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Temporal and spatial distribution of Rad51 protein in
spermatocytes of the common shrew Sorex araneus L.
(Soricidae, Eulipotyphla)

Tatiana V. Karamysheva, Nadezhda M. Belonogova, Marina |. Rodionova,
Nikolai B. Rubtsov, Andrei V. Polyakov, Jeremy B. Searle & Pavel M. Borodin*

ABSTRACT. Chromosome pairing and recombination at meiosis involves scheduled formation and repair
of double-strand breaks of DNA. Rad51, the eukaryotic homologue of the bacterial RecA protein, plays a
crucial role in these processes. We used antibodies against human Rad51 to examine the temporal and
spatial distribution of Rad51 in the spermatocytes of the common shrew Sorex araneus (Eulipotyphla,
Soricidae). We found that hundreds of Rad51 foci appeared at leptotene. At the beginning of zygotene their
close association with the axial elements of the synaptonemal complex became apparent. From early to late
zygotene the number of Rad51 foci gradually decreased. At pachytene we observed a further dramatic
decrease in the number of foci. They were distributed irregularly along autosomal bivalents. We detected a
prevalence of Rad51 signals on the original X and autosomal arms of the sex trivalent at late pachytene. We
did not detect a preferential association of Rad51 foci with unpaired or non-homologously paired regions of
lateral elements of synaptonemal complexes in Robertsonian multivalents.
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BpemeHHOe 1 npocTpaHcTBeHHOe pacnpeaeneHne 6enka Rad51 B
cnepmaTtoumTax o6bIKHOBEHHOW Bypo3yOku Sorex araneus L.
(Soricidae, Eulipotyphla)

T.B. KapambiweBa, H.M. BenoHorosa, M.U. PoanoHoBa, H.b. PybuoB,
A.B. Nonskos., x.B. Cupn, N.M. BopoanH

PE3IOME. CniapuBanue u pekoMOUHAIINS XPOMOCOM B Meiio3e 00yCIIOBIICHA YIIOPSJ0YCHHBIM (hOPMUPO-
BaHMEM U pernapanuei 1ByHuTeBbIX pa3pbiBoB JJHK. Rad51 — sykapuornueckuii romosor 6akrepruaibHO-
ro Oenka RecA — urpaet pemaronyio poib B 3THX Iporieccax. MbI HCTIONb30Bau anTuTeNna mpotus Rad51
YeIJI0BeKa AJIS CCIIEI0BAaHNS BPEMEHHOTO M TPOCTPAHCTBEHHOT0 pactpenesnenns Rad51 B cnepmaronuTax
00bIKHOBeHHON Oypo3yOku Sorex araneus (Eulipotyphla, Soricidae). Mpl Hanumi, 9To COTHH (DOKYCOB
Rad51 Bo3HHKAIOT B JenTOTeHE. B Hayane 3UroTeHBl CTAHOBUTCS 3aMETHON WX TECHas CBSI3b C OCEBBIMH
9JIEMEHTAaMH CHHANTOHEeMaJbHOro Komiuiekca. Yucio ¢okycoB Rad51 mocreneHHo ymeHbInaercst ot
paHHEH 3UroTeHbI K 1Mo3/HeH. B maxurene Mbl HaOMIOAANN 3HAYUTENILHOE YMEHBIICHUE Ynciia (POKYCOB.
Onu ObUIM pacIipeieTIeHbl HEPETryJISIPHO 10 ayTOCOMHBIM OMBasieHTaM. Mbl 0OHapY XK npeoliaganue
curHaioB Rad51 ma ayrocomMHOM 1 “HcTHHHOM X IjIedaxX TMOJOBOTO TPHUBAJCHTA B MO3JHEH MaxHWTEHE.
MB&I He HaILTN TPEeUMyIIecCTBEHHOH accormanun (GokycoB Rad51 ¢ HecrmapeHHBIMU WIIH HETOMOJIOTHYHO
CHapeHHBIMHU y9acTKaMu 00KOBBIX 2eMeHTOB CK B PoOepTCOHOBCKHMX MyJIbTHBAICHTAX.

KJIFOYEBBIE CJIOBA: Sorex araneus, o0bikHOBeHHAas1 Oypo3yOka, pekomOuHamus, Rad51, curantonem-
HBIM KOMILIEKC.
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Introduction

Meiosis is the process of formation of haploid ga-
metes from diploid germ cells. This process involves
pairing, recombination and segregation of homologous
chromosomes. The initial two processes take place at
meiotic prophase, which is subdivided into several stag-
es. At the first stage, called leptotene, the chromosomes
form axial elements. The main component of the axial
elements is a core protein SCP3. At zygotene, homolo-
gous chromosomes align and pair with each other. At
pachytene, all homologous chromosomes are completely
paired and appear as bivalents, connected by the central
element of the synaptonemal complex. At diplotene,
the final stage of prophase, as well as at diakinesis and
metaphase I, the bivalents remain attached at the points
of recombination, which are visible as chiasmata. At
anaphase I, homologous chromosomes segregate to op-
posite poles.

Although many details of chromosome pairing and
recombination (such as timing, sequence of events and
molecular mechanisms involved) remain unknown it is
clear that both processes are initiated by scheduled
formation of DNA double strand breaks (DSBs) at
specific sites (Wu & Lichten, 1994; Ohta ef al., 1999).
DSBs result in molecules with single-stranded tails
which bind Rad51, the eukaryotic homologue of bacte-
rial RecA protein (Padmore et al., 1991; Schwacha &
Kleckner, 1995).

Analysis of the distribution of Rad51 protein in
meiotic cells of yeast, lily, chicken, mouse and human
indicates that it is associated with sites for the initiation
of strand invasion and chromosome pairing and recom-
bination (Ashley et al., 1995; Plug et al., 1996, 1998;
Anderson et al., 1997; Barlow et al., 1997). Rad51 has
been found to form discrete nuclear foci from leptotene
in mouse and from early zygotene in human spermato-
cytes. These foci are co-localised with axial elements of
meiotic chromosomes. During zygotene, the foci are
predominantly present in regions undergoing synapsis.
The level of autosome labelling with Rad51 becomes
reduced at pachytene, although asynapsed segments of
XY remain intensely labelled. This indicates that the
Rad51 protein plays an important role in interhomo-
logue interactions during meiotic prophase I.

Here we present the results of an immunocytogenet-
ic study of Rad51 distribution in spermatocytes of the
common shrew Sorex araneus (Eulipotyphla, Soricidae)
and compare them with earlier data obtained on mouse
and human spermatocytes.

The common shrew is a very interesting model for
meiotic studies, because it has an XX/XY Y, sex chro-
mosome system. The “X” in Sorex araneus represents a
fusion between the true mammalian X and an autosome
(Sharman, 1956, 1991; Fredga, 1970; Packet al., 1993).
It has been shown that sex chromosomes in mammals
differ from autosomes both in the timing and pattern of
pairing and recombination (Ashley, 2002). In the com-
mon shrew we are able to analyse meiotic behaviour of
the “true” X and in autosomal arms in the sex trivalent.
Another peculiarity of the common shrew is that it
shows some of the most remarkable chromosomal vari-
ation in mammals. To date, 68 chromosome races have
been described (Wojcik et al., 2003) and the actual
number of distinct races probably goes far beyond 100.
The source of this chromosomal variation is Robertso-
nian fusions with further possible modification by whole-
arm reciprocal translocations (see Searle, 1993). Anal-
ysis of chromosome pairing, recombination and segre-
gation in hybrids between the chromosome races which
are heterozygous for several rearrangements is of par-
ticular interest.

Material and methods

Two juvenile male shrews used in this study were
trapped during the field season of 2004 in the section of
the hybrid zone between the Novosibirsk and Tomsk
chromosome races located 30 km southeast from No-
vosibirsk city (N 54°47', E 83°25") (for more details on
these chromosome races see Polyakov et al., 1996). G-
banded metaphase chromosomes were prepared ac-
cording to Kral & Radjabli (1974). Following the adopt-
ed nomenclature for the chromosomes of the common
shrew Sorex araneus (Searle et al., 1991), the karyo-
types of the male of Novosibirsk chromosome race and
the hybrid male are 21, XYY, af, b, go, hn, ik, jI, mp,
gr, tuand 24, XY Y, af, bc, jl, olog/gklkilih/hn/nm/m,
D, q/r, tu, respectively.

Spermatocyte spreads were prepared using the tech-
nique of Peters et al. (1997). Inmunostaining was per-
formed as described by Moens et al. (1997) with sever-
al modifications. Slides were incubated with a rabbit
polyclonal anti-human Rad51 antibody (Calbiochem)
at 1:1000 dilution, overnight, followed by detection
with fluorescein isothiocyanate (FITC)-conjugated goat
anti-rabbit IgG antibody (Jackson) at 1:200 dilution for
1 h. Then after rinsing the slides were incubated with a
rabbit antibody to rat SCP3 (a component of lateral
elements of synaptonemal complex, a gift from C. Heyt-

Figure 1. Spermatocytes of the common shrew immunostained with antibodies to Rad51 (black) and SCP3 (grey).

A. Leptotene. Rad51 foci are dispersed throughout the nucleus.

B. Leptotene-zygotene transition. Rad51 forms multiple branching fibres co-localised with axial element material.
C and D. Zygotene. Nuclei contain linear arrays of Rad51 foci. Arrows indicate asynapsed homologues showing symmetry of Rad51

labelling.

E. Pachytene in the shrew of the Novosibirsk chromosome race. Some autosomal bivalents are not labelled (arrow), while the XYY,

trivalent (arrowhead) has several Rad51 foci.

F. Pachytene in the inter-racial hybrid. Unpaired regions of the multivalent (arrow) do not show any Rad51 signals. The XYY, trivalent

(arrowhead) is intensively labelled.
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ing) at 1:1000 dilution for 2 h. This primary antibody
was detected with donkey anti-rabbit Cy3 (Jackson) at
1: 400 dilution for 1 h. Finally, the slides were counter-
stained with DAPI (2 mg/ml) and analysed using an
Axioskop 2 (Zeiss) microscope equipped with a CCD
camera, filter set, and the ISIS4 image processing pack-
age of Metasystems GmbH.

Results and discussion

The human Rad51 protein shows 99.1%, 98.8% and
95.6% identity to that of the dog (Ochiai et al., 2001),
the mouse (Morita ef al., 1993) and the chicken (Bez-
zubova et al., 1993), respectively. Although the shrew
Rad51 has not been analysed yet, there is no reason to
expect that it is an exception to this high level of
conservation. We were able to use polyclonal antisera
raised against human Rad51 (hRad51) to study the
distribution of Rad51 in shrew spermatocytes.

In contrast to human males, but similar to male
mice, shrew males form fragmentary axial elements at
leptotene (Borodin, 1991). At this stage, when the axial
elements just started to assemble and SCP3 appeared as
a small number of isolated foci, numerous Rad51 foci
occurred throughout the nuclei (Fig. 1A). This repre-
sents the earliest stage at which we were able to detect
Rad51 in male shrews. At the leptotene-zygotene tran-
sition Rad51 formed multiple branching fibres which
were co-localised with axial element material (Fig. 1B).

Zygotene nuclei contained numerous linear arrays
of Rad51 foci. The number of foci was maximal at early
zygotene and gradually decreased to late zygotene.
Again, in contrast to the results obtained with human
zygotene nuclei and similar to mouse zygotenes, heavy
Rad51 labelling was found in both synapsed and asyn-
apsed regions of the shrew synaptonemal complexes.
The majority of asynapsed homologues of the shrew
did not show the obvious symmetry of labelling as was
previously described by Ashley ef al. (1995) and Plug
et al. (1996) in human spermatocytes, although in some
bivalents the pattern of distribution of Rad51 foci ap-
peared symmetric (Fig. 1C, D).

In the shrew spermatocytes, the labelling of fully
synapsed bivalents appeared to diminish markedly from
early to late pachytene (from about 50 to 0 foci per
nucleus). At mid-pachytene some bivalents had several
foci while others were unlabelled in the same nucleus
(Fig. 1E).

At pachytene the number of Rad51 foci on the sex
trivalent correlated with total number of foci per cell
(r=0.48, n=33, p<0.05). However, the average density
of bright Rad51 foci on the axes of the sex trivalent was
significantly higher than on the axes of the autosomal
bivalents af and bc, which were approximately of the
same length as the sex trivalent (0.45+0.22 and 0.28+
0.12 foci per um, respectively,=1.97, d.f.=31,p=0.05).
There was no difference in labelling between the origi-
nal X (arm e, 0.48+0.26 foci per um) and autosomal
(arm d, 0.42+0.25 foci per pm) parts of the XYY,
trivalent (+=0.618, d.f.=31, p=0.53).

This indicates that both original and autosomal parts
of the XYY, trivalent display the same delayed pattern
of Rad51 labelling characteristic to sex bivalents of
mammals (Ashley et al., 1995). In this respect the sex
trivalent in the male shrews behaves as a coordinated
unit. This is rather different from the behaviour of the
shrew X chromosome in female somatic cells. Fredga
(1970) and Pack et al. (1993) demonstrated that in
somatic cells of female shrews the arm e was late
replicating and apparently inactivated as an unfused X
chromosome in other species, but inactivation did not
spread to the autosomal arm d.

Studies in mice heterozygous for reciprocal translo-
cations demonstrated an intensive delayed Rad51 la-
belling of unpaired and non-homologously paired re-
gions of the heteromorphic synaptic configurations at
pachytene (Plug et al., 1998). In the male hybrid be-
tween the Novosibirsk and Tomsk chromosome races
we found a chain-of-eight in 54% of pachytene cells. In
such a synaptic configuration we often observed rela-
tively large gaps in the lateral elements of the synap-
tonemal complex around the breakpoints, i.e. the cen-
tromeres (Fig. 1F). We did not find Rad51 foci on these
gaps. The remaining pachytene nuclei of the hybrid
contained incompletely and non-homologously paired
elements. We did not find an excess of Rad51 labelling
in the regions involved in non-homologous pairing.
Even univalents demonstrated the same pattern of la-
belling as normally synapsed bivalents.

It is intriguing to consider whether the two peculiar-
ities of the Rad51 distribution in the common shrew
(i.e. X-like labelling of the sex trivalent and normal
labelling of unpaired and non-homologously paired re-
gions of autosomes) are evolutionarily connected. The
X-autosome fusion is characteristic of the common
shrew and several other related species of the genus
Sorex (Zima et al., 1996). Searle (1986) supposed that
during and after fixation of the X-autosome fusion
selection would have acted to reduce anaphase I non-
disjunction of the sex trivalent in males and this may
facilitate correct segregation of autosomal trivalents as
well and thereby increase the probability of fixation of
Robertsonian fusions. It is possible that this selection
may also have affected earlier stages of meiosis as well.
It appears that Rad51 processes the sex trivalent as a
coordinated unit and ignores pairing irregularities oc-
curring in autosomal Robertsonian trivalents and mul-
tivalents.

ACKNOWLEDGMENTS. This work was supported by
research grants from INTAS, the Russian Foundation for
Basic Research and the Research Programmes of the Russian
Academy of Science “Biosphere Evolution and Origin” and
“Dynamics of Genomes”.

References
Anderson L.K., Offenberg H.H., Verkuijlen W.M. & Heyt-

ing C. 1997. RecA-like proteins are components of early
meiotic nodules in lily // Proceedings of the National



Rad51 in the common shrew 19

Academy of Sciences of the USA. Vol.94. P.6868—6873.

Ashley T. 2002. X-autosome translocations, meiotic synap-
sis, chromosome evolution and speciation // Cytogenet-
ics and Genome Research. Vol.96. P.33-39.

Ashley T., Plug A.W., XuJ., Solari A.J., Reddy G., Golub
E.I. & Ward D.C. 1995. Dynamic changes in Rad51
distribution on chromatin during meiosis in male and
female vertebrates // Chromosoma. Vol.104. P.19-28.

Barlow A.L., Benson F.E., West S.C. & Hultén M.A. 1997.
Distribution of the Rad51 recombinase in human and
mouse spermatocytes / EMBO Journal. Vol.16. P.5207—
5215.

Bezzubova O., Shinohara A., Mueller R.G., Ogawa H. &
Buerstedde J.M. 1993. A chicken RAD51 homologue is
expressed at high levels in lymphoid and reproductive
organs // Nucleic Acids Research. Vol.21. P.1577-1580.

Borodin P.M. 1991. Synaptonemal complexes of the com-
mon shrew Sorex araneus L. in spermatocyte spreads //
Cytogenetics and Cell Genetics. Vol.56. P.61-62.

Fredga K. 1970. Unusual sex chromosome inheritance in
mammals // Philosophical Transactions of the Royal
Society of London, Series B. Vol.259. P.15-36.

Kral B. & Radjabli S.I. 1974. Banding patterns and Robert-
sonian fusions in the western Siberian population of
Sorex araneus (Insectivora, Soricidae) // Folia Zoologi-
ca. Vol.23. P.217-227.

Moens P.B., Chen D.J., Shen Z., Kolas N., Tarsounas M.,
Heng H.H. & Spyropoulos B. 1997. Rad51 immunocy-
tology in rat and mouse spermatocytes and oocytes //
Chromosoma. Vol.106. P.207-215.

Morita T., Yoshimura Y., Yamamoto A., Murata K., Mori
M., Yamamoto H. & Matsushiro A. 1993. A mouse
homolog of the Escherichia coli recA and Saccharomy-
ces cerevisiae RADS1 genes // Proceedings of the Na-
tional Academy of Sciences of the USA. Vol.90. P.6577—
6580.

Ochiai K., Morimatsu M., Tomizawa N. & Syuto B. 2001.
Cloning and sequencing full length of canine Brca2 and
Rad51 cDNA // Journal of Veterinary Medical Science.
Vol.63. P.1103-1118.

Ohta K., Wu T.C., Lichten M. & Shibata T. 1999. Competi-
tive inactivation of a double-strand DNA break site in-
volves parallel suppression of meiosis-induced changes
in chromatin configuration // Nucleic Acids Research.
Vol.27. P.2175-2180.

Pack S.D., Borodin P.M., Serov O.L. & Searle J.B. 1993.
The X-autosome translocation in the common shrew
(Sorex araneus L.): late replication in female somatic
cells and pairing in male meiosis // Chromosoma. Vol.102.
P.355-360.

Padmore R., Cao L. & Kleckner N. 1991. Temporal compar-
ison of recombination and synaptonemal complex for-

mation during meiosis in S. cerevisiae // Cell. Vol.66.
P.1239-1256.

Peters A.H., Plug A.W., van Vugt M.J. & de Boer P. 1997. A
drying-down technique for the spreading of mammalian
meiocytes from the male and female germline // Chromo-
some Research. Vol.5. P.66-68.

Plug A.W., Peters A.H., Keegan K.S., Hoekstra M.F., de
Boer P. & Ashley T. 1998. Changes in protein composi-
tion of meiotic nodules during mammalian meiosis //
Journal of Cell Science. Vol.111. P.413-423.

Plug A.W., Xu J., Reddy G., Golub E.I. & Ashley T. 1996.
Presynaptic association of Rad51 protein with selected
sites in meiotic chromatin // Proceedings of the National
Academy of Sciences of USA. Vol.93. P.5920-5924.

Polyakov A.V., Volobouev V.T., Borodin P.M. & Secarle
J.B. 1996. Karyotypic races of the common shrew (Sorex
araneus) with exceptionally large ranges: the Novosibir-
sk and Tomsk races of Siberia // Hereditas. Vol.125.
P.109-115.

Schwacha A. & Kleckner N. 1995. Identification of double
Holliday junctions as intermediates in meiotic recombi-
nation // Cell. Vol.83. P.783-791.

Searle J.B. 1986. Factors responsible for a karyotypic poly-
morphism in the common shrew, Sorex araneus // Pro-
ceedings of the Royal Society of London, Series B.
Vol.229. P.277-298.

Searle J.B. 1993. Chromosomal hybrid zones in eutherian
mammals // Harrison R.G. (ed.). Hybrid Zones and the
Evolutionary Process. New York: Oxford University
Press. P.309-353.

Searle J.B., Fedyk S., Fredga K., Hausser J. & Volobouev
V.T. 1991. Nomenclature for the chromosomes of the
common shrew (Sorex araneus) // Mémoires de la Société
Vaudoise des Sciences Naturelles. Vol.19. P.13-22.

Sharman G.B. 1956. Chromosomes of the common shrew //
Nature. Vol.177. P.941-942.

Sharman G.B. 1991. History of discovery and recognition of
XYY, systems and chromosome polymorphism in mam-
mals // Mémoires de la Société Vaudoise des Sciences
Naturelles. Vol.19. P.7-12.

Wojcik .M., Borodin P.M., Fedyk S., Fredga K., Hausser J.,
Mishta A., Orlov V.N., Searle J.B., Volobouev V.T. &
Zima J. 2003. ISACC. The list of the chromosome races
of the common shrew Sorex araneus (updated 2002) //
Mammalia. Vol.67. P.169-178.

Wu T.C. & Lichten M. 1994. Meiosis-induced double-strand
break sites determined by yeast chromatin structure //
Science. Vol.263. P.515-518.

Zima J., Lukacova L. & Macholan M. 1998. Chromosomal
evolution in shrews / Wojcik .M. & Wolsan M. (eds.).
Evolution of Shrews. Biatowieza: Mammal Research
Institute, Polish Academy of Sciences. P.175-218.



