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Abstract

Background:

Eusociality is the highest level of social organization and naked mole-rats (NMR)s are amongst the few
mammals showing this unique social behavior; nevertheless, little is known about the molecular
mechanisms underlying the eusociality of NMRs.

Results:

Gene expression profiling of NMR brain and gonads (ovary and testis), from animals belonging to
different reproductive castes, revealed robust gene expression differences between reproductive and non-
reproductive members of NMR colonies. In the brain, dopaminergic pathways appear to be potential
players in NMR eusocial behaviour. Breeding animals (queens and breeding males) showed increased
expression of genes involved in dopamine metabolism. Using immunohistochemistry, we notably found
these differences to be in dopaminergic hypothalamic areas, which provide inhibitory control over the
secretion of prolactin, amongst other regions. Furthermore, plasma prolactin concentrations were elevated
in many non-breeders (of both sexes), often reaching levels exceeding that of pregnant or lactating
queens, suggesting a role for hyperprolactinaemia in socially-induced reproductive suppression. We also
found that the ovaries of non-breeding females are arrested at pre-pubertal stage. They contained fewer
supporting stromal cells compared to queens, and had very low expression of the aromatase gene
Cypl941 (a key enzyme in estrogen synthesis) compared to non-breeding females. In the testes, genes
involved in post meiosis spermatogenesis and sperm maturation (Prmli, Prm2, Odf3 and Akap4) were
highly expressed in breeding males compared to non-breeders, explaining the low sperm number and
impaired sperm motility characteristic of non-breeding males.

Conclusions:

Our study suggests that extreme reproductive skew, one of the defining features of eusociality, is
associated with changes in expression of key components of dopamine pathways, which could lead to

hypogonadism and a lifetime of socially-induced sterility for most NMRs.
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Background

Eusociality is the highest level of social organization and is perceived as one of the major transitions in
the evolution of life [1, 2]. The original definition, derived from studies of social insects, requires three
criteria: a reproductive division of labour, overlapping generations, and cooperative care of young [3, 4],
although it has been argued that physically distinct morphological castes should also be present [5]. This
extraordinary cooperative way of life is famously observed in invertebrates, such as the social
hymenoptera, but also other diverse groups such as crustaceans, and more recently, some mammals [6-9].
The importance of eusociality as a strategy is exemplified by the fact that eusocial species may constitute
75% of the insect biomass in some ecosystems [10, 11]. The taxonomic diversity of eusociality has led to
much debate about its definition, especially among mammals (for review see [12]), but it is generally
accepted that among the African mole-rats (Family: Bathyergidae), the naked mole-rat (Heterocephalus
glaber) and Damaraland mole-rat (Fukomys damarensis) have independently evolved eusociality [8, 13,

14].

NMRs live entirely underground in the arid regions of East Africa in colonies that may contain up to 300
individuals [15]. Most colonies of NMRs have only one breeding female (the queen), who mates with one
to three selected males, and the rest of the colony (both sexes) are reproductively suppressed [8, 16]. The
reproductive status of the queen and the breeding males may be stable for many years - NMRs can live up
to 32 years in captivity [17]. The queen is dominant in the colony social hierarchy, and evidence suggests
that she exerts a dominant control mechanism of reproductive suppression over the non-breeders of both
sexes, and possibly also the breeding male [18-21]. The remaining members of the colony of both sexes
are morphologically very similar (externally) and do not exhibit sexual behavior, but perform tasks that
are essential for the survival and wellbeing of the colony: foraging, colony defense, maintenance of the
tunnel system, and care of the young [8, 16]. It has been estimated that more than 99% of non-breeders

never reproduce [16]. However, the extreme socially-induced suppression of reproduction is reversible
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77  upon removal of the suppressing cues: if the queen or breeding males die or are removed from the colony,
78  orif non-breeding animals are housed singly or in pairs [18, 20-23].
79
80  Non-breeding females remain at pre-pubertal anovulatory state despite attaining adult body size, with
81 small uteri and ovaries, and reduced plasma luteinizing hormone (LH) concentrations that is reflected in
82  lower plasma and urinary progesterone levels [18, 19, 24]. Upon removal of the queen, and often after
83  fighting and competition among non-breeding females, one non-breeding female attains breeding status,
84  and undergoes anatomical, behavioral, and endocrine changes, including elongation of the body,
85  perforation of the vagina, increased dominance and aggression, and activation of the ovaries and
86  ovulation, with resulting increased urinary and plasma progesterone [22, 24-26]. The degree of
87  suppression in non-breeding males is less pronounced than the suppression in non-breeding females in
88  that gametes are produced. Non-breeding males have lower urinary testosterone levels, plasma luteinizing
89  hormone (LH), and lower reproductive tract to body mass ratio compared to breeders [20, 27].
90  Nevertheless, non-breeding males are able to undergo spermatogenesis and mature spermatozoa are
91 detected in their epididymis and vas deferens, although their number is lower than in breeding males and
92  the majority are non-motile [28]. This indicates that the low concentration of testosterone and LH in non-
93  breeding males is sufficient to support the spermatogenetic cycle, but not the final stages of maturation
94  steps (pituitary FSH may also be inhibited, but to date has not been measured in NMRs). As with females,
95  suppressive effects are reversible upon withdrawal of non-breeding males from their parent colonies and
96  housing singly or pairing with a female - increases in concentrations of urinary testosterone levels and
97  plasma luteinizing hormone (LH) occur rapidly [20].
98
99  The detailed mechanism underlying this reproductive suppression remains elusive. The central role of
100  hypothalamic gonadotrophin releasing hormone (GnRH) in integrating environmental cues is well
101  established [29-31], while reproductive development and puberty may be dependent on another

102  hypothalamic peptide, kisspeptin (acting via GnRH) [32]. In NMRs, a lack of priming of the pituitary
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103  gland by impaired release of hypothalamic GnRH may be a key component in reproductive suppression
104  [18, 27]. Nevertheless, GnRH is still produced: the number of GnRH-1 immunoreactive cell bodies does
105 not differ between breeding and non-breeding NMRs within or between the sexes [33]. However,
106  breeding females have greater numbers of kisspeptin cell bodies in key areas of the hypothalamus,
107  suggesting that emergence from a socially-induced hypogonadotrophic/prepubertal state in female NMRs
108 may involve kisspeptin-related pathways. Recently, elevated levels of the RF amide related protein 3
109  (RFRP-3 or GnIH) in the brain of non-breeders have been implicated as a component in the suppression
110  of reproduction in NMRs, through the inhibition of GnRH secretion [34]. It is currently unknown how
111 behavioural and other sensory cues (such as signature odours and vocalisations) mediate the extreme
112 social suppression of reproduction in NMRs.

113

114 In recent years, gene expression profiling of several eusocial insects have provided insight into the
115  molecular mechanisms and evolutionary paths to eusociality in insects [35-42]. However, although
116 genomic and transcriptomic analyses of NMRs and other mole-rats have also been published, these have
117  focused on individual animals or cross species comparisons [43-45]. So far no comprehensive
118  comparative analysis within and among sexes and reproductive castes of NMRs has been reported. Here
119  we use RNA-sequencing (RNA-seq) to undertake the extensive transcriptome profiling of breeding and
120  non-breeding NMR brains and gonads (ovary and testis). This has revealed striking gene expression
121 differences that point to the possible mechanisms underlying eusociality in a mammal, and extreme
122  socially-induced reproductive suppression.

123

124  Results

125

126  Changes in the dopaminergic system are strongly associated with NMR reproductive status

127  In order to determine the origin of the behavioral and reproductive differences between NMR social

128  classes and elucidate the molecular pathways that contribute to these differences, we performed gene
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129  expression profiling using very high coverage RNA-Seq on whole brains of several animals that
130  constitute both sexes and different reproductive classes (Additional file 1A: animals used and Additional
131  file 1B: RNA-seq information). We first explored the global expression levels, and based on principal
132  component analysis (PCA), the first principal components clearly captured the reproductive caste
133  differences: with the queens and other castes distinctly clustering in their respective groups. Similarly,
134  using a hierarchical clustering technique, non-pregnant NMR queens (Qs) cluster separately to the rest of
135  the colony members (Supplementary Figure 14,B). The rest of the colony members - non-breeding
136  females (NBFs), non-breeding males (NBMs), breeding males (BMs), and a pregnant Q clustered as
137  another group, with the majority of NBFs and NBMs clustering as one group, independent of sex
138  (Supplementary Figure 1A4,B). In order to define the gene expression differences between brains, we
139  performed differential expression analysis (see Methods) and identified several genes that show
140  significant gene expression differences (FDR<0.05 Benjamini-Hochberg multiple testing correction; a
141 log2 fold change >1; and >1 CPM, counts per million) between breeding and non-breeding animals
142  (Figure 14,B). The number of differentially expressed genes (DEGs) follows social and reproductive
143  status (Figure 14,B), with the highest number of DEGs between breeding animals (Qs vs BMs), or
144  breeding animals compared to non-breeding animals, and with minor differences between subordinate
145  animals (Figure 14,B).

146

147  To elucidate the nature of these gene expression differences in more detail we examined each group in
148  pairwise comparisons. We first focused on differences between Qs (n=2) and NBFs (n=3). Based on a
149  global gene expression comparison, the Qs and NBFs clearly cluster as two distinct groups, suggesting
150  the clear gene expression difference in the brain of Qs and NBFs (Supplementary Figure 24,B). In total,
151 854 genes were differentially expressed (389 higher expression in the Qs and, 465 lower expression in
152  Qs) (Figure 14,B see Os vs NBF's, Supplementary Figure 2C, Additional file 2). These DEGs are enriched
153  for pathway and biological process terms that include synaptic signaling, dopaminergic synapse, positive

154  regulation of transport, and neurotransmitter receptor activity (Supplementary Figure 2D,E,F,G, and
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155  Additional files 3, 4, 5). Interestingly, genes related to dopamine were particularly enriched in the DEGs.
156  Dopamine is a catecholamine (a monoamine compound derived from the amino acid tyrosine) and has a
157  neurotransmitter function. Several key-genes, such as the tyrosine hydroxylase (7/) gene (the rate-
158  limiting enzyme in the synthesis of catecholamines), the vesicular monoamine transporter (Vmat2 or
159  Sici8a2) which transports monoamine neurotransmitters into the vesicles to be released at the synapse,
160  and the dopamine transporter (Dat or Slc6a3) responsible for the reuptake of dopamine were found to be
161 highly expressed in the Qs compared to the NBFs (Additional file 2). Th and Dat were both in the top 10
162  of our DEG list, suggesting higher dopamine production in the Qs brain. In addition, the most abundant
163  dopamine receptors Drdla, Drd2 and Drd3 were all down-regulated in the Qs, while the Drd5 receptor
164  gene was up-regulated (Additional file 2). Genes related to the other catecholamines adrenalin and
165  noradrenalin (dopamine beta-hydroxylase Dbk, phenylethanolamine N-methyltransferase Pnmt, and the
166  different adrenergic receptors alpha and beta) were not differentially expressed between Qs and NBFs,
167  indicating that the differences are specific to the dopaminergic system.

168

169  Next, we looked at the gene expression differences between BMs and NBMs. As breeding status of male
170  NMRs can be difficult to determine [28], we used two criteria to define their reproductive status in the
171 colony: 1) long-term observational information, and 2) testis to body mass ratio (Supplementary Figure
172  34). On PCA and hierarchical clustering (using global gene expression), unlike the distinction between
173 Qs and NBFs, BMs and NBMs do not fully resolve into separate clusters (Supplementary Figure 1B,
174 Supplementary Figure 3B,C). For animals that fulfill the two criteria above (3 BMs and 3 NBMs,
175  excluding one NBM whose status was uncertain), we performed differential gene expression analysis and
176  identified 193 genes (with 152 showing higher expression in BMs and 42 lower expression in BMs;
177  Figure 1A B see Qs vs BMs, Supplementary Figure 3 D, Additional file 6). These DEGs are enriched for
178  pathways and biological processes that are involved in nitrogen compound transport, regulation of
179  nervous system development, synaptic signaling, dopaminergic neuron differentiation, behavior

180  (Supplementary Figure 3E,F,G,H and Additional files 7, 8, 9). Similarly to the comparison between Qs vs


https://doi.org/10.1101/209932
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/209932; this version posted October 27, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

181 NBFs, we also found T/ and Dat to be amongst the most highly expressed genes in BMs compared to
182  NBMs (4dditional file 6), suggesting that similar mechanisms, involving the dopaminergic pathway, may
183  account for the behavioral and reproductive differences observed between BMs and NBMs.

184

185  Breeding animals (Qs and BMs) are the most dominant and aggressive in the NMR colony. These
186  animals, Qs and BMs, clearly cluster into independent groups (Supplementary Figure 1A4,B,
187  Supplementary Figure 44), and also show the highest number of DEGs (Figure 14, B, see Qs vs BMs). In
188  total 1246 genes show significant expression difference between Qs and BMs (444 higher expression in
189 Qs and 802 lower expression in Qs; Figure 1A4,B, Supplementary Figure 4C, and Additional file 10).
190  These DEGs are enriched for pathways and biological processes that are involved in protein targeting to
191  membrane, mRNA metabolic process, cellular macromolecule catabolic process, regulation of cellular
192  response to stress and related pathways (Supplementary Figure 4D,E,F,G, and Additional file 11, 12, 13).
193  The enrichment in these pathways, biological processes, and molecular functions, when breeding females
194  are compared to breeding males, is very different from the findings in non-breeding animals. In contrast
195  to the major gene expression differences in the brains of breeding animals (Qs and BMs), non-breeding
196  animals (NBMs and NBFs) show very similar global expression profiles (Supplementary Figure 1A4,B,
197  Supplementary Figure 54), with only very few genes showing significant gene expression differences
198  (only 28 DEGs; Figure 14,B see NBFs vs NBMs, Supplementary Figure 5C, Additional file 14). This is in
199  agreement with previous observations showing the absence of behavioral differences (including sexual
200  characteristics), and sexual differentiation (including similarity in external genitals) between NBMs and
201  NBFs [46].

202

203  We went on to identify gene expression profiles that are specific to dominant breeding Qs (Q genes). Q
204  genes were identified by taking genes that show differential expression in the comparison between Qs vs
205 NBFs, Qs vs NBMs (Additional file 15), and Qs vs BMs (Figure 14,B, Supplementary Figure 6 A,B,C).

206  However, as BMs also have reproductive status and are high in the dominance hierarchy of the colony,
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207  we focused on genes that are found in the comparison between Qs vs NBFs and Qs vs NBMs (Figure 1C,
208  Supplementary Figure 6D,E, Additional file 16). Around half of the genes that were differentially
209  expressed between Qs vs NBFs are shared with Qs vs NBMs (Figure 1C). These Q genes are enriched in
210  pathways and biological process terms that are involved in behavior, synaptic signaling, multi-organism
211 behavior, dopaminergic synapse, neurotransmitter transport, dopamine binding, reproductive behavior
212  and other related terms (Figure 1D,E, Additional file 17, 18, 19). We performed a similar analysis to
213  define genes that are unique to the BMs by taking genes that are common in the comparison between
214  BMs vs NBFs (4Additional file 20) and BMs vs NMBs (Figure 14,B, Additional file 21). In general, while
215  we found fewer such BM genes compared to Q genes (Supplementary Figure 6F,G,H), these genes are
216  involved in similar pathways as the Q genes. Similar to the Q genes, BM genes are also enriched for
217  visual perception, nitrogen compound transport, behavior, neuron projection morphogenesis,
218  dopaminergic synapse (Additional file 22, 23, 24). In addition, similarly to the Q gene list, 7/ and Dat
219  were also present in the BM gene list (unique in BMs vs NBMs and BMs vs NBFs). These results (Q
220  genes and BM genes) highlight the possible role of dopamine pathway in the NMR colony social
221 behavior and reproductive suppression.

222

223  Our detailed analysis of NMR brain RNA-seq has identified the dopamine system as a probable key
224  player in the breeding status differences. There are several cell groups in the brain which are potentially
225  dopaminergic (named A8 to A16), linked to different functions [47]. In order to independently confirm
226  the differences in the dopamine system between reproductive castes and to explore their localization, we
227  collected brains from a different batch of animals (4dditional file 14). Even though the Qs were bigger in
228  size compared to the other animals (56 = 16 g versus 34 + 3 g), all the brains had similar sizes with no
229  obvious neuromorphological differences across the castes. We performed immunostaining against
230  Tyrosine hydroxylase (TH) on several sections along the rostrocaudal axis (Figure 24). The most caudal
231 sections contained the A9 (substantia nigra compacta) and A10 (ventral tegmental area), nuclei that

232  comprise the vast majority of dopaminergic neurons. Their respective main targets, the dorsal striatum
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233 and nucleus accumbens, can be seen in the most rostral sections. In addition, we looked at the staining in
234  the hypothalamic nuclei A12, A13 and A14. We observed that across the whole brain, the intensity of the
235  TH staining tended to be higher in breeders than non-breeders, though with inter-individual variability.
236  Strikingly, there was a consistent staining of the hippocampus (and to a lesser extent of the cortex)
237  specifically in all NMR breeders, but absent in non-breeders (Figure 2B), indicating catecholaminergic
238  innervation of this region. To our knowledge, such a strong hippocampal staining has never been reported
239 in mice or rats. Importantly, breeders showed significantly more TH expression in periventricular
240  hypothalamic nuclei A12 and A14 (Figure 2C), which are precisely the two dopaminergic cell groups
241 known to inhibit prolactin (PRL) secretion, a peptide hormone related to lactation and reproduction [48].
242

243  To investigate our prediction that elevated prolactin (hyperprolactinemia) may be a component in the
244  suppression of reproduction in non-breeding NMRs, we measured plasma PRL in breeding and non-
245  breeding animals of both sexes in samples taken across thirteen colonies (Figure 1F). We found that most
246  samples from non-breeders had detectable concentrations of PRL, and these often reached very high
247 levels: NBF (mean + SEM) 32.64 £+ 6.13 ng/ml; n=44; range, 0.03-173.57 ng/ml; NBM 36.77 + 9.81
248  ng/ml; n=49; range, 0.03-330.30 ng/ml. Among breeders, queens had the expected variance in plasma
249  PRL concentrations as part of normal ovarian cyclicity, pregnancy and lactation: 33.02 = 12.94 ng/ml;
250 n=12; range, 3.60-160.80 ng/ml. Two values were obtained from lactating queens, 21.14 ng/ml (23 days
251 post-partum, at the end of the period of lactation) and 160.80 ng/ml (seven days post-partum), the latter
252  being the highest concentration recorded among the breeding female samples. Although the sample size
253  was low due to the difficulties of identifying them, breeding males had low plasma PRL concentrations,
254  as predicted from our model of suppression: 15.91 + 6.21 ng/ml; n=7; range, 3.92-47.92 ng/ml.

255

256  In conclusion, this comparison of gene expression profiles in NMR brains uncovers differences that

257  follow social status rather than sex, with the Q having a unique gene expression pattern compared to the

10


https://doi.org/10.1101/209932
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/209932; this version posted October 27, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

258  rest of the colony. Furthermore, we identify dopaminergic pathways as potential key players in NMR
259  eusocial behavior.

260

261 Non-breeding female NMRs have pre-pubertal ovary and lack the production of ovarian estrogen
262

263  To characterize the origin of the differential reproductive behavior of Qs and NBFs, we next focused on
264  gene expression differences between their ovaries. Mammalian oogenesis is a highly regulated process
265  that involves several hormonal and molecular pathways. Oogenesis starts in the fetal ovaries with the
266  development of oogonia from primordial germ cells (PGCs). Each oogonium advances until the first
267  stages of meiosis (meiosis I) and become arrested at the prophase stage of meiosis I, forming primary
268  oocytes [49, 50]. After puberty, a few primary oocytes are recruited during each ovarian cycle, and only
269  one oocyte matures to be ovulated. The maturation process involves the completion of meiosis I, and
270  generation of secondary oocytes that are again arrested at the metaphase 11 stage (meiosis II). The second
271 meiosis will only be finalized after successful fertilization by sperm. Growing oocytes are supported by
272  surrounding somatic cells (follicular cells, granulosa cells, and theca cells) that produce hormones such as
273  estrogens, in response to pituitary gonadotrophic hormones (FSH, LH). At birth, the primary oocytes are
274  embedded into immature primordial follicles, which mature into primary, and secondary follicles. At
275  puberty, oocytes in meiosis Il into tertiary and pre-ovulating Graafian follicle [50]. The ovaries of NMR
276  NBFs are reported to be at pre-pubertal stage, with mainly primordial follicles, and may be a few
277  secondary or tertiary follicles [51].

278

279  Based on PCA and hierarchical clustering, Qs (n=3) and NBFs (n=3) ovaries clearly group by status and
280  cluster separately (Figure 34,B and Supplementary Figure 7A4), supporting previous findings reporting
281  distinct anatomical, endocrine, and physiological differences between the ovaries of Q and NBFs [18, 19,
282  24]. Irrespective of pregnancy or age, Q ovaries group and cluster together separately from NBFs.

283  Differential expression analysis between the Qs and NBFs (excluding the pregnant Q ovary), specifically

11
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284  identified 1708 genes, with more genes showing significantly lower expression in the Qs compared to
285 NBFs (1175 down regulated genes, lower expression in Qs versus 534 up regulated genes higher
286  expression in Qs compared to NBFs; Figure 3C, Supplementary Figure 7B, Additional file 25). DEGs
287  were globally enriched for biological processes and pathways that are related to regulation of nervous
288  system development, response to lipid, meiotic nuclear division, gland development, negative regulation
289  of developmental process, DNA methylation involved in gamete generation and other related terms
290  (Figure 3D, Supplementary Figure 7C,D,E, Additional file 264, 274, 284). Taking into account the
291 direction of expression changes in Qs versus NBFs, we found that down-regulated genes were enriched
292  for ontology terms related to gamete generation, central nervous system development, developmental
293  process involved in reproduction, meiotic cell cycle process, DNA methylation involved in gamete
294  generation and other related terms (Supplementary Figure 8A,B,C,D, Additional file 268, 27B, 28B). In
295  contrast, up-regulated genes are mainly enriched for inflammatory response, allograft rejection, leukocyte
296  differentiation, positive regulation of cell differentiation, response to lipid, regulation of anatomical
297  structure morphogenesis, regulation of hematopoiesis, cell adhesion and related pathways (Supplementary
298  Figure 94,B,C,D, Additional file 26C, 27C, 28C). These results likely reflect the different cellular
299  composition of Q and NBF ovaries: NBF ovaries are immature and mainly contain primordial and
300  primary follicles (Supplementary Figure 10) while Q ovaries develop abundant stromal cells to support
301  oogenesis/folliculogenesis (Supplementary Figure 10).

302

303 To investigate ovarian differences in more detail, we first compared our data with available
304  transcriptomes of mouse oocytes at different stages of development [52]. We selected two clusters of
305  genes: a first group that show a decline in expression from primary to small antral follicle stages [52] and
306  the other group where expression increased at small and large antral [52] (753 genes in total in the two
307  clusters). However, we did not observe differences in the expression levels of these genes between Q and
308  NBF ovaries (Supplementary Figure 11A). This could be due to the fact that, in NMRs, only a few

309 follicles progress to the large antral stage at each reproductive cycle, and thus the difference cannot be
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310  quantified from whole ovary expression data. As NBF ovaries have been reported to be in an immature
311 state [18, 19, 24], we next integrated available transcriptomes of whole ovaries from pre-puberal and adult
312 mice [53]. Surprisingly, Q and NBF ovaries did not significantly differ in the expression levels of genes
313  that are differentially expressed between pre-pubertal and adult mouse ovaries (Supplementary Figure
314  11B). However, by focusing on a selection of oocyte-specific genes (Zpl, Zp2, Zp3, Figla, Nobox,
315 Sohlhl, Gja4, Pou5fl, Oospl, Hlfoo, Lhx8, Sohlh2, Kit, Kitl, Nlrpl4, Bmpl5), we observed a consistent
316  increase in NBF compared to Q ovaries (Supplementary Figure 11C). This is in agreement with our
317  histological assessment (Supplementary Figure 10): Q ovaries have more stromal, somatic cells than NBF
318  ovaries, which are enriched in primary oocytes. Upon further examination of the NMR ovary RNA-seq
319  data, in agreement with the enrichment of hormone-producing stromal cells in Q ovaries, we found that
320 the main difference between ovaries of the Qs and NBFs was in the ability to synthesize estrogen. More
321 specifically, among the top-10 list of DEGs, we found that Cypl/941 (Aromatase) - a key enzyme in the
322  gsynthesis of estrogen- was highly over-expressed in Q compared to NBF ovaries (4-fold change in log2
323  scale with almost no expression in NBF; Supplementary Figure 11D). Aromatase is important for
324  transformation of androstenedione to estrone and testosterone to estradiol [54, 55]. In addition to
325  Cypl9A41, other genes that are involved in steroid hormone biosynthesis (Cyp7al, Akricl8, Akrldl,
326  Ugtlal) were also significantly more expressed in Q ovaries.

327

328  As a whole, our RNA-seq analysis suggests that Q ovaries specifically express genes that are required for
329  estrogen production, and thereby undergoes oogenesis/folliculogenesis, ovulation and other sexual
330  differentiation processes. In contrast, NBFs seem to have functioning ovaries that are arrested at a pre-
331 pubertal stage, and do not have the ability to produce estrogen, explaining their failure to ovulate and
332  subsequent reproductive incompetency.

333

334
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335 Non-breeding male NMRs show signs of defective post meiosis spermatogenesis and sperm
336  maturation

337

338  We next wanted to investigate the nature of the gonadal differences between breeding versus non-
339  breeding male NMRs. Mammalian spermatogenesis begins post-natally at puberty, and continues
340  throughout life. A pool of spermatogonial stem cells undergo mitotic divisions to produce spermatocytes,
341 that will undergo meiotic divisions to produce haploid spermatids, which will then undergo further
342  maturation to become mature spermatozoa [56-58]. This process of spermatogenesis occurs in
343  seminiferous tubules supported by Sertoli cells and Leydig cells, and coordinated by endocrine signals.
344  Sertoli cells nourish and provide structural support for the developing sperm cells, upon activation by
345  follicle-stimulating hormone (FSH) that is secreted by the pituitary gland, which is in turn under the
346  control of the GnRH secretion from the hypothalamus [58, 59]. Leydig cells that are located outside the
347  seminiferous tubules produce and secrete testosterone and other androgens that are important for
348  spermatogenesis, secondary sexual characteristics, development, and testis volume. Leydig cell function
349  is modulated by the pituitary gonadotrophin luteinizing hormone (LH) [58, 59].

350

351 All male NMRs, independently of their breeding status, have been reported to undergo spermatogenesis
352  [19, 26, 27]; however, sperm numbers and motility vary between BMs and NBMs [26, 27]. In order to
353  investigate the molecular pathways that contribute to these differences in spermatogenesis between BMs
354  and NBMs, we analyzed the gene expression profile of whole testes from BMs and NBMs, using the two
355  criteria described above in the brain analysis section to define their status (long-term observational
356  information and testis to body mass ratio). Based on PCA and hierarchal clustering, unlike the clear
357  separation observed for the ovaries of Qs and NBFs, NBM testes do not show a distinct clustering and
358  grouping based on breeding status, with BM3 clustering with non-breeding animals (Figure 4A4,B,
359  Supplementary Figure 12A4). Nevertheless, differential expression analysis identified 780 genes that

360  showed significant changes between BMs and NBMs (522 up-regulated and 258 down-regulated genes in
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361  BMs compared to NBMs; Figure 4C, Supplementary Figure 12B, Additional file 29). Enrichment
362  analysis for biological processes, molecular functions, and pathways did not highlight obvious enrichment
363  of spermatogenesis genes, but rather for terms such as: regulation of anatomical structure morphogenesis,
364  response to steroid hormone, and embryo development (Figure 4F, Supplementary Figure 12C,D,E
365  Additional file 304, 314, 324). By focusing on DEGs that show lower expression in breeding compared
366  to non-breeding testes, we found enrichment for terms that are related to positive regulation of cell-
367  substrate adhesion, positive regulation of cell-substrate adhesion, processes regulation of histone
368  acetylation (Supplementary Figure 134,B,C,D, Additional file 30B, 31B, 32B). However, interestingly,
369  for DEGs that are up-regulated in the testes of BMs we found enrichment of terms related to regulation of
370  anatomical structure morphogenesis, response to steroid hormone, and multicellular organism
371 reproduction (Supplementary Figure 14A,B,C,D, Additional file 30C, 31C, 32C). In particular, this last
372  ontology category (GO:0032504) contains a number of genes (45 genes, Additional file 30D) involved in
373  key biological processes related to male reproduction, such as meiotic cell cycle, male genitalia
374  development, gamete generation, spermatogenesis, and sperm motility (Lacgr, Prml, Prm2, Akap4, Odf3,
375 Akap4, Wfdc2, Fdc2, Txnrd2, Txnrd3, Spata6, Spata22, Rara, Nr2c2, Hsf2bp, Cylc2, Cylcl, Celef3, Ccin,
376  AlkbhS5, Adam29, Atp2b4; Additional files 30D). From this list of 45 genes, Lhcgr encodes the receptor for
377  both LH and choriogonadotropin [60, 61]. Binding of LH to its receptor stimulates testosterone
378  production by Leydig cells to promote extra-gonadal differentiation and maturation [62, 63]. Prml and
379  Prm2 genes encode Protamine proteins that replace histones in later stages of spermatogenesis (sperm
380  clongation) to allow denser packing of DNA [64-66]. In mouse models, abnormal expression of Prm1 and
381  Prm2 causes a decrease in spermatozoa number, abnormal spermatozoa morphology and motility,
382  damaged spermatozoa chromatin, and infertility [67-73]. Odf3 is transcribed more specifically in
383  spermatids, and is suggested to provide the elastic structure of sperm protecting from damage during
384  epididymal transport [74, 75]. Akap4 is transcribed only in the post-meiotic phase of spermatogenesis and
385 s a cytoskeletal structure present in the principal piece of the sperm flagellum [76]. Targeted disruption

386  of Akap4 results in abnormal flagella, and hence motility of spermatozoa [76, 77].
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387  To further document what stage of spermatogenesis might be interrupted in NBMs, we imported the list
388  of spermatogenesis-related gene clusters that show specific expression at several different stages of
389  mouse spermatogenesis (mitotic, meiotic, post-meiotic, and somatic clusters,) from the Germonline
390  database (Additional file 30) [78]. DEGs belonging to all four clusters tended to show higher expression
391 in BMs than in NBMs, but this difference was more pronounced for post-meiotic genes (Figure 4D).
392  More specifically, 10% (55 out of the 522) of up-regulated DEGs in BM belonged to the post-meiotic
393  cluster, while only 2% of down-regulated DEGs in BM (5 out of 258) belonged to this category. This
394  suggests that the main difference in BM and NBM spermatogenesis is related to genes that are important
395  in post-meiotic stages. In addition, we plotted the expression level of all genes that belong to these four
396  clusters. Genes that belong to both the meiotic and post-meiotic stages of spermatogenesis showed
397  significant up-regulation in BMs compared to NBMs (p-value 0.01 and 0.002 respectively, Wilcoxon
398  rank sum test, Figure 4F), but this trend was more pronounced for the post-meiotic genes (Figure 4E).
399  Finally, to understand the actual nature of the block in spermatogenesis in NBMs, we examined
400  histological sections of BM and NBM testes. Confirming previous observations [19, 26, 27], all stages of
401  spermatogenesis could be observed in both BM and NBM animals (Supplementary Figure 154, B),
402  although it was not possible to obtain a precise quantitative information by this method. Interestingly, a
403  very clear difference was observed in interstitial (Leydig) cell content, with much higher numbers in the
404  BM compared to NBM testes (Supplementary Figure 15C,D).

405

406  In conclusion, our detailed analysis of NMR testes revealed that although both breeding and non-breeding
407  males undergo spermatogenesis, non-breeders show signs of impaired post-meiotic sperm maturation at
408 the transcriptomic level. This may lead to lower sperm numbers and impaired motility that could underlie
409 their incapacity to breed.

410

411

412
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413  Discussion

414

415  In this study, we set out to define the molecular pathways that might underlie one of the principal features
416  of eusociality, namely the extreme socially-induced suppression of reproduction (reproductive skew) in
417  NMRs. We achieved this by comparison of brain and gonad transcriptomes in the different individuals
418  that make up the NMR social hierarchy, namely Qs (the only breeding females), NBFs, BMs and NBMs.
419  The comparative analysis of gene expression in the brain of different NMR social classes revealed that: 1)
420  the Q has a distinctive gene expression profile when compared to the rest of the colony; 2) both sexes of
421  non-breeding animals have nearly identical gene expression profiles in the brain; 3) several genes show
422  significant gene expression differences in comparisons between breeding animals (Qs vs BMs) and
423  between breeding animals versus non-breeding animals; 4) the Qs and NBFs have clear gene expression
424  differences in the brain, but this is not reflected in comparisons between BMs and NBMs; 5) the
425  dopaminergic pathway is identified as a major pathway that may be linked to the differences between
426  social classes of NMR colonies. More specifically, differences in TH expression (the rate limiting enzyme
427  for the synthesis of dopamine) were found in the hypothalamic areas of the brain which control prolactin
428  secretion [48]. Also, the catecholaminergic innervation (potentially dopaminergic) in the hippocampus
429  was strikingly high in breeders and showed a clear difference between breeders and non-breeders. In mice
430  or rats, there are sparse catecholaminergic afferents, which arise mainly from the ventral tegmental area
431 [79] and the locus coeruleus [80]. In NMR breeders, the origin of these afferents and their role in the
432  different behaviors between castes remains to be investigated. We believe that this potential role of
433  dopamine in NMR eusociality is a significant discovery that is consistent with findings in other eusocial
434  animals. Indeed, the dopaminergic pathway is a highly conserved system across vertebrates and some
435  invertebrates, with many important functions in the nervous system [81-86]. These include a crucial role
436  in the control of movement and reinforcement learning. Dopamine is also implicated in sexual arousal,
437  aggression, dominance, sleep, attention, working memory, hormonal regulation, and other functions [82,

438  87-90]. In eusocial insects and termites, the importance of dopamine in aggression, dominance and social
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439  hierarchy has been documented. Brain dopamine levels are elevated in dominant individuals of Polistes
440  paper wasps (Polistes chinensis), the worker-totipotent ant (Harpegnathos saltator), and the queenless ant
441 (Diacamma sp. from Japan); and a positive correlation was observed between ovarian activity and the
442  level of dopamine in wasps (Polistes chinensis), bumble bees (Bombus terrestris), honeybees (Apis
443  mellifera L.), ants (Harpegnathos saltator) [91-96]. In the honeybee (Apis mellifera), tyrosine or royal
444  jelly-fed workers had higher brain dopamine levels than sucrose fed individuals, resulting in ovarian
445  development and the inhibition of foraging in the former [97]. Dietary and topical applications of
446  dopamine in queenless ant subordinate workers have also been shown to induce oocyte growth/activation
447  [93, 96]. In honey bee (A4pis mellifera), queen pheromone have been shown to modulate dopamine
448  signaling pathways in the worker bees [98]. Furthermore, in male honeybees, juvenile hormone (JH),
449  which regulate development and reproduction, has been shown to increase the levels of dopamine in the
450  brain [99, 100]. JH and brain dopamine levels have been shown to increase during sexual maturation, and
451 topical application of a JH analog increases the level of dopamine in the brain of male honeybees [101,
452 102]. These investigations indicate that the dopaminergic pathway can be crucially involved in the social
453  system, behavior, and reproductive suppression of many eusocial insects and termites. Our findings point
454  to the exciting possibility that dopamine-mediated mechanisms are also involved in maintaining
455  eusociality in the NMRs, suggesting that these pathways may represent a rather universal strategy for
456  eusociality across the Animal Kingdom.

457  The potential functional significance of the observed differences in dopamine pathways between the Q
458  and the non-breeders could be at several levels. One possible and well-established mechanism is the
459  action of dopamine on prolactin regulation (reviewed in [48, 103]). In this pathway, dopamine (also
460  known as prolactin inhibiting factor), modulates the release of prolactin from the pituitary gland, and
461 prolactin itself acts on the hypothalamus to regulate the release of GnRH (Supplementary Figure 16B,C)
462  [104]. The plasma prolactin data, measured for the first time in this species, fits our model of elevated
463  PRL suppressing reproduction in non-breeders, because plasma PRL concentrations measured in spot

464  samples collected from most non-breeding NMRs often greatly exceeded values which would be
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465  considered clinical hyperprolactinemia in humans (Figure IF). For example, levels of circulating PRL
466  between 3 and 15 mg/l are considered necessary for maintaining normal reproductive function, and levels
467  below and above are associated with an increased rate of infertility[105] - generally this equates to fasting
468  concentrations above 25 ng/ml for women and 20 ng/ml for men [106]. Furthermore, plasma PRL in non-
469  breeders often also exceeded that of lactating queens (Figure 1F). We did fail to detect PRL in some
470  plasma samples from non-breeders. However, plasma PRL concentrations are known to exhibit circadian
471 variations, and any such pattern or synchrony amongst NMRs remains to be investigated in detail to avoid
472  sampling at times of low secretion. In mammals, hyperprolactinaemia is well known to be a major cause
473  of infertility, and plays a role in this context in lactational suppression of reproduction [107]. A higher
474  level of dopamine in the Q or BM is expected to decrease the release of prolactin. In turn, the absence or
475  decreased levels of prolactin may result in the normal pulsatile secretion of GnRH from the
476  hypothalamus, and subsequent release of LH and FSH from the pituitary gland. LH and FSH exert their
477  effects at the level of the gonad, stimulating sexual differentiation, follicular development,
478  spermatogenesis and release of the sex hormones estrogen (in females) and testosterone (in males)
479  (Supplementary Figure 16B). The low dopamine in non-breeding animals on the other hand, results in
480 elevated levels of prolactin, inhibiting the release of GnRH, and thus LH, FSH, estrogen, and testosterone,
481 and follicular development and spermatogenesis (Supplementary Figure 16C). The inhibitory effect of
482  dopamine on prolactin has been shown in many animals, and specific dopamine neurons (A12 and A14
483  cell groups, Supplementary Figure 16A4) are known to regulate the release of prolactin. Interestingly, the
484  unique presence of cell bodies expressing RFRP-3 in the arcuate nucleus of NMRs, reported by [34] may
485  be of significance, as it could potentially allow interaction with the A12 dopaminergic cell groups that
486  regulate PRL section. Despite the differences in expression of genes involved in increasing dopamine in
487  the brain, we did not observe differences in the GnRH expression between breeding and non-breeding
488  NMR brains (both males and females). However, this would fit with predictions based on previous NMR
489  studies that showed similar numbers of immunoreactive GnRH-1 cell bodies among breeders, non-

490  breeders, males and females [33]. This implies that GnRH is produced by all status groups, but only
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491 actually released in breeders, due to a block to its secretion in non-breeders. The neuropeptide kisspeptin
492  may play a role in this process among females. Kisspeptin is well known to influence the hypothalamo—
493  pituitary—gonadal axis by direct actions on GnRH-1 neurons [33]. Zhou et al. found that breeding females
494  NMRs had increased numbers of kisspeptin immunoreactive cell bodies in the anterior periventricular
495  nucleus and rostral periventricular region of the third ventricle (RP3V). This suggests a role for kisspeptin
496 in the hypogonadotrophic state in female NMRs, acting via mechanisms similar to those that underlie
497  puberty and seasonal breeding in other species. Our observation of small increases in expression of Kiss-1
498  and its receptor (Kiss-/R) (the latter being statistically significant) in Qs versus NBFs supports this
499  hypothesis. Furthermore, elevated prolactin is known to have a suppressing effect on kisspeptin (and
500 hence GnRH), which would fit a model of suppression involving dopamine pathways. Brown et al.
501 (2014) showed that administration of prolactin to mice caused Kiss-/ mRNA to be suppressed in the
502  RP3V (the region with increased kisspeptin immunoreactive cell bodies in Q NMRs). It remains to be
503  determined how the elevated levels of RFRP-3 (GnlH) in the brain of non-breeders, reported by [34], act
504  in this mechanism that ultimately inhibits GnRH secretion. Interestingly, elevated prolactin has been
505  implicated in many studies as a factor mediating both parental and alloparental care, affiliative and other
506  sociosexual behaviours, in birds and mammals, including rodents and primates [108]. It is thus tempting
507  to speculate that elevated prolactin in NMRs may play a central role in both cooperative behaviour and
508  reproductive suppression.

509

510  The hypothalamic block to reproduction in NMRs ultimately results in the well-documented lack of
511 gonadal development in both male and female non-breeders [18, 19, 27]. Not surprisingly, given the large
512  anatomical differences, gene expression profiling of the ovary identified several DEGs between the Qs
513  and NBFs. One of the important differences in gene expression was the significantly higher expression of
514  aromatase in Qs ovary (topl0 DEGs), the key enzyme in the production of estrogen. This difference in
515  aromatase expression indicates the ability of the Qs ovary to produce estrogen, and the low production of

516  ovarian estrogen in NBFs. Aromatase knockout mice display underdeveloped external genitalia and uteri,
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517  and precocious depletion of ovarian follicles, and anovulation, with development of the mammary glands
518  approximately that of prepubertal WT female mice [109-111]. These features of aromatase knockout mice
519  mimic most of the anatomical and physiological and endocrine differences that were observed between
520  the Qs and NBFs of NMR [18, 19, 24]. The enrichment analysis on DEGs also highlights the difference
521 between the Q and NBF ovaries. The small, pre-pubertal ovaries of NBFs mostly contain primordial and
522  primary follicles that are arrested at the meiosis I prophase. In contrast, the fully functional ovary of the
523 Qs contains follicles at all stages of development, including some polyovular follicles that may contain up
524  to three oocytes [112], and larger numbers of stromal cells (Supplementary Figure 10). The ovarian
525 stroma is a diverse mix of cell types that includes theca—interstitial cells, immune cells, blood vessels,
526  smooth muscle cells, and several types of extracellular matrix proteins [113-118]. The increased stromal
527  cell content in Qs is reflected in the enrichment of GO terms (such as regulation of leukocyte
528  differentiation, regulation of hematopoiesis, cell adhesion) for DEGs unregulated in the Qs. The NBF
529  ovaries, with mostly primary follicles containing oocytes arrested at meiosis I, is reflected in GO terms
530 (such as DNA methylation involved in gamete generation, sexual reproduction, meiotic nuclear division,
531 meiotic cell cycle) for DEGs upregulated in the NBFs. Taken together, the expression analyses reported
532  here is consistent with the observation that the Qs ovary is able to undergo oogenesis/folliculogenesis,
533  ovulation and other sexual differentiation processes; whereas NBF ovaries are arrested at a pre-pubertal
534  stage, lack the ability to produce estrogen, ovulate and undergo sexual differentiation (Supplementary
535  Figure 16D).

536

537 In the testis, our gene expression profiling of BM and NBMs revealed that there are no obvious
538  differences, unlike what was observed between Q vs NBF ovaries. This could be partly explained by the
539  fact that NBFs do not produce mature gametes but Q’s do, whereas both BMs and NBMs NMRs undergo
540  spermatogenesis to produce gametes, and this is reflected in spermatogenesis gene expression profiles
541  seen in both. Nevertheless, some DEGs were identified that are known to play an important role in male

542  sexual differentiation, reproduction, and responses to steroids. In particular, the enrichment of GO term
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543  involved in male reproduction (meiotic cell cycle, male genitalia development, gamete generation,
544  spermatogenesis, and sperm motility) for upregulated DEGs in BMs includes genes such as Prml, Prm?2,
545  Odf3 and Akap4, which have been shown to have a important role in mouse spermatogenesis. A decrease
546  in expression of genes such as Prml, Prm2, Odf3 and Akap4 and related genes in NBMs, might
547  contribute for the observed reduction in sperm number and motility [28]. This is further complemented by
548  the low expression of genes that are involved in meiotic and post-meiotic stages of spermatogenesis in
549  non-breeding animals. Based on these observations, we suggest that the main difference between BMs
550 and NBMs spermatogenesis is related to post-meiotic and sperm maturation stages (Supplementary
551  Figure 3E), where NBMs fail to express critical genes at appropriate level at these stages (post-meiotic
552  and sperm maturation stages), resulting in low sperm count and impaired motility. Cytological
553  examination of testicular sections of breeding and non-breeding animals (Supplementary Figure 15),
554  confirms previous observations of a higher interstitial cell content in breeding animals compared to non-
555  breeding animals. At the gene expression level, we also observed a significant decrease (2 fold,
556  Additional file 29) in the expression of the LH receptor gene (LAcgr) in NBMs compared to BMs. This
557  fits with predictions based on the reduction in interstitial (Leydig) cells numbers, together with previously
558  reported observations of lower concentrations of urinary testosterone and plasma LH in NBMs [20].

559

560  Conclusion

561

562  Our study reveals gene expression differences among male and female NMR reproductive castes. Our
563  findings in brain, ovaries and testes provide some of the first insights into the potential molecular
564  mechanisms that are important in reproduction suppression of NMR. The gene expression differences in
565  the NMR brains follow social status rather than sex, with the Q having a unique gene expression pattern
566  compared to the rest of the colony. In highlighting the potential importance of dopamine pathways in the
567  brain, and a possible role for hyperprolactinemia in mediating suppression, our findings significantly

568  advance the understanding of the basis of mammalian eusociality and cooperative breeding systems. In
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569  the ovaries, Qs express genes that are required for estrogen production, and thereby undergoes
570  oogenesis/folliculogenesis, ovulation and other sexual differentiation processes. In contrast, NBFs are
571 arrested at a pre-pubertal stage, and do not have the ability to produce ovarian estrogen, explaining their
572  failure to ovulate and subsequent reproductive incompetency. In the testis, both BMs and NBMs undergo
573  spermatogenesis, however NBMs fail to express genes required for post-meiotic sperm maturation, giving
574  explanation to lower sperm numbers, impaired motility, and breeding incapacity of NBMs. While many
575  questions remain, the phenotypic plasticity exhibited by the NMR also offers scope for understanding the
576  dynamics of reproductive activation when non-breeders transition into breeding state (NBF to Qs or NBM
577  to BM), in particular the role of epigenetics and other regulatory factors affecting the genes associated in
578  this transformation.
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595  Material and methods

596

597  Animals

598 NMRs were maintained at Queen Mary University of London in compliance with institutional guidelines.
599  All animals were born in captivity, kept under constant ambient temperature of 28-30°C, and housed in
600 artificial burrow systems composed of interconnected perspex tubing with separate chambers for nesting,
601 food and toilet, simulating natural burrow conditions. They were fed an ad libitum diet of a variety of
602  chopped root vegetables such as sweet potato and turnip. Animal tissues were collected post mortem
603  (Additional file 14) following euthanasia in full accordance with Institutional and National animal care
604  and use guidelines.

605

606  Blood sampling for hormone assay

607  Blood samples were obtained from X NBF, Queen BM, NBM naked mole-rats from among 13 captive
608  colonies from QMUL and UP. All blood samples collected at the University of Pretoria were with local
609  ethics committee clearance. Blood samples were collected between 11h00 and 15h00 as follows: The
610  animals were hand held and venous blood samples collected from the hind foot. Approximately 300-
611 500ul of blood was collected into heparinised micro-haematocrit tubes (University of Pretoria samples) or
612  into a heparinised 1 ml syringe from trunk blood following euthanasia (QMUL) prior to tissue collection.
613  The blood was centrifuged at 500g for 15 minutes and the plasma separated from the red cells and stored
614  at-80°C until hormone assay.

615

616  RNA extraction and sequencing

617  NMR brain (excluding the olfactory bulb, the cerebellum, the medulla and the pons), ovary, and testis
618  were snap frozen by immersion into liquid nitrogen and subsequently stored at -80°C prior to RNA
619  extraction. Snap frozen tissues were mechanically powdered and mixed to maintain the heterogeneity of

620  the sample. Total RNA was extracted from tissues using Qiagen miRNeasy kit (Qiagen, USA) following
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621 the manufacturer’s recommendations. The quality of the extracted RNA was controlled using the Agilent
622  Bioanalyzer (Agilent) and Qubit Fluorometric Quantitation (Thermo Fisher Scientific Inc.). 1pg of high
623  quality RNA (with RNA Integrity Number (RIN) >7) were used for RNA sequencing. Total RNA, after
624  polyadenylated RNA purification, was prepared for sequencing using Illumina Truseq library preparation
625  protocol. For each sample, around 100 (4Additional file 1B) million raw paired-end sequence reads (101
626  base pair long) were generated using Illumina HiSeq 2000 sequencing instrument. Data sets are available
627  from NCBI GEO under accession number (####).

628

629  RNA sequence (RNA-seq) analysis

630  The quality of the generated RNA sequence was evaluated using FastQC (version 0.11.2) [119]. Sequence
631 adapters, low quality reads, and overrepresented sequences (e.g. mitochondrial sequences) in the reads
632  were removed using Trimmomatic (version 0.32) [120], and the quality of the reads was checked again
633  using FastQC. Sequence that passed the quality assessment were aligned to the NMR genome (hetGla2,
634  Broad institute, 2012) using tophat2 (version 2.0.6, default parameters) [121], with bowtie2 (version
635  2.1.0) [122]. For each sample genome guided de-novo transcriptome assembly was performed using
636  Cufflinks (version 2.2.1, default parameters) [123] and assembled transcript from all samples were
637  merged using cuffmerge (cufflinks) to generate a master reference transcripts. Merged transcripts (master
638  transcripts) were annotated to gene name using mouse transcripts. Mouse cDNA were obtained from
639  Ensembl [124], and a mouse cDNA blast database was generated using blast (version 2.2.25) [125, 126].
640  Assembled and merged NMR transcripts (master transcript) were searched against mouse cDNA blast
641 database, and transcripts with e val <= 107-5, with a length of >200bp were retained. Transcript
642  abundance level was generated using master reference transcripts generated by cufflinks and HTSeq
643  (version 0.5.3p9) [127]. The transcript level quantified using HTSeq was used as an input for further
644  processing using R software environment for statistical computing and graphics (version 3.2.2). Data
645 normalization, removal of batch effect and other variant was performed using EDASeq R package

646  (version 2.2.0) [128] and RUVseq package (Remove Unwanted Variation from RNA-Seq package) [129].

25


https://doi.org/10.1101/209932
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/209932; this version posted October 27, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

647  In short, read counts were normalized using EDASeq R package, and “in-silico empirical” negative
648  controls genes, for RUVseq package (RUVg normalization) were obtained by taking least significantly
649 DEGs based on a first-pass differential expression analysis performed prior to RUVg normalization.
650 RUVseq package (RUVg normalization) was then performed using the “in-silico empirical” negative
651 controls genes. Differential expression was performed using edgeR R package (version 3.10.5) [130],
652  using the negative binomial GLM approach, edgeR normalization on raw counts, and by considering a
653  design matrix that includes both the covariates of interest and the factors of unwanted variation. DEGs
654  with false discovery rate (FDR <=0.05, Benjamini-Hochberg multiple testing correction), expression level
655 > 1 CPM (counts per million), and log fold change >1 were retained and used for further processing, gene
656  ontology and pathway analysis.

657

658  Gene ontology and pathway analysis

659  Gene ontology and pathway analysis were performed using Metascape (metascape.org) [131], Enrichr
660  [132], and Ingenuity Pathway Analysis (IPA®, QIAGEN Redwood City, www.qiagen.com/ingenuity). In
661 Metascape, for each given gene list of DEGs, pathway and process enrichment analysis was carried out
662  with the following ontology sources: GO Biological Processes, GO Molecular Functions and KEGG
663  Pathway. All genes in the genome were used as the enrichment background. Terms with p-value < 0.01,
664 minimum count 3, and enrichment factor > 1.5 (enrichment factor is the ratio between observed count and
665 the count expected by chance) are collected and grouped into clusters based on their membership
666  similarities [131]. P-values are calculated based on accumulative hypergeometric distribution, g-values
667  are calculated using the Benjamini-Hochberg procedure to account for multiple testing [131]. Kappa
668  scores were used as the similarity metric when performing hierarchical clustering on the enriched terms
669  and then sub-trees with similarity > 0.3 are considered a cluster. The most statistically significant term
670  within a cluster is chosen as the one representing the cluster [131]. To further capture the relationship
671 among terms, a subset of enriched terms were selected and rendered as a network plot, where terms with

672  similarity > 0.3 are connected by edges, with the best p-values from each of the 20 clusters [131]. Similar

26


https://doi.org/10.1101/209932
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/209932; this version posted October 27, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

673  independent enrichment analysis was performed using Enrichr [132], to validate the outcome of
674  Metascape. The list of DEGs were used as input to Enrichr and the enrichment of GO Biological
675  Processes, GO Molecular Functions was investigated. The final result was sorted and plotted by using a
676  combined score. The combined score is a combination of the p-value and z-score calculated by
677  multiplying the two scores as follows: ¢ = log(p) * z, where c is the combined score, p is the p-value
678  computed using Fisher's exact test, and z is the z-score computed to assess the deviation from the
679  expected rank [132].

680

681 Tissue preparation and immunofluorescence

682 NMRs were deeply anesthetized with 80 mg pentobarbital (400 puL Euthatal, IP) and transcardially
683  perfused with 40 g/l formaldehyde in PBS for 10 min (10 mL/min). Brains were dissected and kept at
684  4°C for 12h in a PBS solution containing 15% sucrose before being flash frozen in isopentane (1 min at -
685  30°C) and stored at -80°C. Serial coronal sections (30 pum thick) were made with a cryostat (Leica,
686  France) and mounted onto Superfrost Plus slides. For each animal, the first section containing some
687  frontal cortex was taken as the origin of the numbering. Sections were stored dry at -80°C until being
688  processed for immunolabelling.

689  Sections were equilibrated to -20°C before a short additional fixation with 30 g/L formaldehyde in PBS
690  for 5 min at RT. Formaldehyde was then neutralized with TBS (50 mM Tris, 150 mM NaCl, pH 7.4) for 5
691  min at 4°C, before two consecutive steps of permeabilization of 5 min each at 4°C, first in PBS
692  containing 0.5% (vol/vol) Triton X-100, then in PBS with 10% (vol/vol) methanol. The sections were
693 rinsed with 70% (vol/vol) ethanol (EtOH70) and kept in the same solution for 10 min at RT before being
694  treated with 0.1% (w/vol) Sudan Black B in EtOH70, for autofluorescence removal. After two quick
695  rinses with EtOH70 and one PBS wash, 30 min preblocking at 4°C was achieved with the IF buffer ie
696  PBS, 2% (w/vol) BSA, 0.2% (vol/vol) Tween 20, 50 mM glycine. The anti-TH rabbit polyclonal antibody
697  (Abcam, ab112) diluted 1/800 in IF buffer was incubated overnight at 4°C. Then the sections were rinsed

698 3 times 10 minutes with PBS before being incubated with an Alexa488-coupled goat anti-rabbit
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699  secondary antibody (Invitrogen A-11034) diluted 1/500 in PBS for 1h at RT. After 3 rinses in PBS and a
700 30 min DAPI staining step (100 nM in PBS), sections were finally rinsed and mounted in Vectashield
701 (Vector Laboratories, USA). Image acquisition was carried out at the Cell and Tissue Imaging Platform of
702  the Genetics and Developmental Biology Department (UMR3215/U934) of Institut Curie. The sections of
703  the different animals were processed at the same time with the same parameters. Full views of the
704  sections consisted of mosaics of pictures made with the 5X objective of an upright epifluorescence
705  microscope (Zeiss). Views of the hippocampus were made with the 10X objective. Additional z-stack
706  pictures (1 pm steps) of the regions of interest were taken for quantification, with the 10X objective of an
707  upright spinning disk confocal microscope (Roper/Zeiss). For each picture, 5 consecutive confocal optical
708  sections were summed, then the average intensity of the region of interest was measured, and finally the
709  measures for both hemispheres were averaged (when applicable).

710

711 Histology of testes and ovaries

712 Gonadal tissue samples were fixed by immersion in 4% paraformaldehyde in saline within 15 minutes of
713  collection for a minimum of seven days. After fixation tissue samples were dehydrated and cleared using
714 standard histological methodology, before embedding in paraffin wax. Sections of 5-8 um were cut and
715  stained for light microscopy with haematoxylin-eosin. Photomicrographs of sections were captured with a
716 QIClick™ CCD Camera (01-QICLICK-R-F-CLR-12; QImaging) linked to a DMRAZ2 light microscope
717  (Leica), using Volocity® v.6.3.1 image analysis software (Perkin-Elmer) running on an iMac computer
718 (27-inch with OS X Yosemite, version 10.10).

719

720  Prolactin assay and validation

721 Plasma prolactin concentrations were determined using a commercial enzyme-linked immunosorbent
722  assay (Elabscience© Guinea pig prolactin ELISA kit, Catalogue No: E-EL-GP0358) according to the
723  instructions in the manufacturer’s user manual. In brief, 100 ml of reference standard and diluted samples

724  (1/2 to 1/50 in sample diluent) were transferred into coated wells of a 96-well micro-ELISA plate,
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725  respectively, and incubated for 90 min at 37°C. Subsequently, all supernatant was removed, and the plate
726  patted dry. Immediately, 100 ml of biotinylated detection antibody was added, and incubated for 60 min
727  at 37°C. The plate was washed 3 times, patted dry, and 100 ml of horse radish peroxide (HRP) conjugate
728  were added and incubated for 30 min at 37°C. Subsequently, the plate was washed 5 times with wash-
729  buffer, and patted dry. 90 ml of substrate reagent were added, and incubated for 15 min at 37°C. To
730  terminate the enzymatic reaction, 50 ml of stop solution were added. Optical density was determined at
731 450 nm and results calculated using a best-fit curve. The sensitivity of the assay was 0.1 ng/ml, the
732  detection range 0.16-20 ng/ml, and coefficient of variation for repeatability was < 10%.
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808 PCA Principal component analysis
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810 Qs Tr Queen technical replicate

811 NBF Non-breeding females

812 NBF Tr Non breeding female technical replicate
813 NBM Non-breeding males

814 BM Breeding males
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Figure 3

A PCA plot showing the clustering of Q and NBF ovaries
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Figure 4
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Figure legends

Figure 1: Gene expression profile of naked mole rat colony members. A) Number of DEGs between
the different members of a naked mole rat colony brains. DEGs (FDR <0.05, log fold change >1) were
divided into up regulated (higher expression in one group) and down regulated (lower expression in one
group) and the final count is plotted. B) Total number of DEGs in each comparison (similar to Figure 14,
but total number in each comparison plotted). C) Venn diagram showing DEGs that are common in the
comparison between Qs vs NBFs and Qs vs NBMs (Q genes, 661 genes in total), and genes that show
specific differential expression between Qs vs NBFs (192 genes) and Qs vs NBMs (560 genes). D)
Heatmap of enriched terms (Canonical Pathways, GO Biological Processes, Hallmark Gene Sets, KEGG
Pathway) for genes that show differential expression in the comparison between Qs vs NBFs and Qs vs
NBMs (Q genes). Significance of enrichment is indicated on the x-axis in —log;¢(p-value). The color code
on the y-axis is used to show the clustering and relation of the significantly enriched networks/terms
(shown in Figure IFE). Detailed list of enriched terms and families can be found in Additional file 3. E)
Network of enriched terms (Figure 1D) colored by cluster ID, indicating the relationship between the
different enriched terms (cluster ID color correspond to the color code shown in Figure 1D y-axis). Nodes
that share the same cluster are close to each other. Each circle node represents a term and the size of the
circle is proportional to the number of genes that fall into that term, and the identity of the cluster is
indicated by its color (nodes of the same color belong to the same cluster). Similar terms are linked by an
edge (the thickness of the edge represents the similarity score). One term from each cluster is selected to
have its term description shown as label. F) Plasma prolactin concentrations in breeding and non-breeding
NMRs in samples taken across thirteen colonies. Abbreviations: Q, queen; Q1 _Tr, technical replicate for
QI; NBF, non-breeding female; NBM, non-breeding male; BM, breeding male; DEGs, differentially

expressed genes.
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Figure 2:Tyrosine hydroxylase (TH) immunostaining of NMR brain sections. A) Representative
immunostaining of whole coronal sections for the four reproductive castes (NBF, non-breeding female;
NBM, non-breeding male; Q, Queen; BM, breeding male). The top panel indicates the coordinates of the
coronal sections relative to O, the origin of slice numbering. Grey arrows point to the regions that show
differential staining (quantified in C). Dashed boxes indicate the hippocampal region. The bottom panel
represents the regions where TH-staining has been observed. (Labels refer to regions quantified in C:
DStr, dorsal striatum; Hipp, hippocampus; NAc, nucleus accumbens; SNc¢, substantia nigra compacta;
VTA, ventral tegmental area). B) TH immunofluorescence in the hippocampus. C) Intensity of the TH
staining in the different brain regions. Non-parametric Mann-Whitney test, *p < 0.05; n.s., non-

significant.

Figure 3) Gene expression profiles of Q and NBF ovaries. A) Principal component analysis (PCA) plot
showing the clustering of Q and NBF ovaries based on global expression profile. B) Hierarchical
clustering of ovary samples using euclidean distance matrix computation and ward.D2 agglomeration
method. C) number of DEGs between Q and NBF ovaries. D) Heatmap of enriched terms (Canonical
Pathways, GO Biological Processes, Hallmark Gene Sets, KEGG Pathway) for all DEGs colored by p-
values. Significance of enrichment is indicated on the x-axis in —log;o(p-value). The color code on the y-
axis is used to show the clustering and relation of this networks (shown in Supplementary Figure 7C).
More information about the enriched terms can be found in Additional file 264. (Q1_Tr and NBF2 Tr

indicate technical replicates for Q1 and NBF2 respectively)

Figure 4: Gene expression profile of breeding and non-breeding males testes. A) Principal
component analysis (PCA) plot showing the clustering of BMs and NBMs testis based on global gene
expression profile. B) Hierarchical clustering of testis samples using euclidean distance matrix
computation and ward.D2 agglomeration method. C) Number of DEGs between breeding and non-

breeding animals. D) Bar plot showing the number of NMR DEGs (BMs vs NBMs testes) that belong to
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different stages of mouse spermatogenesis. Gene clusters that are expressed at different stages of mouse
spermatogenesis were obtained from Germonline, and mapped to the DEGs that were identified in the
comparison between breeding and non-breeding NMR testes. The DEGs which map to different stages of
spermatogenesis were divided into up or down regulated, (if they show higher or lower expression in BM
respectively) and plotted. E) Violin and box plots showing the average expression level of all BMs and
NBMs genes (NMR testes) that were mapped to genes which belong to the different clusters (4 clusters)
of mouse spermatogenesis. Gene clusters that are expressed at different stages of mouse spermatogenesis
were obtained from Germonline, mapped to NMR BMs and NBMs testis expression data, and plotted (x-
axis, cluster name; y-axis: average expression level in log, scale). F) Heatmap of enriched terms
(Canonical Pathways, GO Biological Processes, Hallmark Gene Sets, KEGG Pathway) for all DEGs
colored by p-values (generated using Metascape). Significance of enrichment is indicated on the x-axis in
—logo(p-value). The color code on the y-axis is used to show the clustering and relation of this network
(shown in Supplementary Figure 12C). Detailed list of enriched terms and genes that belong to these

terms is provided in Additional file 30A.
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78  Supplementary Figure legends
79
80  Supplementary Figure 1: A) Principal component analysis (PCA) plots showing the clustering of
81  different NMR colony members based on global brain gene expression profile. B) Cluster dendrogram
82  showing hierarchical clustering of the NMR brain gene expression. Hierarchical clustering was generated
83  using euclidean distance matrix computation and ward.D2 agglomeration method. C) Enriched biological
84  process terms for DEGs that are common in the comparison between Qs vs NBMs and Qs vs NBMs (Q
85  genes) generated using Enrichr. The length of the bar represents the significance of that specific gene-set
86  or term, and the color intensity provides additional information about the significance (the brighter the
87  color, the more significant that term is). Statistical information used to generate the graph including the p-
88  value and other enriched terms are provided in Additional file 18. D) Enriched molecular functions terms
89  for DEGs that are common in the comparison between Qs vs NBMs and Qs vs NBMs (Q genes)
90  generated using Enrichr. The length of the bar represents the significance of that specific gene-set or term,
91 and the color intensity provides additional information about the significance (the brighter the color, the
92  more significant that term is). Statistical information used to generate the graph including the p-value and
93  other enriched terms are provided in Additional file 19.
94
95  Supplementary Figure 2: Gene expression differences between the brains of Qs and NBFs. A)
96  Principal component analysis (PCA) plot showing the clustering of Qs and NBFs brains based global
97  gene expression profile. B) Cluster heatmap of Qs and NBFs brain gene expression. Sample distance was
98  calculated euclidean distance matrix computation and cluster agglomeration was done using ward.D2
99  method. Heatmap color indicate the euclidean distance between samples indicated in the heatmap color
100  key. C) Volcano plot showing significance versus fold-change. The log fold change in expression is
101 indicated on the x-axis and significance -log;o(p-value) is indicated on the y-axis. DEGs are indicated by
102  red color. D) Heatmap of enriched terms (Canonical Pathways, GO Biological Processes, Hallmark Gene

103  Sets, KEGG Pathway) for DEGs between Qs and NBFs (generated using Metascape). Significance of
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104  enrichment is indicated on the x-axis in —log;o(p-value). The color code on the y-axis is used to show the
105  clustering and relation of these networks (shown in Supplementary Figure 2F). Detailed list of enriched
106  terms can be found at Additional file 3. E) Network of enriched terms (Supplementary Figure 2D) colored
107 by cluster ID, indicating the relationship between the different enriched terms (cluster ID color
108  correspond to the color code shown in Supplementary Figure 2D y-axis). Nodes that share the same
109  cluster are close to each other. Each circle node represents a term and the size of the circle is proportional
110  to the number of genes that fall into that term, and the identity of the cluster is indicated by its color
111 (nodes of the same color belong to the same cluster). Similar terms are linked by an edge (the thickness of
112 the edge represents the similarity score). One term from each cluster is selected to have its term
113  description shown as label. E) Enriched biological process terms for DEGs that are common in the
114 comparison between Qs vs NBFs generated using Enrichr. The length of the bar represents the
115  significance of that specific gene-set or term, and the color intensity provides additional information
116  about the significance (the brighter the color, the more significant that term is). Statistical information
117  used to generate the graph including the p-value and other enriched terms are provided in Additional file
118 4. G) Enriched molecular functions terms in for DEGs that are common in the comparison between Qs vs
119  NBFs generated using Enrichr. The length of the bar represents the significance of that specific gene-set
120  or term, and the color intensity provides additional information about the significance (the brighter the
121 color, the more significant that term is). Statistical information used to generate the graph including the p-
122  value and other enriched terms are provided in Additional file 5.

123

124  Supplementary Figure 3: Gene expression differences between the brains of BMs NBMs. A) Scatter
125  plot of testis size to body weight. The size of the circles in the scatter plot are proportional to testis to
126  body weight ratio. BMs are depicted in blue and NBMs in black. B) Principal component analysis (PCA)
127  plot showing the clustering of BMs and NBMs based global brain gene expression profile. C) Cluster
128  heatmap of BMs and NBMs brain gene expression. Sample distance was calculated euclidean distance

129  matrix computation and cluster agglomeration was done using ward.D2 method. Heatmap colors indicate
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130  the euclidean distance between samples indicated in the heatmap color key. D) Volcano plot showing the
131 significance versus fold-change. The log fold change in expression in indicated on the x-axis and
132 significance in -log;o(p-value) is indicated on the y-axis. DEGs are indicated by the red color. E) Heatmap
133  of enriched terms (Canonical Pathways, GO Biological Processes, Hallmark Gene Sets, KEGG Pathway)
134  for DEGs between BMs and NBMs (generated using Metascape). Significance of enrichment is indicated
135  on the x-axis in —log;o(p-value). The color code on the y-axis is used to show the clustering and relation
136  of this networks (shown in Supplementary Figure 3F). Detailed list of enriched terms can be found at
137  Additional file 7. F) Network of enriched terms (Supplementary Figure 3E) colored by cluster ID,
138  indicating the relationship between the different enriched terms (cluster ID color correspond to the color
139  code shown in Supplementary Figure 3E y-axis). Nodes that share the same cluster are close to each
140  other. Each circle node represents a term and the size of the circle is proportional to the number of genes
141 that fall into that term, and the identity of the cluster is indicated by its color (nodes of the same color
142  belong to the same cluster). Similar terms are linked by an edge (the thickness of the edge represents the
143  similarity score). One term from each cluster is selected to have its term description shown as label. G)
144  Enriched biological process terms for DEGs that are common in the comparison between BMs vs NBMs
145  generated using Enrichr. The length of the bar represents the significance of that specific gene-set or term,
146  and the color intensity provides additional information about the significance (the brighter the color, the
147  more significant that term is). Statistical information used to generate the graph including the p-value and
148  other enriched terms are provided in Additional file 8. H) Enriched molecular functions terms in for
149  DEGs that are common in the comparison between BMs vs NBMs generated using Enrichr. The length of
150  the bar represents the significance of that specific gene-set or term, and the color intensity provides
151 additional information about the significance (the brighter the color, the more significant that term is).
152  Statistical information used to generate the graph including the p-value and other enriched terms are
153  provided in Additional file 9.

154
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155  Supplementary Figure 4: Gene expression differences between the brains of Qs and BMs. A)
156  Principal component analysis (PCA) plot showing the clustering of Qs and BMs based global brain gene
157  expression profile. B) Cluster heatmap of Qs and BMs brain gene expression. Sample distance was
158  calculated euclidean distance matrix computation and cluster agglomeration was done using ward.D2
159  method. Heatmap color indicates the euclidean distance between samples indicated in the heatmap color
160  key. C) Volcano plot showing significance versus fold-change. The log fold change in expression is
161 indicated on the x-axis and significance in -log;o(p-value) is indicated on the y-axis. DEGs are indicted by
162  the red color. D) Heatmap of enriched terms (Canonical Pathways, GO Biological Processes, Hallmark
163  Gene Sets, KEGG Pathway) for DEGs between Qs and BMs (generated using Metascape). Significance
164  of enrichment is indicated on the x- in —log¢(p-value). The color code on the y-axis is used to show the
165  clustering and relation of this networks (shown in Supplementary Figure 4E). Detailed list of enriched
166  terms can be found at Additional file 11. E) Network of enriched terms (Supplementary Figure 4D)
167  colored by cluster ID, indicating the relationship between the different enriched terms (cluster ID color
168  correspond to the color code shown in Supplementary Figure 4D y-axis). Nodes that share the same
169  cluster are close to each other. Each circle node represents a term and the size of the circle is proportional
170  to the number of genes that fall into that term, and the identity of the cluster is indicated by its color
171 (nodes of the same color belong to the same cluster). Similar terms are linked by an edge (the thickness of
172  the edge represents the similarity score). One term from each cluster is selected to have its term
173  description shown as label. F) Enriched biological process terms for DEGs that are common in the
174  comparison between Qs vs BMs generated using Enrichr. The length of the bar represents the significance
175  of that specific gene-set or term, and the color intensity provides additional information about the
176  significance (the brighter the color, the more significant that term is). Statistical information used to
177  generate the graph including the p-value and other enriched terms are provided in Additional file 12. G)
178  Enriched molecular functions terms for DEGs that are common in the comparison between Qs vs BMs
179  generated using Enrichr. The length of the bar represents the significance of that specific gene-set or term,

180  and the color intensity provides additional information about the significance (the brighter the color, the


https://doi.org/10.1101/209932
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/209932; this version posted October 27, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

181 more significant that term is). Statistical information used to generate the graph including the p-value and
182  other enriched terms are provided in Additional file 13.

183

184  Supplementary Figure 5: Gene expression differences between the brains of NBFs and NBMs. A)
185  Cluster heatmap of NBFs and NBMs gene brain gene expression. Sample distance was calculated
186  euclidean distance matrix computation and cluster agglomeration was done using ward.D2 method.
187  Heatmap color indicate the euclidean distance between samples indicated in the heatmap color key. B)
188  Volcano plot showing the significance versus fold-change. The log fold change in expression in indicated
189  on the x-axis and significance in -log;o(p-value) is indicated on the y-axis. DEGs are indicated by the red
190  color.

191

192  Supplementary Figure 6: Venn diagrams showing the number of DEGs in the brain that were
193  identified in comparisons among different sex/status groups, and the relationship between them. A)
194  Venn diagram showing all DEGs that are common in the comparison between Qs vs NBFs, Qs vs NBMs,
195  and Qs vs BMs. B) Venn diagram showing DEGs that also shows higher expression in the comparison
196  between Qs vs NBFs, Qs vs NBMs, and Qs vs BMs. C) Venn diagram showing DEGs that also show
197  lower expression in the comparison between Qs vs NBFs, Qs vs NBMs, and Qs vs BMs. D) Venn
198  diagram showing DEGs that also show higher expression in the comparison between Qs vs NBFs and Qs
199  vs NBMs. E) Venn diagram showing DEGs that also show lower expression in the comparison between
200 Qs vs NBFs and Qs vs NBMs. F) Venn diagram showing all DEGs that are common in the comparison
201  between BMs vs NBFs and BMs vs NBMs. G) Venn diagram showing DEGs that also show higher
202  expression in the comparison between BMs vs NBFs and BMs vs NBMs. H) Venn diagram showing
203  DEGs that also show lower expression in the comparison between BMs vs NBFs and BMs vs NBMs.

204

205  Supplementary Figures 7: Gene expression profile of Q and NBF ovaries. A) Cluster heatmap of

206  ovary samples. Sample distance was calculated euclidean distance matrix computation and cluster
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207  agglomeration was done using ward.D2 method. Heatmap color indicates the euclidean distance between
208  samples indicated in the heatmap color key. B) Volcano plot showing the significance versus fold-change.
209 The log fold change in expression in indicated on the x-axis and significance in -logio(p-value) is
210  indicated on the y-axis. DEGs are indicated by the red color. C) Network of enriched terms colored by
211 cluster ID, indicating the relationship between the different enriched terms (Figure 3D). Nodes that share
212  the same cluster are close to each other. Each circle node represents a term and the size of the circle is
213  proportional to the number of genes that fall into that term, and the identity of the cluster is indicated by
214  its color (nodes of the same color belong to the same cluster). Similar terms are linked by an edge (the
215  thickness of the edge represents the similarity score). One term from each cluster is selected to have its
216  term description shown as label. D) Enriched biological processes for DEGs between Qs vs NBFs ovary
217  generated using Enrichr. The length of the bar represents the significance of that specific gene-set or term,
218  and the color intensity provides additional information about the significance (the brighter the color, the
219  more significant that term is). Statistical information used to generate the graph including the p-value and
220  other enriched terms are provided in Additional file 27a. E) Enriched molecular functions for DEGs
221 between Qs vs NBFs ovary generated using Enrichr. The length of the bar represents the significance of
222  that specific gene-set or term, and the color intensity provides additional information about the
223  significance (the brighter the color, the more significant that term is). Statistical information used to
224 generate the graph including the p-value and other enriched terms are provided in Additional file 28A4.

225

226  Supplementary Figure 8: Gene enrichment for DEGs that also show lower expression in Q ovaries.
227  A) Heatmap of enriched terms (Canonical Pathways, GO Biological Processes, Hallmark Gene Sets,
228 KEGG Pathway) for DEGs that show lower expression in Q ovary (generated using Metascape). The
229  color of the bar graph is proportion to the p-values. Significance of enrichment is indicated on the x-axis
230 in -logjo(p-value). The color code on the y-axis is used to show the clustering and relation of these
231 networks (shown in Supplementary Figure 8B). More information about the enriched terms can be found

232  in Additional file 26B. B) Network of enriched terms colored by cluster ID, indicating the relationship
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233  between the different enriched terms (Supplementary Figure 8A4). Nodes that share the same cluster are
234  close to each other. Each circle node represents a term and the size of the circle is proportional to the
235  number of genes that fall into that term, and the identity of the cluster is indicated by its color (nodes of
236  the same color belong to the same cluster). Similar terms are linked by an edge (the thickness of the edge
237  represents the similarity score). One term from each cluster is selected to have its term description shown
238  as label. C) Enriched biological processes for DEGs between Qs and NBFs ovary and also show lower
239  expression in the Qs generated using Enrichr. The length of the bar represents the significance of that
240  specific gene-set or term, and the color intensity provides additional information about the significance
241 (the brighter the color, the more significant that term is). Statistical information used to generate the graph
242  including the p-value and other enriched terms are provided in Additional file 27B. D) Enriched molecular
243  functions for DEGs between Qs and NBFs ovary and also show lower expression in the Qs generated
244  using Enrichr. The length of the bar represents the significance of that specific gene-set or term, and the
245  color intensity provides additional information about the significance (the brighter the color, the more
246  significant that term is). Statistical information used to generate the graph including the p-value and other
247  enriched terms are provided in Additional file 28B.

248

249  Supplementary Figure 9: Gene enrichment for DEGs that also show higher expression in Q ovaries.
250 A) Heatmap of enriched terms (Canonical Pathways, GO Biological Processes, Hallmark Gene Sets,
251 KEGG Pathway) for DEGs that show higher expression in Qs ovary (generated using Metascape). The
252  color of the bar graph is proportion to the p-values. Significance of enrichment is indicated on the x axis
253  in —logjo(p-value). The color code on the y-axis is used to show the clustering and relation of this
254  networks (shown in Supplementary Figure 9B). More information about the enriched terms can be found
255  in Additional file 26C. B) Network of enriched terms colored by cluster ID, indicating the relationship
256  between the different enriched terms (Supplementary Figure 94). Nodes that share the same cluster are
257  close to each other. Each circle node represents a term and the size of the circle is proportional to the

258  number of genes that fall into that term, and the identity of the cluster is indicated by its color (nodes of

10
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259  the same color belong to the same cluster). Similar terms are linked by an edge (the thickness of the edge
260  represents the similarity score). One term from each cluster is selected to have its term description shown
261 as label. C) Enriched biological processes for DEGs between Qs and NBFs ovary and also show higher
262  expression in the Qs generated using Enrichr. The length of the bar represents the significance of that
263  specific gene-set or term, and the color intensity provides additional information about the significance
264  (the brighter the color, the more significant that term is). Statistical information used to generate the graph
265  including the p-value and other enriched terms are provided in Additional file 27C. D) Enriched molecular
266  functions for DEGs between Qs and NBFs ovary and also show higher expression in the Q generated
267  using Enrichr. The length of the bar represents the significance of that specific gene-set or term, and the
268  color intensity provides additional information about the significance (the brighter the color, the more
269  significant that term is). Statistical information used to generate the graph including the p-value and other
270  enriched terms are provided in Additional file 28C.

271

272  Supplementary Figure 10: NMR Q and NBF ovary histology. Representative sections (at the same
273  magnification) through the ovary of non-breeding (A) and Queen (B) NMRs: S stroma, O oocyte, P
274  primordial follicle, 1° primary follicle, 2° secondary follicle, 2°* secondary follicle with two oocytes, 3°
275  tertiary follicle.

276

277  Supplementary Figure 11: Gene expression levels of NMR genes at different stages of mouse
278  oogenesis/folliculogenesis. A) Violin plot combined with boxplot showing the expression level of NMR
279 Qs and NBFs (ovary RNA-seq data) for clusters that show stage specific expression during mouse
280  oogenesis/folliculogenesis. Mouse gene cluster that show a decrease in expression from the primary to
281 small antral stage (cluster 1) and another gene cluster (cluster 5: where gene expression increased at small
282  antral and large antral follicle follicle stages) were obtained from (50) (753 genes in total in the two
283  clusters). NMR Qs and NBFs ovary expression level was mapped to these mouse folliculogenesis genes

284  names (cluster 1 and cluster 5), and the expression level of these genes in the Q and NBF NMR ovaries
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285  was plotted (x-axis: clusters, y-axis: expression level in log,). B) Violin plot in combination with boxplot
286  showing the expression level of Qs and NBFs genes (NMR ovary) for DEGs that show up and down
287  regulation in mouse infant vs adult whole ovary comparison (51). From 7021 DEGs that show up or down
288  regulation in mouse infant vs adult whole ovary gene expression comparison (51) 4494 genes that show
289  >2 fold change (up or down) were extracted, and their expression in Qs and NBFs (NMR ovary) was
290  plotted. x-axis: differential expression group (down, DEGs that show lower expression in adult mouse
291  ovary compared to infant; and up, for genes that show higher expression in adult mouse ovary compared
292  to infant); y-axis expression level in log, scale. C) Bar plot showing the expression level of mouse oocyte
293  specific genes in NMR Qs and NBFs ovary RNA-seq data. Mouse oocyte specific genes were obtained
294  from [ref], and their average expression level in Q and NBF NMR ovaries (RNA-seq data) was plotted (x-
295  axis: gene name, y-axis: expression level in log, scale). D) Expression of Cypl9al (Aromatase) in Q and
296  NBF NMR ovaries (x-axis, sample name; y-axis, expression level in counts per million (CPM)).

297  Supplementary Figure 12: Gene expression profile of BMs and NBMs testis, and enriched terms for
298 DEGs. A) Cluster heatmap of testis samples. Sample distance was calculated euclidean distance matrix
299  computation and cluster agglomeration was done using ward.D2 method. Heatmap colors indicate the
300 euclidean distance between samples shown in the heatmap color key. B) Volcano plot showing the
301  significance versus fold-change. The log fold change in expression in indicated on the x-axis and
302  significance in -log;o(p-value) is indicated on the y-axis. DEGs are indicated by the red color. C) Network
303  of enriched terms colored by cluster ID, indicating the relationship between the different enriched terms
304  (Figure 4F). Nodes that share the same cluster are close to each other. Each circle node represents a term
305  and the size of the circle is proportional to the number of genes that fall into that term, and the identity of
306 the cluster is indicated by its color (nodes of the same color belong to the same cluster). Similar terms are
307  linked by an edge (the thickness of the edge represents the similarity score). One term from each cluster is
308  selected to have its term description shown as label. D) Enriched biological processes (generated using
309  Enrichr). The length of the bar represents the significance of that specific gene-set or term, and the color

310  intensity provides additional information about the significance (the brighter the color, the more
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311 significant that term is). Statistical information used to generate the graph including the p-value and other
312  enriched terms are provided in Additional file 314. E) Enriched molecular functions (generated using
313  Enrichr). The length of the bar represents the significance of that specific gene-set or term, and the color
314  intensity provides additional information about the significance (the brighter the color, the more
315  significant that term is). Statistical information used to generate the graph including the p-value and other
316  enriched terms are provided in Additional file 32A.

317

318  Supplementary Figure 13: Gene enrichment for DEGs that also show lower expression in BM
319  testes. A) Heatmap of enriched terms (Canonical Pathways, GO Biological Processes, Hallmark Gene
320  Sets, KEGG Pathway) for DEGs that show lower expression in BMs (generated using Metascape). The
321 color code on the y-axis is used to show the clustering and relation of enriched networks (Supplementary
322  Figure 13B). Detailed list of enriched terms and genes that belong to these terms is provided in Additional
323  file 30B. B) Network of enriched terms found in above colored by cluster ID, indicating the relationship
324  between the different enriched terms (Supplementary Figure 134). Gene enrichment was generated using
325  DEGs that show higher expression in BMs compared to NBMs. Nodes that share the same cluster are
326  close to each other. Nodes that share the same cluster are close to each other. Each term is represented by
327  acircle node, where its size is proportional to the number of input genes fall into that term, and its color
328  represent its cluster identity (i.e., nodes of the same color belong to the same cluster). Similar terms are
329  linked by an edge (the thickness of the edge represents the similarity score). One term from each cluster is
330  selected to have its term description shown as label. C) Enriched biological processes (generated using
331 Enrichr). The length of the bar represents the significance of that specific gene-set or term, and the color
332  intensity provides additional information about the significance (the brighter the color, the more
333  significant that term is). Statistical information used to generate the graph including the p-value and other
334  enriched terms are provided in Additional file 31B. D) Enriched molecular functions (generated using
335  Enrichr). The length of the bar represents the significance of that specific gene-set or term, and the color

336  intensity provides additional information about the significance (the brighter the color, the more
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337  significant that term is). Statistical information used to generate the graph including the p-value and other
338  enriched terms are provided in Additional file 32B.

339

340  Supplementary Figure 14: Gene enrichment for DEGs that also show higher expression in breeding
341 male testes. A) Heatmap of enriched terms (Canonical Pathways, GO Biological Processes, Hallmark
342  Gene Sets, KEGG Pathway) for DEGs that show higher expression in BMs (generated using Metascape).
343  Enriched terms significance is colored by p-values. The color code on the y-axis is used to show the
344  clustering and relation of enriched networks (Supplementary Figure 14B). Detailed list of enriched terms
345  and genes that belong to these terms is provided in Additional file 30C. B) Network of enriched terms
346  found in above colored by cluster ID, indicating the relationship between the different enriched terms
347  (Supplementary Figure 144). Gene enrichment was generated using genes that show higher expression in
348  breeding males compared to NBMs. Nodes that share the same cluster are close to each other. Nodes that
349  share the same cluster are close to each other. Each term is represented by a circle node, where its size is
350  proportional to the number of input genes fall into that term, and its color represent its cluster identity
351 (i.e., nodes of the same color belong to the same cluster). Similar terms are linked by an edge (the
352  thickness of the edge represents the similarity score). One term from each cluster is selected to have its
353  term description shown as label. C) Enriched biological processes. The length of the bar represents the
354  significance of that specific gene-set or term, and the color intensity provides additional information
355  about the significance (the brighter the color, the more significant that term is). Statistical information
356  used to generate the graph including the p-value and other enriched terms are provided in Additional file
357  31C. D) Enriched molecular functions. The length of the bar represents the significance of that specific
358  gene-set or term, and the color intensity provides additional information about the significance (the
359  brighter the color, the more significant that term is). Statistical information used to generate the graph
360 including the p-value and other enriched terms are provided in Additional file 32C.

361
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362  Supplementary Figure 15: NMR BM and NBM testis histology. Representative sections through the
363  testes of adult (A,C) breeding and (B,D) non-breeding male NMRs showing spermatogenesis; (A) and
364  (B) are higher magnification showing examples of the cell types at different stages: S, spermatogonia
365  Type A, Sg spermatogonia Type B, S; primary spermatocyte, S; spermatid, S4 spermatocyte, S; Sertoli
366  cell (S, secondary spermatocytes not identified). Sections (C) and (D) are lower magnification (from the
367  respective individuals) and show the marked differences in the relative amount of interstitial tissue
368  (mainly Leydig cells) to seminiferous tubules (bounded by the dotted lines).

369

370  Supplementary Figure 16: A) Potentially dopaminergic neuron cell groups (A8-A16), expressing the
371 enzyme tyrosine hydroxylase but not the dopamine beta-hydroxylase, with their principal projections in
372  the adult rodent brain (adapted from (45)). B) and C) A model describing the possible pathways though
373  which a dopamine could regulate reproductive division of labor; B) in breeding animals (Qs and BMs),
374  increased dopamine production in the hypothalamus suppresses the production of prolactin in from the
375  pituitary. In the absence (or low amounts) of prolactin, GnRH is released from the hypothalamus, which
376  acts on anterior pituitary to facilitate the release of FSH and LH. FSH and LH act on the gonads of
377  breeding animals (Qs and BMs), to bring about normal gonadal development, gametogenesis and the
378  release of sex hormones (estrogen and testosterone). C) in non-breeding naked mole-rats animals, lower
379  levels of dopamine release result in increased production of prolactin by the anterior pituitary, which in
380  turn suppresses the release of GnRH from the hypothalamus. In the absence of normal GnRH secretion,
381 the anterior pituitary produces low levels of FSH and LH, resulting in suppression of normal gonadal
382  development, gametogenesis and the release of sex hormones. D) A model showing the possible arrest
383  point for NBF NMRs (indicated by the color graduation in the horizontal bar). The Q ovary can complete
384  all the stages of oogesisis, however NBF fail at the stage where they produce estrogen (and are pre-
385  pubertal in appearance). E) A model showing the possible arrest point where defects in spermatogenesis

386  occur in non-breeding NMRs (indicated by the color graduation in the horizontal bar). Breeding males
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387  have the ability to complete all stages of spermatogenesis; however, non-breeding animals fail at post-

388  meiotic stages and have further deficiencies in sperm maturation.
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Additional file legends aCC-BY-NC-ND 4.0 International license.

Additional file 1: Animals/samples used and details of their subsequent analysis.

Tabs in the table indicate:

A) Sacrificed animals (NMRs) for the experiments: Table headers indicate animal/sample
number in colony, social group (colony) where the animal belonged, year of birth, age (in
years), body weight (in gram), whether used for sequencing (RNA-seq) or
Immunofluorescene (IF), and the name used in the manuscript.

B) RNA-seq information. Table headers indicate: Tissue, name used to identify sample in
manuscript (Name in manuscript), RNA-seq sample number, total sequence obtained (number
of reads), length of each read in bp (sequence length), together with percentage GC content of

total number of reads.

Additional file 2: DEGs between brains of Qs and NBFs.

Tabs in the table indicate:

All DEGs Qs vs NBFs: all DEGs between brains of Qs and NBFs.

DEG up in Q (Qs vs NBFs): DEGs with higher expression in Qs brains.

DEG down in Qs (Qs vs NBFs): DEGs with lower expression in Qs brains.

In all tabs the table headers indicate: the naked mole rat gene id from our transcript assembly
(NMR_genelD); the log fold change (logFC); counts per million in log scale (logCPM); p-
value (PValue); false discovery rate using Benjamini-Hochberg (FDR); annotation of
NMR genelD to mouse Ensembl gene ID (Ensembl genelD); and annotation of

NMR _genelD to mouse gene name (gene_name).

Additional file 3: Result of enrichment analysis on DEGs between brains of Qs and NBFs
using Metascape.
The GrouplD, ID for clustering of related terms, the enriched terms (Term), the description of

the enriched terms (Description), the p-value in logl0 scale (p-values calculated based on
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accumulative hypergeometric dA§{riButiéi)P g VUIEEaP RIJITScale (q-values are calculated
using the Banjamini-Hochberg procedure to account for multiple testing), list of Symbols of

upload hits in this term (Symbols).

Additional file 4: Result of enrichment analysis on DEGs between brains of Qs and NBFs
using Enrichr (GO Biological Process).

Enrichment analysis was performed as described in material and methods. The table headers
indicate: Term; enriched GO Biological Process; p-value, computed by Fisher's exact test;
adjusted p-value, an adjusted p-value using the Benjamini-Hochberg method for correction
for multiple hypotheses testing; the rank score or (z-score), computed using a modification to
Fisher's exact test in which a z-score was computed for deviation from an expected rank;
combined score, a combination of the p-value and z-score calculated by multiplying the two

scores (c = log(p) * z); Genes, belonging to the enriched category.

Additional file 5: Result of enrichment analysis on DEGs between brains of Qs and NBFs
using Enrichr (GO molecular functions).

The table headers indicate: Term; enriched GO molecular functions; p-value, computed by
fisher's exact test; adjusted p-value, an adjusted p-value using the Benjamini-Hochberg
method for correction for multiple hypotheses testing; the rank score or (z-score), computed
using a modification to Fisher's exact test in which a z-score was computed for deviation from
an expected rank; combined score, a combination of the p-value and z-score calculated by

multiplying the two scores (¢ = log(p) * z); Genes, belonging to the enriched category.

Additional file 6: DEGs between brains of BMs and NBMs.

Tabs in the table indicate:

All_DEGs (BMs vs NBMs) tab: all DEGs between brains of BMs vs NBMs.
DEG_up_in_BMs (BMs vs NBMs) tab: DEGs with higher expression in BMs brains.

DEG_down_in_BMs (BMs vs NBMs) tab: DEGs with lower expression in BMs brains.
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In all cases the table headers indichtEYtNETNKEq METRAIAPPEER T8 from our transcript assembly
(NMR_genelD); the log fold change (logFC); counts per million in log scale (logCPM);
pvalue (PValue); false discovery rate using Benjamini-Hochberg (FDR); annotation of
NMR genelD to mouse Ensembl gene ID (Ensembl genelD); and annotation of

NMR_genelD to mouse gene name (gene _name).

Additional file 7: Result of enrichment analysis on DEGs between brains of BMs and NBMs
using Metascape.

The table headers indicate: the GrouplD, ID for clustering of related terms, the enriched terms
(Term), the description of the enriched terms (Description), the p-value in logl0 scale (p-
values calculated based on accumulative hypergeometric distribution), g-value in log10 scale
(gq-values are calculated using the Banjamini-Hochberg procedure to account for multiple

testing), list of Symbols of upload hits in this term (Symbols).

Additional file 8: Result of enrichment analysis on DEGs between brains of BMs and NBMs
using Enrichr (GO Biological Process).

Enrichment analysis was performed as described in material and methods. The table headers
indicate: Term; enriched GO Biological Process; p-value, computed by fisher's exact test;
adjusted P-value, an adjusted p-value using the Benjamini-Hochberg method for correction
for multiple hypotheses testing; the rank score or (z-score), computed using a modification to
Fisher's exact test in which a z-score was computed for deviation from an expected rank;
combined score, a combination of the p-value and z-score calculated by multiplying the two

scores (c = log(p) * z); Genes, belonging to the enriched category.

Additional file 9: Result of enrichment analysis on DEGs between brains of BMs and NBMs
using Enrichr (GO molecular functions).
The table headers indicate: Term; enriched GO molecular functions; p-value, computed by

fisher's exact test; adjusted p-value, an adjusted p-value using the Benjamini-Hochberg
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method for correction for multipt& By POtHS HEUFRBINR AR score or (z-score), computed
using a modification to Fisher's exact test in which a z-score was computed for deviation from
an expected rank; combined score, a combination of the p-value and z-score calculated by

multiplying the two scores (¢ = log(p) * z); Genes, belonging to the enriched category.

Additional file 10: DEGs between brains of Qs and BMs.

Tabs in the table indicate:

All_DEGs (Qs_vs_BMs) tab: all DEGs between brains of Qs and BMs.
DEG_and_up_in_Q (Qs_vs_BMs) tab: DEGs with higher expression in Qs brain.

DEG_and down_in_Q (Qs_vs_BMs) tab: DEGs with lower expression in Qs brain.

In all cases, the table headers indicate: the naked mole rat gene id from our transcript
assembly (NMR_genelD); the log fold change (logFC); counts per million in log scale
(logCPM); p-value (PValue); false discovery rate using Benjamini-Hochberg (FDR);
annotation of NMR_genelD to mouse Ensembl gene ID (Ensembl genelD); and annotation

of NMR genelD to mouse gene name (gene name).

Additional file 11: Result of enrichment analysis on DEGs between brains of Qs and BMs
using Metascape.

The table headers indicate: the GrouplD, ID for clustering of related terms, the enriched terms
(Term), the description of the enriched terms (Description), the p-value in logl0 scale (p-
values calculated based on accumulative hypergeometric distribution), g-value in log10 scale
(q-values are calculated using the Banjamini-Hochberg procedure to account for multiple

testing), list of Symbols of upload hits in this term (Symbols).

Additional file 12: Result of enrichment analysis on DEGs between brains of Qs and BMs

using Enrichr (GO Biological Process).
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The table headers indicate: Tefrs BANGRE W BIBISRAIF PFocess; p-value, computed by
fisher's exact test; adjusted p-value, an adjusted p-value using the Benjamini-Hochberg
method for correction for multiple hypotheses testing; the rank score or (z-score), computed
using a modification to Fisher's exact test in which a z-score was computed for deviation from
an expected rank; combined score, a combination of the p-value and z-score calculated by

multiplying the two scores (¢ = log(p) * z); Genes, belonging to the enriched category.

Additional file 13: Result of enrichment analysis on DEGs between brains of Qs and BMs
using Enrichr (GO molecular functions).

The table headers indicate: Term; enriched GO molecular functions; p-value, computed by
fisher's exact test; adjusted p-value, an adjusted p-value using the Benjamini-Hochberg
method for correction for multiple hypotheses testing; the rank score or (z-score), computed
using a modification to Fisher's exact test in which a z-score was computed for deviation from
an expected rank; combined score, a combination of the p-value and z-score calculated by

multiplying the two scores (¢ = log(p) * z); Genes, belonging to the enriched category.

Additional file 14: DEGs between brains of NBFs and NBMs.

Tabs in the table indicate:

All_DEGs (NBFs vs NBMs) tab: all DEGs brains of NBFs and NBMs.

DEGs up in NBF (NBFs vs NBMs) tab: DEGs with higher expression in NBFs brain.

DEGs down in NBF (NBFs vs NBMs) tab: DEGs with lower expression in NBFs brain.

In all tabs the table headers indicate: the naked mole rat gene id from our transcript assembly
(NMR_genelD); the log fold change (logFC); counts per million in log scale (logCPM); p-
value (PValue); false discovery rate using Benjamini-Hochberg (FDR); annotation of
NMR genelD to mouse Ensembl gene ID (Ensembl genelD); and annotation of

NMR _genelD to mouse gene name (gene_name).
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Additional file 15: DEGs betw& BHAMNS HPGE 4HaRigRay/icense.

Tabs in the table indicate:

All_DEGs (Qs_vs_NBMs) tab: all DEGs between brains of Qs and NBMs.

DEG_up_in_Q (Qs_vs_NBMs) tab: DEGs with higher expression in Qs brain.
DEG_down_in_Q (Qs_vs NBMs) tab: DEGs with lower expression in Qs brain.

In all cases the table headers indicate: the naked mole rat gene id from our transcript assembly
(NMR_genelD); the log fold change (logFC); counts per million in log scale (logCPM); p-
value (PValue); false discovery rate using Benjamini-Hochberg (FDR); annotation of
NMR genelD to mouse Ensembl gene ID (Ensembl genelD); and annotation of

NMR _genelD to mouse gene name (gene_name).

Additional file 16: Defining queen specific genes (Q genes). The list of DEGs in the
comparison between Qs vs NBFs, Qs vs NBMs, Qs vs BMs were mapped to each other to
identify queen specific genes.

The different tables in the excel sheet are:

Q vs NBF NBM BM all tab: DEGs between Qs vs NBFs, Qs vs NBMs and Qs vs BMs.

Q vs NBF NBM all tab: all DEGs between Qs vs NBFs and Qs vs NBMs.

Q vs NBF NBM BM down in Q tab: genes that are differentially expressed in the comparison
(Qs vs NBFs, Qs vs NBMs, and Qs vs BMs) and also show lower expression in Q (down
regulation in Q)

O vs NBF NBM down in Q tab: genes that are differentially expressed in the comparison (Qs
vs NBFs, Qs vs NBMs) and also show lower expression in Q (down regulation in Q)

O vs NBF NBM BM up in Q tab: genes that are differentially expressed in the comparison
(Qs vs NBFs, Qs vs NBMs, and Qs vs BMs) and also show higher expression in Q (up
regulation in Q)

Q vs NBF NBM up in Q tab: genes that are differentially expressed in the comparison (Qs vs

NBFs, Qs vs NBMs) and also show higher expression in Q (up regulation in Q)
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Additional file 17: Result of enf{cHREACNRIS SN GIe Y dseistng Metascape.

The table headers indicate: GroupID, ID for clustering of related terms, the enriched terms
(Term), the description of the enriched terms (Description), the p-value in logl0 scale (p-
values calculated based on accumulative hypergeometric distribution), q value in log10 scale
(gq-values are calculated using the Banjamini-Hochberg procedure to account for multiple

testing), list of Symbols of upload hits in this term (Symbols).

Additional file 18: Result of enrichment analysis of Q genes using Enrichr (GO Biological
Process).

The table headers indicate: the Term; enriched GO Biological Process; P-value, computed by
fisher's exact test; adjusted p-value, an adjusted p-value using the Benjamini-Hochberg
method for correction for multiple hypotheses testing; the rank score or (z-score), computed
using a modification to Fisher's exact test in which a z-score was computed for deviation from
an expected rank; combined score, a combination of the p-value and z-score calculated by

multiplying the two scores (¢ = log(p) * z); Genes, belonging to the enriched category.

Additional file 19: Result of enrichment analysis of Q genes using Enrichr (GO molecular
functions).

The table headers indicate: the Term; enriched GO molecular functions; p-value, computed
by fisher's exact test; adjusted P-value, an adjusted p-value using the Benjamini-Hochberg
method for correction for multiple hypotheses testing; the rank score or (z-score), computed
using a modification to Fisher's exact test in which a z-score was computed for deviation from
an expected rank; combined score, a combination of the p-value and z-score calculated by

multiplying the two scores (¢ = log(p) * z); Genes, belonging to the enriched category.

Additional file 20: DEGs between brains of BMs and NBFs.
Tabs in the table indicate:

All DEGs BMs vs NBFs tab: all DEGs brains of BMs and NBFs.
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DEGs Up in BM (BMs vs NBFY G40 :NSEE WHPHRERER dpi&sion in BMs brain.

DEGs down in BM (BMs vs NBFs) tab: DEGs with lower expression in BMs brain.

In all cases the table headers indicate: the naked mole rat gene id from our transcript assembly
(NMR_genelD); the log fold change (logFC); counts per million in log scale (logCPM); p-
value (PValue); false discovery rate using Benjamini-Hochberg (FDR); annotation of
NMR genelD to mouse Ensembl gene ID (Ensembl genelD); and annotation of

NMR _genelD to mouse gene name (gene_name).

Additional file 21: Defining BM specific genes (BM genes). The list of DEGs in the
comparison between BMs vs NBFs, BMs vs NBMs, were mapped to each other to identify

breeding male specific genes.

Additional file 22: Result of enrichment analysis of BM genes using Metascape.

Enrichment analysis was performed as described in material and methods. The output of the
enrichment analysis is presented here. The table headers indicate: The GrouplD, ID for
clustering of related terms, the enriched terms (Term), the description of the enriched terms
(Description), the p-value in loglO scale (p-values calculated based on accumulative
hypergeometric distribution), q value in logl0 scale (q-values are calculated using the
Banjamini-Hochberg procedure to account for multiple testing), list of Symbols of upload hits

in this term (Symbols).

Additional file 23: Result of enrichment analysis of BM genes using Enrichr (GO Biological
Process).

The table headers indicate: the Term; enriched GO Biological Process; p-value, computed by
fisher's exact test; adjusted p-value, an adjusted p-value using the Benjamini-Hochberg
method for correction for multiple hypotheses testing; the rank score or (z-score), computed

using a modification to Fisher's exact test in which a z-score was computed for deviation from
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an expected rank; combined sc¥ré&; B SGiAAMHBIE SR 508%ue and z-score calculated by

multiplying the two scores (¢ = log(p) * z); Genes, belonging to the enriched category.

Additional file 24: Result of enrichment analysis of BM genes using Enrichr (GO molecular
functions).

The table headers indicate: the Term; enriched GO molecular functions; p-value, computed
by fisher's exact test; adjusted p-value, an adjusted p-value using the Benjamini-Hochberg
method for correction for multiple hypotheses testing; the rank score or (z-score), computed
using a modification to Fisher's exact test in which a z-score was computed for deviation from
an expected rank; combined score, a combination of the p-value and z-score calculated by

multiplying the two scores (¢ = log(p) * z); Genes, belonging to the enriched category.

Additional file 25: DEGs between Qs and NBFs ovary.

Tabs in the table indicate:

All DEGs (Qs_vs_NBFs) tab: all DEGs between ovaries of Qs and NBFs.

DEG _and down_in_Q (Qs_vs _NBFs) tab: DEGs with lower expression in Qs ovary.

DEG and up in_Q (Qs_vs NBFs) tab: DEGs with lower expression in in Qs ovary.

In all tabs the table headers indicate: the naked mole rat gene id from our transcript assembly
(NMR_genelD); the log fold change (logFC); counts per million in log scale (logCPM); p-
value (PValue); false discovery rate using Benjamini-Hochberg (FDR); annotation of
NMR genelD to mouse Ensembl gene ID (Ensembl genelD); and annotation of

NMR _genelD to mouse gene name (gene_name).

Additional file 26: Result of enrichment analysis on DEGs between Qs and NBFs ovary
using Metascape. The table headers indicate: The GroupID, ID for clustering of related terms,
the enriched terms (Term), the description of the enriched terms (Description), the p-value in

log10 scale (p-values calculated based on accumulative hypergeometric distribution), q value
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in logl0 scale (q-values are caRufatdd e the BRHAAENSchberg procedure to account
for multiple testing), list of symbols of upload hits in this term (Symbols).

The tabs in the table show:

A) all DEGs: enriched pathways, Biological Process, and molecular functions for all DEGs
between Qs and NBFs ovary.

B) DEGs up in Q: enriched pathways, Biological Process, and molecular functions for DEGs
between Qs and NBFs ovary, and up regulated in Q compared to NBF.

C) DEGs down in Q: enriched pathways, Biological Process, and molecular functions for

DEGs between Qs and NBFs ovary, and down regulated in Q compared to NBF.

Additional file 27: Result of enrichment analysis on DEGs between Qs and NBFs ovary
using Enrichr (GO Biological Process).

The table headers indicate: the Term; enriched GO Biological Process; p-value, computed by
fisher's exact test; adjusted p-value, an adjusted p-value using the Benjamini-Hochberg
method for correction for multiple hypotheses testing; the rank score or (z-score), computed
using a modification to Fisher's exact test in which a z-score was computed for deviation from
an expected rank; combined score, a combination of the p-value and z-score calculated by
multiplying the two scores (¢ = log(p) * z); Genes, belonging to the enriched category.

The tabs in the table show:

A) All DEGs: enriched Biological Process for all DEGs between Qs and NBFs ovary.

B) DEGs down in Q: enriched Biological Process for DEGs between Q and NBFs ovary, and
down regulated in Qs compared to NBFs.

C) DEGs up in Q: enriched Biological Process for DEGs between Qs and NBFs ovary, and

up regulated in Qs compared to NBFs.

Additional file 28: Result of enrichment analysis on DEGs between Qs and NBFs ovary

using Enrichr (GO molecular functions).
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The table headers indicate: the P& NhiiEhed 'O HIRYGEA  functions; p-value, computed
by fisher's exact test; adjusted p-value, an adjusted p-value using the Benjamini-Hochberg
method for correction for multiple hypotheses testing; the rank score or (z-score), computed
using a modification to Fisher's exact test in which a z-score was computed for deviation from
an expected rank; combined score, a combination of the p-value and z-score calculated by
multiplying the two scores (¢ = log(p) * z); Genes, belonging to the enriched category.

The tabs in the table show:

A) All DEGs: enriched molecular functions for all DEGs between Qs and NBFs ovary.

B) DEGs down in Qs: enriched molecular functions for DEGs between Qs and NBFs ovary,
and down regulated in Qs compared to NBFs.

C) DEGs up in Qs: enriched Biological Process for DEGs between Qs and NBFs ovary, and

up regulated in Qs compared to NBFs.

Additional file 29: DEGs between BMs and NBMs testis.

Tabs in the table indicate:

All DEGs (BMs vs NBMs) tab: all DEGs between BMs and NBMs testis.

DEG down in BM (BMs vs NBMs) tab: DEGs and higher expression in BMs testis.

DEG up in BM (BMs vs NBMs) tab: DEGs and lower expression in BMs testis.

Germonline genes: Gene list obtained form Germonline (germonline.org)

In all tabs the table headers indicate: the naked mole rat gene id from our transcript assembly
(NMR_genelD); the log fold change (logFC); counts per million in log scale (logCPM);
pvalue (PValue); false discovery rate using Benjamini-Hochberg (FDR); annotation of
NMR genelD to mouse Ensembl gene ID (Ensembl genelD); and annotation of

NMR _genelD to mouse gene name (gene_name).

Additional file 30: Result of enrichment analysis on DEGs between BMs and NBMs testis

using Metascape.
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The table headers indicate: the GrSuPIY TN oL SFstarig §¥rkited terms, the enriched terms
(Term), the description of the enriched terms (Description), the p-value in logl0 scale (p-
values calculated based on accumulative hypergeometric distribution), g-value in logl10 scale
(gq-values are calculated using the Banjamini-Hochberg procedure to account for multiple
testing), list of Symbols of upload hits in this term (Symbols).

The tabs in the table show:

A) All DEGs: enriched pathways, Biological Process, and molecular functions for all DEGs
between BMs and NBM testis.

B) DEGs down in_BM: enriched pathways, Biological Process, and molecular functions for
DEGs between BMs and NBMs testis, and up regulated in BMs compared to NBMs.

C) DEGs up in BM: enriched pathways, Biological Process, and molecular functions for
DEGs between BMs and NBMs testis, and up regulated in BMs compared to NBMs.

D) reprod &steroid respon: selected genes that belong to terms, multicellular organism
reproduction, response to steroid hormone, multicellular organism reproduction and response

to steroid hormone.

Additional file 31: Result of enrichment analysis on differentially expressed between BMs
and NBMs testis using Enrichr (GO Biological Process).

The table headers indicate: Term; enriched GO Biological Process; p-value, computed by
fisher's exact test; adjusted p-value, an adjusted p-value using the Benjamini-Hochberg
method for correction for multiple hypotheses testing; the rank score or (z-score), computed
using a modification to Fisher's exact test in which a z-score was computed for deviation from
an expected rank; combined score, a combination of the p-value and z-score calculated by
multiplying the two scores (¢ = log(p) * z); Genes, belonging to the enriched category.

The tabs in the table show:

A) All_deg: GO Biological Process enrichment for all DEGs between BMs and NBMs testis.
B) DEGs up in BM: GO Biological Process enrichment for DEGs between BMs and NBMs

testis, and up regulated in BMs compared to NBMs.
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C) DEGs down in BM: GO 6185 NPro 08 BRI For DEGs between BMs and

NBMs testis, and down regulated in BMs compared to NBMs.

Additional file 32: Result of enrichment analysis on DEGs between BMs and NBMs testis
using Enrichr (GO molecular functions). The table headers indicate: Term; enriched GO
molecular functions; p-value, p-value, computed by fisher's exact test; adjusted p-value, an
adjusted p-value using the Benjamini-Hochberg method for correction for multiple
hypotheses testing; the rank score or (z-score), computed using a modification to Fisher's
exact test in which a z-score was computed for deviation from an expected rank; combined
score, a combination of the p-value and z-score calculated by multiplying the two scores (¢ =

log(p) * z); Genes, belonging to the enriched category.

The tabs in the table show:

A) All DEG: GO molecular functions enrichment for DEGs between BMs and NBMs testis.
B) DEG down in BM: GO molecular functions enrichment for DEGs between BMs and
NBMs testis, and down regulated in BMs compared to NBMs.

C) DEG up in BM: GO molecular functions enrichment for DEGs between BMs and NBMs

testis, and up regulated in BMs compared to NBMs.
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