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Abstract
Nelsonia is a Mexican endemic genus of woodrat and includes only two uncommon species: N. neotomodon and N. goldmani.
This genus is of great phylogenetic interest, but has been ignored inmost taxonomic studies and revisions due to the scarcity of its
representatives in museum collections. The phylogenetic position of this genus is poorly known, and its interspecific and
intraspecific relationships are unclear. The aim of this study was to infer the phylogenetic position of Nelsonia within the
Cricetidae family, to determine whether the two species are monophyletic groups, and to assess the intraspecific genetic variation
of N. goldmani. We amplified two mitochondrial markers: cytochrome b and cytochrome oxidase subunit 1 from specimens
collected recently and museum samples from the type locality in 1903 to 1981 sampling half the known individuals reported to
date. Sequences were analyzed by Bayesian and maximum likelihood to generate a phylogenetic hypothesis. Divergence time
was performed to infer the biogeographic history. The genusNelsoniawasmonophyletic and sister group of the currentXenomys,
Hodomys, and Neotoma diverging in the middle-late Miocene. Nelsonia goldmani was also monophyletic, diverged from
N. neotomodon during the late Miocene, and was formed by four highly divergent lineages. Further evidence may support a
rank of full species for each of the four clades. Our results along with fossil data suggest that likely the genus Nelsonia diverged
from Repomys or Protorepomys in the region of Californian-Rocky Mountains of the United States of America, and posteriorly
invaded the Western Sierra Madre and Transmexican Volcanic Belt in Mexico.
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Introduction

Nelsonia Merriam, 1897, is a distinctive woodrat genus of
phylogenetic interest. It is endemic to Mexico and includes
only two species: the western diminutive woodrat (Nelsonia
neotomodon Merriam, 1987) and the Goldman’s diminutive
woodrat (Nelsonia goldmani Merriam, 1903). They are rare
and poorly known species, considered under special

protection by the Mexican government. These woodrats in-
habit highlands on rocky cliffs, slopes, and ravines in humid
and temperate environments of conifer and cloud forests
(García-Mendoza and López-Gonzáles 2005; León-Tapia
and Cervantes 2019a). They occur allopatrically,
N. neotomodon inhabiting only the Western Sierra Madre
(WSM), while N. goldmani is found throughout the
Transmexican Volcanic Belt (TVB).

This genus is of great phylogenetic interest due to the tax-
onomic troubles since its discovery (Carleton 1980). This is
because it has been ignored in most taxonomic revisions due
to the scarcity of the biological material inmuseum collections
(Bradley et al. 2007; Miller and Engstrom 2008; León-Tapia
and Cervantes 2019a). Few hypotheses have been proposed
about its phylogenetic position; some morphological charac-
ters suggested that Nelsonia met many of the requirements
that might be expected in an ancestor of Neotoma (Hooper
1954) and later morphological systematics proposed that
Nelsonia is closely related to Neotoma, Hodomys, and
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Xenomys with a hypothetical ancestral position to them
(Carleton 1980). Another hypothesis pointed out that the an-
cestral position of Nelsonia to Neotoma could be dismissed
because Nelsonia presents derived dental characters (May
1981). However, a recent study based on molar characters
revealed that Nelsonia represents the last survivor of the most-
ly extinct tribe Galushamyina (Martin and Zakrzewski 2019).
Although the external morphology of these four genera are not
similar, other morphological characters such as the molar pat-
tern show similarities (Hooper 1954; Carleton 1980).
However, some primitive morphological characters, karyo-
typic data (Hooper and Musser 1964), and spermatozoa
(León-Tapia and Cervantes 2019b) suggested phylogenetic
affinity with the group of peromyscines (Bradley et al. 2007).

Because of this phylogenetic uncertainly, the genus
Nelsonia has had different taxonomic placements over time
(Miller and Engstrom 2008). Molecular studies suggested
close phylogenetic relationships among Xenomys, Neotoma,
and Hodomys, but no specimens of Nelsoniawere included in
such works due to the difficulty of obtaining samples
(Edwards et al. 2001; Edwards and Bradley 2001, 2002;
Reeder et al. 2006; Longhofer and Bradley 2006; Miller and
Engstrom 2008). With the molecular markers ND3, ND4L,
ND4, and the tRNA arginine, one sample of N. neotomodon
was phylogenetically related to Neotoma (Engel et al. 1998),
but no samples of Xenomys and Hodomys were included.

On the other hand, the two species of Nelsonia have differ-
ing taxonomic placements as well; N. goldmani was included
as subspecies of N. neotomodon (Hooper 1954), but external
coloration and principally the presence of an anterorbital zy-
gomatic notch in N. goldmani (Engstrom et al. 1992) and
differences in the baculum and phallus (León-Tapia and
Cervantes 2019b) distinguished the two species morphologi-
cally. These morphological differences may suggest that two
lineages are present in the genus, but no formal phylogenetic
analysis has been performed.

Currently, N. neotomodon is a monotypic species, while
N. goldmani have two subspecies: N. g. goldmani and N. g.
cliftoni. This taxonomic status was proposed on the differ-
ences of coloration and skull variation in samples of
N. goldmani (Engstrom et al. 1992). The TVB where
N. goldmani inhabits is one of the most complex mountain
ranges in the world because of its topography and the variabil-
ity of altitudes, environments, and climates (Gómez-Tuena
et al. 2005; Ferrusquía-Villafranca et al. 2010), resulting in
an intricate distribution pattern and high number of exclusive
species that suggest this region is an evolutionarily active area
(Escalante et al. 2004, 2007; Mastretta-Yanes et al. 2015).
Hence, the historic process of the TVB could have had an
effect on the isolation of populations of N. goldmani and ge-
netic structure could be detected.

Therefore, the aim of the present study was to perform a
phylogenetic inference to test the position of the genus

Nelsonia within the Cricetidae family. To assess if
N. goldmani in the TVB is a monophyletic group. Finally, to
determine the intraspecific genetic variation in N. goldmani
and whether monophyletic groups are formed between the
two subspecies.

Material and Methods

Taxonomic Sampling

We assessed tissue samples of a total of 24 individuals of
Nelsonia, two of N. neotomodon from museum collections
and 22 of N. goldmani, five collected in a previous study
(León-Tapia and Cervantes 2019a) and 17 skins from mu-
seums in the United States collected between 1903 to 1985,
including specimens of the holotype series (Supplementary
Material Table S1). These samples represent almost half the
total number of individuals collected since the description of
N. goldmani in 1903 (Fig. 1). Furthermore, we included 31
specimens of 13 cricetid species from the Colección Nacional
de Mamíferos (CNMA) of Instituto de Biología, Universidad
Nacional Autónoma deMéxico. A total of 48 DNA sequences
of cytocrome b (Cytb) and 19 DNA sequences of cytocrome
oxidase subunit 1 (COI) of additional cricetid species were
downloaded from GenBank and BOLD Systems in order to
form a representative group of the subfamilies Sigmodontinae,
Tylominae, and tribes of the Neotominae subfamily. All ac-
cession numbers of the samples sequenced in this study and
downloaded sequences are available as Supplementary
Material Table S1.

DNA Extraction, Amplification, and Sequencing

Genomic DNA from tissues and skins was extracted using the
kits Quiagen Dneasy Tissue Kit® (Quiagen Inc., Valencia,
CA, USA) and AxyPrep™ Multisource Genomic DNA
Miniprep (Axygen Scientific Inc., Union City, CA, USA).
For the museum samples, we obtained 1–3 mm2 of ventral
skin that prior to DNA extraction were washed three times
using 200 μl of STE solution (Hillis et al. 1996) and incubated
at 56 °C each time.

We amplified the complete Cytb and COI mitochondrial
genes by polymerase chain reaction (PCR; Saiki et al. 1988)
using the thermal cycler parameters reported by Edwards and
Bradley (2002) and Ivanova et al. (2007).We used two external
and 14 internal primers reported in the literature for Cytb, and
six external primers for COI (Irwin et al. 1991; Smith and
Patton 1993; Smith and Patton 1999; Ivanova et al. 2007). In
addition, two internal primer for Cytb and eight for COI were
designed with the programOligoAnalyzer 3.1 (Integrated DNA
Technologies, Inc., Coralville, IA, USA; Table 1) for the de-
graded DNA from skins. The DNA extraction and PCR
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reactions were performed independently by species and locality
in order to avoid cross-contamination in skin samples as pre-
cautionary measures suggested in the literature (Martínková
and Searle 2006; Sefc et al. 2007; Wandeler et al. 2007;
Töpfer et al. 2011). The amplicons were purified using the kits
QIAquick PCR purification (Quiagen Inc., Valencia, CA,
USA) and AxyPrep™ PCR Clean-up (Axygen Scientific Inc.,
Union City, CA, USA), sequenced using the BigDye™
Terminator v1.1 Cycle Sequencing Kit, and analyzed with a
3100 Genetic Analyzer (Applied Biosystems, Foster City,
CA, USA). All the resulting sequences were visually inspected
and edited in BioEdit 7.0.9.0 (Hall 1999). In addition, some
COI samples of the Cricetidae family were processed using
the Ivanova et al. (2012) protocol at Guelph University,
Canada as part of the project of bar-code of life in the CNMA
(Supplementary Material Table S1).

Sequences were aligned with ClustalW algorithm in
MEGAX (Kumar et al. 2018), and the final sequences depos-
ited in the NCBI Genbank (accession numbers MK878906–
MK878985; SupplementaryMaterial Table S1). TheCytb and
COI matrices were merged in Mesquite v3.04 (Maddison and
Maddison 2015) to generate a final alignment concatenated.

Phylogenetic Reconstruction

The best fitting partitioning scheme (concatenated Cytb and
COI matrices) and nucleotide substitution model were select-
ed under the Akaike Information Criterion (AIC) in

PartitionFinder Version 1.1 (Lanfear et al. 2012), and used
for the phylogenetic inferences. Phylogenetic analyses were
conducted with the Maximum Likelihood (ML) and Bayesian
inference (BI) methods using sequences of Sigmodon
mascotensis and Sigmodon hispidus as outgroup.

For ML inference we used RaxML v8 (Stamatakis 2014)
with 1000 rapid bootstrap pseudoreplicates as nodal support.
The BI was done inMrBayes v3.2.6 (Ronquist et al. 2012) using
a random starting tree and unlinked parameters; the analysis was
conducted with two independent runs and four Markov chains,
10 million generations, and sampling every 1000. Convergence
and stationarity were assessed through values of the average
standard deviation of split frequencies with Tracer 1.7.1
(Rambaut et al. 2018). The first 20% of generations were
discarded as burnin and with the remaining trees a majority rule
consensus tree with posterior probabilities was constructed.

Genetic Distances and Diversity

For each mitochondrial marker, the number of haplotypes, hap-
lotype diversity, number of segregating sites, and nucleotide
diversity were estimated with the package pegas v0.11
(Paradis 2010) in R software v3.3.2 (R Foundation for
Statistical Computing, Vienna, Austria). The genetic mean dis-
tances between the principal clades were calculated under
Kimura 2-parameter (K2p) substitution model using MEGAX
(Kumar et al. 2018). Finally, in order to determine isolation by
distance, we performed a Mantel Test estimating the euclidian

Fig. 1 Localities of Nelsonia specimens included in this study with the
five lineages found in the phylogenetic tree: N. netomodon as stars and
N. goldmani as remaining geometric figures. The orange polygon

represents the Transmexican Volcanic Belt and green polygon to
Western Sierra Madre according to Morrone et al. (2017). Information
of localities can be found in Supplementary Material Table S1
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geographic distances using the corrected coordinates (León-
Tapia and Cervantes 2019a) with the K2p genetic distances
using a Pearson correlation and 10,000 permutations to assess
the significance of the observed value under the simulationswith
the package ade4 v1.7–13 (Chessel et al. 2004) in R software.

Divergence Time Estimation

We calculated divergence dates between taxa using BEAST
v2.6.3 (Bouckaert et al. 2019) with the dataset partitioned and

evolutionary models estimated in PartitionFinder. We used
four calibration dates based on the available fossil record,
rather than secondary calibrations in order to avoid a false
distribution of age estimates (Schenk 2016). First, we used
Copemys as the ancestor of all Neotominae after diverging
from Sigmodontinae (Steppan et al. 2004), Repomys gustelyi
as likely ancestor of genus Nelsonia (May 1981). The earliest
fossil records were Copemys sp. 23.03–5.33 Myr (Williams
et al. 2003) and Repomys gustelyi 10.3–1.8 Myr (Albright
1999). Two additional fossils for Reithrodontomys (1.8–6.89

Table 1 External and internal
primer sequences used and
designed in this study for
Nelsonia skin museum specimens
of the cytochrome b (Cytb) and
cytochrome oxidase subunit 1
(COI)

Marker Name 5′→ 3′ sequence References

Cytb MVZ-03 GCTTCCATCCAACATCTCAGCATGATG Smith and Patton 1993

MVZ-04 GCAGCCCCTCAGAATGATATTTGTCCTC Smith and Patton 1993

MVZ-05 CGAAGCTTGATATGAAAAACCATCGTTG Smith and Patton 1993

MVZ-06 GCTGTGTCTGATGTGTAGTGTAT Smith and Patton 1993

MVZ-07 AACCCCATCTAACATTTCWTCYTGATG Smith and Patton 1993

MVZ-10 TATGAGCCGTAGTARAKKCCTC Smith and Patton 1993

MVZ-11 CCTCCGTAGCCCACAYWTGYCG Smith and Patton 1993

MVZ-16 AAATAGGAARTATCAYTCTGGTTTRAT Smith and Patton 1993

MVZ-17 ACCTCCTAGGAGAYCCAGAHAAYT Smith and Patton 1999

MVZ-23 TACTCTTCCTCCACGAAACMGGNTC Smith and Patton 1993

MVZ-26 AGATCTTTGATTGTGTAGTAGGGGT Smith and Patton 1993

MVZ-35 TCTCAGAAACCTGRAAYATYGG Smith and Patton 1993

MVZ-39 CAYTTACTATTTYTHCAYGARAC Smith and Patton 1993

MVZ-45 ACMACHATAGCMACAGCATTCGTAGG Smith and Patton 1993

MVZ-47 AGAAATWAYHCCGCAAYC Personal communication
with Patton 2011

CNMAF01 CAGCAAATCCACTCAAYACTC Designed for this study

H15915 GGAATTCATCTCTCCGGTTTACAAGA Irwin et al. 1991

L15775 GTAAAACGACGGCCATACATGAATTG
GAGGACAACCAGT

Irwin et al. 1991

COI VF2_t1 TGTAAAACGACGGCCAGTCAACCAAC
CACAAAGACATTGGCAC

Ivanova et al. 2007

FishF2_t1 TGTAAAACGACGGCCAGTCGACTAAT
CATAAAGATATCGGCAC

Ivanova et al. 2007

FishR2_t1 CAGGAAACAGCTATGACACTTCAGGG
TGACCGAAGAATCAGAA

Ivanova et al. 2007

FR1d_t1 CAGGAAACAGCTATGACACCTCAGGG
TGTCCGAARAAYCARAA

Ivanova et al. 2007

CNMACOIF2 TCTATAGTWGAAGCAGGAGCTGG Designed for this study

CNMACOIF3 AATAAATAATATAAGYTTYTGACTYC Designed for this study

CNMACOIR1 AGAARATGGTTAGGTCTACTGAAGC Designed for this study

MNelF1 ATTACYACYATCATCAATATAAAACC Personal communication
with Ivanova 2011

CNMACOIR2 GTGGTTTTATATTGATGATRGTRGT Designed for this study

CNMACOIR3 GTAGRAGTCARAARCTTATATTATT Designed for this study

CNMACOIF4 GRTTTGGTAAYTGATTAGTYCC Designed for this study

CNMACOIR4 ARTACGGCTGTRATGAGWACTG Designed for this study

LepF1_t1 TGTAAAACGACGGCCAGTATTCAACC
AATCATAAAGATATTGG

Ivanova et al. 2007

LepR1_t1 CAGGAAACAGCTATGACTAAACTTCT
GGATGTCCAAAAAATCA

Ivanova et al. 2007
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Myr) and Neotoma (5.3–10.3 Myr) according to Steppan and
Schenk (2017) were used. Two independent runs were carried
out with 20 million generations, sampling every 2000. The
relaxed clock log normal model was used with a Yule model
diversification process. The convergence and stationarity
within chains were checked in Tracer 1.7.1 (Rambaut et al.
2018). LogCombiner v2.6.3 was used to merge the two runs
and discard 20% of trees as burnin, whereas the consensus tree
was generated with TreeAnotator v2.6.3.

Data Availability

All data generated or analyzed during this study are included
in this published article, supplementary information files, and
are available from the corresponding author on reasonable
request. All nucleotide sequences are available in Bold
Systems DataBase (http://www.boldsystems.org/) and NCBI
GenBank repository (https://www.ncbi.nlm.nih.gov/genbank)
under the accession numbers included in the Supporting
Information Table S1.

Results

Phylogenetic Reconstruction

The concatenated matrix of Cytb and COI consisted of 1801
base pairs (bp) for all cricetid species, amplifying the complete
Cytb (1143 pb) for all specimens of Nelsonia, and 650 pb of
the COI except for one sample of N. goldmani (USNM
125815). The best scheme was for Cytb and COI subsets
and the best evolutionary model was GTR + I + Г for each
marker (−Lnl = 23,057.48, AIC = 46,734.96148). The two
phylogenetic analyses recovered similar topologies (Fig. 2)
re t r ieving the clades with Sigmodon (subfamily
Sigmodontinae), Nyctomys, Tylomys, and Ototylomys (sub-
family Tylomyinae), and the subfamily Neotominae:
Baiomys, Scotinomys (tribe Baiomyini), Reithrodontomys,
Osgoodomys, Peromyscus (tribe Reithrodontomyini),
Xenomys, Hodomys, Neotoma (tribe Neotomini), and
Nelsonia.

The genus Nelsonia was monophyletic with a high
support values, a bootstrap support (BS) of 99% for
ML analysis and a posterior distribution (PD) of 1.00
for BI. This clade was the sister group to the genera
Xenomys, Hodomys, and Neotoma with 69% BS and
1.00 PD. On the other hand, N. neotomodon and
N. goldmani were monophyletic with high nodal
support.

Within N. goldmani, four clades were retrieved
(Figs. 1 and 2): clade I with samples from the eastern-
most localities in Estado de México state with 92% BS
and 1.00 PD; clade II with individuals from southern

Pátzcuaro at the center of Michoacán state and nodal
support of 100% BS and 1.00 PD; clade III with sam-
ples from western Michoacán state with low BS (46%)
and high PD (1.00); and clade IV with specimens from
the westernmost localities in southern Jalisco and north-
ern Colima with high BS and PD values (88% and 1.00,
respectively). Although low BS values (40–54%) deter-
mined the intraspecific relationships among these clades,
the PD values were high (1.00). Specimens of clade I,
II, and III correspond to the subspecies N. goldmani
goldmani, while samples from clade IV correspond to
the subspecies N. goldmani cliftoni.

Genetic Distances and Diversity

Within N. goldmani samples, we found 21 haplotypes
for Cytb and 16 for COI; the nucleotide frequencies for
Cytb were: A = 0.34, C = 0.28, G = 0.12, and T = 0.26,
whereas for COI were: A = 0.29, C = 0.24, G = 0.17,
and T = 0.30. The overall haplotype diversity was high
for Cytb and COI, 0.995 and 0.976, respectively. The
number of segregating sites were 259 and 114, the nu-
cleotide diversity 0.0781 and 0.0624 for Cytb and COI,
respectively. The haplotype diversity and nucleotide di-
versity were high for the four clades of N. goldmani
(Table 2).

The K2p genetic distances showed that genusNelsoniawas
divergent from the other clades (Table 3): the mean genetic
distances within N. goldmani were 8.5% (0.26–15.73%) for
Cytb and 6.9% (0.0–13.9%) for COI. On the other hand, the
genetic distances among the four clades within N. goldmani
were high in Cytb (7.2–9.8%) and COI (5.8–10.9%) princi-
pally between the farthest localities (Table 4). Finally, Mantel
test showed that the correlation for the two mitochondrial
genes was significant, for Cytb r = 0.259 (P = 0.008) and
COI r = 0.644 (P < 0.001).

Divergence Time Estimation

The time divergence tree was similar to the ML and BI trees
(Fig. 3). The genus Nelsonia diverged from the genera of
Neotomini group by 11.13 Myr (7.64–14.88 Myr, 95%
HDP) in the middle to late Miocene. The split between
N. goldmani and N. neotomodon occurred 7.41 Myr (5.08–
10.27 Myr, 95% HDP). The divergence times within the four
lineages of N. goldmani occured from the late Miocene to
early Pleistocene. The first cladogenetic event of clade I took
place 5.07Myr (3.16–7.21Myr, 95%HDP), the divergence of
clade II occurred 4.15 Myr (2.51–5.97 Myr, 95% HDP), and
the third one between clade III and IV at 3.51 Myr (2.11–5.11
Myr, 95% HDP).
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Discussion

Phylogenetic Relationships of Nelsonia

The phylogenetic hypothesis resulting from this study was
consistent with previous phylogenetic analyses and different
molecular markers, for example Reeder et al. (2006), Miller
and Engstrom (2008), and Steppan and Schenk (2017). These

studies recovered the subfamilies Sigmodontinae,
Tylomyinae, Neotominae, and the subclades within
Neotominae that correspond to the Baiomini, Neotomini,
and Reithrodontomyini tribes.

The monophyly of Nelsonia as sister group of the current
species of Neotomini including Neotoma, Hodomys, and
Xenomys was concordant with paleontological studies, in
which the dental derived characters of Nelsonia are divergent

Fig. 2 Phylogenetic tree of Nelsonia obtained by Maximum Likelihood
and Bayesian Inference based on cytochrome b and cytochrome oxidase
subunit 1 mitochondrial markers. Values in branches show nodal support

for each inference (bootstrap/posterior distribution). Within N. goldmani
four major clades are shown

944 J Mammal Evol (2021) 28:939–951



from the Neotomini tribe (May 1981), and are useful for con-
sidering it as a highly derived member of the Galushamyini
tribe (Martin and Zakrzewski 2019). Therefore, considering
the dental and molecular characters, Nelsoniamust be consid-
ered as the unique extant member of the tribe Galushamyini.

Genetic Relationships within Nelsonia

The monophyly with the high genetic distances between
N. neotomodon and N. goldmani supports the morphological
hypothesis generated with cranial characters that these forms
represent two distinctive taxa. Engstrom et al. (1992) pointed
out that the main discrimination of these groups was based on
the presence/absence of the anteorbital zygomatic notch and
Carleton (1980) considered its absence in N. neotomodon as a
plesiomorphic character.

The monophyly with high haplotype diversity, nucleotide
diversity, and genetic distances within N. goldmani was con-
sistent with the four clades recovered, which showed a clear
instraspecific genetic structure supported by significant isola-
tion by distance with four distinctive lineages. Clade I with

three specimens of two localities at the center of the TVB was
the sister group of the remaining specimens; the next clado-
genetic event was the south Pátzcuaro specimens (clade II),
and the third cladogenetic split was between specimens from
Tancítaro and Patambán (clade III) and those from the western
portion of the geographic distribution (clade IV). The genetic
distances among the clades (Table 4) showed high divergence
values as the 6–13% reported in other rodent populations in
the TVB, such as the pocket gophers Cratogeomys merriami,
C. tylorhynus, and C. gymnurus (Demastes et al. 2002), and
species of the rodent genera Baiomys , Neotoma ,
Reithrodontomys, and Sigmodon (Bell et al. 2001; Edwards
and Bradley 2002; Amman and Bradley 2004; Carroll et al.
2005).

Our results revealed that the previously recognized subspe-
cies based on morphological traits were congruent, to a certain
extent, with the molecular intraspecific relationships. In the
description of N. g. cliftoni, several cranial differences were
reported with regard toN. g. goldmani, implying the existence
of two subspecies (Genoways and Jones 1968). Nonetheless,
Engstrom et al. (1992) demonstrated that such differences
were due to the comparison of young specimens of N. g.
goldmani with adult specimens of N. g. cliftoni, and the only
meaningful cranial difference between them was the length of
rostrum being greater in N. g. cliftoni. Another distinctive
characteristic of N. g. cliftoni is the pelage coloration, which
is paler dorsally and laterally than in N. g. goldmani, but it has
been demonstrated in rodents and lagomorphs that this char-
acter can vary in response to specific environmental condi-
tions (Demastes et al. 2002; Stoner et al. 2003; Hoekstra
et al. 2005).

Our results recovered the clade IV with samples of N. g.
cliftoni, but specimens of N. g. goldmani were grouped in
three lineages. Based on the high genetic distances in
N. goldmani (Table 4), the genetic species concept defined
as “a group of genetically compatible interbreeding natural
populations that is genetically isolated from other such
groups” (Baker and Bradley 2006: 645) could explain more
completely the taxonomy of the four clades detected in the
analyses. Hence, based on this context, the four clades likely

Table 2 Polymorphism indices of the main clades recovered in the phylogenetic analyses of Nelsonia genus: N. neotomodon and the four clades
of N. goldmani for the mitochondrial markers cytochrome b (Cytb) and cytochrome oxidase subunit 1 (COI)

Cytb COI

N. neotomodon Clade I Clade II Clade III Clade IV N. neotomodon Clade I Clade II Clade III Clade IV

Number of samples 2 3 2 7 10 2 3 2 6 10

Haplotype numbers 2 3 2 7 9 2 2 1 6 7

Haplotype diversity 1 1 1 1 0.97 1 0.66 0.5 1 0.93

Segregating sites 42 58 10 134 155 28 29 0 44 27

Nucleotide diversity 0.0367 0.0341 0.0087 0.0575 0.0637 0.0431 0.0297 0 0.0381 0.0158

Table 3 Kimura 2-parameter mean genetic distances of the mitochon-
drial markers cytochrome b (Cytb) and cytochrome oxidase subunit 1
(COI) between the main clades recovered in the phylogenetic analyses
with Nelsonia, N. neotomodon, and N. goldmani

Clade Cytb COI Cytb COI Cytb COI
Nelsonia N. neotomodon N. goldmani

Sigmodontinae 0.2446 0.2276 0.2468 0.2149 0.2444 0.2288

Tylominae 0.2615 0.2073 0.2582 0.1996 0.2618 0.2080

Baiomyini 0.1977 0.1930 0.2017 0.1884 0.1974 0.1935

Reithrodontomyini 0.1865 0.1876 0.1846 0.1824 0.1866 0.1882

Neotomini 0.2010 0.1992 – – – –

Xenomys, Hodomys – – 0.2128 0.1893 0.2049 0.2063

Neotoma – – 0.2044 0.1913 0.1997 0.1986

N. neotomodon – – – – 0.1326 0.1520

N. goldmani – – 0.1326 0.1520 – –
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could represent four species rather than only one. However,
more morphological or ecological evidence is necessary to
clarify if they represent different species, as well as including
new specimens, such as the recent individual discovered in the
new locality in Morelos (González-Cózatl et al. 2016). We
suggest that the two subspecies should be maintained until
new evidence is presented: N. g. cliftoni (clade IV) with indi-
viduals from the western TVB, andN. g. goldmani (clade I, II,
and III) with individuals from central TVB.

Biogeographic History of Nelsonia

Based on molar structures, May (1981) and recently Martin
and Zakrzewski (2019) with phylogenetic analyses on molar
characters, established that the extinct genus Repomys or
Protorepomys could represent the ancestor lineages of
Nelsonia. The main fossil record of R. gustelyi, R. maxumi,
R. panacaensis, R. arizonensis, and P. mckayensis are distrib-
uted in the southwestern part of the USA (Martin and

Fig. 3 Divergence time reconstructed by Bayesian Inference in Beast
using cytochrome b and cytochrome oxidase subunit 1 mitochondrial
markers for the genus Nelsonia. Numbers indicate the mean divergence
time in millions of years with the minimum and maximum value of the

95% highest posterior density in square brackets and showed as blue bars
in the tree. The red nodes denote the fossil calibration points. Colors
below the tree depict the geological time scale limits as reference. The
roman numbers refer to the four lineages recovered within N. goldmani
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Zakrzewski 2019; Paleobiology Database https://paleobiodb.
org) within the biogeographic region known as Californian-
Rocky Mountains (Escalante et al. 2013). The mountain ex-
tensions in Mexico, such as the WSM, have worked as a
historic corridor facilitating the dispersion process from north
to south. Several mammalian species from the southwestern
mountains of USA invaded the WSM that worked as disper-
sion route mainly in periods with higher moisture and suitable
vegetation in highlands (Ferrusquía-Villafranca et al. 2010).
Therefore, it is likely that that Nelsonia after diverging from
Repomys or Protorepomys invaded the WSM in Mexico, but
additional evidences are needed to confirm this hypothesis.

Based on morphological studies Engstrom et al. (1992) hy-
pothesized that N. neotomodon and N. goldmani diverged by a
vicariant process, result of a historical disruption of gene flow
probably in Pliocene-Pleistocene or earlier. Our results showed
that the divergence of the lineages fromWSW (N. neotomodon)
and TVB (N. g. cliftoni and N. g. goldmani) occurred during the
late Miocene (Fig. 3) matching with a warmer and more humid
climate than today (Micheels et al. 2007), which is characterized
globally by increased aridity and seasonality and with the spread
of grasslands and desert scrub in several areas of North America
(Badgley et al. 2014). The increased temperatures from the
Oligocene peaked at 17 Myr, posteriorly forming permanent ice
sheets in Antarctica causing cooling in North America during the
late Miocene-Pleistocene (Maguire and Stigall 2008). This cli-
matic and changing vegetation likely had a strong influence for
the cladogenetic event between lineages of WSM and TVB.
Since the biogeographic isolation of theWSM and TVB approx-
imately from25 to 17Myr ago (Ferrari et al. 1999;Gómez-Tuena
et al. 2005), these regions could have contained the environmen-
tal suitability that Nelsonia required until the forest distribution
was interrupted between the SWS and TVB by climate change.
This hypothesis is supported by the facts that the ecological niche
of N. goldmani is influenced by temperature climatic variables
(León-Tapia and Cervantes 2019a) and N. neotomodon presents
a clear increase pattern in the zygomatic plate breath of the spec-
imens from north to south (Engstrom et al. 1992). This likely
suggests that Nelsonia after divergence from Repomys or
Protorepomys invaded theWSW from north to south and subse-
quently the TVB, restricting N. neotodomon in the WSM and

remaining lineages at the TVB. Other rodent species diverged at
similar time such as the genusHabromys, which originated in the
Pliocene and diversified during the Pleistocene (León-Paniagua
et al. 2007). However, it is necessary to include more samples of
N. neotomodon, and to gather more evidence that links the dy-
namic history of the WSM and TVB with the speciation event
between N. neotomodon and N. goldmani.

In addition to the isolation by distance explanation, for the
observed genetic differentiation of the four lineages from TVB,
the geologic history of the TVB could have had a strong impact
on the diversification of the four lineages due to the formation of
geographic barriers and new habitats (Ceballos et al. 2010;
Ferrusquía-Villafranca et al. 2010). Besides, the dramatic climat-
ic fluctuations registered during the late Miocene-Pleistocene
could have modified the habitat limits of the lineages in several
areas; this is supported by the cyclic altitudinal displacements,
expansions, and contractions of the conifer forests (Martin and
Harrell 1957; Van Devender 1990; McDonald 1993). This oc-
curred particularly during the warm Pliocene period over 3 Myr
(Contoux et al. 2012; Boer et al. 2017), in which the climate
change resulted in a temperature increase, decrease of precipita-
tion and a reduction of available soil moisture in North America
that led to a subsequent reduction in the geographical coverage of
forest-type vegetation replacing it with more open-type vegeta-
tion, such as grasslands and shrubland (Prescott et al. 2018).

These climatic changes could have isolated the four lineages
in highlands during the interglacial periods as that recorded for
conifer trees (Moreno-Letelier and Piñero 2009) and fragmenta-
tion in cloud mountain forests (Van Devender 1990). These
factors have been related with the diversification processes in
others montane species, such as rodents (Sullivan et al. 2000;
Demastes et al. 2002; Amman and Bradley 2004; Hafner et al.
2005; León-Paniagua et al. 2007), plants (Rodríguez-Banderas
et al. 2009; Ruiz-Sánchez and Specht 2013; Pérez-Crespo et al.
2017; Rodríguez-Gómez et al. 2017), insects (Anducho-Reyes
et al. 2008; Arriaga-Jiménez et al. 2018), birds (McCormack
et al. 2008; Zarza et al. 2016), and reptiles (Alvarado-Díaz and
Campbell 2004; Zaldivar-Riverón et al. 2005; Bryson et al.
2011; Sunny et al. 2018). Thus, the complex geologic history,
topographic, environmental heterogeneity, and climatic history
of the TVB, undoubtedly influenced the geographic distribution
ofNelsonia lineages. This biogeographic region has been scarce-
ly explored for small mammals and the present study provides
new information that highlights the need to carry out further
research on endemic rodents from that region and their evolu-
tionary history.

Conclusions

Genus Nelsonia is a monophyletic group and sister to the
current three genera in the tribe Neotomini, which is concor-
dant with molar phylogenetic analyses that support Nelsonia

Table 4 Kimura 2-parameter mean genetic distances between the four
main clades within Nelsonia goldmani specimens from Mexico.
Cytochrome b below diagonal and cytochrome oxidase subunit 1 above
diagonal

Clade I Clade II Clade III Clade IV

Clade I – 0.0762 0.0772 0.1090

Clade II 0.0720 – 0.0737 0.0579

Clade III 0.0982 0.0927 – 0.0977

Clade IV 0.0883 0.0802 0.0978 –
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as the unique extant member of the Galushamyini tribe.
Nelsonia diverged from the Neotomini tribe in the middle-
late Miocene, and subsequently, N. neotomodon from WSW
and the remaining lineages from TVB in the late Miocene.
Four main lineages of N. goldmani from TVB had a high
genetic differentiation, but more samples and new evidence
are needed to confirm if the four clades are different species.
The evolutionary history of these species is not fully under-
stood; however, the western mountains in the United States
and WSW played a significant role in the biogeographic his-
tory of this genus to finally settle down in the TVB, where the
dramatic climatic changes isolated genetically the four evolu-
tionary lineages recognized herein.
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