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Abstract. Spermiogenesis is a conserved process across taxa but often adapts to species-specific fertilization strategies, influencing
sperm morphology and traits like motility and longevity, which are crucial for reproductive success. Water frogs of the genus
Pelophylax are notable for producing fertile hybrids, such as P. esculentus, which generate both haploid and diploid spermatozoa with
diverse genome compositions. Despite this, little is known about the morphology and genome content of hybrid, and particularly
diploid, sperm. This study used fluorescent in situ hybridization (FISH) with species-specific markers to analyze sperm from hybrid
P. esculentus and its parental species, P. ridibundus and P. lessonae. Spermatozoa measurements revealed no significant differences in
head and tail traits between haploid sperm from hybrids and parental species. However, diploid spermatozoa in hybrids were
significantly larger than haploid spermatozoa, likely reflecting doubled DNA content. Correlations between head and tail lengths
were observed in spermatozoa with P. lessonae genomes, suggesting potential functional implications. Our findings show that hybrids
produce haploid sperm with morphology similar to that of the parental species. However, they may also produce larger diploid
spermatozoa with a possible impact on motility and fertility. This study presents a non-lethal method for examining amphibian
spermatozoa morphology and genome content, providing new insights into the reproductive biology of Pelophylax frogs. These results
align with patterns seen in other vertebrates, emphasizing the evolutionary and ecological significance of sperm traits in hybrid
systems. This approach provides a foundation for future studies on amphibian reproduction while promoting ethical research

Ppractices.
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Introduction

The process of spermiogenesis, while similar across many
animal groups, displays unique adaptations tailored to
different fertilization strategies, which in turn directly affect
sperm morphology (Jamieson et al. 1993, Lee & Jamieson
1993, Birkhead et al. 2008). Sperm morphology can influence
various other sperm traits, including motility, velocity, and
longevity, all of which may play a critical role in fertilization
success and the evolution of gametes under certain conditions
(Birkhead et al. 2008). Additionally, interspecies variations in
sperm structure and other ejaculate characteristics may be
linked to a species” mating system, potentially shaped by the
risk and intensity of sperm competition faced by males
(Parker 1990, 1993, Stockley & Purvis 1993, Gage et al. 1995,
Parker & Pizzari 2010). The relationship between sperm
morphology, quality, and reproductive strategies has been
explored in various taxa (e.g., Jamieson & Rouse 1989, Neff et
al. 2003, Firman & Simmons 2010), including some anurans,
such as Hyla pseudopseudis and Scinax spp. (Garda et al. 2004),
Polypedates leucomystax (Muto & Kubota 2013) and Pelophylax
spp- (Reyer et al. 2003, Turani et al. 2019).

Water frogs of the genus Pelophylax are among the
organisms whose interspecific crossings result in fertile
hybrid progeny (Graf & Polls-Pelaz 1989). The hybrid water

frogs (P. esculentus) emerge after crosses of the pool frog
(P. lessonae, genome LL, denoting L as a haploid lessonae
chromosomal set) and the marsh frog (P. ridibundus, genome
RR, denoting R as a haploid ridibundus chromosomal set)
(Plotner 2005). Hybrid P. esculentus is known for its variety of
gametogenic pathways, including the simultaneous
production of haploid and diploid gametes with different
genomic compositions (e.g., Vinogradov et al. 1991,
Pustovalova et al. 2022, 2025, Dolezalkova-Kastankova et al.
2024) unique called
hybridogenesis. During hybridogenesis, one parental genome
is usually eliminated, while the other one is duplicated and
transmitted to the gametes. Nevertheless, the alteration of

due to its reproductive mode,

genome elimination and endoreplication may lead to great
variability in transmitting genomes. Previous data have
shown that genome size limits competition between
spermatozoa with different genomes (Reyer et al. 2003), but
no comparison was made between sperm from parental
species and hybrids. More recent research on P. esculentus
sperm has established no connection between the length of
spermatozoa and meiotic features, such as aneuploidy and
polyploidy (Fedorova & Pustovalova 2021). However, the
data on diploid spermatozoa in water frogs is scarce. We,
therefore, performed measurements of sperm cells from
hybrid water frogs and their parental species P. ridibundus
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and P. lessonae after fluorescent in situ hybridization (FISH)
with two species-specific markers to: 1) detect diploid
spermatozoa and describe the morphological features that
help to distinguish them from haploid spermatozoa; 2)
establish whether there is a difference between hybrid and
parental species spermatozoa with L and R genomes.
Additionally, we analyzed the genome composition in
meiotic metaphases and spermatids to describe gametogenic
pathways in these frogs.

Materials and methods

Adult male water frogs were collected from unprotected territories
(permissions 0926/P0O/2008/AOPK and S/0673/PO/2008/ AOPK).
One P. ridibundus was collected from Plzen (49.7401272N,
13.4054319E), one P. lessonae (Fig. 1, A) was collected from
Zubrohlava, Orava (49.422, 19.511), and five P. ridibundus (Fig. 1, B)
and three diploid P. esculentus (Fig. 1, C) were collected from Borovec,
Czech Republic (49.635, 18.099). Only a single P. lessonae male was
available for sampling, reflecting the current rarity of this species in
the studied population systems; therefore, comparisons involving this

63

species should be interpreted with caution. The species identification
of the frogs was performed using morphological traits (Giinther 1975,
Berger et al. 1978) and then confirmed by FISH (described below).

Frogs were reared in outdoor conditions and fed daily. We
collected urinary sperm from hormone-stimulated males (n=10) using
the proposed non-invasive protocol by Fedorova & Pustovalova
(2021). The obtained sperm was fixed in 2% paraformaldehyde in 1x
PBS (Phosphate Buffered Saline) for 10-20 min (1 part of sperm + 1
part of fixative). Tubes containing sperm were centrifuged for 10 min
at 500g at room temperature (RT) (optional as sperm sediment
without it). Sperm suspension was dropped on Permafrost slides
(Avantor) and incubated for 20 min in a humid chamber at RT. After
discarding excess liquid, 400 pl of 1% Triton X-100 in 1x PBS was
added to the slides, which were then covered with Parafilm for 20-30
min at RT. Slides were washed once in 1x PBS for 5-10 min at RT,
passed through an ethanol series (50%, 70%, 96%, each for 5 min), and
air-dried at RT. We performed measurements of the spermatozoa of
10 males. The head length (pm) and head area (pm?) were measured
for 251 spermatozoa. The tail lengths (pm) were measured for 83
spermatozoa, as some cells lost their tails during slide preparation.
Because amphibian sperm tails approach the resolution limit of light
microscopy, it was not possible to assess whether tail length or
thickness influenced this breakage.

Figure 1. Taxonomic identification (A-C), spermatozoa (D-I) and meiotic metaphases (J-L) analysis
in Pelophylax water frogs. FISH with two species-specific pericentromeric probes (RrS1 - green,
PlesSat01-48 - red) on somatic tissues from bone marrow of P. lessonae (A), P. ridibundus (B) and
diploid P. esculentus (C) individuals. Untreated spermatozoa under phase contrast microscope
(D-F) and the same spermatozoa after FISH with two species-specific pericentromeric probes
(G-I): haploid (lower) and aneuploid (upper) spermatozoa with P. lessonae genome (G); haploid
spermatozoa with P. ridibundus genome (H); a diploid spermatozoon with P. lessonae genome (I).
FISH with two species-specific pericentromeric probes on meiotic metaphases from testes with
haploid P. lessonae (J), P. ridibundus (K), and diploid P. lessonae (L) genome composition.

Scale bar - 10 pm
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Then one P. ridibundus, one P. lessonae, and three P. esculentus
were sacrificed using MS222 to obtain mitotic and meiotic metaphases
from somatic and testis tissue (Pustovalova etal. 2022). All individuals
were injected with 0.04% colchicine 12-14 hours before euthanasia. All
manipulations performed in with
institutional guidelines and the approved ethical protocol (The
Committee on Bioethics of Karazin National University, No. 1/23) for

animal were accordance

the use of animals in scientific research.

Further, double-colored fluorescent in situ hybridization (FISH)
on slides containing spermatozoa, mitotic and meiotic metaphases,
was performed according to Choleva et al. (2023). The following
primers for RrS1 probe labeled with biotin were used according to
Ragghianti et al. (1995):

Forward: 5-AAGCCGATTTTAGACAAGATTGC-3’;
Reverse: 5'-GGCCTTTGGTTACCAAATGC-3'.

The following primers for PlesSat01-48 probe labeled with

digoxigenin were used according to Choleva et al. (2023):
Forward: 5-TTTGGCTTCCAAGGGCCGGG-3’;
Reverse: 5'-TGACCAAAAACGACACTCCC-3'.

The hybridization mixture (40% formamide, 10% dextran sulfate,
2x SSC (Sodium Saline Citrate buffer), 100ng/pl salmon sperm DNA)
contained 1.5 ng/pL of RrS1 and PlesSat01-48 probes. Slides were
denatured in 75% formamide in 2x SSC at 73 °C for 3 minutes in a
water bath. The hybridization mixture was separately denatured at
86°C for 6 minutes using a dry block thermostat. Biotin and
digoxigenin were detected for 4 hours at RT using streptavidin
conjugated with fluorochrome Alexa 488 (Roche)
digoxigenin conjugated with fluorochrome rhodamine (Roche),
respectively. Ultimately, the slides were washed in 4x SSC,
dehydrated in a series of ethanol (50%, 70%, 96%), and mounted in
Vectashield solution containing 1 pg/ml DAPI (Vector, Burlingame,
CA, USA).

Slides were captured using an Olympus Provis BX53 microscope
with a CCD camera (DP30W Olympus) equipped with a standard
fluorescent filter set. The processing of the photos was performed in
Adobe Photoshop CS6. The measurements were performed with
Image] 1.54 software (Schneider et al. 2012) using the “Segmented
line” and “Polygon selections” tools.

Head length, area, and tail length were analyzed for 15
spermatozoa from one P. lessonae, 59 spermatozoa from six
P. ridibundus, and 177 spermatozoa from three P. esculentus (Fig. 1, D-
F). The spermatozoa with two or four signals of PlesSat01-48 probe
were assigned as haploid and diploid with P. lessonae genome (L and
LL spermatozoa) (Fig. 1, G, I), with one or three signals of PlesSat01-
48 probe were assigned as aneuploid with P. lessonae genome (Fig. 1,
G), with approximately six signals of RrS1 probe exclusively were
assigned as haploid with P. ridibundus genome (R spermatozoa) (Fig.
1, H). Signal numbers were interpreted according to previously
described hybridization patterns of these repetitive probes in
Pelophylax chromosomes. Earlier studies reported that five to seven
signals typically correspond to the haploid chromosomal set of
P. ridibundus, although variation in signal number and intensity may
occur due to polymorphism of the targeted pericentromeric repeats or
technical differences in probe preparation and hybridization
conditions (Ragghianti et al. 1995, 2007; Chmielewska et al. 2022;
Pustovalova et al. 2022, 2025).

Descriptive statistics were applied to all the measured
spermatozoa. Normality of the data in each group was assessed using
the Shapiro-Wilk test. The assumption of normality was met only for
the group of spermatozoa with the L genome, but not with the R and
LL genomes. Therefore, the Kruskal-Wallis test, followed by post-hoc
Dunn’s test with Bonferroni adjustment for multiple comparisons,
was used to compare morphological features of spermatozoa with
different genomes. To the
morphometric characteristics of spermatozoa heads and tails, we
estimated Spearman rank correlation coefficients (p). Because multiple
spermatozoa were measured per male, we additionally applied linear
mixed-effects models to account for non-independence by including
male identity as a random intercept (genome type as a fixed effect).
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Post-hoc pairwise comparisons of estimated marginal means were
performed with Tukey adjustment. All statistical analyses and
visualization were performed using R (v.4.4.1; R Core Team 2024)
with the following packages: ggplot2 (Wickham et al. 2024), ggpmisc
(Aphalo et al. 2024), dplyr (Wickham et al. 2023), rstatix and ggpubr
(Kassambara 2023a, b), Ime4 (Bates et al. 2026), ImerTest (Kuznetsova
et al. 2026), and emmeans (Lenth & Piaskowski 2026).

Results

Sperm morphology

In parental species, the average head length of R and L
spermatozoa was 14.742.1 pm and 13.7£0.96 pm, respectively.
The average area of the head was 48.1+9.6 pm? for R and
46.2+6.1 pm? for L spermatozoa. The tail length of R and L
spermatozoa was 31.1+4.0 and 27.9+5.3 pm. In hybrids,
haploid R and L spermatozoa had head lengths of 15.1+1.9
and 15.743.1 pm, and head areas of 48.1+8.9 and 45.8+14.2
pm?, respectively. Tail lengths were exclusively measured for
hybrid R spermatozoa (31.6£6.0 pm). Since a Kruskal-Wallis
test did not register any difference between the same genome
spermatozoa from hybrids and parental species (R:
x%(1)=0.0565, p=0.8121; L: x*(1)=0.2711, p=0.6026, Fig. 2, A),
we combined these measurements for further analysis into
lessonae (L) and ridibundus (R) groups. Additionally, in two
hybrids we found diploid spermatozoa with four PlesSat01-48
probe signals (n=35), suggesting LL genome composition. The
head length of such spermatozoa was 22.3+4.2 pm, the area
was 129.4453.2 pm?, and the tail length was 24.9+4.7 pm.

We found significant differences in sperm head area
among genome types (x?(2)=84.16, p<0.0001; Fig. 2D), with
haploid and diploid spermatozoa clearly separated in the
density distributions (Fig. 2A, B). Head length also differed
significantly among genome types (x?(2)=21.19, p<0.0001; Fig.
2, E). Pairwise comparison showed that spermatozoa carrying
diploid LL genome differed significantly from spermatozoa
with both haploid R and L genomes in both head area (LL vs.
L: z=8.18, p<0.0001; LL vs. R: z=8.67, p<0.0001; Fig. 2, D) and
head length (LL vs. L: z=4.31, p<0.0001; LL vs. R: z=3.93,
p=0.0002; Fig. 2, E), while no difference was registered
between spermatozoa with L and R genomes in both head
area (z= -1.19, p=0.7026, Fig 2, D) and head length (z= -1.89,
p=0.1759, Fig. 2, E). Tail length differed significantly among
genome types overall (Kruskal-Wallis test, x%(2)=13.75, p
=0.0010; Fig. 2, F), but pairwise comparisons showed no
significant differences between haploid R and L spermatozoa
(z=-1.5,p=0.3668; Fig. 2, F) or between L and LL spermatozoa
(z=1.31, p=0.5708; Fig. 2, F), whereas R and LL spermatozoa
differed significantly (z=3.53, p=0.0012; Fig. 2, F).

To account for the non-independence of spermatozoa
originating from the same male, we additionally analyzed
sperm head area, head length, and tail length using a linear
mixed-effects model with male identity included as a random
effect. Linear mixed-effects analysis showed a significant
effect of genome type on sperm head area (F(2, 27.2)=148.18,
p < 0.0001) and head length (F(2, 3.83)=12.20, p=0.0217).
Estimated marginal means of head area were 42.3+4.57 pm?
for L, 124.845.45 pm? for LL, and 48.0+2.79 pm? for R
spermatozoa. Pairwise comparisons of estimated marginal
means with Tukey adjustment showed that LL spermatozoa
had significantly larger head area than both L spermatozoa
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(t(235.1)=16.18, p < 0.0001) and R spermatozoa (t(27.7) = 15.63,
p < 0.0001), whereas head area of L and R spermatozoa did
not differ significantly (t(27.8)= -1.11, p = 0.5297). Estimated
marginal means of head length were 15.5+0.87 pm for L,
22.3+1.31 pm for LL, and 15.3#0.67pm for R spermatozoa.
Pairwise comparisons showed the same pattern as for the
head area with LL spermatozoa having significantly larger
head length than both L spermatozoa (t(4.73)=4.31, p = 0.0194)
and R spermatozoa (t(4.13) = 4.77, p = 0.0179), while head
length of L and R spermatozoa did not differ significantly
(t(5.46) = 0.21, p = 0.9747).

For the tail lengths, the estimated marginal means were
27.9+1.87 pm for L, 24.9+1.67 pm for LL, and 31.4+0.76 pm for
R spermatozoa. Pairwise comparisons showed the same

65

pattern as the Kruskal-Wallis and Dunn’s test results: no
significant differences were detected between L and R
spermatozoa (t(8.56) = -1.70, p = 0.2583) or between L and LL
spermatozoa (t(10.18) = 1.21, p = 0.4746), whereas R and LL
spermatozoa differed significantly (t(5.88) = 3.52, p = 0.0298).

Significant correlations between tail and head lengths
were registered only for L spermatozoa (p=0.9342, p=0.0007;
Fig. 2, C). No significant correlations were found between
head areas and tail lengths of spermatozoa with any type of
genome (R: p=0.1159, p=0.3578; L: p=0.2289, p=0.5855; LL:
p=0.5030, p=0.1434). Additionally, any morphological
abnormalities (e.g., double heads, misshapen or amorphous
head, multiple tails, midpiece defects, etc.) were not
found.
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Figure 2. Spermatozoa morphological traits. A, B - density plots comparing head areas of spermatozoa with different genomes.
C - correlations between head length and tail length of spermatozoa with R (green), L (red), and LL (violet) genomes.
D-F - comparison of head areas, head lengths, and tail lengths of spermatozoa with different genomes.

Analysis of gametogenesis

To confirm the gametogenic pathways of the male water
frogs, we analyzed meiotic metaphases from the testes of two
parental individuals (P. lessonae and P. ridibundus) and three
hybrids (P. esculentus) after FISH. The analysis of 183 meiotic
metaphases in the parental frogs revealed that P. lessonae and
P. ridibundus formed only metaphases with L (n =99, Fig. 1, ])
and R (n =
spermatids of parental individuals (n=56) also contained only
the species-specific genomes of P. lessonae and P. ridibundus,
respectively. Analysis of meiotic metaphases from three
hybrids showed that one of them produced metaphases
(n=87) and spermatids (n=88) with the R genome exclusively,
while two other males produced metaphases with P. lessonae
(n=185) and P. ridibundus (n=261) genomes simultaneously.
Additionally, two hybrids produced metaphases with 26
bivalents or 26 univalents (Fig. 1, L) as well as spermatids

84, Fig. 1, K) genomes, respectively. The

with a double set of PlesSat01-48 and RrS1 signals, meaning
the production of diploid gametes both with LL and RR
genome composition. The rate of aneuploid metaphases was
11% for P. lessonae, 13% for P. ridibundus, and 19% for
P. esculentus (x*=4.69, df=2, p=0.096).

Discussion

We present a novel, non-lethal approach for studying
gametes in water frogs by applying fluorescence in situ
hybridization with two species-specific probes to urinary
spermatozoa. Unlike previous studies that investigated
fertilization capacity in hybrids and parental species (Reyer et
al. 2003), our method eliminates the need to euthanize
animals for reproductive cell collection, a significant ethical
and practical limitation of earlier protocols. The recent
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refinement of intravital sperm collection techniques
(Fedorova & Pustovalova 2021, building on Bobrova et al.
2014) now enables the acquisition of viable sperm samples
without harming donor frogs. However, only with the recent
development of FISH probes capable of distinguishing the
genomes of P. lessonae and P. ridibundus has it become possible
to accurately determine the genome composition of
individual sperm cells.

To characterize genome composition and identify diploid
spermatozoa, we analyzed diploid P. esculentus males from
population systems where polyploidization may occur via
hybrid production of unreduced gametes. Sperm samples
were also collected from both parental species for
comparison. Morphometric analysis revealed that key traits,
head length, area, shape, and tail length, were consistent
across P. esculentus, P. lessonae, and P. ridibundus. FISH
analysis further confirmed that haploid spermatozoa in
and P. morphologically
indistinguishable from haploid L and R spermatozoa
produced by hybrids. These findings agree with previous
reports (Fedorova & Pustovalova 2021, Reyer et al. 2003),
reinforcing the conclusion that hybrid and parental
spermatozoa exhibit comparable morphometric features
under standard physiological conditions.

We detected diploid spermatozoa with the LL genome
produced by hybrids. Compared to haploid L-spermatozoa,
the head length and head area of diploid spermatozoa were
about 1.6 and 2.8 times bigger, respectively. The observation
that diploid spermatozoa are larger than haploid
spermatozoa supports the hypothesis that polyploid
spermatozoa exhibit larger dimensions due to their higher
DNA content (Chmielewska et al. 2022). Importantly, this
pattern remained unchanged when male identity was
included as a random effect in linear mixed-effects models,
indicating that the larger head size of LL spermatozoa was not
an artifact of repeated measurements from the same males.
Still, the difference in tail lengths and correlations between
tail and head lengths observed in L-spermatozoa should be
interpreted cautiously because of the limited sample size
(only eight tails measured for L spermatozoa and ten for LL
spermatozoa). Also, the absence of such a correlation in R-
spermatozoa may likewise reflect the restricted dataset rather
than a biological difference.

Nevertheless,

P. lessonae ridibundus  are

morphometry may vary between
populations or among individual males, especially when
specimens originate from different geographic locations.
Although male identity was included as a random factor in
our models, which accounts for repeated measurements
within individuals, broader inter-population variation cannot
be fully excluded. Future studies including a larger number
of males from multiple populations would help further
evaluate the relative contributions of species-specific and
population-level variation in sperm morphology.

Recent studies on P. ridibundus showed differences in
sperm dimensions and a positive link between tail and total
length, suggesting that variations in two frog populations
may stem from sperm competition or relaxed sexual selection
(Javanbakht & Fathinia 2020). In reptiles, spermatozoa
morphology is often linked to reproductive strategies and
genome size. For example, in squamate reptiles such as
lizards, diploid spermatozoa are larger than haploid
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spermatozoa in hybrids, and tail lengths are associated with
sperm motility and fertilization efficiency (Olsson & Madsen
2001). These comparisons suggest that the morphological
differences between haploid and diploid spermatozoa
observed in P. esculentus are not unique but rather reflect
broader patterns in vertebrate reproduction.

Despite efforts to preserve the native morphology of both
heads and tails during slide preparation, we encountered
cases of distorted or absent tails in our samples. Such
inconsistencies may have impacted our measurements and
contributed to the observed variability. Moreover, previous
studies suggested that R spermatozoa exhibit lower velocity
compared to L spermatozoa due to differences in genome size
(~1.2-fold), which could result in reduced fertilization success
for R spermatozoa (Berger & Rybacki 1992). Based on these
observations, we hypothesize that diploid spermatozoa,
carrying doubled genetic material, may have proportionally
lower fertility rates than R spermatozoa (Reyer et al. 2003).
This hypothesis aligns with observations of polyploid hybrids
in low frequencies across various population systems
(Hoffmann et al. 2015, Dufresnes & Mazepa 2020; Dufresnes
et al. 2024). Further studies are necessary to confirm these
assumptions and to investigate the functional implications of
diploid spermatozoa in hybrid fertility and population
dynamics, as such effects have been observed in the
reproductive strategies of triploid hybrid males (Biriuk et al.
2016, Chmielewska et al. 2022, Pustovalova et al. 2025).

Our findings provide insights into the morphology and
genome content of hybrid and parental spermatozoa and
highlight the utility of non-lethal sampling techniques
combined with advanced molecular methods like FISH. By
integrating our findings into a broader taxonomic framework,
we underscore the evolutionary and ecological significance of
spermatozoa morphology across diverse amphibian taxa.
This approach facilitates future investigations into amphibian
reproductive biology, prioritizing ethical and sustainable
research methodologies.
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