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Abstract: Aging is the most critical factor that influences the quality of post-ovulatory oocytes. Age-
related molecular pathways remain poorly understood in fish oocytes. In this study, we examined the
effect of oocyte aging on specific histone acetylation in common carp Cyprinus carpio. The capacity
to progress to the larval stage in oocytes that were aged for 28 h in vivo and in vitro was evaluated.
Global histone modifications and specific histone acetylation (H3K9ac, H3K14ac, H4K5ac, H4K8ac,
H4K12ac, and H4K16ac) were investigated during oocyte aging. Furthermore, the activity of histone
acetyltransferase (HAT) was assessed in fresh and aged oocytes. Global histone modifications did
not exhibit significant alterations during 8 h of oocyte aging. Among the selected modifications,
H4K12ac increased significantly at 28 h post-stripping (HPS). Although not significantly different,
HAT activity exhibited an upward trend during oocyte aging. Results of our current study indicate
that aging of common carp oocytes for 12 h results in complete loss of egg viability rates without any
consequence in global and specific histone modifications. However, aging oocytes for 28 h led to
increased H4K12ac. Thus, histone acetylation modification as a crucial epigenetic mediator may be
associated with age-related defects, particularly in oocytes of a more advanced age.

Keywords: Cyprinus carpio; egg quality; epigenetics; histone acetyltransferase; histone modifications;
post-ovulatory aging

1. Introduction

High-quality eggs are essential for proper embryo development and good health
in the later life of the offspring [1]. Internal components such as maternal proteins or
gene transcripts and external factors such as brood stock diet, environmental conditions,
husbandry practices, and oocyte aging can influence the quality of oocytes [2]. The age
of the oocyte has been recognised as a factor that affects egg quality after ovulation [3,4].
It has been observed that genetic and epigenetic changes within the genome can affect
the developmental competence of the eggs, and these changes can be inherited by the
offspring [5,6]. Fertilisation occurs within a short time after the release of the metaphase II
oocyte from the follicle at ovulation [7]. Delays in fertilisation can result in post-ovulatory
oocyte aging. In fish, this type of oocyte aging can occur due to defects in egg spawning
or stripping.

Aging is a multifaceted process that is characterised by genetic and epigenetic changes
within the genome and that involves various molecular pathways [8]. To date, only a
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small number of reports have described the molecular changes that occur during fish
oocyte aging [9–14]. Epigenetics, the link between the environment and genes, has been
suggested as a likely contributor to the aging phenotype [15,16]. Different epigenetic
regulators/marks such as DNA methylation, histone modifications, and non-coding RNAs
are associated with the aging process in other organisms. Previous studies on oocyte
aging indicated the DNA methylation changes in bovine [17], histone modifications in
mice and porcine [18,19], and modified expression of non-coding RNAs in rainbow trout
(Oncorhynchus mykiss) [12]. The epigenome of an organism is extensively reprogrammed
during gametogenesis and early embryo development through these epigenetic regula-
tors/marks. Furthermore, post-fertilization success and healthy offspring development
rely on epigenetic reprogramming [20]. Similarly, epigenetic alterations may be responsible
for age-related complications in fish oocytes.

Histone modifications are one of the epigenetic mechanisms that have been suggested
to be involved in the oocyte aging process [15,16]. Histones are the most abundant protein
components within the chromatin structure, where they form nucleoprotein complexes.
They are the building blocks of the eukaryotic chromatin structure and are extensively
conserved during evolution [21]. The reactions/processes associated with DNA occur at
the nucleoprotein complex. A nucleosome is the basic unit of chromatin structure and
consists of four different histones (H2A, H2B, H3, and H4) in the form of dimers that are
collectively arranged as octamers [22]. The nucleosome possesses an N-terminal tail that
is rich in arginine and lysine, and this is the site for post-translational modifications [23].
Histone modifications consist of different types that include acetylation and methylation
of lysines and arginines, phosphorylation of serines and threonines, ubiquitylation, and
ribosylation of lysines. Histone acetylation occurs more frequently than does any other
modification [24,25]. Histone acetyltransferases (HATs) catalyse histone acetylation by
transferring acetyl groups from acetyl coenzyme A (acetyl-CoA) to lysine residues within
the core histones. Conversely, histone deacetylases (HDACs) catalyse the removal of acetyl
groups. Together, HATs and HDACs regulate the acetylation status of histones. Histone
acetylation and deacetylation play critical roles in controlling gene expression and several
cellular functions [26,27]. Increased histone acetylation levels and histone acetyltransferase
1 (hat1) transcripts were observed during prolonged oocyte aging in mice [19], porcine [18],
and goat [28]. The underlying pathways responsible for these alterations during fish oocyte
aging remain unclear.

Fish exhibit benefits over other vertebrates in regard to the study of oocyte aging.
The high number of oocytes produced by female fish and the diversity of reproductive
modes make it possible to properly study the oocyte aging process. Specifically, studying
oocyte aging at the molecular level may aid aquaculture and fisheries in managing egg
quality. The current study employed Western blotting, supporting the reports of histone
modifications during oocyte aging using immunohistochemistry in other vertebrates. This
study was performed on common carp (Cyprinus carpio) because of synchronous ovulation
in females and based on our previous satisfactory experience with the practical approaches.
Additionally, common carp is one of the major aquaculture species in which the quality
of eggs has been relatively well documented [29] and there is no need to sacrifice the
experimental animal as it might be required in other vertebrates.

Histone modification dynamics were investigated during both in vivo and in vitro
oocyte aging in common carp. Acetylation modifications at lysines 9 and 14 on histone
H3 and at lysines 5, 8, 12, and 16 on histone H4 were analysed using specific antibodies.
Additionally, a histone acetyltransferase activity assay was used to determine HAT activity
in fresh and aged oocytes both in vivo and in vitro. The obtained results are the first to
report histone modifications as an important epigenetic regulator during oocyte aging in
fish and may also aid in the further development of assisted reproduction technology in
higher vertebrates.
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2. Results
2.1. Egg Quality Indices

The egg eyeing and hatching rates were significantly affected by post-ovulation and
post-stripping oocyte aging, as presented in Table 1.

Table 1. Effects of in vivo and in vitro oocyte aging at 20 ◦C on the eyeing and hatching rates in common carp (mean ± SD).
Means sharing a common alphabetical symbol do not differ significantly.

In Vivo Oocyte Aging

HPO 0 2 4 6 8 10 12 28

Eyeing % 88 ± 9 a 91 ± 5 a 77 ± 16 ab 66 ± 30 ab 46 ± 25 bc 15 ± 11 cd 3 ± 4 d 0 ± 0 d

Hatching % 83 ± 16 a 88 ± 10 a 71 ± 21 a 59 ± 31 ab 31 ± 19 bc 6 ± 5 c 0.7 ± 1 c 0 ± 0 c

In Vitro Oocyte Aging

HPO 0 2 4 6 8 10 12 28

Eyeing % 95 ± 4 a 94 ± 3 a 92 ± 3 a 84 ± 8 a 62 ± 6 b 40 ± 5 c 0 ± 0 d

Hatching % 94 ± 4 a 92 ± 1 a 88 ± 5 a 68 ± 15 ab 36 ± 22 bc 21 ± 9 cd 0 ± 0 d

HPO: Hours post-ovulation; HPS: Hours post-stripping.

2.2. Image Analysis of 2D AUT × SDS PAGE

In total, 37 protein spots matched among freshly ovulated and in vivo and in vitro
aged oocyte samples (Supplementary Materials Files S1 and S2). The image analysis of 2D
AUT × SDS PAGE revealed no significant differences between freshly ovulated oocytes
and either in vivo or in vitro aged oocytes. However, at low significance (p < 0.1), spot
numbers 80 (in vivo) and 113 (in vitro) were significantly different compared to those of
the freshly ovulated oocyte samples. Spot number 80 exhibited a 1.3-fold decrease, while
spot number 113 showed a significant 1.6-fold increase in oocyte aging.

2.3. Histone Acetylation during In Vivo and In Vitro Oocyte Aging

The acetylation of histones at H3K9, H4K5, and H4K8 did not significantly change
during in vivo or in vitro oocyte aging (Figure 1A,B,D). Acetylation of H4K12 increased
significantly in vitro but not during in vivo oocyte aging (Figure 1B). A comparison of
histone acetylation at 8 and 28 h in vivo and in vitro did not reveal any significant changes
(Figure 1C). Acetylation at H3K14 and H4K16 did not exhibit any signal in either freshly
ovulated or in vivo and in vitro aged oocytes (Figure 1E). The efficiency of the related
antibodies was confirmed by the presence of both modifications expressed in the mouse
liver used as the positive control.
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The numbers in red colour indicate the biological replicates as: fish 1 (1, 4, 7, 10), fish 2 (2, 5, 8, 11, 13), and fish 3 (3, 6, 9, 12, 14).

2.4. Histone Acetyltransferase Activity during In Vivo and In Vitro Oocyte Aging

Histone acetyltransferase activity was measured in freshly ovulated and in 8 h and
28 h in vivo and in vitro aged oocytes. HAT activity did not change significantly during
in vivo or in vitro oocyte aging; however, a slight increasing trend was observed (Figure 2).
A comparison of histone acetyltransferase activity at 8 and 28 h in vivo and in vitro also
did not reveal any significant changes.
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3. Discussion

The competence of the oocyte to fertilise and develop into a normal embryo declines
with increased post-ovulatory oocyte age that begins at ovulation and progresses constantly
until fertilisation [1]. The mechanisms driving the oocyte aging process are not yet clear.
Histone modifications are the most common and important epigenetic configuration that
may contribute to age-associated defects in oocytes and the arising embryos. Establishment
of chromatin structures is highly controlled by histone proteins. Many initial and essential
functions, including cell cycle progression, DNA replication and repair, transcriptional
activity, and chromosome stability, are associated with histone modifications [30–33].

In the present study, the results of global histone modification analysis suggest that
no histone modifications are altered during post-ovulatory oocyte aging. However, at
low significance (p < 0.1), spot numbers 80 (in vivo) (Supplementary Materials File S1)
and 113 (in vitro) (Supplementary Materials File S2) were significantly different compared
to those of the freshly ovulated oocyte samples. Spot number 80 exhibited a 1.3-fold
decrease, while spot number 113 showed a significant 1.6-fold increase in oocyte aging.
Post-translational modifications of H3 and H4 are much more widely identified than modi-
fications on other histone proteins [34]. Acetylation modification of histones H3 and H4 has
been reported in other vertebrates during post-ovulatory oocyte aging [15,16]. The key sites
of lysine acetylation include two lysines on histone H3 (K9 and K14) and four lysines on hi-
stone H4 (K5, K8, K12, and K16), which are described as active transcription marks [34,35].
The acetylation and deacetylation of these N-terminal lysine residues both play a critical
role in regulating chromatin condensation and folding, heterochromatin silencing, and
transcription, and based on this they influence various cellular processes [27,36]. Therefore,
we studied specific histone acetylations (H3K9ac, H3K14ac, H4K5ac, H4K8ac, H4K12ac,
and H4K16ac) during in vivo and in vitro oocyte aging.

Among the selected histone acetylation modifications examined in this study, H3K9ac,
H4K5ac, and H4K8ac exhibited no significant differences during in vivo and in vitro oocyte
aging. However, Huang, et al. [19] reported no signal for histone acetylation at H3K9 and
H4K5 and increased H4K8ac during in vivo and in vitro mouse oocyte aging. In contrast,
Xing et al. [37] observed an increase in H3K9ac in aged mouse oocytes and attributed
the difference to the different implemented oocyte culture media and antibodies. In our
study, H3K14 and H4K16 were not acetylated in either fresh or aged common carp oocytes.
Liu et al. [38] also did not detect a signal for H3K14ac in fresh oocytes; however, this
signal was detected in aged mouse oocytes. A gradual increase in H3K14ac was reported
during oocyte aging in mice [19]. In vivo and in vitro aged mouse oocytes displayed
a signal for the acetylation of H3K14 in 76% and 75% of the oocytes, respectively, and
no signal was observed in freshly ovulated oocytes [38]. All of the investigated histone
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acetylation modifications in our study have been reported to be species-specific and oocyte
stage dependent [34]. Accordingly, the results of our study revealed undetected H3K14ac
and H4K16ac in common carp MII oocytes. In future studies, it would be of interest to
investigate the dynamics of different histone modifications during fish oocyte maturation
and embryo development.

In the current study, the acetylation on H4K12 was increased significantly at 28 HPS.
This is in accordance with previous findings in other vertebrates. Immunofluorescence
detection of H4K12 acetylation in mouse oocytes revealed an increased signal during
5 and 10 h of aging [19]. All 12 h-aged mouse oocytes exhibited signals for the acetylation
on H4K12, while no signal was detected in freshly ovulated oocytes [38]. Increased
fluorescence signals have been reported for H4K12ac in 24 h-aged porcine and mouse
oocytes [18,39]. Cui et al. [18] suggested that increased H4K12ac in 28 h-aged porcine
oocytes is associated with increased oxidative stress within the ooplasm. The observed
increase in H4K12ac levels in oocytes aged for 28 h post-stripping in the current study
may therefore be a consequence of increased oxidative stress at this time point; however,
a previous study examining common carp indicated that oxidative stress is not likely
to be the main initiator of post-ovulatory aging in common carp oocytes, at least up to
14 h in vivo and 10 h in vitro [40]. Moreover, the observed late onset of hyperacetylation
of H4K12 suggests the possible optimisation of egg storage in common carp. H4K12ac
is essential for centromere protein A deposition into centromeres [41], a process that is
required for accurate chromosome segregation during cell division [42]. Furthermore,
H4K12ac has been suggested to play a critical role in loosening chromatin structures
during DNA replication [43]. Post-ovulatory oocyte aging may be one of the factors that
spontaneously release the zygotic clock to thereby trigger molecular pathways [44].

The zygotic clock is a molecular clock that initiates cascades of biochemical processes
that occur post-fertilization or after egg activation [45]. Post-translational histone modifi-
cations are among the mechanisms underlying zygotic genome activation [46]. Histone
acetylation is a marker of active transcription that is projected to increase during the
maternal to zygotic transition and is linked to the activation of genes [46,47]. Therefore,
the observed hyperacetylation of H4K12 in aged oocytes in this study may be due to the
spontaneous activation and ticking of the zygotic clock. Some studies have also reported
dynamic changes in transcripts and in protein abundance during post-ovulatory oocyte
aging that are known to be transcriptionally inactive [13,28,39,48]. While post-ovulatory
oocyte aging does not lead to complete zygotic genome activation, it may trigger some
of the pathways and partially explain the functional consequences of oocyte aging. Until
now, few studies have compared the oocyte aging in vivo and in vitro conditions. The
comparison of histone acetylation at 8 and 28 h in this study did not reveal any significant
changes between in vivo and in vitro aging. This is in accordance with the previous finding
by Zhang et al. [49], who reported no significant difference in the decreased expression
of selected histone deacetylases transcripts during 24 h in vivo and in vitro oocyte aging
in mouse.

The acetylation–deacetylation switch depends upon different physiological conditions,
and this switch is achieved through the action of HATs and HDACs [20]. The HAT activity
in the current study tended to increase during oocyte aging, although the difference was
not statistically significant. Hat1 transcript levels have also been reported to increase
during porcine and goat oocyte aging [18,28]. The mRNA levels of the histone deacetylases
sirt1, sirt2 and sirt3 were downregulated in mouse oocytes that were aged in vivo and
in vitro [49]. Another study reported the downregulation of a gene responsible for histone
deacetylation (hdac2) during maternal oocyte aging in mice [50]. These altered expressions
of key epigenetic modulators in aged oocytes may lead to abnormal histone acetylation.
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4. Materials and Methods

The histone modification dynamics during in vivo and in vitro oocyte aging in com-
mon carp was assessed through three experiments as: (I) egg storage and quality assess-
ment, (II) histone modifications and (III) histone acetyltransferase activity assay.

4.1. Egg Storage and Quality Assessment

The in vivo and in vitro egg storage and the embryo quality assessment were done
as bellow:

4.1.1. Experimental Fish Preparation

The broodfish preparation and artificial reproduction processes were performed ac-
cording to Samarin et al. [51] and Samarin et al. [40]. Briefly, the experimental fish were
treated with a gradual increase in water temperature from 16 ◦C to 20 ◦C. The carp pituitary
hormone was used to stimulate ovulation and spermiation according to the method of
Horvath and Tamas [52]. The experiment was conducted using six females for both the
in vivo and in vitro experiments.

4.1.2. In Vivo and In Vitro Oocyte Aging

Oocytes from females were individually incubated in vivo for 28 h post-ovulation
(HPO) and in vitro for 28 h post-stripping (HPS) at 20 ◦C. The stored oocytes in vivo were
stripped and fertilised at the time of ovulation (0 HPO) and then at 2 h intervals up to
12 HPO and also at 28 HPO. The stored oocytes in vitro were fertilised at the time of
stripping (0 HPS) and then at 2 h intervals up to 10 HPS and also at 28 HPS. The in vivo
and in vitro egg storage conditions were determined according to Samarin et al. [40].

4.1.3. Artificial Fertilisation and Egg Developmental Success

Eyeing and hatching rates were recorded as the egg quality indices. Three days post-
fertilisation, the ratio of the number of eyed eggs to the number of initial inseminated eggs
was used to calculate eyeing percentages. Hatching rates were measured after six days
of fertilisation using the number of hatched larvae to the number of initially inseminated
eggs. All of the steps for artificial fertilisation, removing egg stickiness, incubation, and
assessment of egg developmental success were performed according to Samarin et al. [51].

4.2. Histone Modifications

The global histone modifications and specfic histone acetylation were investigated
as bellow:

4.2.1. Sample Collection for Histone Modification Analysis

Approximately 1 g of oocytes was sampled from individual females separately at
each HPO and HPS. The collected samples were placed into cryotubes (Thermo Fisher
Scientific, Waltham, MA, USA), labelled, frozen in liquid nitrogen, and stored at −80 ◦C
for further investigation.

4.2.2. Histone Isolation

Histone isolation was performed for samples collected at 0, 8, and 28 HPO and HPS.
The isolation procedure was performed according to Wu et al. [53] with some modifications.
Briefly, 150 mg of frozen oocyte samples were resuspended and homogenised in a 1.5 mL
tube containing 400 µL of homogenisation buffer (10 mM Tris-HCl; 1 mM MgCl2; pH 7.5)
and 20 µL of 5% digitonin (D141, Sigma-Aldrich, St. Louis, MO, USA). After centrifugation,
the supernatant was discarded, and 1 mL of salt wash buffer (10 mM Tris-HCl; 1 mM MgCl2;
0.4 M NaCl; pH 7.5) was added to the pellet and incubated on ice for 15 min. Samples were
then centrifuged, and the pellets were used for acid extraction of histones. Acid-extracted
histones were precipitated using saturated trichloroacetic acid (T6399, Sigma-Aldrich, St.
Louis, MO, USA). The air-dried histone pellets were then dissolved in 50 µL of Milli-Q
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water and stored at −20 ◦C for further analysis. The quality and quantity of isolated
histones were both assessed by separating 5 µL of the histone on 4–15% Criterion™ TGX™
Precast Midi Protein Gels (Bio-Rad, Hercules, CA, USA).

4.2.3. Separation of Histone Modifications

The 2D AUT × SDS PAGE (acetic acid-urea-Triton sodium dodecyl sulfate poly-
acrylamide gel electrophoresis) assay was used to separate the isolated histones. The
Mini Trans-Blot® Cell system (Bio-Rad, Hercules, CA, USA) was used for both the first-
and second-dimension separations. The gel electrophoresis procedure was adopted from
Shechter et al. [54] and Green and Do [55]. In summary, histone samples were separated
on 15% AUT-PAGE, and the running buffer (5% acetic acid) was used for electrophoresis at
200 V for 140 min. Thereafter, the AUT gel target lanes were cut individually and carefully
placed on top of the SDS-PAGE gel (4–15%). The stacking gel was poured around the
AUT gel lane and allowed to polymerise. The second-dimension gel was run at a constant
voltage of 150 V for 90 min, and this was followed by Coomassie staining. Gel images were
recorded using the ChemiDoc™ XRS+ system (Bio-Rad, Hercules, CA, USA). Image analy-
sis of 2D AUT × SDS PAGE was performed using Prodigy SameSpots version 1.0 software
(Nonlinear Dynamics, Newcastle, UK).

4.2.4. Immunodetection of Specific Histone Acetylation

For the analysis of specific histone acetylation modifications, isolated histone samples
were separated on 4–15% Criterion™ TGX™ Precast Midi Protein Gels (Bio-Rad, Hercules,
CA, USA). The isolated histone proteins were transferred to a 0.2 µm nitrocellulose mem-
brane using the Trans-Blot Turbo Transfer Pack (Bio-Rad, Hercules, CA, USA) and the
Trans-Blot Turbo Blotting System (Bio-Rad, Hercules, CA, USA) at 2.5 A and 25 V for 7 min.
The membranes were then blocked for 1 h at room temperature in 5% bovine serum albumin
(BSA) in Tris-buffered saline-Tween 20 (TBST) buffer. Thereafter, the blot was incubated
overnight at 4 ◦C with the primary antibody diluted in blocking solution according to the
manufacturer’s instructions (Abcam, Cambridge, UK). The selected specific histone acety-
lation modifications were studied using the following antibodies: Anti-AcH3K9, ab10812;
Anti-AcH3K14, ab52946; Anti-AcH4K5, ab51997; Anti-AcH4K8, ab15823; Anti-AcH4K12,
ab46983; Anti-AcH4K16, ab109463 (Abcam, Cambridge, UK). Separate blots were used
to analyse the modifications. After incubation with the primary antibody, the blots were
washed in TBST buffer and incubated with the secondary antibody that consisted of goat
anti-rabbit IgG HRP conjugate (12-348, Millipore, Billerica, MA, USA) diluted 1:8000 in 1%
BSA prepared in TBST buffer for 1 h at room temperature. After washing in TBST, the blots
were developed using an ECL kit (1705061, Bio-Rad Laboratories, Hercules, CA, USA).

4.3. Histone Acetyltransferase Activity Assay

HAT activity was measured using a Histone Acetyltransferase Activity Assay Kit (Col-
orimetric) (ab65352, Abcam, Cambridge, UK) according to the manufacturer’s instructions.
Briefly, approximately 50 mg of the oocyte samples at 0, 8, and 28 HPO and HPS were
homogenised in 0.1% Triton X-100 on ice and then centrifuged at 10,000× g for 5 min at
4 ◦C. The supernatant was used for histone acetyltransferase activity assays. The total
protein concentration was estimated using the Bio-Rad protein assay kit (500-0001, Bio-Rad
Laboratories, Hercules, CA, USA). Fifty micrograms of protein extract were incubated with
HAT substrate I, HAT substrate II, and NADH-generating enzyme in HAT assay buffer for
up to 4 h at 37 ◦C. An ELISA plate reader (Synergy 2, BioTek Instruments, Winooski, VT,
USA) was used to measure the absorbance at 440 nm. The active nuclear extract was used
as a positive control and a standard. All measurements were performed in duplicate.

4.4. Statistical Analysis

The 2D AUT × SDS PAGE images were normalised and analysed using the Prodigy
SameSpots software (Nonlinear Dynamics, Newcastle, UK) to determine differences in
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staining intensities among gels. The protein spots exhibiting a >1.5 average fold difference
in spot volume were recognised as differentially expressed between the fresh and aged
oocyte samples. Western blot images were normalised using the corresponding stain-free
gel image and quantified using Image Lab 6.1.0 (Bio-Rad Laboratories, Hercules, CA,
USA) software. The quantified Western blot images and histone acetyltransferase activity
data were analysed using GraphPad Prism 9.1.0 (GraphPad Software, San Diego, CA,
USA). Tukey’s multiple comparisons test was used to determine the differences in histone
acetylation and histone acetyltransferase activity assays during oocyte aging. Additionally,
histone acetylation and histone acetyltransferase activity were compared between oocytes
aged 8 and 28 h in vivo and in vitro. Differences were considered significant at p < 0.05.

5. Conclusions

This study confirmed the presence of acetylation markers on H3K9, H4K5, H4K8, and
H4K12 in common carp metaphase II oocytes. There was no evidence of acetylation at
H3K14 and H4K16 in either fresh or aged oocytes. Furthermore, an increased acetylation
pattern of H4K12 was observed during 28 h of in vitro oocyte aging in common carp. These
findings highlight the dynamics of other histone modifications and epigenetic regulators
during fish oocyte aging. Furthermore, it will be of interest to investigate the genomic
regions that are associated with the hyperacetylation that occurs due to fish oocyte aging.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22116036/s1.

Author Contributions: A.M.S. (Azin Mohagheghi Samarin), T.K.D. and O.L. conceptualised the
experiments. A.M.S. (Azin Mohagheghi Samarin), A.M.S. (Azadeh Mohagheghi Samarin) and T.P.
performed the animal experiments. S.G.W., M.D. and H.S.M. examined the histone modifications
and enzyme activity. A.M.S. (Azin Mohagheghi Samarin) and T.K.D. supervised the experiments.
O.L. and T.P. acquired funding to conduct the research. S.G.W. performed the statistical analysis of
the results. S.G.W., A.M.S. (Azin Mohagheghi Samarin) and A.M.S. (Azadeh Mohagheghi Samarin)
wrote the first draft of the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was financially supported by the Ministry of Education, Youth and Sports
of the Czech Republic, projects: LRI CENAKVA LM2018099, Biodiversity (CZ.02.1.01/0.0/0.0/
16_025/0007370), GAJU 046/2020/Z and by the Czech Science Foundation (No. 20-01251S).

Institutional Review Board Statement: This study was conducted according to the guidelines of the
EU-harmonized Animal Welfare Act of the Czech Republic and approved by the expert committee of
the Institutional Animal Care and Use Committee (IACUC) of the University of South Bohemia, Czech
Republic. According to the Czech National Directive, the unit is licensed (No. 16OZ19179/2016-
17214) (Law against Animal Cruelty, No. 246/1992). The co-authors of this study were involved in
the manipulation of fish and hold certificates giving them the right to work with laboratory animals
according to Section 15d, paragraph 3, of Act No. 246/1992 Coll. Any transfer and manipulation of
fish was performed after anaesthesia to minimise the associated stress and ensure their welfare.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data from the analysis are available from the corresponding author
on request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Petri, T.; Dankert, D.; Demond, H.; Wennemuth, G.; Horsthemke, B.; Grummer, R. In vitro postovulatory oocyte aging affects

H3K9 trimethylation in two-cell embryos after IVF. Ann. Anat. 2020, 227, 151424. [CrossRef]
2. Reading, B.; Andersen, L.; Ryu, Y.-W.; Mushirobira, Y.; Todo, T.; Hiramatsu, N. Oogenesis and Egg Quality in Finfish: Yolk

Formation and Other Factors Influencing Female Fertility. Fishes 2018, 3, 45. [CrossRef]
3. Aegerter, S.; Jalabert, B. Effects of post-ovulatory oocyte ageing and temperature on egg quality and on the occurrence of triploid

fry in rainbow trout, Oncorhynchus mykiss. Aquaculture 2004, 231, 59–71. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms22116036/s1
https://www.mdpi.com/article/10.3390/ijms22116036/s1
http://doi.org/10.1016/j.aanat.2019.151424
http://doi.org/10.3390/fishes3040045
http://doi.org/10.1016/j.aquaculture.2003.08.019


Int. J. Mol. Sci. 2021, 22, 6036 10 of 11

4. Samarin, A.M.; Policar, T.; Lahnsteiner, F. Fish Oocyte Ageing and its Effect on Egg Quality. Rev. Fish. Sci. Aquac. 2015, 23, 302–314.
[CrossRef]

5. Flanagan, J.M.; Popendikyte, V.; Pozdniakovaite, N.; Sobolev, M.; Assadzadeh, A.; Schumacher, A.; Zangeneh, M.; Lau, L.;
Virtanen, C.; Wang, S.C.; et al. Intra- and interindividual epigenetic variation in human germ cells. Am. J. Hum. Genet. 2006,
79, 67–84. [CrossRef]

6. Goldberg, A.D.; Allis, C.D.; Bernstein, E. Epigenetics: A landscape takes shape. Cell 2007, 128, 635–638. [CrossRef]
7. Bobe, J.; Labbe, C. Egg and sperm quality in fish. Gen. Comp. Endocrinol. 2010, 165, 535–548. [CrossRef]
8. Gonzalo, S. Epigenetic alterations in aging. J. Appl. Physiol. 2010, 109, 586–597. [CrossRef]
9. Aegerter, S.; Jalabert, B.; Bobe, J. Large scale real-time PCR analysis of mRNA abundance in rainbow trout eggs in relationship

with egg quality and post-ovulatory ageing. Mol. Reprod. Dev. 2005, 72, 377–385. [CrossRef]
10. Bonnet, E.; Fostier, A.; Bobe, J. Microarray-based analysis of fish egg quality after natural or controlled ovulation. BMC Genom.

2007, 8, 55. [CrossRef]
11. Mommens, M.; Fernandes, J.M.; Bizuayehu, T.T.; Bolla, S.L.; Johnston, I.A.; Babiak, I. Maternal gene expression in Atlantic halibut

(Hippoglossus hippoglossus L.) and its relation to egg quality. BMC Res. Notes 2010, 3, 138. [CrossRef] [PubMed]
12. Ma, H.; Weber, G.M.; Hostuttler, M.A.; Wei, H.; Wang, L.; Yao, J. MicroRNA expression profiles from eggs of different qualities

associated with post-ovulatory ageing in rainbow trout (Oncorhynchus mykiss). BMC Genom. 2015, 16, 201. [CrossRef]
13. Bizuayehu, T.T.; Mommens, M.; Sundaram, A.Y.M.; Dhanasiri, A.K.S.; Babiak, I. Postovulatory maternal transcriptome in Atlantic

salmon and its relation to developmental potential of embryos. BMC Genom. 2019, 20, 315. [CrossRef]
14. Samarin, A.M.; Samarin, A.M.; Ostbye, T.K.; Ruyter, B.; Sampels, S.; Burkina, V.; Blecha, M.; Policar, T. The possible involvement

of oxidative stress in the oocyte ageing process in goldfish Carassius auratus (Linnaeus, 1758). Sci. Rep. 2019, 9, 10469. [CrossRef]
[PubMed]

15. Liang, X.; Ma, J.; Schatten, H.; Sun, Q. Epigenetic changes associated with oocyte aging. Sci. China Life Sci. 2012, 55, 670–676.
[CrossRef] [PubMed]

16. Ge, Z.J.; Schatten, H.; Zhang, C.L.; Sun, Q.Y. Oocyte ageing and epigenetics. Reproduction 2015, 149, R103–R114. [CrossRef]
17. Heinzmann, J.; Mattern, F.; Aldag, P.; Bernal-Ulloa, S.M.; Schneider, T.; Haaf, T.; Niemann, H. Extended in vitro maturation affects

gene expression and DNA methylation in bovine oocytes. Mol. Hum. Reprod. 2015, 21, 770–782. [CrossRef]
18. Cui, M.S.; Wang, X.L.; Tang, D.W.; Zhang, J.; Liu, Y.; Zeng, S.M. Acetylation of H4K12 in porcine oocytes during in vitro aging:

Potential role of ooplasmic reactive oxygen species. Theriogenology 2011, 75, 638–646. [CrossRef]
19. Huang, J.C.; Yan, L.Y.; Lei, Z.L.; Miao, Y.L.; Shi, L.H.; Yang, J.W.; Wang, Q.; Ouyang, Y.C.; Sun, Q.Y.; Chen, D.Y. Changes in histone

acetylation during postovulatory aging of mouse oocyte. Biol. Reprod. 2007, 77, 666–670. [CrossRef]
20. Labbé, C.; Robles, V.; Herraez, M.P. Epigenetics in fish gametes and early embryo. Aquaculture 2017, 472, 93–106. [CrossRef]
21. Bannister, A.J.; Kouzarides, T. Regulation of chromatin by histone modifications. Cell Res. 2011, 21, 381–395. [CrossRef] [PubMed]
22. Luger, K.; Mader, A.W.; Richmond, R.K.; Sargent, D.F.; Richmond, T.J. Crystal structure of the nucleosome core particle at 2.8 A

resolution. Nature 1997, 389, 251–260. [CrossRef] [PubMed]
23. Rothbart, S.B.; Strahl, B.D. Interpreting the language of histone and DNA modifications. Biochim. Biophys. Acta 2014, 1839, 627–643.

[CrossRef] [PubMed]
24. Gavazzo, P.; Vergani, L.; Mascetti, G.C.; Nicolini, C. Effects of histone acetylation on chromatin structure. J. Cell. Biochem. 1997,

64, 466–475. [CrossRef]
25. Turner, B.M. Histone acetylation and an epigenetic code. Bioessays 2000, 22, 836–845. [CrossRef]
26. Kurdistani, S.K.; Grunstein, M. Histone acetylation and deacetylation in yeast. Nat. Rev. Mol. Cell Biol. 2003, 4, 276–284. [CrossRef]
27. Shahbazian, M.D.; Grunstein, M. Functions of Site-Specific Histone Acetylation and Deacetylation. Annu. Rev. Biochem. 2007,

76, 75–100. [CrossRef]
28. Zhang, G.M.; Gu, C.H.; Zhang, Y.L.; Sun, H.Y.; Qian, W.P.; Zhou, Z.R.; Wan, Y.J.; Jia, R.X.; Wang, L.Z.; Wang, F. Age-associated

changes in gene expression of goat oocytes. Theriogenology 2013, 80, 328–336. [CrossRef]
29. Linhart, O.; Kudo, S.; Billard, R.; Slechta, V.; Mikodina, E.V. Morphology, Composition and Fertilization of Carp Eggs—A Review.

Aquaculture 1995, 129, 75–93. [CrossRef]
30. Strahl, B.D.; Allis, C.D. The language of covalent histone modifications. Nature 2000, 403, 41–45. [CrossRef] [PubMed]
31. Kouzarides, T. Chromatin modifications and their function. Cell 2007, 128, 693–705. [CrossRef]
32. Bloushtain-Qimron, N.; Yao, J.; Shipitsin, M.; Maruyama, R.; Polyak, K. Epigenetic patterns of embryonic and adult stem cells.

Cell Cycle 2009, 8, 809–817. [CrossRef]
33. Wang, N.; Tilly, J.L. Epigenetic status determines germ cell meiotic commitment in embryonic and postnatal mammalian gonads.

Cell Cycle 2010, 9, 339–349. [CrossRef]
34. Gu, L.; Wang, Q.; Sun, Q.Y. Histone modifications during mammalian oocyte maturation: Dynamics, regulation and functions.

Cell Cycle 2010, 9, 1942–1950. [CrossRef]
35. Cunliffe, V.T. Histone modifications in zebrafish development. Methods Cell Biol. 2016, 135, 361–385. [CrossRef]
36. Turner, B.M. Defining an epigenetic code. Nat. Cell. Biol. 2007, 9, 2–6. [CrossRef]
37. Xing, X.; Zhang, J.; Wu, T.; Zhang, J.; Wang, Y.; Su, J.; Zhang, Y. SIRT1 reduces epigenetic and non-epigenetic changes to maintain

the quality of postovulatory aged oocytes in mice. Exp. Cell Res. 2021, 399, 112421. [CrossRef]

http://doi.org/10.1080/23308249.2015.1053560
http://doi.org/10.1086/504729
http://doi.org/10.1016/j.cell.2007.02.006
http://doi.org/10.1016/j.ygcen.2009.02.011
http://doi.org/10.1152/japplphysiol.00238.2010
http://doi.org/10.1002/mrd.20361
http://doi.org/10.1186/1471-2164-8-55
http://doi.org/10.1186/1756-0500-3-138
http://www.ncbi.nlm.nih.gov/pubmed/20497529
http://doi.org/10.1186/s12864-015-1400-0
http://doi.org/10.1186/s12864-019-5667-4
http://doi.org/10.1038/s41598-019-46895-1
http://www.ncbi.nlm.nih.gov/pubmed/31320670
http://doi.org/10.1007/s11427-012-4354-3
http://www.ncbi.nlm.nih.gov/pubmed/22932882
http://doi.org/10.1530/REP-14-0242
http://doi.org/10.1093/molehr/gav040
http://doi.org/10.1016/j.theriogenology.2010.09.031
http://doi.org/10.1095/biolreprod.107.062703
http://doi.org/10.1016/j.aquaculture.2016.07.026
http://doi.org/10.1038/cr.2011.22
http://www.ncbi.nlm.nih.gov/pubmed/21321607
http://doi.org/10.1038/38444
http://www.ncbi.nlm.nih.gov/pubmed/9305837
http://doi.org/10.1016/j.bbagrm.2014.03.001
http://www.ncbi.nlm.nih.gov/pubmed/24631868
http://doi.org/10.1002/(SICI)1097-4644(19970301)64:3&lt;466::AID-JCB13&gt;3.0.CO;2-E
http://doi.org/10.1002/1521-1878(200009)22:9&lt;836::AID-BIES9&gt;3.0.CO;2-X
http://doi.org/10.1038/nrm1075
http://doi.org/10.1146/annurev.biochem.76.052705.162114
http://doi.org/10.1016/j.theriogenology.2013.04.019
http://doi.org/10.1016/0044-8486(94)00230-L
http://doi.org/10.1038/47412
http://www.ncbi.nlm.nih.gov/pubmed/10638745
http://doi.org/10.1016/j.cell.2007.02.005
http://doi.org/10.4161/cc.8.6.7938
http://doi.org/10.4161/cc.9.2.10447
http://doi.org/10.4161/cc.9.10.11599
http://doi.org/10.1016/bs.mcb.2016.05.005
http://doi.org/10.1038/ncb0107-2
http://doi.org/10.1016/j.yexcr.2020.112421


Int. J. Mol. Sci. 2021, 22, 6036 11 of 11

38. Liu, N.; Wu, Y.G.; Lan, G.C.; Sui, H.S.; Ge, L.; Wang, J.Z.; Liu, Y.; Qiao, T.W.; Tan, J.H. Pyruvate prevents aging of mouse oocytes.
Reproduction 2009, 138, 223–234. [CrossRef]

39. Trapphoff, T.; Heiligentag, M.; Dankert, D.; Demond, H.; Deutsch, D.; Frohlich, T.; Arnold, G.J.; Grummer, R.; Horsthemke, B.;
Eichenlaub-Ritter, U. Postovulatory aging affects dynamics of mRNA, expression and localization of maternal effect proteins,
spindle integrity and pericentromeric proteins in mouse oocytes. Hum. Reprod. 2016, 31, 133–149. [CrossRef]

40. Samarin, A.M.; Samarin, A.M.; Ostbye, T.K.; Ruyter, B.; Sampels, S.; Burkina, V.; Blecha, M.; Gela, D.; Policar, T. Alteration of
mRNA abundance, oxidation products and antioxidant enzyme activities during oocyte ageing in common carp Cyprinus carpio.
PLoS ONE 2019, 14, e0212694. [CrossRef]

41. Shang, W.-H.; Hori, T.; Westhorpe, F.G.; Godek, K.M.; Toyoda, A.; Misu, S.; Monma, N.; Ikeo, K.; Carroll, C.W.; Takami, Y.; et al.
Acetylation of histone H4 lysine 5 and 12 is required for CENP-A deposition into centromeres. Nat. Commun. 2016, 7, 13465.
[CrossRef] [PubMed]

42. Régnier, V.; Vagnarelli, P.; Fukagawa, T.; Zerjal, T.; Burns, E.; Trouche, D.; Earnshaw, W.; Brown, W. CENP-A Is Required for
Accurate Chromosome Segregation and Sustained Kinetochore Association of BubR1. Mol. Cell. Biol. 2005, 25, 3967–3981.
[CrossRef] [PubMed]

43. Ruan, K.; Yamamoto, T.G.; Asakawa, H.; Chikashige, Y.; Kimura, H.; Masukata, H.; Haraguchi, T.; Hiraoka, Y. Histone H4
acetylation required for chromatin decompaction during DNA replication. Sci. Rep. 2015, 5, 12720. [CrossRef]

44. Demond, H.; Dankert, D.; Grümmer, R.; Horsthemke, B. Preovulatory oocyte aging in mice affects fertilization rate and embryonic
genome activation. bioRxiv 2017. [CrossRef]

45. Schulz, K.N.; Harrison, M.M. Mechanisms regulating zygotic genome activation. Nat. Rev. Genet. 2019, 20, 221–234. [CrossRef]
46. Sato, Y.; Hilbert, L.; Oda, H.; Wan, Y.; Heddleston, J.M.; Chew, T.L.; Zaburdaev, V.; Keller, P.; Lionnet, T.; Vastenhouw, N.; et al.

Histone H3K27 acetylation precedes active transcription during zebrafish zygotic genome activation as revealed by live-cell
analysis. Development 2019, 146. [CrossRef]

47. Li, X.Y.; Harrison, M.M.; Villalta, J.E.; Kaplan, T.; Eisen, M.B. Establishment of regions of genomic activity during the Drosophila
maternal to zygotic transition. eLife 2014, 3, e03737. [CrossRef] [PubMed]

48. Jiang, G.J.; Wang, K.; Miao, D.Q.; Guo, L.; Hou, Y.; Schatten, H.; Sun, Q.Y. Protein profile changes during porcine oocyte aging
and effects of caffeine on protein expression patterns. PLoS ONE 2011, 6, e28996. [CrossRef]

49. Zhang, T.; Zhou, Y.; Li, L.; Wang, H.H.; Ma, X.S.; Qian, W.P.; Shen, W.; Schatten, H.; Sun, Q.Y. SIRT1, 2, 3 protect mouse oocytes
from postovulatory aging. Aging 2016, 8, 685–696. [CrossRef]

50. Hamatani, T.; Falco, G.; Carter, M.G.; Akutsu, H.; Stagg, C.A.; Sharov, A.A.; Dudekula, D.B.; VanBuren, V.; Ko, M.S. Age-associated
alteration of gene expression patterns in mouse oocytes. Hum. Mol. Genet. 2004, 13, 2263–2278. [CrossRef]

51. Samarin, A.M.; Gela, D.; Bytyutskyy, D.; Policar, T. Determination of the best post-ovulatory stripping time for the common carp
(Cyprinus carpio Linnaeus, 1758). J. Appl. Ichthyol. 2015, 31, 51–55. [CrossRef]

52. Horváth, L.; Tamás, G.; Coche, A. Common Carp: Mass Production of Eggs and Early Fry; Food and Agriculture Organization of the
United Nations: Rome, Italy, 1985; p. 44.

53. Wu, N.; Yue, H.M.; Chen, B.; Gui, J.F. Histone H2A has a novel variant in fish oocytes. Biol Reprod 2009, 81, 275–283. [CrossRef]
[PubMed]

54. Shechter, D.; Dormann, H.L.; Allis, C.D.; Hake, S.B. Extraction, purification and analysis of histones. Nat. Protoc. 2007, 2, 1445–1457.
[CrossRef]

55. Green, G.R.; Do, D.P. Purification and analysis of variant and modified histones using 2D PAGE. Methods Mol. Biol. 2009,
464, 285–302. [CrossRef] [PubMed]

http://doi.org/10.1530/REP-09-0122
http://doi.org/10.1093/humrep/dev279
http://doi.org/10.1371/journal.pone.0212694
http://doi.org/10.1038/ncomms13465
http://www.ncbi.nlm.nih.gov/pubmed/27811920
http://doi.org/10.1128/MCB.25.10.3967-3981.2005
http://www.ncbi.nlm.nih.gov/pubmed/15870271
http://doi.org/10.1038/srep12720
http://doi.org/10.1101/209437
http://doi.org/10.1038/s41576-018-0087-x
http://doi.org/10.1242/dev.179127
http://doi.org/10.7554/eLife.03737
http://www.ncbi.nlm.nih.gov/pubmed/25313869
http://doi.org/10.1371/journal.pone.0028996
http://doi.org/10.18632/aging.100911
http://doi.org/10.1093/hmg/ddh241
http://doi.org/10.1111/jai.12855
http://doi.org/10.1095/biolreprod.108.074955
http://www.ncbi.nlm.nih.gov/pubmed/19386992
http://doi.org/10.1038/nprot.2007.202
http://doi.org/10.1007/978-1-60327-461-6_16
http://www.ncbi.nlm.nih.gov/pubmed/18951191

	Introduction 
	Results 
	Egg Quality Indices 
	Image Analysis of 2D AUT  SDS PAGE 
	Histone Acetylation during In Vivo and In Vitro Oocyte Aging 
	Histone Acetyltransferase Activity during In Vivo and In Vitro Oocyte Aging 

	Discussion 
	Materials and Methods 
	Egg Storage and Quality Assessment 
	Experimental Fish Preparation 
	In Vivo and In Vitro Oocyte Aging 
	Artificial Fertilisation and Egg Developmental Success 

	Histone Modifications 
	Sample Collection for Histone Modification Analysis 
	Histone Isolation 
	Separation of Histone Modifications 
	Immunodetection of Specific Histone Acetylation 

	Histone Acetyltransferase Activity Assay 
	Statistical Analysis 

	Conclusions 
	References

