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Effect of low sperm quality on
progeny: a study on zebrafish as
model species

Marta F. Riesco?, David G. Valcarce?, Juan Manuel Martinez-Vazquez! & Vanesa Robles® -2
Nowadays a decrease tendency in human sperm quality has been reported mainly in developed
countries. Reproductive technologies have been very valuable in achieving successful pregnancies
with low quality sperm samples. However, considering that spermatozoa molecular contribution is
increasingly important in recent studies, it is crucial to study whether fertilization with low sperm
quality could leave a molecular mark on progeny. This study explores the consequences that fertilization
with low sperm quality may have on progeny, using zebrafish as a model. Good and bad breeders were
established attending to sperm quality analyses and were individually tracked. Significant differences
in fertilization and malformation rates were obtained in progenies between high and low quality
sperm samples. Moreover an altered miR profile was found in the progenies of bad zebrafish breeders
(upregulation of miR-141 and miR -122 in 24 hpf embryos) and as a consequence, some of their targets
involved in male sex development such as dmrt1, suffered downregulation. Our results indicate

that fertilizing with high sperm quality samples becomes relevant from a new perspective: to avoid
molecular alterations in the progeny that could remain masked and therefore produce unexpected
consequences in it.

It has traditionally been thought that reproductive and fertility outcomes mainly depend on the female factor’2
The role of the male gamete has been limited to the narrow window of fertilization and the sperm cell considered
almost like a simple vehicle for male DNA delivery to the embryo’®-®. During recent years, several studies have
demonstrated that this scenario is not real. The male contribution, far from being confined to DNA, has been
extended to a wide variety of molecules including coding and non-coding RNAs*'°. MicroRNAs (miRNAs)
are a class of small non-coding RNAs that inhibit post-transcriptional gene expression by binding to messen-
ger RNA (mRNA) targets. Some miRNAs related to sperm quality and reproduction success have recently been
described in different species and their high conservation grade among vertebrates highlighted"'~"3. Specifically in
humans, the aberrant expression of miRNAs could be associated with different disorders including azoospermia,
oligospermia and asthenozoospermia, among others (recently revised in Robles et al.). However, in terms of
quantity, the small contribution of spermatozoa when compared to the oocyte created skepticism regarding to
the importance of these molecules of paternal origin beyond the particular moment of fertilization. Evidence of
their importance has been provided in several studies that demonstrating that sperm cells can be a vehicle for
certain phenotype transmission to the progeny”'*-'¢ pointing to molecules such as miRNAs as one of the pos-
sible mechanisms of transmission. Nowadays it is known that in oligo-asthenozoospermic human males (with
low sperm count and sperm motility) there are several deregulated miRNAs when compared with normozoo-
spermic males'”. miR-122 is one of those that showed the highest fold changes in both asthenozoospermic and
oligo-asthenozoospermic men together with miR-141 and miR-200a'8. These types of studies demonstrate the
high potential of miRNAs as future diagnostic tool for male infertility assessment. However, it could also be inter-
esting to determine whether those low sperm quality samples that achieved fertilization could leave a permanent
molecular mark on progeny, particularly taking into account that several studies point to a decrease in global
sperm quality in human world population®.

A deep conservation of several site-specific miRNA editing events, including some from the common ances-
tor of mammals and bony fishes, has been reported®’. Moreover, it has been demonstrated that zebrafish could
be an excellent model for reproductive biology studies taking into account “the high similarities in reproductive
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Figure 1. Experimental design. Schematic representation of the experimental group determination (good and
bad zebrafish breeders) analyses carried out and parameters analyzed in each type of sample.

functions and regulations between this small fish species and mammals™*. This species provides several advan-
tages for research such as rapid development and high prolificacy, and several molecular and genetic tools are also
available for it*!-23.

Our hypothesis is that fertilization with low quality sperm samples could have other consequences rather than
low fertility rates, leaving a mark on progeny either at molecular level or phenotypic level. In order to explore this
possibility we use zebrafish as a model. Taking into account that the study of global and specific DNA methylation
in crucial genes for spermatogenesis has recently achieved clinical relevance, a global and specific sperm meth-
ylation analysis has been performed in these experimental groups. DNA methylation deregulation is known to
represent a possible explanation of increased incidence in syndromes related to genomic imprinting in Assisted
Reproductive Technologies®.

In addition, sperm quality related miRs have also been analyzed in good and bad zebrafish breeders. All of
these miRs (miR-122-5p, miR 141-3p and miR-200a-5p) were previously defined as molecular markers in human
sperm’!, and they are differentially present in normozoospermic when compared to asthenozoospermic and
oligo-asthenozoospermic men?. Interestingly, miR-141-3p and miR-200a-5p were also proposed as sperm motil-
ity markers in zebrafish? and other teleost species'®. This study provides new evidences on the effects of fertilizing
with low sperm quality samples on progeny.

Methods

Ethical statement. All experiments involving zebrafish were approved by the Spanish and institutional
bioethical guidelines of the Animal Welfare Service, Government of Cantabria, and European Union Directive
2010/63/EU for the protection of animals for experimental uses. The authorization number for experimental
procedures in this study is PI-10-16. All methods were performed in accordance with the relevant guidelines
and regulations. Moreover, all those involved in the experiments have a FELASA class C permit for animal
experimentation.

Zebrafish maintenance. Adult zebrafish (Danio rerio) AB wild type were kept in 10 liter tanks under stand-
ard conditions in a circulating system (AquaticHabitats, Apopka, FL, USA) that continuously filters and aerates
the system water to maintain the water quality required for a healthy aquatic environment. The fish were kept on
a 14:10-h light: dark cycle and fed twice daily with dry commercial food (Aquatic Habitats, Apoka, FL, USA).

Zebrafishtagging. The visible implant elastomer (VIE) tagging system was used to differentiate each zebraf-
ish individual. A manual injection kit (60 mL) for VIE tags was purchased from Northwest Marine Technology
(EEUU). Elastomer was prepared and visualized according to the manufacturer’s instructions?. Different tag
colors and tag injection sites were employed to improve individual identification allowing individual tracking for
male classification as good or bad breeders.

Sperm collection by stripping. Sperm was collected from zebrafish males after immersion in 168 mg/mL
tricaine methanosulfonate solution (MS-222) dissolved in system water. The urogenital pore was dried and sperm
was collected with a pipette by bilateral abdominal pressure using fine forceps. The sperm was collected taking
special care to avoid urine contamination. Prior to the analysis, the sperm was diluted 10-fold in a non-activating
medium: HanK’s balanced salt solution (HBSS) at an osmolality of 300 mosmol/kg. Zebrafish males were trans-
ferred to fresh water tanks to recovery immediately after stripping. The samples were then stored at room temper-
ature until motility analysis was performed.

Fresh sperm quality assays for zebrafish male classification. In this study, good and bad zebrafish
breeders were established in terms of total motility according to previous studies that claimed that fertility was
directly correlated with sperm motility in zebrafish?®?° (Fig. 1). Total sperm motility has been considered the
most important parameter in sperm quality definition due to its high correlation with fertilization success in dif-
ferent fish species?®-*°. Sperm volume was measured using a 10 pl glass microcapillary. Motility and concentration
analyses were performed activating 1l of sperm with 9 pl of system water (28 °C). Total motility was analyzed
using computer assisted sperm analysis (CASA) and ISAS software (ISAS, Proiser R+ D, S.L., Spain). Motility was

SCIENTIFIC REPORTS |

(2019) 9:11192 | https://doi.org/10.1038/s41598-019-47702-7


https://doi.org/10.1038/s41598-019-47702-7

www.nature.com/scientificreports/

A

w
(@)

MOTILITY (%)
MOTILITY (%)

oo © GOOD BREEDERS = @ BAD BREEDERS i
90 * 15s
0°89 y '
so{ 8 L 80 ]
70 q
° o0
60; 0 ® 60 30s
°° . 50 4
: 40
0 58 45s
> 30 0
wf 0°° N = $ ]
‘6000 10 *| * * [60s

155 30s 455 60s 20 40 60 8020 40 60 8020 40 60 80 100
TIME POST ACTIVATION (s) VAP (um/s) VSL (um/s) VCL (um/s)

@
°

o r=0.6441 ° * 0 BAD BREEDERS
p<0.0001 @ GOOD BREEDERS
800

*
600!
400
°
eo®
0] 8°0e . "
CERIRAR 7 ]
ol EE5d | ol

10 20 30 40 50 60 70 8 90 100
TOTAL MOTILITY (%)

g

g

g

H
VOLUME (uL)

g

»
8

CONCENTRATION (cells/mL)

CONCENTRATION (cells/mL)

CONCENTRATION (10° cells/mL)
g

°

H 30000 @ GOOD BREEDERS
1,07 VAP_30svsL 455 | ©)BéoEnEEDES
' SL_30s Motity_30s A — coonereeoers
VAP_155 he~ .XC.LJC“ s, VCL3% o 200 — ssoerecoens
VAP_45504 %/CL455  eppotity_60s 2 y
VSLASS L =eos © o Motity-455 by 2 R y
057 o soveL 6o ® £
& S 1,00000
VAP_60s "= Maotiity_15s : B\t /o »
Volume ~ °
) § ° EINZ8
Concentration| S oo — =
0,0 b4 7/
* "
b & . o
g
:zl: 1,00000- ﬁo >
05 ﬁ LS
2,00000~
s
-1,07 +3,00000
T T T T T T T T T T
10 05 0,0 05 10 1,00000 00000 1,00000 2,00000 300000 4,00000

REGR factor score 1 for analysis 1

Figure 2. Sperm quality analyses in good and bad zebrafish breeders. (A) Representation of total population
distribution in terms of total motility (%). (B) Total motility (%) at different post-activation times (15s, 30s,
45s and 605) in the experimental groups (good and bad breeders). (C) Kinetic parameters (um/s) at different
post-activation times (155, 30s, 45s and 60's) in good and bad breeders. (D) Representation of total population
distribution in terms of concentration (cell/ml). (E) Correlation between total motility (%) and concentration
(cell/ml) in the two experimental groups analyzed. (F) Volume (ul) of good and bad zebrafish breeders. (G)
Concentration (cell/ml) of the two studied groups. (H) Principal Component Analysis including all sperm
quality parameters in good and bad zebrafish breeders. Representation of our experimental groups in a
principal component plane. Data are the mean = SEM. Good zebrafish breeders are represented in blue and bad
breeders in white. Asterisks represent significant differences (p < 0.05) between experimental groups. Analyses
were performed in sperm samples from 48 individual males.

assessed in a Makler chamber using a phase-contrast microscope (Nikon Eclipse Ts2R, Japan) with a 10x negative
contrast objective and a digital camera set for 50 fps. The settings for CASA software were adapted for fish species.
The following CASA parameters were analyzed: total motility, curvilinear velocity (VCL), straight line velocity
(VSL) and average path velocity (VAP). Motility parameters were registered at 155, 30s, 45s and 60's after sperm
activation with water system. At least 200 spermatozoa were analyzed for each sample (3 fields per sample). If
samples reported very low concentrations, more than three fields were captured. Forty-eight individual males
were analyzed for experimental group set up (Fig. 2A). These sperm quality analyses were repeated 10 times for
zebrafish male classification attending to total motility parameter (Fig. 1). After these analyses, we obtained a
total of 11 good zebrafish males, 7 intermediate males, which were excluded, and 30 bad zebrafish males in terms
of motility (Fig. 2A). In this sense, zebrafish tagging allowed the individual zebrafish tracking for zebrafish male
classification.
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In vitro fertilization assays. Once the breeders were characterized according to sperm quality parameters,
fertilization trials were done and fertility rates recorded together with malformation rates and survival during
development. At molecular level, the relative expression of miRNAs altered in low sperm quality samples was
analyzed in different developmental stages in the progeny. Moreover, some mRNA targets of such miRNAs were
predicted and their relative expression measured in the embryos. For this purpose, tagged and classified zebrafish
males in good and bad breeders were isolated from females in breeding tanks and food was withheld at the end
of the afternoon before gamete collection. In vitro fertilization was performed according the protocol published
on the ZIRC web site (https://zebrafish.org/documents/protocols.php). In vitro fertilization was carried out using
the same pool of oocytes to avoid the bias that would produce the fertilization with female gametes of different
quality. This way we can guarantee that any difference observed is consequence of sperm contribution rather
than oocyte. To achieve this objective, an initial pool of eggs (around 200 eggs) was split into two batches to be
fertilized with sperm from good and bad breeders using the same egg pool. Five different in vitro fertilization
experiments (with a minimum of 3 females per pool) were carried out in each experimental group (Fig. 1).

Molecular assays. Global and specific methylation. DNA from different sperm samples was isolated using
the GeneJET Genomic DNA Purification Kit according to the manufacture’s protocol. Sperm global methylation
status was evaluated in both experimental groups (good and bad zebrafish breeders) using the EpiJET DNA
Methylation Analysis Kit (MspI/Hpall). A simple digestion with two restriction enzymes (MspI and Hpa II) was
performed for each experimental group for 1h at 37 °C. Different control samples were included in the exper-
iment (undigested DNA sample as negative control and completely methylated and unmethylated DNA). The
reaction products were analyzed by DNA electrophoresis on a 1% agarose gel after digestion. Three experiments
of three different pools of males (3 males/pool) were analyzed. Moreover, a locus specific method providing
percent methylation information was performed. For this purpose, a CCGG particular locus (dmrt1) was ana-
lyzed by qPCR after restriction enzyme digestion. Firstly, a set primers that flank the CCGG site of interest was
designed. One or two pL of product digestion (Mspl and Hpa II) were employed to carry out a qPCR follow the
manufacturer’s recommendations for gPCR reaction set-up and cycling conditions. 5-mC percentage was calcu-
lated using the formula below:

100

0 - -
% of 5-mC (1 + E)C—CaD

where: Cql is the threshold cycle of “Undigested DNA” sample, Cq2 is the threshold cycle of “Digested with Epi
Hpall” sample and Cq3 is the threshold cycle of “Digested with Epi MspI” sample and E is the PCR efficiency
value (%) (Fig. 3B).

miR and transcript quantification. miR and RNA isolation. The study of miRs was carried out in sperm
and embryo samples (at 24 cell, blastula and 24 hours post fertilization stages) and mRNA analysis was per-
formed in embryo samples at the same developmental stages. mRNAs and miRs were isolated in these described
samples using the mirVana™ miRNA Isolation Kit according to the manufacturer’s instructions. RNA quantity
and purity were determined (Nanodrop 1000, Thermo Scientific, Spain). Isolated RNA and miR were cleaned
with DNase using the DNase I, RNase free kit (Thermo Scientific, Spain) for 30 min at 37 °C to remove genomic
DNA contamination. For molecular analyses, only the isolated miR and mRNAs that showed high purity
(A260/280 > 1.8) were employed and stored at —80 °C until qPCR analysis.

Reverse transcription.  For miR transcription in sperm and embryo samples, a specific Tagman Small RNA probe
(5x) for each miR (dre-miR-200a-5p, dre-miR-122-5p, dre-miR -141-3p and dre-miR-92a-3p) was employed fol-
lowing the manufacturer’s guidelines. For mRNA zebrafish embryo samples, complementary DNA (cDNA) was
obtained from 1 g RNA using the cDNA synthesis kit (Invitrogen, Spain), following the manufacturer’s protocol.
The cDNA of RNA and miR samples was stored at —80 °C until further use.

Real-time PCR analysis. For miR analysis, reactions were carried out according to the protocol for Tagman
Universal PCR master mix II (Thermo Fisher, Spain). The specific probes and amplification protocols were pre-
viously published for these transcripts in mammalian sperm!”*. miR-92-3p was employed as normalizer due
to it being proven in previous miR expression studies in sperm®'.The amplification protocols and primers were
previously reported for these transcripts®?. NormFinder software was employed to analyze the candidate normal-
ization genes (beta actin, actb2, and elongation factor 1o, efl). In sperm analyses, miR results were expressed
as the mean = SE of the 2724 method of three independent experiments of three different pools of males and
containing 3 individual males. In zebrafish progeny analyses, 5 independent in vitro fertilizations were performed
in each experimental group (high and low motility samples) and different developmental stages were analyzed.

Target prediction. The Target Scan Fish 6.2 program (http://www.targetscan.org/fish_62/) was employed?*
for the analysis of the potential targeted mRNAS of some of the studied miRs (miR-141-3p and miR-200a-5p).
TargetScan predicts biological targets of miRNAs by searching for the presence of 8mer and 7mer sites that match
the seed region of each miRNA. Target Scan Fish predicts targets by either the predicted efficiency of targeting
(context + scores) or the probability of conserved targeting (Pcr). Firstly, algorithm searches the sites that have
full complementarity in the miRNA seed region and then they are extended to 21-23 nucleotide-long fragments
representing true interactions*. Results are classified on the basis of length of exact matching and an occurrence
of adenine at the first position of mRNA target site which seems to be evolutionally conserved and may act as a
recognizing anchor for RISC*.
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Figure 3. Sperm molecular analyses in good and bad zebrafish breeders. (A) Global methylation status of
sperm DNA. Unmethylated plasmid DNA (kit control) is digested by both enzymes, whereas methylated
plasmid DNA (kit control) is susceptible only to Epi Mspl digestion. All the represented samples from good
and bad breeders derived from the same experiment and gel. The full length-gel image with all samples and

kit controls is available in Supplementary Fig. 1. (B) Specific methylation analysis in dmrtI promoter of good
and bad zebrafish breeders. Schematic representation of zebrafish dmrt1 promoter, sequence, primer design,
restriction sites, pattern of methylation and percentage of methylcytosine obtained in each experimental group.
(C) Structure and expression of each microRNA normalized against that of miR-92-3p was calculated for all
samples using the 2724 method. The figure shows expression of each microRNA in the bad breeders relative
to that in good breeders, which was set to 1. Data are expressed as the mean 4= SEM of 2724 values from three
independent experiments of three different pools of three males per group were analyzed. Asterisks represent
significant differences (p < 0.05) between experimental groups.

Statistical analysis. Data were analyzed using SPSS V.22 (IBM, USA), GraphPad Prism V.5 and Microsoft
Excel. For sperm motility and kinetic parameters, a general linear model with the Bonferroni correction was
used (p < 0.05). Sperm quality results were expressed as mean of percentages in all analyses of 48 individual
males. To analyze sperm volume and concentration, an Independent Samples t Test comparing the means of
two independent groups of zebrafish males (good and bad breeders) was applied in order to determine whether
there is statistical evidence that the associated population means are significantly different (p < 0.05). A Principal
Component Analysis was performed to reduce the dimensionality of a data set in which there are a large number
of interrelated sperm quality variables, while retaining as much as possible of the variation present in the data set.
For molecular analyses, gPCR results for miR and transcript analysis in sperm and zebrafish embryos at three
different developmental stages were expressed as the mean + SE of the 2722 method. The Student s t-test (L.=1)
was performed according to previous studies™ to detect modifications in transcript levels between control group
(good breeders) and studied group (bad breeders).
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Results

Sperm quality assays. Good and bad zebrafish breeder experimental groups were established according to
total motility parameter (%): good breeders presented high motility values (>>70%) and bad ones recorded low
motility values (<50%). Males that presented intermediate motility values were discarded from the study (Fig. 1).
As expected, total sperm motility from experimental groups was significantly different between groups during the
first min post activation (Fig. 2A,B). Similarly, in sperm kinetic parameters (VSL, VCL and VAP) good zebrafish
breeders showed a significantly (p < 0.05) higher values throughout the first minute post activation of sperm than
the bad ones (Fig. 2C). When concentration and volume were analyzed in these established groups, significant
differences (p < 0.05) were found, the values obtained in good zebrafish breeders being higher than in the bad
breeders (Fig. 2EG).

When we analyzed all sperm quality parameters in a Principal Component Analysis, we found that despite of
total motility, concentration and volume were the best sperm quality descriptors when we compared good and
bad zebrafish breeders. Considering these results, we analyzed the correlation between these two parameters in a
second analysis showing a significant correlation between them (r =0.6441 and p < 0.0001). (Fig. 2D,E).

Sperm molecular assays. In contrast to what was observed in the analysis of quality parameters, global
methylation results using EpiJET DNA Methylation Analysis Kit (MspI/HpalI) showed no differences between
experimental good and bad zebrafish breeders (Fig. 3A and Supplementary Fig. 1). A methylated status was
observed in all sperm samples analyzed (Fig. 3A and Supplementary Fig. 1). When we performed the specific
locus analysis to obtain information above the methylation percentage in dmrtl promoter, a partial methylation
pattern was observed in both experimental groups (Fig. 3B). However, no significant differences were found
between the studied groups (0.41% in good breeders comparing to 0.60% in bad ones) (Fig. 3B).

Concerning miR analysis using previously characterized sperm molecular markers in zebrafish and human,
significant differences were found between the experimental groups. miR-200a-5p and miR-141-3p showed a
significant over-expression (p < 0.05) in bad breeders comparing to good ones, being a 4-5 fold increase (Fig. 3C).
Moreover, a down-regulation of miR-122-5p was observed in the bad breeder group according to previous studies
in human sperm (Fig. 3C).

Early development analyses of the progeny. When we analyzed the fertilization rate and progeny
development obtained from good and bad zebrafish breeders, significant differences were found in the fertiliza-
tion success (77.84% versus 58.48% in good and bad breeders respectively) (Fig. 4A). However, non-differences
were found in embryo survival at blastula and 24 hpf stages between experimental groups (Fig. 4A). In addition,
the progeny of bad zebrafish breeders presented a higher percentage of embryo malformations than the progeny
of good breeders (23.55% and 18.45% respectively) (Fig. 4D).

The altered miRs founded in the sperm of bad zebrafish breeders comparing to good ones were analyzed in
both experimental group progenies (good and bad breeders) at 2-4 cell, blastula and 24 hpf stages by qPCR. In
zebrafish blastula embryos a miR alteration was observed in blastula stage embryos from bad breeders A sig-
nificant (p < 0.05) up-regulation of miR-200a-5p (3.3 fold increase) was found in zebrafish embryos from bad
breeders comparing to good zebrafish breeders (Fig. 4B). In 24 hpf stage, zebrafish embryos presented significant
differences (p < 0.05) between the experimental groups, being miR-122-5p and miR-141-3p upregulated (8.3 and
1.7 fold increase, respectively) in bad breeders comparing to the control ones (good breeders) (Fig. 4B).

mRNA target analysis using the TargetScanFish 6.2 program confirmed previously obtained results in zebraf-
ish that established that miR-200 family (specifically miR-200a-5p and miR-141-3p) presents as potential targets
several mRNAS involved in sperm quality, fertilization success and male sex differentiation such as: dmrtI and
kita mRNAs (Fig. 4C). dmrtl and kita transcripts were analysed by qPCR comparing to good and bad zebrafish
breeders in blastula and 24 hpf embryo stages. A significant (p < 0.05) down-regulation of kita was found in
bad breeders in 24 hpf stage embryos from bad zebrafish breeders (0.64 fold increase) (Fig. 4D). In terms of
dmrtl expression, a significant down-regulation was founded in the two studied developmental stages (Fig. 4D)
of zebrafish embryos from bad breeders (0.67 and 0.7 in blastula and 24 hpf stages respectively).

Discussion

The decrease in human sperm quality during recent years is quite controversial, several articles stated this is a
fact®- but others claim those results should be analyzed with caution®*°. However, a good indicator of human
sperm quality decrease tendency is the fact that World Health Organization (WHO) has systematically down-
graded the previous values (volume, sperm concentration, total sperm number, morphology, vitality and pro-
gressive motility) to consider a sperm sample noormozoospernmic*!. Some studies point to a decrease in sperm
quality due to a combination of several lifestyle factors*'. It is well known that obesity has become a problem in
some regions of the world and it has been demonstrated that it also has negative effects on sperm quality*>+.
Moreover, negative effects on sperm quality due to increased paternal age has been demonstrated, which is a fre-
quent phenomenon in recent year’s'*. Poor sperm quality can clearly have negative effects on fertilization and
embryonic development but it is also crucial to know if it could leave a permanent mark on progeny in a similar
way that paternal toxic exposure does*>~*’. In order to explore this, we have used zebrafish as model species. This
small teleost has been considered an optimal model for reproductive studies with potential extrapolated results to
mammal species, including humans?"44,

The first challenge of this study was to properly define the experimental groups: good and bad breeders.
Different sperm parameters should be considered in the analysis of a specific sperm sample and these param-
eters have been widely discussed in fish by several authors®*>**!. In the case of humans, some factors such as
sperm motility, concentration and morphology should be taken into account together to define the fertiliza-
tion success®>**. However, total sperm motility has been considered the most important parameter in fish sperm
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Figure 4. Progeny analyses from zebrafish good and bad breeders. (A) Percentage (%) of fertilization rate,
embryo survival in blastula and 24 hpf stages and malformation rate in zebrafish progenies from good and bad
breeders. (B) Relative expression of each microRNA calculated using the 2~ 22 method at three different early
developmental stages (2-4 cells, blastula and 24 hpf). The figure shows expression of each microRNA in the bad
breeders relative to that in good breeders, which was set to 1. Data are expressed as the mean 4= SEM of 2744¢t
values from five independent in vitro fertilizations. Asterisks represent significant differences (p < 0.05) between
experimental groups. (C) miR-200a-5p and 141-3p target analysis and the seeds matched in the 3/-UTR of

each target gene. (D) Relative expression levels for each gene relative to the housekeeping genes actin beta 2
(actb2) and elongation factor 1 alpha (ef1a) were calculated for all samples using the 2-24% method. The figure
shows expression of each gene in the progenies form bad breeders at two developmental stages (blastula and

24 hpf) relative to that progeny of good males, which was set to 1. Data are expressed as the mean +s.e.m. of
2-22C yalues from three independent experiments with three replicates for each. Asterisks represent significant
differences (p < 0.05) between experimental groups.

SCIENTIFIC REPORTS |

(2019) 9:11192 | https://doi.org/10.1038/s41598-019-47702-7


https://doi.org/10.1038/s41598-019-47702-7

www.nature.com/scientificreports/

quality determination due to its high correlation with fertilization success in different species?®*°. Having this in
mind, we classifed bad and good breeder attending to total motility (Fig. 1). We found significant differences in
all parameters analyzed: kinetic parameters (Fig. 2C), volume (Fig. 2F) and concentration (Fig. 2D,G) between
experimental groups. In addition, the concentration parameter was determined as the most principal component
of the obtained variance in sperm samples between the experimental groups (good and bad zebrafish breeders)
(Fig. 2H) and as expected a high correlation between total motility and concentration was detected (r=0.6441
and p < 0.0001) (Fig. 2E) showing up these parameters as the best quality markers to establish our experimental
groups. In terms of sperm molecular analyses, we analyzed global methylation pattern in the sperm samples of
the studied groups and non-significant differences were found (Fig. 3A). A complete methylation status was
observed in all sperm samples analyzed, according to what could be expected in a normal transcriptionally inac-
tive sperm cell with high condensed DNA>*®. In terms of specific promoter methylation analysis, dmrt1, a sperm
quality marker in fish*, was analyzed. This selection was done considering our previous studies in fish, where
dmrt] was selected as a good molecular marker of sperm quality in good breeders®’. Moreover, this transcript
has been described as necessary for male sexual development in human and zebrafish®**’. Non-significant dif-
ferences were found between experimental groups presenting a partial methylation pattern in this promoter
(Fig. 3B). According to these results, we found no evidence of alteration of global methylation status in poor
quality sperm samples and for this reason methylation was not further evaluated in the embryos. These results
do not exclude the possibility of having potential differences at other levels such as methylation differences in
particular promoters.

miR analysis in sperm samples, reported significant differences in all studied miRs between zebrafish experi-
mental groups (Fig. 3C). These results are in accordance with those obtained in human?. The studied miRs were
previously characterized as potential sperm quality molecular markers in humans because their dysregulation
was associated to oligoasthenozoospermia or asthenozoospermia. In particular, miR-200a-5p and miR-141-3p
were up-regulated in the case of oligoasthenozoospermic and asthenozoospermic patients and miR-122-5p was
down-regulated in these patients'”*. miR-122 is enriched in germ-cells at later developmental stages®. In this
study, authors provided evidences that miR-122 changes are attributable to early events in spermatogenesis®.
These findings suggested that cellular miRNA content of mature germ-cells depends heavily on the efficacy of
the spermatogenic process, which is crucial for the determination of miRNA molecular signature of spermato-
z0a®. Moreover, more recently, miR-200 family, was defined as sperm motility marker in zebrafish*® and both
miRNA, miR-200a-5p and miR-141-3p belong to this family. Once the molecular differences between good and
bad breeders in terms of miRs were corroborated, in vitro fertilizations were performed. As expected, we observed
significant differences in fertilization success using bad and good sperm quality samples (Fig. 4A). However no
significant differences in survival were found in blastula and 24 hpf embryos between groups (Fig. 4A). These
results are in accordance with previous findings in other fish species where embryos with initial abnormal cleav-
age had, in later developmental stages, similar hatching rates than control embryos®. However an increase in
embryo malformations was recorded in the progenies of bad breeders, as confirmed in the progeny phenotypic
analysis (Fig. 4A).

In order to explore whether the altered sperm miRNA signature is conserved in the developing embryo we
analyzed the same set of miR altered in poor sperm quality samples in the embryos.

We did not detect any significant differences among experimental groups in miRNAs content in 2—4 cell stage
embryos (Fig. 4B). In this stage, the level of relative expression of the studied miRs was lower comparing to the
other developmental stages. The low presence of miRNAs in this stage has been also reported in other zebrafish
studies®!. However, we found a significant alteration in some miRNAs in blastula and 24 hpf: miR-200a-5p (in
blastula) and miR-122-5p and miR-141-3p (in 24 hpf) were differentially present in those embryos fertilized with
good quality sperm samples and those fertilized with bad quality samples (Fig. 4B). The function of miR-200a in
zebrafish early development has been previously studied. Over-expression of miR-200s (miR-200a and 141) in
early stages of development triggers cell cycle arrest and induced apoptosis, thereby inhibiting somatic growth
of zebrafish embryos®. In this work, authors demonstrated that these miR-200s regulate body size regulating
cell proliferation and apoptosis by a negative interaction to growth hormone/ insuline-like growth factor axis®!.
The expression of miR-122-5p in the 24 h embryos was significantly increased in the progenies derived from bad
male breeders. These results contrasted with the lower presence of this miRNA in bad quality samples, both in
zebrafish (Fig. 3C) and human sperm'”. Despite the discrepancy in the amount of this particular miRNA between
sperm and the resulting embryo, this altered pattern clearly indicate that fertilization with low quality spermato-
zoa could produce molecular alterations in progeny. However, we decided to continue our study analyzing only
the targets of those miR that present the same tendency in the expression pattern in spermatozoa and embryos.

In order to corroborate whether the targets of the altered miR were also affected, a target analysis of these
altered miRs was performed. For expression studies, we selected the targets of miR-141-3p and 200a-5p. These
miRNAs belong to the same family and among their targets two genes defined as molecular markers of good
and bad breeders in our previous studies®? were found: kita and dmrt1. Moreover, these molecular markers are
involved in male sexual development in zebrafish®®, sperm quality and early embryo development®2. dmrt1 have
been reported to be associated with spermatogenesis and sperm capacity in zebrafish?® and an aberrant expression
of these factors results in impairment of sperm activity and male infertility*®. Interestingly, in a recent study pub-
lished in this model, then authors examined in detail the role of dmrtI in sex determination and gonad develop-
ment®®. In this study, dmrt] mutants developed as females were fertile demonstrating a successful male-to-female
sex reversal, however, a mutants developed as males (a lower percentage) were sterile and presented testic-
ular dysfunctions. Therefore dmrt1 has a critical role in male sex determination and testis development®®. A
down-regulation of these two transcripts was found in both developmental stages embryos resulting from fertili-
zation with bad quality samples (Fig. 4D). The differences between experimental groups were more consistent in
24 hpf stage (2 altered transcripts) than in blastula stage (1 altered transcript).
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This study allow us to conclude that fertilizing with low sperm quality samples has direct consequences on

fertilization rates, but also produces higher malformation rates and leaves molecular marks in those embryos that
survive. The importance of fertilizing with high sperm quality samples becomes relevant from a new perspective:
to avoid molecular alterations in the progeny that could remain masked and could have different unexpected
consequences in it.

References

1.

2.

W

w

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

21.

22.
23.

24.

25.
26.

27.
28.

29.

30.
. Corral-Vazquez, C., Blanco, J., Salas-Huetos, A., Vidal, E & Anton, E. Normalization matters: tracking the best strategy for sperm

32.

33.
. Witkos, T. M., Koscianska, E. & Krzyzosiak, W. J. Practical Aspects of microRNA Target Prediction. Curr. Mol. Med. 11, 93-109

35.
36.

37.
38.

39.
40.
41.

42.

Oehninger, S. et al. Intracytoplasmic sperm injection: achievement of high pregnancy rates in couples with severe male factor
infertility is dependent primarily upon female and not male factors. Fertil. Steril. 64, 977-981 (1995).

Sutovsky, P. et al. Ubiquitinated Sperm Mitochondria, Selective Proteolysis, and the Regulation of Mitochondrial Inheritance in
Mammalian Embryosl. Biol. Reprod. 63, 582-590 (2000).

. Cummins, J. M. Cytoplasmic inheritance and its implications for animal biotechnology. Theriogenology 55, 1381-1399 (2001).
. Maheshwari, A., Hamilton, M. & Bhattacharya, S. Effect of female age on the diagnostic categories of infertility. Hum. Reprod. 23,

538-542 (2008).

. Heffner, L. J. Advanced Maternal Age — How Old Is Too Old? N. Engl. J. Med. 351, 1927-1929 (2004).
. Ostermeier, G. C., Miller, D., Huntriss, ]. D., Diamond, M. P. & Krawetz, S. A. Reproductive biology: Delivering spermatozoan RNA

to the oocyte. Nature 429, 154-154 (2004).

. Dickson, D. A. et al. Reduced levels of miRNAs 449 and 34 in sperm of mice and men exposed to early life stress. Transl. Psychiatry

8,101 (2018).

. Robles, V., Valcarce, D. G. & Riesco, M. E Non-coding RNA regulation in reproduction: Their potential use as biomarkers. Non-

coding RNA Res, https://doi.org/10.1016/].NCRNA.2019.04.001 (2019).

. Liu, K, Mao, X., Chen, Y, Li, T. & Ton, H. Regulatory role of long non-coding RNAs during reproductive disease. Am. J. Transl. Res.

10, 1-12 (2018).

Hua, M. et al. Identification of small non-coding RNAs as sperm quality biomarkers for in vitro fertilization. Cell Discov. 5,20 (2019).
Yadav, R. P. & Kotaja, N. Small RNAs in spermatogenesis. Mol. Cell. Endocrinol. 382, 498-508 (2014).

Fernandez, I. et al. Circulating small non-coding RNAs provide new insights into vitamin K nutrition and reproductive physiology
in teleost fish. Biochim. Biophys. Acta - Gen. Subj. 1863, 39-51 (2019).

Riesco, M. F. et al. Male reproductive dysfunction in Solea senegalensis: new insights into an unsolved question. Reprod. Fertil. Dev.
31, 1104 (2019).

Sarangdhar, M. A., Chaubey, D., Srikakulam, N. & Pillai, B. Parentally inherited long non-coding RNA Cyrano is involved in
zebrafish neurodevelopment. Nucleic Acids Res. 46, 9726-9735 (2018).

Perez, M. E & Lehner, B. Intergenerational and transgenerational epigenetic inheritance in animals. Nat. Cell Biol. 1, https://doi.
0rg/10.1038/541556-018-0242-9 (2019).

Sharma, R. et al. Effects of increased paternal age on sperm quality, reproductive outcome and associated epigenetic risks to
offspring. Reprod. Biol. Endocrinol. 13, 35 (2015).

Abu-Halima, M. et al. Altered microRNA expression profiles of human spermatozoa in patients with different spermatogenic
impairments. Fertil. Steril. 99, 1249-1255.e16 (2013).

Abu-Halima, M. et al. Altered micro-ribonucleic acid expression profiles of extracellular microvesicles in the seminal plasma of
patients with oligoasthenozoospermia. Fertil. Steril. 106, 1061-1069.¢3 (2016).

Levine, H. et al. Temporal trends in sperm count: a systematic review and meta-regression analysis. Hum. Reprod. Update 23,
646-659 (2017).

Warnefors, M., Liechti, A., Halbert, J., Valloton, D. & Kaessmann, H. Conserved microRNA editing in mammalian evolution,
development and disease. Genome Biol. 15, R83 (2014).

Hoo, J. Y., Kumari, Y., Shaikh, M. E, Hue, S. M. & Goh, B. H. Zebrafish: A Versatile Animal Model for Fertility Research. Biomed Res.
Int. 2016, 1-20 (2016).

Koster, R. & Sassen, W. A. A molecular toolbox for genetic manipulation of zebrafish. Adv. Genomics Genet. 5,151 (2015).

Lin, C.-Y,, Chiang, C.-Y. & Tsai, H.-J. Zebrafish and Medaka: new model organisms for modern biomedical research. J. Biomed. Sci.
23,19 (2016).

Santi, D., De Vincentis, S., Magnani, E. & Spaggiari, G. Impairment of sperm DNA methylation in male infertility: a meta-analytic
study. Andrology 5, 695-703 (2017).

Kotaja, N. MicroRNAs and spermatogenesis. Fertil. Steril. 101, 1552-1562 (2014).

Xiong, S. et al. An miR-200 Cluster on Chromosome 23 Regulates Sperm Motility in Zebrafish. Endocrinology 159, 1982-1991
(2018).

Hohn, C. & Petrie-Hanson, L. Evaluation of visible implant elastomer tags in zebrafish (Danio rerio). Biol. Open 2, 1397-401 (2013).
Wasden, M. B., Roberts, R. L. & DeLaurier, A. Optimizing Sperm Collection Procedures in Zebrafish. J. South Carolina Acad. Sci. 15
(2017).

Harvey, B., Kelley, R. N. & Ashwood-Smith, M. J. Cryopreservation of zebrafish spermatozoa using methanol. Can. J. Zool. 60,
1867-1870 (1982).

Cabrita, E. et al. Factors enhancing fish sperm quality and emerging tools for sperm analysis. Aquaculture 432, 389-401 (2014).

miRNA quantification. Mol. Hum. Reprod. 23, 45-53 (2017).

Guerra, S. M., Valcarce, D. G., Cabrita, E. & Robles, V. Analysis of transcripts in gilthead seabream sperm and zebrafish testicular
cells: mRNA profile as a predictor of gamete quality. Aquaculture 406-407, 28-33 (2013).

Peterson, S. M. et al. Common features of microRNA target prediction tools. Front. Genet. 5, 23 (2014).

(2011).

Yuan, J. S., Reed, A., Chen, E & Stewart, C. N. Statistical analysis of real-time PCR data. BMC Bioinformatics 7, 85 (2006).

Kumar, N. & Singh, A. K. Trends of male factor infertility, an important cause of infertility: A review of literature. J. Hum. Reprod.
Sci. 8,191-6 (2015).

Osser, S., Liedholm, P. & Ranstam, J. Depressed Semen Quality: A Study Over Two Decades. Arch. Androl. 12, 113-116 (1984).
Menkveld, R., Van Zyl, J. A, Kotze, T. ]. W. & Joubert, G. Possible Changes in Male Fertility Over a 15-Year Period. Arch. Androl. 17,
143-144 (1986).

Axelsson, J., Rylander, L., Rignell-Hydbom, A. & Giwercman, A. No secular trend over the last decade in sperm counts among
Swedish men from the general population. Hum. Reprod. 26,1012-1016 (2011).

Pastuszak, A. W. & Lipshultz, L. I. Re: Human Semen Quality in the New Millennium: A Prospective Cross-sectional Population-
based Study of 4867 Men. Eur. Urol. 62, (1197-1198 (2012).

Wogatzky, J. et al. The combination matters - distinct impact of lifestyle factors on sperm quality: a study on semen analysis of 1683
patients according to MSOME criteria. Reprod. Biol. Endocrinol. 10, 115 (2012).

Palmer, N. O., Bakos, H. W,, Fullston, T. & Lane, M. Impact of obesity on male fertility, sperm function and molecular composition.
Spermatogenesis 2, 253-263 (2012).

SCIENTIFIC REPORTS |

(2019) 9:11192 | https://doi.org/10.1038/s41598-019-47702-7


https://doi.org/10.1038/s41598-019-47702-7
https://doi.org/10.1016/J.NCRNA.2019.04.001
https://doi.org/10.1038/s41556-018-0242-9
https://doi.org/10.1038/s41556-018-0242-9

www.nature.com/scientificreports/

43. Ramaraju, G. A. et al. Association between obesity and sperm quality. Andrologia 50, e12888 (2018).

44. Kumar, N., Singh, A. K. & Choudhari, A. R. Impact of age on semen parameters in male partners of infertile couples in a rural
tertiary care center of central India: A cross-sectional study. Int. J. Reprod. Biomed. (Yazd, Iran) 15, 497-502 (2017).

45. Kuriyama, S. N., Talsness, C. E., Grote, K. & Chahoud, I. Developmental Exposure to Low-Dose PBDE-99: Effects on Male Fertility
and Neurobehavior in Rat Offspring. Environ. Health Perspect. 113, 149-154 (2005).

46. Zhao, X. et al. Effects of paternal cadmium exposure on the sperm quality of male rats and the neurobehavioral system of their
offspring. Exp. Ther. Med. 10, 2356-2360 (2015).

47. Lombd, M. et al. Transgenerational inheritance of heart disorders caused by paternal bisphenol A exposure. Environ. Pollut. 206,
667-678 (2015).

48. Zhang, C., Willett, C. & Fremgen, T. Zebrafish: An Animal Model for Toxicological Studies. in Current Protocols in Toxicology 17,
1.7.1-1.7.18 (John Wiley & Sons, Inc., 2003).

49. Kari, G., Rodeck, U. & Dicker, A. P. Zebrafish: An Emerging Model System for Human Disease and Drug Discovery. Clin. Pharmacol.
Ther. 82, 70-80 (2007).

50. Bobe, J. & Labbé, C. Egg and sperm quality in fish. Gen. Comp. Endocrinol. 165, 535-548 (2010).

51. Lamb, D. J. World Health Organization Laboratory Manual for the Examination of Human Semen and Sperm-Cervical Mucus
Interaction, 4th ed. J. Androl. 21, 32-32 (2000).

52. Guzick, D. S. et al. Sperm Morphology, Motility, and Concentration in Fertile and Infertile Men. N. Engl. J. Med. 345, 1388-1393
(2001).

53. Vawda, A. I, Gunby, J. & Younglai, E. V. Andrology: Semen parameters as predictors of in-vitro fertilization: the importance of strict
criteria sperm morphology. Hum. Reprod. 11, 1445-1450 (1996).

54. W, S.-E, Zhang, H. & Cairns, B. R. Genes for embryo development are packaged in blocks of multivalent chromatin in zebrafish
sperm. Genome Res. 21, 578-589 (2011).

55. Kurtz, K., Saperas, N., Ausid, J. & Chiva, M. Spermiogenic nuclear protein transitions and chromatin condensation. Proposal for an
ancestral model of nuclear spermiogenesis. J. Exp. Zool. Part B Mol. Dev. Evol. 312B, 149-163 (2009).

56. Webster, K. A. et al. Dmrtl is necessary for male sexual development in zebrafish. Dev. Biol. 422, 33-46 (2017).

57. Moniot, B., Berta, P., Scherer, G., Siidbeck, P. & Poulat, F. Male specific expression suggests role of DMRT1 in human sex
determination. Mech. Dev. 91, 323-325 (2000).

58. Yu, Z., Raabe, T. & Hecht, N. B. MicroRNA Mirn122a Reduces Expression of the Posttranscriptionally Regulated Germ Cell
Transition Protein 2 (Tnp2) Messenger RNA (mRNA) by mRNA Cleavagel. Biol. Reprod. 73, 427-433 (2005).

59. Muiioz, X., Mata, A., Bassas, L. & Larriba, S. Altered miRNA Signature of Developing Germ-cells in Infertile Patients Relates to the
Severity of Spermatogenic Failure and Persists in Spermatozoa. Sci. Rep. 5, 17991 (2016).

60. Avery, T.S., Killen, S. S. & Hollinger, T. R. The relationship of embryonic development, mortality, hatching success, and larval quality
to normal or abnormal early embryonic cleavage in Atlantic cod, Gadus morhua. Aquaculture 289, 265-273 (2009).

61. Jing, J. et al. A feedback regulatory loop involving p53/miR-200 and growth hormone endocrine axis controls embryo size of
zebrafish. Sci. Rep. 5, 15906 (2015).

Acknowledgements

We acknowledge Planta de Cultivos el Bocal (IEO) staff and Catherine Martin for English language editing.
This work was supported by AGL2015 68330-C2-1-R project (MINECO/FEDER), PTA2016-11987-1
contract (MINECO/FEDER) and AQUA-CIBUS international net 318RT0549 funded by CYTED (Programa
Iberoamericano de Ciencia y Tecnologia para el Desarrollo).

Author Contributions

M.ER. performed all the experiments, analyses and interpretation of data, manuscript writing and figure edition.
D.G.V. Participated in sperm motility analyses, data interpretation, manuscript writing and prepared figures.
J.ML.V. participated in sperm quality experiments and data collection. V.R. participated in the design of the study,
interpretation of results, financial support and manuscript writing. All authors have approved the final version
of the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-47702-7.

Competing Interests: The authors declare no competing interests.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:11192 | https://doi.org/10.1038/s41598-019-47702-7


https://doi.org/10.1038/s41598-019-47702-7
https://doi.org/10.1038/s41598-019-47702-7
http://creativecommons.org/licenses/by/4.0/

	Effect of low sperm quality on progeny: a study on zebrafish as model species

	Methods

	Ethical statement. 
	Zebrafish maintenance. 
	Zebrafish tagging. 
	Sperm collection by stripping. 
	Fresh sperm quality assays for zebrafish male classification. 
	In vitro fertilization assays. 
	Molecular assays. 
	Global and specific methylation. 

	miR and transcript quantification. 
	miR and RNA isolation. 
	Reverse transcription. 
	Real-time PCR analysis. 
	Target prediction. 

	Statistical analysis. 

	Results

	Sperm quality assays. 
	Sperm molecular assays. 
	Early development analyses of the progeny. 

	Discussion

	Acknowledgements

	Figure 1 Experimental design.
	Figure 2 Sperm quality analyses in good and bad zebrafish breeders.
	Figure 3 Sperm molecular analyses in good and bad zebrafish breeders.
	Figure 4 Progeny analyses from zebrafish good and bad breeders.




