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Featured Application: The proposed parameter here could help to improve the detection of genetic
damage associated with certain genotoxic agents.

Abstract: A new point of view for genetic damage assessment using the comet assay is proposed
based on the number of migration groups, the number of comets in each group, and the groups
with the highest number of comets. Human lymphocytes were exposed to different concentrations
of Methyl Methane Sulfonate (MMS), Maleic Hydrazide (MH), 2,4-Dichlorophenoxyacetic (2,4-D),
and N-nitroso diethylamine (NDEA). Using comet assay, the migration means of the comets were
determined and later grouped arbitrarily in migration groups with no higher differences than 1 pc.
The number of migration groups, the number of comets in each group, and the groups with the
highest number of comets (modes) were determined. All four of the genotoxic agents studied showed
a significant increase (p < 0.05) in the tail length and the number of migration groups compared to
the negative control. The number of migration groups did not show a significant variation between
the four-genotoxic agents nor within their different concentrations. However, the comparison of
the modes did show differences between the genotoxic agents, but not within the concentrations
of a same genotoxic agent, which indicated a determined chemical interaction on the DNA. These
parameters can improve the detection of genetic damage associated with certain genotoxic agents.
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1. Introduction

During the past 30 years, the comet assay, also known as Single Cell Gel Electrophore-
sis (SCGE), has been used to assess DNA damage and its reparation in cells and tissues [1].
It is a rapid, sensible, and adjustable bioassay that detects genetic damage in individual
cells with a wide range of applications [2-7]. Comet assay has been performed either
in vitro or in vivo in a variety of species [8,9]. The major advantages of this assay include
its relatively easy application to any tissue of interest and the detection of multiple types of
DNA damage [10]. Comet assay measures the tail length of the comets. After electrophore-
sis, loops containing a break lose their supercoil so can move freely to anode, in this way the
tail length indicates DNA broken [11]. Using another descriptors, the intensity of the tail
regarding to the head indicates too the DNA breaks [12]. The magnitude of the tail length
has a relationship with the level of DNA lesions in the cell [12]. Actually, some authors
have reported certain variants in the protocol of the comet assay for detecting different
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types of specific genetic damage within the DNA, such as DNA single-strand breaks (SSB),
alkali-labile sites (ALS), DNA-DNA /DNA-protein cross-linking, and SSB associated with
incomplete excision repair sites [13-19]. Other variations of the test were developed by
modifying it with enzymes for the detection of alkylated bases and the oxidation of purines
and pyrimidines [11]. Despite its multiple modifications, this assay is still considered an
unspecific technique [5,20].

Due to the great differences in tail migration among individual cells, the widely
accepted criteria to determine genetic damage has been the use of migration averages
of 25-100 comets per individual [15,19]. This difference among the tail length is mainly
given by the cell age [14], type of DNA damaged that occurred [21], and methodological
variations of the assay, for instance, the low melting agarose percentage used, time of
lysis, and electrophoresis [15], in addition to the differences within the observers [16] and
statistical analysis used [17]. The large heterogeneity between the tail length of the comets
observed in this test [14,22,23] indicates different levels of DNA damage given by broken
loops losing its supercoiling. Using the migration average criteria, the main property of
this assay is to determine and differentiate genetic damage between cells or individual
nuclei losing relevance. Different comet groups with a similar tail length (migration groups)
have been observed [24-26]. Therefore, the grouping of cells with equal tail lengths could
indicate DNA damage associated specifically with different ages, genotoxic agents, or
diseases avoiding the loss of data generated by averaging.

In the present study, an analysis to characterize genetic damage caused by different
agents using the alkaline comet assay based in three arbitrary parameters: number of
migration groups, number of comets in each group, and the migration groups with the
largest number of comets was proposed, with the aim of studying the differences in the
genetic damage between individual cells and to extend the advantages of the use of the
test in a wide variety of studies without increasing costs.

2. Materials and Methods
2.1. Reagents Used

Chemical mutagens and doses applied in this study were methyl methanesulfonate
(MMS) (CAS 66-27-3) at 2.5, 5, and 10 mmol (mM); maleic hidrazide (MH) (CAS 123-33-1n)
at 5, 20, and 45 mM; 2,4-dichlorophenoxyacetic acid (2,4-D) (CAS 94-75-7) at 0.5, 1, and
2 mM; N-nitroso diethylamine (NDEA) (CAS 62-75-9) at 5, 20, and 40 mM. They were all
purchased from Sigma Chemical Co. (Guadalajara, Jalisco, México). Dimethyl sulfoxide
(DMSO, CAS 67-68-5) and disodium EDTA (CAS 60-00-4) were provided by J.T. Baker
(México City, México).

2.2. Obtaining Blood Samples

Human peripheral blood cells (HPBLs). Prior informed consent, nine drops of periph-
eral blood without anticoagulant were obtained by annular puncture of six students (three
men and three women) not older than 20 years old, who had no history of smoking or
drinking and that were never exposed to chemical substances or environmental contam-
inants. This information was obtained through the prior application of a questionnaire.
HPBLs was immediately centrifuged at 200x g for 10 min with three mL of phosphate
buffer (160 mM NaCl, 8 mM NapyHPOy4, 4 mM NapyHPOy4, 50 mM EDTA, pH 7, and 4 °C).
The supernatant was removed, and the pellet was resuspended in 500 pL of phosphate
buffer (PBS) at 4 °C until its further use.

2.3. Genetic Damage Induced by MMS, MH, 2,4-D and NDEA

Previously obtained samples containing the lymphocytes were mixed with 13 mL
of PBS. The mixture was divided in 13 parts of 1 mL. To induce genetic damage, each
part was mixed with a mutagen v/v during two hours and 4 °C and at the following final
concentrations: (1) Negative control, (2) MMS 2.5 mM, (3) MMS 5 mM, (4) MMS 10 mM, (5)
MH 5 mM, (6) MH 20 mM, (7) MH 45 mM, (8) 2,4-D 0.5 mM, (9) 2,4-D 1 mM, (10) 2,4-D
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2mM, (11) NDEA 5 mM, (12) NDEA 20 mM, (13) NDEA 40 mM. At the end of the treatment
all the samples were washed 3 times with PBS, the pellet was then resuspended in 100 pL of
this same PBS to posteriorly be placed on the agarose gels. This procedure was performed
twice for each sample of the six individuals.

2.4. Alkaline Comet Assay

The alkaline comet assay was carried out using the method of Speit and Hartmann [27].
Slides were covered with Normal Melting Point (NMP) agarose at 1%, then the agarose
was allowed to solidify, and then it was removed from the slides giving as a result a
completely clean surface. Next, a 0.6% Low Melting Point (LMP) agarose layer was placed
on each slide. Once it solidified, another agarose layer was added (10 uL of the suspension
containing the whole blood and 90 pL of the 0.5% LMP agarose). Finally, a third layer
of 0.5% LMP agarose was added to cover the second layer. After that, the slides were
immersed in lysis solution (2.5 mM NaCl, 10 mM NayEDTA, 10 mM Tris-HCI, 1% Sodium
lauroyl sarcosinate, 1% Triton X-100, and 10% DMSO, pH 10) for 2 h at 11 °C. After this,
the slides were placed in a horizontal electrophoresis system with electrophoresis buffer
(300 mM NaOH, 1 mM Nap;EDTA, pH 13) for 45 min. The electrophoresis was then carried
out for 30 min at 1.0 V/cm with an amperage of ~300 mA and at 10-15 °C. Thereafter,
the slides were washed with distilled water and stained with 90 pL of ethidium bromide
(100 pL at 20 pg/mL). Immediately after, the slides were immersed in distilled water for
three minutes. Finally, the slides were rewashed with distilled water for 15 min.

2.5. Observation and Quantification of Comets

A fluorescence microscope with an excitation filter of 515-560 nm was used for the
quantification of the comets. The tail length was measured with the Comet assay sys-
tem II software (ZEEIZ SINOPTIC MIKRO S.A DE C.V, México, 2012). Approximately
200 cometized cells per studied subject were analysed.

2.6. Proposed Parameters

The comet groups with about the same tail length are called Migration Groups (MG).
In this study each MG differentiates one from another in 1 pc. Each MG represents a
Characteristic Genetic Damage (CGD), the number of groups indicates the amount of
Characteristic Genetic Damages (CGDs). The MG with the three largest numbers of comets
represents the most frequent Characteristic Genetic Damage or modes.

2.7. Statistical Analysis

The statistical software Statplus 2 was used to perform an analysis of variance
(ANOVA), a Fisher test, and an F-Test for variances of two samples. A confidence level of
0.05 was used.

The most recent recommendations reported were taken into account to describe the
procedures and results using the comet test [27].

3. Results

The data obtained from the test after the exposure of the lymphocytes to different
concentrations of MMS, MH, NDEA, and 2,4-D were arbitrarily organized in MG with
differences of 1 pc (Figure 1A-D).
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Figure 1. Migration groups and number of comets observed per group after exposure to three different concentrations
of MMS (A), MH (B), NDEA (C), and 2,4-D (D). Each peak corresponds to a migration group with a different number
of comets.

In each case, the negative control (Figure 2, Table 1) always showed a significant lower
number of MG (p < 0.05). On the contrary, MMS, MH, 2,4-D, and NDEA induced the
largest number of groups in proportion to the concentration (Figure 2). The comparison
between the number of MG and the genotoxic agents and their different concentrations
did not show significant differences (p > 0.05). However, modes were different among the
genotoxic agents but not within the concentrations of a same genotoxic (Table 1).
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Figure 2. Average migration of DNA and number of migration groups observed in lymphocytes exposed to different
concentrations of MMS, MH, 2,4-D, and NDEA. On the left, the average DNA migration is shown, and on the right side, the
number of cells in each (comets) are indicated.

Table 1. Migration groups and number of comets generated in each one caused by the exposure to MMS, MH, 2,4-D, and
NDEA. The groups with the three largest numbers of comets (modes) are indicated in grey > blue > orange.

Experimental Groups

Migration

Growps ~NC MMS MMS  MMS  MH MH MH 24D 24D 24D NDEA NDEA NDEA
in pc 25mM 5mM 10mM 5mM 20mM 45mM 05mM 1mM 2mM 5mM 20mM 40mM

0 1 1 1 1

1 2 1 5 1 1 2 3 1 4 5 3

2 8 20 35 3 1 1 5 10 8 4 33 5 6
3 19 16 8 2 2 5 18 19 18 5 8 6
4 [ 2 17 14 25 11 6 36 3 [ 80 9 24 20
5 42 22 14 26 24 24 10 80 39 22 10 24 18
6 68 37 2 [ 8 8 @ 2 19 41 35
7 29 27 25 31 36 23 23 22 24 22 16 27

8 35 46 | 29 46 5 3 38 27 30 33 35
9 13 22 19 29 39 26 41 19 10 21 25 28 22
10 13 22 23 22 13 30 21 10 14 19 32 23 27
11 11 13 22 18 8 40 21 14 16 16 38 18 16
12 5 15 18 12 6 17 16 8 8 12 14 7 13
13 3 10 10 11 8 8 23 8 8 11 15 11 21
14 2 2 6 7 5 8 13 6 6 5 11 7 9
15 2 6 4 2 6 7 15 5 5 10 4 9 7
16 1 2 1 5 5 4 6 6 3 4 2 5
17 5 8 6 6 5 5 4 4 3 5 5 5
18 4 2 3 2 2 4 7 3 1 5 7
19 4 2 2 2 2 4 7 2 2 2 1
20 1 8 2 1 1 3 6 3 3 3 3 2
21 4 2 3 1 1 4 1 8 1 2

22 2 6 2 2 1 2 5 1 6 2 4
23 1 1 3 1 4 2 2 3 2 2

24 1 2 1 3 1 3 4 1 2 6
25 2 2 2 1 1 1
26 1 1 3 1 6 2 2




Appl. Sci. 2021, 11, 4094

6 0f 9

Table 1. Cont.

Experimental Groups

Migration
Groups
in pc

NC

MMS
2.5mM

MMS MMS MH MH MH 2,4-D 2,4-D 2,4-D NDEA NDEA NDEA
5 mM 10 mM 5 mM 20mM 45mM  05mM 1mM 2mM 5 mM 20mM 40 mM

27

1 4 1 1 8 1

28

2 3

29

1 5 1

30

2
1 1
2

31

N| = =] W

32

= N =

1 2

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

1

Methyl Methane Sulfonate (MMS), Maleic Hydrazide (MH), 2,4-Dichlorophenoxyacetic (2,4-D), N-nitroso diethylamineNDEA.

A clear relation between the average genetic damage, the total number of migration
groups, and the concentration was observed for MMS and MH (Figure 1A,B). However, no
relation was observed for 2,4-D and NDEA (Figure 1C,D). All MG and number of comets
generated after exposure to MMS, MH, 2,4-D, and NDEA are shown in Table 1. Each
migration group represents a CGD. The groups with the highest number of comets (modes)
are highlighted in color. The negative control always showed the lowest number of MG with
16, and modes of 6, 4, and 5 pic. Regardless of their concentration, MMS and MH showed
modes of 6, 7, and 8 pc. 2,4-D showed modes of 4, 5, 6, and even 8 uc. NDEA generated
modes of 2, 8,11, 6, 8,9, and 6, 7, 8 for the concentrations of 5, 20, and 40 mM, respectively.

4. Discussion

The alkaline comet assay can be used to study genotoxicity and genetic damage [15].
It is based on the measurement of the tail length of the comet and the measurement of
migrated DNA percentage [13]. Even though multiple adaptations have been made to
this assay in order to detect specific genetic damage, it is still considered as a test that
only detects unspecific genetic damage [5,20] characterized by a high heterogeneity among
the observed comets [24,26,28]. In this study, we used the tail length descriptor because
despite of being the simplest criteria and it is possible to observe great heterogeneity in the
magnitude of the migration of comets which allows cells with similar tail length size to
be grouped.

In an attempt to make the comet test more specific for the detection of genetic damage,
human lymphocytes were exposed to MMS, MH, 2,4-D, and NDEA in different concentra-
tions and an increase in genetic damage was observed, depending on the genotoxic agent
and the concentration, which allowed organizing the data arbitrarily in migration groups
of 1 pc. Thus, differences between single comets (differences in genetic damage) are framed
in a MG so that way, they do not lose relevance as a consequence of the “average” effect,
which allows us to determine and differentiate genetic damage between individual comets.
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Each migration group indicates what we call a CGD, the number of MG represent distinct
CGDs and the three MG with the largest number of comets represent the most frequent
CGD (modes). Some of the groups showed the largest number of comets indicating that
these types of damage are the ones that occur more frequently, and each of them depend
on the genotoxic agent as it was shown in Table 1 where the most frequent CGD in the
negative control corresponds to the 6 > 4 > 5 uc groups.

Regardless of the concentration, the CGD for MMS and MH was at 6, 7, and 8 pc.
Other CGD: 4, 5, 6, and 7 pc were observed for 2,4-D and 5, 6, 7, and 8 uc for NDEA.

Nuclei can be classified as damaged or undamaged according to the percentile of
the length of the tail [29]. However, the GM can be used as an additional indicator of
genetic damage. Although previous reports have shown comet groups with different
degree of damage [24,26,30], far too little attention has been paid to the role of migration
groups in the comet assay. In this study, MG were formed. Each group was different
from one another for 1 pc, therefore, observing CGD, could be a method that broadens
the sensibility of the comet assay but still without being considered a method that detects
specific genetic damage.

Alkylating agents MMS and NDEA cause mutational events on the DNA [31] that
may be related with the increase of migration groups and a higher frequency of some
of them, which consequently indicates that these genotoxic agents induce certain CGD
more frequently. A similar situation may occur for 2,4-D and MH. However, the genotoxic
mechanism of action of these agents is still not clear [32]. The comet assay can detect DNA
changes induced by these genotoxic agents, yet it detects the changes without determining
the molecular mechanism. This is the reason why it is considered as a test that detects
unspecific genetic damage [5,20].

Despite the non-specificity of the comet assay, it generates a certain number of MG
directly proportional to the genetic damage and the genotoxic agent concentration. 2,4-D
and NDEA also generated MG. Nevertheless, they were not related with the genotoxic
agent concentration. This behavior is due to the fact that the highest concentrations tend
to cause high level of DNA fragmentation resulting in comets of great magnitude, which
cannot be visualized in their totality by the image analyzer. As a result, comets of equal or
shorter magnitude than at lower concentrations are observed. This behavior has previously
been reported in NDEA [33].

As it was expected, the negative control showed the lowest total number of MG, which
indicated cells with a different level of damage probably associated to the cell age [14] and
the type of damage caused on the DNA [21].

5. Conclusions

The GMs are proposed as a descriptor of genetic damage based on (a) the grouping of
comets with size similar of tail length, (b) the quantification of the number of comets in
each group, and (c) the GM with the highest number of comets. These characteristics could
help to associate a genotoxic agent to a distinctive genetic damage change. It is worth
mentioning that this procedure does not require an additional cost or special equipment,
only the analysis of statistical data. It could also be used to detect CGD associated to
diseases characterized by genome instability [34], cellular aging studies, and in studies
related to environmental contamination by genotoxic agents [16].
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