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According to the synthesis of 30 years of multidisciplinary studies parthenogenetic species
of rock lizards of genus Darevskia were formed as a result of different combination
patterns of interspecific hybridization of the four bisexual parental species: D. raddei, D.
mixta, D. valentini, and D. portschinskii. In particular D. portschinskii and D. raddei are
considered as the parental species for the parthenogenetic species D. rostombekowi. Here
for the first time we present the result of comparative immunocytochemical study of
primary spermatocyte nuclei spreads from the leptotene to diplotene stages of meiotic
prophase | in two species: D. portschinskii and D. raddei. We observed similar chromosome
lengths for both synaptonemal complex (SC) karyotypes as well as similar number of
crossing over sites. However, unexpected differences in the number and distribution of
anti-centromere antibody (ACA) foci were detected in the SC structure of bivalents of the
two species. In all examined D. portschinskii spermatocyte nuclei, one immunostained
centromere focus was detected per SC bivalent. In contrast, in almost every studied D.
raddei nuclei we identified three - nine SCs with additional immunostained ACA foci per SC
bivalent. Thus, the obtained results allow us to identify species-specific karyotype features,
previously not been detected using conventional mitotic chromosome analysis.
Presumably the additional centromere foci are result of epigenetic chromatin
modifications. We assume that this characteristic of the D. raddei karyotype could
represent useful marker for the future studies of parthenogenetic species hybrid
karyotypes related to D. raddei.
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18 Abstract

19 According to the synthesis of 30 years of multidisciplinary studies parthenogenetic species of
20  rock lizards of genus Darevskia were formed as a result of different combination patterns of
21 interspecific hybridization of the four bisexual parental species: D. raddei, D. mixta, D.
22 valentini, and D. portschinskii. In particular D. portschinskii and D. raddei are considered as
23  the parental species for the parthenogenetic species D. rostombekowi. Here for the first time we
24  present the result of comparative immunocytochemical study of primary spermatocyte nuclei
25  spreads from the leptotene to diplotene stages of meiotic prophase I in two species: D.
26 portschinskii and D. raddei. We observed similar chromosome lengths for both synaptonemal
27  complex (SC) karyotypes as well as similar number of crossing over sites. However,
28  unexpected differences in the number and distribution of anti-centromere antibody (ACA) foci
29  were detected in the SC structure of bivalents of the two species. In all examined D.
30  portschinskii spermatocyte nuclei, one immunostained centromere focus was detected per SC
31  bivalent. In contrast, in almost every studied D. raddei nuclei we identified three — nine SCs
32  with additional immunostained ACA foci per SC bivalent. Thus, the obtained results allow us to
33  identify species-specific karyotype features, previously not been detected using conventional
34  mitotic chromosome analysis. Presumably the additional centromere foci are result of
35  epigenetic chromatin modifications. We assume that this characteristic of the D. raddei
36  karyotype could represent useful marker for the future studies of parthenogenetic species hybrid
37  karyotypes related to D. raddei.

38
39 Introduction
40 According to the results of long term fundamental international studies initiated by I.S.

41 Darevsky [1,2,3,4] convincing evidence has been obtained that seven diploid parthenogenetic
42 species of lizards of the Darevskia genus have resulted from hybridogenous speciation
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[5,6,7,8,9,10,11,12]. The origin of parthenogenetic species from the hybridization of bisexual
species has been confirmed from detailed studies of skin transplantation [13,14,15], allozyme
data [7,9,16,17,18], mitochondrial [6,8,10,19] and nuclear DNA sequences [11,12,20,21,22,23].

The balance hypothesis suggest that there is a narrow range of genetic divergence between
parental species within which F1 hybrids have a probability of establishing parthenogenetic form
[9,24].

In this study, we performed a detailed analysis of the meiotic prophase I stages in of two
species: D. portschinskii and D. raddei which are parental for the parthenogenetic species D.
rostombekowi. Previous cytogenetic studies of these two species were made using light
microscopy on mitotic and meiotic metaphase plates [25,26] and are sporadic. Here we represent
detailed comparative cytogenetic study of synaptonemal complexes karyotypes (SC karyotypes)
using spread preparation and immuno-FISH technique. This approach provides visualization of
meiotic SC bivalents which are 3-5 times longer than mitotic metaphase chromosomes and
makes it possible to discover chromosomal rearrangements that are undetectable at diakinesis
and metaphase I [27]. Additional information can also be obtained: precise localization of
centromeres, distribution of crossing over sites and telomere DNA-repeats in the structure of
meiotic chromosomes.

Materials & Methods

Four adult animals were captured and examined in May 2017 and two in September 2017
and were deposited in the research collection of the Zoological Museum of Lomonosov Moscow
State University (ZMMU). One male D. raddei (Zuar population, ZMMU R-15598, specimen
VS0029) collected by E.A. Galoyan and V.E. Spangenberg in May 2017, one male D. raddei
(Zuar population, ZMMU R-15599, specimen VS0039) collected by M.S. Arakelyan and V.E.
Spangenberg in September 2017) and two males D. portchinskii (Zuar population, ZMMU R-
15600, specimen VS0028, ZMMU R-15600, specimen VS0050) collected by M.S. Arakelyan,
E.A. Galoyan and V. E. Spangenberg in May and September 2017 respectively. The
manipulations of the animals followed international rules of the Manual on Humane Use of
Animals in Biomedical Research and the rules of the Ethics Committee for Animal Research of
the Vavilov Institute of General Genetics (protocol No. 3 from November 10 2016).

Spread synaptonemal complex (SC) preparations were prepared and fixed using the
technique of Navarro et al. [28]. Poly-L-lysine-coated slides were used for all
immunofluorescence studies. The slides were washed with phosphate-buffered saline (PBS) and
incubated overnight at 4°C with primary antibodies diluted in antibody dilution buffer (ADB: 3%
bovine serum albumin (BSA), 0.05% Triton X—100 in PBS).

SCs were detected by rabbit polyclonal antibodies to the SC and axial element protein
SYCP3 (1:250, Abcam, UK), centromeres were detected by anti-kinetochore proteins antibodies
ACA (1:500, Antibodies Incorporated, USA). The late recombination nodules (sites of crossing
over) were detected using mouse monoclonal antibodies to the DNA mismatch repair protein -
MLHI1 (1:250, Abcam, UK). After washing, we used the secondary antibodies diluted in ADB:
goat anti mouse Immunoglobulin IgG, Alexa Fluor 555 (1:500, Abcam, UK), Rhodamine-
conjugated chicken anti-rabbit IgG (1:400, Santa Cruz Biotechnology, USA), FITC-conjugated
goat anti-rabbit IgG (1:500, Jackson ImmunoResearch, USA), goat anti-rabbit Alexa Fluor 488
(1:500, Invitrogen, USA), goat anti-human Alexa Fluor 546 (1:500, Invitrogen, USA).
Secondary antibody incubations were performed in a humid chamber at 37°C for 2h. Mitotic
chromosomes were prepared from bone marrow and spleen following Ford and Hamerton with
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89 modifications and fixed in an ice-cold acetic acid—methanol solution (1:3) [29]. Telomere FISH
90 probe (Telomere PNA FISH Kit/FITC, Dako, K5325) was used according to the manufacturer
91 protocol.
92 The slides were examined using an Axiolmager D1 microscope (Carl Zeiss, Germany)
93 equipped with an Axiocam HRm CCD camera (Carl Zeiss, Germany), Carl Zeiss filter sets
94 (FSO1, FS38HE, and FS43HE) and image-processing AxioVision Release 4.6.3. software (Carl
95 Zeiss, Germany). All preparations were mounted in Vectashield antifade mounting medium with
96 DAPI (Vector Laboratories, USA). CENP proteins were compared by alignment (COBALT
97 software program, http://www.ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi ?7CMD=Web).
98 Prophase 1 stages were determined by the analysis of the combination of basic
99 morphological criteria used in studies of meiotic cells [30,31]. The rock lizards-specific features
100 of the prophase I stages were described before (Spangenberg et. al 2017). Early presynaptic
101 stages criteria for leptotene: multiple fragments of unpaired axial elements, and for the
102 zygotene: long partially synapsed axial elements, «bouquety formation (telomere clustering at
103 zygotene), no signes of desynapsis in telomere regions, no MLH1-protein foci. Mid-prophase |
104 stage (pachytene) criteria: complete homologous chromosome synapsis, non-fragmented lateral
105 elements of synaptonemal complexes, shortened SCs, MLH1-protein foci. Postsynaptic stage
106 (diplotene) criteria: signs of synaptonemal complexes disassembly (lateral elements desynapsis
107 start in peritelomeric or interstitional regions, elongation and fragmentation), MLH1-protein foci
108 maintenance.

109
110 Results

111 Early stages of meiotic prophase I in D. portschinskii and D. raddei: leptotene and zygotene.
112

113 In both species D. portschinskii and D. raddei, leptotene begins with the formation of axial
114  structures, which resemble dotted lines (Fig. 1 A, B) until the early zygotene (Fig. 1 C, D).
115 Assembly of chromosome axial structures from the fragments was often observed together with
116 the beginning of homologous synapsis (early “bouquet” formation) in different zones of one
117 nucleus (Fig. 1 C, D). Immunostaining of kinetochore proteins revealed progressive clustering of
118 the centromeres of all 38 acrocentric chromosomes from the leptotene to early zygotene stages in
119  both species (Fig. 1 C, D).

120
121 Our detailed study of early prophase I stages (preceding the pachytene) revealed previously
122 unknown phenomenon specific for D. raddei — additional foci of anti-kinetochore

123 proteins antibodies ACA (Fig. 1 B, D). Additional ACA foci were detected on the still
124 unsynapsed axial elements of D. raddei homologous chromosomes at zygotene stage (Fig. 2 A,
125 D). Thus four ACA foci were visible on several SC bivalents during the synapsis, with two on
126 each axial element (Fig. 2 B, C, E). Totally in 26 of 30 leptotene-zygotene nuclei studied 1 — 4
127 additional centromere signals were detected in both D. raddei individuals. Fragmented axial
128 cores of chromosomes at the presynaptic stages (before the pachytene) did not allow us to study
129 actual number and distribution of additional ACA foci among the meiotic chromosomes. The
130 next meiotic prophase I stage, pachytene, was analysed in details due to complete synaptonemal
131 complexes assembly and applicability for the distinct chromosomes identification.

132

133  Late stages of meiotic prophase I in D. portschinskii and D. raddei: pachytene and diplotene.
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The pachytene stage of both species studied (D. portschinskii and D. raddei) is characterised
by complete synapsis of all 19 acrocentric SC bivalents (18 autosomal bivalents and the ZZ sex
bivalent) (Fig. 3 A, B).

In D. portschinskii pachytene nuclei single ACA focus was detected at one end of each of
the 19 SCs (78 nuclei studied) (Fig. 3 A). However in D. raddei apart from to the usual 19 ACA
foci on the SC ends we detected additional ACA foci on the SC bivalents (Fig. 3 B). These
signals were located closely in the SC structure at a distance of 0.27-1.39 um, on average
0.62+0.21 (mean£SD, 54 nuclei studied) and demonstrated similar or slightly different signal
intensities.

Pachytene stage was the most representative for the precise chromosome length
measurements, other prophase I stages are inapplicable to this study. Nevertheless synaptonemal
complex karyotyping revealed minor differences in the length of medium-sized SC bivalents in
both species (Fig. 4 A) making the identification of distinct dicentric (Fig. 4 C) chromosomes
more challenging.

We performed the detailed analysis of 54 pachytene nuclei of the six preparations from two
D. raddei animals. We selected immunostained SC-karyotypes without bivalent overlapping and
used relative chromosomes length in order to minimize possible influence of the different
spreading conditions between nuclei studied. Additional ACA foci were detected at
chromosomes 1-17 with enrichment on chromosomes 1 —4 (1 —90.7%; 2 — 79.6%; 3 — 88.9%;
4 — 63.0% of all 54 nuclei studied), medium occurrence on chromosomes 5 — 14 (5 — 29.6%; 6 —
24.1%; 7 — 29.6%; 8 — 16.7%; 9 — 20.4%; 10 — 11.1%; 11 — 20.4%; 12 — 25.9%; 13 — 24.1%; 14
— 29.6% of 54 nuclei studied), sporadic occurrence on chromosomes 15 — 17 (15 — 3.7%; 16 —
1.9%; 17 — 5.6% of 54 nuclei studied) and not been detected on the chromosomes 18 and 19
(Fig. 4 D, E).

In total, additional ACA foci were detected in 198 out of the 211 D. raddei primary
spermatocyte nuclei studied (leptotene-diplotene stages).

FISH with telomere DNA-probes on pachytene chromosomes of D. portschinskii and D.
raddei.

Fluorescent in situ hybridization (FISH) with telomere probes (Fig. 4 B, C) revealed a
standard distribution of telomere repeats in the SC karyotypes of D. portschinskii and D. raddei,
with no interstitial signals [32] detected in the pachytene SC bivalents (25 nuclei for each species
studied). In particular, we studied the SC regions of additional ACA foci in D. raddei SC
bivalents, and no one telomere FISH-signal was detected at any of these locations in all nuclei
studied (Fig. 4C).

Immunodetection of crossing over sites in D. portschinskii and D. raddei spermatocytes I

Immunolocalization of the MLHI1 protein (late recombination nodules marker, prospective
chiasmata) on pachytene stage in the SC preparations was performed for both species (Fig. 5 A,
B). The average number of crossing over sites (MLH1 foci) was 28.43 £ 2.11 (mean = SD) in D.
portschinskii (Fig. 5 C) and 28.64 £+ 2.07 (mean + SD) in D. raddei (Fig. 5 C). We did not detect
MLHI1 foci in the SC regions between the two ACA foci in all 55 immunostained D. raddei
spermatocyte I nuclei (Fig. 5 B).
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Discussion

Synaptonemal complex processing and number of crossing over sites during prophase I for D.
portschinskii and D. raddei

In general, the characteristics of the stages of meiotic prophase I were similar between
species (Fig. 1; Fig. 3), and were comparable to the results of our previous study of two other
bisexual species, D. raddei nairensis and D. valentini [33]. For example, the absence of a
classical leptotene stage with long threads (presynaptic stage with completely formed
chromosome axial elements) is a common feature among all four rock lizards species studied by
us to date. Furthermore, early zygotene, organization of “bouquet” formation, progression of
axial element synapsis during zygotene and SC assembly at pachytene were similar in both
species (Fig. 1 C, D and Fig. 3 A, B). No significant difference in numbers of crossing over sites
was detected between D. portschinskii and D. raddei males (Fig. 5 C) in the studied population.

Extraordinary difference of distribution of ACA foci in the SC bivalents in D. portschinskii
and D. raddei

As visible in our results, the SC karyotypes of the two species display a striking difference
in relation to the immunostaining of kinetochore proteins. Two ACA foci can be observed in the
structure of SC bivalents 1-17 in primary spermatocyte nuclei of D. raddei (Fig. 4 D, E), one
near the telomere, similar to the acrocentric organization of SCs in D. portschinskii, and the
second located at some distance along the SC axis (Fig. 4 C). Spreading technique allow us to
study meiotic chromosomes in detail (Fig. 4 C) and to detect additional ACA foci. This
phenomenon has not been previously described in mitotic chromosomes due to high levels of
chromatin compaction as well as in previous studies of the meiotic chromosome structure of rock
lizards using light microscopy [25,26].

Immunodetection of additional ACA foci in D. raddei during the leptotene and zygotene
stages indicates the presence of two ACA foci in both homologous chromosomes prior to
synapsis (Fig. 1 B, D; Fig. 2 B, C, E).

The differences in additional ACA foci number and distribution were detected in the nuclei
from one sample preparation as well as between preparation slides derived from different D.
raddei animals. We suppose that this result can be explained by the fact that closely located
double ACA foci often can sometimes not been distinguished from enlarged (or elliptical) single
focus due to limitations of fluorescence microscopy as well as nearest chromosome lengths are
very close in this species (Fig. 4 A). On the other hand the different chromosome numbers with
additional ACA foci from the one sample could indicate on the high level of instability of
centromere proteins distribution in the pericentromeric regions in D. raddei.

Additional ACA foci we have detected in SC-karyotype of D. raddei males leads us to
assume that the formation of the additional foci occured not via inversions or duplication but via
an epigenetic mechanism in these species. This is supported by the fact that we did not observed
any disruption of synapsis or inversion loops in the pericentomeric regions of SC bivalents with
additional ACA foci in all 198 nuclei studied.

In recent years, studies in mammals have reported that neocentromeres can be formed in
intact chromosomes (without rearrangements), which can functionally replace the native
centromere [34]. De novo centromere formation occurs by an epigenetic sequence-independent
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226 mechanism involving the deposition of a centromere-specific histone H3 variant, CENP-A
227 [35,36,37]. A study of artificial neocentromere formation in chickens demonstrated that while
228 they can be formed in any region of the chromosome, the most likely location of neocentromere
229 formation is close to the native centromere. The authors suggested that this is due to the potential
230 enrichment of epigenetic marks in the zone of the native centromere [38,39]. According to
231 studies of mitosis in different species, the formation of dicentric chromosomes (chromosomes
232 with two active centromeres) may lead to breakage or loss of such chromosomes during the
233 process of cell division and, consequently, cell death [40,41]. However, dicentric chromosomes
234 can be inherited if one of the centromeres is inactivated without altering the DNA sequence
235 [42,43]. Furthermore, immunocytochemical markers allow the identification of which of the two
236 centromeres is active [44,45]. However, the molecular basis for centromere inactivation is not
237  well understood [40].

238 Our results do not allow the status of additional ACA foci to be determined, specifically
239 whether they are associated with active or inactivated centromeres. However, the number of
240 nuclei with clear additional ACA foci, identified in two D. raddei males, indicates that this
241 phenomenon is not random. Moreover, numerous mature elongated spermatids with normal
242 morphology were found in preparations from both D. raddei males in the current study. The
243  successful formation of mature germ cells by D. raddei males indicates that the peculiarities of
244  centromere organization described above does not affect their fertility.

245 The formation of double centromeres in the structure of SCs has been previously reported
246  for Danio rerio fish [46]. In this study, 3—4 double centromeres were detected in the nuclei of
247 primary spermatocytes, which the author characterised as being misaligned centromeres. The
248 author also pointed out that such double centromeres are not necessarily found on the same
249 chromosomes, judging by the length and centromere position [46]. This pattern correlates well
250 with the distribution of the double ACA foci observed for D. raddei in the current study.
251 However, in the early zygotene nuclei of D. raddei males, we were able to detect two ACA foci
252  on the yet unpaired axial elements of chromosomes. Furthermore, four ACA foci were visible by
253 the zygotene stage, with two on each axial element (Fig. 2 B, C, E). This indicates the presence
254  of two ACA antibody binding sites on each axial element but not incomplete alignment of
255 homologous chromosomes.

256 It should be noted that we used similar antibodies (ACA) to those used by other studies
257 (ACA, CREST) [47,48,49]. The applicability of these antibodies for the detection of centromeres
258 in a wide range of vertebrate species has long been established. In addition, numerous studies in
259 the literature have discussed the specific characteristics of immunostaining using these
260 antibodies during different phases of the cell life cycle [47,49]. Our comparative studies of
261 CENP-A and CENP-C proteins by alignment of amino acids sequences confirmed our negative
262 immunostaining experiments with the commecially available CENP-antibodies. Poor similarity
263 was detected between reptilian proteins and the human immunogen polypeptides used in
264 commercial antibodies.

265 Further studies using monoclonal antibodies against specific proteins are needed in order to
266 distinguish active and inactivated centromeres, in addition to FISH with pericentromeric satellite
267 DNA. An interesting finding was the detection of additional ACA foci in SC preparations of the
268 most closely related species, D. raddei nairensis (in supplementary data). D. raddei and D.
269 raddei nairensis are considered recently divergent species, and are actively investigated as a
270 model system for the study of speciation mechanisms [23].

271

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27440v1 | CC BY 4.0 Open Access | rec: 20 Dec 2018, publ: 20 Dec 2018




272

273 Conclusions

274 Our comparative immunomorphological study revealed that karyotypes of both species were
275 found to be very similar with regard to chromosome length, with similar features related to
276 passage through the stages of meiotic prophase I and the number of crossing over sites.

277 Nevertheless we were able to detect striking difference in the number and distribution of
278 centromere proteins foci of these species: the formation of additional ACA foci in the structure
279 of several SC bivalents in the spermatocyte nuclei of D. raddei but not in D. portschinskii. It is
280 important to note that additional ACA foci were detected during all stages of meiotic prophase I,
281 including the presynaptic stages, on the yet unpaired axial elements of homologous
282 chromosomes. Thus, we observed SC during the assembly with four ACA foci at the zygotene
283 stage, two on each axial element. This indicates the presence of two ACA antibodies binding
284  sites in the structure of each homologous chromosomes, thus eliminating the idea of incomplete
285 alignment of homologous chromosomes during synapsis or desynapsis.

286 The additional ACA foci observed in the SC structure appeared to result from epigenetic
287 transformations in the chromatin structure of D. raddei males, and is not related to chromosomal
288 aberrations. In any case, we did not observed the formation of inversion loops in SC fragments
289 Dbetween two ACA foci in any of the 198 studied nuclei (leptotene-diplotene).

290 Further research is needed to determine the possible interpretation of the extraordinary
291 chromosome organization observed in D. raddei in relation to the active and surprisingly
292 efficient interspecific hybridization in rock lizards. In particular, a detailed study of the
293 epigenetic chromatin modifications of hybrid animals is required. We assume that this
294  characteristic of the D. raddei karyotype could represent useful markers for our future study of
295 diploid parthenogenetic species D. rostombekowi karyotype as well as for other unisexual
296 species related to D. raddei.
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Figure 1

The spread nuclei of the leptotene-zygotene spermatocytes.

D. portschinskii (A, C) and D. raddei (B, D) immunostained with antibodies against the

SYCP3 protein (green), anti-kinetochore ACA antibodies (red), chromatin stained with DAPI
(blue). (A, C) -D. portschinskii, on each of the 19 SCs only one centromere signal is visible.
(B, D) - D. raddei, additional anti-kinetochore proteinsantibodies signals are indicated with

arrows. Bar=5 um.
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Figure 2

D. raddei synaptonemal complexes, zygotene stage.

A - SC bivalent with incomplete synapsis of pericentromeric region; D - SC bivalents during
the elongation of synapsis. Immunostaining with antibodies against the SYCP3 protein
(green), ACA - anti-kinetochore proteins antibodies (red). Additional ACA-signalsindicated

with arrows. Enlarged fragments (B, C, E) demonstrate additional ACA foci on each axial

element prior to synapsis. Bar = 5 um.
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Figure 3

The spread nuclei of the pachytene-diplotene spermatocytes.

The spread nuclei of the pachytene-diplotene spermatocytes. D. portschinskii (A,C) and D.
raddei (B,D) immunostained with antibodies against the SYCP3 protein (green), anti-
kinetochore ACA antibodies (red), chromatin stained with DAPI (blue). (A, C) -D.
portschinskii, on each of the 19 SCs only one centromere signal is visible. (B, D) - D. raddei,

additional anti-kinetochore proteinsantibodies signals are indicated with arrows. Bar=5 um.
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Figure 4

A comparison idiogram of average SC lengths of two species

(A) - A comparison idiogram of average SC lengths of two species: D. portschinskii (blue, 78
pachytene nuclei) and D. raddei (green, 54 pachytene nuclei). (B) and (C) - immuno-FISH,
fragments of SC preparations D. portschinskii and D. raddei. (B) - single ACA foci in D.
portschinskii SC bivalents; (C) - Additional ACA focus in D. raddei SC is (red arrow). Telomere
FISH signals (white) are located at the ends of SC bivalents in both species and were not
detected in the area of the additional ACA focus in D. raddei. (D) and (E) - distribution of
additional ACA-foci on the 19 SC-bivalents of D. raddei in 54 spermatocyte nuclei studied. Bar
=2 um.
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Figure 5

The spread nuclei of the pachytene spermatocyte D. portschinskii and D. raddei

The spread nuclei of the pachytene spermatocyte D. portschinskii (A) and D. raddei (B)
immunostained with antibodies against the SYCP3 protein (green) - lateral elements of
meiotic chromosomes, anti-kinetochore ACA antibodies (red), antibodies against mismatch
repair protein MLH1 (yellow) - sites of crossing over. (C) - number of crossing over sites

(MLH1 foci) per spermatocyte nucleus (mean = SD) in D. portschinskii and D. raddei.Bar = 5

um.
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