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Five new unexpected populations sl

of endangered tuco-tuco Ctenomys rionegrensis
(Rodentia, Ctenomyidae) help understanding its
distribution and historical biogeography

Virginia D. Zelada Perrone'?, lvanna H. Tomasco® ®, Matias E. Mac Allister'?, Cecilia S. Carnovale',
Ariel Carmaran?, Diego A. Caraballo®”, Mariano L. Merino'® and Gabriela P. Fernandez'

Abstract

In this study, we conducted a survey of newly discovered populations of tuco-tuco (subterranean rodents

of the genus Ctenomys) in the Entre Rios province, in an area characterized by its unexplored nature and its climatic
and biogeographic complexity within Argentina, which includes two National Parks. We characterize the nucleotide
sequences of the cytochrome-b gene, revealing the presence of seven novel haplotypes within Ctenomys rionegrensis,
a species known to inhabit both sides of the Uruguay River. Through Bayesian analyses, we estimated the divergence
times of the oldest lineages of C. rionegrensis, as well as those of the haplotypes located east of the Uruguay River,
dating back approximately 630,000 years before present (ybp) and 526,000 ybp, respectively. These estimates cor-
respond with significant paleogeographic events in the region. Our findings may raise questions regarding the taxo-
nomic classification of the species and suggest potential modifications to its current endangered status as designated
by the International Union for Conservation of Nature (IUCN). Consequently, this research provides valuable insights
that may inform future revisions of the species’ conservation status and guide the development of informed manage-
ment strategies/policies.
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Introduction

The tuco-tucos (also known as tucu-tucus, tunducos,
and ocultos, among other names) are subterranean
rodents native to South America and belong to the
genus Ctenomys Blainville 1826. Currently, there are 67
described species within this genus, and the taxonomy
remains a subject of ongoing research, characterized
by controversy and dynamism (e.g., [28—31], in the last
year). Many regions inhabited by tuco-tucos lack com-
prehensive species identification, with more than 40%
of species categorized as Data Deficient (DD) by the
International Union for Conservation of Nature (IUCN,
2015), and approximately 75% considered endangered
[15].
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The Entre Rios province in Argentina (Fig. 1a) encom-
passes three distinct ecoregions: the Espinal in the north,
the Pampa in the center, and the Delta and Islands of the
Parand River in the south, bordering Santa Fe and Bue-
nos Aires provinces [11]. This region is characterized
by a complex mosaic of terrestrial, riparian, and aquatic
habitats, harboring endemic species and biological com-
munities unique to the area [1]. The intricate patterns of
biodiversity in Entre Rios are likely shaped by past geo-
morphological events, ecological factors, and the current
hydrological connectivity of waterways with surround-
ing biogeographic regions [2]. Accurate species identifi-
cation and phylogeographic studies can provide insights
into the paleogeographic and historical processes that
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Fig. 1 Summary of studied populations and haplotypes of C. rionegrensis. a:

Map of the studied populations. Underline: provided by this study.

Dashed area: suggested distribution for the species [14], IUCN),b: Phylogenetic relationship of C. rionegrensis haplotypes. The Genbank accession
numbers and the locality of precedence are indicated (except for the one shared between the towns of Abrogal, Guarida and Nuevo Berlin (1,

3 and 8)). The numbers in the nodes are the posterior probabilities greater th

an 0.5; ¢: Red haplotypes of C. rionegrensis. The area of the circle

is proportional to its frequency. The crossed lines on the connecting lines represent changes between haplotypes. The number next to each
haplotype corresponds to the populations on the map in part a, and the letters correspond to the haplotypes in the tree in part b
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have influenced the region, facilitating reassessment of
conservation statuses. Because tuco-tucos are distrib-
uted in patches determined by soil hardness and particle
size suitable for underground activity (e.g., [3], they are
closely linked to the substrate and are excellent indicators
for this purpose (e.g., [21]). It is possible to find differ-
ent species occupying the same patches of environments
[22].

The about 80,000 km? of the Entre Rios province, has
been practically ignored concerning the tuco-tucos’ spe-
cies. While two species have been reported in this region,
their geographic distributions remain poorly docu-
mented. Ctenomys pearsoni Lessa and Langguth, 1983,
primarily found in Uruguay [4, 10], has been reported in
Entre Rios [27] referred as C. torquatus, [12]. Its conser-
vation status was initially categorized as Near Threatened
by the IUCN but later revised to Least Concern based
on updated distribution data [15]. Ctenomys rionegrensis
Langguth and Abella, 1970 also was reported for Entre
Rios in its original description, and previously mentioned
by Reig et al. [27] as Ctenomys minutus. Later, D’Elia et al.
[17] corroborated its presence in Parana and Ibicuy, and
Caraballo et al. [14] reported it in Pre-Delta National
Park (PDNP) (Fig. 1, a). Due to its restricted range and
habitat threats, this species is currently listed as Endan-
gered by the IUCN [5, 15]. Additionally, the presence of
neighboring species such as Ctenomys torquatus Lichten-
stein, 1830, and Ctenomys dorbignyi Contreras and Con-
treras, 1984, cannot be discounted in Entre Rios province.

We assessed five new populations of tuco-tucos of
Entre Rios province by characterizing cytochrome-b
sequences to test the hypothesis of the presence of one of
the two species reported for the region. Once the species
was identified, we conducted phylogeographic analyses
including neighboring conspecific populations to draw
biogeographical conclusions.

Materials and methods

We took tissue samples preserved in 95% ethanol from
Ctenomys spp. specimens collected at five locations
within Entre Rios, Argentina, and archived at the Centro
de Bioinvestigaciones (CeBio, Universidad Nacional del
Noroeste de la Provincia de Buenos Aires, Pergamino): E1
Federico Estate, Provincial Route 38, 10km west of Ubajay
(31°46’33.8" S, 58°22’45.7" W) (n=3, ER1-ER3); National
Route 14 (Km 175) near Paraje Mabragaia (32°04'26.8" S,
58°15'13.3" W) (n=3, ER4-ER6); and three trapping sta-
tions within El Palmar National Park (EPNP), namely
EPNP Northl (30°59°59.9” S, 57°59’59.92” W) (n=2, ER7-
ERS8), EPNP North2 (30°59°59.9” S, 57°59’59.9” W) (n=1,
ER9), and EPNP South (30°59'59.9” S, 57°59'59.9” W)
(n=3, ER10-ER12) (Fig. 1a).
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DNA extraction followed a standardized protocol [23],
with PCR amplification of the cytochrome-b gene (cyt-b)
using primers NTUCOO05C (5-TAACCAAGACTAATG
ATAYGAAAAACC-3’) and TUCOI14A [32] in a final
volume of 20ul, containing 10ul of GoTaqHotStart Kit
(Promega), 3pl of each primer 10mM, and 4yl of 1:100
dilution of DNA extraction. The PCR cycling was per-
formed in a Thermo thermal cycler (PxEthermalcycler).
The cycling conditions included an initial denaturation at
94°C for 3 minutes, followed by 35 cycles of denaturation
at 94°C, annealing at 45°C, and extension at 72°C (30 sec.
each step), with a final extension at 72°C for 5 minutes.
PCR products were purified and sequenced bi-direction-
ally by Macrogen (http://www.macrogen.com)

To estimate the phylogeny of C. rionegrensis, we
included Genbank sequences: all available sequences
of C. rionegrensis, all cyt-b and available species of the
phylogenetic group (mendocinus) to which this spe-
cies belongs [24], and representatives of other Ctenomys
species and outgroups (Supplementary materials, Table
SI 1a, b). Phylogenetic inference was performed using
BEAST 2.5 [9] with a MCMC chain length of 10,000,000
generations, discarding the initial 10% as burn-in.
Sequences were partitioned according to Caraballo and
Rossi [13]. We used HKY+Y+G@ as the fittest substitution
model for 142" and TIM2+G for 3", both selected by
BIC score in jModelTest [25].

The spatio temporal dynamics was reconstructed
through continuous diffusion analysis of C. rionegrensis
using the GEO_SPHERE package [8] in BEAST. Sam-
pling locations and geographic coordinates are provided
in Supplementary Table SI 2. To minimize conflicts aris-
ing from using different sequences from identical sam-
pling sites, random "jittering" was applied. We employed
a strict clock with secondary calibration based on rates
inferred from a previous fossil multi-calibrated analysis
[16], with a mean rate of 0.0202 substitutions/site/ My,
setting upper and lower bounds to 0.0198-0.0206 s/s/My.
Substitution models were selected for 1st+2nd and for
3rd codon positions, respectively. Two independent runs
for 30,000,000 MCMC generations, sampling every 5,000
generations, with a burn-in of 25%, were performed.
Convergence diagnostics were carried out using Tracer
1.6.0 [26], log files were combined using LogCombiner
2.4.4, and a Maximum Clade Credibility (MCC) tree was
annotated with TreeAnnotator 2.4.4. The resulting Maxi-
mum Clade Credibility (MCC) tree was converted into a
keyhole markup language (KML) file using SPREAD 1.0.6
[6], available for interactive visualization in Supplemen-
tary materials (Figure SI 1).

From all C. rionegrensis sequences (n=27), we cal-
culated haplotypic (Hd) and nucleotide (m) diversity,
mean number of paired differences (k), and number of
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polymorphic sites (S) using Arlequin software [18] (see
Table 1). Additionally, Tajima’s D and Fu’s Fs neutrality
tests were conducted, along with exact tests to evalu-
ate genetic differentiation between pairs of populations
based on haplotype frequencies, and analysis of molecu-
lar variance (AMOVA) to assess genetic variation struc-
turing and the potential effect of the Uruguay River as a
geographical barrier (see Table 1).

Results and discussion
We identified seven novel haplotypes (1071bp), with
one each in Ubajay and Paraje Mabragana, two in
EPNPNorthl, one in EPNPNorth2, and two in EPNP-
South, exhibiting differences in 17 transitions. Phylo-
genetic analysis suggests that the evaluated populations
belong to C. rionegrensis, forming a monophyletic clade
with previously reported sequences of the same species,
supported by high Bayesian posterior probability values
(Fig. 1,b) (Supplementary materials, Figure SI 2a, b).
Approximately half of the populations possessed
unique haplotypes among the 16 populations and 27
haplotypes of C. rionegrensis analyzed (Fig. 1c). Notably,
eight haplotypes were polymorphic: Abrojal, Chapar-
rei, Arrayanes, Mafalda, La Tabaré, PDNP, EPNPNorthl,
and EPNPSouth. Haplotypes west of the Uruguay River
(hereafter referred to as Argentinian) exhibited higher
genetic variation (k=8.51, S=40) than those to the east
(hereafter Uruguayan, k=2.92, S=22) (Table 1) and were
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paraphyletic to the latter (Fig. 1b), occupying a broader
geographic distribution. The paraphyly of Argentinian
haplotypes, along with their higher nucleotide and haplo-
typic diversity indexes, suggests that current Uruguayan
populations diverged from an ancestor originating in
Argentina, reflecting a deeper historical connection
with larger population sizes (either current or past) in
that country [20]. Moreover, the prevalence of fixed and
unique haplotypes per population underscores the pro-
nounced influence of genetic drift, indicative of small
and isolated populations [32], a characteristic trait of the
genus.

The genetic differentiation tests between pairs of pop-
ulations, measured as F¢p, was significant in most cases
(Supplementary materials, Table SI 3). AMOVA revealed
that differences between groups (Uruguayan vs. Argen-
tinian haplotypes) accounted for 55.76% of the variance.
Approximately 11.0% of the variance was attributed
to variation within populations, with slightly over 30%
(33.25%) attributed to differences between populations
within groups. This outcome indicates that the Uruguay
River acts as a significant barrier to gene flow.

Tajima’s tests were not significant for polymor-
phic populations or within each group (Uruguayan vs.
Argentinian haplotypes). However, Uruguayan haplo-
types exhibited negative and marginally significant D
values (D=-1.43, p=0.06), while Fu’s test yielded sig-
nificant results (Fs=-6.28, p=0.01), suggesting a recent

Table 1 Summary of haplotype distribution and neutrality test by location and by group

Population N NH S Hd n k D p F P
Las Cafnas 5 1 0 (0.0000 +/-0.0000) (0.0000 +/- 0.0000) 0 0 1 - -
Tabaré 5 2 5 (0.6000 +/-0.1753) (0.0028 +/- 0.0020) 3 1.69 1 352 0.90
Arrayanes 5 4 4 (0.9000 +/-0.1610) (0.0017 +/-0.0013) 1.80 -040 040 -1.20 0.10
Mafalda 5 4 4 (0.9000 +/-0.1610) (0.0015 +/-0.0012) 1.60 -1.10 0.10 -1.40 0.10
Abrojal 6 2 1 (0.3333+/-0.2152) (0.0003 +/- 0.0004) 0.40 -0.90 0.30 0.003 0.30
Guarida 5 1 0 (0.0000 +/- 0.0000) (0.0000 +/-0.0000) 0 0 1 - -
Nuevo Berlin 5 1 0 (0.0000 +/- 0.0000) (0.0000 +/- 0.0000) 0 0 1 - -
Chaparei 5 3 5 (0.7000 +/- 0.2184) (0.0026 +/-0.0019) 2.80 112 0.90 122 0.80
Ibicuy 1 1 0 (1.0000 +/- 0.0000) (0.0000 +/-0.0000) 0 0 1 - -
Parana 1 1 0 (1.0000 +/- 0.0000) (0.0000 +/- 0.0000) 0 0 1 - -
PDNP 2 2 1 (1.0000 +/- 0.5000) (0.0009 +/-0.0013) 1 0 1 - 0.20
Ubajay 3 1 0 (0.0000 +/- 0.0000) (0.0000 +/- 0.0000) 0 0 1 - -
Paraje Mabragana 3 1 0 (0.0000 +/- 0.0000) (0.0000 +/- 0.0000) 0 0 1 - -
EPNPNorth1 2 2 7 (1.0000 +/-0.5000) (0.0064 +/- 0.0069) 7 0 1 1.95 0.50
EPNPNorth2 1 1 0 (1.0000 +/- 0.0000) (0.0000 +/- 0.0000) 0 0 1 - -
EPNPSouth 3 2 1 (0.6667 +/-0.3143) (0.0006 +/-0.0008) 0.70 0 1 0.20 040
GROUP 1 41 16 22 (0.8854 +/- 0.0349) (0.0027 +/-0.0016) 290 -1.40 0.10 -6.28 0
GROUP 2 16 M 40 (0.9417 +/- 0.0406) (0.0078 +/- 0.0043) 8.50 -1.20 0.10 -1.03 0.30

Number of individuals (N); number of haplotypes found (NH) number of segregating sites (S); Haplotype diversity (Hd); Nucleotide diversity (m); mean number of
paired differences (k); Tajima D statistic values (D) and their probability value; F statistic of Fu (F) and its probability value. Group 1: Uruguayan populations, Group 2:

Argentinian populations
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population expansion, consistent with previous find-
ings [32]. Although the Argentinian haplotypes dis-
played non-significant Tajima and Fu values (D=-1.23,
p=0.11,Fs=-1.03, p=0.30), the absence of an expansion
signal may be attributed to the limited number of sam-
ples evaluated. Furthermore, Uruguayan haplotypes
exhibited an average divergence (p-distance) of 0.003,
whereas the six Argentinian haplotypes displayed 0.012.

Divergence time estimations by BEAST suggest that
current C. rionegrensis lineages originated at approxi-
mately 630,000 ybp (95% highest posterior density:
923,000-360,000). The colonization of Uruguay likely
occurred between the origin of this lineage (526,000
ybp, 95% HPD: 770,000-318,000 ybp) and their most
recent common ancestor (136,000 ybp, 95% HPD:
230,000-60,000 ybp), aligning with climatic changes
during the Middle and Late Pleistocene [19]. Notably,
the Great Patagonian Glaciation, occurring between
0.98 and 0.5 Myr, marked a colder and drier climate,
with an absolute thermal minimum at 0.6 Myr, evi-
denced by a consistent decline in both plant and fau-
nal content in the stratigraphic record [7]. During this
period, favorable conditions such as the expansion of
savannas and steppes facilitated the differentiation and
expansion of C. rionegrensis, eventually reaching Uru-
guayan territory. Subsequently, as conditions became
more humid, increased flow in the Uruguay River due
to humid and warm conditions isolated populations to
the east of the river, leading to progressive differentia-
tion up to the present day. Interestingly, this timeframe
corresponds to the migration of another tuco-tuco spe-
cies, C. pearsoni, crossing the Uruguay River from Uru-
guay to the Entre Rios province [13].

Our findings add novel points of occurence to the
species distribution (Fig. la), describing novel popu-
lations and highlighting pronounced differentiation
among them. The fixation of several exclusive haplo-
types suggests a lack of connection between popula-
tions. In extreme cases, Uruguayan populations have
been isolated for millennia, evolving as independent
units. Consequently, we speculate on the possibility of
assigning species status to the forms on both sides of
the Uruguay River.

Our results provide insights into the taxonomy of C.
rionegrensis, potentially informing a reassessment of
the conservation status of the species and the develop-
ment of conservation policies, including those for the
protected area El Palmar National Park (EPNP). How-
ever, to propose efficient conservation management
strategies and to understand the distribution patterns
of biodiversity and its regional complexities, further
evaluation of tuco-tuco populations in Entre Rios is
imperative.
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