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Abstract

metabolism.

including model species (mouse and zebrafish).

Background: Previously, we have demonstrated that genes involved in ovarian function are highly conserved
throughout evolution. In this study, we aimed to document the conservation of genes involved in spermatogenesis
from flies to vertebrates and their expression profiles in vertebrates.

Results: We retrieved 379 Drosophila melanogaster genes that are functionally involved in male reproduction according
to their mutant phenotypes and listed their vertebrate orthologs. 83% of the fly genes have at least one vertebrate
ortholog for a total of 625 mouse orthologs. This conservation percentage is almost twice as high as the 42% rate for the
whole fly genome and is similar to that previously found for genes preferentially expressed in ovaries. Of the 625 mouse
orthologs, we selected 68 mouse genes of interest, 42 of which exhibited a predominant relative expression in testes
and 26 were their paralogs. These 68 mouse genes exhibited 144 and 60 orthologs in chicken and zebrafish, respectively,
gathered in 28 groups of paralogs. AiImost two thirds of the chicken orthologs and half of the zebrafish orthologs
exhibited a relative expression 250% in testis. Finally, our focus on functional in silico data demonstrated that most of
these genes were involved in the germ cell process, primarily in structure elaboration/maintenance and in acid nucleic

Conclusion: Our work confirms that the genes involved in germ cell development are highly conserved across

evolution in vertebrates and invertebrates and display a high rate of conservation of preferential testicular expression
among vertebrates. Among the genes highlighted in this study, three mouse genes (Lrrc46, Pabpc6 and Pkd2!1) have
not previously been described in the testes, neither their zebrafish nor chicken orthologs. The phylogenetic approach
developed in this study finally allows considering new testicular genes for further fundamental studies in vertebrates,

Keywords: Gene evolution, Conservation, Testis, Spermatogenesis

Background

Cells of the germline and molecular processes that result
in the production of high-quality gametes are of particular
importance for animal sexual reproduction. Spermatogen-
esis can be divided into three main stages: mitotic, meiotic
and spermiogenic stages. The formation of spermatozoa
suitable for fertilisation represents a complex process that
requires the expression of numerous genes [1]. Nearly
2000 different genes can be involved in testicular
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development, germ cell differentiation, meiosis and the
successive stages of spermiogenesis [2]. Nevertheless, the
gene networks and regulatory pathways involved in sperm-
atogenesis have yet to be fully identified, and achieving this
objective may facilitate an understanding of the causes of
infertility generated intrinsically by genetic defects and/or
induced by extrinsic environmental perturbations.

There are high similarities between bird and mammal
testis physiology and regulation: the organisation of the
seminiferous tubules is similar, with the various differen-
tiation stages of germ cells (spermatogonia, spermato-
cytes, spermatids) being surrounded by the Sertoli cells,
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which provide the microenvironment for their prolifera-
tion and differentiation. Likewise, the histology of the
interstitial tissue that includes Leydig cells producing an-
drogens is similar [3]. In contrast to mammals, the avian
testes are located within the body cavity. Consequently,
spermatogenesis occurs at body temperature, whereas it
occurs 5-8°C cooler than the body temperature in
mammals [4]. Another difference is that spermatogenesis
in birds is more rapid (2weeks in chickens, ducks and
turkeys) compared with mammals (2 months in humans)
[5] [6]. In chickens, peak fertility is reached within the
first 6—10 months of life [7] [8].

Given that spermatogenesis represents a relatively well-
conserved process even among phylogenetically distant
animal species, it is likely that certain underlying genetic
mechanisms are conserved during evolution. Indeed, evo-
lutionary distant animal species share most mechanisms
involved in basic processes of germ cell production [9, 10].
The conservation of spermatogenic regulators can be il-
lustrated by the well-known Boule gene, whose loss of
function induces spermatogenetic arrest and, ultimately,
azoospermia in fruit flies and vertebrates. Interestingly,
the phenotype can be rescued in these mutants by the hu-
man BOULE gene [11]. Nonetheless, although involved in
basic processes, species- or clade-specific genes have been
identified: for instance, asterless (asl) is required for male
meiosis in fruit flies, but this gene is not maintained across
vertebrate evolution [12]. Previous works on testicular
gene evolution have deciphered the orthology link be-
tween a small number of genes and/or between a limited
number of species. Some species are only partially docu-
mented relative to model species such as the fruit fly
(Drosophila melanogaster), mouse (Mus musculus) and
zebrafish (Danio rerio). Among vertebrates, chickens lack
substantial data concerning testis molecular regulation, al-
though they are somewhat considered a model species
(owing to the availability of genomic data). Another inter-
esting and singular point concerning the chicken is that
this species is of high agronomic interest. The identifica-
tion of reliable fertility markers in farm chickens is critical
in the context of the assessment of reproductive perform-
ance. Indeed, genetic selection (based on growth perform-
ance) in this species has led to unexpected and deleterious
consequences for reproductive performance, including a
reduction in the longevity of male reproduction and a de-
terioration in sperm quality [13, 14].

In the present study, we propose a comparative bio-
logical approach combining phenotypic, phylogenetic and
expression profile analyses in invertebrate and vertebrate
species, based on our previous work on ovarian genes
[15]. Here, we aimed 1) to obtain an overview of testicular
gene conservation between invertebrates (fruit fly) and
vertebrates (mouse, chicken, zebrafish); 2) to obtain an
overview of the expression profiles of conserved testicular
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genes in vertebrates and 3) to propose new (i.e. not yet de-
scribed) candidate genes required for spermatogenesis,
particularly in chickens. The two strengths of the study
can be seen in the exploitation of 1) in silico data in three
model species, including one invertebrate (the fruit fly)
and two vertebrates (the mouse and the zebrafish), and 2)
a large set of genes (almost 400). Our investigation dem-
onstrates the conservation of genes involved in the deter-
mination, maintenance and/or differentiation of germ
cells. Moreover, this study offers a substantial list of
uncharacterized genes for chicken testis function, which
might be of agronomic interest regarding the need for fer-
tility markers in avian species.

Results

Figure 1 summarizes the workflow of our study with its
main steps and results. This workflow aims to 1) evaluate
the conservation of testis genes between invertebrates and
vertebrates, and to 2) evaluate whether a gene that is highly
expressed in mouse testes is also highly expressed in
chicken and/or zebrafish testes. In reference to Fig. 1, step
1 was to select 379 genes with a functional interest for fly
testis (see M&M section 1.1). Step 2 comprised the retrieval
(“phylogenetic filter”) of their orthologs in vertebrates (in-
cluding mice) and various invertebrates (see M&M section
1.2). Subsequently, to establish a list of mouse genes of
interest to testis function, step 3 was to select those mouse
orthologs (from those obtained in step 2) that exhibited a
predominant relative testicular expression (see M&M sec-
tion 1.3), as well as their paralogs (see M&M section 1.4).
Next, the zebrafish and chicken orthologs of these mouse
genes were retrieved (step 4; see M&M section 1.2), along
with information regarding their testicular expression pro-
file (step 5; see M&M section 1.5). Finally, GO and mutant
phenotypes (when available) of the genes of interest were
analysed (see M&M sections 1.6 and 1.7).

Evolution of genes whose mutation gives rise to a disturbed
male phenotype in fruit flies (Fig. 1 steps 1 and 2)

We listed 379 fly genes (identity information presented in
columns B-I, Additional file 1: Table S1) for which a muta-
tion gives rise to a male defective reproductive phenotype
in this species according to Flybase -Dmel Release 6.13-
(Fig. 1 step 1). For 181 of these genes (48%), the mutation
also has a phenotypic effect in females (column B). Fig-
ure 2 summarises the presence of the 379 fruit fly genes in
various invertebrate and vertebrate genomes in the tree of
life (using Biomart Ensembl release 88). Among the 379
fly genes, 306 (81%) possess at least one ortholog in mice,
for a total of 625 mouse co-orthologs (Fig. 1 step 2; col-
umns J-M in Additional file 1: Table S1). Among the 73
remaining genes without mouse orthologs, we sought
(co)-orthologs in five other species (chosen as model or
informative species), with the objective of estimating
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I ‘ 379 FRUIT FLY genes important for fly testis function

Flybase

« Phylogenetic filter »

Suppl Table 1

Ensembl Biomart + Trees

65 (17%) without any vertebrate orthologs,
among them 48 are specific to insect class

Suppl Table 2

314 (83%) with at least one ortholog in

them 306 (81%) with at least one ortholog in mouse

vertebrates, among

- 625 MOUSE (co)-orthologs

Unigene
+
«Orthologs» tag in
Flybase

Selection of mouse genes of interest by « testis
expression filter» (plus their paralogs)

68 MOUSE genes gathered in

((co)-orthologs of 28 fly genes)

28 groups of paralogs

Ensembl Biomart + Trees

144 CHICKEN (co)-orthologs
(gathered in 28 groups of paralogs)

60 ZEBRAFISH (co)-orthologs
(gathered in 28 groups of paralogs)

Suppl Table 3

Exp. Data + Ensembl + Phylofish

61% with testis expression 250%

‘ 46% with testis expression 250%

for their orthology link) to obtain a final list of 68 mouse genes of interest,

Genes conserved across evolution exhibiting an arbitrary level of rTE = 50%

— List of genes of interest for testis function

Fig. 1 Workflow and results, with numbers and percentages of genes of testis interest in the species studied. Step 1: selection of 379 fruit fly genes with
functional interest for testis. Step 2: retrieval of their orthologs (“phylogenetic filter’) in vertebrates, including mice, for a total of 625 mouse orthologues.
Step 3: to tighten the list, selection of genes with a high relative testis expression (“preferential testis expression filter") and their paralogs (scored in Flybase

zebrafish orthologs (144 and 60, respectively) of these mouse genes, and finally, the determination of their levels of relative testis expression (fifth step).

T

gathered in 28 groups of paralogs. Step 4: identification of chicken and

in a species were considered genes of interest for testis function in this species.

whether these genes can be found in other chordates: yel-
low sea-squirt (Ciona intestinalis), coelacanth (Latimeria
chalumnae), zebrafish (Danio rerio), anole lizard (Anolis
carolinensis) and chicken (Gallus gallus). We identified
eight fly genes (Jyalpha, Moe, Ntl, Sxl, Syx13, topi, Vps28
and w) with at least one ortholog in at least one of these
species. In total, at least 83% (314 =306 + 8 of 379) of the
fruit fly genes are conserved in vertebrates. This is almost
twice the rate (42%) for the whole genome (p < 0.0001).
No vertebrate ortholog was found for the 65 remaining
genes (i.e. 17% of the list, Figs. 1 and 2, and Additional file
2: Table S2). The clades where these genes are present
were retrieved from the Ensembl (release 88) trees when
available (20 genes highlighted in blue in Additional file 1:

Table S1, Additional file 2: Table S2) or, when unavailable,
from the EnsemblMetazoa trees (45 genes highlighted in
orange in Additional file 1: Table S1, Additional file 2:
Table S2). Among these 65 genes with no ortholog in
chordates, only seven genes (11%) are found in both pro-
tostomes and the Echinoderm clade, whereas 58 (89%) are
specifically found in protostomes, with 48 (74%) being
specific to insects (columns G and N, Additional file 2:
Table S2).

Tissue expression of mouse orthologs and retrieval of
their chicken and zebrafish orthologs

We subsequently retrieved vertebrate (co)-orthologs of
the 379 fly genes and focused on those expressed in
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Fly list Fly whole genome
379 testis genes 17559 genes
number of | % of link of | number of | % of link of
ortholgs | orthology ortholgs orthology
Round worms Worm 331 87.3*% 5515 31.4
——————— Celegans
Ecdysozoa
L D melanogaster Fly 379 (100) 17559 (100)
. Insects
Protostomia Arthropads
Octopus 327 86.3* 7241 41.2
Lophotrocozoa O bimaculoides
Echinoderms S purpuratus | all deuterostomia 321 84.7* 7465 4255
Deuterogtomia Fish C intestinalis .
Chordates| IS D rerio :loza + others
Coelacanth __ | chalumnae chordates except 314 between
Reptiles A carolinensis mouse 83 * 6319 and between 36.0
—I——@ G gallus 7384 and 41.7
Mammals M musculus
Mouse 306
Fig. 2 Schematic evolution of the 379 fruit fly genes in a simplified tree of life. The number of orthologs of the 379 fly genes was obtained for various
species using Ensembl metazoa gene and Ensembl gene databases (release 88), as described in Material and Methods. The percentage of conservation
was compared to the entire gene repertoire using the Chi-square test. * indicates a significant difference (p < 0.0001)

testes in the species of interest (mouse, chicken, zebra-
fish). Thus, the objective was 1) to establish a tightened
list of mouse genes exhibiting a predominant testicular
expression profile (Fig. 1, step 3); 2) to retrieve the
orthologs of these mouse genes in two other vertebrates,
namely the zebrafish as a fish model species and the
chicken as an avian model species (Fig. 1, step 4) and 3)
to determine whether these (co)-orthologs are also
expressed in the testes of these two species (Fig. 1, step
5) and if their relative testis expression (rTE) is also pre-
dominant. These co-orthologs are listed in Additional
file 3: Table S3. The thresholds for designating a pre-
dominant testis-expressed gene were arbitrarily chosen
as follows: in mouse, these are genes with rTE > 50%, or
between 20 and 50% if they are expressed in less than
five tissues, whereas these are genes with rTE >50% in
chicken and zebrafish.

List of mouse genes of interest for the testes among the
625 orthologs (Fig. 1, step 3)

For each of the 625 mouse orthologs, we estimated their
relative tissue expression levels using data from the Uni-
gene “EST profile” database. This database has proved
highly reliable in predicting the expression profiles of
reproductive genes in mice ([16] [17] [18] [19]), even
though, to be rigourous, we verified gene expression by
qRT-PCR in this species. The calculated (in silico-
predicted) rTE varies from 0 to 100% (column BK in

Additional file 1: Table S1). As in our previous work on
ovarian genes, we arbitrarily decided to focus on genes
whose relative testicular expression was above a certain
threshold, chosen here either >50% (34 orthologs) or be-
tween 20 and 50% (eight orthologs) and with expression
restricted in two to five tissues among the 45 adult tissues
listed in the Unigene EST profile (total: 42 orthologs
among 625). We retrieved complemental information
concerning the orthology link between fly and mouse co-
orthologs: paralogs (26 genes) of these 42 mouse genes
predominantly expressed in testes were considered when
they exhibited a noteworthy orthology link according to
Flybase (score —available in Flybase Dmel 6.26- equal or
higher than the corresponding ortholog gene; see M&M
section 1.4). We finally identified 68 mouse genes of
interest (42 orthologs + 26 paralogs), listed in Additional
file 3: Table S3 (columns G-L). These mouse genes are co-
orthologs of 28 fruit fly genes (columns B-F) and are
gathered in 28 groups of paralogs with at least one gene
preferentially expressed in the testes. We also determined
if fly and mouse orthologs belong to the same tree or
superTREE (recently available in Ensembl release 96, col-
umn K). Among the genes with an rTE >20%, 13 are ex-
clusively expressed in the testes according to Unigene
(calculated rTE = 100%).

Twenty of the 68 mouse genes were arbitrarily chosen
to verify their testis-enriched or exclusive expression by
qRT-PCR analyses. We thus experimentally confirmed
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the Unigene profile for each of them (Additional file 4:
Figure S1).

Retrieval of chicken and zebrafish orthologs of the 68
mouse genes of testis interest (Fig. 1, step 4)

The chicken and zebrafish orthologs of the 68 mouse
genes of testis interest (or 28 groups of mouse paralogs)
were identified using the Biomart tool and analysis of
phylogenetic trees and syntenic chromosomal fragments
(Fig. 1, step 4; Ensembl release 88).

— Chicken orthologs (Additional file 3: Table S3A,
ID information in columns M/N): each of the 28 groups
of mouse paralogs possesses at least one chicken ortho-
log. Among the 68 mouse genes, four have no orthologs
in chicken (RhoA, Shcbpll, Lmna and Lmntdl). The 28
groups of mouse paralogs total 144 chicken (co-)ortho-
logs, most of which being localised on conserved syn-
tenic genomic regions (columns Q/R). The details of the
orthology relation are described in Additional file 3:
Table S3B.

— Zebrafish orthologs (Additional file 3: Table S3A,
ID information columns S/T): among the 28 groups of
mouse paralogs, 26 possess at least one zebrafish ortho-
log. The details of the orthology relation are described in
Additional file 3: Table S3B. In total, 10 mouse genes
have no zebrafish orthologs: Shcbpll (but its paralog
Shcbpl has one) and Lmntdl as observed in chicken,
plus Boll, Lrrc46, Dmrtbl, MyhlS, Phf7, Tcpl0a, Tcp10b,
TeplOc. The 26 groups of mouse paralogs corresponded
to 60 zebrafish (co)-orthologs. The difference in the
number of orthologs for the 68 mouse genes in chickens
and zebrafish (144 and 60, respectively) is primarily due
to the fact that mouse Sun3/Sun5/Spag4 paralogs and
Phf7 have one or no ortholog in zebrafish, compared to
31 and 63 in chickens, respectively. Among the 60 zeb-
rafish orthologs, half of the genes (31) are localised on
conserved syntenic chromosomal fragments in compari-
son with mouse (columns U/V).

Relative testis expression of the chicken and zebrafish
orthologs for identification of genes of interest for testis
function (Fig. 1 step 5)

We then aimed to identify, among the genes described
above, those putatively exhibiting an enriched testicular
expression in chickens and/or zebrafish. Given the lack
of previous studies regarding chickens, we determined
most expression data by qRT-PCR (Fig. 3, Additional file
5: Figure S2 and Additional file 3: Table S3A, column O)
. We also used Ensembl (chicken) and Phylofish (zebra-
fish) databases to retrieve expression data (Additional
file 3: Table S3A, column P for chickens and column W
for zebrafish). We arbitrarily deemed that the expression
of a gene is enriched in the testes when its rTE is 250%.
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To better compare with the mouse, we also considered
genes with their rTE between 20 and 50%.

— Testis expression of chicken orthologs (Add-
itional file 3: Table S3A, columns O -our results- and P
—Ensembl data-): among the 144 chicken co-orthologs
of the 68 mouse genes, we retrieved data for 143 genes
(no data available for HOXCI12): 106 genes (74%) includ-
ing the numerous co-orthologs of Sun5/Spag4 and Phf7
(20 and 63 duplicated gene copies respectively) have
their rTE > 50%. Five genes in addition to the 11 Sun3-
co-orthologs have their rTE between 20 and 50%.

Finally, among the 28 groups of mouse paralogs with
at least one gene preferentially expressed in the testis,
17 (61%) have at least one chicken ortholog with a
relative testis expression >50% and four with an ex-
pression between 20 and 50%.

— Testis expression of zebrafish orthologs (Add-
itional file 3: Table S3A, column W): among the 60 zeb-
rafish (co)-orthologs of the 68 mouse genes, 18 (30%)
exhibit an rTE>50% in testis and/or ovary. For 20
(33%), the rTE values are between 20 and 50%.

Finally, among the 28 groups of mouse paralogs, 13
(46%) have at least one zebrafish ortholog with a
relative testicular expression > 50%, and 10 with an ex-
pression between 20 and 50%.

The results above are summarised in Fig. 1, with ortho-
log numbers and percentages at each step of the workflow.
The chicken and zebrafish genes with an rTE >50% are
underlined in Additional file 3: Table S3A (columns N and
T, respectively).

Function(s) of testis genes conserved across evolution

To obtain an overview of the function of the genes
emerging from the present study, we report data con-
cerning their function, when available, in the fruit fly
(Flybase data), mouse (MGI data) and zebrafish (review
of the literature) (Additional file 3: Table S3A, columns
E-L-X for fruit fly, mouse and zebrafish, respectively).
Note that no functional data are currently available for
chickens. In a second step, we also analysed enriched
gene ontologies in the fly and mouse.

In the case of the fruit fly, of the 28 genes that have
at least one testis-enriched mouse ortholog, almost all
present a germ cell defect when mutated, independent of
their testis expression (note that only 13 have a testis-
enriched profile). For example, for Zmynd10, TTLL3B and
sqd, the phenotype mutant is manifested in spermatozoon,
spermatid axoneme and spermatogonium, respectively
(see Additional file 3: Table S3A, column C). In the zeb-
rafish, of these 60 orthologs, morpholino-injected mutant
phenotypes are available for only five, with four exhibiting
a defect only in males (female phenotype for hnrnpdl):
tdrd, tdr6a, dazl and rhoab. For the four genes, the defect
concerns an alteration of the germplasm structure. In the
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mMRNA testis expression levels are indicated in Additional file 3: Table S3A, column O (as percentages). ANOVA, followed by Bonferroni post-hoc
tests, was used to compare tissular expression in chickens (* means p < 0.001)

*
2100 = PpKD2L1 ENSGALG00000005766
(=]
g 80
3
o 60
<
g 40
£
Q
2 20
(1]
T
£ 9
T I Li lu VD ™ B H
100 .~ PABPCI1 ENSGALG00000030280 T
S
® 80
7]
<
£ 60
(]
-
Z 40
£
Q
2z 20
5 T T
g 0 -
T I L W VD M B H
NDST4 ENSGALG00000012015
12 000
5 I
? 10000
<
o
X 8000
(]
<
4 6000
14
£
o 4000
2
E 2000
[]
14 o - .
0 - — — -
T I L W VD ™M B H

mouse, 15 genes exhibit germ cell defect mutants, with
consecutive male infertility in almost all cases, whereas for
the other genes, the data are “normal reproductive pheno-
type” (three genes), “no phenotype data available” (20
genes), “no reproductive phenotype described” (29 genes),
as well as one exhibiting an embryonic lethality. Finally,
for the three species, most keywords describing the tes-
ticular defects are related to germ cell development.

We also listed the GO of the candidate genes, ana-
lysed with the DAVID and Biomart tool (see M&M).

When compared with the whole genome, the initial list
of the 379 fruit fly genes exhibits 79 enriched GO terms
(p <0.01) with a fold-enrichment > x 3 (Additional file
6: Table S4); among them, almost half (34) are related
to male/female gonad- or germ cell-functions and de-
velopment (Fig. 4a), with a fold enrichment > x5, in-
cluding “G0:0007283 spermatogenesis” (x 14.5). This
GO term is also significantly (p < 0.01) enriched for the
625 mouse orthologs (versus whole genome), with a
2.79-fold enrichment (not shown). In the mouse,



Fouchécourt et al. BVIC Evolutionary Biology (2019) 19:137

Page 7 of 15

oogenesis
border follicle cell migration

A Fold-enrichment of biological process GO of the 379 fruit fly genes versus
whole fruit fly genome

male meiosis T

ovarian follicle cell d it

meiotic nuclear division T ——————

sex determination

sex differentiation

oocyte anterior/posterior axis specification

meiotic spindle organization

spermatid development

sperm axoneme assembly

male meiosis chromosome segregation

female germ-line stem cell asymmetric division

permatc

germ cell development

spermatid differentiation

female germ-line stem cell population maintenance

oocyte localization involved in germarium-derived egg chamber...

meiosis | cytokinesis

meiosis Il cytokinesis

male germ-line stem cell population maintenance

ovarian fusome organization

germ-line stem cell division

sperm motility

meiotic chromosome condensation

germ-line stem cell population maintenance

germarium-derived cystoblast division

male meiosis |

sperm indivi ization

sperm mitochondrion organization

stem cell population maintenance

male meiosis cytokinesis

spermatocyte division

male germ-line cyst encapsulation

(<}

Fold-enrichment

B Fold-enrichment of biological process GO of the 68 MOUSE genes versus the 625
initial (co)-orthologs

nucleic acid binding  EE————————————
RNA binding /s —

5 10 15 20 25 30

nuclear envelope

poly(A) binding

gene silencing by RNA

[heparan sulfate]-glucosamine N-sulfotransferase activity

meiotic cell cycle

nuclear import signal receptor activity

apical junction y

intermediate filament

sulfotransferase activity

spermatogenesis

intracellular ribonucl otein

protein transporter activity

0

\

Fold-enrichment
Fig. 4 a Thirty-four “reproduction-related” biological process GOs enriched in the 379 fly genes compared to the whole genome (p < 0.01),
according to the DAVID Functional Annotation Tool (see Additional file 6: Table S4); Fold enrichment arbitrarily chosen > x 5. b Comparison
between GOs of the 625 and 68 mouse orthologs (fold enrichment arbitrarily chosen > x 2; Chi-square test, p < 0.01).
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comparison between the GO terms of the 625 orthologs
and the restricted list of 68 genes predominantly
expressed in the testes resulted in 14 enriched GO
terms (fold enrichment > x2, p<0.01), including
“spermatogenesis” (fold enrichment > x4) and four
notable functions related to nucleic acid binding (GO:
0031047 “gene silencing by RNA”, GO:0008143
“poly(A) binding”, GO:0003723 “RNA binding”, GO:
0003676 “nucleic acid binding”) (Fig. 4b). In summary,
the genes can be classified into four main biological
functions: meiosis process, interaction with DNA, RNA

processing, binding or transport, structure of sperm-
atid/spermatozoon.

Discussion

In this study, we aimed to provide an overview of the
genomic and expressional conservation of testis genes
across evolution. The main results are: 1) testis genes
are highly (83%) conserved between vertebrates and in-
vertebrates; 2) of those conserved genes that are
enriched in mouse testes, 61 and 46% presented a rela-
tive testis expression >50% in chickens and zebrafish,
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respectively; 3) most functions of these genes are related
to germ cell development.

Conservation of testis genes across evolution

The high rate of conservation (83%) found for testis genes
between invertebrates and vertebrates is significantly
higher than the 42% expected for the complete fruit fly
genome and similar to that found for genes involved in
ovarian function in our previous study (78%) [15]. This
high rate is in accordance with the conservation of germ
cell differentiation [1]. Moreover, this significantly high
percentage is not singular or restricted to germ cell genes,
as it is common for genes involved in drastic phenotypes,
such as in our study. Indeed, Catillo-Davis & Harlt (2003)
point out that genes whose mutation leads to a non-viable
phenotype in invertebrates (C. elegans) are more con-
served in eukaryotes than others [20]. Maxwell et al.
(2014) also show that genes involved in human diseases
exhibit a significantly higher conservation rate (52%) than
would be expected for a random subset of all human
genes [21].

We found that few mouse genes predominantly
expressed in the testes have no chicken and/or zebrafish
orthologs (no chicken ortholog: RhoA, Shcbpll, Lmndtl
and Lmna; no zebrafish ortholog: Boll, Lrrc46, Dmrtbl,
Shebpll, Lmndtl, MyhlS, Phf7, Tep10a/b/c). This result is
surprising for at least four genes absent in zebrafish (Boll,
Lrrc46, Dmrtb1 and Phf7), as these genes are known to be
important in fly and/or mouse testes (see references in
paragraph Conservation of testicular gene functions) and
are enriched in chicken testes (present results). Moreover,
Lrrc46, Dmrtbl and Boll have orthologs in other cartil-
aginous and bony fish species, (data not shown). This dis-
crepancy between zebrafish and other teleostean fish
species has previously been observed for other genes in-
volved in reproductive function. For instance, no gene en-
coding for the GnRH1 neuropeptide has been identified in
zebrafish, although this hypophysiotropic GnRH1 form is
essential to the release of LH in other fish species [22, 23].
Similarly, the stra8 gene, which is required for the meiotic
transition of spermatogonia in mammals, has not been
identified in the zebrafish genome, while it is present in
other fish genomes [24]. It has been proposed that the loss
of evolutionary conserved genes in zebrafish strains is a
result of the domestication of this species [25].

Synteny investigation, which is necessary to validate
gene losses, is arduous in chicken and zebrafish for dif-
ferent reasons (incomplete annotation in chicken and
supplemental round of whole genome duplications in
teleosts). Moreover, updating the data bank with gen-
omic data is an ongoing process. Thus, it may be pos-
sible that orthologs of the mouse genes will “show up”
in the future. Otherwise, it is possible that one or several
paralogs compensate the biological function of an
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“absent” gene. This may be the case for the two mouse
paralogs Shcbpll/Shcbpl: only Shcbpl exhibits one
ortholog in chicken and zebrafish, and this ortholog may
be sufficient to ensure the biological function in the tes-
tes of chickens and zebrafish, while two genes would be
necessary in mice.

Testis expression of conserved genes

We found that the majority of orthologs of the mouse
testis-enriched genes are also predominantly expressed in
chicken testes (61%). In the zebrafish, almost half of them
(46%) have a relative testis expression >50%. Conversely,
in the fruit fly, among the 28 genes that give rise to the 68
mouse orthologs of interest, only 13 exhibit testis-
enriched expression (Additional file 3: Table S3A column
F). The 15 remaining genes are expressed in the testis, al-
beit not preferentially. Twelve (bel, alphaTub84B, Ance,
PAbp, sqd, tra2, tud, Sas-4, Rhol, mip120, dsx, Mhc) are
ubiquitous in the fly, whereas their mouse orthologs are
mostly (TE = 50%) expressed in the mouse testes.

Concerning the expression data in chickens, we ex-
perimentally investigated a set of 41 (Additional file 3:
Table S3A and Additional file 7: Table S5) unique genes
or groups of paralogs. For most results, we verified the
degree of concordance with available data in Ensembl
Expression Atlas, based on the transcriptomic work of
Merkin et al. (2012). Quantitative variations between our
results and those of Merkin et al. can be observed for
some of the genes, such as lower relative testicular ex-
pression in our study (Tesmin, 65% in our study versus
100% in Atlas; ENSGAL00000011243, 74.5% in our
study versus 99.7% in Atlas). Two principal reasons can
explain this apparent discrepancy. First, the number of
tissues is not exactly the same between the studies, and
second, the chicken lines are different. The chicken line
used in the present study was an agronomic broiler, in
which most of the genes had a substantial expression in
the muscle.

For the zebrafish, one can note that a high relative ex-
pression in the ovary can be found for some genes
mainly expressed in the testes. This was also true for the
mouse species. For example, and as described in our
previous work [15], tdrd5 and rnf17 are highly expressed
in the zebrafish testis and ovary, similar to their mouse
orthologs. This finding suggests a common function in
male and female germ cells for these conserved genes
across evolution. Further investigations on hen ovaries
would be helpful to ascertain this point.

Comparison among mouse/chicken/zebrafish

Among the 625 mouse genes, we selected 68 genes mainly
expressed in testes (orthologs of 28 fly genes): 42 had a
relative testicular expression level greater than 20% (cut-
off arbitrarily chosen) and 26 were paralogs. Among the
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42 genes with a relative testicular expression greater than
20%, 34 mouse genes had a relative testicular expression
rate higher than 50% and eight genes between 20 and
50%, albeit restricted to a limited number of tissues. Inter-
estingly, among these eight genes with lower relative tes-
ticular expression, pkd2/1 exhibited a chicken ortholog
(PKD2L1I) restricted to testes (TE = 100%) and two zebra-
fish co-orthologs (pkd2l1/pkd2) mainly expressed in the
testes. With the same idea, among the 26 paralogs and in
spite of their low testicular level in mice, six genes (Kpna2,
Cenpyj, Lin54, Ccna2, Shcbpl, Pkd2 — paralog of Pkd2l1-)
have chicken and/or zebrafish orthologs with a relative
testicular expression levels greater than 50%. For example,
the relative expression level of Cenpj in mouse testes was
less than 9%, while it reached 85.6% in chicken and 63% in
zebrafish testes.

We observed numerous duplications for the orthologs
of four mouse genes (Phf7, Sun3, Sun5, Spag4) in chick-
ens, but not in zebrafish. For example, Phf7 has 63 pre-
dicted co-orthologs in the chicken, but none in the
zebrafish. This expanding duplication in numerous para-
logs appears to be distinctive to chickens and probably
to other avian species, as several paralogs of this gene
also exist in zebra finches (38), turkeys (17) and ducks
(6) (see tree ENSGT00390000005246 available in
Ensembl). This high rate of duplication may correspond
to a sub-functionalisation of the various paralogs, as this
phenomenon is well-described for paralogs in the testes
[for review: [26]] or other tissues, such as fat tissue [27].
Further investigations will help us to answer this ques-
tion and to develop a greater understanding of bird tes-
ticular function specificities.

Conservation of testicular gene functions

A previous study in 2008 [9] analysed genes predomin-
antly expressed in the testes and conserved between fruit
flies and humans. In this study, the authors identified 12
candidate genes putatively involved in male fertility in
mammals. The main difference to our present work is
that this previous study focused on the genes whose ex-
pressions were restricted to the testes in flies and then
tried to identify the human orthologs. In contrast, in the
present study, we first identified genes whose mutation
leads to functional impact (mutation with phenotypical
consequence) in the fly, even if the expression of the
gene is not restricted to the fly testes, and we then iden-
tified the vertebrate orthologs and examined their ex-
pression in the testes. Intriguingly, no common gene
exists for these two lists of genes reported (their list of
12 conserved genes and our 68 conserved genes). Most
likely, this is due to evolution/changes between the time
of their (2008) and our study in the content of data in
phylogenetic databases, as we have observed for a pro-
portion of our own data (see “Limitations” paragraph in
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the Discussion). However, and interestingly, both sets of
genes include genes involved in spermatozoa structure
and nucleic acid metabolism, as described below.

The Gene Ontology term analysis demonstrated a
functional similarity between the fruit fly and the mouse,
with common GO terms related to germ cell structure
and meiosis. In the zebrafish, data gained from
morpholino-injected embryos showed defects related to
germplasm structure. In the fruit fly, almost all of the 28
genes present a defect in one or several germ cell types
when mutated, independent of their testicular expression
profile. Indeed, more than half of the 28 genes exhibited
a ubiquitous expression pattern, whereas at least one of
their mouse co-orthologs was mainly expressed in the
testes. Thus, for these genes, the fly mutant phenotype
may be the result of direct and indirect effects.

In the mouse, most genes are known to be expressed in
male germ cells, with some additionally being expressed
in the oocyte (Dazl, Tdrd1/5/9). The GO term analysis re-
vealed functions related to nucleic acid binding. Regarding
this species, a large body of literature (especially concern-
ing targeted invalidation) provides functional information
for about one third of the 68 mouse genes of testis interest
(see below). These genes can be classified into four main
biological functions, as listed below:

Meiosis process: Mtl5 is expressed in most stages of
meiotic prophase I, with a strong expression in late
pachytenes [28]. Furthermore, DIPasl-deficient male
mice are sterile, with spermatogenic arrest at the late
pachytene stage [29]. CcnAl invalidation leads to sterile
male mice because of meiosis arrest, followed by germ
cell apoptosis [30]. It is not surprising that genes with
such functions are highly conserved across evolution, as
previous studies have shown that this is true for numer-
ous loci involved in meiotic recombination [31] or
checkpoints required for the meiotic cell cycle [32].

Structure of spermatid/spermatozoon: Klhl10 is in-
volved in the spermatid elongation process, and its defi-
ciency leads to sterility [33]. Sun3/Spag4 are proteins
involved in germ line nucleus association, at the site of
attachment of the single spermatid centriole [34—36];
SunS5-null spermatozoa are acephalic, as Sun5 functions
to anchor the sperm head to the tail. In Lrrc6-/- mice
[37], the outer dynein arms are absent from the sperm-
atozoa cilia, leading to incomplete motility. In humans,
loss-of-function if this gene is characterised by the ab-
sence of dynein-arms [38]. Zmyndl10 is important for
cilia motility and also interacts with Lrrc6 for dynein
arm assembly [39, 40]. Ttll8 is involved in tubulin
glycylation in sperm flagella [41, 42]. Armc3/4 encode
members of the superfamily of armadillo repeat proteins,
the archetypal modular-binding proteins involved in
various fundamental cellular processes, including cell-
cell adhesion, cytoskeletal organisation, nuclear import
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and molecular signalling [43]. Armc4 is required for
spermatid maturation [44], and a specific natural muta-
tion in the Armc3 gene has been shown to lead to a
sterilising tail sperm defect in bovine species [45].

RNA processing, binding or transport: genes with such
functions have been highlighted in our previous study
focusing on the evolution of oocyte genes [15]. For ex-
ample, Rufl7 encodes a protein involved in ribonucleo-
protein granules for RNA processing [46, 47]. Germinal
granules are strongly implicated in the transport, storage,
localisation, stability and regulation of the translation of
mRNA in the testes [48, 49]. Other genes involved in the
process are well-described, including Boll, Dazl and Tdrd
5/1/6/9 [49-53]. Another gene involved in this functional
category is Papbc2, an RNA-binding protein that plays a
role in the translational regulation of the mRNAs required
in the later stages of spermatogenesis [54]. Its paralog
Papbcé6 is tagged with “RNA binding” GO, but has no
known phenotypical function in the literature.

Interaction with DNA: this function is represented by
two genes, Phf7, a protein that binds histone H3 N-
terminal tails in humans and flies [55, 56], and Dmrtbl,
known as Dmrt6, which represses the genes involved in
spermatogonial differentiation and activates genes re-
quired for the meiotic prophase [57].

The GO enrichment analysis confirmed the involvement
of genes involved in RNA metabolism and/or transport,
with a high degree of enrichment of these GO terms in
the list of 68 mouse genes. Functional studies are required
to ascertain whether this is also the case in chickens. Note
that the chicken ortholog of Pkd2l1 (PKD2LI) is exclu-
sively expressed in the testes, suggesting that this gene is
important for chicken spermatogenesis.

Limitations: false negative genes, no ortholog found,
frequent changes in databases

As mentioned in our previous study on genes involved
in oogenesis [15], one limitation of our method is that
the stringency of the available tools in databases
(Ensembl trees and Biomart tools) could not allow us, in
some cases, to find an ortholog, even when we knew
that the vertebrate ortholog did exist: this was the case
for oocyte genes encoding mos, Vasa and brca2 [15]. It
is a bias inherent in meta-analyses on several hundred
genes: databases evolve so rapidly that regularly, some
phylogenetic trees change their size and the number of
their members. We observed discrepancies between
Ensembl release 88, when we started the work (2017),
and release 96 (2019) at the time of reviewing, especially
when we examined the trees and superTREES (available
only since October 2018). These discrepancies are
mainly due to recent changes in the methods for calcu-
lating the gene trees (communication of Ensembl team).
Changes are frequent in databases (in the last 5 years,
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Ensembl data have been updated every 3 months on
average), and it is illusory to expect 100% accuracy in
orthology links. Thus, our data are not perfect, and we
observed both qualitative and quantitative variations.
For example: Biomart 96 claimed that 10 fly genes (bel,
PAbp, Pen, sqd, Spagd, dsx, nesd, Mhc, Lam, Abd-B) do
not have any mouse orthologs. However, eight of them
belong to the same tree (Pen) or superTREE (bel, pAbp,
sqd, nesd, Mhc, Lam, Abd-B) as the mouse co-orthologs
designated in 2017. This observation points out the
higher stringency of the Biomart tool versus trees (com-
munication of Ensembl team). Finally, two fly genes be-
come ambiguous: dsx and Spag4. Indeed, the mouse co-
orthologs designated in 2017 exhibit a low Flybase
orthology score (4/15 for dsx and 5/15 for Spag4),
whereas the scores of the eight other genes are higher (=
10/15). This indicates that crossing information from
various databases is useful to consolidate orthology links,
especially with species with a large evolutive distance. In
particular and interestingly, the mouse orthologs of both
dsx and Spag4, obtained with Biomart 88, exhibit
chicken and zebrafish orthologs with a relative testis ex-
pression >50% (see Additional file 3: Table S3A). More-
over, in any case, if there are false-negatives in our study,
the large majority of the orthology links that we ob-
served are true; and if there are false-positives, there are
likely very few.

Finally, our analyses are dependent on 1) statistical
models that evolve with the massive production of new
genomics data from novel species; 2) calculating method
changes with time in databases. Moreover, for the same
reason of evolutionary distance, the conserved synteny
could not be used between Drosophila and vertebrates
to complete or strengthen our phylogenetic trees. It is
therefore possible that, concerning the supposed genes
present in the fly but not in the vertebrates, due to the
evolutionary distance between these species, these genes
may have a true vertebrate ortholog, but that the high
stringency of the phylogenetic trees recovered from
Ensembl database does not allow to identify them with-
out any ambiguity (example: the Drosophila genes piwi
and aub exhibited no vertebrate ortholog at the time of
our analysis with Biomart in Ensembl release 88).

Conclusions

Through an evolutional approach combining the exploit-
ation of various in silico data, we identified new conserved
genes predominantly expressed in the testes and required
for male reproduction in vertebrates. Indeed, the present
study highlights at least three mouse candidate genes that
would deserve further functional studies: Lrrc46, Pabpc6
and Pkd2l1. Their relative expression levels in the testes
are high in mice, chickens and zebrafish, but no functional
data are available in vertebrates. Further studies would



Fouchécourt et al. BVIC Evolutionary Biology (2019) 19:137

help to determine whether these genes have an important
function in the testes. Finally, in the case of a species of
agronomic interest, the chicken, a substantial list of genes
putatively important for male reproduction has emerged,
exhibiting high relative expression levels in the testis and
being (co)-orthologs of genes important for male fertility
in at least one of the other two model species studied.

Methods
Figure 1 summarises the project workflow, combining in
silico (section 1) and experimental data (section 2) and
comprising five main steps, as described below and in
the results.

Data retrieval for in silico approach

The data bank interrogations for this study were mostly
performed in April 2017 with Ensembl release V88 (ac-
cessible in the archive site at https://www.ensembl.org/
info/website/archives/index.html: Biomart and phylogen-
etic trees), and additional recent data (superTREE) were
retrieved for our candidate genes from Ensembl release
96 and from Flybase Dmel 6.26 (version 2019_02)
(phylogenetic score). Details are presented in each para-
graph below.

Genes involved in reproductive phenotype in fruit flies
(Drosophila melanogaster)

The genes involved in Drosophila melanogaster male
reproduction at the testis level were retrieved using Fly-
base data (http://flybase.org/, Dmel Release 6.13), a data-
base that collates mutants with specific phenotypes. The
database was interrogated with the following keywords:
1) Phenotypic class interrogation: “sterile male” and
“semi-sterile male”; 2) Tissues/cell-affected interrogation:
“testis” and “sperm”. Having eliminated redundancy, a
list of 379 unique fruit fly genes (Fig. 1 step 1) was
established for further analyses. These genes are num-
bered and listed in Additional file 1: Table S1 (“fruit fly”
columns) along with their paralogs, while indicating
whether these paralogs belong to the initial list (i.e. if
they are additionally involved in testis function) in order
to avoid redundancy (in case these paralogs share mouse
co-orthologs).

Retrieval of vertebrate and invertebrate orthologs

To retrieve the vertebrate (chicken, zebrafish, lizard)
orthologs of the fruit fly genes, we used the Biomart tool
(http://www.ensembl.org/biomart/martview/
5c¢45d7b6573¢c2922f8ffecfbb15679f0) of the Ensembl
database (last interrogation Ensembl release 88). We also
retrieved information in superTREES, which regrouped
smaller phylogenetic trees (since Ensembl release 96).
Briefly, for the use of the Biomart tool, the “dataset” cor-
responded to the Drosophila melanogaster genes, the
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“filter” to the 379 ID genes that were copied as “input
external references ID list”. In the “Attributes” tab, we
checked “homologues” and then each vertebrate “Ortho-
logues” of interest. With these parameters, the results
for each fly gene gave the names and IDs of orthologues
of all requested species.

In chicken and zebrafish, the orthology relationship was
confirmed by a “vetting process”, which consists of tree
analyses. In most of the cases, the tree links and the Bio-
mart results were identical. However, discrepancies were
not uncommon: we observed that Biomart is sometimes
more stringent than the information given by the trees.
Thus, when the gene was predicted absent in Biomart, we
analysed the Ensembl tree. If the gene was present in the
tree (ambiguous cases), we analysed the conservation of
syntenic chromosomal fragments using the Genomicus
tool (http://www.genomicus.biologie.ens.fr/) or directly ac-
cessible for each gene in an Ensembl tree) or the Genome
Data Viewer (https://www.ncbi.nlm.nih.gov/genome/gdv/)
when no data was available in Ensembl. In both chicken
and zebrafish, tBLASTn interrogation with reciprocal veri-
fication using the best hits (higher score and lower e-value
as a new query) was used when ambiguities occurred, as
we have previously described [15]. Moreover, in zebrafish,
some trees were built using the Molecular Evolutionary
Genetics Analysis (MEGA) software version 7.0, with
homolog proteins aligned using the BioEdit Clustal W mul-
tiple alignment editor software version 7.1.3.0 (http://www.
mbio.ncsu.edu/BioEdit/bioedit.html). Trees were con-
structed using the Neighbour-Joining method, and the
reliability of the inferred trees was assessed using the boot-
strap procedure with 1000 replications. For genes lacking
vertebrate orthologs, we performed supplemental analyses
with EnsemblMetazoa (Biomart and trees: http://metazoa.
ensembl.org/biomart/martview/183d7 c4a3df65cb3c36¢3c9
05c40e64b, Ensembl release 88) to obtain an overview of
the evolution of these genes inside the invertebrate class
(Fig. 1 step 2).

Expression profile of mouse (Mus musculus) genes

Among the mouse orthologs obtained in step 2, we
aimed to select genes of interest due to their relative ex-
pression in testes, designated as rTE (Fig. 1 step 3). As
reported in our previous work [15], we used the Unigene
expression profile  (http://www.ncbi.nlm.nih.gov/uni-
gene). This database has proved highly reliable in pre-
dicting the expression profiles of reproductive genes in
mice ([16] [17] [18] [19]). The Unigene expression pro-
file provides the ESTs of 47 tissues (including 45 adult
tissues) generated from almost 740 various cDNA librar-
ies and expressed in transcripts per million (TPM).
Libraries containing more than 1000 ESTs were consid-
ered. For each mouse co-ortholog of fly genes, we re-
trieved the direct EST profile available in the Unigene
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page for each gene, as we did previously for ovarian
genes [15]. Subsequently, we calculated the total tissular
TPM (total expression of one gene in the various murine
organs), excluding female tissues (vagina, uterus, ovary,
mammary gland, fertilised ovum and oviduct) and em-
bryonic/extra-embryonic tissues, so that the ratio of
testis expression was calculated for a male organism as
the ratio of male tissues (testes, epididymis, prostate and
vesicular glands) and the total tissular TPM. According
to the high number of tissues available in Unigene, we
retained 42 genes with an rTE >50%, or between 20 and
50% if expressed in less than five tissues. These cut-offs
were arbitrarily chosen. We consider that these genes
present a predominant testicular expression and thus are
of putative interest for testis function in mice.

Orthology link score provided by Flybase

To enrich the list of genes of interest for testis function
in mice, we focused on the paralogs of the genes listed
above (§1.3) and detected those (26 paralogs) of phylo-
genetic interest according to the Flybase “Orthologs” tab
that summarises the phylogeny links from 15 databases
in Flybase Dmel Release 6.26 (Compara, eggNOG, Hier-
anoid, Homologene, Inparanoid, Isobase, OMA,
OrthoDB, OrthoFinder, Ortholnspector, orthoMCL,
Panther, Phylome, RoundUp, TreeFam and ZFIN); these
orthology links are reflected by a global score (maximum
15) that was retrieved to complete Additional file 3:
Table S3A (column J).

Expression profiles of fruit fly genes and of chicken (Gallus
gallus) and zebrafish (Danio rerio) orthologs

Gene expressional data were obtained from the following
databases: for fruit fly genes, data were obtained in Fly-
base with the tab “Expression data” (sub-tag: “High-
Throughput Expression Data/modENCODE Anatomy
RNA-seq”); for chicken orthologs, our experimental data
(see paragraph “Experimental data” below) were con-
firmed with data in the “Gene expression” display of
Ensembl, with these data being based on the work of
Merkin et al. [58]. For zebrafish orthologs, in silico ex-
pression data were obtained in the PhyloFish database
[59] (Fig. 1 step 5). In contrast to mouse genes, the
threshold for designating a predominant expressed gene
in testes corresponded to rTE=>50% (versus 20% in
mice) in chicken and zebrafish, in view of the lower tis-
sue number investigated (8 and 10, respectively, in
chicken and zebrafish versus 45 in mice). The tissues in
chicken are described below (“chicken biological sam-
ples”). Ten different tissues were selected in zebrafish:
brain, muscle, liver, head kidney, gills, bones, intestine,
heart, testis and ovary.
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In silico functional data of mouse and zebrafish genes
Mutant phenotypes were retrieved (when available) from
the following data banks: Flybase for fly orthologs (“Sum-
mary of Phenotypes” tab), Mouse Genome Informatics
(MGL: http://www.informatics.jax.org/; “Phenotypes&Mu-
tant Alleles” tab) for mouse orthologs, Zfin (https://zfin.
org/) and literature review for zebrafish orthologs. In the
case of the flies and mice, only the mutant exhibiting the
most deleterious reproductive outcome is indicated for
each gene.

Gene ontology (GO) of mouse and fly genes

“Biological Process” and “Molecular Function” Gene
Ontology (GO) were investigated using the DAVID data-
base (Functional Annotation Tool: https://david.ncifcrf.
gov/summary.jsp) or the Biomart tool of Ensembl.

The DAVID database was used to determine enrich-
ment compared with the whole genome in flies. Briefly,
the 379 ID fly genes were pasted in the “Functional An-
notation Tool” as a “gene list” and submitted using two
parameters: “GOTERM_MF_DIRECT” and “GOTERM_
BP_DIRECT” (other parameters were unchecked). The
data were obtained as a chart including Fold Enrichment
and adjusted P-Value data (Bonferroni test), directly
downloaded as the Additional file 6: Table S4.

The Biomart tool of the Ensembl database was used to
compare the GOs between two lists of genes in mice.
After copying a gene list in “Input external references
ID” in the “Filters” tab, the parameters chosen in “Attri-
butes” were: “Features”, then Gene stable ID in “GENE”,
then GO term accession and name in “EXTERNAL”.
The result of such interrogation corresponded to all
GOs linked to the gene list. The emergence frequency of
a specific GO in the two lists investigated was compared
via a Chi-square test.

Experimental data of gene expression in mice and
chickens

Mouse and chicken biological samples

Animals were provided by INRA (Institut National de la
Recherche Agronomique) local farm facilities, which are
officially authorised by the French Ministry of Agricul-
ture for breeding and animal experimentation (for mice:
farm facility is UE-PAO, agreement number E-37-175-2;
for chickens: farm facility is UE-PEAT, agreement num-
ber D-37-175-1). Mice (Swiss strain locally breeded) and
chickens (Leghorn line locally breeded) were raised in
their respective animal husbandries with standard breed-
ing conditions (diet, temperature and L: D photoperiod),
and handling and sacrifice protocols were approved by
the French Ministry of Agriculture and the local official
ethics committee (Comité d’Ethique en Expérimentation
Animale Val de Loire CEEA — n°19), in accordance with
the European Directive 2010/63/EU on the protection of
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animals used for scientific purposes. All efforts were
made to minimise animal stress. Animals necessary for
the study were euthanized: mice (adult, 2.5-months-old;
N =6 males) were euthanized by cervical dislocation,
and unconscious (after electrical stunning) chickens
(adult, 8-months-old; N =3 males) were bled. The tis-
sues sampled for mice comprised testis (T), epididymis
(Ep), muscle (M), liver (L), spleen (S), brain (B), kidney
(K) and heart (H). For chickens, they included testis (T),
vas deferens (VD), brain (B), muscle (M), lung (Lu),
heart (H), liver (Li) and intestine (I). The tissues were
sampled rapidly and immediately frozen in liquid nitro-
gen to be kept at — 80 °C until RNA extraction.

RNA extraction, reverse transcription and quantitative PCR
for mouse and chicken genes

Total RNA was isolated from frozen tissues using
RNAble reagent (Eurobio) according to the manufac-
turer’s instructions. The RNA (1pg) was reverse-
transcribed after DNAse I treatment (Promega), using
RT-MMLV from Promega and oligo (dT) (Promega)
primers according to the manufacturer’s instructions.
The PCR reaction included two negative controls: water
and RNA samples not retro-transcribed (RT-). Real-time
PCR was carried out in triplicates with SYBR Green
reagent (BioRad), in accordance with the manufacturer’s
instructions, in a final volume of 20pl. Primers
(Additional file 7: Table S5) were designed with the NCBI
“primer-blast” tool, so that primer pairs had a 60°C an-
nealing temperature. In case of numerous paralogs and
due to their high percentage of sequence identity, it was
impossible to design primers specific to each paralog: con-
sensus sequences between paralogs were found with the
MultAlin tool available at http://multalin.toulouse.inra.fr/
multalin/, so that the primers amplify groups of several
paralogs. Fluorescence was detected on a MyiQ™ cycler
(BioRad, Marnes La Coquette, France) with the following
conditions: 35 cycles with denaturation at 95°C for 30s,
specific annealing at 60 °C for 30 s and elongation at 72 °C
for 30s. The specificity of amplified fragments was con-
trolled by checking the existence of a single peak on the
melting curve and by verifying their sequence (amplicon
sequencing services of Genewiz: www.genewiz.com/en-
GB/). We checked that each set of primers had an effi-
ciency comprised between 80 and 120%. For normalisa-
tion, the internal standard (housekeeping gene), exhibiting
a similar expression in the various tissues, was Rp/19 in
mice (sense primer: CCTCCAGGCCAAGAAGGAAG;
anti-sense primer GGGCAACAGACAAAGGCTTG). In
chickens, we tested two housekeeping genes: EEFIA
(eukaryotic translation elongation factor 1 alpha 1) (sense
primer: AGCAGACTTTGTGACCTTGCC; anti-sense
primer: TGACATGAGACAGACGGTTGC) and RPL15
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(ribosomal protein L15) (sense primer: TGTG
ATGCGTTTCCTCCTTGG; anti-sense primer: CCAT
AGGTTGCACCTTTTGGG). Given that they exhibited
similar expression profiles, normalisation was performed
with EEFIA level for graphical representation. For each
gene, tissular expression is presented as a relative mRNA
level proportionally to testis level (with the arbitrary level
being 100).

Statistical analysis

Chi-square test analyses were performed to explore the
proportions of genes conserved in invertebrates and ver-
tebrates, as well as the enriched GO in mice. When ne-
cessary, ANOVA, followed by Bonferroni post-hoc tests,
was applied to compare tissular expression in chickens.

Additional files

Additional file 1: Table S1. Columns B to I: fly genes List of the 379
Drosophila genes with male reproductive phenotype when mutated
(A-F) and their paralogs (G-l). Columns J to BL: mouse genes. The mouse
orthologs of the 379 fly genes are listed (columns J-M) and for each of
them their expression in adult mice organs (according to Unigene EST
profile) is provided (for calculation of their relative testis/ovary expression:
columns BG-BL). (XLSX 691 kb)

Additional file 2: Table S2. FLY genes without ortholog in chordates.
These genes are extracted from (Additional file 1: Table S1) for more
readability. In blue: genes having a tree in Ensembl (release 88) In orange:
genes with no tree in Ensembl (release 88) but in EnsemblMetazoa
(release 88). (XLSX 42 kb)

Additional file 3: Table S3A. List of the 28 fly genes (columns B-F),
whose mouse orthologs (68) are enriched in testis (G-L). Chicken
(M-R) and zebrafish (S-X) orthologs were retrieved with Biomart tool,
and their syntenic position and tissular expression were analysed.
Mutant phenotype was indicated in fly (E), and when available in
mouse (L) and zebrafish (X). Table S3B. Lines 1 to 11: mouse/chicken
orthology links of the testicular genes described in Table S3A Lines
12 to 21: mouse/zebrafish orthology links of the testicular genes
described in Table S3A. (ZIP 50 kb)

Additional file 4: Figure S1. relative mRNA expression level in mouse

tissues (T: testis; M: muscle; Ep: epididymis; Li: liver; S: spleen; B: brain; K:

kidney; H: heart. N=6 adult males) determined by gRT-PCR for 20 genes

(see primers supplemental Table 5) among the 68 of interest (Additional
file 3: Table S3A). The testis level is arbitrarily equal to 100. Normalisation
was performed with Rpl19 housekeeping mRNA level. (PDF 44 kb)

Additional file 5: Figure S2. relative mRNA expression level in chicken
tissues (T: testis; I: intestine; Li: liver; Lu: lung; VD: Vas Deferens; M: muscle;
B: brain; H: heart. N=3 different adult males) determined by qRT-PCR for
genes of interest in chickens (see primers in Additional file 7: Table S5).
These results are described in Additional file 3: Table S3A. A: genes with
relative expression in testis 250% (enriched) B: genes with relative expres-
sion in testis between 20-50% C: genes with relative expression in testis
<20% (not enriched) The testis level is arbitrarily equal to 100. Normalisa-
tion was performed with EEF1A housekeeping genes. Indicated for each
gene: Ensembl name (or mice ortholog for “novel gene”) and Ensembl ID,
with the exception of four sets of mouse Sun3, Sun5/Spag4, Phf7 co-
orthologs: Sun3 co-orthologs (11 “novel genes”): ENSGALG00000033219
ENSGALG00000043899 ENSGALG00000045507 ENSGALG00000040197
ENSGALG00000040775 ENSGALG00000041021 ENSGALG00000037121
ENSGALG00000046353 ENSGALG00000037958 ENSGALG00000013105
ENSGALG00000038308 Sun5/Spag4 co-orthologs (17 “novel genes”):
ENSGALG00000044320 ENSGALG00000044356 ENSGALG00000044446

ENSGALG00000044958 ENSGALG00000045379 ENSGALG00000045598
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ENSGALG00000045929 ENSGALG00000045972 ENSGALG00000046099
ENSGALG00000046178 ENSGALG00000046242 ENSGALG00000046257
ENSGALG00000046307 ENSGALG00000046324 ENSGALG00000046493
ENSGALG00000046634 Phf7 co-orthologs (set A 13 “novel genes”):
ENSGALG00000044361 ENSGALG00000046514 ENSGALG00000044587
ENSGALG00000044556 ENSGALG00000046230 ENSGALG00000044918
ENSGALG00000044445 ENSGALG00000045579 ENSGALG00000045161
ENSGALG00000046563 ENSGALG00000044499 ENSGALG00000044839
ENSGALG00000044931 Phf7 co-orthologs (set B 13 “novel genes”):
ENSGALG00000046190 ENSGALG00000044032 ENSGALG00000044516
ENSGALGO00000045973 ENSGALG00000045663 ENSGALG00000045774
ENSGALG00000046608 ENSGALG00000046050 ENSGALG00000046591
ENSGALG00000045432 ENSGALG00000045345 ENSGALG00000046666
ENSGALG00000045008. (PDF 143 kb)

Additional file 6: Table S4. List of GOs (BP GOTERM) corresponding

to the 379 fly genes according to DAVID Functional Annotation Tool,
with Fold Enrichment (column E) and Bonferroni P-value (column F).
(XLSX 60 kb)

Additional file 7: Table S5. Primer sequences used for expression
analysis (QRT-PCR) of the mouse (Additional file 4: Figure S1) and chicken
genes (Fig. 3 and Additional file 5: Figure S2) (XLSX 33 kb)

Abbreviation

BP: Biological process; EST: Expressed sequence tag; GnRH: Gonadotropin-
releasing hormone; GO: Gene Ontology; ID: Identity; LH: Luteinizing hormone;
MF: Molecular function; rTE: Relative testis expression; TMP: Transcripts per million

Acknowledgments

The authors would like to thank D. Crespin and P. Didier for providing the
animal facilities. E. Blesbois is acknowledged for helpful discussions. We are very
grateful to the Ensembl team for kindly and rapidly answering our questions.
The manuscript was proofread and corrected by Proof-Reading-Service.com.

Availability of data and materials
All data generated and analysed during this study are included in this published
article as figures and supplemental files including figures and tables.

Authors’ contributions

SF designed the study, performed experiments and chicken gene analyses,
generated all figures and drafted the manuscript; FP contributed to ortholog
retrieval; SE contributed to GO analysis; CL contributed to Drosophila gene
analysis; AT contributed to sample collection; MG participated in the revision

of the manuscript; MB contributed to gRT-PCR experiments (chicken); PP
contributed to qRT-PCR experiments (mice); JIL retrieved and analysed zebrafish
orthologs and revised the manuscript; PM supervised the project and revised the
manuscript. All authors read and approved the final manuscript.

Funding

This work was supported by grants from the European Union’s Horizon 2020
Research and Innovation Programme under grant agreement N°677353
(IMAGE), the Région Centre (FERTILMALE: n° 2017 119977), the French National
Infrastructure of Research CRB Anim funded by “Investissements d‘avenir’, the
INRA (Institut National de la Recherche Agronomique). F. Picolo was a fellowship
of CRBAnim and contributed to data analysis.

Ethics approval and consent to participate

Animal breeding and experimentations were conducted according to the
European Union regulation (directive 2010/63/UE) and with the approval
of the French Ministry of Agriculture (represented by the official ethics
committee CEEA #19 Val-de-Loire). Consent to participate is not applicable
because there are no human subject in the study.

Consent for publication
Not applicable.

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

Page 14 of 15

Author details

'PRC, CNRS, IFCE, INRA, Université de Tours, 37380 Noutzilly, France. “Institut
de Recherche sur la Biologie de I'nsecte (IRBI), UMR 7261, CNRS-Université
de Tours, 37200 Tours, France. *INRA, UPR 1037, Laboratory of Fish
Physiology and Genomics (LPGP), BIOSIT, OUEST-genopole, Bat. 16, Campus
de Beaulieu, cedex, 35042 Rennes, France.

Received: 8 February 2019 Accepted: 17 June 2019
Published online: 03 July 2019

References

1. White-Cooper H, Bausek N. Evolution and spermatogenesis. Philos Trans R
Soc Lond Ser B Biol Sci. 2010;365(1546):1465-80.

2. Bhasin S, Mallidis C, Ma K. The genetic basis of infertility in men. Baillieres
Best Pract Res Clin Endocrinol Metab. 2000;14(3):363-88.

3. Rosenstrauch A, Weil S, Degen AA, Friedlander M. Leydig cell functional
structure and plasma androgen level during the decline in fertility in aging
roosters. Gen Comp Endocrinol. 1998;109(2):251-8.

4. Beaupre CE, Tressler CJ, Beaupre SJ, Morgan JL, Bottje WG, Kirby JD.
Determination of testis temperature rhythms and effects of constant light
on testicular function in the domestic fowl (Gallus domesticus). Biol Reprod.
1997,56(6):1570-5.

5. Bakst MR, Akuffo V, Trefil P, Brillard JP. Morphological and histochemical
characterization of the seminiferous epithelial and Leydig cells of the
Turkey. Anim Reprod Sci. 2007,97(3-4):303-13.
de Reviers M, Hochereau-de Reviers MT, Blanc MR, Brillard JP, Courot M,
Pelletier J. Control of Sertoli and germ cell populations in the cock and
sheep testes. Reprod Nutr Dev. 1980;20(1b):241-9.

7. Wilson H, Piesco N, Miller E, Nesbeth W. Prediction of the fertility potential
of broiler breeder males. Worlds Poult Sci J. 1979;35(2):95-118.

8. Rosenstrauch A, Degen AA, Friedlander M. Spermatozoa retention by Sertoli cells
during the decline in fertility in aging roosters. Biol Reprod. 1994;50(1):129-36.

9. Bonilla E, Xu EY. Identification and characterization of novel mammalian
spermatogenic genes conserved from fly to human. Mol Hum Reprod. 2008;
14(3):137-42.

10.  Rodgers-Melnick EB, Naz RK. Male-biased genes of Drosophila melanogaster
that are conserved in mammalian testis. Front Biosci (Elite Ed. 2010;2:841-8.

11. Xu EY, Lee DF, Klebes A, Turek PJ, Kornberg TB, Reijo Pera RA. Human
BOULE gene rescues meiotic defects in infertile flies. Hum Mol Genet. 2003;
12(2):169-75.

12. Bonaccorsi S, Giansanti MG, Gatti M. Spindle self-organization and
cytokinesis during male meiosis in asterless mutants of Drosophila
melanogaster. J Cell Biol. 1998;142(3):751-61.

13. Barbato GF. Genetic relationships between selection for growth and
reproductive effectiveness. Poult Sci. 1999;78(3):444-52.

14. Zhang XY, Wu MQ, Wang SZ, Zhang H, Du ZQ, Li YM, Cao ZP, Luan P, Leng
L, Li H. Genetic selection on abdominal fat content alters the reproductive
performance of broilers. Animal. 2018;12(6):1232-41.

15.  Elis S, Desmarchais A, Cardona E, Fouchecourt S, Dalbies-Tran R, Nguyen T,
Thermes V, Maillard V, Papillier P, Uzbekova S, et al. Genes involved in
Drosophila melanogaster ovarian function are highly conserved throughout
evolution. Genome Biol Evol. 2018;10(10):2629-42.

16. Dade S, Callebaut |, Mermillod P, Monget P. Identification of a new
expanding family of genes characterized by atypical LRR domains.
Localization of a cluster preferentially expressed in oocyte. FEBS Lett. 2003;
555(3):533-8.

17. Dade S, Callebaut |, Paillisson A, Bontoux M, Dalbies-Tran R, Monget P. In
silico identification and structural features of six new genes similar to
MATER specifically expressed in the oocyte. Biochem Biophys Res Commun.
2004;324(2):547-53.

18. Paillisson A, Dade S, Callebaut |, Bontoux M, Dalbies-Tran R, Vaiman D,
Monget P. Identification, characterization and metagenome analysis of
oocyte-specific genes organized in clusters in the mouse genome. BMC
Genomics. 2005,6:76.

19.  Paillisson A, Levasseur A, Gouret P, Callebaut |, Bontoux M, Pontarotti P,
Monget P. Bromodomain testis-specific protein is expressed in mouse
oocyte and evolves faster than its ubiquitously expressed paralogs BRD2,
-3, and —4. Genomics. 2007;89(2):215-23.

20. Castillo-Davis Cl, Hartl DL. Conservation, relocation and duplication in
genome evolution. Trends Genet. 2003;19(11):593-7.


https://doi.org/10.1186/s12862-019-1462-8
https://doi.org/10.1186/s12862-019-1462-8
http://proof-reading-service.com

Fouchécourt et al. BVIC Evolutionary Biology

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

(2019) 19:137

Maxwell EK, Schnitzler CE, Havlak P, Putnam NH, Nguyen AD, Moreland RT,
Baxevanis AD. Evolutionary profiling reveals the heterogeneous origins of
classes of human disease genes: implications for modeling disease genetics
in animals. BMC Evol Biol. 2014;14:212.

Lethimonier C, Madigou T, Munoz-Cueto JA, Lareyre JJ, Kah O. Evolutionary
aspects of GnRHs, GnRH neuronal systems and GnRH receptors in teleost
fish. Gen Comp Endocrinol. 2004;135(1):1-16.

Marvel M, Spicer OS, Wong TT, Zmora N, Zohar Y. Knockout of the Gnrh genes in
zebrafish: effects on reproduction and potential compensation by reproductive
and feeding-related neuropeptides. Biol Reprod. 2018,99(3):565-77.
Rodriguez-Mari A, Canestro C, BreMiller RA, Catchen JM, Yan YL,
Postlethwait JH. Retinoic acid metabolic genes, meiosis, and gonadal sex
differentiation in zebrafish. PLoS One. 2013;8(9):e73951.

Wilson CA, High SK, McCluskey BM, Amores A, Yan YL, Titus TA, Anderson JL,
Batzel P, Carvan MJ 3rd, Schartl M, et al. Wild sex in zebrafish: loss of the natural
sex determinant in domesticated strains. Genetics. 2014;198(3):1291-308.

Force A, Lynch M, Pickett FB, Amores A, Yan YL, Postlethwait J. Preservation
of duplicate genes by complementary, degenerative mutations. Genetics.
1999;151(4):1531-45.

Meslin C, Desert C, Callebaut |, Djari A, Klopp C, Pitel F, Leroux S, Martin P,
Froment P, Guilbert E, et al. Expanding duplication of free fatty acid
receptor-2 (GPR43) genes in the chicken genome. Genome Biol Evol. 2015;
7(5):1332-48.

Olesen C, Moller M, Byskov AG. Tesmin transcription is regulated differently
during male and female meiosis. Mol Reprod Dev. 2004,67(1):116-26.
Inoue H, Ogonuki N, Hirose M, Hatanaka Y, Matoba S, Chuma S, Kobayashi
K, Wakana S, Noguchi J, Inoue K, et al. Mouse D1Pas1, a DEAD-box RNA
helicase, is required for the completion of first meiotic prophase in male
germ cells. Biochem Biophys Res Commun. 2016;478(2):592-8.

Liu D, Matzuk MM, Sung WK, Guo Q, Wang P, Wolgemuth DJ. Cyclin AT is
required for meiosis in the male mouse. Nat Genet. 1998,20(4):377-80.
Baudat F, Imai Y, de Massy B. Meiotic recombination in mammals:
localization and regulation. Nat Rev Genet. 2013;14(11):794-806.

Schlecht U, Demougin P, Koch R, Hermida L, Wiederkehr C, Descombes P,
Pineau C, Jegou B, Primig M. Expression profiling of mammalian male
meiosis and gametogenesis identifies novel candidate genes for roles in the
regulation of fertility. Mol Biol Cell. 2004;15(3):1031-43.

Yan W, Ma L, Burns KH, Matzuk MM. Haploinsufficiency of kelch-like protein
homolog 10 causes infertility in male mice. Proc Natl Acad Sci U S A. 2004;
101(20):7793-8.

Gob E, Schmitt J, Benavente R, Alsheimer M. Mammalian sperm head
formation involves different polarization of two novel LINC complexes. PLoS
One. 2010,5(8):€12072.

Kracklauer MP, Wiora HM, Deery WJ, Chen X, Bolival B Jr, Romanowicz D,
Simonette RA, Fuller MT, Fischer JA, Beckingham KM. The Drosophila SUN
protein Spag4 cooperates with the coiled-coil protein Yuri Gagarin to
maintain association of the basal body and spermatid nucleus. J Cell Sci.
2010;123(Pt 16):2763-72.

Shang Y, Zhu F, Wang L, Ouyang YC, Dong MZ, Liu C, Zhao H, Cui X, Ma D,
Zhang Z, et al. Essential role for SUN5 in anchoring sperm head to the tail.
Elife. 2017,6:228199.

Inaba Y, Shinohara K, Botilde Y, Nabeshima R, Takaoka K, Ajima R, Lamri L,
Takeda H, Saga Y, Nakamura T, et al. Transport of the outer dynein arm
complex to cilia requires a cytoplasmic protein Lrrc6. Genes Cells. 2016;
21(7):728-39.

Kott E, Duquesnoy P, Copin B, Legendre M, Dastot-Le Moal F, Montantin G,
Jeanson L, Tamalet A, Papon JF, Siffroi JP, et al. Loss-of-function mutations in
LRRC6, a gene essential for proper axonemal assembly of inner and outer dynein
arms, cause primary ciliary dyskinesia. Am J Hum Genet. 2012,91(5):958-64.
Moore DJ, Onoufriadis A, Shoemark A, Simpson MA, zur Lage PI, de Castro
SC, Bartoloni L, Gallone G, Petridi S, Woollard WJ, et al. Mutations in
ZMYNDI10, a gene essential for proper axonemal assembly of inner and
outer dynein arms in humans and flies, cause primary ciliary dyskinesia. Am
J Hum Genet. 2013;93(2):346-56.

Zariwala MA, Gee HY, Kurkowiak M, Al-Mutairi DA, Leigh MW, Hurd TW,
Hjeij R, Dell SD, Chaki M, Dougherty GW, et al. ZMYND10 is mutated in
primary ciliary dyskinesia and interacts with LRRC6. Am J Hum Genet.
2013;93(2):336-45.

lkegami K, Setou M. TTLL10 can perform tubulin glycylation when co-
expressed with TTLL8. FEBS Lett. 2009;583(12):1957-63.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

Page 15 of 15

van Dijk J, Rogowski K, Miro J, Lacroix B, Edde B, Janke C. A targeted
multienzyme mechanism for selective microtubule polyglutamylation. Mol
Cell. 2007;26(3):437-48.

Gul IS, Hulpiau P, Saeys Y, van Roy F. Metazoan evolution of the armadillo
repeat superfamily. Cell Mol Life Sci. 2017;74(3):525-41.

Cheng W, Ip YT, Xu Z. Gudu, an Armadillo repeat-containing protein, is
required for spermatogenesis in Drosophila. Gene. 2013;531(2):294-300.
Pausch H, Venhoranta H, Wurmser C, Hakala K, Iso-Touru T, Sironen A,
Vingborg RK, Lohi H, Soderquist L, Fries R, et al. A frameshift mutation in
ARMC3 is associated with a tail stump sperm defect in Swedish Red (Bos
taurus) cattle. BMC Genet. 2016;17:49.

Lim AK, Kai T. Unique germ-line organelle, nuage, functions to repress selfish
genetic elements in Drosophila melanogaster. Proc Natl Acad Sci U S A. 2007;
104(16):6714-9.

Pan J, Goodheart M, Chuma S, Nakatsuji N, Page DC, Wang PJ. RNF17, a
component of the mammalian germ cell nuage, is essential for
spermiogenesis. Development. 2005;132(18):4029-39.

Houston DW, King ML. Germ plasm and molecular determinants of germ
cell fate. Curr Top Dev Biol. 2000;50:155-81.

Voronina E, Seydoux G, Sassone-Corsi P, Nagamori I. RNA granules in germ
cells. Cold Spring Harb Perspect Biol. 2011;3(12):a002774.

Fu XF, Cheng SF, Wang LQ, Yin S, De Felici M, Shen W. DAZ family proteins,
key players for germ cell development. Int J Biol Sci. 2015;11(10):1226-35.
Krausz C, Casamonti E. Spermatogenic failure and the Y chromosome. Hum
Genet. 2017;136(5):637-55.

Legrand JMD, Hobbs RM. RNA processing in the male germline: mechanisms
and implications for fertility. Semin Cell Dev Biol. 2018;79:80-91.

Yabuta Y, Ohta H, Abe T, Kurimoto K, Chuma S, Saitou M. TDRD5 is required
for retrotransposon silencing, chromatoid body assembly, and
spermiogenesis in mice. J Cell Biol. 2011;192(5):781-95.

Kashiwabara S-, Tsuruta S, Okada K, Saegusa A, Miyagaki Y, Baba T. Functional
compensation for the loss of testis-specific poly(A)-binding protein, PABPC2,
during mouse spermatogenesis. J Reprod Dev. 2016;62(3):305-10.

Lim C, Tarayrah L, Chen X. Transcriptional regulation during Drosophila
spermatogenesis. Spermatogenesis. 2012;2(3):158-66.

Yang SY, Baxter EM, Van Doren M. Phf7 controls male sex determination in
the Drosophila germline. Dev Cell. 2012;22(5):1041-51.

Zhang T, Murphy MW, Gearhart MD, Bardwell VJ, Zarkower D. The
mammalian Doublesex homolog DMRT6 coordinates the transition
between mitotic and meiotic developmental programs during
spermatogenesis. Development. 2014;141(19):3662-71.

Merkin J, Russell C, Chen P, Burge CB. Evolutionary dynamics of gene and
isoform regulation in mammalian tissues. Science. 2012;338(6114):1593-9.
Pasquier J, Cabau C, Nguyen T, Jouanno E, Severac D, Braasch |, Journot L,
Pontarotti P, Klopp C, Postlethwait JH, et al. Gene evolution and gene
expression after whole genome duplication in fish: the PhyloFish database.
BMC Genomics. 2016;17:368.

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

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Evolution of genes whose mutation gives rise to a disturbed male phenotype in fruit flies (Fig. 1 steps 1 and 2)
	Tissue expression of mouse orthologs and retrieval of their chicken and zebrafish orthologs
	List of mouse genes of interest for the testes among the 625 orthologs (Fig. 1, step 3)
	Retrieval of chicken and zebrafish orthologs of the 68 mouse genes of testis interest (Fig. 1, step 4)
	Relative testis expression of the chicken and zebrafish orthologs for identification of genes of interest for testis function (Fig. 1 step 5)
	Function(s) of testis genes conserved across evolution

	Discussion
	Conservation of testis genes across evolution
	Testis expression of conserved genes
	Comparison among mouse/chicken/zebrafish
	Conservation of testicular gene functions
	Limitations: false negative genes, no ortholog found, frequent changes in databases

	Conclusions
	Methods
	Data retrieval for in silico approach
	Genes involved in reproductive phenotype in fruit flies (Drosophila melanogaster)
	Retrieval of vertebrate and invertebrate orthologs
	Expression profile of mouse (Mus musculus) genes
	Orthology link score provided by Flybase
	Expression profiles of fruit fly genes and of chicken (Gallus gallus) and zebrafish (Danio rerio) orthologs
	In silico functional data of mouse and zebrafish genes
	Gene ontology (GO) of mouse and fly genes

	Experimental data of gene expression in mice and chickens
	Mouse and chicken biological samples
	RNA extraction, reverse transcription and quantitative PCR for mouse and chicken genes

	Statistical analysis

	Additional files
	Abbreviation
	Acknowledgments
	Availability of data and materials
	Authors’ contributions
	Funding
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

