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Abstract — Meiotic behaviour was studied in males of the Cteromzys perrensi superspecies from Argentina that show
variations in their chromosome number mostly due to Robertsonian translocations (Rb). A significant positive cor-
relation between cell chiasma frequencies and total chromosome numbers was found. The reduction in chiasma fre-
quency observed in individuals with Rb rearrangements occurred mainly at expenses of proximal and interstitial chi-
asmata, although significant differences between Rb trivalents and bivalents both in chiasma distribution and univa-
lent frequency were also observed. Nevertheless, not all changes in chiasma distributions could be ascribed to Rb re-
arrangements. Chromosome synapsis was analysed in Rb hetero- and homozygotes. Trivalents showed a high
frequency of synapsis at pericentromeric regions, suggesting no mechanical incompatibilities or delay in the synap-
tonemal complex formation in such regions. The relationship between chiasma distributions and synaptic patterns is
discussed and a hypothesis about the possible role of telocentric or subtelocentric regions in these processes is pro-
posed. It is also concluded that one or two Rb translocations in heterozygosis have weak direct effects on the fertility
of the male carriers; therefore C. perrensi superspecies may be prone to maintain Rb chromosomal rearrangements.

Key words: chiasma frequency, chiasma localisation, chromosomal rearrangements, Czenomzys, synaptonemal com-
plex.

INTRODUCTION

Robertsonian (Rb) translocations are common
as chromosome polymorphisms or fixed differ-
ences between populations (BAKER ez a/. 1985; Bi-
DAU 1990; HATFIELD et al. 1992; NACHMAN 1992a;
SEARLE 1993; SEARLE ef al. 1993; ROGATCHEVA ¢t
al. 1997; 1998; Bipau and MarTi 2002; PIALEK et
al. 2005). In Rb heterozygous meiosis, the bi-
armed chromosome and its acrocentric homo-
logues must pair, form chiasmata, orientate and
segregate disjunctionally which is that expected in
balanced polymorphisms, but not when Rb rear-
rangements act as isolating mechanisms (WHITE
1978; Hewrrt 1979; Joun 1983; Kinc 1993;
RieseBERG 2001). Secondary contact between
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populations differing for Rb translocations pro-
duces hybrid zones where hybrids may show de-
creased fertility relative to the parental forms.
Synaptic failure, association of unsynapsed auto-
somal segments with asynaptic regions of sex
chromosomes, and other factors affecting early
presynaptic stages have been related to decreases
of fertility in Rb heterozygotes (KinG 1993). Fur-
thermore, Rb rearrangements usually modify chi-
asma frequency and distribution patterns, which
may disrupt groups of coadapted genes (BIpAU et
al. 2001).

Fossorial Ctenomzys rodents (tuco-tucos) are
endemic to South America, and represent the
most chromosomally variable mammal genus.
Ctenomys includes 67 named species (Bipau
2006, and personal observations), and chromo-
some numbers range from 2n=10 in C. steinbachi
to 2n=70 in C. dorbigny: and C. pearsoni (KiB-
LISKY et al. 1977; ANDERSON et al. 1987; ORTELLS
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et al. 1990; ARGUELLES e al. 2001). Karyotypes of
Ctenomys species are diverse, owing to a wide
range of rearrangements (ORTELLS et al. 1990;
ORTELLS 1995; BrAGGIO ef al. 2000; GIMENEZ ef
al. 1997; 1999; 2002; ARGUELLES et al. 2001; Bi-
DAU 2006). However, meiotic effects of chromo-
somal rearrangements are poorly understood in
this genus (LANZONE et al. 2002).

A group of closely related Ctenomzys popula-
tions, inhabiting Corrientes province (Argentina),
the C. perrensi superspecies (ORTELLS 1995;
GIMENEZ et al. 2002; LANZONE e? al. 2002), shows
a heterogeneous chromosomal constitution. Dip-
loid numbers range from 40 to 70 mainly due to a
system of Rb translocations (ORTELLS et al. 1990;
GIMENEZ et al. 2002). Since this superspecies is of
recent evolutionary origin (GIMENEZ ef al. 2002),
it is feasible that hybridisation between chromo-
somally distinct populations could produce hy-
brids with reduced fertility due to meiotic distur-
bances. If the chromosomal rearrangements are of
recent origin, compensatory mechanisms for the
restoration of fertility, and the maintenance of
polymorphysm, might have not yet arisen. How-
ever, comparison of molecular and chromosomal
data has shown that relatively neutral variants of
Rb chromosomes are formed and maintained
more frequently in some taxa than in others
(SEARLE 1993; NacumAN and SEARLE 1995; Co-
LANGELO et al. 2005). Previous results in Cterno-
mys, indicate that the sex chromosome pair dis-
plays a pattern of axis differentiation during pach-
ytene that leads to full synapsis of both X and Y
chromosomes (LANZONE ez al. 2002). This behav-
iour might prevent possible interactions with un-
synapsed regions of Rb trivalents that could lead
to infertility (KiNG 1993; TURNER ef al. 2005).

In this paper, we analyse chiasma frequencies,
chiasma distributions and synaptic patterns of Rb
hetero- and homozygotes males of the C. perrensi
superspecies to assess the effects of chromosomal
repatterning in this group of tuco-tucos.

MATERIALS AND METHODS

Trapping locality and the number of speci-
mens of Ctenomys perrensi superspecies (“C. per-
renst”) analysed in this study are indicated in Ta-
ble 1 and Fig. 1. In addition, specimens of differ-
ent species, namely: C. roigi and C. dorbignyi that
belong to the same species complex (GIMENEZ ef
al. 2002), C. opimus, a species with low chromo-
some number from a different lineage, and an Oc-
todontid (the sister familiy of the Ctenomyidae)

with 2n= 102, Tympanoctonys barrerae, that were
not heterozygous for Rb translocations were used
as controls (Table 1). Karyotypying followed a
bone marrow short-term culture protocol
(GIMENEZ et al. 1999). Meiotic preparations were
made according to EvaNs ez al. (1964). C-banding
was used to detect centromere location and chi-
asma positioning. The procedure used was that of
E1BERG (1974): slides were aged at room tempera-
ture 7 - 10 days, incubated in Earle’s solution,
pH=8.5-9.0 at 85°C for 30 min, washed with dis-
tilled water, air-dried, and stained with 4% buff-
ered Giemsa. Chiasmata were recorded at diaki-
nesis as: proximal (P), interstitial (I) and distal (D)
relative to the centromere (BpAau er al 2001).
Means, standard deviations and coefficients of
variation ([sd/mean]*100) were calculated. Nor-
mality of data was estimated through the Kol-
mogorov-Smirnov test (ZAR 1984; 1999). For the
purposes of regression, mean chiasma frequencies
were [og-transformed and the arcsin transforma-
tion was applied to coefficients of variation
(STeELE and TorRrIE 1980). Analysis of Variance
(ANOVA), non-parametric correlation and linear
and non-linear regressions were employed for
data analyses. The XY bivalent, which normally
shows a distal chiasma (LANZONE et al. 2002), was
excluded from both the chiasma analyses and the
calculation of the number of chromosome arms
(Fundamental Number, FN), which then became
in the Autosomal FN (AFN). Both parameters
were [og-transformed for statistical purposes.

Observations of synaptonemal complexes
(SC) were carried out according to the method
described by LanzoNE et al. (2002). Briefly, mei-
otic cells were released in TC 199 medium and
centrifuged 3 times for 15 min at 1500 rpm. The
spreading medium (1% Triton X-100, pH=7.5)
was added on a plastic-coated slide with two
drops of the cell suspension and left for 12 min.
The cells were fixed with 4% paraformaldehyde.
Slides were stained with aqueous AgNO; (50%),
selected cells transferred to EM grids and exam-
ined under a Jeol 1010 electron microscope.

RESULTS

Meiotic characteristics of tuco-tucos and chiasma re-
sponses to variations in diploid number - Popula-
tions along the Saladas- Mburucuya transect were
polymorphic for Rb rearrangements: all karyo-
morphs but one were heterozygous for one or two
Rb translocations (Fig. 2; Table 1). The three
males from Chavarria formed 29 bivalents in
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Table 1 — Localities, geographic coordinates, diploid chromosome numbers (2n) and number of Rb trivalents (III),
autosomal fundamental number (AFN), and mean frequencies of total (T), proximal (P), interstitial (I) and distal (D)
chiasmata per cell (£SD) in males of the Ctenonzys perrensi superspecies and in males from the selected control spe-
cies of Ctenomys and Tympanoctonzys. The asterisks indicates those individuals selected for SC study.

Mean cell chiasma frequencies + SD

Taxon Locality Coord. 2n(II)  AFN
T P I D
“C. perrensi” Curuz( Laurel 27°56’S 42% 72 28.90+1.73 1.80+1.40 6.10+£1.29 21.00+3.65
57930 W (0)
San Miguel 28°01’ S 44 72 29.80+1.55 2.10+0.99 6.50+1.65 21.20+2.86
57936’ W (0)
Estancia Rosarito 28°06’ S 51 76 32.00+0.71 2.20+0.84 6.00+£2.35 23.80+2.59
(Km. 48) 58°17" W (1)
52% 76 32.00+1.66 5.11£1.05 7.44+1.67 19.44+2 .46
@)
Pago Alegre 28°05° S 56* 80 34.44+2.01 4.33+1.00 6.00+£2.12 24.11£2.32
(Km. 28) 58°22" W (2)
Pago de los Deseos (Km. 10)  28°15°S 56* 80 35.14+1.68 3.71+1.60 7.86+1.86 23.57+3.15
58°31"W 2)
Pje. Sto. Domingo 28°15° S 55 78 34.89+1.54 2.22+0.83 5.44+142 27.22+2.49
(Km. 7,5) 58°33" W (1)
54 78 34.40+1.14 440+1.14 6.80+1.64 23.20+1.48
2)
Chavarria 2856’ S 58 80 38.56+1.33 5.44+0.73 6.22+1.09 26.89+1.90
58°36" W (0)
58 80 37.89+1.05 5.89+1.05 6.11+1.83 25.67+2.87
(0)
58 80 38.17+1.17 5.67+1.21 6.83+1.33 25.67+2.07
(0)
Saladas 28°16’S 54 82 35.50+2.56 2.50+0.93 6.75+1.28 26.25+3.77
58739 W (0)
55 82 35.25+£1.91 1.50+0.76 5.88+1.64 27.88+3.04
(1)
Santa Rosa 28°11’S 66 80 37.33+2.70 8.83+1.17 10.17+1.17 18.33+£2.50
58°07" W (0)
65* 80 38.78+1.20 8.44+1.13 9.89+1.05 20.44+1.67
(1)
C. roigi Costa Mansion 28°02’ S 48 76 31.00+0.00 250+2.12 4.00+0.00 24.50+2.12
58°49" W (0)
C. dorbignyi Mbarigiii 27°33’S 70 80 40.13£2.75 6.20£1.92 6.40+2.19 27.40+3.97
57°31W (0)
C. opimus Piedra del Molino 25°11’S 26 48 21.00+1.58 3.20+1.30 4.00+1.22 13.80+1.79
65°51"'W (0)
T. barrerae El Nihuil 35°02° S 102 198 55.50+£2.56 8.50+3.66 7.88+2.80 40.38+4.53

68°40" W (0)

meiosis. One of the analysed males from Santa
Rosa showed 33 bivalents (2n= 66), while the
other one had 2n= 65 and showed a Rb trivalent.
On the other hand, specimens from Curuz Lau-
rel and San Miguel had either 22 or 21 bivalents
(Table 1; Fig. 2). Karyotypic and chiasmatic data
of individuals from control species are shown in
Table 1; any of them was heterozygous for Rb
translocations.

An ANOVA was conducted to determine
whether total chiasma frequency varied among “C.
perrensi” karyotypes. Homogeneity of variances
was determined by the Bartlett’s test (SokAL and
RouLF 1998) (x?=16.82; df=14; 0.20 <P< 0.30).
Differences among karyotypes were statistically
highly significant (F=27.97; df=1,14, P<0.01).

Since the diploid chromosome number (2n)
and the AFN departed from normality despite

log-transformation, non-parametric Spearman
correlations were calculated between 2n, AFN,
the frequencies of T, P, I and D chiasmata, and
their respective coefficients of variation (CV) (Ta-
ble 2). It can be observed that in “C. perrenss”
both total (T) and proximal (P) chiasmata in-
crease significantly with 2n. T chiasmata also in-
crease with AFN; however, a partial correlation
analysis using 2n as a control variable, eliminated
the statistical significance of the T/AFN correla-
tion (r= 0.496; df= 12; P= 0.071). It is noteworthy
that the coefficient of variation of P chiasmata was
negatively correlated with 2n (Table 2; Fig. 3b)
and also with the frequency of P chiasmata (Fig.
3¢). Similar tendencies and correlations were ob-
tained when the control species were included
(Table 2), with the exception of a significant nega-
tive correlation between interstitial (I) and 2n.
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Fig. 1 — Sampling localities of the Ctenonzys perrensi superspecies.

Also, the correlation between T and AFN lost its
statistical significance when 2n was the control
variable (r= 0.31; df= 16; P= 0.356) although that
between D and AFN was maintained (r- 0510;
df=16; P=0.031).

Despite many of the relationships were not lin-
ear, we have calculated linear regressions between
T, P, I and D chiasmata to best visualise the varia-
tions of chiasma frequencies in relation to 2n.
Nevertheless, we have included the best non-lin-
ear models obtained to understand best the dy-
namics of the chiasmata/chromosome morpholgy
relationship (Table 3). In “C. perrensi” there were
positive correlations between T, P and I chias-
mata frequencies and the chromosome number

(Table 3; Fig. 3a). However, the frequency of D
chiasmata was not related to the variation in chro-
mosome number (Fig. 3a; Table 3) although a
complex non-linear relationship between D and
2n may exist (Table 3). When the control species
were included in the analyses the same tendencies
were found (Table 3; Fig. 3b).

All Rb trivalents exhibited similar chiasma fre-
quencies and distributions, despite having origi-
nated from independent Rb translocations (con-
tingency y’= 12.41; d.f.= 20; 0.900<P<0.975).
However, all trivalents had higher frequencies of
P and I chiasmata than the rest of the chromo-
some complement (contingency ¥°=121.41; gl=2;
P<0.001) (Table 4).
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Fig. 2 — Diakinesis cells from individuals of “Ctenonzys perrensi” with different chromosome constitutions. (a) 2n =
42, structural homozygote. (b) 2n = 56, double Robertsonian heterozygote. Note the presence of two autosomal uni-
valents (arrows). III = Robertsonian trivalent, I = univalent, XY = sex pair. Bar = 10 um.

Table 2 — Spearman correlation coefficients between log-transformed total (T), proximal (P), interstitial (I) and dis-
tal (D) mean chiasma frequencies, their respective arcsin-transformed coeffcients of variation (CV), and diploid
chromosome numbers (2n) and AFNs (log-transformed) of all karyotypes in the C. perrensi superspecies (upper
rows) and when the control species were added to the analyses (lower rows). Probability (in italics) is indicated for all

significant correlations. T'wo marginally significant correlations are shown in bold type. ns = non-significant.

Spearman’s rho

Taxon arcsin Chiasma Frequencies Coefficients of Variation
T P I D CVT CvP CVI CVD

“C. perrensi” 2n 0.892 0.801 ns ns ns 0.766 ns ns
P 0.000 0.000 0.001

“C. perrensi” AFN 833? ns ns gzz; ns ns ns ns

All species 2n 0.947 0.808 0.566 0.438 s -0.570 s s
P 0.000 0.000 0.012 0.061 0.011

All species AFN 823(1) ns ns 8(6)3? ns ns ns ns

Incidence of univalents - Autosomal univalents,
originated from chiasma failure in bivalents and
trivalents, were recorded at diakinesis (Table 4;
Fig. 2b). Individuals heterozygous for Rb translo-
cations tended to show a higher frequency of uni-
valents per cell (18.03%) than homozygotes
(6.90%). Desynapsis of the XY pair was observed
at relatively low frequencies (0-20%), although
the Santa Rosa males had the highest frequency of
XY dissociation, 30% (Table 5).

Analysis of Synaptonemal Complexes (SCs) - Six
complete pachytene nuclei from the Curuzt Lau-
rel male (2n=42) (Table 1), were selected and
measured on photographic enlargements. The to-
tal average autosomal haploid SC length was
258.06 + 10.38 um. In addition, 53 trivalents from
thirty nuclei belonging to four individuals were
studied (Table 1).

At pachytene, trivalents presented different
patterns of synapsis although neither complex
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Fig. 3 — Linear regressions between log-transformed total (M), proximal ({J), interstitial (@) and distal (O) chiasma
frequencies and log-2n of, a. Males of “C. perrensi” with different karyotypes (2n= 42-66) and b. Males of all species
analysed (2n= 42-102) (see Table 3 for regression equations). c. Non-linear regression (inverse model) between the
coefficient of variation (arcsinCV) of proximal chiasma frequency and 2n in males of “C. perrenss” with different
karyotypes. d. Non-linear regression (compound model) between the coefficient of variation (arcsinCV) of proximal
chiasma frequency and log-transformed proximal chiasma frequencies of males of “C. perrens:” with different
karyotypes.

Table 3 — Linear and non-linear regression equations between /og-transformed total (T), proximal (P), interstitial (I)
and distal (D) chiasma frequencies and the log 2n in the C. perrensi superspecies (upper row of each pair of equa-
tions) and when the control species were added to the analyses (lower row of each pair). F= F statistic; P= statistical

significance.

Reiitii;))n— Linear regression F p Non-linear regression F p
Tvs.2n T=0.324 +0.701*2n 73.26 0.000 T=e**[1.216+(-1.361/2n)] 79.05 0.000
T=0.320 + 0.703*2n 507.23 0.000 T=0.689 + (1.588**2n) 551.92 0.000
Pvs.2n P=-5581+3.541*2n 16.76 0.001  P=6.499+(-10.293/2n) 15.71 0.002
P=-1.575+1.245*2n 8.72 0.009 P=5.842 —7.481*2n + 2.555*2n**2 5.80 0.013
Ivs.2n I=-0.636+0.846 *2n 5.80 0.032  [=11.884 - 11.721%2n**2 + 4.633*2n**3 10.22 0.003
1=-0.198 + 0.581 *2n 11.72 0.003  I=e**[1.048 + (-2.189/2n)] 13.76 0.002
Duvs.2n  D=1.289 +0.047*2n 0.020 0.879  D=-19.286 — 18.004*2n - 2.021*2n**3 5.10 0.025
D=0.272 + 0.635 *2n 24.24 0.000 D=e**[1.085 + (-1.330/2n)] 25.10 0.000
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Table 4 — Relative frequencies of proximal (P), interstitial (I) and distal (D) chiasmata in bivalents (II) and trivalents
(ITT) of “Ctenomys perrensi” heterozygous for Rb translocations.

11 1T
Individual
P 1 D P 1 D
2n=51 0.05 0.18 0.77 0.25 033 0.42
2n=52 0.14 0.22 0.64 0.32 0.29 039
2n=54 0.09 0.21 0.70 0.39 0.09 0.52
2n=55 (Km 7.5) 0.05 0.15 0.80 0.29 019 0.52
2n=55 (Saladas) 0.03 0.17 0.80 0.19 0.19 0.62
2n=56 (Km 10) 0.07 0.22 0.71 0.29 0.27 0.44
2n=56 (Pago Alegre) 0.10 0.15 0.75 0.36 0.33 0.31

Table 5 — Frequency of univalents at diakinesis in different karyomorphs of the Ctenomzys perrensi superspecies.
Univalents produced by bivalents (I), Rb trivalents (III) or the sex pair (XY) are discriminated.

Number of

Frequency of autosomal univalents

heterozygous 2n X}{ lelmkﬁer
Rb translocations 11 jils Total univalents of cells
1 55 0.2 0.2 0.4 0.1 9
1 51 0 0 0 0 5
1 55 0 0.1 0.1 0 8
2 56 0 0.1 0.1 0 7
0 54 0.1 0 0.1 0.1 8
2 52 0 0.2 0.2 0.1 9
2 54 0.2 0 0.2 0.2 5
2 56 0.2 0 0.2 0.1 9
0 58 0.1 0 0.1 0.1 9
0 58 0 0 0 0.1 9
0 58 0.2 0 0.2 0.2 6
0 44 0 0 0 0 10
0 42 0 0 0 0.1 10
0 66 0.2 0 0.2 03 6
1 65 0 0 0 0.3 9

multivalent SCs nor associations with the XY pair
were observed (Fig. 4). Thus, 24% of trivalents
(13/53) showed complete synapsis (Fig. 4a). In
49% of configurations side arms involving both
acrocentric chromosomes (25/53) or fold-back
loops in one of the acrocentrics (1/53) were ob-
served, suggesting non-homologous synapsis at
pericentromeric regions (Fig.4b). In 27 % of triva-
lents (14/53) some asynapsis at the centromeric
ends of acrocentric chromosomes was recorded
(Figs.4c, d and e). Cis configurations of the acro-
centric centromeres with respect to the metacen-
tric centromere were more frequent than those in
trans, (Figs. 4c, d and e).

DISCUSSION

Examples of polymorphic Rb fusions are
found in mammals as Mus musculus domesticus,
Holochilus brasiliensis, Sorex spp. and Suncus
murinus (NACHMAN 1992a; b; Z1MA ef al. 1994;

ROGATCHEVA et al. 1997; 1998; BipAU ef al. 2001),
and insects (Bipau 1990; Bipau and MArTi 2002).
Apart from an instantaneous decrease of inter-
chromosomal recombination by reducing inde-
pendently assorting elements, fusions reduce in-
trachromosomal recombination and modify chi-
asma patterns correlated with the number of Rb
configurations present (BmpAU 1990; NACHMAN
1992b; BipAu et al. 2001; Bipau and MARrTI 2002;
CasTicLia and CaranNa 2002; Dumas and Brrt-
TON-DAvIDIAN 2002).

In tuco-tucos of the C. perrensi superspecies a
comparable repatterning of chiasmata occurs.
Karyomorphs with different Rb translocations
show a reduction of chiasma frequency and
changes in chiasma distribution, suggesting that
Rb translocations may be involved in the control
of recombination thus, determining the potential
amount of variability released by different karyo-
morphs in different populations (Bbau et al.
2001) (however, see below). The mechanics in-
volved in chiasma repatterning are poorly known
(MarTf and Bibau 2001). In Ctenomys, the reduc-
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Fig. 4 — Selected pericentromeric regions of the acrocentric chromosomes (arrows) in pachytene Robertsonian tri-
valents of “C. perrensi” illustrating different synaptic features. a. Full linear synapsis between the three chromosomes.
b. Side arm SC formed by heterosynapsis between the pericentromeric regions of both acrocentric chromosomes. c.
Asynapsis leading to one free acrocentric end. Acrocentric centromeres in #rans configuration. d. Small asynapsed re-
gion comprising both centromeric ends of acrocentric chromosomes with terminal thickenings. e. Asynapsis leading
to two acrocentric ends in trivalents of a double Rb heterozygote. Note the different configurations of the centro-
meres, in trans (right) and in ¢/s (left). Bar = 1 um.

tion of total chiasma frequency is produced
mainly by the elimination of non-distal chiasmata
as has been reported in other species. Neverthe-
less, several points are worth of discussion.

i) Although there is a general decrease of total
chiasma frequency when the chromosome

number decrease, it is clear from the comparison
within the “C. perrensi” group that not all chro-
mosomal variation is due to Rb translocations
since AFN varies between 72 and 82. Further-
more, this is more obvious when the control spe-
cies are incorporated to the analyses. In this case,
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AFN (48 to 198 autosomal chromosome arms)
varies much more than 2n (26 to 102 chromo-
somes). In both instances, the relationship be-
tween AFN and 2n is a complex non-linear (cu-
bic) one indicating that a number of other chro-
mosomal rearrangements, that could also affect
chiasmata (albeit in different ways), have certainly
played an important role in chromosomal evolu-
tion of the group. This fact could also explain the
non-linearity of some of the responses of chiasma
frequencies to change in diploid number, while in
cases where Rb translocations are the only source
of 2n variation (without AFN variation) responses
are always basically linear (Bibau 1990; 1993; Br-
DAU and MARTI 1995; Bipau e al. 2001; Cas-
TIGLIA and CAPANNA 2002; DumMAs and BRITTON-
Davipian 2002).

ii) It has recently been suggested that in mam-
mals, reciprocal recombination (and thus fre-
quency of chiasmata) is proportional to the
number of chromosome arms in the karyotype
(ParRDO MANUEL DE VILLENA and Sapienza 2001).
Within our sample, we found such a correspond-
ence between chiasmata and AFN but, its signifi-
cance dissapeared when 2n was included as a con-
trol variable, which was not tested by these au-
thors in their sample of distantly related species.
This result suggests that the number of chromo-
some arms may predict chiasma frequency when
Rb translocations are the main mechanism of
chromosome change in morphology, but not
when other rearrangements are involved. This is
not to say that the number of chromosome arms
does not affect chiasma frequency, but the total
number of chromosomes is a more realiable pre-
dictor of the amount of recombination within a
species.

iii) Unlike other studies, we did not find statis-
tically significant relationships between chiasma
frequencies and their variability. Usually, when
only Rb variation is involved, higher chiasma fre-
quencies are positively associated with higher
variability of T, P or I chiasmata (Bmau 1990; Bi-
pAU and MARTT 2002). In the case reported here,
the only significant relationships were those be-
tween CVP and 2n, and CVP and P chiasma fre-
quency but both were, surprisingly, negative.
Proximal chiasmata are the first to be suppresssed
when Rb fusions occur because of the problems
they impose on segregation of trivalents (Bibau
1990; Bipau and MarTi 1995), thus a reduction of
P chiasmata is accompanied by a decrease in their
variability. The situation here observed is difficult
to explain but again it may be due to the fact that
multiple (and not only Rb) rearrangements have

operated in this group. Since the number of meta-
centrics increases from the highest to the lowest
2n values in our samples, and metacentrics usually
have less P chiasmata than expected, this could
imply an opposite trend to the decrease in the
number of P chiasmata with 2n, determining an
increase in their variability. In other species (i. e.
D. pratensis, MARTI and BipAau 2001) chiasma for-
mation is directly related to pairing and synaptic
patterns. Thus, chiasmata would have a P-D dis-
tribution in acrocentric bivalents and a D-D dis-
tribution in metacentric ones if synapsis starts at
the ends of chromosomes and proceeds towards
the centromeres (BmAu 1990; 1993; Bipau and
MaRrTi 1995; MarTi and Biau 1995; 2001). In
male meiosis of tuco-tucos, synapsis is normally
initiated at chromosome ends, thus chiasma repat-
terning may obey the same principles as in D. prat-
ensis (BipAau 1990; 1993; 1996; Marti and Bipau
2001): chiasmata tend to be more probably
formed in chromosomal regions that pair first and
remain synapsed longer. The former would ex-
plain why the frequency of I chiasmata decreases
less than half than that of P chiasmata when chro-
mosome number decreases as a consequence of
Rb translocations and, why P chiasmata would be
the less likely to be produced in Rb configura-
tions.

This model of chiasma repatterning explains
the chiasmatic behaviour of Rb metacentric biva-
lents and trivalents if the underlying mechanism
of chiasma formation is identical for both types of
Rb configurations (Bmau 1993; Bipau and MARrT{
1995). However, in the case of Ctenomzys, Rb tri-
valents showed higher than expected frequencies
of P and I chiasmata, while Rb bivalents behaved
according to the model. Comparable results were
found in Rb trivalents of Mus musculus domesticus
(BipAU et al. 2001; CasticLIA and CAPANNA 2002)
and perhaps, in Holochilus brasiliensis (NACHMAN
1992b). Thus, what is the plausible mechanism
behind the differences in chiasma formation be-
tween Rb heterozygotes and homozygotes in
Ctenomys? A testable hypothesis is that telomeric
or subtelomeric regions might be involved in re-
combination initiation. If Rb translocations of
Ctenomys lead to the loss of telomeric regions of
acrocentrics then, Rb metacentric bivalents might
be devoid of them in pericentromeric regions of
chromosomes while Rb trivalents would have two
extra telomeric regions as represented by both ac-
rocentric chromosomes. The latter may explain
the excess of P and I chiasmata in trivalents.
Moreover, if both telomeric and subtelomeric re-
gions of the acrocentrics in the trivalent promote
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chiasma formation independently, a cumulative
effect on chiasma formation is expected in ab-
sence of chiasma interference across the centro-
mere. In Ctenomys almost 50% of analysed triva-
lents presented non-homologous synapsis be-
tween the pericentromeric regions of both acro-
centric chromosomes, and over 24% between
these regions and the metacentric chromosome.
This high frequency of synapsis in the pericentro-
meric regions suggests no mechanical incompat-
ibilities or SC delay formation in the centromeric
region of trivalents, as was described in mouse tri-
valents with crossover suppression (Davisson and
AkESON 1993). Thus, SC formation may be a ma-
jor factor related to chiasma distribution in tuco-
tucos. The similarities in chiasma patterns ob-
served in non related species with Rb transloca-
tions suggest that the effect of chiasma repattern-
ing may be related to a general mechanism
concerning the formation of metacentric chromo-
somes (BIDAU ez a/. 2001; Dumas and BrrrToN-
Davipian 2002). At pachytene, the sex bivalent
and most of Rb trivalents showed full synapsis
that would prevent the deleterious effects pro-
duced by the maintenance of unsynapsed regions
at the end of pachytene (LANZONE et al. 2002;
TURNER et al. 2005). These findings suggest the
existence of mechanisms that reduce the harmful
effects of heterozygous chromosome configura-
tions. Also, the higher frequency of univalents at
diakinesis in Rb heterozygous individuals suggests
the possibility of generating unbalanced gametes.
However, the lack of correlation between the
presence of univalents and the amount of triva-
lents in a given individual may indicate some in-
fluence of the genetic background and of the par-
ticular characteristics of the chromosomes in-
volved, as was reported for other mammals
(SEARLE 1993; NacuMAN and SEARLE 1995; Ro-
GATCHEVA et al. 1998). The present study supports
the idea that one or two Rb translocations in het-
erozygosis have weak direct effects on the fertility
of the male carriers.

Some authors have proposed that relatively
neutral variants of Rb chromosomes are formed
and maintained more frequently in some taxa
than in others (SearrLE 1993; NAcHMAN and
SEARLE 1995; CoLANGELO e al. 2005). The main-
tenance of the chromosome polymorphism dis-
played by the C. perrensi superspecies may be pro-
moted by the synaptic behaviour of sex chromo-
somes and Rb trivalents (LANZONE et /. 2002, this
study). Also, the presence of proximal and inter-
stitial chiasmata in trivalents may help maintain
high levels of recombination in heterozygotes,

perhaps balancing the effect of the reduction of
interchromosomal recombination (BAU ef al.
2001). Our data suggest that the C. perrensi super-
species may be “resistant” to the effects of Rb
chromosomal rearrangements. However, no indi-
vidual with more than two heterozygous Rb con-
figurations has yet been found. We conclude that
extreme Rb variation within the C. perrensi super-
species is probably not related to evolutionary di-
vergence within this group, supporting the lack of
substantial molecular differentiation between
chromosomally distinct populations, and even
Linnean species (MASCHERETTI e¢f al. 2000;
GIMENEZ et al. 2002). It is plausible that present
chromosomal variation has been inherited from
highly chromosomally polymorphic ancestors
(GIMENEZ et al. 2002).
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