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Abstract
Purpose Advancing maternal and paternal age leads to a decrease in fertility, and hence, many infertile couples opt for assisted
reproductive technologies [ART] to achieve biological parenthood. One of the key determinants of achieving a live outcome of
ART, embryo quality, depends on both the quality of the oocyte and sperm that have created the embryo. Several studies have
explored the effect of oocyte parameters on embryo quality, but the effects of sperm quality on the embryo have not been
comprehensively evaluated.
Method In this review, we assess the effect of various genetic factors of paternal origin on the quality and development of the
embryo.
Results The effects of sperm aneuploidy, sperm chromatin structure, deoxyribonucleic acid [DNA] fragmentation, role of
protamines and histones, sperm epigenetic profile, and Y chromosome microdeletions were explored and found to negatively
affect embryo quality.
Conclusion We propose that careful assessment of spermatozoal parameters is essential to achieve embryo development and a
healthy live birth. However, the heterogeneity in test results and the different approaches of assessing a single sperm parameter
highlight the need for more research and the development of standardized protocols to assess the role of sperm factors affecting
embryo quality.

Keywords Embryo . Paternal factors . DNA fragmentation . Sperm chromatin . Y chromosome microdeletions . Sperm
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Background

The number of couples seeking to have children is steadily
increasing [1]. This is leading to an increase in the number of
couples seeking infertility treatment and in particular, patients
being treated at an older age. Compounding this phenomenon
is that fertility declines with advancing maternal [1] and pa-
ternal age [2]. Presently, infertility affects 10–15% of

reproductive aged couples worldwide [3]. Studies have sug-
gested a trend towards a reduced sperm quality in the last
years where about 30% of infertile couples show a paternal
origin of infertility [4].

Male factor infertility refers to the inability of the male to
cause pregnancy in a clinically sound female [5].Male fertility
can be affected by several factors that may be congenital,
endocrinal, immunological, oncological, infectious, or
lifestyle-based in nature [6]. It can be classified as non-
idiopathic [known causes of male infertility include cryptor-
chidism, varicocele, hormonal imbalances, and chemothera-
py] or idiopathic, where the cause of male infertility remains
unknown. It is in such cases that genetic lesions such as kar-
yotypic abnormalities [7], single gene mutations, and poly-
morphisms [8] or Y chromosome microdeletions [9] have
been shown to be responsible. In recent times, a gray area of
sperm biology including that of sperm DNA damage [10] and
epigenetic or methylation anomalies [11] are also believed to
be potential candidates responsible for infertility. All these
genetic defects may interfere with the development of the
male reproductive system and urogenital tract, arrest germ cell
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production and maturation, and lead to the production of non-
functional spermatozoa, manifested phenotypically as various
forms of male factor infertility [12].

ART are a gamut of infertility treatments used to achieve a
pregnancy bypassing the natural process of conception, with
in vitro fertilization [IVF] and intracytoplasmic sperm injec-
tion [ICSI] being the two commonly used technologies [4].
Since the introduction of ICSI in 1992 [13], its high rate of
success has opened avenues to treating previously untreatable
cases of both female and male factor infertility. However, after
almost a quarter century of experience in this field, the rate of
achieving clinical pregnancy using ART still remains lower
than expected [14]. Many couples can undergo repeated at-
tempts at ART before finally achieving a live birth [15] while
encountering significant physical, emotional, and financial
discomposure [16]. To address these issues, it is essential to
comprehensively understand the plethora of factors that hang
like the sword of Damocles over the outcome of ART. In this
review, we discuss one of the most crucial factors affecting
ART outcome: embryo quality, with emphasis, in particular,
on how the sperm may impact it.

From zygote to implanted embryo—journey
to the endometrium

The preliminary step of ART involves the fertilization of re-
trieved oocytes by sperm: a process that involves the direct
interaction of the sperm and oocyte, fusion of their cell mem-
branes, and a painstakingly intricate manipulation of the ma-
ternal and paternal genomes to create a totipotent zygote. This
is followed by the male and female genomes forming
pronuclei, whose subsequent breakdown signals the start of
a series of ‘reductive’ mitotic divisions to form successively
smaller cells. At the four-eight cell stage, the zygotic genome
activates and the dependence on maternal mRNAs and pro-
teins is eliminated [17]. Compaction at the eight-cell stage
brings the dividing cells into close physical contact and cavi-
tation at the 16- to 32-cell stage leads to the formation of a
fluid-filled cavity marking the transition to the blastocyst
stage. At this point, a clear delineation of the first two cell fate
lineages in the embryo, the trophectoderm and the inner cell
mass, can be observed [18]. This composite and harmonized
cascade of events occurs over a span of 5 to 6 days and results
in the mystifying metamorphosis of the zygote to an embryo
[19].

Embryo quality

The transformations occurring in the zygote following fertili-
zation are meticulously monitored by all ART clinics to deter-
mine Bembryo quality .̂ Embryo quality is assessed on the
basis of several parameters: morphological, developmental,

genetic, and metabolic. These include measurement of the
cleavage speed, kinetics and synchrony of division, the num-
ber, symmetry and spatial arrangement of blastomeres, the
degree of blastomere fragmentation, the presence of
multinucleation, compaction of blastomeres and extent of cy-
toplasmic fragmentation, the presence of a clear granular ho-
mogeneous cytoplasm, absence of vacuoles, and the non-
aggregation of organelles [20]. Measured together, these pa-
rameters are able to confer the embryo a quality score, the
decisive factor in defining the number of embryos to be trans-
ferred or frozen. In ART, embryo transfer is usually performed
on either day 3 or 5, the latter ensures greater synchronicity of
endometrial and embryonic development. Developmentally,
day 5 embryos or blastocysts are associated with a better
chance of pregnancy because they are believed to have a
higher potential for implantation compared with cleavage
stage [days 2–3] embryos [21]. A Btop quality embryo^ has
been defined as having Bno multinucleated blastomeres, ≤
20% anucleated fragments and four or five blastomeres on
day two, or seven or more blastomeres on day 3^ [22].

The quality of an embryo, undoubtedly, is dependent
on the quality of the oocyte that has created it. While
studies have described the relationship between oocyte
and embryo quality [23, 24, 25], several of the Bembryo
quality^ parameters have also been shown to be influ-
enced by paternal factors [26]. Clinically, it has been ob-
served that the transfer of euploid embryos results in an
implantation rate of approximately 60% while almost 40%
embryos remain unaccounted for. Although some losses
can be accounted for by endometrial factors, the residual
lost embryos could be partly accounted for by paternal
factors. Identifying the paternal factors affecting embryo
quality is particularly important because ICSI has allowed
infertile men with severe male factor to successfully sire
offspring thus increasing the risk of vertical transmission
of paternal genetic defects.

Association of the paternal genome to embryonic develop-
ment has been reported by several groups [26, 27, 28]; signif-
icantly lower cleavage rates and blastocyst formation rates
have been noted when frozen or morphologically abnormal
sperm were used to fertilize oocytes in IVF [29] and lower
blastocyst formation rates have been noted after ICSI [30].
However, the wide-ranging impact of spermatozoal factors
on early embryo development is only still being deciphered
[31, 32]. Could these spermatozoal factors be the Trojan horse
that majorly impact ART outcomes? If yes, then an enhanced
understanding of these factors could help optimize the existing
therapeutic schemes and further improve the success and safe-
ty of ARTs. This review thus addresses the impact of paternal
factors of genetic origin, such as sperm structure abnormali-
ties, sperm DNA fragmentation, epigenetic defects in sperm,
sperm aneuploidies, and Y chromosome microdeletions that
affect embryo quality in ART [Fig. 1] [9].
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Paternal factors that contribute towards
embryo development

Sperm chromatin structure

In contrast to the oocyte, the paternal contribution to the
embryo is via a highly differentiated, transcriptionally in-
ert cell with minimal cytoplasm (sperm). Human sperm
are entrusted with the herculean task of ensuring that the
paternal genome is delivered to the oocyte in a form that
allows the developing embryo to access the genetic infor-
mation for its development and also perpetuate the infor-
mation to future generations [33]. A haploid sperm pack-
ages its DNA into a volume < 10% of a somatic cell
nucleus. This astonishing level of genomic compaction
is facilitated by the replacement of most of the sperm
histones with smaller, highly basic, arginine, and
cysteine-rich nucleoproteins called, protamines. Arginine
permits for a higher degree of chromatin compaction by
neutralizing the strong negative charges of the phosphate
groups in the sperm DNA backbone while cysteine con-
fers enhanced stability through intermolecular disulfide

cross-links, thus forming the basic protamine packaging
unit, called a toroid [34]. Protamination of sperm chroma-
tin facilitates its efficient compaction into a small volume,
bestows the spermatozoa an ergonomic nuclear shape to
support its protracted transit in the male and female re-
productive tracts, and protects the spermatozoa from
physical or chemical genotoxic factors thus ensuring op-
timal genomic integrity.

So, by which mechanisms can sperm genomic integrity be
breached? Abnormalities in sperm chromatin structure, for
one, are known to alter chromatin configuration and cause
DNA damage in the form of single-stranded or double-
stranded DNA breaks. Sperm nucleoprotein defects such as
altered histone to protamine conversion result in faulty DNA
compaction. Sperm DNA damage can also be the conse-
quence of defective spermatogenic machinery [35], the occur-
rence of apoptosis during spermatogenesis [36], or damage by
exogenous sources such as reactive oxygen species
[ROS] during transport in the male or female reproductive
tract [37]. In cases where the oocyte is unable to repair the
damage or in cases where the sperm chromatin perturbations
are high, embryo development may also be impaired.
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Fig. 1 Genetic defects identified in spermatozoa
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Currently, sperm chromatin integrity is assayed using sev-
eral tests such as sperm chromatin structure assay [SCSA],
sperm chromatin dispersion test [SCD], acridine orange test,
aniline blue test [AB], and the toluidine blue test [TB]. Each of
these tests relies on different principles and have different
sensitivities and specificities [see Supplementary Table 1].

The quality of sperm chromatin is crucial, especially when
one sperm is artificially selected to fertilize an oocyte as in the
case of ART [38]. Evidence highlighting the role of chromatin
organization in sperm came from observations that sperm
which had not undergone the acrosome reaction, when used
in ICSI, showed impaired decondensation of apical chromatin
[39]. This delay in decondensation hindered the progression
of the first mitotic division of the zygote, providing indirect
evidence to explain the increase in sex chromosome aneu-
ploidies observed in offspring after ICSI. Other reports have
associated sperm with defective chromatin packing with sig-
nificantly lower fertilization capacity following sub zonal in-
semination [40] or IVF [41].

An increased percentage of sperm with immature chroma-
tin [as judged by its structure, condensation, and integrity] has
been associated with lower fertilization rate and slower em-
bryo development [42]. Sperm chromatin maturity has also
been shown to play a pivotal role in the accomplishment of
a pregnancy [43]; a chromatin maturity at the level of AB <
87% correlated significantly with the cleavage rate of the zy-
gote [p = 0.022; r = 0.371] and chromatin integrity at the level
of TB < 80% correlated with embryo formation [p = 0.048;
r = 0,485] [44]. Another variation of sperm chromatin abnor-
mality characterized by atypical packing of chromosome ter-
ritories in sperm, aberrant positioning of chromosomes, or
disturbed telomere-centromere interactions has also been re-
ported in some infertile males and it is suggested that this
abnormality may impact embryonic development [45].

However, several other studies have expressed uncertainty
regarding the correlation between the sperm chromatin orga-
nization and embryo quality. A recent Polish study [46] failed
to give credence to the association between sperm chromatin
maturity and embryo development [measured as the number
of blastomeres, symmetry, and cytoplasmic fragmentation].
Another study [47] reported that in IVF, the fertilization rate,
percentage of cleaved zygotes, and embryos without fragmen-
tation were similar in males with normal and abnormal sperm
chromatin, except that sperm samples with both morphologi-
cal defects and abnormal chromatin, displayed a reduced fer-
tilization rate. Several other studies have also reported non-
associative results [48, 49, 50]. Presently, the cause of such
discrepant findings is hard to identify, but the lack of a single
robust test that can serve as a gold standard for assessing
chromatin integrity in the current clinical scenario may ex-
plain the variation in reported results. Each of the tests rou-
tinely employed to assess the integrity of sperm chromatin
structure detect different aspects of chromatin abnormality.

Sperm protamine and histone levels

During the process of spermatogenesis, sperm chromatin un-
dergoes a sperm-specific epigenetic mechanism that involves
a major structural overhaul in DNA packaging brought about
by the replacement of nucleohistones by protamines. The pro-
cess involves breakdown and subsequent repair of double-
stranded DNA to facilitate the replacement of hyperacetylated
testis-specific histones in the round spermatids by transition
nuclear proteins [TP1 and TP2] followed by ordered replace-
ment of two types of phosphorylated protamines [P1 and P2]
in the elongating spermatid stage [51] (Fig. 1). The new high-
order chromatin packaging results in a global stop of transcrip-
tion in the sperm.

In humans, both P1 and P2 are present in roughly equal
quantities [52] but improper temporal regulation of these tran-
scripts leads to altered expression of the mature proteins [53].
Infertile men can have altered P1/P2 ratios, increased histone
to protamine ratios, or complete protamine deficiency [54,
55]. The incorrect distribution of histones and protamines
can extend adverse effects on early embryo development [56].

A significant correlation has been shown to exist between
sperm protamine messenger ribonucleic acid [mRNA] and
protein levels and fertilization rate and embryo quality in cou-
ples undergoing IVF [57]. An altered P1/P2 ratio has been
correlated with a negative impact on embryo quality and
IVF outcome [58]. Most males with poor embryo quality [size
of blastomeres, DNA fragmentation] show a P1/P2 ratio > 1
[59]. P2 deficiency has been shown to affect the development
of embryos derived from P2-deficient spermatozoa [produced
from knock-out protamine-deficient embryonic stem cells]
with only 11% of P2-deficient embryos developing to the
blastocyst stage while 86% remaining arrested in the 2–6 cell
stages [60]. Low P1/P2 ratios have been reported to cause
decreased fertilization [61] and implantation rates [62] in both
IVF and ICSI [53].

It is thought that protamine deficiency affects sperm fertil-
izing capacity by bringing about premature chromosomal con-
densation [PCC]. During natural fertilization, sperm chroma-
tin undergoes the histone to protamine replacement and sus-
pends in the G1 cell cycle phase while the oocyte is suspended
in metaphase II. PCC does not occur under these conditions
since the meiosis promoting factors that induce PCC can act
only on histones and not protamines. When the sperm pene-
trates the oocyte, sperm-associated oocyte activating factors
are released from the acrosome resulting in the activation of
meiosis promoting factors. During inactivation ofmeiosis pro-
moting factors, protamines are replaced with histones and the
oocyte terminates meiosis and enters G1 phase of the cell
cycle becoming synchronized with the sperm. However, when
a sperm carrying decreased levels of protamines enters an
oocyte, the sperm undergoes PCC due to its high concentra-
tion of histones and this leads to failure of fertilization [57].
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A correlation has also been found between sperm DNA
fragmentation, altered P1/P2 ratios, and protamine concentra-
tion. Under normal conditions, approximately 10–15% of
sperm chromatin remains linked to histones [63] but a de-
creased level or complete absence of protamines and greater
persistence of histones during spermiogenesis can cause ab-
normal chromatin packing in the sperm head leading to DNA
strand breaks in ejaculated sperm [64]. Protamine
insufficiency-associated sperm DNA breakage as measured
by the comet assay suggests that irreparable DNA damage is
the chief cause of implantation failure in embryos derived
from healthy eggs fertilized by protamine-compromised
sperm [53]. However, another study suggests that increased
sperm DNA fragmentation may be associated with both low
and high P1/P2 ratios [65]. A meta-analysis of twelve studies
found a significant association between protamine defi-
ciency and DNA damage [n = 845; p < 0.001]. When the
relationship between P1/P2 ratio and male fertility was
analyzed using data from nine studies, a significantly higher
protamine ratio was observed in sub-fertile men compared
with healthy volunteers [n = 633 versus 453, respectively;
P < 0.00001] [66].

A recent prospective cohort study in France [67] investi-
gated the relationship between the proportion of sperm chro-
matin linked to remaining histone and ART outcome and
found that the histone-to-protamine [HPR] ratio is prognostic
of embryonic development up to the blastocyst stage. This
group realized that when HPR values ranged between 6 and
26%, the probability of blastocyst formation was optimal and
decreased when the HPR value was outside this range, regard-
less of whether IVF or ICSI was utilized. When sperm with
altered HPR values is utilized in an ART procedure, it could
result in desynchronized paternal genomic expression that al-
ters embryo development until the blastocyst stage. Increased
levels of histone in sperm chromatin have been shown to
adversely affect the cleavage rate [p = 0.05] and embryo qual-
ity [p = 0.01] but not affect embryo production [68]. The his-
tone content in sperm is related to its epigenetic modifications,
and variations in the quantity of histones could disturb embryo
development [67]. Even the replacement of histones by prot-
amines has been shown to affect the epigenetic landscape in
sperm. Aberrant protamine levels in oligozoospermic men
have been correlated with an altered DNAmethylation pattern
at seven imprinted genes [KCNQ1OT1, MEST, SNRPN,
PLAGL1, PEG3, H19, IGF2] [69].

Sperm epigenetic factors

Epigenetics refers to mechanisms that bring about gene regu-
lation without altering the core DNA sequence. Epigenetic
modifications permit the transformation of the same genome
into several different transcriptomes in different cells of the
organism. Sperm epigenetics is an emerging field of research

in reproductive health and new studies have squashed the
traditionally held belief that the sperm only delivers its ge-
nome to the oocyte at fertilization. In fact, an extensive
genome-wide reprogramming of DNA methylomes, histone
modifications, and chromatin accessibility have been reported
to occur during early embryogenesis in mammals, facilitated
by the distinct paternal-specific and maternal-specific epige-
netic signatures carried by the newly developed embryo [70].
The sperm epigenome comprises its one-of-a-kind DNA
methylation profile, presence of protamines and DNA-
associated proteins, distinctive nucleosome distribution pat-
tern, post-translational histone modifications and a milieu of
stored RNAs, non-histone proteins and non-protamine pro-
teins [71].

Genome-wide re-programming in the zygote occurs in two
steps soon after fertilization. First, sperm protamines are ex-
changed for maternal nucleosomes [72] in a process called
preimplantation reprogramming. This step involves extensive
epigenetic modifications of the spermatozoal genome within
the oocyte and subsequently bestows totipotency to the zygote
[73]. The second step, called germline reprogramming, helps
establish the sex-specific epigenetic signatures in the zygote
[71].

The sperm is believed to be well equipped for supporting
appropriate embryonic transcription, facilitated by the fraction
of sperm genome that does not undergo the histone-protamine
transition but retains a nucleosomal architecture. The histones
in these nucleosomes carry epigenetic signatures that on fer-
tilization are transferred to oocyte and consequently affect
DNA access of transcription factors [74] and regulate gene
expression [75] in the early embryo while also being transmit-
ted to the offspring [76]. What is interesting to know is these
retained nucleosomes are not randomly distributed in the pa-
ternal genome with studies showing enrichment of nucleo-
somes at loci of developmental importance and imprinted
genes [55, 77, 78] and regions containing retrotransposable
long and short interspersed nuclear elements [LINEs and
SINEs, particularly LINE1] [79]. Further, a link between em-
bryoDNAmethylation dynamics and a post-fertilization func-
tion for sperm histones was reported in a study showing that
DNAmethylation-free regions in the early embryo correspond
with nucleosome-rich regions in sperm chromatin [75].

Altered patterns of sperm DNA and histone methylation
have been reported in infertile men [69]. Hypermethylation
of the CREM promoter in spermatids resulting in an abnormal
protamine 1: protamine 2 ratio has been associated with in-
complete sperm chromatin compaction, reduced sperm motil-
ity, and male subfertility [58]. In a study of 63 men whose
female partners were part of an IVF program, genome-wide
hypermethylation of sperm DNA was associated with preg-
nancy failure [P < 0.05] [80]. Another study [81] where
genome-wide sperm DNA methylation analysis was mea-
sured across > 485,000 sites in the genomes of IVF patients
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and normozoospermic fertile men indicated that sperm DNA
methylation patterns could predict embryo quality during IVF.
The researchers noted that although poor embryogenesis [de-
velopmental arrest or attrition at any point during embryonic
development or poor implantation] could not be attributed to a
few consistently altered cytosine-guanine dinucleotides, the
genome-wide methylation profile of men in the poor-quali-
ty–embryo was inherently different.

Spermatozoa are also known to contain a plethora of
mRNAs [82] and non-coding RNAs [ncRNAs] ,
microRNAs [miRNAs] [83], small interfering RNAs
[siRNAs] [26], and piwi-interacting RNAs [piRNAs]
[84] that are transmitted to the oocyte [85]. Animal stud-
ies have shown that absence of sperm-delivered miRNAs
in mice results in developmental delay in the zygote [86].
The prominent role of sperm-derived RNAs in the epige-
netic regulation of gene expression in the early embryo
and also adult life of offspring has been demonstrated in
animal studies [87]. However, human studies in this di-
rection are warranted.

DNA fragmentation

So far, we have looked at how the genomic architecture of the
sperm can be alerted resulting in a poor organization of sperm
chromatin. A disrupted state of sperm chromatin leaves the
sperm vulnerable to DNA damage characterized by single-
and double-stranded DNA breaks. DNA fragmentation in
sperm can also occur by other mechanisms such as sperm
chromatin remodeling during spermiogenesis, apoptosis dur-
ing the process of spermatogenesis, ROS-induced post-testic-
ular DNA fragmentation, movement of sperm through the
seminiferous tubules and the epididymis, DNA fragmentation
induced by endogenous caspases and endonucleases, radio-
therapy or chemotherapy-induced DNA fragmentation, and
DNA fragmentation caused by environmental toxicants [37].
Some commonly used techniques are the sperm chromatin
structural assays [e.g., chromomycin A3, sperm chromatin
structural assay—SCSA]; tests that directly assess DNA frag-
mentation [Terminal Deoxynucleotidyl Transferase dUTP
Nick End Labelling] TUNEL, COMET assays]; and sperm
nuclear matrix assays [e.g., sperm nuclear matrix stability as-
say, sperm chromatin dispersion test]. Each of these tests relies
on different principles and has their own advantages and lim-
itations [Supplementary Table 1].

It has long been known that samples with normal semen
parameters express some level of DNA fragmentation [88]
and not surprisingly, higher degrees sperm DNA fragmenta-
tion have been documented in infertile males [89]. Sperm
DNA damage has been associated with high levels of ROS
detected in the semen of approximately 25% of infertile men
[90]. Another study that measured levels of the apoptotic
marker protein, Fas, found that < 10% of apoptotic sperm exist

in normozoospermic men whereas almost 60% of
oligospermic men have > 10% of apoptotic sperm [91].
Studies have demonstrated that following chemotherapy, re-
covery of spermatogenesis and return to baseline aneuploidy
levels can take a few months to several years after treatment
has ceased [92]. Lifestyle factors such as obesity, smoking,
and certain occupations have also been associated with in-
creased levels of DNA damage [93]. However, sperm carrying
fragmented DNA can successfully fertilize an oocyte [94] and
achieve pregnancy with help of in vitro techniques [95]. It is
thought that good quality metaphase II oocytes are able to
overcome the negative effect of sperm DNA fragmentation
by recruiting an army of DNA repair enzymes and anti-
apoptotic proteins [96].

Several detailed meta-analyses have explored the clinical
value of the sperm DNA fragmentation tests towards pregnan-
cy outcomes [96, 97]. DNA fragmentation exceeding 30%
with the SCSA test has been associated with a lower likeli-
hood of fertilization through intrauterine inseminations [96]
while one study suggests that a predictive threshold of 27%
was required for a successful pregnancy via both IVF and/or
ICSI when DNA fragmentation is assessed using SCSA [96].

A systematic review exploring the relationship between
sperm DNA fragmentation [measured by TUNEL, SCSA,
SCD, and COMET assays] and embryo quality [3] reported
that 34% studies showed a significant association whereas
66% studies showed no significant relationship between these
two parameters. The authors found a differential association
between sperm DNA fragmentation and embryo quality when
the studies were segregated into groups based on assay types
[sperm DNA fragmentation detected by the alkaline comet
assay had stronger association with poor embryo quality when
compared to other assays]. This was attributed to the sensitiv-
ity of the comet assay, which measures both single- and
double-stranded DNA breaks. Another systematic review
[97] assessing the impact of sperm DNA fragmentation on
embryo quality revealed a positive relation between DNA
fragmentation and poor embryo quality in 12.5% in IVF stud-
ies and 42% in ICSI studies. The higher poor embryo quality
rate in ICSI is thought to occur because this procedure permits
fertilization with even highly DNA fragmented spermwhile in
IVF, the integrity of sperm DNA is closely monitored prior to
the selection of sperm for fertilization thus reducing the prob-
ability of fertilization with a damaged sperm.

A study [98] evaluating the effects of DNA strand breaks in
spermatozoa on embryo development in IVF reported of a
negative correlation between blastocyst development and the
percentage of TUNEL positivity in sperm. Reports also asso-
ciate sperm DNA damage to lower cleavage rates [97] and
arrest of embryonic development after the second or third
cleavage [99, 98]. Faster dividing cleavage stage bovine em-
bryos have been shown to be more likely to develop into
blastocysts [100] and fast dividing embryos have been
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associated with higher pregnancy rates [101]. Thus, DNA
fragmentation impacts both blastocyst formation rates and
pregnancy rates.

A recent study [102] has identified statistically significant
differences in three groups of DNA fragmented sperm
[SCD ≤ 10%, SCD 11–20%, and SCD ≥ 21%]] with regard
to day 3 good embryo formation, blastocyst formation, im-
plantation rates, and clinical pregnancy rates in the males with
SDF ≥ 21% as compared to the other two groups [P < 0.05],
all undergoing IVF. This can be explained by the fact that
embryonic genome activation occurs only after the second cell
division, i.e., the 4–8 cell stage [17] and hence is bound to
impact only the later stages of embryo development.
However, Zheng et al. [103] studied DNA fragmentation ef-
fects in sperm from 215 men undergoing ART using an alka-
line comet assay and reported a paternal effect at each stage of
early embryonic development [peri-fertilization effect [fertili-
zation rate], early paternal effect [embryonic days 1–2], late
paternal effect [embryonic days 3–5], and implantation stage
effect]. In fact, it has been reported that paternal DNA damage
may present as chromosome aberrations soon after the first
metaphase [104].

Tandara et al. 2014 have reported that a big halo
formed in the halosperm test was the only independent
predictor of optimal embryo quality [third day cumula-
tive embryo score] while big halo and DNA fragmenta-
tion index [DFI] together were significant prognostic
parameters for achieving pregnancy [105]. Osman
et al. have used sensitivity analysis to demonstrate a
statistically significant difference in live birth rates be-
tween low and high sperm DNA fragmentation when
ICSI was used [RR 1.08, 95% CI 0.39 to 2.96; p =
0.88] [106].

However, few studies also report absence of association
between sperm DNA fragmentation and fertilization, embryo
development, cleavage, blastulation, implantation, and preg-
nancy rates [107, 108]. Although a negative correlation be-
tween the intensification of DNA fragmentation and the
achievement of pregnancy in IVF has been reported [109]
and ICSI [110], Sadeghi et al. [2011] did not find this sperm
factor affecting the effectiveness of IVF [50]. Thus, it is chal-
lenging to summarize the effect of DNA fragmentation on
embryo quality with several such conflicting results. When
we collated data on the role of DFI on embryo quality in eight
studies what we found noteworthy was that different studies
used different methods to estimate DFI and each of these
studies used different DFI cut-offs for their analysis suggest-
ing a lack of consensus in the measurement of this parameter
[Supplementary Table 2]. In fact, the different methods of
sperm preparation before ICSI have also been shown to con-
tribute towards the discrepancies reported by these researchers
[111]. A recent review [112] even suggests that significant
inter-observer and inter-laboratory variation during

microscopy-based assays to detect sperm DNA fragmentation
make it challenging to commercialize the assays.

Sperm aneuploidy

Abnormalities in sperm chromatin condensation have been
reported to correlate to chromosomal aneuplodies in embryos
[113, 114]. Chromosomal aneuploidy refers to an alteration in
chromosomal number from the normal diploid chromosomal
complement in somatic cells or haploid complement in gam-
etes. Chromosomal aneuploidies are common in early human
embryos [115] and strongly contribute to poor IVF outcomes
[116, 117]. Although embryonic aneuploidies can arise from
both the maternal or paternal genomes, in the case of aneu-
ploid ICSI fetuses, some aneuploidies have been traced to
arise from the infertile father’s sperm [118].

Indeed, all males produce some amount of aneuploid sperm
but higher incidence of sperm aneuploidy and diploidy are
observed in males with altered seminal parameters [119] or
those with male factor infertility [7]. Males with
oligoasthenoteratozoospermia [OAT] show an increased level
of disomy, diploidy, and nullisomy as compared to their fertile
counterparts while also giving rise to higher levels of numer-
ically aneuploid embryos [120]. Males with abnormal karyo-
types are predisposed to producing spermatozoa with an un-
balanced chromosome complement; non-mosaic Klinefelter
patients show approximately 6% sex chromosome aneuploidy
[92]. Moreover, several other classes of males such as those
harboring Y chromosome microdeletions [predisposed to-
wards sex chromosome aneuploidies] [121], males with nor-
mal karyotypes, fertile males who have fathered offspring
with paternally derived aneuploidy, males who have experi-
enced recurrent pregnancy losses, and infertile oligospermic
males are also at increased risk of producing chromosomally
abnormal spermatozoa [122].

Genetic studies suggest that sperm chromosome abnormal-
ities occur due to meiotic errors [123] caused by mutations in
meiosis-specific genes involved in synaptic processes of DNA
recombination and reparation [124] while other studies have
identified mutations in genes that cause meiotic arrest [125].
Several other factors such as Y chromosome microdeletions,
varicocele, chemotherapy, occupation- and lifestyle-based
factors also negatively impact the efficiency of meiotic divi-
sions during spermatogenesis. Another line of evidence sug-
gests that spermatozoa containing large vacuoles exhibit
greater chromosomal aneuploidies and diploidies [126]. All
the above findings hold significance because oligozoospermic
males would be the most common candidates for ARTs and
the identification of sperm aneuploidy rates in these men
could be considered as an appropriate supportive test before
initiation of the reproductive strategems.

Sperm aneuploidy, earlier tested by karyotyping [hamster
oocyte fertilization test], is currently screened by interphase
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FISH in human sperm nuclei or next-generation sequencing
assays [127]. Several studies have analyzed the clinical reper-
cussions of sperm chromosomal abnormalities on ARTs.
Reports associate sperm aneuploidy and diploidy with repeat-
ed implantation failure and pregnancy loss after ICSI cycles
[128], recurrent abortion [129], miscarriage [129], ICSI failure
[128, 129], and higher aneuploidies rates in live births [130].
Nicopoullos et al. report significantly higher total aneuploidy
levels [13, 18, 21 and sex chromosome; P = 0.01], aneuploidy
rates in chromosome 18 [P = 0.01], the sex chromosomes
[P = 0.05], and the composite total of chromosomes 18/X/Y
[P = 0.005] in sperm ejaculates from men who failed to
achieve a clinical pregnancy in ICSI [128]. Corroborating this
finding, male partners of women suffering from recurrent
pregnancy loss have been reported to show a greater percent-
age of sperm aneuploidy of the sex chromosomes and chro-
mosomes 18 and 13/21 [1.04 vs. 0.38%; 0.18 vs. 0.03%; 0.26
vs. 0.08%] in case control studies [131, 132].

Aneuploidies in the developing embryo are believed to
arise either due to an aneuploid sperm or oocyte or due to a
mitotic gain, loss, or non-disjunction occurrence in the em-
bryo leading to mosaicism [133]. A ‘mosaic’ embryo could
also be the result of minor variations in spindle dynamics or
due to anomalies in the embryonic centriole and centrosome,
both of which are paternally inherited by the human embryo.
Sperm centrosomal defects result in abnormal spindle forma-
tion and compromise early cell divisions in the human embryo
leading to the early paternal effect. A genome-wide associa-
tion study has identified single nucleotide polymorphisms in
the sequence of PLK4, a key regulator of centriole duplica-
tion, to be associated with embryonic mitotic errors [134].

Several studies have also explored the effect of advanced
paternal age on sperm aneuploidy rates. Two recent studies
[135, 136] note that males above the age of 50 in IVF/ICSI
cycles showed significantly more sperm with damaged DNA,
low blastocyst development rate, higher global aneuploidy
rates, and significantly greater number of embryos with triso-
mies [p ≤ 0.05]. Increasing paternal age leads to several alter-
ations in the male endocrinal [decreased circulation of andro-
gens, elevated levels of FSH] and reproductive phenotypes
[alteration of testicular morphology and volume, changes in
sperm production, and sperm characteristics and a significant
increase in sperm DNA fragmentation] [99, 135]. This,
coupled with the accumulation of DNA damage over years
and the decreased capacity of germ cells to repair this damage,
is what leads to a decline in sperm genome integrity leading to
production of aneuploid sperm which translates to increased
aneuploidy in embryos [137]. Similarly, in the case of chro-
mosomal translocations, the high percentage of chromosom-
ally unbalanced sperm is shown to translate to a high propor-
tion of chromosomally unbalanced embryos [138].

Intriguingly, studies by Daughtry et al. report that
diploid–aneuploid mosaic embryos show implantation rates

comparable to euploid embryos and re-iterate that a blastocyst
with up to 60% aneuploidy can result in a successful pregnan-
cy outcome [139]. Another study [140] reports that if the
number of aneuploid cells is < 40%, the embryo stands a
78% chance of developing to the blastocyst stage while a
higher number of abnormal cells may be associated with a
lower survival rate [33%] [141]. Thus, it appears that mosaic
embryonic aneuploidy does not always terminate develop-
mental potential. Bolton et al. suggest that only a small portion
of euploid cells are necessary to sustain human foetal devel-
opment [142]—a notion that is supported by the observation
that frozen-thawed human embryos that have lost almost half
of blastomeres during the cryopreservation procedure are still
viable and result in live births [143].

Yq microdeletions

The Y chromosome is one of the smallest in the human ge-
nome, is specific to males, and represents around 2–3% of the
haploid genome [144]. This chromosome is largely hetero-
chromatic, gene-poor, and recombines with its homolog only
at its pseudoautosomal regions [144]. The pseudoautosomal
regions comprise only 5% of the Y chromosome, while the
majority [63 Mb] of the Y chromosome is known as the male-
specific Yor MSY region. Approximately two-thirds [41 Mb]
of the MSY region is composed of three blocks of highly
repetitive sequences called the azoospermia factor [AZF] re-
gions which contain several genes that are critical for sper-
matogenesis and the development of male gonads [145].

The Y chromosomemicrodeletions are submicroscopic de-
letions that span several genes but are not large enough to be
detected using conventional cytogenetic methods. These
microdeletions occur precisely in Yq11, at the AZF region
which is composed of three loci: AZFa, AZFb, and AZFc
and are among the best known genetic causes of male infer-
tility. Based on global data of > 30,000 Y chromosomes, the
prevalence of the Y chromosome microdeletions in infertile
men is estimated to be 7% [95% CL 6.74–6.79] [146]. These
deletions are more common among men with non-obstructive
azoospermia [NOA] [7–23%] compared with severe oligo-
zoospermia [1–8%] males [9].

The Y chromosome microdeletions can be classical: where
the complete AZFa, b, or c locus is deleted, respectively, par-
tial: where only certain regions of the AZFa, b, or c loci are
deleted or, combined: where two or more AZF loci are deleted
simultaneously. Distinct histopathological phenotypes are cor-
related with the site of the microdeletion; the complete AZFa
and AZFb deletions are associated with azoospermia [9] while
the comple te AZFc dele t ion is assoc ia ted wi th
hypospermatogenesis that leads to cryptozoospermia, oligo-
zoospermia, or azoospermia [147]. The AZFc locus can also
harbor partial deletions or sub-deletions called gr/gr, b1/b3,
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and b2/b3 which are associated to variable phenotypes, rang-
ing from normo- to azoo-spermia [148].

The development of ARTs, together with testicular or epi-
didymal sperm retrieval for azoospermic men, has allowed Y
deleted males to father offspring using their own gametes.
However, the effect of Y chromosome microdeletions and
partial deletions of AZFc on embryo quality in ART remains
controversial.

A study by Page et al. reported that spermatozoa retrieved
frommen harboring AZFc deletions were fertilization compe-
tent and when used for ICSI produced viable embryos and
pregnancy at similar rates as spermatozoa of men without
AZFc deletions [149]. One study [150] evaluated the ART
outcomes of six males showing complete AZFc deletions
and noted that a clinical pregnancy could be achieved in all
cases. However, lower fertilization rates have been noted in
azoospermic AZFc deleted males when compared to males
with an intact Y chromosome [36 vs. 45%] when both groups
of males underwent testicular sperm extraction [TESE] with
subsequent ICSI cycles [151]. Another study [152] has also
reported lower fertilization rates [55 vs. 71%, P < 0.001] with
concomitant poorer embryo quality in AZFc deleted males
with severe oligozoospermia who underwent ICSI cycles. A
higher cleaved embryo rate [94.0 vs. 88.1%, P < 0.05] in
AZFc deleted males versus controls [94.0 vs. 88.1%,
P < 0.05] has been reported in one Chinese study [153].
Mateu et al. 2010 have reported a high percentage of abnormal
embryos [aneuploidies or monosomy X] in males harboring
complete AZFc microdeletions in conjunction with numeric
chromosome abnormalities, as compared with oligozoosper-
mic patients without Y chromosome microdeletions [154].

A report from our laboratory [155] has shown absence of
difference in fertilization rate and embryo transfer rate but an
increase in the numbers of grade III embryos [grade I embryos
were defined as blastomeres of equal size without cytoplasmic
fragments, grade II embryos were defined as blastomeres of
equal size with minor cytoplasmic fragments or blebs, and
grade III embryos were defined as blastomeres of unequal size
with significant cytoplasmic fragmentation] in men with
AZFc sub-deletions as compared to non-deleted controls.
However, when a recent Turkish study [156] evaluated the
effect of the partial AZFc sub-deletions on ICSI outcome by
measuring embryo development and pregnancy rates, they
failed to find any statistical correlations, suggesting that the
AZFc sub-deletions may not play a significant role in ART
outcomes. The heterogeneity in the genes deleted in the AZFc
locus is thought to influence the fertility outcome in males
harboring AZFc sub-deletions and could explain the incon-
gruity in results.

Very few studies in the literature have elucidated the influ-
ence of Y chromosome microdeletions on embryo quality in
ARTs. In Supplementary Table 3, data from 12 studies on 451
embryos suggested that these microdeletions predominantly

lower fertilization rates and influence the quality of the em-
bryo while not altering other embryo quality parameters.
However, all sperm to be used in ARTs must be assessed for
the presence of Y chromosome microdeletions to avoid the
vertical transmission of these infertility causing Y chromo-
some defects and thus lead to perpetuation of infertility in
future generations.

Summary and future directions

Our review highlights that several paternal factors are in play
during development of the embryo and each of these factors
contributes significantly towards embryo quality in ART [Fig.
2]. Effects may range from decreasing the fertilization rate,
lowering the cleavage/blastocyst rate of the developing em-
bryo, and even affecting implantation into the endometrium.
Hence, careful analysis of spermatozoal factors in conjunction
with assessment of the maternal contributory factors is essen-
tial to ensure good embryo quality and subsequently a healthy
child.

Several studies have embarked on the odyssey of elucidat-
ing the role of sperm DNA damage in relation to embryo
quality and on-going pregnancy. In a landmark study,
Fernández-Gonzalez et al. performed ICSI in mouse using
spermatozoa in which DNA damage had been induced by
cryo-injury, to identify the long-term consequences of a dam-
aged paternal genome on the health of offspring [157].
The authors reported several disturbing findings; the cryo-
injury of sperm had led to gross DNA strand breaks and loss
of telomeres, on fertilization by ICSI, these DNA-damaged
sperm led to preimplantation embryo development and on
birth, a reduced number of offspring per litter was noted.
Methylation profiles of several epigenetically regulated genes
were found to be altered and the ART offspring exhibited
increased anxiety, lack of a habituation pattern, and a defective
spatial memory [P < 0.05]. Moreover, 33% of females fa-
thered with DNA-fragmented sperm presented some solid tu-
mors in lungs and dermis and 20% of the mice died during the
first 5 months of life, with 25% of the surviving animals
showing premature aging symptoms. The authors suggested
that although the oocytes had repaired parts of the fragmented
DNA, the repair was incomplete, thus leading to long-term
pathologies.

In terms of human studies, early publications have indicat-
ed that there were no increased health risks of children born
via ART. However, all 25 studies in Hanson et al. [2005] [158]
meta-analysis indicated an increased risk of birth defects.
Studies from Europe have shown that ART children showed
normal physical development up to 18 years with normal
menarche and pubertal development. Studies from Australia
show that the overall risk of any birth defect following ART
was 8.3%, compared to the significantly lower, 5.8%, in
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spontaneously conceived children with the most common
birth defects connected to ART being spina bifida, cerebral
palsy, cleft palate and musculoskeletal, cardiovascular, and
gastrointestinal conditions. Overall, the risk was found to be
higher for ICSI compared to IVF and interestingly, use of
frozen thawed embryos lessened the risk. However, it must
be remembered here that these risks and anomalies cannot be
pinned on defective sperm health alone.

The search for a marker of embryo quality which will per-
mit the selection of the single best embryo for transfer con-
tinues to be a major challenge in ART with several

contemporary and innovative approaches being ascertained
with each passing day. While earlier research predominantly
focused on assessing the impact of maternal factors affecting
embryo quality, in recent times, the onus of contributing to
better embryo quality is being equally shared by paternal fac-
tors as well.

At present, several sperm selection techniques such as den-
sity gradient centrifugation and swim-up are routinely used in
most ART clinics with the aim of selecting the best sperm for
fertilization. Unfortunately, not many of these techniques tar-
get the assessment of important sperm characteristics such as

Stage Fertilization Zygote Cleavage (4 cells)

Defect Decondensed Chromatin Immature Chromatin, Altered P1:P2 ratio, 
AZFc Microdeletions 

Altered P1:P2 ratio, DNA strand 
breaks, Sperm centrosomal defects

Effect Decreased Fertilization capacity Decreased Fertilization rate Arrest at 2-6 cell stage, lower 
cleavage rates, abnormal spindle 

formation 

Stage Morula Blastocyst Foetus

Defect Immature Chromatin, Increased 
levels of histones, AZFc 

Microdeletions

Immature Chromatin,  Altered P1:P2 ratio, 
Skewed Histone:Protamine ratio, AZFc 

microdeletions, DNA fragmentation

Sperm Aneuploidy, Altered P1:P2 
ratio, Hypermethylation of sperm 
DNA, DNA fragmentation, AZFc 

microdeletions

Effect Altered Cleavage rate Poor Embryo Development, Decreased 
Blastocyst formation rate, Poor Embryo 

Quality 

Aneuploid embryos, Higher number 
of Grade III embryos, Implantation 

Failure, Pregnancy Failure

a b c

d e f

Fig. 2 Genetic factors of paternal origin that impact embryo quality.
Images a to e depict the stages in human embryonic development. a
Structural defects of sperm chromatin can decrease the fertilization
capacity of sperm. b The rate at which the sperm fertilizes the oocyte
can be affected by sperm chromatin defects, alterations in the protamine
ratios, and the [Azoospermia factor c] AZFc microdeletions in the Y
chromosome. c At the 4 cell stage, the zygotic genome is activated and
dependence on maternal genome is eliminated. Embryonic development
may be arrested at this stage if the P1/P2 ratio is unbalanced. d The
morula stage [16–32 cells] is characterized by a series of cleavage
events that successively generate smaller cells. Structural chromatin
defects and an increased level of histones can decelerate the cleavage
rate with the presence of Y chromosome microdeletions can increase

the cleavage rate. e The blastocyst stage that is characterized by the
presence of the trophectoderm and the inner cell mass. A skewed
histone to protamine ration [HPR] can decrease blastocyst formation
rates, poor embryonic development is seen when the embryo is
fertilized by sperm carrying chromatin defects and altered P1/P2 ratios.
Poor quality embryos are noted when there is an altered protamine
1/protamine 2 ratio and the paternal Y chromosome harbors and AZFc
microdeletions. In ART, embryo transfer is performed at this stage of
embryonic development. f The growth of the fetus after implantation
into the endometrium of the uterus. Presence of altered P1/P2 ratios can
cause implantation failure while fertilization by aneuploid sperm, altered
protamine ratios, and sperm epigenetic defects can lead to failure to
establish pregnancy
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apoptosis, DNA integrity, membrane maturation, and ultra-
structure, all of which contribute significantly towards im-
proved embryo quality. Improving ART outcome by isolating
mature, structurally intact and non-apoptotic spermatozoa
with high DNA integrity remains an ongoing challenge with
several methods based on surface charge [electrophoresis and
zeta potential], apoptosis [magnetic cell sorting and glass
wool], ultra-morphology [high magnification], or membrane
maturity [hyaluronic acid binding] [159] being investigated.

Besides these methods, abnormalities in phospholipase c
[PLC]-zeta, a sperm enzyme that mobilizes the Ca2+ oscilla-
tions to induce oocyte activation and embryo development,
have also been associated with poor embryo quality [160,
161]. New data indicates that the replacement of defective
centrosomes, which are responsible for specific forms of male
infertility, with functional donor sperm centrosomes can re-
store normal functionality and thus ensure successful fertiliza-
tion and embryo development [162]. The sperm cell has also
been shown to contain various forms of RNA, e.g., mRNA,
miRNA, siRNA [163] as well as more than 2000 proteins with
unknown roles [164]. MicroRNA [miR]-34c is thought to
initiate the first cleavage divisions in the mouse and represents
a distinctive example of the impact of a single paternally de-
rived miRNA on embryo development. Yuan et al. [165] pro-
duced zygotes from miRNA-depleted sperm [from Drosha
conditional knockout mice] through ICSI and found that these
zygotes resulted in embryos with reduced developmental po-
tential, which could be recovered through the injection of
small RNA from wild-type sperm. The potential predictive
role of a novel sperm DNA-based marker of embryo quality,
sperm telomere length [STL], is also being explored.
Telomeres, the guanine-rich nucleoproteins found at the ends
of chromosomes, shorten with each cell replication event [60–
70 base pair per year] because of incomplete end replication
but an enzyme called telomerase can synthesize de novo re-
peats to these chromosome ends. STL has been positively
correlated with embryo morphology in IVF cycles and trans-
plantable embryo rates [166].

With this myriad of novel parameters being identified what
remains to be done is the development and validation of a
robust and standardized panel of tests to assess the effects of
the paternal genome on embryo quality.

Conclusion

The advent of ART and success of ICSI in particular has
increased the chances of an abnormal spermatozoon being
selected to fertilization and developing into an embryo. It
was traditionally thought that the sperm was only a vessel to
deliver the paternal genome to the oocyte, but recent advances
have shown that the function of sperm extends immeasurably
beyond this. Hence, it is of great essence to understand how

abnormalities at different levels of paternal genomic organi-
zation may affect reproductive potential and ART outcome.
Recent evidence suggests that spermatozoa containing chro-
matin structure anomalies, fragmented DNA, Y chromosome
microdeletion, abnormal chromosome number, or an altered
genetic imprint may be associated with impaired fertilization,
embryogenesis, or embryonic development. Our review has
discussed the possible mechanism and impact of these factors
on fertilization and embryo quality comprehensively.
However, the heterogeneity in test results and the different
approaches of assessing a single sperm parameter highlight
the urgent need to develop a standardized protocol to address
the role of sperm factors affecting embryo quality and thus
foster better reproductive healthcare.
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