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Chapter 7
The Comet Assay

Elva I. Cortés-Gutiérrez, Martha I. Dávila-Rodríguez, 
and Carmen López-Fernández

7.1  �Introduction

The main difference between a damaged DNA molecule in somatic and germ line 
cells is that while in somatic cells the DNA damage can be partially repaired, the 
DNA damage present in the germ line cells (this is true especially in spermatozoa, 
cells that possess a nonorthodox DNA molecule) cannot be repaired due to the 
absence of DNA repair mechanisms and a highly condensed chromatin structure. 
Repair of sperm DNA damage occurs within the oocyte after fertilization. There are 
four possible mechanisms that have been identified to play a role in the pathophysi-
ology of sperm DNA damage: (i) abortive apoptosis: spermatozoa with defective 
DNA escape the physiological apoptotic pathway during meiosis I resulting in the 
ejaculate [1]; (ii) defective chromatin condensation during spermatogenesis: DNA 
breaks occur as a result of inappropriate protamination and insufficient chromatin 
packaging [2]; (iii) oxidative stress resulting from an imbalance between reactive 
oxygen species (ROS) production and antioxidant capacity [3]; and (iv) the exis-
tence of endogenous sperm nucleases that cleave the DNA into loop-sized frag-
ments of about 50 kB [4]. This activity, in fact, resembles that of several nucleases 
in somatic cells that cleave the DNA into similar sizes during the activation of apop-
tosis [5–9]. The function of these nucleases in the mature spermatozoa is to carry 
the DNA to the oocyte without any damage. In humans, the nature of damaged DNA 
that occurs within certain patient populations is still poorly understood [10, 11].
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One of the key aspects that needs to be investigated concerning the problem of 
cellular DNA damage is the discrimination between the presence of single-strand 
DNA breaks (SSBs) and double-strand DNA breaks (DSBs) or both affecting the 
same DNA thread. This is mainly related to the origin of the DNA damage. The 
causes of sperm DNA damage resulting in SSBs or DSBs are extremely variable 
and include exposure to adverse environmental factors such as pesticides, radiation, 
smoking, or pathological conditions such as cancer, varicocele, and infection (bac-
terial, viral) [12]. These and presumably other causes of sperm DNA breakage are 
mediated through one or a combination of the mechanisms mentioned above. With 
respect to the putative origin of DNA fragmentation in the sperm cells, we might 
also expect different types of DNA lesion that could possibly be predictive or diag-
nostic in nature. For example, nucleases, either endogenous or exogenous, usually 
produce SSBs and/or DSBs, whereas DNA breaks produced by chromatin remodel-
ing during spermiogenesis appear to correspond to DSBs produced by topoisomer-
ase II and SSBs produced by topoisomerase I [13]. On the other hand, we have ROS 
and other radical molecules such as those derived from nitric oxide which generate 
SSBs associated with the creation of abasic sites or the presence of 8-hydroxyguanine 
[14, 15]. It has been reported that more than 20 damaged DNA base lesions can be 
present in a cell exposed to oxidative stress [16].

The comet assay, also known as single-cell gel electrophoresis (SCGE), was 
developed in 1984 [17] and is known for its ability to detect DNA damage at a 
single-cell level. The rationale of the technique is very simple. The assay requires 
detergents to first lyse the cells embedded in an inert agarose matrix on a slide. A 
high salt concentration results in deproteinized nuclei recognized as nucleoids. 
Following this, DNA is electrophoresed. The idea of the technique is that nuclei 
containing DNA segments that are detached from the original chromosome migrate 
toward the anodes, resulting in an image resembling a comet that can be observed 
under the microscope. The comet is formed by a part of the original nucleoid retain-
ing a large part of undamaged DNA and an emerging tail that putatively accumu-
lates a large part of the DNA that presented DNA breaks (Fig. 7.1a, original image, 
and 7.1b, digitally enhanced images). Most of the DNA retained in the head consists 
of intact DNA that is not recognized by the technique, whereas the tail is made up 
of broken DNA or strands with heterogeneous molecular weights. The intensity of 
the comet represents the proportion of DNA that has been broken off, and the dis-
tance traveled by the comet relates to the relative size of the DNA fragments.

The comet assay commonly utilizes commercially available software programs 
to evaluate the extent of DNA damage at the single-cell level. These programs pro-
vide a large number of measurement outcomes, i.e., tail length (the length of the tail 
measured from the leading edge of the head), tail DNA percentage (the percentage 
of DNA in the tail compared to the percentage in the “head” or unfragmented DNA), 
and olive tail moment (OTM). OTM is the percentage of tail DNA × tail moment 
length (tail DNA percentage = 100 × tail DNA intensity/cell; the tail moment length 
is measured from the center of the head to the center of the tail). The OTM is 
expressed in arbitrary units. Each of these parameters describes endogenous DNA 
damage corresponding to DNA strand breakage and/or alkali-labile sites (ALSs). In 
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the optimization of the alkaline comet for use with sperm, tail DNA was found to be 
the most reproducible parameter [18]; therefore, sperm DNA damage is expressed 
as tail DNA (Fig. 7.1c, digitally enhanced images).

The formation of a tail provides information on two important issues related to 
DNA damage concerning (i) the amount of DNA damage present in the original 
nucleoid and (ii) the type of DNA damage affecting the orthodox double-strand 
DNA conformation. For (i), it is generally assumed that the larger the tail and/or the 
higher the DNA density in the tail, the greater is the extent of DNA damage. For (ii), 
the presence of ssDNA breaks or dsDNA breaks or both affecting the same DNA 
thread is of crucial importance for understanding the images produced by the comet 
assay.

There are three types of comet assay techniques: (i) The neutral comet assay 
[18], in which DNA stretches originated from DSBs migrate under a neutral buffer 
according to the size of the DNA fragment. The larger the fragment, the lower the 
migration distance. (ii) The alkaline comet assay [19], in which DNA stretches con-
taining both DSBs and SSBs migrate under alkaline conditions. Because alkaline 
conditions produce DNA denaturation, single-strand DNA threads resulting from 
DNA denaturation starting from the 5′ to 3′ free ends at the place of the DNA break 
migrate to the anode. (iii) The two-dimensional or two-tailed comet (2T-comet) 
assay combines the ability of the neutral and alkaline comet assay, allowing the dif-
ferentiation within the same cell of the presence of DSB and SSB at the original 
nucleoid [20, 21].

These three techniques can be used on somatic cells, as well as in spermatozoa 
to assess DNA damage. However, as explained in detail later, given that the DNA is 
complexed with different proteins (histones, protamines, or both), depending on the 
cell type or cell activity, a general protocol does not exist to produce equivalent 

Fig. 7.1  Original (a) and image after application of a common electronic filter showing the comet 
head (consists of intact DNA) and emerging tail which possesses DNA breaks (b), features that are 
important for comet assay analysis (c)
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results on different cells and the basic methodology requires technical adaptations 
to obtain the best results.

7.2  �Neutral Comet Assay

DSBs are considered to be the most biologically lethal lesions affecting somatic 
and sperm DNA mainly because they are difficult to repair and often lead to 
genome instability even after being repaired by nonhomologous chromosome 
rejoining [22, 23].

The rationale of the technique is very simple, since is based on the principle that 
a naturally charged DNA molecule migrates when subjected to an electrophoretic 
field. Subsequently, identification of DNA damage is simple. Basically, when lysed 
cells with no DNA fragmentation are subjected to an electric field and by using a 
buffer under non-denaturing conditions, no substantial comet tails will be formed 
(Fig. 7.2a). In contrast, those spermatozoa containing sperm with a damaged DNA 
molecule tend to show an extensive migration of DNA fragments emerging from the 
original sperm nucleoid (Fig. 7.2b, c). These migrating DNA fragments are associ-
ated with the presence of DSBs at the origin, but it is not possible to know if the 
DNA threads that distribute along the comet tail contain SSBs.

Confirmation that comets visualized under neutral conditions are indeed large 
DNA molecules containing DSBs is based on the observation that similar comets 
can be produced after incubation with classic double-strand DNA cutters such as 
restriction endonucleases [24].

Double-stranded breaks may be a male infertility factor. Understanding its 
mechanism and its identification in different clinical groups (such as asthenoterato-
zoospermic (ATZ) with or without varicocele, oligoasthenoteratozoospermic 
(OAT), balanced chromosome rearrangements, and fertile donors) may be useful 
for determining the prognosis of male infertility associated with these conditions. 
Double-stranded DNA damage is also related to a higher risk of male factor-associ-
ated miscarriage, possibly due to the failure of repair of sperm DSB breaks by the 
oocyte [23].

7.3  �Alkaline Comet Assay

The technical aspect of this version of the comet assay is similar to the previous 
methodology described with the principle based on the fact that DNA stretches 
containing 3′ 5′ free ends denaturize when the protein-depleted nuclei are subjected 
to an alkaline environment producing single-strand free threads of DNA. The altera-
tions found in DNA such as strand breaks (single or double) result in the extension 
of DNA loops from lysed and salt-extracted nuclei; these in turn form a comet-like 
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Fig. 7.2  Nonfragmented (a, d, and g) and fragmented spermatozoa (b, c, e, f, and i) in alkaline 
(a–c), neutral (d–f), and 2T-comet assays (g–i). Different levels of sperm DNA damage are shown 
for spermatozoa (SYBR® Green staining). The 2T-comet assay detected simultaneous DNA SSBs 
and DSBs in human spermatozoa. Undamaged (g) single-stranded DNA breaks (SSBs) (h), 
double-stranded DNA breaks (DSBs) (i), and SSBs/DSBs in the same cell (i). (a′–i′) Images after 
application of a common electronic filter scale
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tail after alkaline electrophoresis, indicating global DNA damage identifying both 
single- (SSBs) and double-strand breaks (DSBs) [18, 25, 26].

DNA breaks are the starting points for alkaline DNA unwinding due to the dis-
ruption of hydrogen bonds between purines and pyrimidines. Moreover, mutagens 
may induce DNA base loss, and deoxyribose lesions may be transformed into SSBs 
by alkaline conditions, being designated as alkali-labile sites (ALS). Remarkably, 
when the spermatozoa of mammalian species are subjecting to denaturant alkaline 
conditions and electrophoresed, they exhibit a prominent comet tail (Fig. 7.2d–f) 
[25, 26]. Probably, the need of a highly compacted DNA molecule at the spermato-
zoa is favored by the presence of these ALS.

ALS can also be detected using DNA breakage detection-fluorescence in situ 
hybridization (DBD-FISH). This technique quantifies putative DNA breaks and 
ALS in situ within a single cell. It has the added advantage that it may also be uti-
lized to scan the whole-genome or specific DNA sequences in sperm cells that have 
been embedded within an inert agarose matrix on a specifically prepared micro-
scope slide [27]. The cells are then lysed to remove the membranes and proteins, 
and the resulting nucleoids are exposed to a controlled denaturation step using alka-
line buffers. The alkali gives rise to ssDNA stretches starting from the 5′ to 3′ free 
DNA ends or from highly sensitive DNA motifs to alkaline conditions. These 
ssDNA threads may then be detected by hybridization with specific or whole-
genome fluorescent DNA probes. Because DNA breaks increase in a target region, 
additional ssDNA are produced and further DNA probes are hybridized, resulting in 
a more intense FISH signal as additional ssDNA is produced (Fig.  7.3e, f). The 
resulting hybridized signal in the whole genome can be quantified using image anal-
ysis systems. The DBD-FISH signal obtained in the absence of exogenous DNA-
damaging agents reflects the background level of ALS present in a genome 
(Fig. 7.3d) [28].

DNA damage detected by the comet assay suggests a possible high density of 
short unpaired DNA stretches that could act as origins of denaturation for alkaline 
treatment in the DBD-FISH procedure [28].

This same result has been seen in the large pericentromeric interstitial telomeric 
repeat sequence blocks from Chinese hamster cell lines. These short unpaired DNA 
segments could be a consequence of torsional stress of DNA loops during the pro-
cess of chromatin packing, as they were initially found to be abundant in the chro-
matin of condensing mitotic chromosomes [29].

The comet assay is found to be a more sensitive technique in the evaluation of 
sperm DNA damage and fragmentation compared to the conventional TUNEL 
(Terminal deoxynucleotidyl transferase dUTP nick end lebeling), the sperm chro-
matin dispersion test, or flow cytometry [30]. Particularly, the alkaline comet assay 
has been tested in vitro and in vivo in a wide variety of mammalian cells [19, 31, 32] 
employing a number of different genotoxic stimuli including UV radiation, carcino-
gens, radiotherapy, and chemotherapy [33]. It has been shown to be rapid [33, 34], 
reproducible [35], and with higher sensitivity than alkaline elution or nick transla-
tion assays, even with prior chromatin decondensation [36, 37]. The alkaline comet 
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assay can detect damage equivalent to as few as 50 single-strand breaks (SSBs) per 
cell. One of its unique and powerful features is the ability to characterize the 
responses of a heterogeneous population of cells by measuring DNA damage within 
an individual (Fig. 7.2d), cells as opposed to just one overall measure of damaged 
cells versus undamaged (Fig. 7.2e, f).

Evaluation of sperm DNA damage by the alkaline comet assay is a more promis-
ing diagnostic test for male infertility as well as prognostic test for assisted repro-
ductive technology (ART) outcomes. It has been shown to be closely associated 
with numerous fertility outcomes including negative relationships with fertilization, 
embryo quality, implantation, and positive relationships with miscarriage and child-
hood diseases [38].

Fig. 7.3  Sperm cell classification according to DNA damage levels after alkaline comet assay 
(a–c) and DBD-FISH (d–f). Sperm with a “structural comet” or without DNA damage (a) exhibit 
a slightly fluorescent signal, (d) and nuclei with a prominent comet tail (b and c) result in a more 
intense FISH signal after DBD-FISH (e and f)
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7.4  �Two-Tailed (2T)-Comet Assay

A modification of the original comet assay has been developed for the simultaneous 
evaluation of DNA SSBs and DSBs in human spermatozoa. The 2T-comet assay is 
a relatively fast, sensitive, and reliable technique for the quantification and charac-
terization of whole DNA damage in spermatozoa [39–41].

In this protocol, cells are subject to an electrophoretic field under non-denaturing 
conditions to mobilize isolated free discrete DNA fragments produced from DSBs. 
This is similar to the neutral comet as explained above. Following mobilization of 
the DNA containing DSBs, a second electrophoresis which runs perpendicular to 
the first one but under alkaline conditions is performed to produce DNA denatur-
ation. This process exposes both SSBs and DSBs existing in the comet head and tail 
formed during the first neutral electrophoresis. The result is a two-dimensional 
comet tail emerging from the core where SSBs and DBBs can be simultaneously 
discriminated (Fig. 7.2g–i). Three different comet figures may be produced (i) small 
comet representing a sperm free of DNA damage, resulting from the presence of 
large alkali-labile sites at each sperm (displacement at Y-axis) (Fig. 7.2g) (ii) comet 
at the Y-axis with equivalent size to the previous one but presenting additionally 
DNA displacement at the X-axis (Fig. 7.2i): this image is interpreted as a spermato-
zoa presenting DSBs at the origin and (iii) comet presenting displacement at the 
X- and Y-axis: in this case, the presence of SSBs is integrated at the Y-axis comet, 
while DSBs are mostly placed at the X-axis (Fig. 7.2i). The tail DNA produced after 
the first electrophoresis is formed because of the presence of DSBs at the origin but 
may contain SSBs distributed along the DNA threads. After denaturation, single-
stranded DNA threads mobilize at the Y-axis, parallel to the migrating DNA remain-
ing at the original comet head.

The 2T-comet assay is an innovative method for assessing whole sperm DNA 
integrity, which has not been extensively used for diagnostic purposes related to 
male infertility [39–42]. The technique can be used to assess highly damaged sperm 
DNA characterized by the presence of extensive presence of single- and double-
strand breaks in some clinical situations such as Kartagener’s syndrome [41] or in 
varicocele patients [40, 42].

7.5  �The Clinical Relevance of the Comet Assay

Sperm DNA damage assays are important in assisting in the diagnosis of male infer-
tility [36, 43–50] and may serve as prognostic tests for predicting ART outcomes. 
High levels of damaged DNA in the ejaculate of patients have been shown to have 
negative relationships with fertilization, embryo quality, and implantation failures 
and positive relationships with miscarriage and childhood diseases [38]. However, 
the optimal sperm DNA test and the value of these tests as predictors of reproduc-
tive outcomes still remain debatable.
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The comet assay can be considered a reliable tool to assess sperm DNA damage, 
but most laboratories find it more difficult to perform compared to the Sperm 
Chromatin Structure Assay (SCSA), the TUNEL, or the Sperm Chromatin 
Dispersion (SCD) test. It is true that a standardized protocol with high quality con-
trols for reproducibility is necessary in order to produce consistent and comparable 
results among different laboratories. With these limitations in mind, our experience 
using this technique is positive allowing a fine definition on the nature of the DNA 
break (SSBs or DSBs) present in the ejaculate. We must bear in mind that the pres-
ence of high level of DSBs in fertilizing spermatozoa shall be practically unrepair-
able at the oocyte with highly negative results on the embryo development even 
during the first stage [51, 52].

All types of comet assays have been used to assess different aspects of DNA 
quality in human sperm in order to find any possible correlation with pregnancy. 
However, as mentioned above, the alkaline comet assay has the capacity to visualize 
SSBs, DSBs, and additionally all constitutive alkali-labile sites present in the mam-
malian sperm. The proponents of the alkaline comet assay suggest that this assay is 
the most powerful to assess all DNA damage present in cells because it is based on 
the full capacity to denature the DNA when free 5–3′ breaks are present along the 
DNA molecule [53]. The neutral comet assay has not been used as widely as the 
alkaline comet assay but may be of relevance at the time of evaluating massive pres-
ence of DSBs. The 2T-comet assay is the least used methodology to assess sperm 
DNA damage, but important aspects on the nature of the DNA damage, such as the 
assessment of the relative presence of DSBs versus SSBs, are possible, and its rel-
evance in fertility remains to be evaluated.

With respect to the neutral comet assay indicating the relative amount of DSBs 
affecting a certain proportion of the whole sperm population, some interesting 
information can be derived from published studies. Thus, SDF assessed by neutral 
comet has been found to be quite variable among different patient groups, with dif-
ferent sperm qualities [54]. While in normozoospermic individuals, Sperm DNA 
Fragmentation (SDF) values were around 10.5%, they were higher in other groups 
such as asthenozoospermic (15.2%), oligoteratozoospermic (18.3%), asthenoterato-
zoospermic (17.5%), or oligoasthenoteratozoospermic (21.3%). These results sug-
gest that a single threshold value of SDF is probably not representative of the 
sperm’s fertilizing capacity in achieving pregnancy, and the value needs to be tai-
lored according to the type of patient under study.

Using the neutral comet assay, Ribas-Maynou et al. [55] studied the presence of 
DSBs and SSBs in sperm samples of patients with asthenoteratozoospermia (ATZ) 
with or without varicocele, oligoasthenoteratozoospermia (OAT), or balanced chro-
mosome rearrangements. All of these patient groups were compared to fertile 
donors. The results revealed different sperm DNA damage profiles. Fertile donors 
presented low values for DSBs as well as for SSBs. OAT, ATZ, and ATZ presenting 
with an additional varicocele had higher SSB and DSB percentage compared with 
normozoospermic individuals. Interestingly in rearranged chromosome carriers, 
they presented with two different profiles: a high-equivalent comet assay profile, 
which could be compatible with a bad prognosis, and a nonequivalent comet assay 
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profile, which was found in three fertile donors. These results support the theory 
that a neutral comet assay profile applied to different clinical groups may be useful 
for characterizing different male infertility groups.

The predictive value of the neutral comet assay in pregnancy loss has also been 
reported [23]. The study included 25 fertile donors and 20 recurrent pregnancy loss 
(RPL) patients with at least two unexplained first-trimester miscarriages. SDF val-
ues were analyzed using both alkaline and neutral comet assays. The unexplained 
RPL patients showed a low SSB and high DSB profile. This profile was observed in 
85% of unexplained RPL and 33% of fertile donors, suggesting that DSBs can be 
associated with a male factor-related RPL. Receiver operating characteristic (ROC) 
curve analysis done with respect to recurrent miscarriage set the cutoff value at 
77.50% of DSBs.

The alkaline comet assay has been shown to have a significant clinical value in 
male reproductive health and in predicting the success of ART [56]. Although the 
assay is not included in routine infertility tests, some studies recognize this experi-
mental approach as an advanced, accurate, and reliable test for analyzing all DNA 
damage affecting a genome. When the alkaline comet assay is used to assess human 
semen quality and sperm DNA damage in infertile and fertile males, a significantly 
lower sperm concentration, sperm viability, and sperm motility were observed in all 
of the infertile subjects presenting with a high level of SDF [57].

The alkaline comet assay is also suitable for obtaining information about the 
level of SDF present after density gradient centrifugation. This is crucial as the 
sperm selection for IVF influences the chances of achieving pregnancy. It was found 
that men with SDF higher than 25% had a high risk of infertility (OR, 117.33; 95% 
confidence interval [CI], 12.72–2731.84; RR, 8.75) [56]. Fertilization rates and 
embryo quality decreased as SDF increased in semen and in density gradient cen-
trifugation sperm. These results suggest that the risk of failure to achieve a preg-
nancy increased when SDF exceeded a prognostic threshold value of 52% for semen 
(OR, 76.00; CI, 8.69–1714.44; RR, 4.75) and 42% for density gradient centrifuga-
tion sperm (OR, 24.18; CI, 2.89–522.34; RR, 2.16). In a different study, the alkaline 
comet assay was used to assess SDF in neat semen samples and in spermatozoa 
following density gradient centrifugation. In this case, 203 couples undergoing In 
Vitro Fertlization (IVF) and 136 couples undergoing ICSI were included to estab-
lish any relationship existing between SDF level and live-birth rate after IVF and 
intracytoplasmic sperm injection (ICSI). Following IVF, couples with <25% SDF 
had a live-birth rate of 33%. In contrast, couples with >50% SDF had a much lower 
live-birth rate of 13% following IVF. Following ICSI, there were no significant dif-
ferences in levels of sperm DNA damage between any groups of patients [58].

Sperm DNA damage evaluated by an alkaline comet assay was also associated 
with implantation and embryo quality [59]. In a cross-sectional study of 215 men 
from infertile couples undergoing ART, the paternal effect of sperm DNA damage 
was observed at each stage of early embryonic development. In both the early and 
late paternal effect stages, the low DNA damage group had a higher percentage of 
good-quality embryos (P < 0.05) and a lower percentage of poor-quality embryos 
(P < 0.05) compared with the high DNA damage group. Implantation was lower in 
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the high DNA damage (33.33%) group compared with intermediate DNA damage 
(55.26%; P < 0.001) and low DNA damage (65.00%; P < 0.001) groups.

The implications of genomic damage in spermatozoa of type 1 diabetic patients 
were evaluated by alkaline comet assay [60] by comparing the SDF and the levels 
of oxidative DNA modifications with nondiabetic men. Spermatozoa from 11 
patients with type 1 diabetes showed significantly higher levels of DNA fragmenta-
tion (44% versus 27%; P < 0.05) and concentrations of 8-OHdG (3.6 versus 2.0 
molecules of 8-OHdG per 10(5) molecules of deoxyguanosine; P < 0.05) compared 
to 12 patients without diabetes. Furthermore, a positive correlation (rs  =  0.7; 
P < 0.05) was observed between DNA fragmentation and concentration of 8-OHdG.

By using the alkaline comet assay, the actual damage load of small cohorts of 
sperm may be measured. As the alkaline comet only requires 100 cells for analysis, 
it has also been particularly useful for studies involving DNA of testicular sperm 
and for men with low sperm concentrations [61]. This is of importance as in addi-
tion to the low number of spermatozoa present in these samples, they are also con-
taminated with somatic cells. Other methodologies such as the SCSA are not 
operative in these cases. Using the alkaline comet assay, the apoptotic indices and 
SDF were compared in sperm collected after ejaculation from vasectomized men 
and fertile men undergoing vasectomy. Testicular biopsies from vasectomized 
(n  =  26) and fertile men (n  =  46) were used to calculate sperm/gram and also 
formalin-fixed to determine the numbers of developing sperm and incidence and 
intensities of testicular FasL, Fas, Bax, and Bcl-2. Increased intensities of FasL and 
Bax staining were observed in the seminiferous tubules of vasectomized men. FasL 
positivity also increased in Sertoli cells, and both FasL and Fas positivity increased 
in primary spermatocytes and round spermatids of vasectomized men [62]. These 
results demonstrate that SDF can be considered an end point marker of apoptosis 
with significantly higher sperm SDF in vasectomized men compared to fertile men. 
Another study [63] concluded that an inverse relationship between pregnancy and 
SDF is observed for both testicular and ejaculated sperm. However, no relationships 
were observed between SDF and fertilization rates.

According to the information we have summarized previously, it seems that a 
high level of SDF in the ejaculate or in the selected sample for fertilization purposes 
is negatively correlated with reproductive outcomes. However, it is not only the 
amount of detected damaged DNA but also the nature of the DNA breaks that is of 
importance in explaining certain reproductive outcome failures [39, 40]. In this sce-
nario, the 2T-comet assay may provide additional information not provided by the 
neutral or alkaline comets regarding the nature of the DNA damage. This methodol-
ogy may provide important and singular information understanding a part of andro-
logical pathology as is the case for Kartagener’s syndrome [41].

Some studies have obtained interesting results using the 2T-comet assay. Enciso 
et al. [21] studied the frequency of sperm cells containing SSBs and DSBs in the 
ejaculates of a group of ten infertile patients with abnormal semen parameters such 
as volume, concentration, and sperm motility and compared them with those 
obtained in a group of ten normozoospermic fertile men. The infertile patient group 
had a significantly higher percentage of spermatozoa containing DSBs, compared to 
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the group of fertile subjects. Nevertheless, no significant differences were found in 
the percentage of spermatozoa with SSBs between infertile patients and fertile men.

In another study, Gosálvez et al. [41] established SSB and DSB profiles in infer-
tile patients with varicocele and compared them to fertile normozoospermic sub-
jects by 2T-comet assay. In this study, the authors analyzed a particular sperm class 
observed after applying the sperm chromatin dispersion test that was referred to as 
“degraded” sperm because they showed relatively low amounts of chromatin 
remaining in the nucleoid after protein removal when compared to normal or even 
sperm containing fragmented DNA. The 2T-comet assay demonstrated that degraded 
sperm containing both massive double- and single-strand DNA breaks coexist in the 
same spermatozoa. Recently, it has been reported that these types of spermatozoa, 
also present in the ejaculate of normal individuals, are fully covered with ALS 
which can be used as another indication of the presence of sperm DNA damage 
[27]. These “degraded” spermatozoa, a distinctive subpopulation in varicocele 
patients (six times more than fertile men), probably occur due to the fact that both 
DNA and protein fractions are affected by intratesticular oxidative stress. The 
2T-comet assay has been also used to assess SSBs and DSBs in one patient with 
Kartagener’s syndrome with four failures of fertilization after ISCI using testicular 
sperm obtained with testicular sperm aspiration [41]. The authors concluded that in 
addition to a failure of sperm motility, this patient was infertile because of a high 
level of unrepairable DBSs (85.2%) present in the ejaculate.

The clinical implication of the information provided by the comet assay in fertil-
ization and embryo development depends on the balance between the DNA damage 
in sperm and the oocyte’s repair capacity. Moreover, the type and/or complexity of 
DNA lesions in the different sperm can vary, and this would influence the embry-
onic development. After penetration into the oocyte, sperm with extensive DSBs, 
associated with apoptotic-like processes, will lead to a delayed paternal DNA repli-
cation, paternal DNA degradation, and arrest of embryo development if this exceeds 
the repair capacity of the oocyte [63]. Conversely, when sperm DNA damage is 
composed mainly of a low level of DSBs, SSBs, abasic sites, and/or DNA base 
modifications, the oocyte’s various specific DNA repair pathways are likely to be 
more effective, resulting in functional male pronucleus DNA and normal early 
embryonic development. Nevertheless, some misrepaired or unrepaired DNA 
lesions could still potentially lead to mutations or chromosome aberrations. 
Unrepaired SSBs or other lesions types may also result in DSBs when DNA is rep-
licating, leading to structural chromosomal abnormalities [64]. If these chromo-
some aberrations are unstable, they are more likely to affect the normal mitotic 
segregation of chromosomes, resulting in genomic instability and cell death, and 
thereby adversely affect embryo development [65]. When DNA repair is complete, 
the morula and blastocyst stages can be achieved. In contrast, if the repair processes 
are defective, blastocyst arrest or spontaneous abortion may then result [66]. SDF 
can lead to congenital malformations and genetic illnesses, as well as potentially 
increase the risk of certain cancers in related offspring [67]. The long-term conse-
quences on development and behavior of mice generated by ICSI with fragmenta-
tion sperm were investigated [66]. Anatomopathological analysis of animals at 
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16 months of age showed that 33% of females produced with fragmented sperm 
presented some solid tumors in the lungs and the dermis of the back or neck.

The comet assay, in its different versions, offers the possibility of discriminating 
between single- and double-strand breaks, and this aspect is of relevance in predict-
ing the fate of the embryo prior to implantation. However, further studies are neces-
sary to understand the mechanisms of paternal DNA damage as a cause of early loss 
of developmental stages and congenital malformations. The technical problems 
inherent to the comet assay represent the only bottleneck that limits its wide use in 
reproduction. In Table 7.1 we have summarized the different types of comet assay 
and the main clinical relevance associated with each one.

7.6  �Conclusions

(i) Assessment of DNA damage (DSBs) can be obtained using a neutral comet 
assay; whole (SSBs and DSBs) sperm DNA damage can be performed using an 
alkaline comet assay; the study of whole DNA damage and discrimination between 
SSBs and DSBs is possible using a 2T-comet assay. (ii) DNA damage evaluation by 
comet assay – or alternative strategies – as a predictor of male fertility is highly 
appreciated to assist in the diagnosis of recurrent spontaneous abortions or failures 
in ART. However, until we demonstrate with certainty which is the best protocol to 
assess sperm DNA damage, the acceptability and widespread application of any 
version of the comet assay will limit the application of this test as a research tool.

Table 7.1  Types of comet assay and their clinical importance

Comet assay

Type
DNA break 
detected Clinical relevance

Neutral DSBs DSBs have been associated with male infertility [54, 55] and 
pregnancy loss [23]. The identification of DSBs has biological 
importance at the sperm because of deficiency of DNA 
damage reparation mechanisms. Standardization, 
reproducibility, and validation of this technique are necessary

Alkaline SSBs + DSBs + 
ALS

Clinical relevance in infertility [38], embryo quality [58, 59], 
implantation [59], and miscarriage [66] pregnancy [56].Used 
to assess SDF in obstructive azoospermia [61], varicocele [40, 
55] vasectomy [62], chromosomal abnormalities [64], 
childhood diseases cancer [66], and diabetes mellitus [60]. The 
methodology is not included in routine infertility tests

Two-tailed 
comet 
(neutral + 
alkaline)

Discrimination 
of DSBs and 
SSBs

An innovative method to assess the simultaneous presence of 
DSB + SSB profiles within the same cell. It has been used to 
assess infertility [39], varicocele [40], and in a case of 
Kartagener’s syndrome [41]. This methodology may provide 
important and singular information to understand a part of 
human fertility and andrological associated problems

SSBs single-strand breaks, DSBs double-strand breaks, ALS alkali-labile sites, SDF sperm DNA 
fragmentation
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