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Abstract

The in vivo comet assay is widely used to measure genotoxicity; however, the current
OECD test guideline (TG 489) does not recommend using the assay to assess testicu-
lar germ cells, due to the presence of testicular somatic cells. An adapted approach to
specifically assess testicular germ cells within the comet assay is certainly warranted,
considering regulatory needs for germ cell-specific genotoxicity data in relation to
the increasing global production of and exposure to potentially hazardous chemicals.
Here, we provide a proof-of-concept to selectively analyze round spermatids and pri-
mary spermatocytes, distinguishing them from other cells of the testicle. Utilizing the
comet assay recordings of DNA content (total fluorescence intensity) and DNA dam-
age (% tail intensity) of individual comets, we developed a framework to distinguish
testicular cell populations based on differences in DNA content/ploidy and appear-
ance. Haploid round spermatid comets are identified through (1) visual inspection of
DNA content distributions, (2) setting DNA content thresholds, and (3) modeling
DNA content distributions using a normal mixture distribution function. We also
describe an approach to distinguish primary spermatocytes during comet scoring,
based on their high DNA content and large physical size. Our concept allows both
somatic and germ cells to be analyzed in the same animal, adding a versatile, sensi-
tive, rapid, and resource-efficient assay to the limited genotoxicity assessment tool-
box for germ cells. An adaptation of TG 489 facilitates accumulation of valuable
information regarding distribution of substances to germ cells and their potential for

inducing germ cell gene mutations and structural chromosomal aberrations.
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1 | INTRODUCTION

There is an increasingly scientific and regulatory demand for effective,
rapid, and low-cost assays to assess genotoxicity in male germ cells
with minimal use of test animals. This growing demand is related to
the increased production and use of potentially hazardous chemicals
(UN Environment Programme, 2019), and the associated human expo-
sure. Moreover there is increased concern of potential harmful impli-
cations of preconception exposure of gametes to genotoxic
substances (Brevik et al., 2012; Marcho et al., 2020; Zhang
et al., 2020), as DNA damage is implicated in a plethora of adverse
effects, of particular importance in germ cells. Exposure to a genotoxic
agent can lead to mutations that can be transferred to the offspring,
contributing to genetic disease, and impacting the health of coming
generations (Dearfield et al., 2002; Griffiths et al., 2000; Marchetti
et al., 2020; Yauk et al., 2015).

Today, few validated and accepted methods are available for the
investigation of genotoxicity in male germ cells for chemical risk assess-
ment from a regulatory perspective. The Organization for Economic Co-
operation and Development (OECD) has published several internationally
recognized guidelines for the testing of chemicals. Current in vivo
methods, with approved OECD test guidelines (TG) for the detection of
germline mutagenicity, include the rodent dominant lethal test (TG 478),
mouse heritable translocation assay (TG 485), mammalian spermatogo-
nial chromosomal aberration test (TG 483), and transgenic rodent muta-
tion (TGR) assay (TG 488). These assays are generally labor-intensive,
time-consuming, expensive, and hence rarely used. TG 478 and TG
485 both require large numbers of animals, which is not in accordance
with the 3R's principle (replace, reduce, and refine). TG 483 and TG
488 require limited numbers of animals; however, TG 483 has low sensi-
tivity. TG 488 has high sensitivity and specificity and was recently
revised to obtain reliable data from epididymal spermatozoa, using a 28
+ 28d exposure regimen to cover spermatogenesis (OECD, 2020). This
recent revision will hopefully facilitate increased use of this assay as it
has historically rarely been used as it is considered rather expensive,
resource demanding, and requires transgenic animals available through
few sources (ECHA, 2012).

The in vivo comet assay (TG 489) is cost-effective, easy to per-
form, requires the similar limited number of animals as the TG 488, is
easily transferrable to new laboratories, has a high sensitivity for
detecting DNA damage, and shows high specificity and few false-
positive cases (Azqueta & Collins, 2013; EFSA, 2011; Langie
et al., 2015; Singer & Yauk, 2010; Speit et al., 2015; Yauk et al., 2015).
About a decade ago, the comet assay was reported to be more sensi-
tive than both the TG 488 and rat liver unscheduled DNA synthesis
(UDS) test (TG 486) for detecting rodent carcinogens that were nega-
tive in the conventional bone-marrow micronucleus assay (Kirkland &
Speit, 2008). A recent comparison of TG 489 and TG 488 shows that
the two assays generally identify the same compounds as genotoxic in
liver, stomach, and colon (Kirkland, Levy, et al., 2019a).

The alkaline comet assay (single-cell gel electrophoresis) measures
single-strand DNA breaks and alkali labile sites that are transformed
into strand breaks under alkaline conditions (Singh et al., 1988;
Cordelli et al., 2021). In short, cells are molded in agarose followed by
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lysis and deproteinization under alkaline conditions, leaving DNA
nucleoid structures. The nucleoids are subjected to alkaline electro-
phoresis (pH > 13) to reveal DNA lesions prior to fluorescent staining
of the DNA to visualize structures resembling comets. During alkaline
electrophoresis, the broken or damaged DNA strands migrate from
the head of the nucleoid structure creating a comet tail. The degree of
DNA migration correlates with the level of DNA damage (Singh
et al,, 1988; Collins, 2004). DNA damage is most often recorded as
the fraction of DNA in the tail (% tail intensity; % TI), as recommended
in OECD TG 489.

Since its development in the late 1980s, the comet assay has
been widely used to measure DNA damage and repair. The OECD
test guideline (TG 489) was adopted in 2014; however, at this time
the assay was not considered appropriate for specific measure-
ments of the germ cells of the testis. The reasoning for this was
that cell suspensions derived from the gonads contain a mixture of
cells of both somatic and germ-cell origin, so testicular germ-cell-
specific information could not be deduced (OECD, 2016). More-
over, the mature germ cells (spermatozoa) demonstrate variable
background DNA damage levels when measured using the comet
assay and may require specially adapted exposure regimens. The OECD
suggests that protocol modifications and validation studies are necessary
before TG 489 can be revised to include an analysis of testicular germ
cells. Nevertheless, the comet assay has been used to measure DNA
damage in gonadal cells in both research settings (Asare et al., 2016;
Bjorge et al., 1995; 1996a; Brunborg et al., 2015; Olsen et al., 2001;
2003; Collins, 2004; Olsen et al., 2005; Olive & Banath, 2006; Speit &
Hartmann, 2006; Dhawan et al, 2009; Hansen et al., 2010; 2014;
Graupner et al., 2014; 2015; Gutzkow et al., 2016 Graupner et al., 2017;
Sharma et al., 2018) and in a regulatory perspective (Brendler-Schwaab
et al, 2005; Vasquez, 2012; Graupner et al., 2014; Frotschl, 2015;
Koppen et al., 2017).

Here, we propose a methodological concept that enables specific
analysis of genotoxicity in testicular germ cells, a framework that can
be incorporated into the current TG 489. The concept is based on the
unique DNA content (ploidy), shape, and size of different testicular
germ cell nucleoids, enabling identification of specific germ cell popu-
lations in mixed testicular cell suspensions. Moreover, this approach
allows both somatic and germ-cell genotoxicity data to be obtained
from the same animal. Utilizing this concept will increase the availabil-
ity of germ cell genotoxicity data used for identification of hazardous
agents and extend the understanding of germ cell mutagens compared
with somatic cell mutagens. The framework can also be used to
understand genotoxic responses in specific germ cells, in a fundamen-

tal research perspective.

2 | MATERIALS AND METHODS

21 | Collection of historical testis comet data and
comet assay protocol details

Data from a previously published in-house study were used to dem-
onstrate the concept to identify and analyze specific germ cell comets
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among a mixture of testicular cells. In this in-house study, the geno-
toxic effects of selenium deficiency were investigated (Graupner
et al., 2015). Graupner and coworkers performed an in vivo comet
assay with testicular cell suspensions from 8 to 11 weeks old Big
Blue™ C57BL/six mice deprived of the antioxidant and essential ele-
ment selenium (Se) through two generations. Testes from 14 animals
were used in the study; eight mice were given a low selenium diet
(0.01 mg Se/kg diet) and six mice were given a normal selenium diet
(0.23 mg Se/kg diet). Selenium deprivation led to significantly
increased overall DNA damage levels in mixed cell populations from
the testes, as well as in lung, and blood compared to mice given a nor-
mal diet with adequate selenium. The complete protocol for tissue
collection and the comet assay is described by Graupner et al., 2015,
and a high throughput version of the alkaline comet assay was used
(Gutzkow et al., 2013).

Briefly, testicular cell suspensions were generated by cutting
the testis into small pieces in ice-cold Merchant's buffer (0.14 M
NaCl, 1.47 mM K,PO,4, 2.7 mM KCI, 8.1 mM Na,HPO4, 10 mM
Na,EDTA). The testis pieces were transferred to a tube and
mechanically squeezed through a stainless-steel screen (0.4 mm)
using a plunger, followed by filtering through cotton gauze and
nylon mesh (100 um). The cell density of the testicular cell suspen-
sions was adjusted to 1 x 10° cells/ml, followed by 1:10 dilution in
0.75% low melting point agarose at 37°C. Triplicates of cell sus-
pension (4 ul) from each animal were molded on a cold GelBond©
film. The cells were lysed and deproteinized overnight in a lysis
solution (2.5 M NaCl, 0.1 M Na,EDTA, 0.01 M Tris-base, 0.2 M
NaOH, 0.034 M N-Lauroylsarcosine, 10% DMSO, 1% TritonX-100,
pH 10). The films were transferred to an alkaline electrophoresis
solution (0.3 M NaOH, 0.001 M NayEDTA, pH > 13) for 40 min to
allow the DNA to unwind, followed by alkaline electrophoresis for
20 min at 8°C and 0.8 V/cm (25 V between electrodes) in fresh cir-
culating electrophoresis solution. Following electrophoresis, the
films were rinsed in water for 1 min followed by 2 x 5 min in neu-
tralization solution (0.32 M Tris-HCI, 0.08 M Tris-base, pH 7.5).
The films were fixed in ethanol and dried prior to DNA staining in
TE-buffer with SYBR®Gold Nucleic Acid Gel Stain (10,000 dilu-
tion) for 20 min.

Comets were scored using the Comet assay IV (Perceptive Instru-
ments Ltd., Suffolk, UK). During scoring, at least 50 randomly selected
comets were scored per gel, with three gels per animal (technical repli-
cates), for a total of at least 150 comets scored per animal. Elongat-
ing/elongated spermatids and spermatozoa were not scored, based on
their visually distinct nuclear shapes (see Figure 1d). Elongating sper-
matids have an elongated nucleus where the chromatin is increasingly
condensed to one side of the nucleoid, like a crescent, whereas sperma-
tozoa have a small nucleoid with a highly condensed appearance. Only
comets with a round nucleus were scored; the roundness of each comet
was judged visually during scoring in the original study (Graupner
et al., 2015). It was not possible to quantify DNA damage levels in pri-
mary spermatocytes per se because we used a historical dataset. Primary
spermatocytes must be identified during scoring based on their large
nucleoid and high DNA content. The focus of this proof-of-concept is
therefore on identification of haploid round spermatids.

2.2 | Identification and modeling of testicular cell
populations

Frequency distribution histograms of the total DNA content of the
comets (total intensity values) were created for each animal, using a
class width of 10,000. Two approaches were used to identify the tes-
ticular cell populations based on the distributions of the total intensity
values: visual inspection and modeling. Using visual inspection, as
briefly discussed in our previous publications (Olsen et al., 2001;
2003; Brunborg et al., 2015) and (Zheng & Olive, 1997), the main
peaks on the distribution histogram were defined as comet
populations.

The data were modeled using a normal mixture distribution func-
tion. Nonrelevant comet registrations (data points with very high or
low total intensities) were excluded using quantile-based flooring and
capping. In short, several combinations of limits at the lower and/or
upper quantiles were tested, starting at the outer quantiles and
increasing the range, excluding more and more comets for each com-
bination. For each combination, the model was refitted to the distribu-
tion histograms. Typically, the lower quantile was <0.5 and had to be
set carefully to avoid excluding relevant comets. The upper quantile
cut-off was set to 0.92. The upper cut-off is more adjustable because
these comets never will be included in the 1N cell population. Once
the model was consistently able to identify the same comet popula-
tions as observed using visual inspection in all animals, combined with
low standard deviations (o) of the identified populations, the comets
in the excluded quantiles were marked as outliers in the dataset and
excluded from further processing. Identical quantile limits were set for
data from all animals. The number of comets that need to be excluded
for the model to identify the most likely cell populations depends on
the distribution of the data. The iterative process of removing comets
from the outer quantiles of the total intensity distribution, reapplying
the normal mixture distribution function and visually confirming that
the model fits the observed cell populations should be performed on
each unique dataset, until the most appropriate model describing the
total intensity distributions of the three cell populations in all animals
is identified.

2.3 | Transformation of total intensity values

To potentially improve the separation between populations the raw
total intensity values were transformed using square root, cube root,
and logarithmic transformations. Following transformation, distribu-
tion histograms were created for each animal and the cell populations

were identified as described above.

2.4 | Standardization of total intensity values

The total intensity values were standardized to facilitate comparison
between gels, animals, treatment groups, and experiments. Standardi-
zation was performed using a simple scaling factor or Z-score stan-
dardization. When using the scaling factor, the total intensity values
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Spermatogenesis and DNA content. (a) During spermatogenesis primary spermatocytes (2N, 4C) undergo meiosis | to produce two

secondary spermatocytes (2N, 2C) which subsequently divide during meiosis Il to produce haploid round spermatids (1N, 1C) that further
differentiate into elongating spermatids and ultimately spermatozoa. In the data presented here, round spermatids are selectively scored, since
cells in later stages of spermiogenesis are excluded based on visual appearance. Created with BioRender). (b) The testicle contains seminiferous
tubules where spermatozoa are produced through the process of spermatogenesis. The testicle contains germ cells at different stages of
spermatogenesis, as well as somatic cells (2-4N, 2-4C), such as Sertoli and Leydig cells (Created with BioRender). (c) Cells in a testicular cell
suspension exhibit different DNA content (measured as total intensity in the comet assay) which can be used to identify the 1N/1C cells (green;
round spermatids), 2N/2C cells (red), and the 2-4N/4C cells (blue; primary spermatocytes and somatic cells). (d) Comet image illustrating the size

and shape difference of the different testicular cell types.

from each animal were divided into quantiles. Afterward, the total
intensity values were scaled so that the total intensity of a specific
quantile was scaled to an arbitrary total intensity value. In our case,
the 40% quantile was set to an arbitrary total intensity value of
100,000, and all the comet total intensities for each animal were

scaled accordingly following the formula:

arbitraty total intensity value>

total intensity value - - -
' tyvai *< total intensity of quantile

Z-score standardization was achieved based on the mean (u) and
standard deviation (o) values of the leftmost population identified
by the model, which also had the lowest total intensity, represent-
ing the haploid germ cell population (round spermatids). The total
intensity values for each animal were standardized using the Z-

score formula:

total intensity value - mean ()
standard deviation (o)

2.5 | Identification of haploid germ cell comets

Three approaches were used to identify and differentiate comets
belonging to the haploid germ cell population, hence distinguishing
them from the other cell populations hereafter referred to as “other
cells.” For each approach, the % Tl of comets were plotted along with

their total fluorescence intensities, as separate plots for each animal.

I. The first approach for identifying the haploid germ cell popula-
tion was based on the fitted normal mixture distribution function
of Z-score standardized total intensity values. All comets with a
Z-score standardized total intensity value lower than the mean

+ 1 standard deviation (SD) were considered haploid germ cells.
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Il. The second approach was based on identifying the haploid germ
cells through visual inspection of the % TI (y-axis) against total
intensity plots (x-axis). A line showing the frequency of comets
(in small total intensity intervals) was added to the plots, and the
comet population with the lowest total intensity was recognized
as the haploid germ cells. Visual identification of the haploid
germ cells was performed separately for each animal.

1]

. The third approach consisted of setting a conservative total
intensity threshold, based on the expected distribution of
comets in each of the testicular cell populations. Unexposed
testicular cell suspensions consist of 60%-80% haploid germ
cells (Bjorge et al., 1996b; Hansen et al., 2010; Rodriguez-
Casuriaga et al.,, 2013; Brunborg et al., 2015). Therefore, a
conservative cut-off at a lower level would identify haploid
germ cells, with a very low likelihood of including comets
from higher ploidy cell populations. The total intensity values
for each animal were divided into quantiles, and all comets
with a total intensity < 40% quantile were considered haploid.

2.6 | Statistical analyses

Data analysis was performed using the JMP Pro 15 software (JMP,
Version 15.2.0 SAS Institute Inc., Cary, NC). % Tl values were sum-
marized as medians per gel, and the medians of the three gels were
summarized as mean per animal (Bright et al., 2011; OECD, 2016).
The total intensity data from each animal were modeled using a
normal mixture distribution which fits the multimodal data and
estimates a separate mean, standard deviation, and proportion for
each population following exclusion of outliers, normalization, and
standardization of data, through several iterations. Standardization
of total intensity values between animals was tested using Tukey's
test. Wilcoxon rank of sums was used to investigate differences in
% TI. To obtain adjusted % TI values for the experimental animals,
the mean % TI of the control animal group was subtracted from
the mean % Tl of each individual experimental animal. This was
done separately for the comets identified as haploid cells or the

other cells.

3 | RESULTS

3.1 | Concept for identifying round spermatids and
primary spermatocytes in testicular cell suspensions

This proof-of-concept study relies on the assumption that the total
intensity of a comet reflects the total amount of DNA in each cell.
When performing the comet assay, both DNA damage (% TI) and
DNA content (total intensity) of each individual cell is measured using
software-based scoring techniques. This has the logical implication
that comets with different DNA content can be identified based on
their total intensity values. Additionally, the physical size and shape of

each comet are easily observed during comet scoring. We exploit

these two features to gather genotoxicity data from specific popula-
tions of testicular germ cells.

During spermatogenesis male germ cells exhibit different
ploidy (N, number of complete sets of chromosomes) and DNA
content (C, amount of DNA in the cell). Germ cells in the later
stages of spermatogenesis (round spermatids, elongating/
elongated spermatids, and spermatozoa) are haploid (1N) with only
one copy of each chromosome (1C) (Figure 1a). Germ cells at ear-
lier stages of spermatogenesis (2N; somatic cells in S phase or G2)
have 2C or 4C DNA content (Figure 1b). Sorting all scored comets
from the testicular cell suspension according to their total intensi-
ties thus results in distinct populations of cells with different
ploidy as illustrated in Figure 1c. We, and others, have previously
used a simplistic version of this principle to obtain information
regarding testicular germ cells at specific stages of spermatogene-
sis, both in rodent (Bjorge et al., 1996b; Zheng & Olive, 1997
Jansen et al., 2001; Olsen et al., 2001; 2003; 2005) and human tes-
ticular cells (Olsen et al., 2001; 2003; Brunborg et al., 2015).

Primary spermatocytes have a larger physical size than all other
cells in a testicular cell suspension as well as a high DNA content (2N,
4C; corresponds to 2N duplicated chromosomes) (Johnson
et al., 1999; Holstein et al., 2003). To retrieve primary spermatocytes’
specific DNA damage measurements, we propose to selectively iden-
tify primary spermatocytes during scoring, based on these features
(Figure 1d). As our study was developed using historical data, without
possibility of physically examining each comet during scoring, we were
unable to identify the primary spermatocytes in this dataset. Accord-
ingly, the analyses described herein focus on identifying the haploid
round spermatids in mixed testicular cell populations. Both primary
spermatocytes and round spermatid have round nuclei, which can be
visually distinguished from the more crescent-shaped nucleus of elon-
gating spermatids and small, highly condensed nucleoid of rat

spermatozoa.

3.2 | Identification and modeling of testicular cell
populations

Raw comet total intensity data for each animal were plotted as dis-
tribution histograms. For most animals, the total intensity distribu-
tion histograms represented three populations of comets, easily
identified by visual inspection. For some animals a few comet reg-
istrations had either very low or high total intensities, representing
clear nonrelevant comet registrations, hampering the identification
of the cell populations.

When modeling the three cell populations using the raw total
intensity dataset from each animal, the normal mixture distribution
function did not always fit the visually established total intensity dis-
tributions (Figure 2). For some animals, a few high-intensity data
points were modeled as a separate population, with all remaining data
points modeled as one separate, large population (Figure 2a). For
other animals, data points with particularly low intensities were mod-

eled as a distinct population, containing a limited number of data
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FIGURE 2 Distribution histograms of the normal mixture distribution before (left) and after (right) exclusion of nonrelevant data points. Data
are shown for comet data from one representative animal. The x-axis shows the total intensities of the comets, the height of each column
represents the frequency of comets within a specific total intensity interval; the green line shows the fitted three normal density distributions. In
(a) shaded columns represent comets included for further analysis (seen in b)), while the light green columns represent nonrelevant data points.
Distribution of total intensities and normal mixture distribution of the datasets (a) before removing nonrelevant datapoints, total # comets = 150

or (b) after exclusion of nonrelevant datapoints, total # comets = 137.

points. To overcome this, excluding the comet registrations in the
0.01 quantile, as well as comets with a total intensity higher than the
0.92 quantile, resulted in a normal mixture distribution model where
the estimated mean (1) and standard deviation (o) for each population
in the model fit well with the distribution histograms, without appar-
ent exclusion of comets from the first (1N/1C) or third (2N, 2-4C)
populations (Figure 2b).

3.3 | Transformation of total intensity values

The datasets were clearly left skewed-right tailed (Figure 3a, b). To
improve separation between the cell populations, the data were trans-
formed using square root, cube root, and logarithmic transformations.
Generally, as illustrated by representative datasets in Figure 3, in this
particular dataset transformation of the data of resulted in increased
overlap between the first and second populations, due to larger
peak dispersion. This was most pronounced for the cube root and
logarithmic transformations that caused marked overlap in the
experimental animals (Figure 3b). In general, there were no major
differences between the untransformed and the square root trans-
formed data; however, the dispersion of the haploid germ cell pop-
ulation was slightly larger for the square root transformed data,
resulting in the conclusion that the untransformed data demon-
strated the highest normality and resolution between populations
and this was chosen for further analyses.

3.4 | Standardization of total intensities

Next, two methods were used for standardization of the total inten-

sity data: quantile scaling and Z-score standardization. After quantile

scaling, the mean total intensity values of all animals were no longer
significantly different from each other (p >.2, Tukey's HSD test),
whereas among the non-standardized total intensity data, 9 out of
91 animal pairs showed significantly different mean total intensities
(p > .05, Tukey's HSD test).

When using Z-score normalization, the i and o values of the hap-
loid germ cell population were used as parameters for standardization,
meaning that only the total intensities of the haploid cells were truly
standardized between animals. Our focus was on obtaining standard-
izing information regarding the haploid germ cell population, at the
expense of the other populations. Using the u and o values of the
haploid germ cells resulted in this population of comets being stan-

dardized to have a mean of 0 and a standard deviation of 1.

3.5 | Identification of haploid germ cell comets

Three approaches were attempted to select the haploid germ cells
from the remaining cells in the testicular cell suspension (Figure 4).
Depending on the nature of the comet data, and aim of study, prior
standardization may not be necessary. Some of the approaches can
use raw data directly (Figure 4a, b), while other approaches require
prior data processing. Identification of the haploid germ cells based on
visual inspection and the conservative cut-off can be performed on
both standardized and non-standardized total intensity values. When
basing the identification of the populations identified by the fitted
normal mixture distribution function, Z-score standardized total inten-
sity values should be used as this allows for faster processing, since
the threshold for selecting the haploid population will be the same for
all animals. For each approach, a cut-off/threshold is set to separate
the haploid germ cell comets from the other comets in the testicular

cell suspension.
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(a) Control animal, Total # comets = 139 (b) Experimental animal, Total # comets = 137
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FIGURE 3 Distribution histograms of mixture distributions after different transformations of raw data. The x-axis shows the total intensities
of the comets, and the height of the column represents the frequency of comets at specific total intensity intervals. The green line shows the
fitted three normal density distribution, and the height of each column represents the number of comets in each column. The datasets are from a
representative (a) control animal given a normal selenium diet and (b) experimental animal given a low selenium diet.

I. For the first approach the cut-off for haploid germ cells was set comets with total intensity >1 were labeled as “other cells”
at mean + 1 SD, based on the p and o values obtained from (Figure 4c, d).
the fitted distribution model. In other words, all comets with a Il. The second approach is based on a visual inspection of total
total intensity <1 were considered haploid germ cells, whereas intensity distributions. The haploid germ cell population was
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Control animal Experimental animal
(a) Raw data, Total # comets = 137 (b) Raw data, Total # comets = 137
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FIGURE 4 Identification of haploid germ cell populations based on different approaches. The total intensity (amount of DNA/comet) was
plotted against % tail intensity (DNA damage level) for each comet. Data for one representative animal from the control group (left) and the
experimental group (right) are presented. The vertical red dotted line represents the threshold (cut-off) between haploid germ cells with low total
intensity and the 2C/4C cells, and the blue line represents the frequency of comets at each total intensity level. (a) and (b) represent raw data.

(c) and (d) represent haploid germ cells identified based on the dispersion of the haploid germ cell population in the fitted normal distribution
function after Z-score standardization. (e) and (f) represent identification based on visual inspection. (g) and (h) represent selection of the haploid
germ cells based on a conservative cut-off where 40% of comets with the lowest total intensity were classified as haploid germ cells.
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FIGURE 5 Flow diagrams for the
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comet population with the lowest total intensity was identified the 40% quantile were identified as haploid germ cells
as the haploid germ cell population (Figure 4e, f). (Figure 4g, h).
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TABLE 1 The number of haploid germ cells and the mean tail intensity (% TI) for each animal (Big Blue™ C57BL/six mice) using three
different approaches to identify the haploid germ cell population in the testicular cell suspension. Total # comets are the number of comets
following exclusion of nonrelevant comet data points. % Tl values are shown as the mean for each animal with standard deviation, where the
mean was calculated from the median of each of the 3 gels per animal. Significance was tested using Wilcoxon rank of sums, ** p < .005, *p < .05.

Fitted distribution Conservative cut-off Visual inspection
Total # # haploid Tail # haploid Tail # haploid Tail
Mouse number comets cells intensity (%) cells intensity (%) cells intensity (%)
Control animals 1 138 68 24+12 55 23+20 82 30+£10
2 137 50 27+15 55 27+18 60 29+15
3 137 64 68+15 55 6.5+22 76 7419
4 137 52 33+10 55 3306 71 3.1+£0.7
5 137 64 24 +09 55 21+13 85 35+18
6 139 65 0.3+0.1 56 0.3+0.1 82 0.3+0.1
Mean  137.50 68.0 30+£21 55.2 29+21 77.7 3423
Experimental 1 148 68 3.9+12 59 47 +21 92 6.7+19
A 2 152 97 82+17 61 64+11 116 9.6+0.7
3 138 71 8.8+13 55 9.8 +0.6 82 10.3 £ 0.5
4 139 77 85+11 56 88+14 85 89+10
5 137 85 4.7 £0.7 55 33+12 99 51+06
6 137 67 7.8+3.7 55 7.3+35 83 9.5+32
7 137 76 7316 55 5.3+00 95 8.7+35
8 137 76 5426 55 49+26 92 9.5+ 3.3
Mean  140.63 77.1 69+18 56.4 6.3+22 93.0 8.6+18
Difference between control and 39+1.1* 34+12"* 52+1.1*
experimental
Fitted distribution Conservative cut-off Visual inspection
12 * % *k

10 -

% TI

Normal selenium Lowselenium Normalselenium Lowselenium Normalselenium Low selenium

FIGURE 6 DNA damage levels (% TI) of haploid germ cells were identified using three different approaches in mice given a low or normal
selenium diet. Boxplot: median with quartile. Whiskers indicate the lowest/highest value still within 1.5 IQR (interquartile range) of the 25th and
75th quartile. * p < .05, ** p < .005, Wilcoxon rank of sums.
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FIGURE 7 DNA damage levels (% TI) of haploid germ cells and the other cells identified using three different approaches in animals given a
low or normal selenium diet. Boxplot: median with quartile. Whiskers indicate the lowest/highest value still within 1.5 IQR (interquartile range) of
the 25th and 75th quartile. For the net low selenium boxes, the mean % Tl of the control animals (green and blue box plots) were subtracted from
the mean of medians for each experimental animal. The adjusted mean % Tl of the experimental (low selenium) animals is shown in the boxes to

the right. ** p < .005, * p < .05, NS = not significant, Wilcoxon rank of sums.

3.6 | Summary of the framework for analysis of
haploid germ cells

The different steps of the developed protocol are summarized in
Figure 5. As indicated, all steps may not be relevant for each experi-
ment, and for some cases, several approaches can be considered
appropriate to achieve the purpose of each step. It is imperative to
examine each unique dataset separately when performing the analysis
to decide which steps to follow, to ensure the best possible separation

of the haploid germ cells from the other cell types of the testicle.

3.7 | DNA damage levels in haploid germ cells
Following the selection of haploid germ cells, DNA damage levels
were compared between the datasets comprising control animals
(normal selenium diet) and experimental animals (low selenium diet),
to investigate whether selenium deprivation caused genotoxicity in
haploid testicular germ cells.

Table 1 and Figure 6 summarize the mean % T| and standard devi-
ation values of the haploid germ cells, based on the three different
approaches, as shown in Figure 4. Regardless of the approach used to

identify the haploid germ cells, significant differences were observed

in the % TI between the control and experimental animals (Table 1
and Figure 6). The conservative cut-off resulted in the lowest number
of comets being identified as haploid germ cells, along with the lowest
average % TI, both in the control group and experimental group.
Visual inspection resulted in the highest number of comets identified
as haploid germ cells and the largest difference in % Tl levels between
the experimental group and the control group, and the highest % Tl in
general.

Next, we investigated whether there were differences in the % Tl
of the comets representing haploid germ cells versus the somatic cells
and germ cells with higher ploidy, the so-called “other cells”. For all
three approaches, there were no significant differences in mean % TI
between the haploid cells and the other cells in the control animals
(normal selenium diet). However, for the experimental animals (low
selenium diet) the other cells had a significantly higher mean % TI,
compared to the haploid germ cells, using both the fitted distribution
and conservative cut-off approaches (Figure 7). To investigate
whether these differences were due to increased DNA damage in the
experimental animals, the % Tl was adjusted to account for the back-
ground levels of DNA damage observed in the control animals. The
low selenium experimental animals showed that the net % Tl was also
significantly higher in the other cells, compared to the haploid germ

cells. The differences in % Tl were significant for two of the
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approaches and were smallest for visual inspection and largest for the

fitted distribution approaches.

4 | DISCUSSION

In the present study, our aim was to develop an approach to distin-
guish specific germ cells from other cells of the testicle, using data
obtained from the in vivo comet assay, to provide germ cell-specific
DNA damage level assessments. Using the proposed framework, we
demonstrate that Se-deficiency through two generations in mice leads
to germ cell genotoxicity with elevated DNA damage levels in round
spermatids.

The proposed framework can be implemented in the current
OECD test guideline “In Vivo Mammalian Alkaline Comet Assay”
(TG 489), thereby increasing the availability of germ cell genotoxicity
data for regulatory risk assessments. We describe a concept to iden-
tify haploid round spermatids (1N/1C) based on their low DNA con-
tent, whereas primary spermatocytes (2N/4C) can be identified
through their particularly large size combined with high DNA content
(Figure 1). Historical comet data from mice given a normal or low sele-
nium diet through two generations (Graupner et al., 2015) were used
to demonstrate the identification of round spermatids. We previously
showed that selenium deprivation induces elevation of DNA damage
in a mixed suspension of testicular cells (Graupner et al., 2015) and
thus serves as a good model to study germ cell genotoxicity to
address the question at hand.

We believe that round spermatids and primary spermatocytes
cover relevant germ cell genotoxicity effects since they represent
germ cells at early and late stages of spermatogenesis (Figure 1a).
Moreover, they reside in different locations within the seminiferous
tubules (Figure 1b). In the seminiferous epithelium a gradient of
increasing protection from exogenous influences, known as the
blood testis barrier, protects the germ cells in the apical compart-
ment from some potential genotoxic substances (Mruk &
Cheng, 2015). The primary spermatocytes are located close to the
basal membrane, whereas the round spermatids are located closer
to the lumen and may thus be more protected from genotoxic
insults. The location and susceptibility of each cell type to genotoxic
attack are important in context of their capacity for error-free elimi-
nation of induced DNA lesions. Round spermatids may be particu-
larly sensitive to induction of DNA damage since they rely on error-
prone nonhomologous end-joining for repair of double-strand
breaks, as opposed to homologous recombination, as mechanism of
DNA repair (Ahmed et al., 2010; Gouraud et al., 2013; Ahmed
et al., 2015). In addition, we and others have demonstrated that
male germ cells exhibit limited capacities for repair via several DNA
repair pathways, including both nucleotides- and base-excision
repair and that the repair capacity depends on both the spermato-
genic cell stage and the type of DNA lesion induced (Jansen
et al., 2001; Olsen et al., 2001; 2003; 2005). These characteristics of
the different testicular germ cell have implications for their propen-

sity to accumulate DNA mutations. Moreover, if DNA damage is

Molecular Mutagenesis

observed in these cells, it indicates that the genotoxicant can reach
even the most protected germ cell types (Cheng & Mruk, 2012; Su
et al., 2011).

When using the raw dataset to model the different cell popula-
tions, using the normal mixture distribution function, we did not
obtain a model that fit the three observable populations for all animals
in the experiment. This was likely due to inclusion of nonrelevant data
points, such as elongated spermatids or mature spermatozoa that
exhibit more densely packed DNA, which may be refractory to DNA
staining and results in data points with low total intensities
(Figure 2a). Alternatively, scoring of cell doublets/overlapping cells
results in data points with high total intensity. Including these data
points in the dataset hampers the downstream analysis and causes
increased skewness. We excluded these nonrelevant data points to
facilitate identification of the most likely cell populations for each ani-
mal (Figure 2b). Additionally, establishing a well-fitted model is impor-
tant when using Z-score normalization as the p and o values derived
from the model are used to define the haploid round spermatid popu-
lation. For these reasons, all further analysis steps were conducted
using trimmed data.

A reduction of the observed left-skewed-right-tailed total inten-
sity data were attempted by employing different data transformations.
For the dataset in this study, the untransformed total intensity values
generally resulted in the highest resolution between populations, and
hence the highest likelihood of correctly identifying comets belonging
to the haploid germ cell population. However, this was not the best
approach for every animal. For some animals, the square root, cube
root, or logarithmic transformations resulted in better-fitting models.
Nevertheless, since data from all animals within an experiment must
be subjected to similar processing, we chose to use the untransformed
data, as this produced the better model for the highest fraction of ani-
mals in the experiment (Figure 3).

Variability in comet assay results between different experimental
runs and laboratories has long been a challenge, also for the recorded
total intensity values of comets. Several strategies for standardizing
the protocol and reporting comet assay results have been proposed
with regards to % tail intensity values (Zainol et al., 2009,
Forchhammer et al., 2010, 2012, Collins et al., 2014, Brunborg
et al.,, 2015, Moller et al., 2020). Very few efforts to standardize total
intensity values have been conducted. Because a testicular cell popu-
lation is heterogeneous and consists of different cell types, at differ-
ent stages of maturation, with different DNA content and ploidy,
finding a suitable method of standardization is inherently challenging.
Not only does each cell population have its own distribution, but the
proportion of cells in each population may also vary between animals.
The comet data used in this study (Graupner et al., 2015) was gener-
ated in one lab by the same researcher over a short period of time;
even so, variabilities in total intensity values were observed between
comets scored on different days. Having a reliable method for stan-
dardization is thus important to facilitate comparison of data across
and between experiments and laboratories.

An important assumption for using a scaling factor for standardi-

zation is that the total intensity distribution across animals is
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comparable, which might not always be the case due to cytotoxicity
or protocol variations during cell isolation. To circumvent the lack of
comparability in total intensity distributions we employed Z-score
standardization and concentrated on standardizing the haploid round
spermatid population. The Z-score standardized total intensity values
were based on u and o values from the distribution of the haploid
germ cell population, obtained from the model. After Z-score stan-
dardization, the distributions of the haploid germ cell populations
showed little to no difference across animals. If other testicular cell
populations should be relevant, the same principle could easily be
applied by using the o and p values of the population of interest.

To discriminate the haploid germ cells from other cells in the tes-
ticular cell suspension three different approaches were explored
(Figure 4). The distributions of the comet total intensity values for
each specific experiment define which of the approaches is consid-
ered most suitable, as each approach has different criteria for setting
a cut-off, or threshold, separating the cell populations. Using
Approach | (fitted distribution model), which was based on Z-score
standardized total intensity values, the cut-off was similar for each
animal. Therefore, the selection of haploid germ cells can be scripted
and performed on data from all animals in each experiment simulta-
neously, facilitating rapid and easy identification of the desired cell popu-
lation. In Approach Il (visual inspection of the total intensity distributions)
the haploid germ cell population is identified visually for each biological
replicate, in this case per animal. The cut-off and number of identified
haploid germ cells are different for each animal and this approach is
therefore more subjective and labor-intensive than Approach I. At the
same time, Approach Il requires less raw data processing. In Approach IlI
(conservative cut-off) the total intensity value at which the threshold is
set, separating the haploid germ cells from the remaining cells, also varies
between each biological replicate and must be set separately for each
animal, unless quantile scaled data is used.

The fitted distribution model (Approach 1) is most likely to reflect
the true haploid cell population, as it considers both the total intensity
mean as well as the dispersion (SD) of the cell populations. The fitted
distribution model assigns comets to the haploid population based on a
cut-off at mean + 1 standard deviation (SD). The SD range should be
considered on a case-to-case basis. Generally, the cut-off should be
determined using transformed data (roots, logarithms, or reciprocals) to
improve the likelihood of normal distributions and increase separation
between populations. In the historical dataset used herein deviations
from normality were minor and did not improve with data transforma-
tion (Figure 3), we, therefore, continued with untransformed data.

Basing the selection of round spermatids on visual inspection can
be challenging due to subjectiveness, wide dispersions, and potential
overlap between the haploid and diploid comet populations. This
makes it challenging to set the most appropriate threshold to separate
the populations (Figure 4e, f), potentially causing an over- or underes-
timation of the number of haploid germ cells, which may influence the
recorded DNA damage levels (% TI). In general, the distinction
between populations was clearer in the control animals that had smal-
ler dispersions and overlap, compared to the experimental animals.
This was independent of whether the data were transformed or not

(Figure 3), The same was true (subjectiveness and under-estimation)
for the conservative cut-off method (Figure 4g, h), where the thresh-
old is set to include fewer comets that are assumed to be present in
the nonexposed haploid population. This approach is also sensitive to
testicular germ cell cytotoxicity since the relative abundance of each
cell type may change due to cell death.

To investigate whether there would be differences in the levels
of DNA damage observed due to approaching used, we compared the
% TI of the identified haploid cell populations in the control and
experimental groups in each approach (Figure 6 and Table 1). We
found no significant differences in % TI between the different
approaches in the control animals (p > .79, Tukey's test). However, for
the experimental animals, there was a significant difference in % Tl for
the haploid germ cells identified through the visual and conservative
approaches (p = .01, Tukey's test). This was not surprising, as these
two approaches had the largest difference in the number of comets
identified as haploid and in the % TI. This indicates that the chosen
approach can influence the results because including more or fewer
comets in the haploid germ cell population might significantly alter the
amount of DNA damage observed. Careful consideration should
therefore be used to determine the most appropriate approach to use.

Our data indicate that being more restrictive in the selection of
haploid cells, as opposed to including as many haploid comets as pos-
sible, might be beneficial, especially for the experimental group. As
Figure 7 shows, for the fitted distribution and conservative cut-off
approaches, the % Tl was significantly lower for the haploid germ cells
(round spermatids) compared to the other cells in the testicular cell
suspension for the experimental animals on a low selenium diet. These
approaches identified the lowest number of comets as haploid. The
visual inspection approach might, therefore, be less accurate in distin-
guishing cell populations, leading to inclusion of non-haploid comets
that may have different DNA damage levels (pending on stressor) than
the haploid round spermatids. Figure 4 shows that the diploid popula-
tion (2N/2C) in general has higher % Tl than both the haploid and the
tetraploid (2N/2-4C) populations. Using visual inspection and poten-
tially identifying more highly damaged diploid cells as haploid, may
explain the higher % Tl of the haploid population. Specific differences
in damage levels between cell populations may be lost. It should be
noted that the haploid germ cells consistently showed a lower steady-
state DNA damage level compared to the other cells in this experi-
ment (Figure 7), which could be ascribed to mere comet dynamics of
the haploid round spermatids or to factual lower DNA damage levels.

In addition to comparing the control and experimental animals,
we also adjusted the % Tl of the experimental animals by subtracting
the steady state % Tl of the control animal group. The adjusted % TI
revealed that the haploid germ cells remained lower compared to the
other cells, validating that the differences observed in % TI are not
due to differences in % Tl background levels. In addition, we observed
little difference between the haploid cells of the control and experi-
mental animals, after subtracting the steady-state DNA damage. This
shows that similarly to the non-adjusted % TI, the other cells in gen-
eral seem to exhibit higher levels of DNA damage due to the low sele-

nium diet, compared to the round spermatids.
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One important assumption for this analysis is that different cell
types, at any DNA damage level (within the limits of the dynamic
range of the comet assay), exhibit acceptably similar total intensity
levels. If the total intensity of highly damaged comets is significantly
changed, these comets may be ascribed to the erroneous population.
Moreover, if the substance under investigation selectively causes high
levels of cytotoxicity, cell cycle delays, or induces apoptosis in haploid
germ cells, this cell population may consist fewer comets than antici-
pated. Based on our experience, DNA damage does not significantly
affect the total intensity of comets, except at very high DNA damage
levels. Other reports have shown that high levels of DNA damage can
result in comets with similar (Olive & Banath, 2006) or lower total
intensities (Olive et al., 1994; Brunborg et al, 2015; Moller
et al., 2020). One explanation could be that small-sized DNA from
heavily damaged comets migrate beyond what is considered and
scored as the whole comet during electrophoresis. Moreover, factors
such as choice of DNA stain, microscope/lamp physics, and robust-
ness of the staining protocol may influence the total intensity values
and would benefit from standardization.

In this study, selenium deprivation resulted in mean % TI levels
between 0% and 15% (Figures 6, 7). We, therefore, concluded that
these DNA damage levels are within acceptable limits for obtaining
germ cell-specific genotoxicity data. We recommend that investiga-
tion of the effect of high DNA damage on total intensity levels should
be pursued as part of validating the comet assay in testicular germ
cells.

To obtain robust results, it is important to score comets to ensure
sufficient power to detect minor effects. Currently, OECD TG
489 suggests scoring 150 comets per animal, from at least five animals
per experimental condition (Smith et al., 2008; OECD, 2016). The ade-
quate number of scored comets depends on the potency of the sub-
stance tested and the variability of the data. For this proof-of-
concept, we focused on round spermatids and primary spermatocytes
(identified post-scoring). To comply with TG 489, it is recommended
to score > 150 comets to obtain a high enough number of scored
round spermatids. Based on power calculations performed on this
dataset, scoring 60 round spermatids was sufficient to detect the dif-
ference between the treatment groups with a power of 0.95. These
results were obtained from 300 simulations with a combined sampling
(permutation) of between 20 and 100 random comets with a random
set of five mice in each treatment group. When the complete dataset
was included in the power estimation (six control mice and eight
experimental mice), fewer than 30 round spermatid comets per mouse
were required. Depending on effect size, other comet numbers than
the conventional 150 per biological sample may be appropriate and
validation studies including weak mutagens or low exposure levels
should be conducted to determine appropriate numbers of comets to
score.

The comet assay gives information regarding DNA damage levels
in the cells investigated and acts as an indicator test for mutagenicity
and cancer (Kirkland & Speit, 2008; Kirkland, Uno, et al., 2019b). It
should be noted that pre-mutagenic DNA lesions are measured, not

mutations per se; however such DNA lesions predict mutagenicity.

Molecular Mutagenesis

The DNA strand breaks measured in the comet assay originate from,
and reflect, different DNA lesions with variable potential for inducing
mutations (Akbari & Krokan, 2008). Single strand breaks may give rise
to double-strand breaks that may bring about chromosomal aberra-
tions, and base lesions and abasic (base-less) sites may lead to point
mutations or small insertions/deletions. The comet assay has lower
sensitivity for detecting some bulky adducts including those induced
by polyaromatic hydrocarbons and heterocyclic amines (Kawaguchi
et al, 2010; Graupner et al, 2014; Nixon et al., 2014; Ngo
et al., 2020). A range of DNA lesions not readily detectable in the clas-
sical alkaline comet assay, including oxidized base lesions, can be
detected using an enzyme-modified comet assay (Olsen et al., 2003
Hansen et al., 2010; Graupner et al., 2014; Graupner et al., 2015;
Asare et al., 2016; Hansen et al., 2018; Muruzabal et al., 2021). In this
way, the sensitivity may be enhanced, and we can obtain information
regarding lesion specificity, which is also relevant for germ cell geno-
toxicity assessments.

The in vivo comet assay is one of the most commonly used tests
to follow up positive results from in vitro mutagenicity tests
(ECHA, 2017). Revising the in vivo comet assay test guideline (TG
489) to include a protocol for assessing DNA damage in germ cells will
increase the availability of germ cell genotoxicity data, which in turn
will aid hazard identification and classification of germ cell mutagens.
Positive results in gonadal germ cells, obtained with the concept pro-
posed herein, provide direct evidence that the substance interacts
with the genetic material of germ cells. Such information is required
for classification in germ cell mutagenicity category 1B according to
GHS (GHS, 2009), rather than category 2. Classifying a substance in
Muta category 1B rather than category 2 is challenging since the evi-
dence needed for classification is rarely available, e.g., data from suit-
able, approved test guidelines, such as OECD TG 478, TG 483, TG
485, and TG 488. A revised TG 489 could provide such evidence,
resulting in hazard identification and classification of potential germ
cell mutagenic substances based on germ cell data. In cases of nega-
tive results from the in vivo comet assay in male gonadal cells, no defi-
nite conclusion can be made on mutagenicity in germ cells or
distribution of substances to the testis. It should be noted that a revi-
sion of the GHS classification criteria for germ cell mutagenicity has
been initiated in order to facilitate the use of other types of data as
indirect evidence of interaction with germ cells and update the word-
ing in Chapter 3.5 (UNECE, 2020; UNECE, 2021).

Another asset of a revised TG 489 is the possibility of obtaining
both somatic and germ cell data in one in vivo comet assay, hence
reducing the number of test animals used. The comet assay is ideal for
integrating different tissues into the same assay, meaning that germ
cell and somatic data can be analyzed and compared within the same
animal (Speit et al., 2009; Azqueta & Collins, 2013; Groff et al., 2021).
Genotoxicity tests on somatic cells are still more frequently requested
than tests on germ cells (Steiblen et al., 2020). Slides/films with
gonadal comets can simply be stored and analyzed if additional in vivo
germ cell mutagenicity tests are required to follow up positive results
in somatic cells. This negates the need to perform additional in vivo

germ cell mutagenicity tests, thereby reducing the use of animals and
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contribution to the 3R framework. For pragmatic reasons, comet
assay results from somatic cells have been used as indicators of the
genotoxicity in germ cells (Sasaki et al., 2000; Eastmond et al., 2009
Speit et al., 2009; Yauk et al., 2015). Data obtained from testicular
germ cells using the concept proposed herein, combined with data
from metabolically active tissues, such as the liver, may shed light
upon the predictability of, and correlation between, data from somatic
cells and testicular germ cells.

Of the other germ cell genotoxicity assays with approved test
guidelines (TG 478, TG 483, TG 485, and TG 488) the TGR assay (TG
488) is the only other in vivo test that can adress both somatic and germ
cells. However, TG 488 is most often limited to detecting gene muta-
tions in the form of base pair substitutions, frameshift mutations, and
small deletions/insertions (OECD, 2020); depending on the transgenic
rodent model used. The comet assay detects a range of pre-mutagenic
lesions, such as DNA single and double strand breaks, alkali labile
lesions, and DNA strand breaks resulting from DNA excision repair
(OECD, 2016). The comet assay can thus be used to follow up both
gene mutation as well as clastogenic effects (EFSA, 2011; ECHA, 2017).

Mutations measured with TG 488 depend on DNA replication to
transition DNA damage into permanent mutations, thus requiring suf-
ficient expression periods for mutations to be fixed. The only prolifer-
ating germ cells are the spermatogonia, which reside outside the
blood-testis barrier and may thus be most susceptible to hazardous
chemical exposure (Cheng & Mruk, 2012). The comet assay, on the
other hand, detects pre-mutagenic DNA lesions in post-replicative
testicular germ cells (primary spermatocytes and round spermatids)
located within the blood testis barrier. The comet assay is indepen-
dent of DNA replication, thus requiring a significantly shorter time
from exposure to sampling (TG 489 recommends sampling 2-6 h after
the last exposure). We believe that a revised TG 489 in vivo comet
assay, with the inclusion of a guideline to investigate testicular male
germ cells, will complement results obtained with the TG 488 TGR
assay. The TGR assay detects mutations in germ cells whereas the
comet assay contributes with information regarding potentially herita-
ble DNA damage arising in testicular germ cells, that in some cases are
repair deficient. Due to limited repair capacities in post-meiotic testic-
ular germ cells, DNA damage will likely be present in the fertilizing
spermatozoa, leading to potential mutation induction after fertilization
that could manifest as health implications in offspring. Together, these
two assays will contribute with valuable complementary genotoxicity/
mutagenicity data for different germ cell types.

In conclusion, this proof-of-concept study provides a framework
for obtaining testicular germ cell-specific genotoxicity data. It demon-
strates that haploid round spermatids can be identified in a testicular
cell suspension based on their low total intensity and round shape.
We provide three different approaches to identifying round sperma-
tids based on total intensity distributions of the comets: visual dis-
crimination, setting conservative threshold values for comet
fluorescence, or fitting a normal mixture distribution function to the
total intensity values of the comets. We propose to use the latter
approach, when possible. Additionally, we describe a method to iden-

tify primary spermatocytes, based on their high DNA content

combined with their particularly large physical size. Revising OECD
TG 489 to include analysis of male testicular germ cells provides an
important contribution to the currently very limited and time-, and
animal consuming set of tests available for assessing genotoxicity in
germ cells, facilitating more correct hazard identification and classifi-
cation of agents with respect to germ cell genotoxicity. The comet
assay is suitable to follow up on both gene mutation and clastogeni-
city concerns. In addition, a revision of the TG 489 in vivo comet assay
is easily implementable, versatile, sensitive, relatively fast, easy to per-
form, and provides both somatic and germ cell data from the same

animals.
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