
 

 
 

Serveur Académique Lausannois SERVAL serval.unil.ch

Author Manuscript
Faculty of Biology and Medicine Publication

This paper has been peer-reviewed but does not include the final publisher
proof-corrections or journal pagination.

Published in final edited form as:

Title: Elevated expression of ageing and immunity genes in queens of the

black garden ant.

Authors: Lucas ER, Keller L

Journal: Experimental gerontology

Year: 2018 Jul 15

Issue: 108

Pages: 92-98

DOI: 10.1016/j.exger.2018.03.020

Author's post-print is released with a Creative Commons Attribution Non-Commercial No Derivatives License

http://dx.doi.org/10.1016/j.exger.2018.03.020


1 

Elevated expression of ageing and immunity 1 

genes in queens of the black garden ant 2 
 

 

Eric R. Lucas1§†; Laurent Keller1† 3 
 

1Department of Ecology and Evolution, Biophore, University of Lausanne, 1015 Lausanne, Switzerland.  4 
†Corresponding authors: eric.lucas@unil.ch; laurent.keller@unil.ch 5 

 

Running title: Ageing and immunity gene expression in ants. 6 
Keywords: Gene expression; social insects; immunity; ageing genes; RNA sequencing; superoxide 7 
dismutase. 8 
 

 

 

§ Present address: Department of Vector Biology, Liverpool School of Tropical Medicine, Pembroke Place, 9 
Liverpool, L3 5QA, UK.  10 

 

 



2 

 

 

Abstract 11 

Studies in model organisms have identified a variety of genes whose expression can be 12 
experimentally modulated to produce changes in longevity, but whether these genes are the same as 13 
those involved in natural variation in lifespan remains unclear. Social insects boast some of the 14 
largest lifespan differences known between plastic phenotypes, with queen and worker lifespans 15 
differing by an order of magnitude despite no systematic nucleotide sequence differences between 16 
them. The contrasting lifespans of queens and workers are thus the result of differences in gene 17 
expression. We used RNA sequencing of brains and legs in 1-day-old and 2-month-old individuals 18 
of the ant Lasius niger to determine whether genes with queen-biased expression are enriched for 19 
genes linked to ageing in model organisms. Because the great longevity of queens may require 20 
investment into immune processes, we also investigated whether queen-biased genes are enriched 21 
for genes with known roles in immunity. Queen-biased genes in legs were enriched for ageing genes 22 
and for genes associated with increasing rather than decreasing lifespan. Queen-biased genes in legs 23 
were also enriched for immune genes, but only in 1-day-old individuals, perhaps linked to the 24 
changing roles of workers with age. Intriguingly, the single most differentially expressed gene 25 
between 1-day-old queen and worker brains was an extra-cellular form of CuZn Superoxide 26 
Dismutase (SOD3), raising the possibility of an important role of anti-oxidant genes in modulating 27 
lifespan.  28 
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 1  Introduction 29 

The expected lifespan of an organism in the absence of extrinsic mortality is not rigidly determined 30 
by its genome, but instead can vary plastically within a species (Fielenbach & Antebi 2008, Lucas 31 
& Keller 2017). In some taxa, naturally-occurring environmentally-determined polymorphisms can 32 
be associated with large differences in lifespan (Flatt et al. 2013), yet the genes involved in this 33 
natural plastic variation in many cases remain unknown. Studies in model organisms have revealed 34 
many genes whose expression can be experimentally modulated to affect lifespan in the laboratory 35 
(Tacutu et al. 2013), but it remains unknown whether these genes are also involved in plastic 36 
longevity differences in the wild.  37 

A striking example of natural plastic polymorphisms in longevity is found in advanced social 38 
insects such as ants, where females can develop into either queens, which are typically very long-39 
lived (Keller & Genoud 1997), or workers, which have a shorter lifespan. In most species, queens 40 
and workers share a common genome and their different lifespans are therefore regulated through 41 
differential gene expression (Schwander et al. 2010). The origins of these expression differences 42 
can be due to a range of factors, including epigenetic variation and physiological reactions to 43 
different environments. The naturally-occurring polymorphisms in social insects have thus been the 44 
focus of study to understand the basis of these plastic differences in longevity and the changes that 45 
accompany ageing (Aurori et al. 2014, Jemielity et al. 2007, Lucas & Keller 2017, Lucas & Keller 46 
2014, de Verges & Nehring 2016). Gene expression studies have for the most part focused on a few 47 
candidate pathways (Aamodt 2009, Corona et al. 2005, Corona et al. 2007, Lucas et al. 2016, Parker 48 
et al. 2004a) or used transcriptome-wide analysis (Seehuus et al. 2013) but have not systematically 49 
investigated the extent of overlap with genes involved in ageing in model organisms.  50 

In this study, we first test the hypothesis that genes related to ageing in model organisms (list 51 
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obtained from the GenAge database, Tacutu et al. 2013) also underlie the large-scale natural 52 
plasticity in longevity in the black garden ant Lasius niger. Queens of L. niger are substantially 53 
larger than workers, physiologically specialised for egg-laying, and live up to 30 years (Hölldobler 54 
& Wilson 1990), as compared to only 3 years for workers (Kramer et al. 2016). After emergence as 55 
adults, queens spend a few weeks accumulating nutritional resources before engaging in a mating 56 
flight, after which successfully-mated queens found an incipient colony, using their nutritional 57 
reserves to feed their first cohort of workers (Hölldobler & Wilson 1990). Once the first workers are 58 
produced, queens stop feeding the brood and become dedicated egg-layers. Workers conduct all the 59 
other colony tasks.   60 

Longevity can be affected by investment in the immune system, with higher investment 61 
contributing to reduced risk of infection, but carrying costs in the form of energetic demands (Moret 62 
& Schmid-Hempel 2000). The benefit of down-regulating the immune system may therefore 63 
depend on the resources available and the environmental hostility (Schmid-Hempel 2005). In 64 
laboratory-reared Drosophila, down-regulation of immune gene expression was found in lines with 65 
extended longevity (Carnes et al. 2015), but this may be due to the lack of immune threats in a 66 
laboratory setting. Whether the long life of social insect queens is linked to changes in immunity 67 
gene expression remains unknown. In honeybees, results suggest that worker pupae have higher 68 
levels of Prophenoloxidase (PPO) expression than queen pupae (Lourenço et al. 2005) and adult 69 
queens may have higher Phenoloxidase (PO) activity than workers (Schmid et al. 2008). PPO is the 70 
molecular precursor to PO, which regulates the melanisation response, an important aspect of the 71 
insect immune system (González-Santoyo & Córdoba-Aguilar 2012). However, insect immunity is 72 
a multi-faceted system involving several pathways of humoral and cellular responses (Lemaitre & 73 
Hoffmann 2007). Instead of focusing on a single pathway, we therefore investigate whether queens 74 
show increased expression of genes linked to immunity by globally studying the expression of 75 
genes obtained from an extensive database of insect immunity genes (Brucker et al. 2012).  76 
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These targeted analyses of genes linked to ageing and immunity investigate whether the longevity 77 
of queens is associated with a concerted shift in the expression of a large group of genes.  Because 78 
individual genes may also play crucial roles in queen longevity, we also identified the genes that 79 
show the strongest patterns of differential expression between queens and workers.  80 

To perform these analyses of gene expression, we chose two tissues. First, we chose the brain 81 
because it affects many traits linked to survival and organismal function. Second, we chose legs as 82 
they mostly comprise muscles that perform similar tasks in queens and workers, and should thus 83 
allow us to identify genes whose expression is inherently different between the two castes, rather 84 
than genes associated with these different roles. We measured gene expression in 1-day-old and 2-85 
month-old individuals to represent two divergent points in development. One-day-old queens and 86 
workers have recently emerged from the pupal stage and are thus very young adults. By contrast, 2-87 
month-old workers are fully developed and conduct typical worker tasks. Queens of this age are 88 
also in a “typical” physiological state where they have initiated egg production. We did not use 89 
older individuals in order to avoid confounding the differences between castes with those caused by 90 
differential rates of ageing in queens and workers. Using an age at which workers could be 91 
considered to be old while queens are still young would make it impossible to differentiate the 92 
causes of differential ageing from its consequences.  93 

 2  Results 94 

Overall, substantially fewer genes were significantly differentially-expressed between queens and 95 
worker in brains than in legs. Out of the 63,661 transcriptome components, 1,384 (2.2%) were 96 
differentially expressed in 1-day-old brains and 486 (0.8%) were differentially expressed in 2-97 
month-old brains. By contrast, these values were 5,792 (9.1%) in 1-day-old legs and 10,400 98 
(16.3%) in 2-month-old legs (Table 1). Furthermore, differentially-expressed genes in brains were 99 
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more frequently queen-biased than worker-biased (binomial tests, 1-day-old: P < 0.0001, 2-month-100 
old: P < 0.0001), while in legs they were more frequently worker-biased than queen-biased 101 
(binomial test, 1-day-old: P < 0.0001, 2-month-old: P < 0.0001; Table 1).  102 

 2.1  Differential expression of ageing genes 103 

A total of 429 homologs of the aging genes listed in the GenAge database (Tacutu et al. 2013) were 104 
identified in L. niger by strict reciprocal blast. In each of the four age / tissue combinations (1-day-105 
old legs, 1-day-old brains, 2-month-old legs, 2-month old brains), there were proportionally more 106 
ageing genes among queen-biased genes than among worker-biased genes (Table 1, Supplementary 107 
Figure S1), but the difference was significant only in the legs of 1-day-old individuals (Fisher's 108 
exact test; 1-day-old legs: P < 0.0001; 2-month-old legs: P = 0.58, 1-day-old brains: P = 0.47, 2-109 
month-old brains: P = 0.58).  110 

Out of the 2651 genes that were queen-biased in 1-day-old legs, 96 (3.6%) were ageing genes, as 111 
compared to 17 out of 1009 (1.7%) in 1-day-old brains, 71 out of 4261 (1.7%) in 2-month-old legs 112 
and four out of 356 (1.1%) in 2-month-old brains. These differences were significant between 1-113 
day-old legs and each of the other three categories (Fisher's exact test vs. 1-day-old brains: P = 114 
0.0018, vs. 2-month-old legs: P < 0.0001, vs. 2-month-old brains: P = 0.011). Out of 6139 genes 115 
that were worker-biased in 2-month-old legs, 93 (1.5%) were ageing genes, as compared to four out 116 
of 375 (1.1%) in 1-day-old brains, 34 out of 3141 (1.1%) in 1-day-old legs and 0 out of 130 (0%) in 117 
2-month-old brains. None of these differences were significant.  118 

The GenAge database provides information on whether increasing a gene's expression is associated 119 
with increased lifespan (“pro-longevity”) or decreased lifespan (“anti-longevity”). In legs, the ratio 120 
of pro-longevity to anti-longevity genes was higher in queen-biased genes than in worker-biased 121 
genes both in 1-day-old and 2-month-old individuals (Table 2), although the difference was only 122 
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significant in 2-month-old individuals (Fisher's exact test, 1-day-old: P = 0.4, 2-month-old: P = 123 
0.036). In brains, there was little statistical power because there were only very few worker-biased 124 
genes (Table 2). 125 

Using a less strict reciprocal blast, homologs of a further 308 genes from the GenAge database were 126 
identified in L. niger, leading to a total of 737 genes. Of these, 24 were consistently worker-biased 127 
and 25 were consistently queen-biased within an age or tissue (Supplementary Data S2), compared 128 
to 1145 and 475 non-ageing genes that were consistently worker- and queen-biased respectively. 129 
The consistently queen-biased ageing genes include two anti-oxidant genes that showed consistent 130 
queen-biased expression (Peroxiredoxin 1 / Thioredoxin Peroxidase 1 was queen-biased in both legs 131 
and brains of 1-day-old individuals; Glutathione Peroxidase 2 was queen-biased in both legs and 132 
brains of 2-month-old individuals, Supplementary Data S2).  133 

 2.2  Differential expression of immunity genes 134 

A total of 86 homologs of the immunity genes listed in the Insect Innate Immunity Database (IIID) 135 
(Brucker et al. 2012), were identified in L. niger by strict reciprocal blast. In 1-day-old legs, 1-day-136 
old brains and 2-month-old legs, there were proportionally more immunity genes among queen-137 
biased genes than among worker-biased genes (Table 1, Supplementary Figure S2), the difference 138 
being significant in 1-day-old legs (Fisher's exact test; 1-day-old legs: P = 0.0007; 1-day-old brains: 139 
P = 0.2; 2-month-old legs: P = 0.31). In 2-month-old brains, there was no difference in the 140 
proportion of immunity genes between queen-biased and worker-biased genes (Fisher's exact test; P 141 
= 1).     142 

Out of the 356 genes that were queen-biased in 2-month-old brains, five (1.4%) were immunity 143 
genes, as compared to 11 out of 1009 (1.1%) in 1-day-old brains, 23 out of 2651 (0.9%) in 1-day-144 
old legs and 18 out of 4261 (0.4%) in 2-month-old legs. These differences were only significant 145 
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between 2-month-old legs and the other three categories (Fisher's exact test vs. 2-month-old brains: 146 
P = 0.028, vs. 1-day-old legs: P = 0.024, vs. 1-day-old brains: P = 0.016). Out of the 130 worker-147 
biased genes in 2-month-old brains, two (1.5%) were immunity genes, as compared to 18 out of 148 
6139 (0.3%) in 2-month-old legs, one out of 375 (0.3%) in 1-day-old brains and seven out of 3141 149 
(0.2%) in 1-day-old legs. Only the difference between 2-month-old brains and 1-day-old legs was 150 
significant (P = 0.047).  151 

Using a less strict reciprocal blast, homologs of a further 72 genes from the IIID database were 152 
identified in L. niger, leading to a total of 158 genes. Of these, only four were consistently worker-153 
biased while 23 were consistently queen-biased within an age or tissue (Supplementary Data S3), 154 
compared to 1165 and 477 non-immunity genes that were consistently worker- and queen-biased 155 
respectively. The consistently queen-biased genes included Pro-phenoloxidase (PPO), which was 156 
queen-biased in the legs of both 1-day-old and 2-month-old individuals.  157 

 2.3  Genes showing the strongest patterns of differential expression 158 

We identified the genes that showed the strongest statistical support for caste-biased expression in 159 
each tissue, either considering 1-day-old and 2-month-old individuals separately or together. These 160 
genes are listed in Supplementary Data S1, and we highlight three of these genes below.  161 

 2.3.1  CuZn-SOD 162 

In the combined analysis of 1-day-old and 2-month-old individuals, the most significantly 163 
differentially-expressed gene between queens and workers in brains was the anti-oxidant enzyme 164 
extra-cellular CuZn Superoxide Dismutase (SOD3, see Supplementary Information for details of 165 
annotation). In legs, the expression of this gene was also queen-biased in 2-month-old individuals 166 
(FDR-adjusted P-value, Q = 0.002), but was worker-biased in 1-day-old individuals (Q < 0.0001; 167 
Fig. 1A).   168 
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A previous study of SOD in L. niger found no difference in expression between queens and workers 169 
(Parker et al. 2004a). However, that study focused on the cytosolic CuZn-SOD (SOD1), while our 170 
results pertain to SOD3. To confirm that the different results were due to the different gene under 171 
consideration rather than different experimental conditions, we identified the homolog of SOD1 in 172 
our L. niger transcriptome by blasting the published sequence for L. niger SOD1 (accession 173 
AY309973) against the transcriptome. This confirmed that SOD1 was not differentially-expressed 174 
between queens and workers in any of the age / tissue combinations (Supplementary Figure S3).  175 

 2.3.2  Insulin-like peptide 176 

In the combined analysis of 1-day-old and 2-month-old individuals, Probable Insulin-Like Peptide 1 177 
was amongst the top five most differentially expressed genes in brains. Expression of this gene was 178 
significantly greater in queens than workers in brains of both ages (Q < 0.0001, Fig. 1B). In legs, 179 
expression was substantially lower than in brains (FPKM range 1-8 in legs compared to 14-62 in 180 
brains) and was queen-biased in 1-day-old individuals (Q = 0.038) but worker-biased in 2-month-181 
old individuals (Q < 0.0001, Fig. 1B).  182 

 2.3.3  Fatty acid synthase 183 

Fatty acid synthase was amongst the five most differentially expressed genes in the legs of 2-184 
month-old individuals, with greater expression in queens than workers (Q < 0.0001). This gene 185 
showed very low expression in all age / tissue / caste combinations except in the legs of 2-month-186 
old queens (Supplementary Figure S4). 187 

 3  Discussion 188 

In 1-day-old legs, the proportion of ageing genes was higher among queen-biased genes than 189 
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worker-biased genes. Also, in 2-month-old legs there was a higher ratio of pro-longevity to anti-190 
longevity genes in queen-biased than worker-biased genes (these genes are listed in Supplementary 191 
Data S5). The same patterns were found in other tissue/age combinations, although they were not 192 
significant. This enrichment of genes from the GenAge database among queen-biased genes 193 
indicates an overlap in the physiological pathways that underlie variation in longevity in model 194 
organisms and those that regulate the 10-fold difference in longevity between queen and worker 195 
ants. Differential expression of ageing genes between 1-day-old queens and workers could 196 
influence longevity by sowing the early seeds of senescence, for example by affecting the early 197 
accumulation of somatic damage. These findings support the notion that results of experimental 198 
ageing research in model organisms can inform our understanding of the evolution of ageing by 199 
natural selection. Conversely, and perhaps more importantly, results from social insects are relevant 200 
to understanding how the lifespan of an organism can be modified through experimental 201 
intervention.  202 

Genes linked to immunity were in general more likely to be queen-biased than worker-biased, the 203 
difference being significant only in the legs of 1-day-old individuals. These results contrast with 204 
results from Drosophila, where down-regulation of immune response genes was found in selection 205 
lines with extended lifespan (Carnes et al. 2015). One possible explanation for this apparent 206 
discrepancy is that there are probably costs for higher expression of immunity genes in terms of 207 
energy and trade-offs with decreased immune investment leading to an improvement of other 208 
important functions, thus extending longevity in the absence of disease (Moret & Schmid-Hempel 209 
2000, Schmid-Hempel 2005). However, in the wild, longer-lived individuals may benefit from 210 
investing more into immune genes to better cope with immune threats, even if this induces some 211 
cost that would reduce lifespan under conditions without disease. A possible explanation for the 212 
lack of significant differences in immune gene expression between queens and workers in 2-month-213 
old individuals is that 2-month-old queens are being cared for by their workers and thus benefit 214 
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from protection through social immunity (Cremer et al. 2007), reducing their exposure to 215 
pathogens. 216 

There are two limitations to our study. The first is that brains and legs are not crucially involved in 217 
immunity. It would thus be interesting to conduct a study to investigate whether similar, or more 218 
marked, difference are found in the level of expression of immune genes in the fat body and 219 
hemolymph of queens and workers. The second limitation is that we only analysed two age stages. 220 
It would be interesting to determine whether ageing and immunity genes are also more highly 221 
expressed in queens than workers in the larval and pupal stages, where important developmental 222 
processes occur, as well as in later life. A particular challenge to studying older queens and workers 223 
will be to disentangle the effects of ageing from its causes. Using many different age stages of both 224 
castes would allow the accurate measurement of age-trajectories for gene expression and identify 225 
genes differently expressed between queens and workers without being due only to an accelerated 226 
age trajectory.  227 

PPO was queen-biased in the legs of both 1-day-old and 2-month-old individuals. PPO is the 228 
molecular precursor to PO, which plays an important role in the melanisation response in insect 229 
immune pathways (González-Santoyo & Córdoba-Aguilar 2012). In a previous publication (Lucas 230 
et al. 2017a) we reported that queens showed higher expression of Spn27A, which inhibits the 231 
conversion of PPO to PO and argued that this was unlikely to reflect reduced levels of immunity in 232 
queens, hypothesising that queens might have higher levels of PPO than workers and thus require 233 
high levels of Spn27A to prevent it from forming PO while there is no active immune threat. Our 234 
finding that queens show higher expression of PPO than workers supports this hypothesis. The up-235 
regulation of PPO in queens is consistent with results in the ant Formica exsecta, where PPO 236 
expression is up-regulated in queens compared to males (Stucki et al. 2017). Like workers, males 237 
are shorter-lived than queens, suggesting that reduced expression of PPO in short-lived phenotypes 238 
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is not restricted to workers.   239 

Several genes linked to resistance against oxidative stress showed queen-biased expression. 240 
Strikingly, an extra-cellular CuZn-SOD (SOD3, Parker et al. 2004b) was the most highly significant 241 
queen-biased gene in a combined analysis of brains of 1-day-old and 2-month-old queens and 242 
workers. While extracellular CuZn SOD has been linked to ageing in mammals, it is a rarely-243 
studied form of CuZn-SOD in insects (Blackney et al. 2014, Favrin et al. 2013, Jung et al. 2011), in 244 
contrast to its cytosolic counterpart SOD1, which has been the focus of expression studies (Aurori 245 
et al 2014, Grozinger et al. 2007, Parker et al. 2004a, Parkes et al. 1998). The expression of SOD1 246 
does not differ between queens and workers in L. niger (Parker et al. 2004a and our data). By 247 
contrast, in honeybees, SOD1 shows queen-biased expression in the brain (Grozinger et al. 2007). 248 
Our results reconcile these findings, revealing that ants also have queen-biased expression of CuZn-249 
SOD in the brain, albeit in a different form, lending fresh credence to the potential role of increased 250 
anti-oxidant expression in the exceptional lifespans of ant queens. The role of SOD3 in queen 251 
longevity may be more important in the brain than in legs since expression levels were much lower 252 
and expression was not consistently queen-biased in legs. In Drosophila, disruption of SOD3 253 
expression has produced conflicting results, with one study reporting a negative effect on lifespan 254 
(Jung et al. 2011) while two more reported no significant effect (Blackney et al. 2014, Favrin et al. 255 
2013). A valuable study would be to over-express SOD3 in Drosophila brains to determine its 256 
impact on longevity.   257 

Another possible role of SOD3 in the longevity difference between queens and workers is through 258 
its role in immunity. In leaf beetles, knockdown of SOD3 by RNAi does not significantly affect 259 
lifespan but reduces survival after fungal infection (Gretscher et al. 2016). Furthermore, insect 260 
SOD3 has been found to inhibit PO activity in Drosophila hemolymph (Colinet et al. 2011), and 261 
may thus also play a role in keeping the high levels of PO in check in ant queens.  262 
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Two additional antioxidant genes, Peroxiredoxin 1 and Glutathione Peroxidase 2, were consistently 263 
queen-biased in legs and brains of 1-day-old individuals (Peroxiredoxin 1) and 2-month-old 264 
individuals (Glutathione Peroxidase 2). The links between anti-oxidants and ageing have been 265 
actively studied in social insects (Aurori et al. 2014, Parker et al. 2004b,a), and while their 266 
importance in explaining longevity in general has been questioned (Pérez et al. 2009, Parker et al. 267 
2004a), our results suggest that their role should not yet be completely dismissed. The picture 268 
concerning the difference in longevity between queens and workers has in fact become increasingly 269 
interesting. Compared to workers, L. niger queens show increased expression of anti-oxidant genes 270 
(this study) and increased expression of DNA and protein repair genes (Lucas et al. 2016), yet a 271 
recent study found no evidence of differential rates of DNA or protein damage accumulation with 272 
age (Lucas et al. 2017b). This latter study measured the levels of DNA strand-breaks and found that 273 
while these increased with age, this increase was either greater in queens (heads) or similar in 274 
queens and workers (legs). One way of reconciling these results is if a different form of damage, 275 
that does not manifest as strand breaks, accumulates faster in workers than in queens. For example, 276 
oxidative DNA damage can disrupt transcription and cause the production of aberrant mRNA 277 
transcripts (Brégeon & Doetsch 2011). Alternatively, since queens show signs of immune gene up-278 
regulation compared to workers, these antioxidants may be up-regulated as a response to the 279 
oxidative cytotoxicity associated with elevated immune function (Nappi & Christensen 2005).  280 

We found that the homolog of a Drosophila probable Insulin-like peptide (ILP) was overexpressed 281 
in queen brains compared to worker brains. ILPs play a central role in the Insulin–IGF-1 Signaling 282 
(IIS) pathway, which is an evolutionarily-conserved nutritionally-sensitive regulator of growth, 283 
fertility and longevity (Partridge et al. 2011). Since queens typically receive higher levels of 284 
nutrition than workers, it makes sense for nutrition-associated proteins such as ILPs to be up-285 
regulated in this caste. In honeybees, ILP expression is higher in old winter bees than in young 286 
winter bees (Aurori et al. 2014), possibly indicating inherent changes in gene expression with age. 287 
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Similar results to ours were obtained in other ants, where the expression of IIS genes is also higher 288 
in adult queens than workers (Lu & Pietrantonio 2011, Okada et al. 2010). In these studies, 289 
expression was compared in whole bodies (Lu & Pietrantonio 2011) and abdomens (Okada et al. 290 
2010), where the ovaries reside. Including ovary tissue in this way may reveal patterns directly 291 
linked to reproduction rather than to more general caste polymorphisms. Our results show that even 292 
in tissues not directly-linked to reproduction, a gene from the IIS pathway is amongst the most 293 
strongly queen-biased genes in the adult transcriptional profile. 294 

We also found that the expression of a fatty-acid synthase was highly queen-biased in the legs of 2-295 
month-old individuals. A fatty-acid synthase homolog has previously been shown to be more highly 296 
expressed in queens than workers in the ant Harpegnathus saltator (Bonasio et al. 2010). 297 
Interestingly, fatty acid synthase was very lowly expressed in nearly all age / tissue / caste 298 
combinations, with the exception of the legs of 2-month-old queens, suggesting an as yet 299 
unidentified age- and caste-specific role. 300 

In summary, our results provide insights into the age- and tissue-specific gene expression 301 
differences between highly-differentiated plastic queen and worker phenotypes. Our targeted 302 
analysis of ageing genes highlights parallels between the genes involved in experimentally 303 
manipulating lifespan in model organisms and those that underlie evolved differences in longevity. 304 
This queen-biased expression of ageing genes is accompanied by queen-biased expression of 305 
immunity genes at least in the first few days of adulthood, which may play a role in ensuring the 306 
early survival of queens in the face of immune challenges. The agnostic study of highly 307 
differentially-expressed genes highlights nutrition and defence against oxidative stress as important 308 
pathways that differentiate queens and workers, likely to be linked to their different diets and 309 
longevity, and revives the notion that anti-oxidants play a key role in the striking longevity of social 310 
insect queens. Overall, our results reflect the multiple processes involved in ageing (immunity, 311 
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nutrition, resistance to oxidative stress), indicating that extended longevity is achieved by the 312 
modulation of multiple different processes in parallel.  313 

 4  Methods 314 

 4.1  Sample collection  315 
The rearing and collection methods used in this study have been previously described in Lucas et al. 316 
(2016). All samples were collected from the campus of the University of Lausanne, Switzerland. 317 
Briefly, we collected queen and worker pupae, along with mature workers, from the field to 318 
establish queenless laboratory colonies, where the mature workers then reared the pupae to 319 
adulthood. 1-day-old queens and workers were obtained each day from these queenless laboratory 320 
colonies by freezing newly-emerged individuals into liquid nitrogen.  321 

To obtain 2-month-old workers, worker pupae (originally collected from the field as part of the 322 
queenless colonies) were transferred from laboratory queenless colonies into laboratory queenright 323 
colonies established from the mating flight the previous year, and in which existing adult workers 324 
had been marked with spots of paint on the abdomen. Forty worker pupae were transferred into 325 
each queenright colony, and were then checked every 3-4 days to monitor their emergence as adults. 326 
The average date between first and last emergence within a colony was used as day 0 for age 327 
estimation. First and last emergence differed from the mean by at least two days and at most nine 328 
days. One week after the last transferred pupae had emerged from a colony, all pre-existing workers 329 
were removed, leaving only the queen and the introduced workers. To prevent the subsequent 330 
emergence of workers that were not from the transferred pupae, large larvae and pupae were 331 
regularly removed from the queenright colonies. Workers were killed by freezing in liquid nitrogen 332 
two months after emergence.  333 

To obtain 2-month-old queens, queens were collected during the mating flight and brought to the 334 
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laboratory where they were allowed to establish a colony. Queens were then killed by freezing in 335 
liquid nitrogen seven weeks after the mating flight, approximately one week after the emergence of 336 
the first workers. Queens were assumed to be two weeks old at the point of the mating flight, and 337 
were therefore around 9 weeks old on the day of final collection.  338 

The inaccuracy in estimating the age of 2-month-old individuals did not result in increased variation 339 
in gene expression compared to 1-day-old individuals. In fact, variation was greater in 1-day-old 340 
than 2-month-old individuals, as has been previously discussed (Lucas et al. 2017a). All the samples 341 
collected here spent their larval development in the field and were being kept in the laboratory at 342 
the time of their final collection. The 2-month-old queens differ from the other samples in that they 343 
completed their pupal development in the field, as well as the first few weeks of adult life. Since 344 
queens cannot be mated in the laboratory in this species, it was not possible to raise them in the 345 
laboratory and thereby perfectly match their history to that of the workers. However, they were in 346 
the laboratory for seven weeks before collection, thus minimising an environmental effect on gene 347 
expression.  348 

2-month-old queens were collected from the mating flight, making it highly unlikely that any two 349 
individuals were from the same colony. For each other age / tissue / caste combination, individuals 350 
from different colonies were used for each replicate, so replicates were also independent. Where 351 
possible, samples of different caste and age were matched for colony of origin (Supplementary Data 352 
S4). The samples presented here are the same as those used in a previous study (Lucas et al. 2016). 353 

For legs, six independent replicates were obtained for each age / caste combination. Legs were 354 
separated from the thorax on dry ice. For each worker replicate, the legs of ten workers were 355 
pooled. For ten of the queen replicates, the legs of five queens were pooled. The two remaining 356 
queen replicates used the pooled legs from four and three queens respectively.    357 

For brains, five independent replicates were obtained for each age / tissue / caste combination. 358 
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Brains were dissected out in PBS (Sigma, pH 7.2-7.4) chilled on ice and were immediately 359 
transferred into TRIZOL and stored at -80°C. Each replicate consisted of a pool of six workers 360 
brains or four queens brains.  361 

 4.2  RNA extraction and sequencing 362 
The RNA extraction and sequencing for these samples are as detailed in Lucas et al. (2016). RNA 363 
was extracted using TRIZOL. Library preparation and sequencing were performed at the Lausanne 364 
Genomic Technologies Facility, Centre for Integrative Genomics, University of Lausanne, 365 
Switzerland. Strand-specific libraries were prepared using the Illumina TruSeq Stranded mRNA 366 
reagent kit (Illumina, San Diego, CA) and sequenced by Illumina HiSeq 2000/2500 to obtain 100 367 
nucleotide paired-end reads. Raw sequencing reads are available in the NCBI Short Read Archive 368 
(accession numbers: SRP069113). 369 

The 24 libraries obtained from legs were divided into two groups of 12, with each group consisting 370 
of all caste / age combinations from three of the six replicates. Each group was sequenced on two 371 
lanes of the Illumina platform. 372 

The 20 libraries obtained from brains were sequenced together on four lanes of the Illumina 373 
platform. Three of these lanes were revealed to be under-loaded and the libraries were therefore 374 
sequenced on a further three lanes. Data from all seven lanes were combined in the analysis. 375 

 4.3  Gene expression analysis 376 
Reads were aligned using Bowtie2 (Langmead & Salzberg 2012) to the L. niger transcriptome 377 
described in (Lucas et al. 2016). Upon submission of the transcriptome to NCBI, 57 out of 63,718 378 
components were identified as potentially being a result of contamination. These components were 379 
removed from the analysis, leaving 63,661 components. Reads aligning to transcripts within the 380 
same isogroup were combined to obtain a single alignment read count per gene. Combined read 381 
counts were analysed using edgeR (Robinson et al. 2010) using normalisation by Trimmed Mean of 382 
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M-values (Robinson & Oshlack 2010). The effects of caste on gene expression were calculated 383 
using generalised linear modelling with caste, age and handling batch (samples that were handled 384 
together in the laboratory) included as categorical fixed effects. The R package fdrtool was used to 385 
calculate false discovery rate (FRD) adjusted P values (Q values) and a threshold Q value of 0.05 386 
was used to identify significantly differentially-expressed genes. Legs and brains were analysed 387 
separately. 388 

We identified the genes that showed the most strongly significant (lowest P value) differential 389 
expression between castes in 1-day-old individuals, 2-month-old individuals or in a combined 390 
analysis of both age groups (Supplementary Data S1). This analysis was also repeated after filtering 391 
for genes with a fold change of at least 2 (log2-fold change > 1). Three genes identified in this way 392 
(a homolog of Probable ILP-1, and two genes with homology to Locusta Insulin-Related Peptides) 393 
had highly similar expression profiles (Fig. 1B and Supplementary Fig. S5), suggesting that they 394 
may be the same gene incorrectly assembled into three different isogroups. We therefore discuss 395 
these as a single gene. 396 

 4.4  Sequence annotation 397 

Annotation of the most differentially expressed genes (Supplementary Data S1) was performed 398 
using BLASTs (Altschul et al. 1997) performed with a e-value cut-off of 10-4. Open Reading 399 
Frames (ORF) were predicted with Augustus (v2.5.5; (Stanke & Waack 2003) using the honeybee 400 
as a model for gene structure. Sequences of interest in which an ORF was detected were annotated 401 
by reciprocal BLAST: a given contig in the transcriptome was accepted as a homolog for a known 402 
protein if the protein was the top blastp hit of the contig's predicted protein sequence against the 403 
Swissprot proteome, and the predicted protein sequence was a blastp hit of this protein against all 404 
translated ORFs in the transcriptome. This method was initially performed against the Drosophila 405 
melanogaster Swissprot proteome. If no suitable gene was found, it was repeated with the human 406 



19 

Swissprot and then Apis mellifera Swissprot/Trembl proteomes.  407 

For the sequences that did not contain any ORFs or for which the above method was not able to 408 
produce an annotation, we report the top translated BLAST (blastx) hit of the nucleotide sequence. 409 
This BLAST was run against the D. melanogaster Swissprot proteome. If no hit was obtained, it 410 
was repeated with the human Swissprot and then A. mellifera Swissprot/Trembl proteomes. Finally, 411 
for sequences that could not be annotated using either of the above methods, we report the top 412 
blastn hit of the nucleotide sequence against the non-redundant NCBI database (nr/nt). Of the 27 413 
genes that were annotated, 13 were annotated by reciprocal BLAST of the ORF, 3 were annotated 414 
by translated BLAST, and 11 were annotated by blastn to nr/nt.  415 

 4.5  Candidate genes linked to ageing and immunity. 416 

A list of genes with demonstrated links to ageing in model organisms was downloaded from the 417 
GenAge database (Tacutu et al. 2013, http://genomics.senescence.info/genes/models_genes.zip) on 418 
02/12/2016 (henceforth referred to as “ageing genes”). A fasta file of proteins playing a role in 419 
insect immunity was downloaded from the Insect Innate Immunity Database (Brucker et al. 2012), 420 
http://www.vanderbilt.edu/IIID) on 25/02/17 by searching the database with no search queries in 421 
order to obtain the full list of genes (henceforth referred to as “immunity genes”). Orthologs of 422 
these genes in the L. niger transcriptome were obtained by reciprocal blast. The protein sequences 423 
for each ageing and immunity gene was blasted (tblastn) against the L. niger transcriptome. The top 424 
hit was then blasted (blastx) back against the NCBI non-redundant protein database (nr) for the 425 
species of origin, and was accepted as an ortholog if the top hit of this reciprocal blast was the same 426 
as the original protein. For statistical analyses of enrichment of ageing and immunity genes among 427 
queen biased genes, we used a strict, conservative version of this method in which the reciprocal 428 
blast needed to be the exact same NCBI entry as the original protein. We also report annotations 429 
obtained by a looser method in which we manually checked the reciprocal blast to determine 430 
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whether it represented a different isoform of the same original protein. These annotations are listed 431 
in Supplementary Tables S2 and S3. 432 

To determine whether queen- or worker-biased genes were enriched for ageing genes, we counted 433 
the number of significantly queen-biased or worker-biased L. niger genes that were either annotated 434 
as an ageing gene or not annotated as an ageing gene, and applied a Fisher's exact test on the 435 
resulting 2x2 contingency table. The same procedure was used to determined whether queen- or 436 
worker-biased genes were enriched for immunity genes.  437 

To determine whether differentially-expressed ageing genes were associated with increased or 438 
decreased longevity, we used the information present in the GenAge database, where genes are 439 
classed as “pro-longevity” or “anti-longevity” depending on whether expression is believed to 440 
increase or decrease lifespan. We compared the number of pro- or anti-longevity genes that were 441 
queen-biased or worker-biased using a Fisher's exact test. L. niger genes that were homologous to 442 
more than one GenAge entry with conflicting putative longevity effects were excluded from this 443 
analysis.  444 
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Table 1: Number of ageing genes vs non-ageing genes and immunity genes vs non-immunity genes 
that are significantly (FDR < 0.05) differentially expressed between queens and workers in legs and 
brains of 1-day-old and 2-month-old individuals. Q-biased = queen-biased; W-biased = worker-
biased; 1d = 1-day-old; 2m = 2-months-old. Each 2x2 sub-table (within an age / tissue context for 
either ageing or immunity genes) is a contingency table on which a Fisher's Exact test can be 
performed. Non-ageing and non-immunity genes are defined as genes with no homology to genes in 
the ageing or immunity databases respectively. 
 

 
Q-biased 
1d legs 

W-biased 
1d legs 

Q-biased 
2m legs 

W-biased 
2m legs 

Q-biased 
1d brains 

W-biased 
1d brains 

Q-biased 
2m brains 

W-biased 
2m brains 

Ageing  
genes 96 34 71 93 17 4 4 0 
Non-ageing 
genes 2555 3107 4190 6046 992 371 352 130 
Immunity 
genes 23 7 18 18 11 1 5 2 
Non-immunity 
genes 2628 3134 4243 6121 998 374 351 128 
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Table 2: Number of pro-longevity and anti-longevits genes, as classified in the GeneAge database, 
that are significantly (FDR < 0.05) differentially-expressed between queens and workers in legs and 
brains of 1-day old and 2-months old individuals. Q-biased = queen-biased; W-biased = worker-
biased; 1d = 1-day-old; 2m = 2-months-old. Each 2x2 sub-table (within an age / tissue context) is a 
contingency table on which a Fisher's Exact test can be performed. 
 
 

Q-biased 
1d legs 

W-biased 
1d legs 

Q-biased 
2m legs 

W-biased 
2m legs 

Q-biased 
1d brains 

W-biased 
1d brains 

Q-biased 
2m brains 

W-biased 
2m brains 

Pro-longevity 35 9 28 22 9 2 2 0 
Anti-
longevity 58 24 37 64 6 1 1 0 
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586 
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Figure 1: Expression level (Fragments Per Kilo-base per Million reads) of two of the most 
significantly differentially expressed genes between queens and workers. Points are jittered on 
the x axis to show overlapping data. W1d: 1-day-old workers; Q1d: 1-day-old queens, W2m: 2-
month-old workers; Q2m: 2-month-old queens. 
 


