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Sex-biased transcriptomic response of the reproductive axis to stress
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ABSTRACT

Stress is a well-known cause of reproductive dysfunction in many species, including birds,
rodents, and humans. However, little is known of the genomic basis for this dysfunction and how
it may differ between the sexes. Using the classic reproductive model of the rock dove (Columba
livia), we conducted the most in-depth investigation to date of how stress affects all gene
transcription of a biological system essential for facilitating reproduction - the hypothalamic-
pituitary-gonadal (HPG) axis. The HPG transcriptome responded to stress in both sexes, but
females exhibited more differential expression than males, and these stress responsive genes
were mostly unique to females. This result may be due to 1) fluctuations in the female endocrine
environment to facilitate ovulation and follicle maturation, and 2) their evolutionary history. We
offer a vital genomic foundation on which sex-specific reproductive dysfunction can be studied,

as well as novel gene targets for genetic intervention and therapy investigations.
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INTRODUCTION

Stress can disrupt reproduction in multiple, complex ways [1-3]. The perception of a stressor
activates the hypothalamic-pituitary-adrenal (HPA) axis, which results in a synthesis of stress
hormones (glucocorticoids) [4]. Glucocorticoid hormones (cortisol in humans, corticosterone in
birds and rodents) are synthesized by the adrenal cortex and exert both rapid and gradual actions
on vertebrate physiology [5]. This activation of the HPA system can cause suppression of the
reproductive system, i.e., the hypothalamic-pituitary-gonadal (HPG) axis, at multiple levels (Fig.
1), including inhibiting gonadotropin-releasing hormone (GnRH) secretion from the
hypothalamus, suppressing luteinizing hormone (LH) and follicle stimulating hormone (FSH)
release from the pituitary, sex steroid hormone release from the gonads, and ultimately reducing
or eliminating sexual behavior and reproduction [6-9]. However, questions remain as to 1) how
stress affects all gene activity of the HPG axis, and 2) if these effects are sex-specific. Evidence
suggests regulatory mechanisms of the HPG system under stress can be sex-specific (eg. human:
[10]; rodent: [11]; birds: [12,13]), but the full extent of sex-biased changes is still largely
unknown. In general, males have historically dominated animal studies [14—16], obscuring
discovery of potential sex differences that could inform and guide further research and clinical

studies [17].

Here, we tested the effects of stress on the genomic activity of the male versus female HPG axis
using the model of the rock dove (Columba livia). Doves have been historically used to study
reproductive behavior [18-20] and now are proving to be a valuable model for genomics
research [21-24]. We exposed sexually mature males and females to 30 min of restraint stress,
which successfully activates the stress response as measured through significantly increased
circulating plasma glucocorticoids. We compared the genomic expression of the HPG axis of
stressed females and males to each other and in comparison with unstressed controls. We report
patterns of tissue-specific and sexually dimorphic gene expression, with females showing a
greater stress response at the level of the transcriptome in all three tissues - the hypothalamus,
pituitary, and gonads - as compared to males. These data offer a valuable resource to advance
stress and reproductive research with the potential for devising future therapeutic strategies to

ameliorate stress-induced HPG axis dysfunction.
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Figure 1. Depiction of the hypothalamic-pituitary-adrenal (HPA), or “stress”, axis and its
intersection with the hypothalamic-pituitary-gonadal, or “reproductive”, axis (HPG). Illustration

by Natalia Duque.

RESULTS

Corticosterone Assay
Plasma corticosterone was assayed from 48 birds (stress treatment group: 12 male, 12 female;
control group: 12 male, 12 female) using a rodent Corticosterone RIA kit and a 1:20 dilution

(MP Biomedicals, Orangeburg, NY). Plasma corticosterone concentrations were significantly


https://doi.org/10.1101/152801
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/152801; this version posted June 20, 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 4.0 International license.

76 higher in both stressed birds as compared to controls (treatment: F, ,=73.5,P<0.001). Neither
77  sex nor an interaction effect of treatment*sex were statistically significant (sex: F, ,=0.5,

78  P=0.505; treatment*sex=F, ,=1.0, P=0.333).

79

80  Sequence Read Data & Code Availability

81  In total, 24 hypothalami (12 male, 12 female), 24 pituitary glands (12 male, 12 female), 12 testes,
82 and 12 ovaries from 24 birds were sequenced. Each sample was sequenced with between 2.3

83  million and 24.5 million read pairs. Read data corresponding to the control birds are available
84  using the European Nucleotide Archive project ID PRJIEB16136; read data corresponding to the
85  stressed birds are available at PRIEB21082. Code used for the analyses of these data are

86  available at https://git.io/vPAQ9.

87

88  Transcriptome assembly characterization

89  The Rock Dove version 1.1.0 transcriptome (available https://goo.gl/S8goSM, and at Dryad post

90  acceptance) contains 92,805 transcripts, of which 4,794 were added as part of this study to the
91  previous version 1.0.4 transcriptome. This newly compiled transcriptome data improves genic
92  contiguity, increasing the number of complete BUSCOs 0.2% to achieve 86.1% relative to the
93  version 1.0.4 assembly.
94
95  Sequence Read Mapping and Estimation of Gene Expression.
96  Raw sequencing reads corresponding to individual samples of hypothalami, pituitary glands, and
97  gonads were mapped to the Rock Dove reference HPG axis transcriptome version 1.1.0 using
98  Salmon, resulting in 80% to 90% read mapping. These data were imported into R and
99  summarized into gene-level counts using tximport, after which, edgeR was used to generate
100  normalized estimates of gene expression. 17,263 genes were expressed in the HPG.
101
102  Evaluation of Candidate Gene Expression.
103  Using the assembled transcriptome, HPG-specific and sexually dimorphic gene expression
104  patterns were characterized in stressed versus control animals. A priori, target genes were
105 identified for investigation that are well known to play a role in reproduction and the stress

106  response (Table 1). Using a generalized linear model and least-squares means for post-hoc tests
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As compared to same-sex
controls:

Il Down-regulates

[ Up-regulates

107  of significance (P<0.05), we found sex and tissue-specific differences in HPG transcriptomic
108  activity in response to the stress treatment.
109
Entrez ID _Gene Abbreviation | Female | Male | Female | Male | Female | Male

422165  Androgen receptor AR

414854  Aromatase CYP19A1 CYPI9A1

771773 Arginine vasotocin-like receptor 1A AVPR-like 1A

428263  Arginine vasotocin-like receptor 1B AVPR-likelB

423433 Corticosteroid Binding Globulin CBG

374218  Corticotropin Releasing Hormone Receptor 1 CRHRI

395940 Deiodinase iodothyronine type I DIO]

373903  Deiodinase iodothyronine type 11 DIO?2

395939  Deiodinase iodothyronine type IIT DIO3

427633 Dopamine receptor DI DRDI c

428252 Dopamine receptor D2 DRD?2

770757  Dopamine receptor D3 DRD3

423016  Dopamine receptor D4 DRDA4

427552 Dopamine receptor D5 DRDS

396099 ER alpha Era

395575 ER beta Erp

395962  FSH Receptor FSH-R

374108  Follicle stimulating hormone beta subunit FSHp

396288 GABRQ gamma-aminobutyric acid A receptor GABAAR

408185  Ghrelin/obestatin prepropeptide GHRL

423117  Galanin GAL

416343 Glucocorticoid receptor GR

378785  Gonadotropin inhibitory hormone GnlH

378784 Gonadotropin inhibitory hormone receptor GnlH-R

770134  Gonadotropin releasing hormone I GnRH-1

427517 Gonadotropin releasing hormone I receptor GnRH I-R

374223  Leptin receptor LEPR

395776 Luteinizing hormone/choriogonadotropin receptor LHCGR

374131  Mineralocorticoid receptor MR

429211  Oxytocin-like receptor OT-like-R

396198  Progesterone receptor PGR

422011  Proopiomelanocortin receptor POMC-R

396453  Prolactin PRL

395660 Prolactin receptor PRL-R

396251  Thyroid hormone receptor alpha THRa

396431  Thyroid hormone receptor beta THRp

428900  Thyroid stimulating hormone receptor TSHR ﬂ

427860  Vasotocin-like receptor VTI-like-R

396323 Vasoactive Intestinal Peptide VIP H:

395329  Vasoactive Intestinal Peptide Receptor [ VIP-R-1
110
111
112  Table 1. Results of candidate gene expression analysis. Target genes identified a priori due to
113  their known role in reproduction and/or the stress response. Expression of these genes was
114  present in all HPG axis tissues. Genes that significantly (P<0.05) upregulated in expression in
115 response to stress are indicated with a lighter shade; genes that significantly dowregulated in
116  response are indicated with a darker shade.
117
118
119
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120  Global Evaluation of Gene Expression

121 Global patterns of gene expression were analyzed using edgeR to observe how the entire

122  transcriptome of the HPG axis responds to stress. After controlling for over 17,000 multiple

123  comparisons, the count data was normalized using the TMM method [25], which, in brief, uses a
124  set of scaling factors for library sizes to minimize inter-sample log-fold changes for most genes.
125  This analysis revealed a significant transcriptomic response of the HPG axis to stress,

126  particularly in the female, especially in the pituitary and the ovary (Table 2, Fig. 2, 3). A

127  complete list of differentially expressed genes in female and male HPG tissue in response to

128  stress can be found at https://goo.gl/mypuFv. A brief description of each gene’s reported

129  functionality in vertebrates is given in forthcoming text to offer insight into potential systems
130  affected by stress. However, it is important to note that the gene functionality given may not

131 have yet been confirmed in an avian model.

132
133
134
135 :
Tissue Sex In response to stress:
136 Higher DE Lower DE  Total DE
137 Hypothalamus Female 105 131 136
138 Male 3 21 24
Pituitary Female 541 55 596
139 Male 46 119 165
140 Ovary Female 345 793 1,138
141 Testes Male 5 3 8
142

143  Table 2. The number of differentially expressed (DE) genes in each tissue in response to stress
144  as compared to controls.

145

146

147

148
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173  Figure 2. MA plots depicting the amount of genes differentially expressed throughout the HPG
174  axis of females (left column) as compared to males (right column). Red dots indicate statistically
175  differentially expressed genes. The X axis represents the average value for gene expression (units
176 = average counts per million). The Y axis indicates the log fold change (LogFC) of genes

177  expressed in the hypothalamus (top), pituitary (middle) and gonads (bottom). Red dots above
178  zero indicate higher expression in the control animals; red dots below zero indicate higher

179  expression in stressed animals.
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180

181  Hypothalamus

182 A global transcriptome analysis yielded 236 differentially expressed genes in the hypothalami of
183  stressed females (106 upregulated and 131 downregulated) as compared to female controls,

184  while 24 genes were significantly differentially expressed in the hypothalami of stressed males
185 (3 upregulated and 21 downregulated; Table 2, Fig. 3) as compared to male controls. Genes

186  more highly expressed in the hypothalamic tissue of stressed females include UNC45B, which is
187  aprogesterone regulator and co-chaperone for heat shock protein of 90 kDa (HSP90) [26]

188  (logFC -8.6, FDR 9.0e-12). Additionally, interferon induced transmembrane protein 5

189  (IFITM5), which was more highly expressed, can interact with serotonin receptor [27] as well as
190  several solute carriers [28] responsible for transporting newly synthesized prostaglandins PGD2,
191 PGE1, PGE2, leukotriene C4, and thromboxane B2 (logFC -11.1, FDR 3.0e-10). Several long
192  non-coding RNAs, LOC107050862 and LOC101747554 were some of the most differentially
193  expressed genes between stress and control groups (logFC -12.6, FDR 1.0e-13 and logFC -11.3,
194  FDR 4.5e-11 respectively), yet their function is currently unknown. In addition to these, a strong
195  signal of differential expression of the Myosins was uncovered (e.g., MYHIE, MYHIF, MYOZ2).
196  Gene ontology terms enriched for this treatment group to describe groups of genes of similar
197  function responsive to stress include terms related to muscle development and function (gene
198  ontology term myofibril assembly, GO:0030239). This pattern is driven in part by Myosin

199  proteins, which can play a role in secretory function [29,30].

200

201 Genes more lowly expressed in the hypothalamic tissue of stressed females as compared to

202  controls include LUC7L2 (logFC 1.9, FDR 1.1e-07), a gene previously found to be differentially
203  expressed in response to stress [31], and LOC107051530 (1ogFC 4.9, FDR 6.4e-5), a non-coding
204  RNA whose function is unknown. Prolactin is more lowly expressed in response to stress (logFC
205 2.5,FDR .0002), as is GABA type A receptor-associated protein (1ogFC 1.2, FDR .007), the

206  latter which has been shown to be regulated by Leptin in guinea pigs [32]. No significantly

207  enriched gene ontology terms were revealed for genes more lowly expressed in the female

208  hypothalamus in response to stress. The full differential dataset for the female hypothalamus is
209  available at https://git.io/vD4LU.

210
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211 As compared to the females, fewer genes were differentially expressed in the male hypothalamus
212 inresponse to stress. One gene more highly expressed in stressed males as compared to controls
213  is PH domain leucine-rich repeat-containing protein phosphatase 2 (PHLPP2), which can play a
214  role in the apoptotic process (logFC -3.6, FDR 2.4e-09). A gene more lowly expressed in

215  response to stress, Pro melanin concentrating hormone (PMCH) (logFC 3.8, FDR 2.532022e-
216 05), can inhibit stress-induced ACTH release, stimulate anxiety and sexual behavior, and

217  antagonize the inhibitory effect of alpha melanotropin on exploration behavior [33-35]. C-

218  RFamide protein, also known as prolactin releasing hormone 2 [36] was also more lowly

219  expressed in response to stress and can play a role in the release of prolactin as well as several
220  gonadotropes [37] (logFC 4.7, FDR 2.52e-05). No significantly enriched gene ontology terms
221  were revealed for genes differentially expressed in the male hypothalamus in response to stress
222 The full differential dataset for the stress response of the male hypothalamus is available at

223  https://git.io/vD40k.

224

225  Pituitary Gland

226 A global transcriptome analysis of the HPG stress response yielded 596 differentially expressed
227  genes in the pituitary of stressed females (541 upregulated and 55 downregulated) as compared
228  to female controls, while 165 genes were differentially expressed in the pituitary of stressed

229  males (46 upregulated and 119 downregulated; Table 2, Fig. 3) as compared to male controls.
230  For example, in females, Proteolipid Protein 1 (PLP1 - [38]), a gene implicated in the stress

231  response, as well as Myelin basic protein (MBP) [39], which can interact with PLP1 to regulate
232  apoptosis, are more highly expressed in response to stress (logFC -10.7, FDR 4 .4e-12 and logFC
233  -3.9,FDR 4.4e-12) . Genes like Cytokine inducible SH2 containing protein (CISH) and

234  glutamate metabotropic receptor 3 (GRM3) are also more highly expressed in females in

235  response to stress (logFC -1.8, FDR 1.9¢e-10; logFC -3.8, FDR 4.2e-10, respectively). CISH is
236  involved in the immune response via negatively regulation of cytokine signalling [40], and

237  GRM3 has been reported as a candidate gene for schizophrenia [41]. Gene ontology terms

238  enriched for genes more highly expressed in the female pituitary in response to stress are related
239  to oligodendrocyte differentiation, positive regulation of gliogenesis, G-protein coupled receptor
240  signaling pathway, and behavior.

241
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242 Genes more lowly expressed in the pituitary of stressed females as compared to controls include
243  Angiopoietin like 7 (ANGPTL7) (logFC 2.6, FDR 5.9e-5) whose function is currently unknown
244  but may be related to the regulation of growth and metabolism (Hato et al. 2008). Chemokine (C-
245  C motif) ligand 4 (CCL4), a gene previously implicated in the heat stress response in chickens
246  (Tuetal.2016), is also more lowly expressed in response to stress. No significantly enriched
247  gene ontology terms were revealed for genes differentially expressed in the female pituitary in
248  response to stress. The full differential dataset for the stress response of the female pituitary is
249  available at https://git.io/vD49n.

250

251  Much like the pattern observed in the hypothalami of males as compared to females, the male
252  pituitary also has less differential gene expression than the female pituitary. For example, genes
253  that were more highly expressed in the male pituitary in response to stress include Nuclear

254 receptor subfamily 4 group A member 3 (NR4A3) (logFC -2.9, FDR 5.3e-10), which has been
255  implicated in mechanisms related to feeding behavior and energy balance [42,43], and 5-

256  hydroxytryptamine receptor 3A (HTR3A) (logFC -1.9, 4.42¢e-05), a receptor whose ligand

257  (serotonin) is widely accepted to be involved in mood disorder and anxiety [43—46]. A signal of
258  cell-cycle arrest may be evident, as the gene CCAAT/enhancer binding protein (C/EBP), delta,
259  know to be involved in preventing the cell cycle from continuing through the G1 phase [47] is
260  more highly expressed in response to stress (logFC -2.6, FDR 3.1e-09). Activating transcription
261 factor 3 (ATF3), which has been previously reported to respond to stress [48,49], is highly

262  expressed in the male pituitary in response to stress. Gene ontology terms enriched for in genes
263  more highly expressed in the stressed male pituitary in response to stress are related to the term
264  for “muscle development”. Again, this signal is descendent from actin and myosin genes

265 involved in secretion [29] as opposed to actual skeletal or smooth muscles.

266

267  Genes more lowly expressed in the male pituitary in response to stress include the class 1l major
268  histocompatibility complex (MHC) antigen and DM beta chain type 1 (DMB1) (logFC 2.11 FDR
269  0.0009), which has important implications for stress given their well known roles in immune
270  function [50,51]. Other genes include the Heat shock 27kDa protein 1 (HSPB1) (logFC 2.8.,

271 FDR 0.008) and Synaptotagmin 2 (logFC 1.21, FDR 0.009), the latter which is know to be

272  involved in the stress response. [52,53]. The full table of differential expression results for the

10
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273  male pituitary in response to stress is available at https://git.io/vD4xL.
274
275  Ovary

276  The ovary was the site of the most differential expression in response to stress as compared to
277  the hypothalamus, pituitary, and testes. In sum, 1138 genes were differentially expressed (345
278  higher in stress, 793 lower; Table 2, Fig. 3) in the ovary of stressed females as compared to

279  controls. Genes that were more highly expressed include Heat Shock Protein 25 (HSP25) (logFC
280 -2.9,FDR 5e-07) and Heat shock 70kDa protein 8 (HSPAS), logFC -1.5, FDR 2.5e-08), the latter
281  has been reported to prevent protein aggregation under stress conditions [54]. Additionally,

282  Thyroid hormone responsive protein (THRSP) was more highly expressed in the ovary in

283  response to stress (logFC -5.1, FDR 1.1e-05). THRSP has been reported to play a role in the

284  regulation of lipogenesis, especially in lactating mammary gland [55]. Gene ontology terms

285  enriched for genes more highly expressed in the ovary in response to stress are related to

286 inflammatory response, defense response, and response to stress.

287

288  Testes

289  Analysis of differential expression in the testes in response to stress resulted in only 8

290 differentially expressed genes (Table 2, Fig. 3). These genes include Heat shock 27kDa protein 1
291  (HSPBI) (logFC -2.5, FDR 0.005) and Thyroid hormone receptor interactor 11 (TRIP11) (logFC
292  -1.55,FDR 0.01), both of which increase in expression in response to stress as compared to

293  controls. TRIP11 has been previously implicated in the stress response [56], yet its function in
294  the testes is currently unknown. The full table of differential expression results for the male

295  testes in response to stress is available at https://git.io/vDBTw.

296

297
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Fig. 3. A weighted Venn diagram depicting the overlap of the number of differentially expressed
genes between the sexes in the hypothalamus, pituitary, and gonads in response to stress as
compared to controls. Genes that upregulated in expression in response to stress are shown in a
lighter color; genes that dowregulated in response exhibit a darker color. Numbers within shaded
areas indicate the number of stress-responsive genes. Pie charts of shared, stress-responsive

genes have been magnified and are not to scale.

Sex-biased Response to Stress

In the previous analyses, changes in gene expression in response to restraint stress were
identified in each sex as compared to same-sex controls. Here, changes in gene expression in
response to restraint stress are compared between the sexes, specifically in hypothalamic and
pituitary tissue. Male and female gonads are structurally and functionally different and thus were
not directly compared. A distributional analysis was used to identify genes whose expression

patterns varied by sex. Specifically, the sex difference in gene expression in response to stress

12
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(defined as (Median EXpression . issue swess - Median EXpression . tissue cono) - (Median
EXpression g tissue stess - Median EXpression p e tissee conro) Was calculated, with genes whose
response was different (defined as being more responsive than 98% of all other genes, n=173 in

each tail of the distribution, Fig. 4), deemed to be expressed in a sex-biased manner.

Difference in Hypothalamus
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|
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Figure 4. The transcriptomic stress response distribution histogram in males versus females in
the hypothalamus (top) and pituitary (bottom). Vertical lines in the tails of the distributions
indicate genes in the upper and lower 1% of the distribution, beyond which genes were deemed
to be expressed in a sex-biased manner. The X axis represents the difference in expression
response, and the Y axis represents the frequency. To the right of 0.0 point are genes more highly

expressed in males, while genes to the left of 0.0 point are more highly expressed in females.

Hypothalamus

Genes that were more responsive to stress in the female hypothalamus relative to the male
hypothalamus (defined as = 99% differences; examples in Figure 5a) included Cholecystokinin
(CCK; AMedian = 0.75), which has been previously implicated in opiate antagonism [57],
appetite [58], and the stress response [59,60]. Another gene of interest discovered to be more

responsive in females was Calcitonin Gene-Related Peptide I (CALCA, also known as CGRP,
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340 AMedian= 1.02), known to be an important regulator of stress-induced reproductive suppression
341 [61]. Actin beta-like 2 (ACTBL2), a gene whose function may be linked to secretory function
342  [29] as well as to leptin and insulin mediated signalling [62], were more responsive to stress in
343  the female hypothalamus as compared to the male hypothalamus (AMedian = 1.39 ), as was

344  Growth Hormone (GH) (AMedian= .77), which can stimulate growth and cell reproduction as
345  well as respond to stress by increasing glucose and fatty acids. The full table of genes, more

346  responsive to stress in the female hypothalamus as compared to the male hypothalamus is

347  available at https://git.io/vDzKT.

348

349  Genes that were more responsive to stress in the male hypothalamus relative to the female

350  hypothalamus (examples in Figure 5b) included Toll-like Receptor 15 (TLR15) and MHC DM-
351  beta2 (DMB2), which play a role in immune function (AMedian= 0.74 and 0.89,

352  respectively)[63,64] which can affect the stress response [65]. Hypothalamic genes more highly
353  responsive to stress in males versus females appear to be related to Mitogen-Activated Protein
354  Kinase (MAPK) activity, including nerve growth factor (NGF), Filamin C (FLNC), and ECSIT
355  Signalling Integrator (ECSIT). The MAPK cascade is thought to coordinate the response to a
356  wide variety of stressors, given it receives stimuli from a diverse group of signalling pathways
357  including growth factors, G protein-coupled receptors, pathogen-associated molecular patterns
358 (PAMPs) and danger-associated molecular patterns (DAMPs), reviewed in [66]. The full table
359  of differential expression results of genes more responsive to stress in the male hypothalamus as
360 compared to the female hypothalamus is available at https://git.io/vDz9C.

361

362

363

364

365

366

367

368

369
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374  Figure 5. Violin plots depicting genes that were more responsive to stress in the a) female

375  hypothalamus relative to the male hypothalamus, and b) male hypothalamus relative to the

376  female hypothalamus. Plot titles are of the format Gene Name:Entrez ID:Tissue. The Y-axis

377  indicates levels of gene expression as presented by taking the log of transcripts per million

378  (logTPM). The shape of each half of the plot represents the kernel density estimation of the data,
379  with darker grey indicative of data from control animals and lighter grey from stressed animals.
380 The diamond symbol represents the median value of the control group while the plus sign

381  represents the median value of the stressed group. Arrows represent the direction and amount of
382  change in gene expression in the stressed group as compared to controls (up for upregulated,
383  down for downregulated).

384

385

386  Pituitary

387  Genes more responsive to stress in the female pituitary relative to the male pituitary include

388  (examples in Fig. 6a) melanin concentrating hormone receptor 1 (MCHR1), AMedian=1.32), a
389  gene whose function can impact hunger and feeding [67], and anxiety [68], as well as reduce the
390 impacts of stress [69]. Dopa Decarboxylase (DDC), a gene which encodes the the enzyme that
391  synthesizes norepinephrine (NE) from dopamine [70], is similarly more responsive in the female
392  pituitary (FCierence = 4-76), as is Prolactin releasing hormone (PRLH) (AMedian= 1.082668 ).
393  Actin gamma 2 (ACTG2) (AMedian= .75 ). The full table of differential expression results of
394  genes more responsive to stress in the female pituitary as compared to the male pituitary is

395  available at https://git.io/vDzQ1.

396

397  Genes more responsive to stress in the male pituitary relative to the female pituitary (examples in
398  Fig. 6b) include tachykinin receptor 2 (TACR2, AMedian=-1.37), a gene known to have

399 important reproductive correlates, specifically in loss of sexual cyclicity in females

400  [71,72].[71,72] Genes that play key roles in the immune response, cardiotrophin-like cytokine
401  factor 1 (CLCF1) [73,74]) and IKAROS family zinc finger 3 (IKZF3) [75,76] G protein coupled
402  receptor (GPR68)(AMedian=0.79 ). The full table of differential expression results of genes
403  more responsive to stress in the male pituitary as compared to the female pituitary is available at

404  https://git.io/vDzAS.
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409  Figure 6. Violin plots depicting genes that were more responsive to stress in the a) female

410  pituitary relative to the male pituitary, and b) male pituitary relative to the female pituitary. Plot
411  titles are of the format Gene Name:Entrez ID:Tissue. The Y-axis indicates levels of gene

412  expression as presented by taking the log of transcripts per million (logTPM). The shape of each
413  half of the plot represents the kernel density estimation of the data, with darker grey indicative of
414  data from control animals and lighter grey from stressed animals. The diamond symbol

415  represents the median value of the control group while the plus sign represents the median value
416  of the stressed group. Arrows represent the direction and amount of change in gene expression in
417  the stressed group as compared to controls (up for upregulated, down for downregulated).

418

419

420

421  DISCUSSION

422

423 By leveraging a highly-replicated and sex-balanced experimental approach to understand the
424  transcriptomic effects of stress on the HPG axis, we provide an unparalleled glimpse into how
425  males and females respond to stress. We exceeded replication standards for RNAseq experiments
426  [77], while performing gene-level quantitation [78], which resulted in exceptionally robust

427  estimates of gene expression across tissues and treatments. Our results provide evidence of sex-
428  biased gene activity of a tissue system vital for vertebrate reproduction - the hypothalamus in the
429  brain, the pituitary gland, and the gonads (testes and ovaries).

430

431  More genes in the female HPG axis were responsive to stress as compared to males. This

432  differential expression of genes in response to stress was also mostly unique to each sex. Various
433  factors could contribute to a sex-biased response to stress, though we were able to control for
434  many of them with the rock dove model. For example, an uneven parental care strategy (one sex
435  cares more than the other) and age have been known to influence the stress response [79-81].
436  However, both rock dove sexes offer significant offspring care, though they were not caring for
437  offspring at the time of collection, and all birds were of similar age (2 years old). Males and

438 females of this species are similar in other ways: they are physically monomorphic, socially and

439  genetically monogamous [82], and we report that both sexes exhibit a similar increase in
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440  circulating glucocorticoids in response to restraint stress. This classic method of measuring the
441  effects of stress on circulating glucocorticoid concentration would have suggested that rock dove
442  males and females have a similar stress response. However, a deeper look at gene transcription in
443  response to stress suggests otherwise. This begs the question as to whether a gene(s) is regulated
444  in a sex-specific manner to produce a sex-specific physiological or behavioral result in the face
445  of stress, such as female control over reproductive timing? Or, does expression resulting from
446  stress lead to sexually monomorphic gene-mediated reproductive processes that converge to

447  similar physiological and behavioral endpoints [83], such as the similar corticosterone response
448  we observed? These data we provide can inform and promote multiple lines of further

449  investigations to answer these questions, including hypothesis driven tests and manipulations of
450 newly identified sex-biased and stress-responsive genes. Here, we propose three, non-mutually
451  exclusive hypotheses to explain why more genes are responsive to stress in the female HPG axis
452  as compared to their male counterparts: the Reproductive Cycle Hypothesis, the Reproductive
453  Investment Hypothesis, and the Environmental Preparation Hypothesis.

454

455  Sexually mature females, unlike sexually mature males who maintain a relatively consistently
456  functioning HPG axis, experience cycling of their reproductive hormones to facilitate ovulation
457  and follicle growth; because of this, females may present a more complicated picture for

458  understanding the effects of stress on the HPG axis, especially due to the potential for feedback
459  mechanisms to change with the reproductive cycle [3,84]. The ovary was the site of the most
460 differential expression in response to stress as compared to the hypothalamus, pituitary, and

461  testes. Although we controlled for reproductive stage, selecting sexually mature birds that were
462  not actively breeding, as well as specific ovary tissue type and amount sampled, we were unable
463  to control for the specific stage of ovulation and follicle maturation at the point of sampling.

464  Endocrine processes associated with these reproductive processes thus may influence how the
465  HPG axis, particularly the ovary in this case, responds to environmental perturbations such as
466  stress. This may be why we found a greater array of genes active in the female at both baseline
467  sampling [24] and in response to stress. Alternatively, potential endocrine variation experienced
468 by the female HPG axis might create “noise” and thus decrease our statistical ability to identify
469  differentially expressed genes. Because we observed a significant increase, not decrease, in

470  differentially expressed genes in the female HPG axis at baseline and in response to stress as
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471 compared to males, this is either not the case, or there is even more differential expression in
472  female HPG tissue than we were able to statistically uncover. In either event, females are

473  experiencing heightened HPG gene activity in response to stress, and this may be due to the

474  physiological variation they experience over the course of their reproductive period.

475

476  Another potential hypothesis to explain why females are more responsive to stress than males at
477  the level of their HPG transcriptome is an evolutionary one related to their reproductive

478  investment. Though both males and females of this species are socially and genetically

479  monogamous and offer biparental care [82], females generally invest more time and resources in
480 making and maturing gametes and eggs [85,86]. Thus, because reproduction is arguably more
481  energetically expensive for females during gamete and egg production, this may have supported
482  the adaptation of a more stress-responsive reproductive axis to influence when and how females
483  breed in response to the environment to optimize their lifetime reproductive success [87]. For
484  example, prolactin is a hormone that is involved in a multitude of biological processes, but it has
485  most notably been studied for its influential role in lactation and parental care in both birds and
486  mammals. In this experiment, Prolactin in the hypothalamus and pituitary decreased in

487  expression in response to stress in females but not males. Both male and female doves use

488  prolactin to facilitate reproductive behaviors like nest building, lactation, and offspring care [88—
489  90]. While males and females are responsive to stress at every level of their reproductive axis, a
490 heightened responsiveness of reproductive substrates like prolactin by females could have

491  evolved to support their need for increased sensitivity to the environment due to their higher
492  level of reproductive investment. In this same vein, glucocorticoid receptor (GR), which binds
493  the stress response hormone corticosterone, increased in expression in the female but not male
494  hypothalamus in response to stress, suggesting a potential increase in sensitivity to the stress
495  response by the female reproductive axis.

496

497  In another example, the use of RNAseq helped to uncover a less well-studied gene that could
498  play a pivotal role in suppressing reproduction in the face of stress, Calcitonin Gene-Related
499  Peptide (CALCA). CALCA was more responsive to stress in the female hypothalamus relative to
500 the male hypothalamus. In another study, central administration of CALCA into the lateral

501  cerebral ventricle of ovariectomized rats resulted in suppression of LH pulses, which was
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502 reversed by a CALCA receptor antagonist [61]. Stress-induced suppression of LH pulses was
503 also blocked with a CALCA receptor antagonist [61]. These data suggest CALCA could be

504  involved in stress-induced suppression of the reproductive axis. Here, we report that expression
505  of the gene for the CALCA peptide is responsive to stress, more so in females than in males.
506 However, CALCA gene expression decreased in response to stress. A decrease in expression
507  might suggest a decrease in peptide production, which seems counterintuitive to the reported
508 actions of CALCA in rats. However, the species, its physiology (for example, our birds were not
509  ovariectomized), the time course of sampling, and the potential for physiological feedback must
510  all be considered to gain a better picture of CALCA regulation. For now, its responsiveness to
511  stress in females coupled with reports of its actions [61] suggest it may play an important role in
512  regulating the reproductive system, and this may be related to reproductive investment.

513

514 A third hypothesis to explain increased female HPG genomic responsivity to stress is that

515 information about the external environment experienced by the female could shape embryo, egg,
516  and chick development, potentially priming offspring in a such a way as to increase their fitness
517  in that stressful environment. For example, global warming is a type of stress that poses a threat
518 to the survival of many species. Zebra finch parents acoustically signal high ambient

519  temperatures to their egg-bound embryos, adaptively altering their behavior, growth,

520  reproductive success, and thermal preferences as adults [91]. Indeed, maternal exposure to

521  prenatal or postnatal stress can alter the stress response and behavior in offspring [92-94]. Thus,
522  herein lies the potential for the environment experienced by the female to influence the

523  development of young pre-egg lay. Female rock doves experienced a significant change of

524  expression in stress- and reproduction-related genes in response to stress (Table 1) as well as in
525  those related to immune function, growth, and other processes (eg. a gene ontology term

526  enriched for genes more highly expressed in the ovary in response to stress was related to the
527  inflammatory response). Resulting alterations to physiology and behavior could lead to maternal
528 effects of epigenetic and genomic activity, setting into motion biological events that could

529  prepare offspring for the environment in which they will soon face.

530

531  In summary, we report sex-specific changes in gene expression of the rock dove HPG axis in

532  response to stress, with females exhibiting increased genetic responsiveness at all levels of their
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axis as compared to males. This phenomenon could be explained by the variation females
experience in their reproductive cycle as well as by their evolutionary history, including parental
investment and the potential for maternal effects to increase the reproductive success of
offspring. These hypotheses are not mutually exclusive and inspire future investigations of
genome to phenome causal effects. Presently, the data we report create a vital genomic
foundation on which sex-specific reproductive dysfunction and adaptation in the face of stress

can be further studied.
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564 MATERIALS AND METHODS

565

566  Animal Collection Methods

567  Birds were housed at the University of California, Davis, in large aviaries (5’x4°x7’), with 8
568  sexually reproductive adult pairs per aviary. Food and water were provided ad libitum. To

569  control for reproductive stage and potential circadian rhythm confounds, we sampled males and
570 females that were paired but lacked eggs or chicks between 0900-1100 (PST) following animal
571  care and handling protocols (UC Davis IACUC permit #18895). Birds in the baseline, or

572  “unstressed,” group were sampled within Smin of entering their cage. Birds in the stress

573  treatment group were restrained in cloth bags for 30min prior to sampling. To sample tissue,
574  birds were first anesthetized using isoflurane until unresponsive (<2 min), at which point they
575  were decapitated. Trunk blood was collected to assay for plasma corticosterone concentrations.
576  Brains, pituitaries, and gonads were then immediately extracted and placed on dry ice, then

577  transferred to a -80 C freezer until further processing. Brains were sectioned coronally on a

578  cryostat (Leica CM 1860) at 100uM to best visualize and biopsy the hypothalamus. We used
579  Karten and Hodos’ [95] stereotaxic atlas of the brain of the pigeon to locate the hypothalamus
580  and collect it in its entirety. In brief, we, collected hypothalamic tissue beginning at the point of
581  bifurcation of the tractus septomesencephalicus and ending afer the cerebellum was well

582  apparent. Lateral septum tissue was included with the hypothalamus. We sequenced tissue from
583  whole homogenized testes and ovaries, the latter comprised of tissue from the oviduct and

584  ovarian follicles. Hypothalamic sections, pituitaries, and gonads were preserved in RNALater
585  and shipped from the UC Davis to the University of New Hampshire for further processing. This
586  technique to harvest hypothalamic, pituitary, and gonadal tissue from this species has been

587  previously validated by our research group [24].

588

589  Hormone assay

590  Fresh blood was centrifuged at 4200 rpms at 4C for 10min. Plasma was removed and stored at -
591  80C. We assayed plasma for corticosterone using radioimmunoassay (RIA), informed by a serial
592  dilution conducted prior to the assay. A dilution of 1:20 was used in a commercially available

593  Corticosterone RIA kit (MP Biomedicals, Orangeburg, NY) to determine corticosterone levels
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594  (ng/ml). The assay was validated for cross-reactivity with C. livia corticosterone and the limit of
595  detection was estimated at 0.0385 ng/ml.

596

597  Illumina Library Preparation and Sequencing

598  Tissues frozen in RNALater were thawed on ice in an RNAse-free work environment. Total

599  RNA was extracted using a standard Trizol extraction protocol (Thermo Fisher Scientific,

600 Waltham, MA). The quality of the resultant extracted total RNA was characterized using the

601 Tapestation 2200 Instrument (Agilent, Santa Clara, CA), after which Illumina sequence libraries
602  were prepared using the TruSeq RNA Stranded LT Kit (Illumina). The Tapestation 2200

603 Instrument was, again, used to determine the quality and concentration of these libraries. Each
604  library was diluted to 2nM with sterile ddH,O, and pooled in a multiplexed library sample. The
605 multiplexed library sample was then sent to the New York Genome Center for 125 base pair
606  paired-end sequencing on a HiSeq 2500 platform.

607

608  Transcriptome assembly evaluation and improvement

609  The previously constructed Rock Dove transcriptome version 1.0.3 assembly [24] was evaluated
610  to ensure that transcripts expressed uniquely in the stress condition were included. To

611  accomplish this, reads from the pituitary, hypothalamus, and gonads from one male and one

612  female stressed individual were assembled following the Oyster River Protocol [96]. Unique
613  transcripts contained in this assembly relative to the previously described assembly were

614  identified via a BLAST procedure. Novel transcripts, presumably expressed uniquely in the

615  stress condition were added to the existing assembly, thereby creating the Rock Dove version
616  1.1.0 transcriptome. This new assembly was evaluated for genic content via comparison with the
617 BUSCO version 2.0 Aves database [97].

618

619  Mapping and Global Analysis of Differential Gene Expression

620  After quality and adapter trimming to a Phred score =2, reads were quasimapped to the Rock
621  Dove version 1.1.0 transcriptome after an index was prepared using Salmon 0.7.2 [98]. Rock
622  dove transcript IDs were mapped to genes from Gallus gallus genome version 5, using BLAST
623  [99]. All data were then imported into the R statistical package (version 3.3.0) [100] using

624  tximport [101] for gene level evaluation of gene expression, which was calculated using edgeR
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625  (version 3.1.4) [102] following TMM normalization and correction for multiple hypothesis tests
626 by setting the false discovery rate (FDR) to 1%. Gene ontology enrichment analysis was carried
627  out using the Kolmogorov-Smirnov test [103] for significance in the R package, topGO [104]. A
628  select set of genes found to be differentially expressed were plotted (e.g., Figures 5 and 6) using
629 the ‘beanplot’ package available at https://cran.r-project.org/package=beanplot.

630

631  Candidate Gene Expression Evaluation

632  To evaluate a set of candidate genes, we selected a priori genes of interest based on their known
633  involvement in stress and reproduction and associated behaviors (Table 1). Differences in gene
634  expression were evaluated between these genes in the hypothalamic, pituitary, and gonadal

635 tissues and between both sexes using a generalized linear model framework (expression ~ sex *
636 tissue * treatment) with significance for all pairwise combinations of factors tested using the

637  Bioconductor package Ismeans (https://cran.r-project.org/package=Ismeans) after correction

638  using a dunnettx adjustment.

639

640  Differential Response to Stress

641  In addition to understanding patterns of differential gene expression between stressed and control
642  birds, genes were identified whose response to stress varied by sex. A distribution was generated
643  corresponding to the absolute difference in median gene expression between treatment and sex.
644  Genes located in the upper and lower 1% of this distribution were retained as significantly

645  different in the response to stress.

646

647

648

649

650

651

652

653

654

655

25


https://doi.org/10.1101/152801
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/152801; this version posted June 20, 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 4.0 International license.

656 REFERENCES
657

658 1. Johnson EO, Kamilaris TC, Chrousos GP, Gold PW. 1992 Mechanisms of stress: a dynamic
659 overview of hormonal and behavioral homeostasis. Neurosci. Biobehav. Rev. 16, 115-130.

660 2. Toufexis D, Rivarola MA, Lara H, Viau V. 2014 Stress and the reproductive axis. J.

661 Neuroendocrinol. 26, 573-586. (doi:10.1111/jne.12179)

662 3. Geraghty AC, Kaufer D. 2015 Glucocorticoid Regulation of Reproduction. Adv. Exp. Med.
663 Biol. 872,253-278. (doi:10.1007/978-1-4939-2895-8 _11)

664 4. Sapolsky RM, Romero LM, Munck AU. 2000 How do glucocorticoids influence stress
665 responses? Integrating permissive, suppressive, stimulatory, and preparative actions.

666 Endocr. Rev. 21, 55-89. (d0i:10.1210/edrv.21.1.0389)

667 5. de Kloet ER, Karst H, Joéls M. 2008 Corticosteroid hormones in the central stress response:
668 quick-and-slow. Front. Neuroendocrinol. 29,268-272. (doi:10.1016/j.yfrne.2007.10.002)
669 6. Geraghty AC, Muroy SE, Zhao S, Bentley GE, Kriegsfeld LJ, Kaufer D. 2015 Knockdown
670 of hypothalamic RFRP3 prevents chronic stress-induced infertility and embryo resorption.
671 Elife 4. (doi:10.7554/eLife.04316)

672 7. Viau V.2002 Functional cross-talk between the hypothalamic-pituitary-gonadal and-adrenal
673 axes. J. Neuroendocrinol. 14, 506-513.

674 8. Rivier C, Rivest S. 1991 Effect of stress on the activity of the hypothalamic-pituitary-

675 gonadal axis: peripheral and central mechanisms. Biol. Reprod. 45, 523-532.

676 9. Retana-Marquez S, Bonilla-Jaime H, Vazquez-Palacios G, Martinez-Garcia R, Velazquez-
677 Moctezuma J. 2003 Changes in masculine sexual behavior, corticosterone and testosterone
678 in response to acute and chronic stress in male rats. Horm. Behav. 44,327-337.

679 (do0i:10.1016/j.yhbeh.2003.04.001)

680 10. Verma R, Balhara YPS, Gupta CS. 2011 Gender differences in stress response: Role of

681 developmental and biological determinants. Ind. Psychiatry J. 20,4-10. (doi:10.4103/0972-
682 6748.98407)

683 11. Patchev VK, Almeida OFX. 1998 Gender specificity in the neural regulation of the response
684 to stress. Mol. Neurobiol. 16, 63-77. (doi:10.1007/BF02740603)

685 12. Dickens MJ, Bentley GE. 2014 Stress, captivity, and reproduction in a wild bird species.
686 Horm. Behav. 66, 685-693. (d0i:10.1016/j.yhbeh.2014.09.011)

687  13. Schmidt KL, Macdougall-Shackleton EA, Soma KK, Macdougall-Shackleton SA. 2014
688 Developmental programming of the HPA and HPG axes by early-life stress in male and
689 female song sparrows. Gen. Comp. Endocrinol. 196, 72—80.

690 (doi:10.1016/j.ygcen.2013.11.014)

26


https://doi.org/10.1101/152801
http://creativecommons.org/licenses/by/4.0/

691
692

693
694

695
696

697
698

699
700

701
702

703
704

705
706

707
708

709
710

711
712
713

714
715
716

717
718
719
720

721
722
723

724
725

bioRxiv preprint doi: https://doi.org/10.1101/152801; this version posted June 20, 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

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

aCC-BY 4.0 International license.

Zucker I, Beery AK. 2010 Males still dominate animal studies. Nature 465, 690.
(doi:10.1038/465690a)

Beery AK, Zucker I. 2011 Sex bias in neuroscience and biomedical research. Neurosci.
Biobehav. Rev. 35, 565-572. (doi:10.1016/j.neubiorev.2010.07.002)

Ranganathan K, Kumar M. 2015 Subject selection bias in animal studies. Curr. Sci. 109,
678.

Clayton JA, Collins FS. 2014 Policy: NIH to balance sex in cell and animal studies. Nature
509, 282-283.

Lehrman DS. 1955 The Physiological Basis of Parental Feeding Behavior in the Ring Dove
(Streptopelia Risoria). Behaviour 7,241-285. (d0i:10.1163/156853955X00094)

Darwin C. 1968 On the origin of species by means of natural selection. 1859. London:
Murray Google Scholar

Ball GF, Silver R. 1983 Timing of incubation bouts by ring doves (Streptopelia risoria). J.
Comp. Psychol. 97,213-225.

Gillespie MJ et al. 2013 Transcriptome analysis of pigeon milk production - role of
cornification and triglyceride synthesis genes. BMC Genomics 14, 1-1.

Shapiro MD et al. 2013 Genomic Diversity and Evolution of the Head Crest in the Rock
Pigeon. Science 339, 1063-1067.

Domyan ET, Shapiro MD. 2016 Pigeonetics takes flight: Evolution, development, and
genetics of intraspecific variation. Dev. Biol. (doi:10.1016/j.ydbio.2016.11.008)

MacManes MD, Austin SH, Lang AS, Booth A, Farrar V, Calisi RM. 2017 Widespread
patterns of sexually dimorphic gene expression in an avian hypothalamic-pituitary-gonadal
(HPG) axis. Sci. Rep.7,45125. (doi:10.1038/srep45125)

McCarthy DJ, Chen Y, Smyth GK. 2012 Differential expression analysis of multifactor
RNA-Seq experiments with respect to biological variation. Nucleic Acids Res. 40, 4288—
4297. (doi:10.1093/nar/gks042)

Chadli A, Graham JD, Abel MG, Jackson TA, Gordon DF, Wood WM, Felts SJ, Horwitz
KB, Toft D. 2006 GCUNC-45 is a novel regulator for the progesterone receptor/hsp90
chaperoning pathway. Mol. Cell. Biol. 26, 1722—-1730. (doi:10.1128/MCB.26.5.1722-
1730.2006)

Smith SE, Gibson MS, Wash RS, Ferrara F, Wright E, Temperton N, Kellam P, Fife M.
2013 Chicken interferon-inducible transmembrane protein 3 restricts influenza viruses and
lyssaviruses in vitro. J. Virol. 87, 12957-12966. (doi:10.1128/JV1.01443-13)

Zhang Z,Li M, He J-W, Fu W-Z, Zhang C-Q, Zhang Z-L. 2013 Phenotype and genotype
analysis of Chinese patients with osteogenesis imperfecta type V. PLoS One 8, €72337.

27


https://doi.org/10.1101/152801
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/152801; this version posted June 20, 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 4.0 International license.

726 (do0i:10.1371/journal .pone.0072337)

727  29. Ostlund RE Jr, Leung JT, Kipnis DM. 1978 Myosins of secretory tissues. J. Cell Biol. 77,
728 827-836.

729  30. Rao K, Paik W-Y, Zheng L, Jobin RM, Tomié¢ M, Jiang H, Nakanishi S, Stojilkovic SS.

730 1997 Wortmannin-Sensitive and -Insensitive Steps in Calcium-Controlled Exocytosis in
731 Pituitary Gonadotrophs: Evidence That Myosin Light Chain Kinase Mediates Calcium-

732 Dependent and Wortmannin-Sensitive Gonadotropin Secretion. Endocrinology 138, 1440—
733 1449. (doi1:10.1210/endo.138.4.5078)

734  31. Tsolakidou A et al. 2010 Gene expression profiling in the stress control brain region

735 hypothalamic paraventricular nucleus reveals a novel gene network including Amyloid beta
736 Precursor Protein. BMC Genomics 11, 546. (doi:10.1186/1471-2164-11-546)

737  32. Malyala A, Kelly MJ, Rgnnekleiv OK. 2005 Estrogen modulation of hypothalamic neurons:
738 activation of multiple signaling pathways and gene expression changes. Steroids 70, 397—
739 406. (doi:10.1016/j.steroids.2005.03.004)

740  33. QuD etal. 1996 A role for melanin-concentrating hormone in the central regulation of

741 feeding behaviour. Nature 380, 243-247. (doi:10.1038/380243a0)

742 34. Hervieu G. 2003 Melanin-concentrating hormone functions in the nervous system: food
743 intake and stress. Expert Opin. Ther. Targets 7,495-511. (doi:10.1517/14728222.7.4.495)
744 35. Shi Y. 2004 Beyond skin color: emerging roles of melanin-concentrating hormone in energy
745 homeostasis and other physiological functions. Peptides 25, 1605-1611.

746 (doi:10.1016/j.peptides.2004.02.023)

747  36. Tachibana T, Sakamoto T. 2014 Functions of Two Distinct ‘Prolactin-Releasing Peptides’
748 Evolved from a Common Ancestral Gene. Front. Endocrinol. S.

749 (do0i:10.3389/fendo.2014.00170)

750  37. Saito TH, Nakane R, Akazome Y, Abe H, Oka Y. 2010 Electrophysiological analysis of the
751 inhibitory effects of FMRFamide-like peptides on the pacemaker activity of gonadotropin-
752 releasing hormone neurons. J. Neurophysiol. 104, 3518-3529. (doi:10.1152/jn.01027.2009)
753  38. Luo W, Fang M, Xu H, Xing H, Nie Q. 2015 Transcriptome comparison in the pituitary—
754 adrenal axis between Beagle and Chinese Field dogs after chronic stress exposure. Anim.
755 Genet. 46,522-534. (doi:10.1111/age.12325)

756  39. Lee W-Y, Chen H-Y, Chen K-C, Chen CY-C. 2014 Treatment of rheumatoid arthritis with
757 traditional chinese medicine. Biomed Res. Int. 2014, 528018. (doi:10.1155/2014/528018)

758  40. Yasukawa H, Sasaki A, Yoshimura A. 2000 Negative regulation of cytokine signaling
759 pathways. Annu. Rev. Immunol. 18, 143—-164. (doi:10.1146/annurev.immunol.18.1.143)

760 41. Egan MF et al. 2004 Variation in GRM3 affects cognition, prefrontal glutamate, and risk for
761 schizophrenia. Proc. Natl. Acad. Sci. U. S. A. 101, 12604—12609.

28


https://doi.org/10.1101/152801
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/152801; this version posted June 20, 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 4.0 International license.

762 (doi:10.1073/pnas.0405077101)

763  42. Kim S-G, Lee B, Kim D-H, Kim J, Lee S, Lee S-K, Lee JW. 2013 Control of energy

764 balance by hypothalamic gene circuitry involving two nuclear receptors, neuron-derived
765 orphan receptor 1 and glucocorticoid receptor. Mol. Cell. Biol. 33, 3826-3834.

766 (doi:10.1128/MCB.00385-13)

767  43. Nonogaki K, Kaji T, Ohba Y, Sumii M, Wakameda M, Tamari T. 2009 Serotonin 5-HT2C
768 receptor-independent expression of hypothalamic NORI1, a novel modulator of food intake
769 and energy balance, in mice. Biochem. Biophys. Res. Commun. 386, 311-315.

770 (do0i:10.1016/5.bbrc.2009.06.023)

771 44. Millan MJ. 2003 The neurobiology and control of anxious states. Prog. Neurobiol. 70, 83—
772 244.

773  45. Apter A, van Praag HM, Plutchik R, Sevy S, Korn M, Brown SL. 1990 Interrelationships

774 among anxiety, aggression, impulsivity, and mood: a serotonergically linked cluster?

775 Psychiatry Res. 32, 191-199.

776  46. Bagdy G. 1998 Serotonin, Anxiety, and Stress Hormones: Focus on 5-HT Receptor

777 Subtypes, Species and Gender Differencesa. Ann. N. Y. Acad. Sci. 851, 357-363.

778  47. Johnson PF. 2005 Molecular stop signs: regulation of cell-cycle arrest by C/EBP

779 transcription factors. J. Cell Sci. 118, 2545-2555. (doi:10.1242/jcs.02459)

780 48. ZhaoJ,Li X,Guo M, YuJ, Yan C. 2016 The common stress responsive transcription factor
781 ATF3 binds genomic sites enriched with p300 and H3K27ac for transcriptional regulation.
782 BMC Genomics 17,335. (d0i:10.1186/s12864-016-2664-8)

783  49. Hai T, Wolfgang CD, Marsee DK, Allen AE, Sivaprasad U. 1999 ATF3 and stress
784 responses. Gene Expr.7,321-335.

785  50. Wegner KM, Wegner KM, Reusch T, Reusch T, Kalbe M. 2003 Multiple parasites are

786 driving major histocompatibility complex polymorphism in the wild. J. Evol. Biol. 16, 224—
787 232.

788  51. Bernatchez L, Landry C. 2003 MHC studies in nonmodel vertebrates: what have we learned
789 about natural selection in 15 years? J. Evol. Biol. 16,363-377.

790  52. Ferguson GD, Herschman HR, Storm DR. 2004 Reduced anxiety and depression-like

791 behavior in synaptotagmin IV (-/-) mice. Neuropharmacology 47, 604-611.

792 (doi:10.1016/j.neuropharm.2004.05.008)

793  53. GeJ-F, Qi C-C, Zhou J-N. 2013 Imbalance of leptin pathway and hypothalamus synaptic
794 plasticity markers are associated with stress-induced depression in rats. Behav. Brain Res.
795 249,38-43. (d0i:10.1016/j.bbr.2013.04.020)

796  54. Daugaard M, Rohde M, Jéitteld M. 2007 The heat shock protein 70 family: Highly
797 homologous proteins with overlapping and distinct functions. FEBS Lett. 581, 3702-3710.

29


https://doi.org/10.1101/152801
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/152801; this version posted June 20, 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 4.0 International license.

798 (doi:10.1016/j.febslet.2007.05.039)

799  55. Zhu Q, Anderson GW, Mucha GT, Parks EJ, Metkowski JK, Mariash CN. 2005 The Spot 14
800 protein is required for de novo lipid synthesis in the lactating mammary gland.

801 Endocrinology 146, 3343-3350. (doi:10.1210/en.2005-0204)

802  56. Oster M et al. 2014 Transcriptional responses of PBMC in psychosocially stressed animals
803 indicate an alerting of the immune system in female but not in castrated male pigs. BMC
804 Genomics 15,967. (doi:10.1186/1471-2164-15-967)

805 57. Faris PL, Komisaruk BR, Watkins LR, Mayer DJ. 1983 Evidence for the neuropeptide
806 cholecystokinin as an antagonist of opiate analgesia. Science 219,310-312.

807  58. GibbsJ, Young RC, Smith GP. 1973 Cholecystokinin decreases food intake in rats. J.
808 Comp. Physiol. Psychol. 84,488-495.

809  59. Panksepp J et al. 2007 Brain regional neuropeptide changes resulting from social defeat.
810 Behav. Neurosci. 121, 1364-1371.

811 60. Siegel RA, Diiker EM, Pahnke U, Wuttke W. 1987 Stress-induced changes in

812 cholecystokinin and substance P concentrations in discrete regions of the rat hypothalamus.
813 Neuroendocrinology 46, 75-81.

814  61. Li XF, Bowe JE, Mitchell JC, Brain SD, Lightman SL, O’Byrne KT. 2004 Stress-induced
815 suppression of the gonadotropin-releasing hormone pulse generator in the female rat: a

816 novel neural action for calcitonin gene-related peptide. Endocrinology 145, 1556-1563.
817 (d0i:10.1210/en.2003-1609)

818  62. Mirshamsi S, Laidlaw HA, Ning K, Anderson E, Burgess LA, Gray A, Sutherland C,

819 Ashford MLJ. 2004 Leptin and insulin stimulation of signalling pathways in arcuate nucleus
820 neurones: PI3K dependent actin reorganization and K ATP channel activation. BMC

821 Neurosci. 5, 54.

822  63. Kanzok SM, Hoa NT, Bonizzoni M, Luna C, Huang Y, Malacrida AR, Zheng L. 2004

823 Origin of Toll-Like Receptor-Mediated Innate Immunity. J. Mol. Evol. 58, 442—-448.

824  64. Hughes AL, Yeager M. 1998 Natural selection and the evolutionary history of major

825 histocompatibility complex loci. Front. Biosci. 3, d509-16.

826  65. Tsigos C, Chrousos GP. 2002 Hypothalamic—pituitary—adrenal axis, neuroendocrine factors
827 and stress. J. Psychosom. Res. 53, 865-871. (d0i:10.1016/S0022-3999(02)00429-4)

828  66. Kyriakis JM, Avruch J. 2012 Mammalian MAPK signal transduction pathways activated by
829 stress and inflammation: a 10-year update. Physiol. Rev. 92, 689-737.

830 (doi:10.1152/physrev.00028.2011)

831  67. Luthin DR. 2007 Anti-obesity effects of small molecule melanin-concentrating hormone
832 receptor] (MCHR1) antagonists. Life Sci. 81, 423-440. (doi:10.1016/].1fs.2007.05.029)

30


https://doi.org/10.1101/152801
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/152801; this version posted June 20, 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 4.0 International license.

833 68. Roy M, David NK, Danao JV, Baribault H, Tian H, Giorgetti M. 2006 Genetic inactivation

834 of melanin-concentrating hormone receptor subtype 1 (MCHRI1) in mice exerts anxiolytic-
835 like behavioral effects. Neuropsychopharmacology 31, 112—-120.

836 (doi:10.1038/sj.npp.1300805)

837  69. Smith DG, Hegde LG, Wolinsky TD, Miller S, Papp M, Ping X, Edwards T, Gerald CP,
838 Craig DA. 2009 The effects of stressful stimuli and hypothalamic—pituitary—adrenal axis
839 activation are reversed by the melanin-concentrating hormone 1 receptor antagonist SNAP
840 94847 in rodents. Behav. Brain Res. 197,284-291. (doi:10.1016/j.bbr.2008.08.026)

841  70. Murakami K, Akana SF, Dallman MF. 1997 Dopamine-beta-hydroxylase activity is

842 necessary for hypothalamo-pituitary-adrenal (HPA) responses to ether, and stress-induced
843 facilitation of subsequent HPA responses to acute ether emerges as HPA responses are
844 inhibited by increasing corticosterone (B). J. Neuroendocrinol. 9, 601-608.

845 71. Ghosh P, Saha SK, Bhattacharya S, Bhattacharya S, Mukherjee S, Roy SS. 2007 Tachykinin
846 family genes and their receptors are differentially expressed in the hypothyroid ovary and
847 pituitary. Cell. Physiol. Biochem. 20, 357-368. (doi:10.1159/000107521)

848  72. Navarro VM et al. 2015 The integrated hypothalamic tachykinin-kisspeptin system as a
849 central coordinator for reproduction. Endocrinology 156, 627-637. (doi:10.1210/en.2014-
850 1651)

851  73. Pasquin S, Sharma M, Gauchat J-F. 2016 Cytokines of the LIF/CNTF family and

852 metabolism. Cytokine 82, 122-124. (doi:10.1016/j.cyt0.2015.12.019)

853  74. Savin VJ et al. 2015 Renal and hematological effects of CLCF-1, a B-cell-stimulating

854 cytokine of the IL-6 family. Journal of immunology research 2015.

855  75. Niickel H, Frey UH, Sellmann L, Collins CH, Diihrsen U, Siffert W. 2009 The IKZF3

856 (Aiolos) transcription factor is highly upregulated and inversely correlated with clinical
857 progression in chronic lymphocytic leukaemia. Br. J. Haematol. 144,268-270.

858 (doi:10.1111/5.1365-2141.2008.07442 x)

859  76. Lessard CJ et al. 2012 Identification of IRF8, TMEM39A, and IKZF3-ZPBP2 as

860 susceptibility loci for systemic lupus erythematosus in a large-scale multiracial replication
861 study. Am. J. Hum. Genet. 90, 648—-660. (doi:10.1016/j.ajhg.2012.02.023)

862  77. Schurch NJ et al. 2015 Evaluation of tools for differential gene expression analysis by
863 RNA-seq on a 48 biological replicate experiment. arXiv.org q-bio.GN.

864  78. Soneson C, Love MI, Robinson MD. 2015 Differential analyses for RNA-seq: transcript-
865 level estimates improve gene-level inferences [version 1; referees: 2 approved].

866 79. Wingfield JC, O’Reilly KM, Astheimer LB. 1995 Modulation of the Adrenocortical
867 Responses to Acute Stress in Arctic Birds: A Possible Ecological Basis. Am. Zool. 35, 285-
868 294.

869  80. O’Reilly KM, Wingfield JC. 2001 Ecological factors underlying the adrenocortical response

31


https://doi.org/10.1101/152801
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/152801; this version posted June 20, 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 4.0 International license.

870 to capture stress in arctic-breeding shorebirds. Gen. Comp. Endocrinol. 124, 1-11.
871 (doi:10.1006/gcen.2001.7676)

872  81. Angelier F, Moe B, Weimerskirch H, Chastel O. 2007 Age-specific reproductive success in
873 a long-lived bird: do older parents resist stress better? J. Anim. Ecol. 76, 1181-1191.

874  82. Johnston RF. 1992 Rock Pigeon (Columba livia). Birds North America (doi:10.2173/bna.13)

875  83. McCarthy MM, Arnold AP, Ball GF, Blaustein JD, De Vries GJ. 2012 Sex differences in the

876 brain: the not so inconvenient truth. J. Neurosci. 32,2241-2247.

877 (doi:10.1523/JINEUROSCI1.5372-11.2012)

878  84. Kajantie E, Phillips DIW. 2006 The effects of sex and hormonal status on the physiological
879 response to acute psychosocial stress. Psychoneuroendocrinology 31, 151-178.

880 (do0i:10.1016/j.psyneuen.2005.07.002)

881 85. Bateman AJ. 1948 Intra-Sexual Selection in Drosophila. Heredity 2,349-368.

882  86. Robert T. 1972 Parental investment and sexual selection. Sexual Selection & the Descent of
883 Man, Aldine de Gruyter, New York , 136—179.

884  87. Wasser SK, Barash DP. 1983 Reproductive suppression among female mammals:
885 implications for biomedicine and sexual selection theory. Q. Rev. Biol. 58, 513-538.

886  88. Horseman ND, Buntin JD. 1995 Regulation of pigeon cropmilk secretion and parental

887 behaviors by prolactin. Annu. Rev. Nutr. 15,213-238.

888 (doi:10.1146/annurev.nu.15.070195.001241)

889  89. Buntin JD, Strader AD, Ramakrishnan S. 2008 Chapter 17 - The Energetics of Parenting in
890 an Avian Model: Hormonal and Neurochemical Regulation of Parental Provisioning in

891 Doves. In Neurobiology of the Parental Brain (ed RS Bridges), pp. 269-291. San Diego:
892 Academic Press.

893  90. Buntin JD, Forsyth IA. 1979 Measurements of pituitary prolactin levels in breeding pigeons
894 by crop sac radioreceptor assay. Gen. Comp. Endocrinol. 37, 57-63.

895 91. Mariette MM, Buchanan KL. 2016 Prenatal acoustic communication programs offspring for
896 high posthatching temperatures in a songbird. Science 353, 812-814.

897 (doi:10.1126/science.aaf7049)

898  92. Whirledge S, Cidlowski JA. 2010 Glucocorticoids, stress, and fertility. Minerva Endocrinol.
899 35, 109-125.

900 93. Liu D et al. 1997 Maternal care, hippocampal glucocorticoid receptors, and hypothalamic-

901 pituitary-adrenal responses to stress. Science 277, 1659-1662.

902 94. Weaver ICG, Cervoni N, Champagne FA, D’ Alessio AC, Sharma S, Seckl JR, Dymov S,
903 Szyf M, Meaney MJ. 2004 Epigenetic programming by maternal behavior. Nat. Neurosci. 7,
904 847-854. (doi:10.1038/nn1276)

32


https://doi.org/10.1101/152801
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/152801; this version posted June 20, 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 4.0 International license.

905 95. Karten HJ, Hodos W. 1967 A stereotaxic atlas of the brain of the pigeon: Columba livia.
906 Johns Hopkins Press.

907 96. MacManes MD. 2015 Establishing evidenced-based best practice for the de novo assembly
908 and evaluation of transcriptomes from non-model organisms. biorxiv.org , 1-23.

909 97. Simao FA, Waterhouse RM, Ioannidis P, Kriventseva EV, Zdobnov EM. 2015 BUSCO:
910 assessing genome assembly and annotation completeness with single-copy orthologs.
911 Bioinformatics 31, 3210-3212.

912  98. Patro R, Duggal G, Kingsford C. 2015 Accurate, fast, and model-aware transcript
913 expression quantification with Salmon. biorxiv.org , 1-35.

914  99. Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, Madden TL. 2009
915 BLAST+: architecture and applications. BMC Bioinformatics 10,421.

916  100.RStudio Team. 2015 RStudio: Integrated Development for R. See http://www rstudio.com/
917 (accessed on 1 September 2016).

918 101.Soneson C, Love MI, Robinson MD. 2015 Differential analyses for RNA-seq: transcript-
919 level estimates improve gene-level inferences. FF/000Res. 4,1521-1519.

920 102.Robinson MD, McCarthy DJ, Smyth GK. 2010 edgeR: a Bioconductor package for
921 differential expression analysis of digital gene expression data. Bioinformatics 26, 139-140.

922  103.Young IT. 1977 Proof without prejudice: use of the Kolmogorov-Smirnov test for the
923 analysis of histograms from flow systems and other sources. J. Histochem. Cytochem. 25,
924 935-941.

925  104.Alexa A, Rahnenfuhrer J. 2010 topGO: enrichment analysis for gene ontology. R package
926 version 2.

927
928
929

930

33


https://doi.org/10.1101/152801
http://creativecommons.org/licenses/by/4.0/

