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Abstract

Background: The seminal vesicles synthesise bioactive factors that support gamete function, modulate the female
reproductive tract to promote implantation, and influence developmental programming of offspring phenotype.
Despite the significance of the seminal vesicles in reproduction, their biology remains poorly defined. Here, to
advance understanding of seminal vesicle biology, we analyse the mouse seminal vesicle transcriptome under
normal physiological conditions and in response to acute exposure to the reproductive toxicant acrylamide. Mice
were administered acrylamide (25 mg/kg bw/day) or vehicle control daily for five consecutive days prior to
collecting seminal vesicle tissue 72 h following the final injection.

Results: A total of 15,304 genes were identified in the seminal vesicles with those encoding secreted proteins
amongst the most abundant. In addition to reproductive hormone pathways, functional annotation of the seminal
vesicle transcriptome identified cell proliferation, protein synthesis, and cellular death and survival pathways as
prominent biological processes. Administration of acrylamide elicited 70 differentially regulated (fold-change ≥1.5
or ≤ 0.67) genes, several of which were orthogonally validated using quantitative PCR. Pathways that initiate gene
and protein synthesis to promote cellular survival were prominent amongst the dysregulated pathways.
Inflammation was also a key transcriptomic response to acrylamide, with the cytokine, Colony stimulating factor 2
(Csf2) identified as a top-ranked upstream driver and inflammatory mediator associated with recovery of
homeostasis. Early growth response (Egr1), C-C motif chemokine ligand 8 (Ccl8), and Collagen, type V, alpha 1 (Col5a1)
were also identified amongst the dysregulated genes. Additionally, acrylamide treatment led to subtle changes in
the expression of genes that encode proteins secreted by the seminal vesicle, including the complement regulator,
Complement factor b (Cfb).
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Conclusions: These data add to emerging evidence demonstrating that the seminal vesicles, like other male
reproductive tract tissues, are sensitive to environmental insults, and respond in a manner with potential to exert
impact on fetal development and later offspring health.
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Background
Paternal events and exposures prior to conception have
biological effects extending beyond fertility to impact the
development and health of subsequent generations [1–
3]. While genetic and epigenetic modifications to sperm
partly explain paternal programming effects, emerging
evidence demonstrates that information is also transmit-
ted to offspring via alterations in seminal plasma com-
position that affect sperm and interact with the female
reproductive tract after mating [4–7].
Chief among the male accessory sex glands, secretions

of the seminal vesicle are a major contributor to seminal
plasma in most mammalian species [8, 9]. The primary
function of the seminal vesicles is to synthesise and se-
crete a diverse array of bioactive factors, with functional
roles in semen coagulation, regulation of sperm function,
and modulation of the female reproductive tract im-
mune response [5, 6, 9, 10]. Broadly speaking, these
functions promote the likelihood of male reproductive
success and are conserved across mammalian species,
despite species differences in reproductive strategy and
tissue anatomy [8–10].
Notably, seminal vesicle secretions exhibit high levels

of plasticity in response to changing paternal environ-
ments [11–13]. Several studies report seminal vesicle re-
sponsiveness to paternal physiological disturbances and
environmental insults such as metabolic disorder [14],
nutritional deficiency [15], endocrine disrupting com-
pound exposure [16], and heat or psychosocial stress
[13, 17]. While seminal vesicle secretions are influenced
by circulating androgens and estrogens, hormonal con-
trol appears to primarily regulate the secretory capacity
of the seminal vesicles, as opposed to the composition of
their secretions [18–21]. For example, male mice admin-
istered testosterone have increased seminal vesicle
secretory activity, but their immune-stimulating activity
in the female reproductive tract after mating remains
unchanged [22], while social status in mice alters sem-
inal vesicle secretory capacity and composition in a man-
ner thought to be independent of androgens [23]. These
data imply that other as yet uncharacterised factors exert
influence on the composition of seminal vesicle secre-
tions [6, 24] and thus highlight a pressing need for add-
itional research to characterise seminal vesicle
physiology.
We have recently begun to address this knowledge gap

by applying advanced proteomic and bioinformatics

platforms to provide greater insight into the complexity
of mouse seminal vesicle function [2]. In these studies,
we utilised a well-established acute acrylamide exposure
model [25–29] to demonstrate that the seminal vesicles
rapidly respond to this model reproductive toxicant in a
manner consistent with imparting consequences for fetal
development and later offspring health. The exposure
regimen, which featured administration of supra-
physiological concentrations of acrylamide, elicited sub-
stantially increased rates of fetal loss without an attend-
ant reduction in sperm fertilising ability [25]. Our
findings also provide evidence that the male transfers
the burden of acrylamide stress to the female reproduct-
ive tract, through mechanisms that are independent of
sperm DNA damage [25]. Since the nature of these pa-
ternal stress signals and the timing of their transfer to
spermatozoa remain unresolved, here we performed
RNA-seq analysis to assess the seminal vesicle tissue
transcriptome under normal physiological conditions,
and to determine the extent of dysregulation resulting
from acute acrylamide exposure. This strategy offers the
promise of enhancing understanding of mouse seminal
vesicle tissue physiology and identifying key molecular
pathways that regulate its response to paternal stressors
[30].

Results
Global transcriptomic analysis of mouse seminal vesicles
Initially, we undertook a transcriptomic characterisation
of mouse seminal vesicles using the DNBSeq platform.
Transcriptomic analysis of control seminal vesicle tissue
returned a complex core transcriptome of 17,258 genes
(Additional file 1, Table A1). Filtering to remove lowly
abundant genes (< 1 average normalised expression
across sample replicates (DESeq2)) resulted in a final set
of 15,304 genes for downstream analyses. Each replicate
had high correlation coefficients (0.976 average, Add-
itional file 2, Fig. A1). The majority of the transcriptome
consisted of known genes (14,774, 97%), but additionally
uncovered 530 (3%) previously unidentified, predicted
novel genes outside the regular mouse gene annotation
using Cufflinks and Coding Potential Calculator (CPC)
(Fig. 1A; Additional file 1, Table A1). Additionally,
13,008 of the 15,304 identified genes mapped to
reviewed proteins from UniProt, and of these, 4651 were
detected in our recent mouse seminal vesicle proteomic
analysis (93% coverage of proteomic data) (Fig. 1B).
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Fig. 1 (See legend on next page.)
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Notably, using data from the Mouse Genome Informat-
ics Phenotypes/Alleles project and the International
Mouse Phenotyping Consortium, 431 of the genes de-
tected in our seminal vesicle transcriptomic analysis
have previously been associated with either male fertility,
or seminal vesicle phenotypes (Additional file 1, Table
A1).
To gain an overview of the cellular localisation and po-

tential functions of the genes expressed in mouse sem-
inal vesicles, we utilised Ingenuity Pathway Analysis
(IPA) [15], which successfully annotated 14,773 of the
15,304 (97%) genes identified in control seminal vesicle
tissue. The dominant cellular localisation assigned to the
encoded gene products was cytoplasm (5734 genes,
39%), followed by nucleus (3664 genes, 25%), plasma
membrane (2311 genes, 16%) and extracellular space
(1119 genes, 8%) (Fig. 1C), with 1945 genes (12%) not
assigned a specific category (data not shown). Classifica-
tion of the functional category to which each gene prod-
uct was assigned revealed that the most common
categories were enzymes (4203, 28%), followed by tran-
scription regulators (1488 genes, 10%), transporters (839
genes, 6%), receptors (577 genes, 4%) and ion channels
(225 genes, 2%) (Fig. 1D). Genes classified as cytokines,
translation regulators, and growth factors constituted
less than 1% of the transcriptome, while 7153 (48%)
were not assigned a functional category and are not pre-
sented in this analysis.

Genes that encode secreted proteins are amongst the
most abundant genes in the seminal vesicle
Taking into account that the primary function of sem-
inal vesicle tissue is to produce and secrete bioactive fac-
tors that influence both male gametes and female
reproductive tract function [6, 9], we next compared the
genes identified in seminal vesicle tissue with that of
proteins detected in seminal vesicle fluid. To achieve
this, we initially curated the seminal vesicle transcrip-
tome based upon the average gene expression (tran-
scripts per million, TPM) and collated proteomic data of
seminal vesicle fluid from three published proteomic
datasets [23, 31, 32]. Seminal vesicle fluid proteins were
mapped to their corresponding mouse annotation result-
ing in a final list of 81 genes. Of these, 70/81 (86%) were
detected in the seminal vesicle transcriptome (Additional

file, Table A2). Amongst the top 20 most abundant
genes, 15 (75%, Fig. 2A; Additional file, Table A2), en-
code proteins secreted by the seminal vesicles with seven
identified as members of the seminal vesicle secretory pro-
tein (Svs) family, which play a crucial role in copulatory
plug formation [24]. Additionally, 23/81 (28%) ranked in
the top 50 of the most abundant seminal vesicle as mea-
sured based upon average TPM genes (Fig. 2B).
To compare the specificity of the seminal vesicle

transcriptome with that of other mouse tissues, we
interrogated data from a recent large scale discovery
study of male reproductive tract specific genes [33]
(Fig. 2B). Using this approach in combination with
hierarchical clustering, highly abundant gene products
secreted from the seminal vesicles formed a distinct
cluster with uniquely high expression of Svs2, Svs5,
Svs4, Svs1, Svs6, Svs3a, Svs3b, Seminal vesicle antigen
(Sva), RIKEN cDNA 9530003J23 gene (9530003J23Rik),
Serine peptidase inhibitor, Kazal type 1 (Spink1),
Deoxyribonuclease II beta (Dnase2b) and Transgluta-
minase 4 (Tgm4). Notably, while the seminal vesicles
exhibited the highest expression of Carcinoembryonic
antigen-related cell adhesion molecule 10 (Ceacam10),
Prostate and testis expressed 4 (Pate4), and Serine
protease inhibitor, Kazal type-like (Spinkl), high
expression was also observed in other reproductive
tract tissues including the epididymis (Ceacam10,
Pate4, Spinkl). By contrast, genes such as Beta 2
microglobulin (B2m), Eukaryotic translation elongation
factor 1 alpha 1 (Eef1a1), Nucleobindin 2 (Nucb2),
Serine (or cysteine) peptidase inhibitor, clade E,
member 2 (Serpine2), Quiescin Q6 sulfhydryl oxidase
1 (Qsox1), Prolyl 4-hydroxylase, beta polypeptide
(P4hb), Calreticulin (Calr), and Heat shock protein 5
(Hspa5) showed broad expression across tissue types
(Fig. 2B).

Functional characterisation of mouse seminal vesicle
genes using ingenuity pathway analysis
IPA was next used to predict canonical pathways, up-
stream regulators and downstream molecular and cellu-
lar, and physiological system functions associated with
genes expressed in the mouse seminal vesicle (Fig. 3A-C;
Additional file 1, Table A3–5). As IPA is limited to the
curation of a maximum of 8000 molecules in any one

(See figure on previous page.)
Fig. 1 Characterisation and functional annotation of the mouse seminal vesicle transcriptome. A Genes detected in the seminal vesicle were
determined using the average normalised expression values calculated using DeSeq2. Expression levels were filtered to remove lowly abundant
genes with an average expression ≤1. Detected genes were further separated into novel (yellow) or known (blue). Numbers presented within the
column represent the number of genes within each category. B Genes detected in the mouse seminal vesicle were further compared to seminal
vesicle proteomic data using a Venn diagram. Functional annotation of the seminal vesicle transcriptome using Ingenuity Pathway Analysis
revealed the predicted C cellular localisation and D biological function of the detected genes. All graphical components were generated using
Prism (version 9.0.0)
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analysis, we restricted our assessment to those core
genes with a normalised expression across sample repli-
cates (DESeq2) > 150 (comprising 7554 analysis ready
genes). Given that reproductive hormones are pivotal in
all aspects of seminal vesicle development and function
[10, 18, 19], we initially performed a targeted analysis
and explored the association of seminal vesicle genes

with endocrine function. Indeed, within the seminal
vesicle transcriptome, evidence of the hormonal respon-
siveness of this tissue was observed with estrogen recep-
tor signalling (189 genes, 58.9% coverage), and androgen
signalling (71 genes, 53.8% coverage) pathways identified
(Fig. 3A; Additional file 1, Table A3). Further, genes as-
sociated with endocrine system disorders (91 genes) and

Fig. 2 Genes that encode secreted proteins are amongst the most abundant genes in the seminal vesicle A Seminal vesicle genes were filtered
based on their transcript per million (TPM) expression level and the 20 most abundant seminal vesicle genes are ranked and presented as a
column graph. B Highly abundant seminal vesicle secreted proteins were then compared to existing transcriptomics datasets to determine
expression levels across a variety of tissue types. Data are presented as a heat map using log2 calculated TPM expression levels and show
expression of: Seminal vesicle, Epididymis (caput, corpus, cauda), Liver, Colon, Kidney, Adrenal gland, Heart, Duodenum, Stomach, Adipose tissue,
Lung, Pancreas, Small intestine, Skeletal muscle, Bone marrow, Cerebral cortex, high ID4 Spermatogonia, low ID4 Spermatogonia, Testis, and
Sertoli cells
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other reproductive functions, including embryonic develop-
ment (1174 genes), reproductive system development and
function (124 genes), and reproductive system disease (293
genes) (Fig. 3B; Additional file 1, Table A4) were among the

functions prominently associated with the mouse seminal
vesicle transcriptome.
To explore alternative seminal vesicle gene functions,

we next conducted an unbiased analysis of the seminal

Fig. 3 Functions of genes expressed in the mouse seminal vesicle. A-C Ingenuity Pathway Analysis was used to annotate the core seminal vesicle
transcriptome based on canonical signalling pathways, biological and disease functions, and upstream regulators of the expressed genes that
were highly (p≤ 0.05) predicted to be involved in mouse seminal vesicle function. Heat maps depict the top A 20 canonical signalling pathways
based on –log10 p values, B 10 biological and disease functions based on number of target molecules in dataset, and C 20 upstream regulators
based on –log10 p values. D A subset of ten genes from the mouse seminal vesicle transcriptome were selected for conventional PCR
confirmation (n = 4). Representative agarose gel electrophoresis images of Thymoma viral proto-oncogene 1 (Akt), Caveolin 1 (Cav1), Cluster of
differentiation (Cd)9 antigen (Cd9), CD47 antigen (Cd47), CD81 antigen (Cd81), Heat shock protein 90, alpha (cytosolic), class A member 1 (Hsp90aa1),
Nectin cell adhesion molecule 2 (Nectin2), Milk fat globule-EGF factor 8 protein (Mfge8), Macrophage migration inhibitory factor (Mif) and Rapamycin-
insensitive companion of mTOR (Rictor) detection with equivalent reverse transcription negative controls. Gel images are presented as cropped
images for clarity and conciseness with corresponding full length gel images provided in Additional file 2, Figure A2
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vesicle transcriptome. This strategy identified canonical
pathways associated with cellular proliferation, protein
synthesis and cellular stress (Fig. 3A; Additional file 1,
Table A3) as being prominently represented. Specific ex-
amples of these pathways included eukaryotic initiation
factor (EIF)2 (167 genes, 81.5% coverage), protein ubi-
quitination (196 genes, 74.8% coverage), mitochondrial
dysfunction (118 genes, 73.8% coverage), mammalian
target of rapamycin (mTOR) (137 genes, 69.2% cover-
age), and nuclear factor erythroid 2-related factor-2
(NRF2)-mediated oxidative stress response (125 genes,
69.8% coverage). Other highly predicted functions asso-
ciated with seminal vesicle genes were cell proliferation/
protein production (gene expression: 909 genes; cellular
growth and proliferation: 666 genes; and protein synthe-
sis: 355 genes), and cellular stress (organismal survival:
1661 genes; cell death and survival: 1459 genes; im-
munological disease; 299 genes, cellular compromise;
174 genes; free radical scavenging; 89 genes inflamma-
tory response; 40 genes, infectious disease; 36 genes)
(Fig. 3B; Additional file 1, Table A4).
To predict canonical regulators that may dictate nor-

mal seminal vesicle function, we also used the upstream
regulator function of IPA. Consistent with our earlier
data (Fig. 3A-B) prominent upstream regulators were as-
sociated with cell proliferation and protein synthesis.
These included, Rapamycin-insensitive companion of
mTOR (Rictor, p = 1.96E-34, 201 targets), Transcrip-
tional regulator tumor protein p53 (Tp53, p = 1.68E-27,
601 targets), Myc proto-oncogene (Myc, p = 1.54E-17, 164
targets) and Mlx interacting protein like (Mlxipl, p =
4.65E-17, 103 targets) (Fig. 3C; Additional file 1, Table
A5). When significant upstream regulators were ranked
by the number of associated seminal vesicle genes, regu-
lators with immune function were highly predicted, with
Interleukin (Il)4 (p = 1.39E-05, 197 targets), Adp-ribosyl
cyclase/cyclic adp-ribose hydrolase 1 (Cd38, p = 2.87E-05,
83 targets), and Il5 (p = 1.80E-05, 77 targets) all identi-
fied (Additional file 1, Table A5).
Based on these analyses, a subset of ten genes with

IPA mapped functions relating to protein synthesis,
cellular stress, reproduction, and immune function
(Additional file 1, Table A3–5) were selected for con-
firmation of transcriptomic data (Fig. 3D; Additional
file 2, Fig. A2). Each of these ten targets (Thymoma
viral proto-oncogene 1 (Akt), Caveolin 1 (Cav1), Clus-
ter of differentiation (Cd)9 antigen (Cd9), CD47 anti-
gen (Cd47), CD81 antigen (Cd81), Heat shock protein
90, alpha (cytosolic), class A member 1 (Hsp90aa1),
Milk fat globule-EGF factor 8 protein (Mfge8), Macro-
phage migration inhibitory factor (Mif), Nectin cell
adhesion molecule 2 (Nectin2), and Rictor), were con-
firmed by conventional PCR to be expressed in mouse
seminal vesicle tissue.

Acute acrylamide exposure alters the seminal vesicle
transcriptome
To assess the impact of acrylamide exposure on the
seminal vesicle transcriptome, male mice were adminis-
tered daily injections of acrylamide (25 mg/kg bw/day)
for five consecutive days using an established acute ex-
posure model [25–27]. Global analysis of the mouse
seminal vesicle transcriptome from acrylamide treated
males revealed strong correlation coefficients (average of
0.973), indicative of a consistent response to this insult
across all biological replicates (Additional file 2, Figure
A1).
Initially, unsupervised clustering of gene expression

profiles using Principal Component Analysis (PCA)
demonstrated groupings in the global gene expres-
sion profile consistent with treatment group, separat-
ing on the first PC that contains the larger
proportion of variability (36.65%) (Fig. 4A). Com-
bined analysis of control and acrylamide transcrip-
tomes using DESeq2 to identify differentially
regulated genes, demonstrated that a subset of genes
was altered in response to acrylamide exposure, with
55 up-regulated and 15 down-regulated (fold-change
≥1.5 or ≤ 0.67 and a false discovery rate adjusted p
value (p.adj) ≤ 0.1) (Fig. 4B; Additional file 1, Table
A1). These differentially regulated genes varied in
abundance, although none ranked among the most
highly expressed seminal vesicle genes (Fig. 4C;
Additional file 1, Table A1).
Among the ten most differentially up- and down-

regulated genes (Table 1), common functions ascribed
were: immune response [C-C motif chemokine (Ccl)21a,
Indoleamine 2,3-dioxygenase 1 (Ido1), Cathepsin E
(Ctse), Early growth response (Egr)1, Egr2, Deleted in ma-
lignant brain tumors 1 (Dmbt1), Defensin alpha 24
(Defa24), Intelectin 1 (Itln1), and PILR alpha associated
neural protein (Pianp)] [34–41], cell proliferation and
transcription/protein synthesis [Rpl29, Egr1, Egr2, Sterile
alpha motif domain containing 11 (Samd11), D-2-
Hydroxyglutarate dehydrogenase (D2hgdh), and Riboso-
mal protein SA (Rpsa)] [41–44], cellular stress and sur-
vival [Egr1, and Poly (ADP-Ribose) Polymerase 1 binding
protein (Parpbp)] [45, 46], and sperm function [Dynein
axonemal heavy chain 1 (Dnah1)] [47]. In addition,
five of the top up and down differentially regulated
genes were novel or Riken genes with yet to be char-
acterised functions (Table 1). Notably, 6/70 (9%) of
the differentially regulated genes were associated with
reproductive phenotypes identified from the Mouse
Genome Informatics Phenotypes/Alleles project and
the International Mouse Phenotyping Consortium
projects (Additional file 1, Table A1). These genes in-
cluded Egr1 (9.84-fold increase, p.adj = 3.23E-02), and
B cell leukemia/lymphoma 6 (Bcl6, 0.58-fold decrease,
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Fig. 4 (See legend on next page.)
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p.adj = 6.52E-06) and were associated with mouse fer-
tility phenotypes.
Immune response signalling pathways were prominent

among the differentially expressed genes assessed by
IPA. Notably, 5/11 of the predicted canonical pathways
were associated with regulation of the immune response,
although due to the small number of genes that were al-
tered, Z-score predictions could not be calculated
(Fig. 5A; Additional file 1, Table A6). Consistent with in-
flammation being a major function of the transcriptional
response to acrylamide, molecular, cellular, and physio-
logical system development functions, including immune
cell trafficking (14 genes), cell-mediated immune

response (7 genes) and humoral immune response (7
genes), were among the top molecular and physiological
functions associated with the subset of differentially reg-
ulated genes (Fig. 5B; Additional file 1, Table A7). Simi-
larly, pathways associated with inflammatory response
(22 genes), inflammatory disease (17 genes), immuno-
logical disease (16 genes), and infectious disease (4 genes),
were all altered in seminal vesicles following acrylamide
treatment (Fig. 5B; Additional file 1, Table A7).
As observed in our global bioinformatic analysis of the

mouse seminal vesicle transcriptome, acrylamide treat-
ment also caused gene expression changes consistent
with altered synthesis and production of proteins follow-
ing cellular damage, including cell death and survival (20
genes), cellular growth and proliferation (16 genes), pro-
tein synthesis (4 genes), and gene expression (4 genes)
(Fig. 5B; Additional file 1, Table A7). Additional relevant
biological functions associated with the differentially reg-
ulated genes included embryonic development (25
genes), reproductive system development and function
(4 genes), and reproductive system disease (4 genes)
(Fig. 5B; Additional file 1, Table A7).
Application of the IPA upstream regulator prediction

tool identified 218 molecules putatively involved in regu-
lating the response of the seminal vesicles to acute acryl-
amide exposure (Fig. 5C; Additional file 1, Table A8),
with one of these regulators, Colony stimulating factor-2
(Csf2, Z-score = 2.22, p = 2.9E-04), reaching the Z-score
threshold associated with activation. An additional two
regulators were observed to be trending towards the Z-
score threshold, Interferon gamma (Ifng, Z-score = 1.93,
p = 2.88E-02) and conversely Fas cell surface death re-
ceptor (Fas, Z-score = − 1.98, p = 7.45E-05), suggestive of
activation and inhibition respectively. However, in both
cases, the Z-scores were marginally below the required
threshold of ±2 to be considered robust candidates for
regulating acrylamide responsive pathways in the sem-
inal vesicles (Fig. 5C-E; Additional file 1, Table A8).
Additional causal network analysis of the differentially

regulated genes highlighted a number of gene networks
in the seminal vesicles that were influenced by acryl-
amide exposure (Fig. 6). These networks were associated
with two primary functions, namely: haematological sys-
tem development and function (Fig. 6A, 16 focus

(See figure on previous page.)
Fig. 4 Acrylamide exposure alters the mouse seminal vesicle transcriptome. A Differentially regulated genes in the mouse seminal vesicles were
identified following acrylamide treatment using DEseq2 and were filtered based on those genes with a fold-change ≥1.5 or ≤ 0.67 and an
adjusted p (p.adj) value ≤0.1. These data are represented using A Principal Component Analysis plot of transcriptomic data from acrylamide (red)
and control (blue) samples to identify transcriptome wide changes across biological replicates, and B-C plots to identify specific genes that meet
the fold-change and p.adj threshold criteria. B Volcano plot comparing fold-change and –Log10 p.adj, and C MA plot comparing Log2 average
abundance to Log2 fold-change. Red data points indicate genes that are higher in acrylamide treated samples, blue data points indicates genes
higher in control samples, grey data points indicate genes that do not meet the fold-change and p.adj criteria. All graphical components were
generated using Prism (version 9.0.0)

Table 1 List of the top 10 up- and down-regulated seminal
vesicle genes following acute acrylamide exposure

Up regulated

Symbol Fold-change (Acrylamide/Control) p.adj

Ccl21a 2,095,824.43 1.92E-06

BGI_novel_G000684 1660.02 1.73E-04

Rpl29 60.61 2.92E-03

Ido1 35.15 5.43E-02

Dnah1 22.91 8.30E-02

Parpbp 19.22 8.66E-02

Ctse 10.93 1.88E-03

Egr1 9.84 3.23E-02

Egr2 8.87 7.61E-02

Samd11 7.30 8.31E-02

Downregulated

Symbol Fold-change (Acrylamide/Control) p.adj

BGI_novel_G000643 0.04 4.05E-02

Dmbt1 0.04 8.14E-02

Defa24 0.04 6.68E-02

Itln1 0.05 2.92E-03

BGI_novel_G000675 0.05 2.10E-02

1500015O10Rik 0.28 4.59E-03

D2hgdh 0.43 4.58E-02

Pianp 0.45 2.23E-02

Rpsa 0.46 1.88E-03

BGI_novel_G000111 0.50 1.04E-02
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molecules), and hematological system development and
function and immune cell trafficking (Fig. 6B, 14 focus
molecules). These functions reinforce the notion that a

key transcriptomic response to acrylamide exposure is
modulation of seminal vesicle genes linked to activation
and regulation of the immune response.

Fig. 5 Functional characterisation of genes differentially regulated following acrylamide exposure. Ingenuity Pathway Analysis was used to
annotate genes that were differentially regulated (fold-change ≥1.5 or ≤ 0.67 and an adjusted p (p.adj) value ≤0.1) following acrylamide
treatment. Heat maps depict the top A canonical signalling pathways based on –log10 p values, B 10 biological and disease functions based on
number of target molecules in dataset, and C 20 upstream regulators based on –log10 p values. To explore their regulation, D upstream
regulators that were predicted to be activated (Z-score ≥ 2) or inhibited (Z-score≤ − 2) with p ≤ 0.05 are represented as heat maps based on Z-
score value. E Differentially expressed genes following acrylamide exposure (red = up regulated) that are documented to be regulated by key
activated (red central molecule) or inhibited (blue central molecule) upstream regulators are presented in an interaction network taking into
account cellular localisation. Connecting lines indicate predicted relationships that lead to activation (orange), and relationship is known but
effects on function is yet to be completely characterised (gray). Initial construction of the network was created in Ingenuity Pathway Analysis and
schematics were redrawn using BioRender software (BioRender). Heatmaps were generated using Prism (version 9.0.0)
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To confirm our RNA-sequencing data, we validated
the differential expression of a subset of genes that were
dysregulated by acrylamide treatment using quantitative
PCR (n = 4–6 per group). These included dysregulated
genes with known functions of; tissue repair and remod-
elling; Collagen, type V, alpha 1 (Col5a1, 1.72-fold in-
crease, p.adj = 1.79E-02), and Heart development protein
with EGF-like domains 1 (Heg1, 2.04-fold increase,
p.adj = 3.97E-03); immune response functions; Cathepsin
E (Ctse, 10.93-fold increase, p.adj = 1.88E-03), C-C motif
chemokine ligand 8 (Ccl8, 3.89-fold increase, p.adj =
4.57E-02), Complement component 4b (C4b, 1.80-fold in-
crease, p.adj = 2.62E-02), Egr1 (9.84-fold increase, p.adj =

3.23E-02) and Interferon alpha-inducible protein 27
(Ifi27, 60% decrease, p.adj = 1.90E-07); and to demon-
strate unaltered genes Ribosomal protein, large, P0
(Rplp0, 0.90-fold increase, p.adj = 2.57E-01) (Additional
file 1, Table A1). Consistent with the transcriptomic
data, Ccl8 (Fig. 7A, 2.47-fold increase, p = 4.0E-03), C4b
(Fig. 7B, 2.61-fold increase, p = 4.3E-03), Col5a1 (Fig.
7C¸ 3.38-fold increase, p = 7.9E-03), Ctse (Fig. 7D¸ 6.98-
fold increase, p = 9.0E-03), Egr1 (Fig. 7E, 15.75-fold in-
crease, p = 9.0E-03), Heg1 (Fig. 7F, 1.90-fold increase,
p = 8.7E-03) were induced, while Ifi27 (Fig. 7G, 24% de-
crease, p = 1.59E-02) was suppressed following acryl-
amide exposure (Fig. 7A-G). Genes that were not altered

Fig. 6 Acrylamide exposure leads to the activation of immune-associated gene networks. A, B Ingenuity Pathway Analysis was used to construct
gene interaction networks taking into account cellular localisation that connected key genes (white) with differentially regulated genes (red = up-
regulated, green = down-regulated) and enriched categories of diseases and functions. Networks predicted from these data include A
haematological system development (16 differentially regulated genes), and B haematological system development and function and immune
cell trafficking (14 differentially regulated genes). Initial construction of the network was created in Ingenuity Pathway Analysis and schematics
were redrawn using BioRender software (BioRender)
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Fig. 7 Orthogonal validation of genes differentially regulated following acrylamide exposure in the mouse seminal vesicles. RNA-sequencing data
was validated using quantitative PCR on a selection of 8 genes identified in the mouse seminal vesicle transcriptome (n = 4–6 individual mice per
treatment group). Candidate genes were selected based on those differentially regulated and associated with key canonical pathways and
upstream regulators, including A C-C motif chemokine (Ccl8), B Complement component 4b (C4b), C Collagen, type V, alpha 1 (Col5a1), D Cathepsin
E (Ctse), E Early growth response 1 (Egr1), F Heart development protein with EGF-like domains 1 (Heg1) G Interferon alpha-inducible protein 27 (Ifi27),
and H Ribosomal protein, large, P0 (Rplp0). Quantitative PCR data was processed using the delta C(t) method using Peptidyl-prolyl cis-trans
isomerase A (Ppia) as the reference gene and then normalised to the control group. Data are presented as a column graphs with mean ± SEM
values with corresponding transcriptomics data overlaid onto these data using a line graph. qPCR data were analysed by non-parametric Mann
Whitney U test. * p≤ 0.05 indicates statistical significance when comparing acrylamide to control. I Table of qPCR validated genes showing direct
comparison between RNA-sequencing fold-changes and qPCR fold-changes. All graphical components were generated using Prism (version 9.0.0)
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in the transcriptomic dataset, including Ribosomal pro-
tein, large, P0 (Rplp0, p.adj = 2.75E-01) were similarly
not altered following acrylamide exposure in the qPCR
confirmation data (Fig. 7H; Additional file 1, Table A1).

Acute acrylamide exposure alters the expression of
seminal vesicle genes that encode secreted proteins
We have recently demonstrated that a major conse-
quence of exposing mice to acrylamide is a reduction in
seminal vesicle secretions accompanied by a change in
the tissue expression of a subset of secretory proteins
[2]. To provide molecular insight into this phenomenon,
the curated seminal vesicle transcriptomic data were
assessed for evidence of altered expression profiles
among the 70 genes encoding secretory proteins (Add-
itional file 1, Table A2). Notably, only one of these genes
(Complement factor b (Cfb, 2.45-fold increase, p.adj =
7.04E-02, Fig. 8A) met the fold-change and significance
threshold criteria to be considered as dysregulated; a re-
sult that was validated by quantitative PCR amplification
of Cfb (Fig. 8B, 2.1-fold increase, p = 7.9E-03). Aside
from Cfb, subtle yet significant reductions were recorded
in the expression of genes encoding several of the most
abundant seminal vesicle secretory proteins, including
Svs2 (21% decrease, p.adj = 2.12E-02), Svs5 (21% de-
crease, p.adj = 2.10E-02), Svs4 (23% decrease, p.adj =

6.88E-03) and Dnase2b (23% decrease, p.adj = 1.77E-02)
(Fig. 8A).

Discussion
Seminal vesicles are the major accessory gland contrib-
uting to seminal plasma in most mammalian species.
Their secretions promote reproductive success by assist-
ing sperm delivery to the site of fertilisation and modu-
lating the post-copulatory female reproductive tract
environment to promote support of embryo develop-
ment and implantation [4–7]. Despite the physiological
significance of the seminal vesicles, a mechanistic under-
standing of their fundamental biology is lacking. Accord-
ingly, here we provide the first detailed bioinformatic
analysis of transcriptomics data from mouse seminal
vesicle tissue and additionally, exploit a well-established
acute acrylamide exposure model [2, 25–27] to explore
how seminal vesicle genes respond to this reproductive
toxicant.
The principal function of the seminal vesicles is to

manufacture and secrete bioactive factors, leading to the
creation of a complex seminal fluid milieu that promotes
reproductive success [9, 24, 48]. Seminal vesicle secre-
tions contain a diverse array of proteins, enzymes,
mucus, vitamins, amino acids, ion minerals, flavins, and
hormones [10]. Notably, the protein profile of seminal
vesicle secretions is dominated by a small subset of

Fig. 8 Genes that encode seminal vesicle secreted proteins are dysregulated following acrylamide exposure. A Expression of seminal vesicle
secreted genes (n = 4 individual mice per treatment group) that were identified as statistically significant (adjusted p (p.adj)≤ 0.1 indicated by *)
in our transcriptomic analysis. Genes assessed included: Complement factor b (Cfb), Seminal vesicle secretory protein (SVS)2, SVS5, SVS4, and
Deoxyribonuclease II beta (Dnase2b). Data are presented as column graphs of log fold-change (logFC) with the dashed line indicating the logFC
threshold used to identify differentially regulated genes (logFC ≥0.58 or≤ − 0.58). B RNA-sequencing data was validated using quantitative PCR
on Cfb (n = 5 individual mice per treatment group). Data was processed using the delta C(t) method using Peptidyl-prolyl cis-trans isomerase A
(Ppia) as the reference gene and then normalised to the control group. Data are presented as a column graphs with mean ± SEM values.
Corresponding transcriptomics data is overlaid onto these data using a line graph. Data were analysed by non-parametric Mann Whitney U test. *
p≤ 0.05 indicates statistical significance when comparing acrylamide to control
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highly abundant proteins, and a multitude of lower
abundance proteins [11, 31, 48]. Consistent with this,
the 15,304 genes detected in the mouse seminal vesicles
transcriptome were highly biased toward a small subset
of dominant genes. Specifically, the three most abundant
seminal vesicle genes (Svs2, Svs5 and Svs4) had average
TPM expression values equivalent to the entire subset of
remaining genes. Reflecting the deficit in knowledge of
seminal vesicle genes, as many as 3% of all detected
genes were incompletely annotated, including three of
the 20 most abundant genes that are listed as Riken
genes. Notably, our seminal vesicle transcriptomic data
held high conservation (80% identity between transcrip-
tomes) with a recently published seminal vesicle tran-
scriptomic analysis undertaken on adult seminal vesicle
tissue from mice exposed to diethylstilbestrol or vehicle
control [16]. However, Li et al. [16], focused on the cel-
lular pathways influenced by diethylstilbestrol in seminal
vesicle tissue and did not undertake bioinformatics of
the genes expressed in this tissue under normal physio-
logical conditions [16].
Genes encoding seminal vesicle secretory proteins [23,

31, 32] were among the most abundant detected in sem-
inal vesicle tissue, with 28% of characterised seminal
vesicle fluid proteins encoded by genes detected in the
seminal vesicle top 50. Unsurprisingly, seven of the ten
most highly abundant genes were identified as members
of the Svs family, whose presence in seminal vesicle fluid
is primarily associated with formation of the copulatory
plug [24]. Other highly abundant genes included several
encoding well-characterised secretory proteins such as
Sva, Pate4, Spinkl, and Spink1, which have established
roles in modulation of sperm fertilising ability, copula-
tory plug formation, sperm motility, and/or sperm cap-
acitation [49–54], with markedly higher expression of
these genes observed in the seminal vesicles compared
to other tissue types. TGM4 was previously reported to
be secreted from the prostate and coagulating gland
where it interacts with SVS proteins to facilitate copula-
tory plug formation [24], and here we extend that find-
ing to show that Tgm4 genes are also highly abundant in
the seminal vesicles, a finding consistent with our recent
proteomic analysis [2]. Another highly abundant gene of
note was Cd52 antigen (Cd52), which although not pre-
viously detected in the seminal vesicle fluid proteome
[11, 31, 48], has been shown to influence the female re-
productive tract immune environment through sialyla-
tion of sperm [55].
Consistent with the view that reproductive hormones

are pivotal for seminal vesicle development and function
[10, 16, 18, 19, 21], endocrine associated pathways and
biological functions were predicted from functional an-
notation of the seminal vesicle transcriptome. Addition-
ally, RICTOR, a component of the mTORC2 signalling

pathway, with well-established roles in protein produc-
tion and secretion, as well as epithelial cell function [56–
64] was predicted as a central upstream regulator of the
seminal vesicles. This finding, which aligns with our re-
cent proteomic analyses [2], warrants further consider-
ation of the potentially influential role of RICTOR in
seminal vesicle function. Beyond RICTOR, detailed an-
notation of our combined seminal vesicle transcriptomic
and proteomic datasets [2] confirmed a high level of
conservation in the predicted functional capacity of the
seminal vesicle tissue. In this context, the primary func-
tion of the seminal vesicles appears to rest with gene
transcription and protein synthesis, presumably allowing
this tissue to rapidly initiate cell fate decisions that assist
in the maintenance of normal reproductive physiology
[65–67].
In recent years, it has been demonstrated that

exposure to paternal stressors such as obesity, low-
protein diets, and endocrine disrupting compound
exposure, have major downstream effects on seminal
vesicles and their secretory function [13–16, 68].
These studies build on evidence that the composition
of seminal vesicle secretions has important conse-
quences for fertility, fecundity, and offspring pheno-
type [4, 69]. Indeed, seminal vesicles from diabetic
rodents [70] or those subjected to psychological stress
in the form of restraint and forced swimming [13],
exhibit atrophy and histological abnormalities, charac-
teristic of reduced secretory capacity. Whether a
reduction in the volume of seminal vesicle secretions
has a physiological consequence remains unknown
but, in both rodents and primates, alterations to
seminal vesicle secretory capacity has repercussions
for a male’s fertility and fecundity [4, 19, 71–73]. To
expand molecular understanding of the physiological
basis of seminal vesicle responsiveness to environ-
mental factors, we assessed global changes in the
seminal vesicle transcriptome elicited by acute
challenge with the reproductive toxicant acrylamide
[2, 25–27].
Using this model, we have previously demonstrated

that the adverse impacts of acrylamide exposure on male
reproductive function and fetal development are medi-
ated by effects on sperm quality, whereby acrylamide ex-
posure at any stage of sperm development leads to
elevated levels of DNA damage. In contrast, exposure
only during epididymal transit causes a substantial in-
crease in fetal loss [25–27]. Our recent data also raise
the prospect that paternal stress signals mediated by
acrylamide exposure may be due to effects on seminal
vesicle physiology and secretory capacity [2]. These com-
bined data suggest that mechanisms independent of
sperm DNA damage are responsible for the increased
rate of fetal loss observed following acrylamide exposure
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and position both the epididymis [74–76] and seminal
vesicles [2, 4, 15] as key transmitters of paternal expos-
ure load. Here, we demonstrate that acrylamide expos-
ure leads to subtle but potentially important changes in
the seminal vesicle transcriptome with the identification
of 70 differentially regulated genes resulting from this
insult. Functional annotation of the impact of acrylamide
on seminal vesicle tissue showed consistency between
transcriptomic and proteomic analyses, with biological
functions associated with gene/protein synthesis and
cellular survival dysregulated following acrylamide
exposure [2]. However, a key transcriptomic response
that was not obvious in the tissue proteome was the
induction of a wide array of immune associated genes,
cellular networks, and signalling pathways. This
disparity is likely explained by the fact that immune
associated proteins, particularly cytokines, are challen-
ging to detect using mass spectrometry due to their
low molecular weight and relatively low abundance,
necessitating the need for targeted proteomic ap-
proaches to detect these molecules [77, 78]. Alterna-
tively, post-transcriptional regulatory mechanisms
such as those driven by small RNAs (e.g. miRNA)
could contribute to prevent the synthesis of immune
associated proteins. Irrespective, immune changes are
hallmarks of other cellular models, wherein acryl-
amide exposure leads to the production of reactive
oxygen species and inflammation [79–81]. Indeed,
our own studies in the male reproductive tract show
that acrylamide exposure leads to the production of
reactive oxygen species and the consequent gener-
ation of oxidative stress [2, 25, 28, 29, 82], in a man-
ner that would be expected to negatively impact
fertility [83]. This is perhaps unsurprising given that
the detoxification of acrylamide is initiated via an
oxidative catabolic reaction catalysed by the cyto-
chrome P450 (CYP) enzyme CYP2E1, and leading to
the formation of a highly reactive glycidamide
metabolite [84].
Inflammation plays an important role in cells and tis-

sues to promote phenotypic fluidity in response to injury
[85], where the induction of oxidative stress, production
of inflammatory mediators, and influx of leukocytes play
critical roles in returning the tissue to normal homeosta-
sis [86, 87]. It is therefore noteworthy that several of the
differentially regulated genes identified in the IPA ana-
lyses, in addition to the predicted upstream regulators
(Csf2, Ifng, and Fas), play critical roles in regulation of
wound healing and tissue repair [88–90]. For example,
IPA identified the upstream regulator Egr1, from the
EGR family of zinc finger transcription factors, as a po-
tent regulator of the immune response and important
modulator of cell growth, differentiation, and survival
[91]. Deficiency of members of the Egr gene family in

the mouse leads to seminal vesicle atrophy [92]. Add-
itionally, genes dysregulated following acrylamide expos-
ure and linked to tissue repair and remodelling included
Ccl8 [93], C4b [94], Col5a1 [95], and Ido [96]. Moreover,
our IPA analyses identified 25 of dysregulated genes as-
sociated with inflammation functions, signalling path-
ways or disease states.
While there is limited information about the

leukocyte profile of seminal vesicle tissue, studies in
humans have shown that macrophages and T cells
are abundant within this tissue [97, 98]. Similarly, the
major leukocyte population in mouse seminal vesicles
are macrophages [99]. Notably, dysregulation of
signalling pathways involving both macrophages
(agranulocyte adhesion and diapedesis) and T cells
(T-helper cell differentiation and altered T and B cell
signalling) were identified by IPA as prominent cellu-
lar responses impacted by acrylamide exposure. Add-
itionally, our data demonstrates that acrylamide
activates Csf2, a putative upstream regulator that
exerts profound effects on the function of several
types of leukocytes, including macrophages [100].
While little is known about the roles of T cells in the
seminal vesicles, depletion of macrophages has been
linked to reductions in seminal vesicle weight and
secretory activity [101]; a response that is, at least in
part, attributable to reduced circulating steroids [101,
102]. However, given that acrylamide exposure also
reduces seminal vesicle secretory capacity [2], these
data raise the prospect the macrophages may fulfil a
previously unappreciated role in seminal vesicle
secretory function. Such findings draw interesting
parallels with the function of macrophages in regulat-
ing epithelial cell structure, integrity, and secretory
activity in other mucosal surfaces, including the
mammary gland and uterus [103–105]. It will there-
fore be of value for future studies to explore the
influence of resident immune cells, particularly
macrophages, on seminal vesicle biology.
While the functional consequences of the altered im-

mune environment in the seminal vesicles following
acrylamide exposure remain to be deciphered, our previ-
ous studies have shown that an equivalent treatment
regimen causes alterations in the secretory capacity and
composition of seminal vesicle secreted proteins [2]. A
link between inflammation and the composition of sem-
inal vesicle fluid is biologically relevant as several studies
have demonstrated that infection and inflammation
cause altered seminal plasma cytokine content in
humans [106–109]. An example is IFNG, which is
present in seminal vesicle fluid of mice [110] and
detected in seminal plasma of humans [109]. IFNG
expression is increased in response to reproductive tract
infection or microbial dysbiosis [106, 111], and
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thereafter adversely impacts both sperm function and fe-
male immune adaptation for pregnancy [108]. Here, our
IPA analysis of the differentially expressed genes identi-
fied the complement system signalling as a significant
pathway in response to acrylamide. Within this signal-
ling pathway, we observed increased expression of Cfb, a
complement molecule detected in the seminal fluid of
bull [112] and mice [32], which is proposed to mediate
interactions between sperm and female reproductive
tract neutrophils [113, 114]. Additionally, DNase2b, a
highly abundant DNase enzyme reduced following acryl-
amide exposure is also implicated in regulation of sperm
neutrophil interactions [115], while reductions in Svs2,
4–5 may exert influence over copulatory plug formation
[24] and sperm survival in the female reproductive tract
[71]. While these changes are subtle, they conceivably
could influence male reproductive fitness in a manner
that has consequences for male competition for repro-
ductive success, as has been postulated in studies on
ejaculate composition in the house mouse [6, 11, 23]. In-
deed, altered seminal vesicle composition might well
contribute to the reduced fecundity and elevated fetal
loss that occurs in pregnancies sired by mice after acute
acrylamide exposure, that to date has been attributed to
the direct impact of acrylamide on sperm-borne stress
signals [25–27]. However, whether changes in the abun-
dance of seminal vesicle genes correlate with the
secretory profile of their gene product, and the impact
of this on the various biological functions of seminal
plasma, remain to be determined. Future studies are
therefore needed to elucidate the specific impact of
acrylamide exposure on seminal vesicle secreted proteins
that protect sperm integrity after ejaculation, and cyto-
kines and signalling molecules that interact with the fe-
male reproductive tract immune response after mating.

Conclusions
In summary, here we report the first comprehensive
characterisation of mouse seminal vesicle genes under
normal physiological conditions as well as defining
the response of this tissue to the potent reproductive
toxicant, acrylamide. These data add to an emerging
body of literature demonstrating that the seminal
vesicles, similar to other tissues comprising the male
reproductive tract and accessory organs, are sensitive
to environmental factors and exposures [4, 6, 7, 15,
68], and respond in a manner that may have
consequences for fertility, fetal development and later
offspring health. Advancing our mechanistic under-
standing of seminal vesicle physiology will be crucial
for understanding the factors that impinge on seminal
fluid composition, and the implications of its perturb-
ation for reproductive success and programming of
offspring health.

Methods
Ethics approval
All experimental procedures involving mice were con-
ducted with the approval of the University of Newcastle
Animal Care and Ethics Committee (approval number
A-2017-726) and accorded with the Australian Code of
Practice for the Care and Use of Experimental Animals.

Mice
Male outbred Swiss mice were obtained from a breeding
colony held at the University of Newcastle central ani-
mal facility and maintained according to the recommen-
dations prescribed by the Animal Care and Ethics
Committee. Mice were housed under a controlled light-
ing regimen (12 h light: 12 h dark) at 21 °C – 22 °C and
supplied with food and water ad libitum.

Chemicals and reagents
All reagents were purchased from Merck (Darmstadt,
Germany), unless otherwise specified.

Acrylamide treatment regimen and tissue collection
Mice (8–12 weeks old) received an intra-peritoneal injec-
tion of acrylamide (25 mg/kg body weight) or vehicle
alone (phosphate buffered saline (PBS) 137 mM NaCl,
2.7 mM KCl, 8 mM Na2HPO4, and 2mM KH2PO4, pH
7.4) each morning for five consecutive days following
our established method [2, 25]. Mice were euthanised
72 h following the final injection and seminal vesicles
were dissected following careful removal of prostate tis-
sue. Seminal vesicle tissue was weighed and washed
thoroughly in Tris-buffered saline (TBS, 50 mM Tris-Cl,
150 mM NaCl, in mass spectrometry (MS) grade H2O,
pH 7.6). Seminal vesicle fluid was removed by gently
squeezing seminal vesicle tissue using curved forceps.
Tissue was snap frozen in liquid nitrogen and stored at
− 80 °C for transcriptomic analysis.

RNA extraction
Seminal vesicle samples were homogenised using the
FastPrep-24 5G homogeniser (MP Biomedicals, Irvine,
CA) with the Cool Prep Adaptor (2 × 1min, 4.0 m/s, at
4 °C) in Trizol reagent (ThermoFisher Scientific, Wal-
tham, MA). Total RNA was extracted using the Trizol
RNA method and DNase treated using RQ1 RNase free
DNase (Promega, Madison, WI), following the manufac-
turer’s instructions. RNA was quantified using a Nano-
Drop Lite Spectrophotometer (ThermoFisher Scientific)
and RNA integrity was assessed using an Agilent Bioana-
lyzer (Agilent Technologies, Santa Clara, CA). RNA with
a RIN > 7 was used in this study. Genomic DNA removal
was assessed as described [107]. RNA was stored at −
80 °C prior to use.
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Transcriptomics analysis
RNA-sequencing analysis was performed at BGI Genom-
ics (Shenzhen, China) using DNBseq technology. Poly-A
libraries were constructed by initially purifying poly-A
mRNAs using poly-T oligo attached magnetic beads.
Poly-A mRNAs were fragmented using divalent cations
and the cleaved RNA was processed through first strand
cDNA synthesis using reverse transcriptase and random
primers, followed by second strand cDNA synthesis
using polymerase I and RNase H. Second strand cDNA
was then purified, and DNA nanoballs were generated
with the libraries by rolling circle replication and sam-
ples were loaded into patterned nanoarrays to generate
100 bp paired end reads through the DNBseq platform.
For each library, a minimum of 67 million paired end
raw reads were produced (Additional file 2, Fig. A1C).
All of the generated raw sequencing reads were filtered
using SOAPnuke [116] to remove reads with adaptors,
reads with more than 0.1% unknown bases, and low-
quality reads (more than 40% base quality < 20).
Trimmed reads (Additional file 2, Fig. A1D)) accounted
for > 93.5% total raw reads and were stored in FASTQ
format and were initially mapped onto the mouse refer-
ence genome (mm10) using Hisat2. Novel genes were
predicted using Stringtie [117] and Cuffcompare (Cuf-
flinks tools) [118], and CPC [119] was used to predict
the coding potential of novel genes before obtaining a
complete reference to be used in downstream analyses
by merging coding novel genes with reference genes.
Autosomal gene expression levels were calculated using
RSEM [120]. To assess the impact of acrylamide expos-
ure on the seminal vesicle transcriptome, differential
regulation of genes was assessed between acrylamide
and control groups using DEseq2 [121]. Scatter plots of
log transformed normalised abundances (Additional file
2, Fig. A1A-B) were then generated, and Pearson correl-
ation (r2) were calculated, while global analysis of the
data was undertaken to generate a Principal component
analysis plot. For a global illustration of protein abun-
dance compared to fold-change, an MA plot was gener-
ated using Microsoft Excel.

Phenotype and seminal vesicle fluid comparisons
The seminal vesicle fluid transcriptome was searched
against an exported gene list consisting of the full com-
plement of Mouse Genome Informatics [122] and the
International Mouse Phenotyping Consortium [123]
datasets to identify those genes expressed in the seminal
vesicle that are also associated with either male fertility
or seminal vesicle phenotypes. To further complement
these analyses, proteomic datasets from three seminal
vesicle fluid proteomic characterisation papers [23, 31,
32] were obtained and filtered for proteins identified in
1/3 studies. Proteins that were identified in at least one

manuscript were then used to form a list of proteins
expressed in mouse seminal vesicle fluid. Seminal vesicle
fluid proteins were then mapped to their corresponding
mouse genes resulting in a final list of 81 genes. This list
was then compared to our seminal vesicle transcriptome.
Seminal vesicle gene expression (TPM) was used to de-
termine the ranking order of abundance of genes whose
products are secreted into seminal vesicle fluid.

Comparative transcriptomics analysis
To compare the seminal vesicle transcriptome to previ-
ously published mouse transcriptomic analyses, we ob-
tained data from a recent large-scale discovery study of
male reproductive tract specific genes [33], which pre-
sented data in TPM. These transcriptomic data included
testis, spermatogonia, Sertoli cell, caput epididymis, cor-
pus epididymis, cauda epididymis, as well as the tran-
scriptomes of non-reproductive tissues, including
adipose tissue, adrenal gland, bone marrow, cerebral cor-
tex, colon, duodenum, heart, kidney, liver, lung, pan-
creas, skeletal muscle, small intestine and stomach [33,
124–127] and were log2 TPM data collated from Add-
itional file 4, Table S4 in [33]. From our seminal vesicle
transcriptome, RSEM calculated autosomal gene expres-
sion levels [120] were normalised using the TPM ap-
proach [120] and for the comparison to other cell types
was similarly converted to log2 values. Due to their
abundance in the seminal vesicle transcriptome, we then
selected those highly abundant genes whose products
are also detected in seminal vesicle fluid proteomic ana-
lyses [23, 31, 32] and performed a comparative analysis
to determine the expression of seminal vesicle genes
across tissue types.

Ingenuity pathway analysis
Ingenuity Pathway Analysis (IPA) software (Qiagen, Hil-
den, Germany) was used to analyse the refined seminal
vesicle transcriptomic data as previously described [36].
Canonical pathways, upstream regulators, gene networks
and disease and function analyses generated using IPA
were assessed using; p-value that is an enrichment meas-
urement of the overlapping proteins from the dataset in
a particular pathway, function or regulator, and; Z-score
that is a prediction scoring system of activation or inhib-
ition based upon statistically significant patterns in the
dataset and prior biological knowledge manually curated
in the Ingenuity Knowledge Base [128]. To elucidate the
most significant changes in our analyses, we applied a
stringency criteria p-value ≤0.05 and a Z-score of (inhib-
ition) -2 ≤ Z ≥ 2 (activated). Networks of interest were
constructed in IPA, organised by subcellular location
and redrawn using BioRender software (BioRender, San
Francisco, USA).
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Reverse transcription and PCR
Total cellular RNA (1 μg) was reverse transcribed to
generate cDNA from 500 ng Oligo (dT) primed RNA in
a solution containing 1 ×Moloney Murine Leukaemia
Virus (M-MLV) reaction buffer, 10 mM dNTPs, 25 U re-
combinant RNasin Ribonuclease Inhibitor, and 200 UM-
MLV Reverse Transcriptase (all Promega Corporation,
Madison, WI). For both conventional PCR and quantita-
tive PCR (qPCR), primer pairs specific (Additional file 1,
Table A9) for gene sequences were optimised for PCR in
validation experiments using control mouse seminal
vesicle cDNA. PCR products were visualised on 1% w/v
agarose gels using a Bio-Rad Chemidoc MP Imaging
System (Bio-Rad Laboratories, Hercules, CA) and se-
quence specificity was confirmed using Sanger sequen-
cing (Australian Genome Research Facility, Sydney,
Australia) of PCR products purified using the Wizard
SV Gel and PCR Clean-Up System (Promega Corpor-
ation) as per manufacturer’s instructions.
Conventional PCR was performed on control seminal

vesicle cDNA (n = 4 biological replicates / treatment
groups) in duplicate using GoTaq DNA Polymerase
(Promega) according to the manufacturer’s instructions
on an Eppendorf Mastercycler Pro Thermal Cycler
(Merck). Reactions were performed on cDNA equivalent
to 100 ng containing PCR primers (Supplemental Table
S1). PCR amplification was conducted using the follow-
ing conditions: 95 °C for 5 min followed by 40 cycles of
94 °C for 45 s, 55 °C to 68 °C (Additional file 1, Table
A9) for 45 s and 72 °C for 1 min, with a final extension
step of 72 °C for 10 min. PCR products were visualised
on 1% agarose gels using a Bio-Rad Chemidoc MP Im-
aging System (Bio-Rad Laboratories).
qPCR was performed in duplicate from n = 4–6 sam-

ples / treatment group using SYBR Green GoTaq qPCR
master mix (Promega) according to manufacturer’s in-
structions on a Roche Light Cycler 96 (Roche Holding
AG, Basel Switzerland). Reactions were performed on
cDNA equivalent to 10 ng of total cDNA containing
PCR primers (Additional file 1, Table A9). PCR amplifi-
cation used the following conditions: 95 °C for 2 min
followed by 40 cycles of 95 °C for 15 s and 58–66 °C
(Additional file 1, Table A9) for 1 min. The delta C(t)
method [129] was then used to calculate messenger
RNA abundance normalised to Peptidyl-prolyl cis-trans
isomerase A (Ppia), which was identified from a subset
of reference genes as the most suitable in this experi-
ment using the Bestkeeper reference gene selection algo-
rithm [130].

Statistical analysis
All analyses in this study were performed using bio-
logical replicates of seminal vesicle tissue where a bio-
logical replicate is defined as seminal vesicle tissue

collected from an individual mouse. Transcriptomic ana-
lyses were performed using seminal vesicle tissue col-
lected from n = 4 biological replicates / treatment group.
These data were assessed by DESeq2 [121] and genes
were defined as differentially expressed when they met
the criteria of a fold-change ≥1.5 or ≤ 0.67, and a false
discovery rate adjusted p value (p.adj) ≤ 0.1. For qPCR
(n = 4–6 biological replicates / treatment group) con-
firmation of transcriptomic data, data were initially
assessed for normality using the Shapiro-Wilk normality
test. Data normally distributed was assessed by unpaired
t-test while, data not normally distributed was assessed
by a non-parametric Mann-Whitney U test, to detect
differences between treatment groups where p < 0.05
deemed statistically different. Graphical data, including
proportional bar charts, heatmaps, volcano plots and pie
charts were prepared using GraphPad Prism version
9.0.0 for Windows (GraphPad Software, San Diego, CA).

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12864-021-07951-1.

Additional file 1: Tables A1-A9. This additional file contains all
supplemental tables for this manuscript.

Additional file 2: Figure A1. This additional file contains supplemental
figure A1 for this manuscript.

Additional file 3: Figure A2. This additional file contains supplemental
figure A2 for this manuscript.

Acknowledgements
The authors gratefully acknowledge the Academic and Research Computing
Support team at the University of Newcastle for providing high performance
computing support.

Authors’ contributions
D.A.S-B.: Conceptualisation, Validation, Formal Analysis, Investigation, Data
curation, Writing – Original Draft, Writing – Review and Editing, Visualisation.
B.N: Conceptualisation, Methodology, Resources, Writing – Original Draft,
Writing – Review and Editing, Supervision, Project administration, Funding
acquisition. E.G.B.: Conceptualisation, Resources, Funding acquisition, Writing
– Review and Editing. J.B.: Investigation, Formal Analysis, Writing – Review
and Editing. N.A.T.: Methodology, Investigation, Writing – Review and Editing.
I.R.B.: Validation, Formal Analysis, Writing – Review and Editing. A.L.A.:
Validation, Formal Analysis, Writing – Review and Editing. S.J.S.: Validation,
Formal Analysis, Writing – Review and Editing. T.L.: Methodology,
Investigation, Writing – Review and Editing R.J.A.: Conceptualisation, Funding
acquisition, Writing – Review and Editing. S.D.R.: Conceptualisation,
Methodology, Writing – Review and Editing. S.A.R.: Conceptualisation,
Supervision, Writing – Review and Editing. J.E.S.: Conceptualisation,
Methodology, Formal Analysis, Investigation, Writing – Original draft, Writing
– Review and Editing, Visualisation, Supervision, Project administration. The
author(s) read and approved the final manuscript.

Funding
The preparation of this manuscript was supported by the award of National
Health and Medical Research Council (NHMRC) Project Grants APP1147932,
awarded to BN, and APP1163319, awarded to BN, RJA and EB. Additional
support was provided by the University of Newcastle Faculty of Science
COVID Research Accelerator Scheme awarded to DSB, BN and JES. BN
(APP1154837) and EGB (APP1138701) are recipients of NHMRC Research
Fellowships.

Skerrett-Byrne et al. BMC Genomics          (2021) 22:728 Page 18 of 22

https://doi.org/10.1186/s12864-021-07951-1
https://doi.org/10.1186/s12864-021-07951-1


Availability of data and materials
The data supporting the conclusions of this article are available in the NCBI
sequence read archive repository at GSE183632, https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE183632. Other transcriptomics data used in
this study were obtained from [16] with permission from the authors, and
accessed from Additional file 4, Table S4 of [33].

Declarations

Ethics approval and consent to participate
All experimental procedures involving mice were conducted with the
approval of the University of Newcastle Animal Care and Ethics Committee
(approval number A-2017-726).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Priority Research Centre for Reproductive Science, School of Environmental
and Life Sciences, Discipline of Biological Sciences, The University of
Newcastle, University Drive, Callaghan, NSW 2308, Australia. 2Hunter Medical
Research Institute, Pregnancy and Reproduction Program, New Lambton
Heights, NSW 2305, Australia. 3Department of Biochemistry and Cell Biology,
Faculty of Veterinary Medicine, Utrecht University, 3584 CM Utrecht, The
Netherlands. 4The Robinson Research Institute and Adelaide Medical School,
University of Adelaide, Adelaide, SA 5005, Australia. 5South Australian
Genomics Centre (SAGC), South Australian Health & Medical Research
Institute (SAHMRI), Adelaide, SA 5000, Australia. 6Computational & Systems
Biology Program, Precision Medicine Theme, South Australian Health &
Medical Research Institute (SAHMRI), Adelaide, SA 5000, Australia. 7Adelaide
Medical School, Faculty of Health & Medical Sciences, University of Adelaide,
Adelaide, SA 5005, Australia.

Received: 26 February 2021 Accepted: 14 August 2021

References
1. Lane M, Robker RL, Robertson SA. Parenting from before conception.

Science. 2014;345(6198):756–60. https://doi.org/10.1126/science.1254400.
2. Skerrett-Byrne DA, Trigg NA, Bromfield EG, Dun MD, Bernstein IR, Anderson

AL, et al. Proteomic Dissection of the Impact of Environmental Exposures
on Mouse Seminal Vesicle Function. Mol Cell Proteomics. 2021;20:100107.
https://doi.org/10.1016/j.mcpro.2021.100107.

3. Fleming TP, Watkins AJ, Velazquez MA, Mathers JC, Prentice AM,
Stephenson J, et al. Origins of lifetime health around the time of
conception: causes and consequences. Lancet. 2018;391(10132):1842–52.
https://doi.org/10.1016/S0140-6736(18)30312-X.

4. Bromfield JJ, Schjenken JE, Chin PY, Care AS, Jasper MJ, Robertson SA.
Maternal tract factors contribute to paternal seminal fluid impact on
metabolic phenotype in offspring. Proc Natl Acad Sci U S A. 2014;111(6):
2200–5. https://doi.org/10.1073/pnas.1305609111.

5. Robertson SA. Seminal plasma and male factor signalling in the female
reproductive tract. Cell Tissue Res. 2005;322(1):43–52. https://doi.org/10.1
007/s00441-005-1127-3.

6. Schjenken JE, Robertson SA. The female response to seminal fluid. Physiol
Rev. 2020;100(3):1077–117. https://doi.org/10.1152/physrev.00013.2018.

7. Morgan HL, Watkins AJ. The influence of seminal plasma on offspring
development and health. Semin Cell Dev Biol. 2020;97:131–7. https://doi.
org/10.1016/j.semcdb.2019.06.008.

8. McGraw LA, Suarez SS, Wolfner MF. On a matter of seminal importance.
Bioessays. 2015;37(2):142–7. https://doi.org/10.1002/bies.201400117.

9. Schjenken JE, Sharkey DJ, Robertson SA. Seminal Vesicle—Secretion. In:
Skinner MK, editor. Encyclopedia of reproduction. 2nd ed. Oxford: Academic
Press; 2018. p. 349–54. https://doi.org/10.1016/B978-0-12-801238-3.64600-7.

10. Bromfield JJ, Ibrahim LA, Rizo JA. Seminal vesicle gland—overview. In:
Skinner MK, editor. Encyclopedia of reproduction. 2nd ed. Oxford: Academic
Press; 2018. p. 341–3. https://doi.org/10.1016/B978-0-12-801238-3.64598-1.

11. Claydon AJ, Ramm SA, Pennington A, Hurst JL, Stockley P, Beynon R.
Heterogenous turnover of sperm and seminal vesicle proteins in the mouse
revealed by dynamic metabolic labeling. Mol Cell Proteomics. 2012;11(6):
M111.014993.

12. Ramm SA, Edward DA, Claydon AJ, Hammond DE, Brownridge P, Hurst JL,
et al. Sperm competition risk drives plasticity in seminal fluid composition.
BMC Biol. 2015;13(1):87. https://doi.org/10.1186/s12915-015-0197-2.

13. Iamsaard S, Tongpan S, Yannasithinon S, Arun S, Wu ATH, Sukhorum W.
Effect of chronic stress on expression and secretion of seminal vesicle
proteins in adult rats. Andrologia. 2021;53(1):e13800.

14. Binder NK, Sheedy JR, Hannan NJ, Gardner DK. Male obesity is associated
with changed spermatozoa Cox4i1 mRNA level and altered seminal vesicle
fluid composition in a mouse model. Mol Hum Reprod. 2015;21(5):424–34.
https://doi.org/10.1093/molehr/gav010.

15. Watkins AJ, Dias I, Tsuro H, Allen D, Emes RD, Moreton J, et al. Paternal diet
programs offspring health through sperm- and seminal plasma-specific
pathways in mice. Proc Natl Acad Sci U S A. 2018;115(40):10064–9. https://
doi.org/10.1073/pnas.1806333115.

16. Li Y, Hamilton KJ, Wang T, Coons LA, Jefferson WN, Li R, et al. DNA
methylation and transcriptome aberrations mediated by ERα in mouse
seminal vesicles following developmental DES exposure. Proc Natl Acad Sci.
2018;115(18):E4189–E98.

17. Rocha DR, Martins JA, van Tilburg MF, Oliveira RV, Moreno FB, Monteiro-
Moreira AC, et al. Effect of increased testicular temperature on seminal
plasma proteome of the ram. Theriogenology. 2015;84(8):1291–305. https://
doi.org/10.1016/j.theriogenology.2015.07.008.

18. Welsh M, Moffat L, Jack L, McNeilly A, Brownstein D, Saunders PT, et al.
Deletion of androgen receptor in the smooth muscle of the seminal
vesicles impairs secretory function and alters its responsiveness to
exogenous testosterone and estradiol. Endocrinology. 2010;151(7):3374–85.
https://doi.org/10.1210/en.2009-1339.

19. Simanainen U, McNamara K, Davey RA, Zajac JD, Handelsman DJ. Severe
subfertility in mice with androgen receptor inactivation in sex accessory
organs but not in testis. Endocrinology. 2008;149(7):3330–8. https://doi.org/1
0.1210/en.2007-1805.

20. Robertson SA, Ingman WV, O'Leary S, Sharkey DJ, Tremellen KP.
Transforming growth factor beta--a mediator of immune deviation in
seminal plasma. J Reprod Immunol. 2002;57(1–2):109–28. https://doi.org/1
0.1016/S0165-0378(02)00015-3.

21. Bianco JJ, Handelsman DJ, Pedersen JS, Risbridger GP. Direct response of the
murine prostate gland and seminal vesicles to estradiol. Endocrinology. 2002;
143(12):4922–33. https://doi.org/10.1210/en.2002-220493.

22. Robertson SA, Mau VJ, Tremellen KP, Seamark RF. Role of high molecular
weight seminal vesicle proteins in eliciting the uterine inflammatory
response to semen in mice. J Reprod Fertil. 1996;107(2):265–77. https://doi.
org/10.1530/jrf.0.1070265.

23. Bayram HL, Franco C, Brownridge P, Claydon AJ, Koch N, Hurst JL, et al. Social
status and ejaculate composition in the house mouse. Philos Trans R Soc Lond
Ser B Biol Sci. 2020;375(1813):20200083. https://doi.org/10.1098/rstb.2020.0083.

24. Noda T, Ikawa M. Physiological function of seminal vesicle secretions on
male fecundity. Reprod Med Biol. 2019;18(3):241–6. https://doi.org/10.1002/
rmb2.12282.

25. Katen AL, Sipila P, Mitchell LA, Stanger SJ, Nixon B, Roman SD. Epididymal
CYP2E1 plays a critical role in acrylamide-induced DNA damage in
spermatozoa and paternally mediated embryonic resorptions. Biol Reprod.
2017;96(4):921–35. https://doi.org/10.1093/biolre/iox021.

26. Ghanayem BI, McDaniel LP, Churchwell MI, Twaddle NC, Snyder R, Fennell
TR, et al. Role of CYP2E1 in the epoxidation of acrylamide to glycidamide
and formation of DNA and hemoglobin adducts. Toxicol Sci. 2005;88(2):
311–8. https://doi.org/10.1093/toxsci/kfi307.

27. Shelby MD, Cain KT, Hughes LA, Braden PW, Generoso WM. Dominant lethal
effects of acrylamide in male mice. Mutat Res. 1986;173(1):35–40. https://doi.
org/10.1016/0165-7992(86)90008-4.

28. Katen AL, Chambers CG, Nixon B, Roman SD. Chronic acrylamide exposure
in male mice results in elevated DNA damage in the germline and heritable
induction of CYP2E1 in the testes. Biol Reprod. 2016;95(4):86. https://doi.
org/10.1095/biolreprod.116.139535.

29. Katen AL, Stanger SJ, Anderson AL, Nixon B, Roman SD. Chronic acrylamide
exposure in male mice induces DNA damage to spermatozoa; potential for
amelioration by resveratrol. Reprod Toxicol. 2016;63:1–12. https://doi.org/1
0.1016/j.reprotox.2016.05.004.

Skerrett-Byrne et al. BMC Genomics          (2021) 22:728 Page 19 of 22

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE183632
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE183632
https://doi.org/10.1126/science.1254400
https://doi.org/10.1016/j.mcpro.2021.100107
https://doi.org/10.1016/S0140-6736(18)30312-X
https://doi.org/10.1073/pnas.1305609111
https://doi.org/10.1007/s00441-005-1127-3
https://doi.org/10.1007/s00441-005-1127-3
https://doi.org/10.1152/physrev.00013.2018
https://doi.org/10.1016/j.semcdb.2019.06.008
https://doi.org/10.1016/j.semcdb.2019.06.008
https://doi.org/10.1002/bies.201400117
https://doi.org/10.1016/B978-0-12-801238-3.64600-7
https://doi.org/10.1016/B978-0-12-801238-3.64598-1
https://doi.org/10.1186/s12915-015-0197-2
https://doi.org/10.1093/molehr/gav010
https://doi.org/10.1073/pnas.1806333115
https://doi.org/10.1073/pnas.1806333115
https://doi.org/10.1016/j.theriogenology.2015.07.008
https://doi.org/10.1016/j.theriogenology.2015.07.008
https://doi.org/10.1210/en.2009-1339
https://doi.org/10.1210/en.2007-1805
https://doi.org/10.1210/en.2007-1805
https://doi.org/10.1016/S0165-0378(02)00015-3
https://doi.org/10.1016/S0165-0378(02)00015-3
https://doi.org/10.1210/en.2002-220493
https://doi.org/10.1530/jrf.0.1070265
https://doi.org/10.1530/jrf.0.1070265
https://doi.org/10.1098/rstb.2020.0083
https://doi.org/10.1002/rmb2.12282
https://doi.org/10.1002/rmb2.12282
https://doi.org/10.1093/biolre/iox021
https://doi.org/10.1093/toxsci/kfi307
https://doi.org/10.1016/0165-7992(86)90008-4
https://doi.org/10.1016/0165-7992(86)90008-4
https://doi.org/10.1095/biolreprod.116.139535
https://doi.org/10.1095/biolreprod.116.139535
https://doi.org/10.1016/j.reprotox.2016.05.004
https://doi.org/10.1016/j.reprotox.2016.05.004


30. Hasin Y, Seldin M, Lusis A. Multi-omics approaches to disease. Genome Biol.
2017;18(1):83. https://doi.org/10.1186/s13059-017-1215-1.

31. Dean MD, Clark NL, Findlay GD, Karn RC, Yi X, Swanson WJ, et al. Proteomics
and comparative genomic investigations reveal heterogeneity in
evolutionary rate of male reproductive proteins in mice (Mus domesticus).
Mol Biol Evol. 2009;26(8):1733–43. https://doi.org/10.1093/molbev/msp094.

32. Chang WC, Chou CK, Tsou CC, Li SH, Chen CH, Zhuo YX, et al. Comparative
proteomic analysis of proteins involved in the tumorigenic process of
seminal vesicle carcinoma in transgenic mice. Int J Proteomics. 2010;2010:
726968.

33. Robertson MJ, Kent K, Tharp N, Nozawa K, Dean L, Mathew M, et al. Large-
scale discovery of male reproductive tract-specific genes through analysis of
RNA-seq datasets. BMC Biol. 2020;18(1):103. https://doi.org/10.1186/s12915-
020-00826-z.

34. Mellor AL, Munn DH. IDO expression by dendritic cells: tolerance and
tryptophan catabolism. Nat Rev Immunol. 2004;4(10):762–74. https://doi.
org/10.1038/nri1457.

35. Yamamoto K, Kawakubo T, Yasukochi A, Tsukuba T. Emerging roles of
cathepsin E in host defense mechanisms. Biochim Biophys Acta. 2012;
1824(1):105–12. https://doi.org/10.1016/j.bbapap.2011.05.022.

36. Schjenken JE, Glynn DJ, Sharkey DJ, Robertson SA. TLR4 signaling is a major
mediator of the female tract response to seminal fluid in mice. Biol Reprod.
2015;93(3):68. https://doi.org/10.1095/biolreprod.114.125740.

37. Madsen J, Mollenhauer J, Holmskov U. Review: Gp-340/DMBT1 in mucosal
innate immunity. Innate Immun. 2010;16(3):160–7. https://doi.org/10.1177/1
753425910368447.

38. Birchenough GM, Johansson ME, Stabler RA, Dalgakiran F, Hansson GC,
Wren BW, et al. Altered innate defenses in the neonatal gastrointestinal
tract in response to colonization by neuropathogenic Escherichia coli. Infect
Immun. 2013;81(9):3264–75. https://doi.org/10.1128/IAI.00268-13.

39. Chen L, Li J, Yang G. A comparative review of intelectins. Scand J Immunol.
2020;92(1):e12882. https://doi.org/10.1111/sji.12882.

40. Biswas S, Adrian M, Evdokimov K, Schledzewski K, Weber J, Winkler M, et al.
Counter-regulation of the ligand-receptor pair Leda-1/Pianp and Pilralpha
during the LPS-mediated immune response of murine macrophages.
Biochem Biophys Res Commun. 2015;464(4):1078–83. https://doi.org/10.101
6/j.bbrc.2015.07.079.

41. Carter JH, Tourtellotte WG. Early growth response transcriptional regulators
are dispensable for macrophage differentiation. J Immunol. 2007;178(5):
3038–47. https://doi.org/10.4049/jimmunol.178.5.3038.

42. Petibon C, Malik Ghulam M, Catala M, Abou Elela S. Regulation of ribosomal
protein genes: An ordered anarchy. Wiley Interdiscip Rev RNA. 2021;12(3):
e1632.

43. Jin G, Long C, Liu W, Tang Y, Zhu Y, Zhou X, et al. Identification and
characterization of novel alternative splice variants of human SAMD11.
Gene. 2013;530(2):215–21. https://doi.org/10.1016/j.gene.2013.08.033.

44. Lin AP, Abbas S, Kim SW, Ortega M, Bouamar H, Escobedo Y, et al. D2HGDH
regulates alpha-ketoglutarate levels and dioxygenase function by
modulating IDH2. Nat Commun. 2015;6(1):7768. https://doi.org/10.1038/
ncomms8768.

45. Nicolae CM, O'Connor MJ, Schleicher EM, Song C, Gowda R, Robertson G,
et al. PARI (PARPBP) suppresses replication stress-induced myeloid
differentiation in leukemia cells. Oncogene. 2019;38(27):5530–40. https://doi.
org/10.1038/s41388-019-0810-x.

46. Thiel G, Cibelli G. Regulation of life and death by the zinc finger
transcription factor Egr-1. J Cell Physiol. 2002;193(3):287–92. https://doi.org/1
0.1002/jcp.10178.

47. Ben Khelifa M, Coutton C, Zouari R, Karaouzene T, Rendu J, Bidart M, et al. Mutations
in DNAH1, which encodes an inner arm heavy chain dynein, lead to male infertility
from multiple morphological abnormalities of the sperm flagella. Am J Hum Genet.
2014;94(1):95–104. https://doi.org/10.1016/j.ajhg.2013.11.017.

48. Yoshida M, Kawano N, Iwamoto T, Yoshida K. Seminal Vesicle—Structure. In:
Skinner MK, editor. Encyclopedia of reproduction. 2nd ed. Oxford: Academic
Press; 2018. p. 344–8. https://doi.org/10.1016/B978-0-12-801238-3.64599-3.

49. Huang YH, Chu ST, Chen YH. Seminal vesicle autoantigen, a novel
phospholipid-binding protein secreted from luminal epithelium of mouse
seminal vesicle, exhibits the ability to suppress mouse sperm motility.
Biochem J. 1999;343(Pt 1):241–8. https://doi.org/10.1042/bj3430241.

50. Luo CW, Lin HJ, Chen YH. A novel heat-labile phospholipid-binding protein,
SVS VII, in mouse seminal vesicle as a sperm motility enhancer. J Biol Chem.
2001;276(10):6913–21. https://doi.org/10.1074/jbc.M006954200.

51. Noda T, Fujihara Y, Matsumura T, Oura S, Kobayashi S, Ikawa M. Seminal
vesicle secretory protein 7, PATE4, is not required for sperm function but for
copulatory plug formation to ensure fecundity. Biol Reprod. 2019;100(4):
1035–45. https://doi.org/10.1093/biolre/ioy247.

52. Lin MH, Lee RK, Hwu YM, Lu CH, Chu SL, Chen YJ, et al. SPINKL, a Kazal-type
serine protease inhibitor-like protein purified from mouse seminal vesicle
fluid, is able to inhibit sperm capacitation. Reproduction. 2008;136(5):559–
71. https://doi.org/10.1530/REP-07-0375.

53. Tseng HC, Lee RK, Hwu YM, Lu CH, Lin MH, Li SH. Mechanisms underlying
the inhibition of murine sperm capacitation by the seminal protein, SPINKL.
J Cell Biochem. 2013;114(4):888–98. https://doi.org/10.1002/jcb.24428.

54. Ou CM, Tang JB, Huang MS, Sudhakar Gandhi PS, Geetha S, Li SH, et al. The
mode of reproductive-derived Spink (serine protease inhibitor Kazal-type)
action in the modulation of mammalian sperm activity. Int J Androl. 2012;
35(1):52–62. https://doi.org/10.1111/j.1365-2605.2011.01159.x.

55. Ma X, Pan Q, Feng Y, Choudhury BP, Ma Q, Gagneux P, et al. Sialylation
facilitates the maturation of mammalian sperm and affects its survival in
female uterus. Biol Reprod. 2016;94(6):123. https://doi.org/10.1095/
biolreprod.115.137810.

56. Wang X, Proud CG. The mTOR pathway in the control of protein synthesis.
Physiology (Bethesda). 2006;21:362–9. https://doi.org/10.1152/physiol.
00024.2006.

57. Saxton RA, Sabatini DM. mTOR signaling in growth, metabolism, and
disease. Cell. 2017;168(6):960–76. https://doi.org/10.1016/j.cell.2017.02.004.

58. Le Bacquer O, Queniat G, Gmyr V, Kerr-Conte J, Lefebvre B, Pattou F.
mTORC1 and mTORC2 regulate insulin secretion through Akt in INS-1 cells.
J Endocrinol. 2013;216(1):21–9. https://doi.org/10.1530/JOE-12-0351.

59. Morrison MM, Young CD, Wang S, Sobolik T, Sanchez VM, Hicks DJ, et al.
mTOR directs breast morphogenesis through the PKC-alpha-Rac1 signaling
Axis. PLoS Genet. 2015;11(7):e1005291. https://doi.org/10.1371/journal.
pgen.1005291.

60. Jankiewicz M, Groner B, Desrivières S. Mammalian target of rapamycin
regulates the growth of mammary epithelial cells through the inhibitor of
deoxyribonucleic acid binding Id1 and their functional differentiation
through Id2. Mol Endocrinol. 2006;20(10):2369–81. https://doi.org/10.1210/
me.2006-0071.

61. Pauloin A, Chanat E. Prolactin and epidermal growth factor stimulate
adipophilin synthesis in HC11 mouse mammary epithelial cells via the PI3-
kinase/Akt/mTOR pathway. Biochim Biophys Acta. 2012;1823(5):987–96.
https://doi.org/10.1016/j.bbamcr.2012.02.016.

62. Serrano I, McDonald PC, Lock FE, Dedhar S. Role of the integrin-linked kinase
(ILK)/Rictor complex in TGFbeta-1-induced epithelial-mesenchymal transition
(EMT). Oncogene. 2013;32(1):50–60. https://doi.org/10.1038/onc.2012.30.

63. Lamouille S, Connolly E, Smyth JW, Akhurst RJ, Derynck R. TGF-beta-induced
activation of mTOR complex 2 drives epithelial-mesenchymal transition and cell
invasion. J Cell Sci. 2012;125(Pt 5):1259–73. https://doi.org/10.1242/jcs.095299.

64. Sampson LL, Davis AK, Grogg MW, Zheng Y. mTOR disruption causes
intestinal epithelial cell defects and intestinal atrophy postinjury in mice.
FASEB J. 2016;30(3):1263–75. https://doi.org/10.1096/fj.15-278606.

65. Avivar-Valderas A, Wen HC, Aguirre-Ghiso JA. Stress signaling and the
shaping of the mammary tissue in development and cancer. Oncogene.
2014;33(48):5483–90. https://doi.org/10.1038/onc.2013.554.

66. Delgado ME, Grabinger T, Brunner T. Cell death at the intestinal epithelial
front line. FEBS J. 2016;283(14):2701–19. https://doi.org/10.1111/febs.13575.

67. Gudipaty SA, Conner CM, Rosenblatt J, Montell DJ. Unconventional ways to
live and die: cell death and survival in development, homeostasis, and
disease. Annu Rev Cell Dev Biol. 2018;34(1):311–32. https://doi.org/10.1146/a
nnurev-cellbio-100616-060748.

68. Morgan HL, Paganopoulou P, Akhtar S, Urquhart N, Philomin R, Dickinson Y,
et al. Paternal diet impairs F1 and F2 offspring vascular function through
sperm and seminal plasma specific mechanisms in mice. J Physiol. 2020;
598(4):699–715. https://doi.org/10.1113/JP278270.

69. Wong CL, Lee KH, Lo KM, Chan OC, Goggins W, O WS, et al. Ablation of
paternal accessory sex glands imparts physical and behavioural
abnormalities to the progeny: an in vivo study in the golden hamster.
Theriogenology. 2007;68(4):654–62. https://doi.org/10.1016/j.
theriogenology.2007.04.062.

70. Tsounapi P, Honda M, Dimitriadis F, Kawamoto B, Hikita K, Muraoka K, et al.
Impact of antioxidants on seminal vesicles function and fertilizing potential
in diabetic rats. Asian J Androl. 2017;19(6):639–46. https://doi.org/10.4103/1
008-682X.186871.

Skerrett-Byrne et al. BMC Genomics          (2021) 22:728 Page 20 of 22

https://doi.org/10.1186/s13059-017-1215-1
https://doi.org/10.1093/molbev/msp094
https://doi.org/10.1186/s12915-020-00826-z
https://doi.org/10.1186/s12915-020-00826-z
https://doi.org/10.1038/nri1457
https://doi.org/10.1038/nri1457
https://doi.org/10.1016/j.bbapap.2011.05.022
https://doi.org/10.1095/biolreprod.114.125740
https://doi.org/10.1177/1753425910368447
https://doi.org/10.1177/1753425910368447
https://doi.org/10.1128/IAI.00268-13
https://doi.org/10.1111/sji.12882
https://doi.org/10.1016/j.bbrc.2015.07.079
https://doi.org/10.1016/j.bbrc.2015.07.079
https://doi.org/10.4049/jimmunol.178.5.3038
https://doi.org/10.1016/j.gene.2013.08.033
https://doi.org/10.1038/ncomms8768
https://doi.org/10.1038/ncomms8768
https://doi.org/10.1038/s41388-019-0810-x
https://doi.org/10.1038/s41388-019-0810-x
https://doi.org/10.1002/jcp.10178
https://doi.org/10.1002/jcp.10178
https://doi.org/10.1016/j.ajhg.2013.11.017
https://doi.org/10.1016/B978-0-12-801238-3.64599-3
https://doi.org/10.1042/bj3430241
https://doi.org/10.1074/jbc.M006954200
https://doi.org/10.1093/biolre/ioy247
https://doi.org/10.1530/REP-07-0375
https://doi.org/10.1002/jcb.24428
https://doi.org/10.1111/j.1365-2605.2011.01159.x
https://doi.org/10.1095/biolreprod.115.137810
https://doi.org/10.1095/biolreprod.115.137810
https://doi.org/10.1152/physiol.00024.2006
https://doi.org/10.1152/physiol.00024.2006
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1530/JOE-12-0351
https://doi.org/10.1371/journal.pgen.1005291
https://doi.org/10.1371/journal.pgen.1005291
https://doi.org/10.1210/me.2006-0071
https://doi.org/10.1210/me.2006-0071
https://doi.org/10.1016/j.bbamcr.2012.02.016
https://doi.org/10.1038/onc.2012.30
https://doi.org/10.1242/jcs.095299
https://doi.org/10.1096/fj.15-278606
https://doi.org/10.1038/onc.2013.554
https://doi.org/10.1111/febs.13575
https://doi.org/10.1146/annurev-cellbio-100616-060748
https://doi.org/10.1146/annurev-cellbio-100616-060748
https://doi.org/10.1113/JP278270
https://doi.org/10.1016/j.theriogenology.2007.04.062
https://doi.org/10.1016/j.theriogenology.2007.04.062
https://doi.org/10.4103/1008-682X.186871
https://doi.org/10.4103/1008-682X.186871


71. Kawano N, Araki N, Yoshida K, Hibino T, Ohnami N, Makino M, et al. Seminal
vesicle protein SVS2 is required for sperm survival in the uterus. Proc Natl
Acad Sci U S A. 2014;111(11):4145–50. https://doi.org/10.1073/pnas.132071
5111.

72. Peitz B, Olds-Clarke P. Effects of seminal vesicle removal on fertility and
uterine sperm motility in the house mouse. Biol Reprod. 1986;35(3):608–17.
https://doi.org/10.1095/biolreprod35.3.608.

73. O WS, Chen HQ, Chow PH. Effects of male accessory sex gland secretions
on early embryonic development in the golden hamster. J Reprod Fertil.
1988;84(1):341–4. https://doi.org/10.1530/jrf.0.0840341.

74. Nixon B, De Iuliis GN, Dun MD, Zhou W, Trigg NA, Eamens AL. Profiling of
epididymal small non-protein-coding RNAs. Andrology. 2019;7(5):669–80.
https://doi.org/10.1111/andr.12640.

75. Trigg NA, Eamens AL, Nixon B. The contribution of epididymosomes to the
sperm small RNA profile. Reproduction. 2019;157(6):R209–R23. https://doi.
org/10.1530/REP-18-0480.

76. Chan JC, Morgan CP, Adrian Leu N, Shetty A, Cisse YM, Nugent BM, et al.
Reproductive tract extracellular vesicles are sufficient to transmit
intergenerational stress and program neurodevelopment. Nat Commun.
2020;11(1):1499. https://doi.org/10.1038/s41467-020-15305-w.

77. Kupcova Skalnikova H, Cizkova J, Cervenka J, Vodicka P. Advances in
Proteomic Techniques for Cytokine Analysis: Focus on Melanoma Research.
Int J Mol Sci. 2017;18(12):2697.

78. Nilsson T, Mann M, Aebersold R, Yates JR, Bairoch A, Bergeron JJM. Mass
spectrometry in high-throughput proteomics: ready for the big time. Nat
Methods. 2010;7(9):681–5. https://doi.org/10.1038/nmeth0910-681.

79. Hajimohammadi B, Athari SM, Abdollahi M, Vahedi G, Athari SS. Oral
Administration of Acrylamide Worsens the inflammatory responses in the
Airways of Asthmatic Mice through Agitation of oxidative stress in the
lungs. Front Immunol. 2020;11:1940. https://doi.org/10.3389/fimmu.2020.01
940.

80. Pan X, Wu X, Yan D, Peng C, Rao C, Yan H. Acrylamide-induced oxidative
stress and inflammatory response are alleviated by N-acetylcysteine in PC12
cells: involvement of the crosstalk between Nrf2 and NF-kappaB pathways
regulated by MAPKs. Toxicol Lett. 2018;288:55–64. https://doi.org/10.1016/j.
toxlet.2018.02.002.

81. Bo N, Yilin H, Haiyang Y, Yuan Y. Acrylamide induced the activation of
NLRP3 inflammasome via ROS-MAPKs pathways in Kupffer cells. Food Agric
Immunol. 2020;31(1):45–62. https://doi.org/10.1080/09540105.2019.1696284.

82. Nixon BJ, Katen AL, Stanger SJ, Schjenken JE, Nixon B, Roman SD. Mouse
spermatocytes express CYP2E1 and respond to acrylamide exposure. PLoS
One. 2014;9(5):e94904. https://doi.org/10.1371/journal.pone.0094904.

83. Agarwal A, Rana M, Qiu E, AlBunni H, Bui AD, Henkel R. Role of oxidative
stress, infection and inflammation in male infertility. Andrologia. 2018;50(11):
e13126. https://doi.org/10.1111/and.13126.

84. Sumner SC, Fennell TR, Moore TA, Chanas B, Gonzalez F, Ghanayem BI. Role
of cytochrome P450 2E1 in the metabolism of acrylamide and acrylonitrile
in mice. Chem Res Toxicol. 1999;12(11):1110–6. https://doi.org/10.1021/
tx990040k.

85. Cooke JP. Inflammation and its role in regeneration and repair. Circ Res.
2019;124(8):1166–8. https://doi.org/10.1161/CIRCRESAHA.118.314669.

86. Leoni G, Neumann PA, Sumagin R, Denning TL, Nusrat A. Wound repair: role
of immune–epithelial interactions. Mucosal Immunol. 2015;8(5):959–68.
https://doi.org/10.1038/mi.2015.63.

87. Serras F. The benefits of oxidative stress for tissue repair and regeneration. Fly
(Austin). 2016;10(3):128–33. https://doi.org/10.1080/19336934.2016.1188232.

88. Mann A, Niekisch K, Schirmacher P, Blessing M. Granulocyte-macrophage
colony-stimulating factor is essential for normal wound healing. J Investig
Dermatol Symp Proc. 2006;11(1):87–92. https://doi.org/10.1038/sj.jidsymp.
5650013.

89. Kanno E, Tanno H, Masaki A, Sasaki A, Sato N, Goto M, et al. Defect of
Interferon gamma Leads to Impaired Wound Healing through Prolonged
Neutrophilic Inflammatory Response and Enhanced MMP-2 Activation. Int J
Mol Sci. 2019;20(22):5657.

90. Ceppi P, Hadji A, Kohlhapp FJ, Pattanayak A, Hau A, Liu X, et al. CD95 and
CD95L promote and protect cancer stem cells. Nat Commun. 2014;5(1):
5238. https://doi.org/10.1038/ncomms6238.

91. Wu M, Melichian DS, de la Garza M, Gruner K, Bhattacharyya S, Barr L, et al.
Essential roles for early growth response transcription factor Egr-1 in tissue
fibrosis and wound healing. Am J Pathol. 2009;175(3):1041–55. https://doi.
org/10.2353/ajpath.2009.090241.

92. Tourtellotte WG, Nagarajan R, Bartke A, Milbrandt J. Functional
compensation by Egr4 in Egr1-dependent luteinizing hormone regulation
and Leydig cell steroidogenesis. Mol Cell Biol. 2000;20(14):5261–8. https://
doi.org/10.1128/MCB.20.14.5261-5268.2000.

93. Charo IF, Ransohoff RM. The many roles of chemokines and chemokine
receptors in inflammation. N Engl J Med. 2006;354(6):610–21. https://doi.
org/10.1056/NEJMra052723.

94. Schraufstatter IU, Khaldoyanidi SK, DiScipio RG. Complement activation in
the context of stem cells and tissue repair. World J Stem Cells. 2015;7(8):
1090–108. https://doi.org/10.4252/wjsc.v7.i8.1090.

95. DeNigris J, Yao Q, Birk EK, Birk DE. Altered dermal fibroblast behavior in a
collagen V haploinsufficient murine model of classic Ehlers-Danlos
syndrome. Connect Tissue Res. 2016;57(1):1–9. https://doi.org/10.3109/03
008207.2015.1081901.

96. Matheus LHG, Simão GM, Amaral TA, Brito RBO, Malta CS, Matos YST, et al.
Indoleamine 2, 3-dioxygenase (IDO) increases during renal fibrogenesis and
its inhibition potentiates TGF-β 1-induced epithelial to mesenchymal
transition. BMC Nephrol. 2017;18(1):287.

97. Deleage C, Moreau M, Rioux-Leclercq N, Ruffault A, Jégou B, Dejucq-
Rainsford N. Human immunodeficiency virus infects human seminal vesicles
in vitro and in vivo. Am J Pathol. 2011;179(5):2397–408. https://doi.org/10.1
016/j.ajpath.2011.08.005.

98. Le Tortorec A, Le Grand R, Denis H, Satie AP, Mannioui K, Roques P, et al.
Infection of semen-producing organs by SIV during the acute and chronic
stages of the disease. PLoS One. 2008;3(3):e1792. https://doi.org/10.1371/
journal.pone.0001792.

99. Mullen TE Jr, Kiessling RL, Kiessling AA. Tissue-specific populations of
leukocytes in semen-producing organs of the normal, hemicastrated, and
vasectomized mouse. AIDS Res Hum Retrovir. 2003;19(3):235–43. https://doi.
org/10.1089/088922203763315740.

100. Shi Y, Liu CH, Roberts AI, Das J, Xu G, Ren G, et al. Granulocyte-macrophage
colony-stimulating factor (GM-CSF) and T-cell responses: what we do and
don’t know. Cell Res. 2006;16(2):126–33. https://doi.org/10.1038/sj.cr.7310017.

101. Pollard JW, Dominguez MG, Mocci S, Cohen PE, Stanley ER. Effect of the
colony-stimulating factor-1 null mutation, osteopetrotic (csfm (op)), on the
distribution of macrophages in the male mouse reproductive tract. Biol
Reprod. 1997;56(5):1290–300. https://doi.org/10.1095/biolreprod56.5.1290.

102. Cohen PE, Chisholm O, Arceci RJ, Stanley ER, Pollard JW. Absence of colony-
stimulating factor-1 in osteopetrotic (csfmop/csfmop) mice results in male
fertility defects. Biol Reprod. 1996;55(2):310–7. https://doi.org/10.1095/
biolreprod55.2.310.

103. Sun X, Ingman WV. Cytokine networks that mediate epithelial cell-
macrophage crosstalk in the mammary gland: implications for development
and cancer. J Mammary Gland Biol Neoplasia. 2014;19(2):191–201. https://
doi.org/10.1007/s10911-014-9319-7.

104. Pollard JW, Hennighausen L. Colony stimulating factor 1 is required for
mammary gland development during pregnancy. Proc Natl Acad Sci U S A.
1994;91(20):9312–6. https://doi.org/10.1073/pnas.91.20.9312.

105. Jasper MJ, Care AS, Sullivan B, Ingman WV, Aplin JD, Robertson SA.
Macrophage-derived LIF and IL1B regulate alpha(1,2) fucosyltransferase 2 (Fut2)
expression in mouse uterine epithelial cells during early pregnancy. Biol
Reprod. 2011;84(1):179–88. https://doi.org/10.1095/biolreprod.110.085399.

106. Leutscher PD, Pedersen M, Raharisolo C, Jensen JS, Hoffmann S, Lisse I, et al.
Increased prevalence of leukocytes and elevated cytokine levels in semen
from Schistosoma haematobium-infected individuals. J Infect Dis. 2005;
191(10):1639–47. https://doi.org/10.1086/429334.

107. Schjenken JE, Moldenhauer LM, Zhang B, Care AS, Groome HM, Chan HY,
et al. MicroRNA miR-155 is required for expansion of regulatory T cells to
mediate robust pregnancy tolerance in mice. Mucosal Immunol. 2020;13(4):
609–25. https://doi.org/10.1038/s41385-020-0255-0.

108. Sharkey DJ, Glynn DJ, Schjenken JE, Tremellen KP, Robertson SA. Interferon-
gamma inhibits seminal plasma induction of colony-stimulating factor 2 in
mouse and human reproductive tract epithelial cells. Biol Reprod. 2018;
99(3):514–26. https://doi.org/10.1093/biolre/ioy071.

109. Sharkey DJ, Tremellen KP, Briggs NE, Dekker GA, Robertson SA. Seminal
plasma pro-inflammatory cytokines interferon-gamma (IFNG) and C-X-C
motif chemokine ligand 8 (CXCL8) fluctuate over time within men. Hum
Reprod. 2017;32(7):1373–81. https://doi.org/10.1093/humrep/dex106.

110. Gopichandran N, Ekbote UV, Walker JJ, Brooke D, Orsi NM. Multiplex
determination of murine seminal fluid cytokine profiles. Reproduction. 2006;
131(3):613–21. https://doi.org/10.1530/rep.1.00959.

Skerrett-Byrne et al. BMC Genomics          (2021) 22:728 Page 21 of 22

https://doi.org/10.1073/pnas.1320715111
https://doi.org/10.1073/pnas.1320715111
https://doi.org/10.1095/biolreprod35.3.608
https://doi.org/10.1530/jrf.0.0840341
https://doi.org/10.1111/andr.12640
https://doi.org/10.1530/REP-18-0480
https://doi.org/10.1530/REP-18-0480
https://doi.org/10.1038/s41467-020-15305-w
https://doi.org/10.1038/nmeth0910-681
https://doi.org/10.3389/fimmu.2020.01940
https://doi.org/10.3389/fimmu.2020.01940
https://doi.org/10.1016/j.toxlet.2018.02.002
https://doi.org/10.1016/j.toxlet.2018.02.002
https://doi.org/10.1080/09540105.2019.1696284
https://doi.org/10.1371/journal.pone.0094904
https://doi.org/10.1111/and.13126
https://doi.org/10.1021/tx990040k
https://doi.org/10.1021/tx990040k
https://doi.org/10.1161/CIRCRESAHA.118.314669
https://doi.org/10.1038/mi.2015.63
https://doi.org/10.1080/19336934.2016.1188232
https://doi.org/10.1038/sj.jidsymp.5650013
https://doi.org/10.1038/sj.jidsymp.5650013
https://doi.org/10.1038/ncomms6238
https://doi.org/10.2353/ajpath.2009.090241
https://doi.org/10.2353/ajpath.2009.090241
https://doi.org/10.1128/MCB.20.14.5261-5268.2000
https://doi.org/10.1128/MCB.20.14.5261-5268.2000
https://doi.org/10.1056/NEJMra052723
https://doi.org/10.1056/NEJMra052723
https://doi.org/10.4252/wjsc.v7.i8.1090
https://doi.org/10.3109/03008207.2015.1081901
https://doi.org/10.3109/03008207.2015.1081901
https://doi.org/10.1016/j.ajpath.2011.08.005
https://doi.org/10.1016/j.ajpath.2011.08.005
https://doi.org/10.1371/journal.pone.0001792
https://doi.org/10.1371/journal.pone.0001792
https://doi.org/10.1089/088922203763315740
https://doi.org/10.1089/088922203763315740
https://doi.org/10.1038/sj.cr.7310017
https://doi.org/10.1095/biolreprod56.5.1290
https://doi.org/10.1095/biolreprod55.2.310
https://doi.org/10.1095/biolreprod55.2.310
https://doi.org/10.1007/s10911-014-9319-7
https://doi.org/10.1007/s10911-014-9319-7
https://doi.org/10.1073/pnas.91.20.9312
https://doi.org/10.1095/biolreprod.110.085399
https://doi.org/10.1086/429334
https://doi.org/10.1038/s41385-020-0255-0
https://doi.org/10.1093/biolre/ioy071
https://doi.org/10.1093/humrep/dex106
https://doi.org/10.1530/rep.1.00959


111. Vanpouille C, Introini A, Morris SR, Margolis L, Daar ES, Dube MP, et al.
Distinct cytokine/chemokine network in semen and blood characterize
different stages of HIV infection. AIDS. 2016;30(2):193–201. https://doi.org/1
0.1097/QAD.0000000000000964.

112. Westfalewicz B, Dietrich MA, Mostek A, Partyka A, Bielas W, Niżański W, et al.
Analysis of bull (Bos taurus) seminal vesicle fluid proteome in relation to
seminal plasma proteome. J Dairy Sci. 2017;100(3):2282–98. https://doi.org/1
0.3168/jds.2016-11866.

113. Alghamdi AS, Lovaas BJ, Bird SL, Lamb GC, Rendahl AK, Taube PC, et al.
Species-specific interaction of seminal plasma on sperm–neutrophil binding.
Anim Reprod Sci. 2009;114(4):331–44. https://doi.org/10.1016/j.anireprosci.2
008.10.015.

114. Chowdhury NA, Kamada M, Takikawa M, Mori H, Gima H, Aono T.
Complement-inhibiting activity of human seminal plasma and semen
quality. Arch Androl. 1996;36(2):109–18. https://doi.org/10.3109/0148501
9608987086.

115. Alghamdi AS, Foster DN. Seminal DNase frees spermatozoa entangled in
neutrophil extracellular traps. Biol Reprod. 2005;73(6):1174–81. https://doi.
org/10.1095/biolreprod.105.045666.

116. Chen Y, Chen Y, Shi C, Huang Z, Zhang Y, Li S, et al. SOAPnuke: a
MapReduce acceleration-supported software for integrated quality control
and preprocessing of high-throughput sequencing data. Gigascience. 2018;
7(1):1–6. https://doi.org/10.1093/gigascience/gix120.

117. Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, Salzberg SL.
StringTie enables improved reconstruction of a transcriptome from RNA-seq
reads. Nat Biotechnol. 2015;33(3):290–5. https://doi.org/10.1038/nbt.3122.

118. Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, et al. Differential
gene and transcript expression analysis of RNA-seq experiments with
TopHat and cufflinks. Nat Protoc. 2012;7(3):562–78. https://doi.org/10.1038/
nprot.2012.016.

119. Kong L, Zhang Y, Ye ZQ, Liu XQ, Zhao SQ, Wei L, et al. CPC: assess the
protein-coding potential of transcripts using sequence features and support
vector machine. Nucleic Acids Res. 2007;35(Web Server issue):W345–9.

120. Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data
with or without a reference genome. BMC Bioinformatics. 2011;12(1):323.
https://doi.org/10.1186/1471-2105-12-323.

121. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.
https://doi.org/10.1186/s13059-014-0550-8.

122. Smith CL, Eppig JT. The mammalian phenotype ontology: enabling robust
annotation and comparative analysis. Wiley Interdiscip Rev Syst Biol Med.
2009;1(3):390–9. https://doi.org/10.1002/wsbm.44.

123. Dickinson ME, Flenniken AM, Ji X, Teboul L, Wong MD, White JK, et al. High-
throughput discovery of novel developmental phenotypes. Nature. 2016;
537(7621):508–14. https://doi.org/10.1038/nature19356.

124. Consortium EP. An integrated encyclopedia of DNA elements in the human
genome. Nature. 2012;489(7414):57–74. https://doi.org/10.1038/nature11247.

125. da Cruz I, Rodriguez-Casuriaga R, Santinaque FF, Farias J, Curti G, Capoano
CA, et al. Transcriptome analysis of highly purified mouse spermatogenic
cell populations: gene expression signatures switch from meiotic-to
postmeiotic-related processes at pachytene stage. BMC Genomics. 2016;
17(1):294. https://doi.org/10.1186/s12864-016-2618-1.

126. Helsel AR, Yang Q-E, Oatley MJ, Lord T, Sablitzky F, Oatley JM. ID4 levels
dictate the stem cell state in mouse spermatogonia. Development. 2017;
144(4):624–34. https://doi.org/10.1242/dev.146928.

127. Zimmermann C, Stevant I, Borel C, Conne B, Pitetti JL, Calvel P, et al.
Research resource: the dynamic transcriptional profile of sertoli cells during
the progression of spermatogenesis. Mol Endocrinol. 2015;29(4):627–42.
https://doi.org/10.1210/me.2014-1356.

128. Kramer A, Green J, Pollard J Jr, Tugendreich S. Causal analysis approaches in
ingenuity pathway analysis. Bioinformatics. 2014;30(4):523–30. https://doi.
org/10.1093/bioinformatics/btt703.

129. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(−Delta Delta C(T)) method. Methods.
2001;25(4):402–8. https://doi.org/10.1006/meth.2001.1262.

130. Pfaffl MW, Tichopad A, Prgomet C, Neuvians TP. Determination of stable
housekeeping genes, differentially regulated target genes and sample
integrity: BestKeeper--excel-based tool using pair-wise correlations.
Biotechnol Lett. 2004;26(6):509–15. https://doi.org/10.1023/B:BILE.000001
9559.84305.47.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Skerrett-Byrne et al. BMC Genomics          (2021) 22:728 Page 22 of 22

https://doi.org/10.1097/QAD.0000000000000964
https://doi.org/10.1097/QAD.0000000000000964
https://doi.org/10.3168/jds.2016-11866
https://doi.org/10.3168/jds.2016-11866
https://doi.org/10.1016/j.anireprosci.2008.10.015
https://doi.org/10.1016/j.anireprosci.2008.10.015
https://doi.org/10.3109/01485019608987086
https://doi.org/10.3109/01485019608987086
https://doi.org/10.1095/biolreprod.105.045666
https://doi.org/10.1095/biolreprod.105.045666
https://doi.org/10.1093/gigascience/gix120
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1038/nprot.2012.016
https://doi.org/10.1038/nprot.2012.016
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1002/wsbm.44
https://doi.org/10.1038/nature19356
https://doi.org/10.1038/nature11247
https://doi.org/10.1186/s12864-016-2618-1
https://doi.org/10.1242/dev.146928
https://doi.org/10.1210/me.2014-1356
https://doi.org/10.1093/bioinformatics/btt703
https://doi.org/10.1093/bioinformatics/btt703
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1023/B:BILE.0000019559.84305.47
https://doi.org/10.1023/B:BILE.0000019559.84305.47

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Global transcriptomic analysis of mouse seminal vesicles
	Genes that encode secreted proteins are amongst the most abundant genes in the seminal vesicle
	Functional characterisation of mouse seminal vesicle genes using ingenuity pathway analysis
	Acute acrylamide exposure alters the seminal vesicle transcriptome
	Acute acrylamide exposure alters the expression of seminal vesicle genes that encode secreted proteins

	Discussion
	Conclusions
	Methods
	Ethics approval
	Mice
	Chemicals and reagents
	Acrylamide treatment regimen and tissue collection
	RNA extraction
	Transcriptomics analysis
	Phenotype and seminal vesicle fluid comparisons
	Comparative transcriptomics analysis
	Ingenuity pathway analysis
	Reverse transcription and PCR
	Statistical analysis

	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

