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A B S T R A C T

Reproductive defects can occur when the integrity of the male gamete genome is affected. Sperm chromatin
is not homogeneous, having relaxed regions which are more accessible to the transcription machinery in the
embryo, and thought to be specially sensitive to DNA damage. The level of damage in specific genes located
in these sensitive regions could represent an early biomarker of damage. Our objective is to test the hypothesis
that these more relaxed regions show greater susceptibility to damage in zebrafish, a species lacking prota-
mines and whose sperm chromatin is compacted with histones. After sperm UV irradiation, treatment with
H2O2 and cryopreservation, global chromatin fragmentation was evaluated using the TUNEL assay, and the
number of lesions per 10Kb in specific genes (hoxa3a, hoxb5b, sox2, accessible for early transcription and
rDNA 18S and rDNA 28S) was quantified by using a qPCR approach. Additionally, oxidative damage within
the sperm nucleus and the potential colocalization of this injury with histone H3 and TOPO IIα+β were lo-
cated by using immunofluorescence. UV irradiation produced the highest degree of fragmentation (p= 0.041)
and the highest number of lesions per 10Kb in all the genes, but no differences were observed in sensitivity to
damage in the studied genes (ranging from 14.93 to 8.03 lesions per 10Kb in hoxb5b and 28S, respectively).
In contrast, H2O2 and cryopreservation caused varying levels of damage in the analyzed genes which was not
related to their accessibility, ranging from 0.00 to 1.65 lesions per 10Kb in 28S and hoxb5b, respectively, af-
ter H2O2 treatment, and from 0.073 to 5.51 in 28S and sox2, respectively, after cryopreservation. Immunode-
tection near oxidative lesions also revealed different spatial patterns depending on the treatments used, these
being mostly homogeneous with UV irradiation or cryopreservation, and peripherally located around the nu-
cleus after H2O2 treatment. Oxidative lesions did not colocalize with histone H3 or TOPO IIα+β, thus demon-
strating that the relaxed DNA regions associated with these proteins were not more vulnerable to oxidative
damage. Results suggest that accessibility of each agent to the nucleus could be the main factor responsible for
the distribution of sperm DNA damage rather than the organization of the chromatin. Lesions in these genes
important to early embryo development assayed in this study cannot be used as biomarkers of global DNA
damage.

© 2018.

1. Introduction

Detection of DNA damage in the male germ line is a key point
in sperm quality evaluation, and has gained importance since Even-
son and colleagues established a relationship between chromatin struc-
ture and seminal fertility [1]. Sperm chromatin is not simply an “inert”
chromatin; the role of specific paternal genes from their initial devel-
opment is now accepted as crucial [2].

Sperm chromatin has a unique architecture, determined by DNA
and associated sperm nuclear basic proteins (SNBPs), which package
chromatin during spermatogenesis, when histones are replaced by pro-
tamines. However, this process varies throughout the Animal king-
dom. Mammalian sperm DNA is packed by protamines into toroids,
a configuration believed to hinder access by damaging agents (such
as reactive oxygen species, ROS) to the DNA strand, thus pro
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viding sperm with protection against injuries. A small fraction of chro-
matin remains wrapped in histones, forming nucleosomes, and a DNA
fraction is attached to the sperm nuclear matrix between each toroid
[3–5]. The retained nucleosomal fraction has been described as the re-
gion harboring loci of developmental importance [4,6] and postulated
as more susceptible to DNA damage. The regions attached to the nu-
clear matrix are also vulnerable due to their relaxed inner conforma-
tion [7,8]. The existence of particular DNA areas more susceptible to
harmful agents could help to identify specific genes, located in these
regions, as biomarkers of DNA damage, providing refined targets to
evaluate the genomic conformity of a given seminal sample. To con-
firm this hypothesis, it is necessary to analyze distribution of dam-
age caused by different genotoxic treatments. Greater susceptibility of
the nucleosomal regions to DNA oxidation was observed by Noblanc
and colleagues [9] in epididymal sperm of mice defective in antioxi-
dant systems. However, after ejaculation different agents can increase
oxidative stress and promote DNA damage, the distribution of which
could be determined by additional factors unrelated to the chromatin
structure.

https://doi.org/10.1016/j.theriogenology.2018.08.017
0093-691/ © 2018.
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Fish represent a different scenario because sperm chromatin con-
densation by SNBPs is highly variable; some species such as rainbow
trout (Oncorhynchus mykiss) totally replace histones by protamines,
whereas others maintain somatic-like histones, with no traces of pro-
tamines, as is the case of zebrafish (Danio rerio) [10–12]. Using dif-
ferent injuring treatments, our group demonstrated in rainbow trout
sperm, lacking histones, that DNA damage distribution was not re-
lated to the presence of SNBPs, which suggests that factors other than
SNBPs permit damaging agents to access the DNA helix [11]. Ze-
brafish sperm is packaged by histones, with higher level of linker hi-
stone H1 than a somatic cell [12]. In spite of harboring only histones,
therefore, zebrafish sperm chromatin exhibits differential packaging,
which is also represented by the distribution of epigenetic marks (co-
valent modifications of DNA and associated histones that do not af-
fect the genetic code). Specific blocks of chromatin, with a low DNA
methylation status and particular histone modifications, harbor early
transcribed genes required for embryo development, with similar fea-
tures to those recognized in histone-bound regions in mammals [12].

In this study, we aim to evaluate differential susceptibility to geno-
toxic damage in the nucleus of zebrafish spermatozoa and to test the
hypothesis that nucleosomal regions or early transcribed genes show
greater sensitivity to DNA damage. To underline the potential impor-
tance of chromatin structure/accessibility in the distribution of dam-
age, different treatments -which differentially affect DNA, promot-
ing diverse kinds of lesions and showing differential genotoxic po-
tential-were applied: irradiation with UV, treatment with a potent ox-
idizer (H2O2), and cryopreservation. Analysis of (i) global fragmen-
tation, (ii) number of lesions in genes located in different chromatin
regions, and (iii) specific localization of oxidative damage, will en-
able us to determine whether chromatin structure is a primary factor
involved in susceptibility to damage.

2. Materials and methods

2.1. Reagents

Unless otherwise indicated, all components used were purchased
from Sigma (Sigma Aldrich Spain, Madrid).

2.2. Animal maintenance

Zebrafish (Danio rerio) were manipulated in accordance with the
Guidelines of the European Union Council (2010/63/EU), following
Spanish regulations (RD 1201/2005, abrogated by RD 53/2013) and
specifically approved by the Research Ethical Committee of the Uni-
versity of León. Six-month-old wildtype zebrafish (AB strain) were
maintained in 2.5L aquaria (ZebTEC, Tecniplast System, Italy) in
a recirculating water system (pH 7.0–7.5, 450–500μS at 27–29°C,
14:10 light-dark cycle). The animals were fed twice a day with dry
food (Special Diets Services®, UK) and live brine shrimps.

2.3. Gamete collection

The zebrafish were anesthetized with 168mg/L of ethyl
3-aminobenzoate methanesulfonate (MS-222). Sperm was extracted
by ventral squeezing (procedure by Carmichael and colleagues [13]).
Samples from ten males were pooled and diluted in 20μL of Han-
k's Solution (137.0 mM NaCl, 5.32mM KCl, 0.25mM Na2HPO4,
0.44mM KH2PO4, 1.29mM CaCl2, 1.0mM MgSO4 and 4.17mM
NaHCO3; 280 mOsm/kg) at 4 °C.

Only those samples which met the standards for volume and cell
count were selected (0.5μL and 1·107 cells/mL, respectively). Three
pools of zebrafish sperm (ten males per pool) were studied.

2.4. Exposure to damaging agents

Each sperm pool was split into four aliquots to be subjected to dif-
ferent treatments: UV irradiation (254 nm, 400μW/cm2 – Vilber (Ger-
many) –, 10min at 15cm from the lamp), hydrogen peroxide (freshly
prepared 250mM, 20min) and cryopreservation. Non-treated samples
were used as controls. Treatments were carried out in a final vol-
ume of 100μL (approximately 1–4·107 cells/mL) at 4 °C. Cryopreser-
vation was performed following the indications by Carmichael and
colleagues [13]. Briefly, the sperm samples were cryopreserved by di-
luting the milt pool in 20μL of extender solution (absolute methanol
diluted 1/10 (v/v) in Ginsburg Fish Ringer's solution – 111.23mM
NaCl, 3.35mM KCl, 2.70mM CaCl2, 2.38mM NaHCO3 – with 0.15g/
mL added skim milk). Ten μL of this mix was placed in a 2mL cry-
ovial which was then placed in a 15mL tube, and immersed in dry ice
for 20min before being stored in liquid nitrogen. The sperm samples
were thawed at 33°C for 8–10s. After each treatment, they were cen-
trifuged at 2000g for 5min and washed with Hank's solution. Oxida-
tive stressed and cryopreserved milt samples were additionally washed
with Hank's solution to remove H2O2 or cryoprotectant remains.

2.5. TUNEL assay

DNA fragmentation was assessed using a commercial kit (In Situ
Cell Death Detection Kit, Fluorescein, Roche, Germany) following
the manufacturer's instructions with slight modifications: permeabi-
lization of sperm cells was carried out with 0.3% Triton X-100 in
0.1% sodium citrate for 5min, and the DNaseI concentration used for
the treatment of positive controls was 70 U/mL. Nuclei were counter-
stained with 300nM DAPI for cell visualization. For each milt pool
(n = 3), two slides were evaluated using a Nikon Eclipse TE-2000
EZ.C1 confocal microscope equipped with a 408nm and 488nm exci-
tation source for DAPI and FITC staining. Negative (without terminal
transferase) and positive controls were included and the assay was car-
ried out in duplicate. Approximately 200cells were analyzed per slide
using ImageJ software. The results were expressed as the percentage
of cells with fragmented DNA (mean ± SD).

2.6. Quantification of DNA lesions in genes

2.6.1. Genomic DNA isolation
The pellets obtained after treatments were resuspended in a final

volume of 500μL TNES buffer (10mM Tris-HCl pH 8.0, 125mM
NaCl, 10mM ethylenediaminetetraacetic acid (EDTA), 17mM
sodium dodecyl sulfate (SDS), 4M urea) with 1μg proteinase K and
incubated overnight at 56°C in a shaking bath. After proteinase K di-
gestion, DNA was extracted using an optimized phenol:chloroform
method [11].

DNA quantity and quality were determined using Nanodrop 1000
(Thermo Scientific) at 260nm. Only high purity DNA
(A260/A280 > 1.8) was used for the subsequent analysis.

2.6.2. Quantitative PCR
The number of lesions in DNA was determined using the method

developed by Rothfuss and colleagues [14]. Real time PCR was per-
formed in triplicate on a Step-One Plus real-time thermal cycler (Ap-
plied Biosystems) and non-template control was used for each pair of
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primers. Design of oligonucleotides was carried out with Primer Ex-
press 2.0 software. Amplification efficiency was determined for all
nucleotides using serial dilutions of gDNA and calculated with
StepOnePlus version 2.3 software using the linear regression slope of
the dilution series (Table 1). Reaction conditions were as described
elsewhere [11] and required 3ng of gDNA. Reaction conditions were
a pre-incubation phase of 10min at 95°C, followed by 50 cycles of
10s at 95°C, 10s at the annealing temperature (see Table 1) and 50s
or 10s (for long and short amplicons, respectively) at 72°C. Prod-
uct specificity was verified by agarose gel electrophoresis (data not
shown) and by melting curves and threshold cycles (Cts) which were
measured by StepOnePlus version 2.3 software. The number of lesions
was studied in five nuclear genes (hoxa3a, hoxb5b, sox2, rRNA 18S
and rRNA 28S).

The number of DNA lesions per 10Kb with respect to the basal
level of lesions in non-treated samples was analyzed in each pool in-
dependently and calculated according to formula [14]:

Mean ± SD were calculated.

2.7. Immunolocalization of 8-OHdG

Samples were fixed with 4% (w/v) paraformaldehyde in PBS
(8.37 mM Na2HPO4, 1.83mM KH2PO4, 149.9mM NaCl, pH 7.4; 335
mOsm/kg) for 20min at room temperature, washed three times with
bi-distilled water and diluted to a final concentration of 5·106 cells/
mL. For each sperm pool (n = 3), twenty μL was smeared on ATE
([3-aminopropyl]trimethoxysilane) coated slides in triplicate and left
to desiccate at 37°C overnight. Following the method of
González-Rojo and colleagues [11], we incubated with the primary
antibody against 8-OHdG (ab62623, “anti-DNA/RNA damage anti-
body”, Abcam, Cambridge, UK) (dilution 1/200) overnight at 4 °C.
Incubation with a goat anti-mouse secondary antibody labelled with
orange-red AlexaFluor®568 (Invitrogen, Camarillo, CA, USA) was
at 37°C for 1h. Negative controls with normal goat serum were
included. Nuclei were stained with 300nM DAPI and slides were
mounted using ProLong® Gold Antifade Mountant (Thermo Scien-
tific). Images were captured with a Nikon Eclipse TE-2000 confocal
microscope.

2.8. Colocalization of 8-OHdG with histone H3, TOPO IIα+β

Double immunofluorescence on non-treated and H2O2 treated sam-
ples was performed following the protocol described above, with
modifications to the primary antibody incubation. Primary antibody
dilutions were: 1/200 mouse monoclonal 8-OHdG antibody (ab62623,
“anti-DNA/RNA damage antibody”, Abcam, Cambridge, UK); 1/20
rabbit monoclonal TOPO IIα+β antibody (ab109524, Abcam, Cam-
bridge, UK) and 1/200 rabbit polyclonal Histone H3 antibody
(ab1791, Abcam, Cambridge, UK). Each specific antigen was re-
vealed with a solution containing two secondary antibodies: goat
anti-rabbit IgG (H + L) AlexaFluor®488 and goat anti-mouse IgG
(H + L) AlexaFluor®568 (Invitrogen, Camarillo, CA, USA). Negative
controls were included as described above. Images were captured with
a confocal microscope Zeiss LSM800 and merged images were cre-
ated with ZEN Blue software (Zeiss).

2.9. Statistical analysis

Statistical analysis was performed with SPSS version 21.0 (IBM,
EEUU). Normality of data was checked by the Shapiro-Wilk test. Due
to the non-parametric nature of the data, a Kruskal-Wallis test was per-
formed using Dunn's post hoc test (p< 0.05). The results are shown as
mean ± SD.

3. Results

The TUNEL assay showed that control samples exhibited a basal
level of DNA fragmentation (less than 5% positive cells) in all the an-
alyzed pools. UV irradiation showed the highest rate of DNA frag-
mentation, affecting 82.72% ± 8.11 (p= 0.041, with respect to the un-
treated samples) of zebrafish spermatozoa (Fig. 1). Oxidative stress
promoted by H2O2 also produced an increase in DNA fragmenta-
tion (28.98% ± 0.88; p= 0.041, with respect to non-treated sperm, Fig.
1); whereas cryopreservation did not alter sperm chromatin integrity
when compared to the untreated sperm.

No significant differences in the number of lesions, in relation to
the basal level of lesions in non-treated samples, were observed among
genes after UV or oxidative stress treatments (Fig. 2). UV promoted
from 14.93± 0.26 to 8.03± 5.57 lesions per 10Kb in hoxb5b and 28S,
respectively. Oxidative stress caused the highest level of damage in
hoxb5b (1.65 lesions per 10Kb ± 1.23). Lesions after cryopreservation
showed different sensitivity among genes, ranging from 0.07± 0.10 in
28S to 5.51± 0.63 in sox2.

Table 1
List of forward and reverse primers used in conventional PCR and qPCR assays for zebrafish samples. For all genes, their corresponding GenBank accession number is indicated, as
well as the size of the amplicon, oligonucleotide efficiency and the annealing temperature. All sequences are given in the 5’ direction.

Genes and
GeneID Forward oligonucleotide Reversed oligonucleotide

PCR product
size (bp)

PCR
efficiency
(%)

Annealing
temperature (ºC)

hoxa3a
58049

AGGATGTGCAGTGAGAACCAT
TGCTTAACCTGACGGAAAGG

CCCACCAAAGAATCCGAGTA
TGTACTTCATCCTGCGATTC

669
60

95.2
92.2

58
58

hoxb5b
58052

TTTCCAAAATCCGAGTCAGG
AGACCCGGTACAGACAGTCG

AATAATTTACCATGCAGTCGCC
GGTGGCACAAGACAGAGGAT

649
62

92.8
100.7

58
58

sox2
Riesco MF
2013

ACGACGATTAACGGCACGAT
TGCACAACTGATGTTTACGTCAAA

AAAAGCTGGAGAGTGCCTCTGT
ATGTACCTTCAGTGAGAAACTCTTTAAATC

650
81

94.0
108.1

55
58

rRNA 18S
FJ915075.1

CAAGAACGAAAGTCGGAGGT
GCCGTTCTTAGTTGGTGGAG

CCTCGTTGATGGGAAACAGT
CCGGAGTCTCGTTCGTTATC

612
60

102.9
124.7

55
58

rRNA 28S
AF398343.1

GCTCATCAGACCCCAGAAA
GAAGGCCGAAGTGGAGAAG

CCTGCCCTTCACAAAGAAA
CCCTTAGGACCGACTGACC

578
66

106.6
92.3

55
58
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Fig. 1. Chromatin fragmentation evaluated by the TUNEL assay. DNA damage is expressed as the percentage of FITC positive cells. Data are expressed as mean ± SD and letters
show differences among treatments (n= 3, at least 200cells analyzed per replicate, p< 0.05).

Fig. 2. Number of lesions per 10Kb in specific genes after zebrafish sperm treatments. UV irradiation 400μW/cm2 for 10min (A), 250mM H2O2 exposure for 20min (B) and
cryopreservation (C) induce different levels of damage. DNA damage was calculated as the DNA lesion rate respect to the basal level of lesions in non-treated samples. Data are
expressed as mean ± SD and letters show differences among genes for the same treatment (n = 3 pools, p< 0.05).

In irradiated sperm, 8-OHdG was localized throughout the entire
nucleus with some more intense spots in those cells presenting oxi-
dation (Fig. 3B), clearly different from the untreated ones (Fig. 3A).
After H2O2 treatment, 8-OHdG appeared in the nuclear periphery of
the spermatozoa (Fig. 3C). After cryopreservation, a reduced number
of cells displayed 8-OHdG homogeneously distributed around the nu-
cleus (Fig. 3D).

Histone H3 is distributed throughout the nucleus, with more inten-
sity in the nuclear periphery (Fig. 4). TOPO IIα+β is confined to a
small specific region, displaying a clear and intense green spot (Fig.
4). As can be observed in Fig. 3B and D, oxidative lesions promoted
by UV or cryopreservation, do not colocalize with any of these pro-
teins (comparing Fig. 3B, D with Fig. 4). In H2O2-treated samples,
8-OHdG is restricted to the periphery, but not all the regions harboring
H3 or TOPO IIα+β are affected by oxidation (Fig. 4, arrow heads).

4. Discussion

Distribution of DNA damage in the sperm nucleus is of utmost
importance considering the differential role that paternal genes play
during development. The elucidation of chromatin packaging has re-
vealed different regions of DNA with a lower degree of compaction,
which have been hypothesized as being more sensitive to DNA dam-
age [7,8]. Fish display a more diversified pattern of chromatin con-
densation, some species presenting only one type of SNBPs, and as
such could serve as a model to test this hypothesis. Previous results
obtained by our group using rainbow trout (Oncorhynchus mykiss)
sperm, whose chromatin is homogeneously compacted with prota-
mines, show that localization of DNA damage is not dependent on

the type of SNBPs, but rather it is the nature of the harmful treatment
which is decisive [11].

The present study, which uses a model with a different chromatin
packaging pattern, lacking protamines, permits evaluation and local-
ization of DNA damage in the sperm nucleus subjected to different
injuries. Zebrafish sperm chromatin is compacted with histones, with
highly compacted regions or chromatosomes due to the presence of
linker histone H1. Specific chromatin blocks, where genes with em-
bryo development features are found [12], are modelled by epigenetic
modifications, such as DNA hypomethylation, which define more ac-
cessible regions where early transcribed genes are located [6,12].

Sperm DNA damage can appear in the form of abasic sites, nu-
cleotide base modifications, strand breaks or bond generation between
DNA-binding proteins, among others. DNA alterations in the whole
genome can be assayed with different methodologies such as the
TUNEL assay, used in this study, which informs about DNA fragmen-
tation. Our data obtained from TUNEL confirm the good quality of
the untreated milt pools and show that the treatments used have dif-
ferent genotoxic potential, UV irradiation being the one which caused
the highest level of fragmentation. However, to assess damage in spe-
cific genes, a different approach, based on qPCR technology, has been
developed [14]. Quantification of DNA lesions using qPCR is based
on the delay of DNA polymerase when alterations in DNA strand are
found, whatever the type of lesion. This method provides measure-
ments relating to the corresponding untreated sample, thus permitting
quantification of the number of lesions in individual genes [14].

UV irradiation affects chromatin by generating ROS that produce
base modifications, mainly oxidization, resulting in the production of
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Fig. 3. Immunolocalization of oxidative damage within the sperm nucleus. Images show an example of zebrafish sperm cells in non-treated samples (A), in UV-irradiated milt
(B), after H2O2 treatment (C) or frozen/thawed sperm (D). Sperm spreads (5·105 cells/mL) were stained with an antibody recognizing 8-OHdG and its location appears in red fluores-
cence (AlexaFluor®568), whereas cell nuclei were stained with DAPI and appear in blue. Merged images were stacked using Image J software. Scale bar, 5μm.

8-OHdG [15,16]. It also promotes the formation of cyclobutane
pyrimidine dimers and chromatin fragmentation. In the present work,
UV radiation promotes the greatest number of lesions in comparison
to the rest of the treatments, as shown by the TUNEL and qPCR ap-
proaches. However, no differences among genes were noticed after
UV treatment, regardless of the specific epigenetic pattern and the
different degree of chromatin accessibility of each studied gene. In
zebrafish sperm, hoxa3a and hoxb5b are among the 250 DNA hy-
pomethylated genes and, together with the sox2 gene, they possess
specific histone modifications, which are characteristic of chromatin
blocks harboring developmental genes [12] and of the most relaxed
chromatin regions. The 18S and 28S rDNA genes do not share any
of these characteristics [12], since they have a lower degree of acces-
sibility. Global DNA damage has been reported after UV irradiation
in other fish species such as rainbow trout sperm; in this species, the
Comet assay, used to analyze single and double DNA strand breaks,
revealed approximately 70% of cells with fragmented DNA after UV
irradiation [17]. Hydrogen peroxide treatment, usually used to pro-
mote oxidative damage, caused DNA fragmentation at the tested dose
and a significantly lower number of lesions than UV irradiation in the

analyzed genes, without noticeable differences among them. In other
species such as seabream (Sparus aurata) sperm, whose chromatin is
homogeneously compacted by histones [18], our group also reported
DNA fragmentation and lesions in two nuclear genes after treatment
with a lower dose of H2O2 [19]. Cryopreservation affects DNA by
ROS generation [20,21] or osmotic shock [22,23], causing fragmen-
tation [24] and base oxidization [22]; however, in the present study
cryopreservation did not promote a level of fragmentation detectable
by TUNEL. Similar results were obtained after seabream sperm cry-
opreservation, where a minimum level of DNA fragmentation was re-
vealed using the Comet assay [19]. In other species, such as rain-
bow trout, seabass (Dicentrarchus labrax) or salmon (Salmo salar),
sperm DNA fragmentation was reported after cryopreservation using
the Comet assay [25–28]. Freezing/thawing generated a different de-
gree of lesions in genes analyzed by qPCR, sox2 and 18S having a
similar number of lesions (around 5 lesions per 10kb) in spite of their
varying accessibility in sperm chromatin. These results imply that the
analyzed genes have different susceptibility to DNA damage depend-
ing on the applied treatments, but not on specific chromatin organiza-
tion or epigenetic pattern.
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Fig. 4. Location of oxidative damage, histone H3 and nuclear matrix protein TOPO IIα+β after oxidative stress in sperm. Double immunolabelling of 8-OHdG with histone
H3 or TOPO IIα+β were carried out on untreated (A) or H2O2-treated sperm spreads (B). Representative confocal images show the oxidative DNA adduct in red, labelled with Alex-
aFluor®568, and the distribution of histone H3 or TOPO IIα+β in green, labelled with AlexaFluor®488. Arrow heads indicate those regions harboring the labelled protein which are
not affected by oxidation. Merged images were overlapped using ZEN Blue software. Scale bar, 4μm.

The study of the distribution of the oxidative lesions by 8-OHdG
immunolabelling, the most predominant oxidative adduct, commonly
used as a hallmark of oxidative DNA damage [29,30], also supports
the previous observation. UV irradiation promoted the localization of
8-OHdG in whole nucleus of zebrafish spermatozoa due to its abil-
ity to penetrate and directly affect the whole genome despite the pres-
ence of different chromatin blocks or nuclear proteins. Distribution of

8-OHdG revealed a specific pattern after H2O2 treatment, remain-
ing peripheral around the sperm nucleus, which suggests greater ex-
posure of genes located in these regions to ROS. This is in agree-
ment with previous results in trout spermatozoa [11] and reinforces
the idea of differential accessibility of harmful agents to sperm chro-
matin. Images show the location of histone H3, an indicator of more
relaxed nucleosomal regions, mainly peripheral. The distribution is
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very similar to that observed for 8-OHdG after H2O2 treatment, but
not after other genotoxic injuries. TOPO IIα+β, a nuclear matrix pro-
tein absent from the most compacted regions, appears as a clear and
peripheral spot that does not perfectly match with the oxidative lesions
promoted by H2O2. Peroxiporins, which are responsible for guiding
the efflux of H2O2 into the cell [31] and potentially to the nuclear
periphery, have been described as spermatozoa-specific aquaporins.
Therefore, susceptibility observed after oxidative stress may be de-
termined by the accessibility of ROS to the different nuclear territo-
ries rather than by chromatin packaging or epigenetic marks. Freezing/
thawing promoted the localization of 8-OHdG over the entire nucleus
in some cells, which is different from the situation observed in rain-
bow trout sperm [11].

5. Conclusions

The location of nucleosomes or nuclear matrix proteins in sperm
chromatin, in the most accessible regions to the transcription machin-
ery, does not render specific genes and chromatin areas more vulnera-
ble to damage in zebrafish. Susceptibility was related to the type of in-
juring agent. Access by the damaging agent to the sperm nucleus could
be the greatest determinant in the distribution of sperm DNA damage
in zebrafish. Our results demonstrate that the genes evaluated in this
study are not particularly sensitive to a range of DNA injuring agents,
and consequently these genes or their integrity, cannot be used as sen-
tinels or biomarkers of genetic damage.
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