing cage; Condition two (gregarious:
solitarious): 20 males and 20 females, from solitarily-reared par-
ents, both reared in isolation as nymphs but now regrouped as
adults in a gregarizing cage; Condition three (solitarious:solitari-
ous): 80 isolated-reared (>3 generations) females, mated once
(around day 14) with isolated (>3 generations) males and reared
further singly in solitarizing plastic boxes. All animals entered
the experiment at the first day of their adult life. The longevity
(in days), the number of egg pods as well as the length of the eggs
were recorded. Student’s t-test was used for statistical analysis. All
data were compared to values of ‘condition three’. The condition of
gregariously raised nymphs reared solitariously as adults was not
analysed because behavioural changes from long-time bred
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gregarious animals to solitarious animals is likely to take several
generations, in contrast to the transition from solitarious nymphs
to gregarious adults in S. gregaria that happens much faster [35].

2.3. Sequence information

Candidate molecular players involved in epigenetic control
were identified by BLAST in an S. gregaria EST database constructed
from neural tissue [2]. The sequences for DNA methyltransferases
(Dnmts), methyl binding protein (Mecp) and histone (de)acetylas-
es (HDAC, HAT) from different model organisms (D. melanogaster,
A. mellifera, T. castaneum) were used in a query for this search. Suc-
cessful hits were aligned using ClustalW, and further processed
with Boxshade 3.21.

2.4. Quantitative DNA-methylation measurement

2.4.1. DNA extraction and digestion
DNA was extracted from three different tissues (20 brains, 20

metathoracic ganglia and 50 pairs of prothoracic glands) of late
gregarious 5th instar S. gregaria. Tissues were dissected with great
care under a binocular microscope in insect saline buffer (ISB:
150 mM NaCl, 10 mM KCl, 4 mM CaCl2, 2 mM MgCl2, 10 mM Hepes,
pH 7.0). They were collected in tubes containing MagNA Lyser
Green Beads (Roche). All samples were snap frozen in liquid nitro-
gen and stored at �80 �C until further processing. After homogeni-
sation using the MagNA Lyser instrument (Roche) (30 s, 6500 rpm),
DNA was extracted and digested as described by Vandegehuchte
et al. [45]. For all tissues, 7 lg of DNA was digested.

2.4.2. UPLC-tandem quadrupole mass spectrometry
Samples were analyzed on a Waters Acquity UPLC (Ultra perfor-

mance liquid chromatography) system connected to a XEVO-TQ
mass spectrometer (Waters, Zellik, Belgium). The system was con-
trolled by MassLynx software (version 4.1, Waters). LC separation
was performed on a Waters Acquity UPLC HSS T3 1.8 lm column
of 2.1 � 100 mm at a flow rate of 300 ll/min. A binary solvent sys-
tem was used: 0.1% formic acid in water (solvent A) and 0.1% formic
acid in acetonitrile (solvent B). From 0 min to 2 min elution was iso-
cratic with 1% of B, after which a gradient was started to 45% B over
2.9 min. This condition was maintained for 0.1 min, after which the
solvent composition was returned to the initial condition (1% B over
0.1 min), which was maintained until the end of the run at
6.00 min. The injection volume was 10 ll. Stock solutions of
1.0 mg/ml nucleosides 20-deoxyguanosine (dG, Aldrich, Bornem,
Belgium), 20-deoxyadenosine (dA), thymidine (T), 20-deoxycytidine
(dC, Janssen, Olen, Belgium) and 5-methyl-20-deoxycytidine (5mdC,
US Biological, Swampscott, MA, USA) were made in methanol
(Acros, Geel, Belgium). Dilutions were made in HPLC grade water
(Acros, Geel, Belgium) with 0.1% formic acid (Extra pure 99–100%,
VWR, Heverlee, Belgium) to obtain standard curves and quality
control samples. Chromatograms were acquired in Multiple Reac-
tion Monitoring (MRM) mode by monitoring the transition pairs
Table 1
Primers used for real time PCR (Sg-Dnmt1 and Dnmt2) and the cons
2-T7). Gene specific primers for tested housekeeping genes can be

Forward primer

Sg-Dnmt1 50-TCGTGCTGGCAACAAAGAATC-30

Sg-Dnmt2 50-CATCCTGCAAGAAGCCAATTTTAT-
Dnmt1-T7 50-TAATACGACTCACTATAGGG

ACGATTACTAGTTGGGAAGTC-30

Dnmt2-T7 50-TAATACGACTCACTATAGGGG
ACACCTTCATCGACGACCA-30
m/z 228 ? 112, 242.02 ? 126, 243.02 ? 127, 252.02 ? 136,
268.03 ? 152. The channels for the regular nucleosides were opti-
mized using IntelliStart in the MassLynx 4.1 software with a sample
containing 4.1 � 10�5 mol/l dC, 4.1 � 10�5 mol/l T, 4.0 � 10�5 mol/l
dA, and 3.5 � 10�5 mol/l dG. The span was set at 0.2. The channel
for 5mdC was optimized by manual tuning with a sample of
2.8 � 10�5 mol/l 5mdC. Processing of the data for quantitative anal-
ysis was done within MassLynx using the QuanLynx quantitation
module.

2.5. Relative quantification of S. gregaria Dnmt1 and Dnmt2 mRNA
with quantitative real time PCR (qPCR)

Three batches of different tissues (brain, optic lobes, salivary
gland, suboesophageal ganglion, pro- meso- and metathoracic gan-
glion, fore- mid- and hindgut; testes, accessory glands, fat body
and flight muscle) of 10-day-old gregarious and solitarious males
were dissected for the tissue expression profiling study. The first
batch contained tissue from 40 animals, while the second and third
from ten animals. Ten-day-old female ovaries were collected in the
same way.

For the RNAi experiments, brains and metathoracic ganglia of
either control or RNAi-treated animals were collected (3 pools of
five tissues) in tubes containing Green Beads.

For the gregarisation setup, at time point zero, fifth nymphal
stage solitarious locusts, 3–5 days after ecdysis, were placed in
small cages together with 25 gregarious locusts of the same age.
Samples were taken at 0 min (the moment where solitarious
animals are grouped), after 30 min, 1, 2, 3, 4, 24 and 48 h of
crowding. Per time point (either control or regrouped) six brains
(including optic lobes) and metathoracic ganglia were collected.
Control solitarious locusts were dissected at the same time points
in order to exclude circadian effects on the expression of the Dnmt
transcripts. All samples were snap frozen in liquid nitrogen. After
mechanical homogenisation with a pestle, total RNA was extracted
using the RNaqueous�kit from Ambion including a DNase
treatment step to exclude potential genomic DNA contamination
(Qiagen). First strand cDNA synthesis was conducted using
SuperScript III Reverse Transcriptase and random hexamer primers
from Invitrogen. Samples were diluted (1:10) prior to use in qPCR.

All samples were quantified using Fast Sybr� Green technology
in the Step One Plus detection system (Applied Biosystems) using
gene specific primers (Table 1). Primer specificity was tested with
a dissociation protocol and gel electrophoresis of the PCR products.
Every sample was run in duplicate using the following PCR condi-
tions: 50 �C for 2 min, 95 �C for 10 min, 40� (95 �C for 15 s, 60 �C
for 1 min). Relative differences in Dnmt transcripts were quantified
using the DDCt method [21]. Dnmt quantities were normalized to
the endogenous control b-actin, ef1a (elongation factor 1a) and
CG13220 to account for the variability in initial mRNA concentra-
tions and differences in reverse transcriptase efficiency. This com-
bination of housekeeping genes was used in the desert locust
before [6] and was determined using geNorm [44,46].
truction of a DNA template for dsRNA transcription (Dnmt1 or
found in Boerjan et al. [6].

Reverse primer

50-TCCATGAATGAAACGAAACAACA-30

30 50-CGTTCGAGAATTAGGGATATGGAA-30

50-TAATACGACTCACTATAGGG
TCATCTGATTCATTGAAGAGAA-30

50-TAATACGACTCACTATAGGGG
TTAATACCGACACCGTCACG-30
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Statistical comparison of transcript levels was performed in
GraphPad Prism 4. Expression data were analyzed with a
Mann–Whitney test.

3. Results

3.1. Evidence for epigenetic control of longevity

In our experimental setup, the adult solitary females lived about
44% longer than the gregarious ones, namely on average 81 days
versus 54 days. This differential longevity is in line with classical
data from the literature [31]. However, the most surprising result
came from the regrouping experiment where females that had
been raised solitariously from eclosion onwards were regrouped
right after the adult molt. This procedure induces gregarious
behaviour within a couple of hours. We observed that upon
regrouping, the longer lifespan that is typical for solitarious fe-
males did not shift towards that of gregarious females (Table 2). In-
stead, it remained solitarious, meaning that it gets already fixed
during the juvenile stage after eclosion of the young nymphs,
and that it cannot be altered anymore thereafter. The shorter life-
span of gregarious females can be attributed to the only variable in
our setup, namely crowding during the nymphal stages. Crowding
causes mechanical stimulation of receptors in the legs and
antennae.

3.2. Epigenetic control of fecundity

Solitarious females produce about 2.4 times more eggs, albeit
slightly smaller, than gregarious females. Thus, high fecundity
and extended longevity go hand in hand in such females proving
that increased energy consumption due to increased egg produc-
tion is not necessarily a longevity-reducing factor. Analysis of
fecundity (average number of eggs/pod � number of pods) in the
three conditions showed that regrouping of solitarious females re-
duced the fecundity to a value intermediate (182 eggs) between
that of solitarious (340 eggs) and gregarious (144 eggs) females
(Table 2). However, we have to take into account that the pro-
longed longevity influences directly the number of egg pods (2.4
vs 3.5), making total egg numbers larger than obligate gregarious
values, whereas the individual number of eggs/pod is smaller.
Thus, control of fecundity in S. gregaria seems to have an epigenetic
component, evidently in addition to other known determinants of
fecundity, such as maternal-, hormonal-, nutritional-, and male-
dependent ones.

3.3. No influence of ‘‘sexual harassment of females by males’’ nor of
flying

In addition to increased energy consumption in highly fecund
females, sexual harassment by males is another, often cited lon-
gevity-reducing factor (for some data, De Loof, 2010 and refer-
ences therein [10]). This does not seem to be the case in the
Table 2
Overview of longevity and fecundity parameters (mean ± SD, n = number of observations)
Section 2. Condition 1 is the all time gregarious condition and condition 3 is the all time sol
conditions in the adult stage. ⁄p < 0.001 significance level against values of ‘Condition 30 u

Monitored parameters per female Condition 1 Con

Nymph gregarious Adult gregarious Ny

Longevity (days) 54 ± 7.5 (n = 20)⁄ 83.
Number of egg pods 2.4 3.5
Number eggs/pod 60 ± 16 (n = 15)⁄ 52
Total eggs produced ±144 ±18
Length of eggs (lm) 690 ± 27 (n = 186)⁄ 620
desert locust. A single mating suffices for lifelong fertility in solit-
arious females. When in laboratory conditions a sexually mature
male is brought in contact with a female that is not yet receptive,
she will kick him off with her hind legs, meaning that in this case it
is the female that harasses the male. In contrast, gregarious fe-
males start being mounted by males from about day 8 of adult life,
without any fighting or kicking-off behaviour. Copulation involv-
ing the transfer of a spermatophore takes place right away or a
couple of days later. Next, females appear to be mounted by a male
almost continuously for the rest of their life. An estimation of the
time locusts spend to copulation has been estimated before.
Locusta males display a sexual behaviour similar to that of
Schistocerca. Locusta males spend on average 70–80% of their time
on sexual behaviour [30], which corresponds to our estimate of
‘‘almost continuously’’. Upon regrouping (condition 2), the same
polyandrous behaviour is observed. Because the longevity remains
the same in the regrouped polyandrous females as in the perma-
nently solitarious ones that copulated only once, the resulting con-
clusion is that the intense copulatory behaviour cannot be
considered as sexual harassment of females by males, resulting
in reduced longevity or fecundity.

Our breeding cages are too small for locusts to fly. This means
that differences in longevity between gregarious animals (the
swarming phase) and the solitarious phase (that if it migrates, it
does so during the night) cannot be attributed to phase dependent
differential allocation of energy to flight activity.

3.4. Identification of the epigenetic enzymatic machinery in the desert
locust

Through Blast searches in the EST-database of S. gregaria [2], we
identified different components of the DNA methylation system,
including DNA methyltransferase (Dnmt) 1 and 2, a methyl binding
protein and a histone acetylase and deacetylase. Searches with
queries of Dnmt3 did not result in any significant hit. Figs. 1–5 of
the supplemental data display the ClustalW alignments for the
annotated Schistocerca EST sequences with sequences from other
insects (such as Drosophila, Tribolium and Apis) and show a high de-
gree of sequence conservation at the amino acid level. Fig. 6 (sup-
plemental data) shows the position of the annotated EST sequence
for S. gregaria Dnmt1 as compared to Dnmt1 of T. castaneum and
for S. gregaria Dnmt2 as compared to Dnmt2 of A. mellifera. All se-
quences have been submitted to Genbank (HQ704892; HQ704893,
HQ704894, HQ704895, HQ704896).

3.5. Mass spectrometric quantification of DNA methylation

Besides the four standard nucleosides, a clear peak for
5-methyl-20-deoxycytidine (5mdC) was observed in the LC-MS
chromatogram from extracts of digested genomic DNA from the
brain, metathoracic ganglion (MTG) and prothoracic glands (PG)
of S. gregaria. Fig. 1 illustrates the chromatogram for the brain
extract.
of female adult locusts reared under three experimental conditions as described in
itarious condition. In condition 2, solitary raised locusts were grouped into gregarious
sing ANOVA and Student’s t-test.

dition 2 Condition 3

mph solitarious Adult gregarious Nymph solitarious Adult solitarious

5 ± 13.5 (n = 20) 81.5 ± 19 (n = 80)
4.1

± 16 (n = 15)⁄ 83 ± 19 (n = 22)
2 ±340
± 47 (n = 50)⁄ 595 ± 40 (n = 220)
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Fig. 1. LC–MS analysis of individual nucleosides of digested genomic DNA from a
Schistocerca gregaria brain extract. Five MRM channels show a clear signal for 20-
deoxyguanosine (dG), 20-deoxyadenosine (dA), Thymidine (T) and 20-deoxycytidine
(dC) as well as for the methylated cytidine residue (5-methyl-20-deoxycytidine
(5mdC)). The number on top of the peak indicates the elution time at which the
chromatographic peak reaches its maximum. The numbers at the right side
represent the transition pair masses and the raw value (without normalisation) for
absolute peak intensity respectively.

Fig. 2. Tissue Dnmt1 and Dnmt2 transcript profiling in adult S. gregaria. Abbreviations: Sa
mesothoracic ganglion; MTG, metathoracic ganglion; FG, foregut; MG, midgut; HG, hindg
Student t-test.
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Normalisation and integration of the nucleoside peaks with
Quanlynx software enabled us to determine the ratio of methyl-
ated cytidines to all cytidines for each tissue extract: Brain (20
brains): 1.6%; MTG (20 metathoracic ganglia): 1.9% and PG (50
pairs of prothoracic glands): 1.3%. These tissues were chosen for
DNA methylation analysis because of their involvement in phase
polyphenism in the desert locust [1,28]. Analysis of the prothoracic
glands is based on personal unpublished observations of a different
morphology of these glands in solitarious versus gregarious
morphs.

3.6. DNMT tissue distribution profile: solitarious vs gregarious adults

Dnmt-transcripts were quantified in fourteen different male tis-
sues and one female tissue of S. gregaria of both the gregarious and
solitarious phase (Fig. 2). In both phases Dnmt1 had the highest
expression in brain-optic lobes, flight muscle and gonads. The
expression of Dnmt2 shows the same trend, although less pro-
nounced. In most of the tissues (except for Dnmt1 in brain and
ovaries) gregarious Dnmt transcripts are as high or higher although
most differences were not statistically significant.

3.7. DNMT transcript quantification during gregarisation

Dnmt1 and 2 transcripts were quantified in the brain (Fig. 3)
and metathoracic ganglion (Fig. 4) during a gregarisation experi-
l.gl., salivary gland; Sog, suboesophageal ganglion; pTG, prothoracic ganglion; mTG,
ut; Acc. Gl., male accessory glands; Fb, fat body; muscle, flight muscle. (⁄) Two-tailed



Fig. 3. Effect of crowding on the expression of Dnmt1 and Dnmt2 transcripts in the brain (without optic lobes) of fifth nymphal S. gregaria. The dotted line indicates the initial
level of Dnmt-mRNA at time point zero.
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ment. In the solitarious controls the transcripts stayed stable over
all time points as indicated by the dotted line. In the grouped ani-
mals, a clear change in transcript levels emerged: After half an
hour, Dnmt-transcripts rose to fall back over the other time points
to a minimum that was situated between 2 and 4 h. After 24 h the
initial time point zero control level was (almost) reached again.
This observation was the clearest in the metathoracic ganglion.

4. Discussion

4.1. Adult longevity gets determined in juveniles

Solitarious locusts are known to produce more eggs than
gregarious morphs but nevertheless they live substantially longer.
These observations violate a commonly accepted (but question-
able: [10]) fitness-related concept that ‘‘reproduction is costly, in
particular for females’’. The obvious question rises whether fecun-
dity and longevity can change during lifetime (within one genera-
tion) by imposing gregarizing living conditions upon young adults
raised as solitarious nymphs. The data presented here (Table 2)
show that longevity is neither reduced by crowding, nor by high
fecundity, nor by intensive copulatory activity. This made us con-
clude that in the desert locust, the maxima for longevity – and,
since long-lived animals produce more egg pods, - fecundity as
well, are already fixed very early in life whereby locusts violate
‘‘the-reproduction-is-costly-rule’’ [10]. Nutritional influence on
life-span was minimized by feeding all animals the same food
ad libitum. Recent advances in Drosophila research also uncouple
the increase of lifespan and fecundity based on dietary restriction
[13,42]. Although the-reproduction-is -costly concept may to some
extent be valid in particular in short-lived species, it does not hold
true for locusts which in this aspect more resemble queens of
social insects. Indeed, the queens of some hymenopteran species
are long-lived (some ant species up to almost 30 years; [18]), de-
spite the large numbers of eggs they produce. To our knowledge,
there are no data indicating that locusts have pheromones influ-
encing fertility or fecundity. Hence, the only causal parameter to
explain the present results is probably imprinting by crowding.

In locusts, the strongest inducers for behavioural gregarisation
are tactile stimuli of mechanoreceptors on the femur of the hind
legs [36]. Mechanical stimulation of the antennae also elicits
behavioural crowding effects and determines progeny phase char-
acteristics [9,25].

The effect of imprinting-by-touching on female longevity can be
considered as a genuine case of imprinting. Imprinting is the term
used in ethology and psychology to describe any kind of (over-
whelming) stimulation of a particular sense (sight, hearing, smell,
taste, temperature etc.) during a sensitive or critical period and usu-
ally occurs very shortly after birth. It is rapid, and induces lifelong
lasting effects. The best known textbook examples are filial imprint-
ing (e.g. the greylag geese of Konrad Lorenz), and salmon that return
to their place of birth for spawning, guided by the smell of the water
in which they were born. All criteria for imprinting in locust pheno-
typic plasticity are met: stimulation of a particular sense, the time of
stimulation, namely very shortly after birth; the fact that the effect is
unexpected given the nature of the initial stimulus; and that it lasts



Fig. 4. Effect of crowding on the expression of Dnmt1 and Dnmt2 transcripts in the metathoracic ganglion (MTG) of fifth nymphal S. gregaria. The dotted line indicates the
initial level of Dnmt-mRNA at time point zero. (⁄p < 0.05; ⁄⁄p < 0.01) statistical significance, two-tailed Mann–Whitney test.
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lifelong or, as is the case in Schistocerca, even for some time into the
progeny. Imprinting as the result of mechanical stimuli such as
touching each other and producing vibrations may play a role in
other invertebrate and vertebrate species where females lay their
eggs in batches, and where the hatchlings stay together for some
time. Parental care, a widespread type of behaviour in numerous
species, in particular in vertebrates, is also likely to rely on this kind
of imprinting [27]. In the paper wasp, Polistes fuscatus, the mechan-
ical stimuli take the form of antennal drumming (AD), whereby a fe-
male trills her antennae synchronously on the rims of nest cells
while feeding prey-liquid to larvae. Depending on the AD frequence,
larvae are imprinted with gyne or worker traits [39].

4.2. Tactile stimuli in the adult stage can alter progeny characteristics

Tactile stimulation also affects the number and the size of the
eggs directly (Table 2). This confirms classical data (as reviewed
by Pener and Simpson, 2009, [31]) and more recent data [24], that
demonstrate that in S. gregaria imposed crowding in adult life re-
duces fecundity, and that progeny characteristics (egg size, clutch
size, hatchling’s body size and colouration) vary after crowding
depending on the stage and duration in which crowding took place.

4.3. DNA methyltransferases versus locust phenotypic plasticity

Our longevity data in combination with the recent elucidation
of epigenetic queen determination in the honey bee Apis mellifera
by knocking down Dnmt3 [11,19,22] were the incentive for inves-
tigating whether epigenetic mechanisms (DNA-methylation) could
contribute to explain unsolved issues in locust phenotypic plastic-
ity. The first task was to show that the relevant enzyme systems
are present in Schistocerca. We have provided evidence for the
presence and differential expression of a number of components
of the epigenetic machinery in the desert locust (sections 3.3,
3.5–3.6). We showed that crowding changes the expression pro-
files of DNA methyltransferases in the metathoracic ganglia (where
tactile stimuli are processed), and to a lesser extent in the brain
(where smell and sight stimuli are processed), whereas these pro-
files remain virtually unaffected in the solitarious condition
(section 3.6).

RNAi knockdown of Dnmt1 and Dnmt2 is lethal in nymphs but
not in adults (data not shown), a situation that can be compared
with the lethality of Dnmt1 knockdown in mouse embryo’s [20].
In honeybee larvae, Dnmt3 knockdown induces the queen
phenotype [19]. There is currently no evidence for the presence of
an Dnmt3-orthologue in the desert locust EST-database [2], but it
would be of particular interest to investigate the effect of Dnmt1
and 2 RNAi in adults with respect to progeny characteristics.

4.4. A novel conceptual framework for addressing locust phase
polyphenism

A conceptual framework for explaining locust phenotypic plas-
ticity should take into account the following conditions. First,
searching for a primary gene governing phase polyphenism did
not yield a positive result. Instead, it was found that many genes
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are differentially up- or down regulated in either of the two phases
[2,15]. Second, the search for the primary phase determining hor-
mone was also not fully conclusive as outlined in the introduction
[24,31]. Third, the framework should also accommodate the fact
that imprinting in very early life results in multiple lifelong effects,
some of which can be partially continued into the next genera-
tion(s). Fourth, it should also explain that in Schistocerca it takes
several generations to reverse long-time bred gregarious locusts
to fully solitarious ones. Finally, it should also provide a mecha-
nism by which the phase state of the progeny is partially deter-
mined in the mother. This necessitates the existence of some
kind of a memory that can be superimposed on genes without
affecting their coding sequence. DNA (de)methylation and histone
(de)acetylation enable such memory. They represent the hooking
mechanisms by which some environmental changes can be tempo-
rarily anchored onto DNA.

In this study, we showed that the necessary epigenetic machin-
ery for playing a role in imprinting is available and that methyla-
tion occurs in at least three different neuroendocrine tissues. It
now becomes possible to analyze the degree of methylation of
numerous candidate genes involved in phase polyphenism in the
desert locust. A recent microarray study comparing the transcript-
omes of the solitarious and gregarious phase in L. migratoria [15]
revealed that particular chemosensory proteins (CSPs) as well as
a takeout gene were differentially regulated. Both genes appear
to be involved in the behavioural phase shift from repulsion to-
wards attraction. The takeout gene, upregulated in the locust
long-lived solitary phase, is involved in the determination of life-
span in Drosophila [3], a finding that is complemented by the lon-
gevity data in the present study. Other putative methylation
targets to investigate are the signalling pathways of serotonin,
juvenile hormone, ecdysteroids and corazonin.

Locusts that have been reared gregariously for many genera-
tions have lower titres of serotonin than long-term solitarious
animals [37], which strongly suggests that gregarious behaviour
is not maintained by a long-term serotonergic modulation of neu-
ronal circuits, whereas DNA methylation of specific genes would.
Furthermore, solitarious behaviour is acquired more slowly after
the isolation of long-term gregarious phase locusts compared to
the reverse (solitarious locusts becoming gregarious upon crowd-
ing), implying that in Schistocerca gregarious behaviour becomes
more ingrained during prolonged crowding. We propose that
the typical phase traits are differentially imprinted. These im-
prints allow the gregarious or solitarious traits to be transferred
from one generation to the next. Demethylation or methylation
during early lifetime may reset or set the acquired trait for the
adult stage. During the adult stage, epigenetics might explain
how environmental changes experienced by the mother may con-
tribute to the (partial) determination of phase characteristics of
her progeny.

This conceptual framework has consequences for our view on
the role of the endocrine system in controlling phase polyphenism.

Hitherto, the focus of hormone action was on the activation of
specific gene (sets), through interaction with membrane and/or
nuclear receptors, depending upon the type of hormone. However,
that may only be part of the story. The presence of an epigenetic
system for control of gene expression that relies on enzymes, that
acts very early in development, and that remains active lifelong,
supports the view that the endocrine system is in fact sandwiched
in between the genetic- and the epigenetic mechanisms for control
of gene expression. In our opinion, members of the small lipid sig-
nalling system to which JH and several other vertebrate-, inverte-
brate- and even plant hormones belong [52] as well as the stress-
and reproductive steroid hormone systems of vertebrates and
invertebrates, may turn out – in future studies – to be key players
in controlling the epigenetic mechanisms.
5. Final Conclusion

The advent of methylomes and chromatinomes necessitates
considering the possible role the endocrine system in epigenetic
control of gene expression. The advent of relatively fast, accessible
and affordable technologies will facilitate this. We think that the
endocrine system is sandwiched in between classical- and the epi-
genetic control of gene expression, involving different modes of
action. Some major challenges for the future are: refining the
approach from the rough analysis inherent to whole genome meth-
ylomics into (de)methylation studies at the level of the individual
relevant genes; developing appropriate assays for studying the ef-
fect of hormones on epigenetic enzymes; and reconsidering classi-
cal concepts of development and ageing from the viewpoint of
epigenetics.

The locust model holds excellent perspectives for contributing
to unravelling the interplay between the endocrine system and
the epigenetic control of gene expression as relevant to phenotypic
plasticity.
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