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Abstract

Ants and other social insects forming large societies are generally characterized by marked
reproductive division of labour. Queens largely monopolize reproduction whereas workers
have little reproductive potential. In addition, some social insect species show tremendous
lifespan differences between the queen and worker caste. Remarkably, queens and workers
are usually genotypically identical, meaning that any phenotypic differences between the
two castes arise from caste-specific gene expression. Using a combination of differential
display, microarrays and reverse Northern blots, we found 16 genes that were differentially
expressed between adult queens and workers in the ant 

 

Lasius niger

 

, a species with highly
pronounced reproductive division of labour and a several-fold lifespan difference between
queens and workers. RNA ligase mediated rapid amplification of cDNA ends (RLM-RACE)
and gene walking were used to further characterize these genes. On the basis of the molecular
function of their nearest homologues, three genes appear to be involved in reproductive
division of labour. Another three genes, which were exclusively overexpressed in queens,
are possibly involved in the maintenance and repair of the soma, a candidate mechanism
for lifespan determination. In-depth functional analyses of these genes are now needed to
reveal their exact role.
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Introduction

 

The major organizing principle of social insects (ants,
termites, as well as some bees and wasps) is reproductive
division of labour. One or a few female individuals (the
queens) specialize in reproduction, whereas the other
females (the workers) mainly fulfil cooperative tasks such
as building the nest, collecting nutrients, rearing the young
and defending the colony. This organization provides
numerous advantages and forms the basis of the tremen-
dous ecological success of social insects, which are found
in almost every type of terrestrial habitat and constitute a

considerable proportion of the animal biomass on earth
(Wilson 1971; Hölldobler & Wilson 1990).

The complexity of this social organization is highly vari-
able in insect societies (e.g. Pamilo 1991; Ross & Matthews
1991; Keller 1993; Ross & Keller 1995) and correlates with
colony size (Bourke 1999). Taxa with small colonies (e.g.
polistine wasps) are generally characterized by a high
worker reproductive potential and a low degree of queen-
worker dimorphism. In contrast, taxa with large colonies
(e.g. many ants) typically exhibit a low worker reproductive
potential and a high degree of morphological skew between
castes. In such cases, task specialization is strongly pro-
nounced and accompanied by a variety of morphological,
physiological and behavioural differences between queens
and workers. The most spectacular such difference arguably
lies in the lifespan discrepancy between these two castes.
Queens can live more than 20 years in some ant species
(Keller & Genoud 1997), whereas workers are generally much
shorter-lived, their intrinsic (i.e. environment-independent)
lifespan being typically tenfold lower.
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The marked phenotypic differences between ant queens
and workers make them an interesting system to study the
molecular basis of reproduction, lifespan determination
and other caste-specific traits. Importantly, except for a few
species (Julian 

 

et al

 

. 2002; Volny & Gordon 2002; Helms
Cahan & Keller 2003), queens and workers develop from
genetically identical eggs through environment-induced
differential gene expression (Wilson 1971; Wheeler 1986;
reviewed in Evans & Wheeler 2001a). Thus, genes involved
in caste-specific physiological traits and behaviours should
show caste-specific expression patterns. Studies in one
wasp and two bee species have identified a first set of genes
that are differentially expressed between reproductive and
non-reproductive adults (Judice 

 

et al

 

. 2004, 2006; Pereboom

 

et al

 

. 2005; Sumner 

 

et al

 

. 2006). Another two studies have
compared gene expression between queens and workers in
the honeybee, but these studies were performed on larvae
(Evans & Wheeler 1999, 2001b).

The aim of this study was to identify genes underlying
caste-specific traits by comparing expression patterns
between adult queens and workers in an ant species with
a marked caste dimorphism. We chose the black garden
ant 

 

Lasius niger

 

 for two reasons. First, queens and workers
show extensive reproductive division of labour: although
workers do possess functional ovaries (van der Have 

 

et al

 

.
1988), queens largely monopolize colony reproduction
(Fjerdingstad 

 

et al

 

. 2002). Second, 

 

L. niger

 

 presents one of
the most extreme lifespan differences between queens
and workers. Queens can live up to 29 years (Hölldobler
& Wilson 1990), whereas workers have a much shorter
lifespan, living only 1–2 years even in conditions with low
extrinsic mortality.

 

Materials and methods

 

Sample collection

 

Ants used in this study were collected on the campus of
the University of Lausanne.

 

Differential display

 

Total RNA was extracted from two sets each of entire adult
queens (one over 5-year-old from a field colony, one 1-
year-old raised in the laboratory), adult workers (pools of
several individuals of mixed age; one set from a field
colony, one set from a laboratory colony) and adult males
(two independent pools of several 1-month-old individuals
from field colonies) using the Totally RNA Kit (Ambion).
After a DNase treatment (Message Clean Kit, GenHunter),
two independent differential display (DD) runs were
performed for all three castes. 420 DD bands larger than
150 base pairs (bp) that were unique to one or two castes
according to both DD runs were extracted from the

gels along with 73 equally expressed bands for use as
potential controls. They were re-amplified by polymerase
chain reaction (PCR), purified on Qiaquick PCR Kit columns
(QIAGEN) and cloned into pCR2.1-TOPO plasmid vectors
(Invitrogen). To identify multiple transcripts, eight clones
per band were digested with 

 

Rsa

 

I, 

 

Msp

 

I, and 

 

Alu

 

I (Invi-
trogen). All clones with different restriction patterns, 615 in
total, were sequenced (ABI 3730). Using the Paracel Clustering
Package (Paracel), raw sequence data was quality-filtered,
checked for vector contamination and clustered in order
to detect redundant (i.e. overlapping) sequences.

 

Microarray construction and clone tracking

 

Microarrays representing all high-quality clones (i.e.
clones that yielded a single-band PCR product and a good
sequence) were printed and post-treated as described in
Reymond 

 

et al

 

. (2000) with the following modifications:
The dried PCR products were resuspended in 8 

 

µ

 

L 3x SSC,
1.5 

 

m

 

 betaine as in Diehl 

 

et al

 

. (2001) and the glass slides
used for printing were ArrayIt SuperAldehyde Substrates
slides (TeleChem). Correct clone transfer from the 96-well
PCR plates to the 384-well plates used for printing was
verified by sequencing 19 clones on the 384-well plates. In
total, the microarrays consisted of 487 DD-derived expressed
sequence tags (3

 

′

 

-ESTs), which, according to the clustering
analysis, represented 369 putatively different transcripts.
Each microarray print-tip group also contained eight
positive control spots used for normalization (SpotReport
Alien cDNA Array Validation System, Stratagene), as well
as the 

 

Lasius niger

 

 homologues of the potential house-
keeping genes 

 

ribosomal protein L8

 

 (

 

rpl-8

 

, GenBank Acces-
sion no. EE049695) and 

 

β

 

-actin

 

 (EE049694). Finally, there
were also several types of negative control spots, including
spotting solution without DNA, polyA DNA and nonrelated
DNA (Alien cDNAs 9 and 10 of the SpotReport Alien cDNA
Array Validation System, Stratagene).

 

Microarray hybridization, scanning and data analysis

 

Total RNA from five independent sets of laboratory 

 

L.
niger

 

 queens and workers was extracted as above. We
excluded males from this experiment because laboratory
colonies do not produce males. Queen samples were pools
of 24 18-month-old entire queens. Worker samples were
pools of over 1000 entire workers of mixed age (ranging
from several-day-old to several-month-old) from the 24
colonies matching the queen samples. Each colony was
represented in equal proportions. After isolating poly(A)-
mRNA (Oligotex Midi kit, QIAGEN), 1–2 

 

µ

 

g of mRNA
were labelled following the aminoallyl-labelling protocol
by Hedge 

 

et al

 

. (2000) that was slightly adapted. Briefly,
mRNA was mixed with 2 

 

µ

 

L of Oligo d(T)

 

21

 

 primers (2 

 

µ

 

g/

 

µ

 

L), 1 

 

µ

 

L of Alien mRNA Spike mix (0.25 ng/

 

µ

 

L Spike 1,
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0.2 ng/

 

µ

 

L Spike 2, 0.15 ng/

 

µ

 

L Spike 3, 0.1 ng/

 

µ

 

L Spike 4,
0.05 ng/

 

µ

 

L Spike 5, 0.025 ng/

 

µ

 

L Spike 6, 0.0125 ng/

 

µ

 

L
Spike 7, 0.00625 ng/

 

µ

 

L Spike 8), as well as DEPC-treated
water to reach a final volume of 16.4 

 

µ

 

L. This mRNA/
primer mix was incubated 10 min at 70 

 

°

 

C, followed by
5 min on ice. Reverse transcription was performed for 2 h
at 42 

 

°

 

C after adding 6 

 

µ

 

L 5x first-strand buffer, 3 

 

µ

 

L 0.1 

 

m

 

DTT, 0.6 

 

µ

 

L 50x aminoallyl-dNTP mix (25 m

 

m

 

 dATP,
25 m

 

m

 

 dCTP, 25 m

 

m

 

 dGTP, 15 m

 

m

 

 dTTP, 10 m

 

m

 

 amino-
allyl dUTP), 2 

 

µ

 

L RNAse inhibitor (15 U/

 

µ

 

L, Invitrogen)
and 2 

 

µ

 

L SuperScript II reverse transcriptase (200 U/

 

µ

 

L,
Invitrogen). The RNA was then hydrolized by adding 15 

 

µ

 

L
0.1 

 

m

 

 NaOH and incubating for 10 min at 70 

 

°

 

C. The pH
was neutralized by adding 15 

 

µ

 

L 0.1 

 

m

 

 HCl.
The aminoallyl cDNA was purified with a modified

Qiaquick PCR Purification Kit (QIAGEN) and linked to
Cy3 or Cy5 dyes as in Hedge 

 

et al

 

. (2000). The combined
Cy3 and Cy5 probes were dried and resuspended in 9 

 

µ

 

L
MilliQ water. After adding 1.9 

 

µ

 

L 20x SSC, 1.25 

 

µ

 

L yeast
tRNA (0.2 

 

µ

 

g/

 

µ

 

L) and 0.5 

 

µ

 

L 10% SDS, the probe was
denatured at 100 

 

°

 

C for 2 min and hybridized to the micro-
array slides at 64 

 

°

 

C overnight. Excess probe was removed
by washing for 2 

 

×

 

 5 min in 2x SSC, 0.1% SDS, 2 

 

×

 

 1 min in
0.2x SSC, 2 

 

×

 

 1 min in 0.1

 

×

 

 SSC at room temperature.
Microarray slides were scanned as in Reymond 

 

et al

 

.
(2000). To normalize the signal intensity of the two channels,
photomultiplier and laser power settings were adjusted
such that the signal ratio of the spiked-in controls (Alien
mRNA Spikes 1–8) was as close to 1.0 as possible. Images
were analysed with 

 

imagene

 

 version 4.2 (BioDiscovery).

 

Reverse Northern blot

 

A reverse Northern blot was performed to confirm the
expression patterns of the 16 ESTs that had shown greater
than twofold expression differences on the microarrays.
The positive controls used were 

 

rpl-8

 

 and 

 

β

 

-actin

 

, as well as
three unidentified 3

 

′

 

-ESTs (Ln57_4, Lnc66_1 and Lnc49_1).
All these controls had shown equal queen and worker
expression levels on the microarrays. Candidate ESTs and
controls were amplified in a standard PCR. 40 

 

µ

 

L of the
PCR were mixed with 60 

 

µ

 

L dH

 

2

 

O, denatured for 10 min at
99 

 

°

 

C and then quenched on ice. Equal amounts of each
PCR-dH

 

2

 

O product were transferred on a nylon mem-
brane (Roche) using a dot-blot apparatus (Bethesda Research
Laboratories). The membrane was then washed with 5x
SSC and UV cross-linked (120 J/cm

 

2

 

).
The membrane was hybridized to probes made from

2 

 

µ

 

g of pooled queen and worker poly(A)-mRNA (as
described above) using the Chemiluminescent RT Labeling
Kit (Applied Biosystems). To assure independency of results,
the RNA used originated from nests other than those
used for the microarray experiments. Chemiluminescence
was detected with DIG detection reagents (Roche) and

subsequent exposure to Biomax Films (Kodak). For better
visualization, the reverse Northern blot was performed in
two parts, one for lowly expressed ESTs and control genes,
and one for highly expressed ESTs and control genes.

 

Sequence analysis

 

To find annotated homologues of the differentially ex-
pressed 

 

L. niger

 

 ESTs, we used standard sequence analysis
tools. For all ESTs for which no homologue was found
initially (

 

n

 

 = 12), we tried to obtain the full-length sequence
by performing 5

 

′ 

 

RNA ligase mediated rapid amplification
of cDNA ends (5

 

′

 

 RLM-RACE) or gene walking. Homology
searches were then repeated with the full-length sequence.

Sequences were ‘

 

blast

 

ed’ (

 

blastx

 

, Altschul 

 

et al

 

. 1997)
using the standard settings against the nonredundant
(nr) database on the EMBnet server (www.ch.embnet.org).
Sequences were annotated with the best-matching and
best-documented hit (significance at e < 10

 

−

 

4

 

). In addition,
they were attributed a molecular function according to the
Gene Ontology annotation (2nd level) of the best 

 

blastx

 

hit. Also, to find homologous ESTs in other species,
sequences were submitted to a 

 

tblastx

 

 search against the
EST database at NCBI (http://www.ncbi.nlm.nih.gov) and
a 

 

Solenopsis invicta

 

 fire ant EST database (Wang 

 

et al

 

. in
preparation). Finally, to test whether these sequences
might be noncoding RNAs, they were subjected to a
homology search against the non-coding RNA database
Rfam (Griffiths-Jones 

 

et al

 

. 2005).

 

5

 

′

 

 RLM-RACE and gene walking

 

The 5

 

′

 

 cDNA used for this procedure was made from a
pool of entire queen and worker total RNA using the 5

 

′

 

RLM-RACE kit (Ambion). Primers for the differentially
expressed 3

 

′

 

-ESTs were designed using the freeware
program 

 

genefisher

 

 1.22 (Giegerich 

 

et al

 

. 1996). Primer
sequences are available upon request. RACE products
were amplified as per the manufacturer’s instructions, but
using Ampli

 

Taq

 

-Gold (5 U/

 

µ

 

L, Roche), and an extended
initial denaturation time of 9 min. Bands of interest were
isolated on 1% agarose gels, gel-extracted using the Qiaquick
Gel Extraction kit (QIAGEN) and cloned into pCR2.1-
TOPO (Invitrogen). Several clones per gene were screened
for the presence of inserts and sequenced (ABI 3730).

Gene walking was performed with the Universal
GenomeWalker Kit (BD Biosciences Clontech) following
the manufacturer’s instructions. Primer sequences are
available upon request. Bands of interest were isolated
on 1% agarose gels, gel-purified with the Wizard SV Gel
and PCR Clean-Up System (Promega) and cloned using
the pGEM-T Easy Vector (Promega). Finally, products
were purified (Qiaprep Miniprep Kit, QIAGEN) and
sequenced (ABI 3730).
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Data deposition

All L. niger ESTs sequenced during this study were
deposited in GenBank under Accession nos DY543805 to
DY544160 and DY676280 to DY676292.

Results

Differential gene expression between adult queens and 
workers

A set of 369 different 3′−ESTs enriched for caste-specific
genes was created by differential display and used for
printing cDNA microarrays. Among these genes, 16 showed
strong (i.e. greater than twofold) expression differences
between adult queens and workers in five microarray
replicates (Fig. 1; paired t-tests without Bonferroni correc-
tion: P < 0.05 in all cases). The remaining genes were either
similarly expressed between queens and workers (P >
0.05) or yielded too weak a signal to be reliably quanti-
fied. Among the 16 differentially expressed ESTs, nine were
overexpressed in queens and seven in workers. A reverse
Northern blot was in accord with the microarray-deduced
expression patterns for these ESTs (Fig. 2).

Gene identification

We obtained full-length sequences for seven (Ln117_4,
Ln150_8, Ln161_1, Ln287_3, Ln322_1, Ln356_2, Ln385_5)
out of the 16 differentially expressed ESTs by means of 5′
RLM-RACE. In addition, the sequence of one EST (Ln96_2)
could be extended by means of gene walking. blastx
searches returned significant homologies to annotated

sequences for six out of the 16 differentially expressed
ESTs; and another four ESTs showed significant homo-
logies to sequences of unknown function. These results
are summarized in Table 1. The six remaining ESTs did not
have any significant homologies to published sequences.
Finally, none of the ESTs showed a significant homology to

Fig. 2 Reverse Northern blot confirming the microarray-deduced differential gene expression patterns. Depicted are gene expression levels
in adult queens (Q) and workers (W) for all ESTs and control genes. For technical reasons (see Materials and methods) the reverse Northern
blot was performed in two parts: (a) and (b). 1–8 and 16 show ESTs overexpressed in queens, 9–15 ESTs overexpressed in workers, and c1-
c5 represent control genes with similar expression levels in the two castes. Legend: 1, Ln117_4; 2, Ln150_8; 3, Ln161_1; 4, Ln252_3; 5,
Ln259_1; 6, Ln293_1; 7, Ln322_1; 8, Ln356_2; 9, Ln287_3; 10, Ln385_5; 11, Lnc15_1; 12, Lnc50_1; 13, Lnc30_17; 14, Lnc35_6; 15, Ln416_2; 16,
Ln96_2; c1, Ln57_4; c2, Lnc66_1; c3, Lnc49_1; c4, β-actin; c5, rpl-8.

Fig. 1 Microarray analysis of differential gene expression
between adult Lasius niger queens and workers. Shown are the
mean fold changes and standard deviations of ESTs found to be
differentially expressed between queens and workers according
to five independent microarray runs (P < 0.05 for all cases; paired
t-tests without Bonferroni correction). Fold changes were calculated
as queen signal intensity divided by worker signal intensity (black
bars) or as worker signal intensity divided by queen signal
intensity (open bars).
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noncoding RNA sequences. Hereafter, we only focus on
ESTs with significant homologies (Table 1).

Among the nine ESTs overexpressed in queens, four had
annotated homologues in public databases (Ln96_2,
Ln150_8, Ln252_3, Ln293_1). The first, Ln96_2, showed
significant similarity to the parasitoid wasp Pimpla nipponica
vitellogenin, a lipoproteinic yolk precursor produced by all
oviparous species (Byrne et al. 1989). The second, Ln150_8,
was similar to the fruitfly protein Yellow-g2, a member
of the yellow-related Drosophila melanogaster proteins
(Maleszka & Kucharski 2000). The third, Ln252_3, was
most similar to the thrombin inhibitor protein Rhodniin,
a Kazal-type serine protease inhibitor isolated from the
blood-sucking triatomid bug Rhodnius prolixus (Friedrich
et al. 1993). Ln252_3 also had several other, hardly less
significant blastx matches to other arthropod serine
protease inhibitors. Finally, the fourth EST, Ln293_1,
showed a strong similarity to the D. melanogaster histone
2A, a member of the histone core proteins. Additionally,
three queen-specific ESTs showed significant hits to
functionally unknown sequences. Two of them (Ln161_1
and Ln322_1) were homologous to functionally unknown
Apis mellifera proteins, whereas the third one (Ln117_4)
was similar to a functionally unknown Solenopsis invicta
EST.

Among the seven ESTs overexpressed in workers, two
(Ln385_5 and Lnc35_6) had annotated homologues in public
databases. The first, Ln385_5, resembled the A. mellifera
pheromone-binding protein ASP1, which is found in the
antennae of honeybee drones and workers (Danty et al.
1998). The second, Lnc35_6, was similar to a hypothetical
Anopheles gambiae membrane alanyl aminopeptidase.
Among the worker-specific ESTs lacking annotated homo-
logues, one (Lnc30_17) was similar to a functionally not
characterized S. invicta EST.

Discussion

Using a combination of differential display, microarray
analysis and reverse Northern blot, we isolated 16 ESTs
that are differentially expressed between adult Lasius niger
queens and workers. Based on the annotation of their
homologues in other organisms, three of these genes are
potentially involved in reproductive division of labour and
three in somatic maintenance. It is, however, important to
note that the functions of these genes remain speculative,
both because queens and workers differ in a number of
traits other than reproductive status and lifespan and,
most importantly, because the function of these genes have
not been tested experimentally.

Table 1 Differentially expressed Lasius niger ESTs with significant homologies to sequences in public databases. Displayed are the L. niger
EST identities (ID), the corresponding GenBank Accession numbers, the length in base pairs (bp), the best-annotated blastx hit of the
nonredundant database, the e-value (significance at 10−4) of the best-annotated blastx hit, and its gene ontology (GO) annotation. Where
existing, the tblastx hit against the Solenopsis invicta EST database as well as the S. invicta GenBank Accession number and e-value
(significance at 10−4) are also displayed

L. niger 
EST ID

GenBank 
Accession 
no.

Length 
(bp)

% identity match by blastx 
(UniProt/TrEMBL Accession no.) e-value

Molecular 
function (GO)

tblastx hit 
against 
S. invicta e-value

ESTs overexpressed in queens
Ln96_2 DY543805 991 35% to Pimpla nipponica vitellogenin (O17428) 6 × 10−44 Lipid transporter EE135001 2 × 10−11

Ln117_4 DY543806 570 Unknown NS Unknown EE128149 3 × 10−8

Ln150_8 DY543807 637 68% to Drosophila melanogaster yellow-g2 
(Q9W028)

9 × 10−20 Hydrolase — NS

Ln161_1 DY543808 699 38% to Apis mellifera hypothetical protein 
(ENSAPMP00000024385)

8 × 10−6 Unknown EE138604 6 × 10−55

Ln252_3 DY543812 439 37% to Rhodnius prolixus thrombin inhibitor 
protein (Q06684)

2 × 10−8 Enzyme inhibitor — NS

Ln293_1 DY543813 336 100% to Drosophila melanogaster histone 2A 
(P84051)

8 × 10−40 Nucleic acid binding EE138974 9 × 10−47

Ln322_1 DY543809 399 42% to Apis mellifera hypothetical protein 
(ENSAPMP00000017984)

1 × 10−12 Unknown — NS

ESTs overexpressed in workers
Ln385_5 DY543811 399 40% to Apis mellifera pheromone-binding 

protein ASP1 (Q8WRW5)
3 × 10−5 Odorant binding EE136374 1 × 10−13

Lnc30_17 DY543814 325 Unknown NS Unknown EE135917 4 × 10−5

Lnc35_6 DY543815 138 63% to Anopheles gambiae hypothetical 
membrane alanyl aminopeptidase (Q7PRZ0)

1 × 10−37 Peptidase — NS

NS, not significant.
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Genes potentially involved in reproductive division of 
labour

The vitellogenin homologue Ln96_2 is most likely
necessary for producing viable eggs. Vitellogenin is a key
nutriment for the developing embryo in oviparous species
and is secreted by the female fat body just prior to yolk
deposition (Haunerland & Shirk 1995). It is usually pro-
duced by the egg-laying caste, but in honeybees and several
ant species it can also be produced by non-egg-laying
individuals (Engels et al. 1990). In L. niger, vitellogenin
was highly overexpressed in queens compared to workers,
which is consistent with the fact that queens monopolize
oviposition (Fjerdingstad et al. 2002). Similar results
were obtained in two other social insect species. In the
ant Solenopsis invicta, vitellogenin expression is higher in
egg-laying than non egg-laying queens (Tian et al. 2004), and
in the wasp Polistes canadensis queens show higher vitello-
genin expression levels than workers (Sumner et al. 2006).

The second gene, the yellow-g2 homologue Ln150_8, is
probably also important for egg production. Several yellow
loci have been discovered in the fruitfly, all of which are
highly similar in sequence (Maleszka & Kucharski 2000).
Recently, the yellow-g and yellow-g2 genes were suggested
to function in fruitfly oogenesis, based on the grounds
that these genes increase in copy number during fruitfly
oogenesis and are highly expressed in follicle cells of
oocytes (Claycomb et al. 2004). Our finding that yellow-g2 is
overexpressed in L. niger queens is consistent with a role of
yellow-g2 during oogenesis. Similar results were obtained
in S. invicta where yellow-g2 is expressed at higher levels in
egg-laying queens than in non egg-laying queens (Tian
et al. 2004).

The third gene possibly involved in reproductive division
of labour, Ln385_5, which encodes a homologue of the
pheromone-binding protein ASP1, might play a more com-
plex role. In the honeybee, ASP1 interacts with the major
compounds of the queen mandibular gland pheromone
and is therefore most likely involved in eliciting the
specific behaviours that drones and workers display
when exposed to this pheromone (Danty et al. 1999). The
honeybee queen mandibular gland pheromone affects
the likelihood of workers to undertake certain tasks, such
as raising new queens, foraging and initiating swarming,
which has far-reaching consequences on colony organiza-
tion (reviewed in Winston & Slessor 1992; Pankiw et al.
1998). In addition, this pheromone is thought to be involved
in regulating the development of ovaries in workers
(reviewed in Wilson 1971; but see Willis et al. 1990) and
might therefore help promote reproductive division of
labour. In L. niger, the ASP1 homologue was overexpressed
in workers, which could be indicative of a role similar to
that in bees, where ASP1 is mainly present in worker and
drone antennae (Danty et al. 1998).

Genes potentially involved in somatic maintenance

Three differentially-expressed L. niger genes might be
involved in the maintenance and repair of the soma. Such
genes have been designated as candidates for controlling
longevity (Kirkwood 2005). Intriguingly, we found all of
these genes to be overexpressed in the longer-lived queens.

The vitellogenin homologue Ln96_2 is, besides its
aforementioned function in reproduction, likely to also
affect somatic maintenance since such a role has been
demonstrated for honeybee vitellogenin. Amdam et al. (2004)
showed that hive bees, i.e. workers that perform in-hive
tasks and have a slow ageing rate, have increased vitello-
genin levels compared to forager bees which age at a much
faster speed. Moreover, experimental evidence suggests
that low vitellogenin titres cause a decrease in the number
of functional haemocytes (Amdam et al. 2004; Seehuus et al.
2006), which are essential components of the honeybee
immune system (reviewed in Rolff & Siva-Jothy 2003).
Thus, the higher levels of vitellogenin in hive bees might
reflect an increased investment in somatic maintenance
and is thought to be one of the causes for the decreased age-
ing rate of this type of bees (Amdam et al. 2004; Seehuus
et al. 2006). The higher vitellogenin expression level in
the longer-lived L. niger queens is consistent with this
interpretation.

The second gene, Ln252_3, encodes a serine proteinase
inhibitor homologue. Arthropod haemolymph contains
high concentrations of several types of serine proteinase
inhibitors (Polanowski & Wilusz 1996), most of which are
thought to function in immune responses (reviewed in
Kanost 1999). In adult arthropods, these enzymes have
been shown to serve as a direct defence against microbial
proteinases and to control proteolytic cascades that lead to
haemolymph coagulation and melanization after wound-
ing or infection (reviewed in Kanost 1999). The finding
that the L. niger proteinase inhibitor homologue is highly
overexpressed in queens compared to workers could
indicate that the longer-lived queens invest more in their
immune defence than the shorter-lived workers.

The third gene, Ln293_1, encodes a histone 2A (H2A)
homologue. H2A is best known for its structural role
within chromatin, but recent studies suggest that this pro-
tein also plays an evolutionarily conserved role in innate
immune defence (e.g. Augusto et al. 2003; Patat et al. 2004).
Peptides cleaved from H2A show antimicrobial properties
in the skin mucosa of a variety of fish species (Park et al.
1998; Cho et al. 2002; Fernandes et al. 2002). Furthermore,
H2A and another histone have been suggested to play a
role in shrimp immune defence (Patat et al. 2004) and to be
responsible for extra-cellular bacteria killing through
neutrophils in mammals (Brinkmann et al. 2004). Since his-
tones are among the best-conserved proteins in eucaryotes
(e.g. Pehrson & Fuji 1998), it appears probable that they do
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not vary significantly in function between species. It is
therefore plausible that the overexpression of the H2A
homologue in L. niger queens could reflect an increased
investment in immune defence, and thus somatic main-
tenance. Alternatively, the overexpression of H2A in
queens might simply be due to a high rate of cell division
in this caste.

Other genes

Several other genes discovered in this study were of unclear
function. Lnc35_6, which is overexpressed in workers,
encodes a hypothetical membrane alanyl aminopeptidase.
Members of this protein family have been shown to be
involved in insect pathogenesis after bacterial infection. In
a variety of insects, membrane alanyl aminopeptidases are
putative receptors for toxins of the bacterium Bacillus
thuringiensis (Naimov et al. 2001, Gill & Ellar 2002; Herrero
et al. 2005). Binding of these toxins to membrane alanyl
aminopeptidases mediates B. thuringiensis’ toxicity in some
species (e.g. Rajagopal et al. 2002), whereas in others it does
not (e.g. Banks et al. 2003). B. thuringiensis also attack ants
(Pinto et al. 2003), but whether the bacterial toxins bind to
ant membrane alanyl aminopeptidases has not yet been
investigated.

Four other L. niger genes (Ln117_4, Ln161_1, Ln322_1 and
Lnc30_17) had only significant homologues to functionally
unknown sequences.

Comparison with similar studies

The genes found to be differentially expressed between
L. niger queens and workers hardly overlapped with
genes differentially expressed between adult queens
and workers of other social insects. Similar studies in the
bumblebee Bombus terrestris (Pereboom et al. 2005), in the
stingless bee Melipona quadrifasciata ( Judice et al. 2004, 2006)
and in the primitively eusocial was P. canadensis (Sumner
et al. 2006) have identified close to 50 genes with expression
differences between adult queens and workers. But only
one of these genes, the Polistes vitellogenin homologue,
figured also among the L. niger differentially expressed
genes. It is thus possible that caste-specific traits are
governed by different sets of genes in different species.
Alternatively, the lack of overlap might simply be due to
the small number of differentially expressed genes
surveyed in each study.

The finding that a considerable number of differentially
expressed L. niger ESTs (six out of 16) had no homologues
in public databases is in accordance with similar results in
another ant species (Goodisman et al. 2005) and has several
plausible reasons. Most L. niger sequences that failed to
have significant homologues were relatively short or
lacked long open reading frames (data not shown). This

suggests that they might be 3′ untranslated regions, which
are generally not conserved in sequence. Alternatively,
they may represent non-coding RNAs, which are also often
poorly conserved among species (Mattick 2005). In both
cases, the lack of conservation renders the prediction of
function based on sequence comparison difficult. This
situation is further complicated by the fact that no social
insect genome has been fully annotated so far. As a con-
sequence, genomic studies on social insects will remain
limited until annotation and functional analyses have
gained ground.

Conclusion

In conclusion, this study found several genes with queen–
worker expression differences that are potentially involved
in reproductive division of labour, in somatic maintenance
mechanisms and in other processes. Intriguingly, the genes
that possibly promote somatic maintenance are all linked
to immune defence and exclusively overexpressed in
queens. Whether these genes indeed contribute to the long
lifespan of L. niger queens remains, however, to be demon-
strated. A next step will be to assess the exact expression
patterns of candidate genes with in situ hybridizations,
which should reduce the number of possible functions for
these genes. But ultimately, only genetic manipulations or
RNA interference will make it possible to assess the exact
function of these genes. Hopefully, these techniques will
soon be available for ants.
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