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Historical DNA obtained from voucher specimens housed in natural history

museums worldwide have allowed the study of elusive, rare or even extinct

species that in many cases are solely represented by museum holdings.

This has resulted in the increase of taxonomic representation of many taxa,

has led to the discovery of new species, and has yielded stunning novel

insights into the evolutionary history of cryptic or even undescribed species.

Peromyscus mekisturus, is a critically endangered cricetid rodent endemic

to Mexico and is only known from two museum specimens collected in

1898 and 1947. Intensive field work efforts to attempt to determine if viable

populations still exist have failed, suggesting that this species is extinct

or is nearing extinction. In addition, a recent study using mitogenomes

demonstrated that P. mekisturus forms a well-supported clade outside the

genus Peromyscus and hypothesized that this taxon is the sister group of

the genus Reithrodontomys. Here, we used target enrichment and high-

throughput sequencing of several thousand nuclear ultraconserved elements

and mitogenomes to reconstruct dated phylogenies to test the previous

phylogenetic hypothesis. We analyzed the holotype and the only other known

specimen of P. mekisturus and museum samples from other peromyscine

rodents to test the phylogenetic position of the species. Our results confirm

that the only two specimens known to science of P. mekisturus belong

to the same species and support the hypothesis that this species belongs

to an undescribed genus of cricetid rodents that is sister to the genus

Reithrodontomys. We dated the origin of P. mekisturus together with other

speciation events in peromyscines during the late Pliocene – early Pleistocene

and related these events with the Pleistocene climatic cycles. In light of

our results, we recommend a taxonomic re-evaluation of this enigmatic

species to properly recognize its taxonomic status as a new genus. We also

Frontiers in Ecology and Evolution 01 frontiersin.org

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2022.930356
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2022.930356&domain=pdf&date_stamp=2022-10-03
https://doi.org/10.3389/fevo.2022.930356
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fevo.2022.930356/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-930356 September 27, 2022 Time: 16:31 # 2

Castañeda-Rico et al. 10.3389/fevo.2022.930356

acknowledge the relevance of generating genomic data from type specimens

and highlight the need and importance of continuing to build the scientific

heritage of the collections to study and better understand past, present, and

future biodiversity.

KEYWORDS

historical DNA, genomics, mitogenomes, Peromyscus mekisturus, type specimen,
ultraconserved elements

Introduction

Museomics is a booming field that leverages the potential
of natural history museums as a source of DNA (ancient
DNA – aDNA – naturally preserved, heavily degraded trace
amounts with both low quality and quantity yields, and usually
between thousands to a million years old; historical DNA –
hDNA – fortuitously preserved in voucher specimens almost
always collected during the last 200 years, highly degraded
with both low quality and quantity yields; and modern DNA –
mDNA – tissues stored frozen or in preservatives, usually of
high DNA quality and quantity, but in some cases, they can
be affected by the mode of preservation regardless of time)
coupled with genomic methods and techniques (Schmitt et al.,
2018; Raxworthy and Smith, 2021). It has transformed the field
of collection-based research, extending research possibilities
for paleontological and natural history specimens (Buerki and
Baker, 2016; Rubi et al., 2020). Museomics-based research has
yielded new insights into the evolutionary history of organisms
and has greatly impacted our knowledge regarding the tree of
life, filling gaps in the majority of its branches and revealing
unknown or controversial phylogenetic positions (Buerki and
Baker, 2016; Kehlmaier et al., 2019; Cong et al., 2021).

This innovative tool has been applied to discover and delimit
species (Abreu-Jr et al., 2020; Lyra et al., 2020; McDonough
et al., 2022), to sample extinct species (Roycroft et al., 2021) and
extirped populations (Shepherd and Lambert, 2008), to clarified
taxonomic classifications with type specimens (Prosser et al.,
2016; Kehlmaier et al., 2019). It has also been used in population
genetic studies (Yuan et al., 2022), to document changes in
genetic diversity through time (Schmitt et al., 2018; Bi et al.,
2019) and the species’ response to environmental change and
genetic erosion (Bi et al., 2013; Dussex et al., 2019). Museomics
has even been used to track the origins and spread of infectious
diseases (Schmitt et al., 2018; Karwacki et al., 2021), and to
investigate epigenetic effects (Rubi et al., 2020).

In the current biodiversity crisis, the discovery and
documentation of biodiversity on earth should be a priority
(Campana et al., 2021). It is of great concern that many
species could be lost before they or their ecological roles
have been described, without even being aware of what is
being lost (Kehlmaier et al., 2019). Although accurate species

identification should be the backbone of biodiversity research
it is not sufficient to just identify and count these species,
but we also need to better understand their evolutionary and
environmental history. In this sense, the use of type specimens,
within a taxonomic and phylogenetic framework, is essential
to ensure the accurate identification of specimens (Buerki and
Baker, 2016; Kehlmaier et al., 2019). Type specimens (or simply
referred to as types) are the exemplar specimens that are
representative of the species description, and as such, determine
the correct application of nomenclature and represent the link
between a name and a taxonomic unit (Buerki and Baker,
2016; Cong et al., 2021). Within types, a holotype is a single
specimen designated, in the original publication, as the name-
bearing exemplar of a species (International Commission on
Zoological Nomenclature1). Despite their great contribution to
science, the representation of holotypes in genetic studies is
scarce. This is due to the impact that “destructive sampling” can
have on these invaluable and irreplaceable specimens because
it will likely involve damaging or destroying a portion of the
specimen to obtain the genomic data. These specimens are, in
general, very old – between 10 and 200 years old, and therefore
they are understandably highly protected and valued by the
curators and collection managers of their museum collections.
Since specimens represent finite resources, most museums
have strict policies governing destructive sampling, limiting
the availability of samples (Holmes et al., 2016). However,
recent phylogenetic studies have successfully demonstrated the
importance of including type specimens, and as such museum
curators are carefully evaluating the proper use and sampling of
these unique specimens (e.g., Prosser et al., 2016; McGuire et al.,
2018; Kehlmaier et al., 2019; Cong et al., 2021; Reyes-Velasco
et al., 2021; Roos et al., 2021; Roycroft et al., 2021).

The Puebla deer mouse, Peromyscus mekisturus, is a
critically endangered cricetid rodent endemic to Mexico
and is only known from two museum specimens. The
holotype (Smithsonian Institution’s National Museum of
Natural History – USNM64108) collected by Merriam (1898)
in Chalchicomula (= Ciudad Serdán) and a second individual
captured by Hooper (1947) in Tehuacán, both in the state

1 https://www.iczn.org/the-code/the-code-online/

Frontiers in Ecology and Evolution 02 frontiersin.org

https://doi.org/10.3389/fevo.2022.930356
https://www.iczn.org/the-code/the-code-online/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-930356 September 27, 2022 Time: 16:31 # 3

Castañeda-Rico et al. 10.3389/fevo.2022.930356

of Puebla (University of Michigan Museum of Zoology –
UMMZ88967). Unfortunately, multiple expeditions after 1947
targeting this species have failed to find more specimens. This
suggests that the Puebla deer mouse may have already become
extinct or is close to extinction.

Peromyscus mekisturus, based on morphology (Osgood,
1909; Carleton, 1989; Musser and Carleton, 1993, 2005) and on
a few mitochondrial genes (Castañeda-Rico et al., 2014), had
been traditionally placed within the Peromyscus melanophrys
group, together with P. melanophrys and P. perfulvus.
However, Castañeda-Rico et al. (2020) using mitogenomes and
ultraconserved elements (UCE) obtained from the P. mekisturus
specimen collected in 1947 [University of Michigan Museum
of Zoology – UMMZ88967– the same specimen analyzed
by Castañeda-Rico et al. (2014)], found that this species
was not part of the Peromyscus melanophrys group, as
previously suggested. In addition, with a denser sampling
of mitogenomes including more cricetid species, they also
uncovered that P. mekisturus was more closely related to the
genera Reithrodontomys and Isthmomys than to any other
member of the genus Peromyscus. However, they suggested
that the latest results needed to be confirmed with a denser
taxon sampling of the nuclear genome. Castañeda-Rico et al.
(2020) also found that the mitochondrial sequence obtained
by Castañeda-Rico et al. (2014) was incorrect due to (i) cross
contamination with other Peromyscus samples processed in the
same lab during extraction and/or PCR steps, (ii) a chimera
sequence product of jumping PCR, and/or (iii) contamination
from the environment caused by not performing the extractions
in a dedicated facility for ancient DNA analysis.

In this study, we show how museomics has revolutionized
phylogenetic studies, improving our understanding of the
biodiversity of our planet. Importantly, we demonstrate that
holotype specimen data is crucial for confirming the accurate
identification of poorly studied species, especially, when it
concerns rare, extinct or under-collected species such as
P. mekisturus. Here, we improved on the previous study by
Castañeda-Rico et al. (2020) by obtaining genome-wide data,
specifically mitogenomes and thousands of UCE loci from a
larger number of representative species of the genus Peromyscus
and some of their outgroups obtained from specimens in
museum collections. We tested the phylogenetic hypothesis
that P. mekisturus is more closely related to the genera
Reithrodontomys and Isthmomys than it is to members of the
genus Peromyscus. We analyzed the holotype of P. mekisturus
and compared it to the previously sequenced museum specimen
from Tehuacán, Puebla, in order to confirm its correct
identification and the phylogenetic position of the species.
Finally, we conducted molecular dating to estimate the timing of
the divergence events of P. mekisturus. Our results conclusively
support the genetic uniqueness of P. mekisturus and have
important implications for taxonomy and the impact of
biodiversity loss.

Materials and methods

Sample collection and laboratory
methods

We obtained 12 samples (ca. 2 mm2 of frozen tissue –
internal organ– or dry skin) from specimens deposited at the
Smithsonian Institution’s National Museum of Natural History
and the Museum of Texas Tech University (Supplementary
Table S1). Sampling comprised of one sample per each species
(Peromyscus attwateri, P. aztecus, P. megalops, P. polionotus, P.
crinitus, Neotomodon alstoni, Podomys floridanus, Onychomys
leucogaster, Reithrodontomys mexicanus, Isthmomys pirrensis,
and Neotoma mexicana), including the holotype specimen of
P. mekisturus (collected in 1898) see Supplementary Figure S1.
We selected these species so that we could incorporate all
of the species used in mitochondrial phylogeny obtained by
Castañeda-Rico et al. (2020) and test their hypothesis using
nuclear genome-wide data. We followed strict protocols to
avoid cross-contamination during sampling, as described in
McDonough et al. (2018) and Castañeda-Rico et al. (2020).

We performed all laboratory work at the Center for
Conservation Genomics (CCG), Smithsonian National Zoo and
Conservation Biology Institute, Washington, DC. DNA was
extracted from frozen-preserved internal organs (i.e., liver or
muscle, hereafter modern samples), in the modern lab at the
CCG, using a DNeasy Blood and Tissue Kit (Qiagen Inc.,
Valencia, CA, USA) following the manufacturer’s protocol. We
conducted all pre-PCR steps for the historical samples in a
laboratory specifically dedicated to processing of historical and
ancient DNA at the CCG. We extracted DNA from historical
samples (i.e., dry skin), using the silica column extraction
protocol (McDonough et al., 2018). We quantified DNA samples
with a Qubit 4 fluorometer (Thermo Fisher, Waltham, MA,
USA) using a 1x dsDNA HS assay and visualized DNA with
a TapeStation 4200 System (Agilent Technologies, Santa Clara,
CA, USA) using High Sensitivity D1000 reagents. We sheared
modern DNA to an average length of 250 base pairs (bp) using a
Bioruptor R© Pico sonicator (Diagenode Inc., Denville, NJ, USA)
with a pulse of 30 s on/30 s off for 90 cycles. We did not shear
DNA from historical samples due to its inherent degradation
and fragmentation.

We prepared dual-indexed libraries using the Kapa
HyperPrep kit (Roche Sequencing) with 1/2 reactions, following
the manufacturer’s protocol. To library prep the holotype
specimen, we used the SRSLY PicoPlus NGS library prep
kit (Claret Bioscience, LLC), according to the manufacturer’s
protocol. We performed dual indexing PCR with TruSeq-style
indices (Meyer and Kircher, 2010) using Kapa HiFi HotStart
Uracil + (Roche Sequencing) for historical samples and Kapa
HiFi HotStart Ready Mix (Roche Sequencing) for modern
samples, following the manufacturer’s protocol. Libraries were
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amplified with 8–13 cycles of PCR. We cleaned the indexed
libraries using 1.6x solid-phased reversible immobilization
(SPRI) magnetic beads (Rohland and Reich, 2012), quantified
concentration using a Qubit 4 fluorometer, and inspected size-
ranges and quality with a TapeStation 4200 System (conditions
as mentioned above). Each capture reaction contained pooled
libraries, which consisted of equimolar pools of two individuals
for historical samples and three individuals for modern samples.
The holotype specimen was not pooled with any other sample
and captured alone. We performed target enrichment using
the myBaits R© UCE Tetrapods 5Kv1 kit (Faircloth et al.,
2012) produced by Daicel Arbor Biosciences following the
myBaits protocol v3, and the myBaits R© Mito kit (Daicel
Arbor Biosciences) for the house mouse Mus musculus panel,
following the myBaits protocol v4 to capture ultraconserved
elements (UCE) and mitogenomes, respectively. We amplified
post-enrichment UCE and mitogenomes libraries with 14–18
cycles of PCR using Kapa HiFi HotStart Ready Mix (Roche
Sequencing), following the manufacturer’s protocol. A 1.6x
SPRI magnetic bead clean-up was performed subsequently. We
quantified and visualized the enriched libraries pool using a
Qubit 4 fluorometer and a TapeStation 4200 System, respectively
(conditions as mentioned above). Finally, we pooled captured
libraries equimolarly and sequenced on a NovaSeq 6000 SP
PE 2 × 150 bp (Illumina, Inc., San Diego, CA, USA) at
the Oklahoma Medical Research Foundation, Oklahoma City
(combined with samples from unrelated projects). We used two
lanes of NovaSeq, one for historical samples and another for
modern samples, to avoid biased sequencing.

We also reanalyzed UCE and mitogenomes published by
Castañeda-Rico et al. (2020), and mitogenomes from Bi (2017)
and Sullivan et al. (2017). We should note that we detected
a misidentification labeling error in a museum specimen that
was previously designated as P. eremicus in Castañeda-Rico
et al. (2020) (GenBank accession number MT078819). It has
now been correctly identified as P. pectoralis based on a
BLAST analysis of the cytochrome b gene in GenBank2, and
corroborated with the voucher specimen deposited at the
Museo de Zoología, Facultad de Ciencias, Universidad Nacional
Autónoma de México. A list of all samples used in this study is
found in Supplementary Table S1.

Data processing and phylogenetic
analyses of ultraconserved elements

We processed raw data, provided by the sequencing core,
following the PHYLUCE v1.6.7 pipeline (Faircloth, 20163). We
used Illumiprocessor 2.10 (Faircloth, 2013) and Trim Galore

2 https://blast.ncbi.nlm.nih.gov/Blast.cgi

3 https://github.com/faircloth-lab/phyluce

0.6.54 to trim adapters, barcode regions and low-quality bases.
The PHYLUCE script phyluce_assembly_get_fastq_lengths.py
was used to check average fragment size after trimming. Reads
were assembled into contigs using Trinity 2.8.5 (Grabherr
et al., 2011), and identified contigs matching UCE loci in
the 5K UCE locus set5. We generated two “taxon sets”: (1)
containing all of our samples to query the database obtained
during UCE contig identification and created a list of UCE
loci by sample, and (2) without the holotype specimen to
test if including a sample which recovered fewer loci and
higher amounts of missing data could affect phylogenetic
relationships. We produced a monolithic FASTA file to extract
sequences from each sample. We aligned FASTA sequences
using MAFFT 7.4 (Katoh and Standley, 2013; Nakamura
et al., 2018) and performed edge trimming. We also tested
the internal trimming using Gblocks 0.91b (Castresana, 2000;
Talavera and Castresana, 2007), but we found that this approach
increased branch lengths on samples with a high percentage of
missing data. However, the phylogenetic relationships remained
the same with both trimming methods (data not shown for
the internal trimming). We filtered the resulting alignments
to test them for various degrees of missing data (matrix
completeness): 65% matrix for which 65% of the taxa were
present for each UCE locus, 75% matrix (25% of taxa missing),
85% matrix (15% of taxa missing), and 95% matrix (5% of
taxa missing), where the number of missing taxa is directly
proportional to the number of UCE loci and missing data
on the final matrices. We quantified informative sites with
the PHYLUCE script phyluce_align_get_informative_sites.py.
All of these analyses were performed on the Smithsonian
Institution High Performance Computing Cluster (Smithsonian
Institution6). The final UCE dataset included data generated in
this study and in Castañeda-Rico et al. (2020).

We performed two independent phylogenetic analyses
using: (1) a concatenated dataset including all of our samples
(N = 18), and (2) a concatenated dataset without the holotype
specimen of P. mekisturus (N = 17) due to high amounts of
missing data. We tested the aforementioned levels of matrix
completeness (65, 75, 85, and 95%) for both datasets.

First, we conducted a Maximum Likelihood (ML) analysis,
for both datasets and all levels of matrix completeness, using
RAxML 8.12 (Stamatakis, 2014) with a GTRGAMMA site rate
substitution model and 20 ML searches for the phylogenetic
tree that best fit each set of data. We generated non-parametric
bootstrap replicates using the -N autoMRE option which runs
until convergence is reached. We reconciled the best fitting ML
tree with the bootstrap replicate to obtain the final phylogenetic
tree with support values using the -f b command.

4 https://github.com/FelixKrueger/TrimGalore

5 https://github.com/faircloth-lab/uce-probe-sets

6 https://doi.org/10.25572/SIHPC
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We performed a Bayesian Inference (BI) analysis, with
all levels of matrix completeness and both datasets, using
MrBayes 3.2.6 (Huelsenbeck and Ronquist, 2001; Ronquist and
Huelsenbeck, 2003). First, we estimated the best evolutionary
model of nucleotide substitution in jModelTest 2.1.1 (Guindon
and Gascuel, 2003; Darriba et al., 2012) using the Akaike
Information Criterion (AIC). The GTR+ G model was selected
as the best fitting model for both datasets (N = 18 and N = 17)
with the following parameters: base frequencies A = 0.3041,
C = 0.1960, G = 0.2039, T = 0.2960; nst = 6; and gamma
shape = 0.1220; and base frequencies A = 0.2995, C = 0.2006,
G = 0.2012, T = 0.2988; nst = 6; and gamma shape = 0.1270,
respectively. The BI analyses were run using two independent
runs with 50 million generations for the 95% matrix and 20
million generations for the 65, 75, and 85% matrices due to the
high number of loci, sampling trees and parameters every 1,000
generations with four Markov-chains Monte Carlo (MCMC),
three heated and one cold. Heating temperature was set at 0.2
to facilitate greater movement between the four MCMC chains.
We visualized output parameters using Tracer v1.7.1 (Rambaut
et al., 2018) to check for convergence between runs and we
discarded the first 25% of the trees as burn-in.

Maximum Likelihood and Bayesian Inference analyses
were performed without partitions (as mentioned above) and
with partitions only on the 95% matrix of both datasets to
test if there was any difference due to partitioning and to
account for heterogeneity in rates and patterns of molecular
evolution within each UCE loci. First, the Sliding-Window
Site Characteristics (SWSC) partitioning method based on
sites entropies (Tagliacollo and Lanfear, 2018) was used to
generate partitions that account for within-UCE heterogeneity.
We followed the code implemented by Tagliacollo and
Lanfear (2018) in the SWSC-EN method7. Then, we used
PartitionFinder 2.1.1 (Lanfear et al., 2016) to optimize the
partition scheme, by joining together similar subsets, obtained
with the SWSC-EN method. After the final partition scheme was
obtained, we performed the ML and BI analyses as mentioned
above.

Finally, we used the dataset without the holotype of
P. mekisturus –high number of missing data– (N = 17) with all
levels of matrix completeness, to conduct a species tree analysis
under the multispecies coalescent (MSC) model with ASTRAL-
III v.5.7.8 (Zhang et al., 2018). We used the uce2speciestree
pipeline script (Campana, 20198) to generate input files for
ASTRAL. This script uses RAxML to infer individual gene trees
under the GTRGAMMA substitution model, and 100 bootstrap
replicates. The local posterior probability – LPP – (Sayyari
and Mirarab, 2016) was used as branching support, where an
LPP≥ 0.95 is considered as strong support (Erixon et al., 2003).

7 https://github.com/Tagliacollo/PFinderUCE-SWSC-EN

8 https://github.com/campanam/uce2speciestree

Data processing and phylogenetic
analyses of mitogenomes

We analyzed read quality of the FASTQ format files
using FastQC v0.11.5 (Andrews, 20109). We removed adapter
sequences and low-quality reads using the default parameters
(Phred:20, mean min-len:20) in Trim Galore 0.6.5 (see text
footnote 4). We removed exact duplicates (-derep1,4) using
Prinseq-lite v0.20.4 (Schmieder and Edwards, 2011). We
mapped the resulting high quality reads to a reference genome
according to a species-specific reference (see GenBank accession
numbers for each reference genome in Supplementary
Table S1), using the Geneious algorithm in Geneious Prime R©

2021.2.210 with default parameters (Medium-Low sensitivity,
Maximum mismatches = 20%, Maximum gaps = 10%). We
generated consensus sequences with Geneious Prime R© 2021.2.2
(see footnote 11), using 5X as the lowest coverage to call a
base, a Highest Quality control, and the remaining default
parameters, and aligned them using MAFFT 7.45 plug-in (Katoh
and Standley, 2013). We transferred annotations from each
species-specific reference (Supplementary Table S1) to rule out
the presence of nuclear copies of mitochondrial genes (NUMTs),
and translated all protein-coding genes to check for frame shifts
or stop codons.

We aligned sequences with MAFFT 7.45 plug-in (Katoh
and Standley, 2013) in Geneious Prime R© 2021.2.2 (see footnote
11). We used samples generated in this study and data
previously published by Bi (2017), Sullivan et al. (2017), and
Castañeda-Rico et al. (2020) (Supplementary Table S1). For
most of the species with a mitogenome previously published
we generated a new mitogenome sequence from a different
sample but same species (except for Peromyscus melanophrys,
P. perfulvus, P. mexicanus, and Habromys ixtlani). We used the
mitogenome alignment to infer the phylogenetic relationships
of P. mekisturus in relation to other neotomine rodents.
We performed a ML analysis using the concatenated dataset
(without partitions) in RAxML 8.12 (Stamatakis, 2014) with a
GTRGAMMA site rate substitution model. Clade support was
assessed by bootstrapping with the -N autoMRE option for a
bootstrap convergence criterion. We used the -f b option to
reconcile the best fitting ML tree with the bootstrap replicate to
obtain the final phylogenetic tree (as mentioned above).

We conducted a BI analysis, on a partitioned dataset, using
MrBayes 3.2.6 (Huelsenbeck and Ronquist, 2001; Ronquist and
Huelsenbeck, 2003). The best model and partition scheme were
estimated using PartitionFinder 2.1.1 (Lanfear et al., 2016).
Our search was limited to the models available in MrBayes,
with linked, corrected Akaike Information Criterion (AICc)
and greedy parameters. The data block was defined by codon

9 www.bioinformatics.babraham.ac.uk/projects/fastqc

10 https://www.geneious.com
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position, tRNA, rRNA and D-loop selection, and the result was
incorporated in the phylogenetic reconstruction. We used two
independent runs with 50 million generations, sampling trees
and parameters every 1,000 generations with four MCMC, and
a heating temperature set at 0.2, as mentioned above, to perform
the BI analysis. We checked convergence between runs using
Tracer v1.7.1 (Rambaut et al., 2018), and we discarded the first
25% of the trees as burn-in.

DNA damage patterns were evaluated for the historical
samples with mapDamage2.0 (Joìnsson et al., 2013). We
analyzed the reads obtained from the mitogenome enrichment
and mapped to the reference genome. We used the –rescale, -y
0.1, –plot-only commands.

Divergence time estimates

We estimated molecular dates of divergence using Bayesian
MCMC searches implemented in BEAST2 v2.6.6 (Bouckaert
et al., 2019) using the concatenated 95% matrix of the UCE
data (N = 17) without partitions. The holotype specimen of
P. mekisturus was not included in the matrix due to a high
number of missing data. The analysis was performed under
an uncorrelated lognormal relaxed molecular clock model.
The calibrated Yule speciation processes model (Heled and
Drummond, 2012) with a randomly generated starting tree
were set up as priors. We used three calibration points with
a lognormal distribution. Calibrations were based on fossil
records (million years ago [mya]) of (1) Reithrodontomys
(mean = 1.8, stdev = 1.076, offset = 1.63), as used by Steppan
and Schenk (2017); (2) Onychomys (mean = 4.9, stdev = 1.169,
offset = 4.753), as used by Steppan and Schenk (2017); and (3)
the most recent common ancestor of P. attwateri (mean = 2.7,
stdev = 0.9, offset = 2.4 [ Dalquest, 1962; Karow et al., 1996;
Wright et al., 2020]) (Supplementary Tables S2, S3). Two
separated runs of 50 million iterations each were sampled every
1,000 iterations. We checked convergence statistics for Effective
Sample Sizes (ESS) using Tracer v1.7.1 (Rambaut et al., 2018)
and a 25% of burn-in was performed on each run. We used
LogCombiner v2.6.6 to combine trees and TreeAnnotator v2.6.2
to get a consensus tree with node height distribution (both
packages available in BEAST).

We also estimated the divergence times on the complete
mitogenomes dataset. First, we obtained the best model and
partition scheme in PartitionFinder 2.1.1 (Lanfear et al., 2016).
Our search was limited to the models available in BEAST, with
linked, AICc, and greedy parameters. The data block was defined
by codon position, tRNA, rRNA and D-loop selection, and the
result was incorporated in the dating analysis. The analysis
was performed under the same conditions and priors set up
for the UCE data (mentioned above). We used the same three
calibrations points set up for the UCE analysis. Two separated
runs of 50 million iterations each were sampled every 1,000

iterations, with a burn-in of 25% on each run. We evaluated
convergence with Tracer v1.7.1 (Rambaut et al., 2018), and
LogCombiner v2.6.6 was used to combine trees. Finally, we
obtained a consensus tree with node height distribution in
TreeAnnotator v2.6.2.

We visualized all phylogenetic and dated trees from the
UCE and mitogenomes datasets in FigTree 1.4.411. Phylogenetic,
dating and DNA damage analyses were performed on the
Smithsonian Institution High Performance Computing Cluster
(Smithsonian Institution, see footnote 6).

Results

We successfully sequenced UCE’s (raw data is available in
GenBank under BioProject PRJNA838631), and mitogenomes
(GenBank accession numbers ON528108 – ON528119), from all
samples processed, three historical and nine modern samples.
The average number of paired-end reads were 11,632,614
(ranging from 8,998,310 to 13,693,826) and 12,272,671 (ranging
from 9,480,276 to 21,093,430) for historical and modern
samples, respectively. The average fragment size after trimming
ranged from 59 to 123 bp and from 134 to 144 bp for historical
and modern samples, respectively.

Multilocus nuclear phylogenies

Trinity assemblies yielded an average of 24,543 contigs per
sample (min = 2,056; max = 87,428) for historical samples and
197,503 contigs (min = 43,081; max = 450,450) for modern
samples. We recovered 4,406 UCE loci in the incomplete matrix
(N = 18; average = 2,537 min = 306 max = 3,575 for historical
samples, and average = 3,305 min = 1,375 max = 3,859 for
modern samples). We obtained 303 UCE loci for the holotype
specimen of P. mekisturus.

We tested topologies with different levels of missing data
for: (a) complete dataset (N = 18), and (b) dataset without the
holotype specimen (N = 17). For the complete dataset the 65%
matrix contained 3,659 UCE loci (NL) with an average of 13.9
informative sites per locus (AIS), the 75% matrix (NL = 2,899,
AIS = 14.4), the 85% matrix (NL = 1,334, AIS = 14.4), and the
95% matrix (NL = 85, AIS = 14.1). For the dataset without the
holotype specimen the 65% matrix contained 3,649 UCE loci
with an average of 13.9 informative sites per locus, the 75%
matrix (NL = 3,361, AIS = 14.1), the 85% matrix (NL = 2,155,
AIS = 14.3), and the 95% matrix (NL = 417, AIS = 14.9).

Maximum Likelihood and Bayesian Inference analyses for
both datasets (N = 18 and N = 17) with all levels of matrix
completeness yielded the same topology with high support

11 http://tree.bio.ed.ac.uk/software/figtree/
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values for all branches (Figure 1, phylogenetic trees obtained
from the 65, 75, and 85% matrices are shown in Supplementary
Figures S2, S3). The different levels of missing data reflected
with the percentage matrices showed, at least for these datasets,
that the inclusion of more or less samples per locus did not
affect the phylogenetic inferences nor the support values. Both
phylogenetic trees (Figure 1) placed Peromyscus mekisturus
as the sister species of Reithrodontomys mexicanus with high
bootstrap support values (bootstrap > 92, pp = 1), and it is
more closely related to Isthmomys pirrensis than to any other
member of the genus Peromyscus (bootstrap > 98, pp = 1). We
also confirmed that the holotype specimen, despite its amount
of missing data, was confidently placed within the clade that
include the only other known specimen of this species. The ML
and BI trees, using the 95% matrix, with and without partitions
(Figure 1), supported the same topology with high bootstrap
and posterior probability values (bootstrap > 92, pp = 1) for all
branches.

The species tree analysis, with all levels of matrix
completeness and the dataset without the holotype specimen,
estimated the same topology from all matrices (Figure 2)

with high support values (local posterior probability –
LPP > 0.95). The species tree was concordant with
the ML and BI analyses, supporting the placement of
P. mekisturus outside the genus Peromyscus, and as the
sister species of R. mexicanus (LPP = 1). It also supported
the relationship of P. mekisturus + R. mexicanus as the
sister group of I. pirrensis (LPP > 0.95). The only difference
between the concatenated analyses (ML and BI), and the
species tree analysis was the phylogenetic relationship
between P. mexicanus and P. megalops. The first analysis
placed P. mexicanus and P. megalops as sister species,
while the second analysis placed P. mexicanus as sister of
P. melanophrys + P. perfulvus, and P. megalops as sister of
P. mexicanus+ (P. melanophrys+ P. perfulvus).

Mitochondrial phylogenies

We recovered near-complete mitogenome sequences
for all samples, including the holotype specimen of
P. mekisturus (>95% of the reference mitogenome covered).

FIGURE 1

Ultraconserved elements (UCE) phylogenetic trees constructed using Bayesian Inference and Maximum Likelihood with and without partitions.
Trees from all analyses yielded identical topologies. Nodal support is denoted with posterior probability/bootstrap values (numbers above the
branches indicate results without partitions, those below with partitions). (A) Phylogenetic tree using a complete dataset (N = 18) based on 85
UCE loci (95% matrix) showing the phylogenetic position of the two Peromyscus mekisturus specimens. The pink block highlights the
phylogenetic position of the P. mekisturus holotype collected in 1898, and the purple block shows the position of the P. mekisturus specimen
collected in 1947; (B) phylogenetic tree based on 417 UCE loci (95% matrix, N = 17). Note that the removal of the holotype due to missing data
(306 loci) does not change the tree topology but increases the nodal support between P. mekisturus and R. mexicanus. Asterisks* denote
specimens that were sequenced from museum specimens for this study.
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FIGURE 2

ASTRAL species tree estimation based on different levels of matrix completeness (65% −3,649 UCE loci−, 75% −3,361 UCE loci−, 85% −2,155
UCE loci−, and 95% −417 UCE loci−) and the N = 17 dataset. Nodal support is provided with local posterior probability in the same order as the
matrices were mentioned. Note that the phylogenetic position of the P. mekisturus specimen collected in 1947 (purple block) also shows strong
support for its close relationship to R. mexicanus. Asterisks* denote specimens that were sequenced from museum specimens for this study.

The mitochondrial sequences contain the standard features
present in a mammalian genome as similar size, structure and
gene arrangement. The final alignment was 16,228 bp length
and included 30 individuals. The BI (with six partitions) and ML
analyses (Figure 3) supported the placement of P. mekisturus
outside the genus Peromyscus, and more closely related to the
genus Reithrodontomys and Isthmomys. The closer phylogenetic
relationship of P. mekisturus to R. mexicanus, as sister species, is
strongly supported (pp = 1, bootstrap = 98). We also confirmed,
with high support values (pp = 1, bootstrap = 100) that the two
samples of P. mekisturus were closely related and placed in the
same clade. The only difference between the BI and ML trees is
the phylogenetic relationship of Neotomodon alstoni+ Podomys
floridanus with other peromyscine rodents. The BI analysis
placed this clade as sister of P. attwateri, P. pectoralis, P. aztecus,
P. megalops, P. mexicanus, P. melanophrys, P. perfulvus, and
H. ixtlani, while the ML analysis place it as sister to P. attwateri,
P. pectoralis, P. aztecus, and H. ixtlani.

In addition, all of the species which included both a
mitogenome generated in this study and one obtained from
GenBank were very similar and clustered together in our

phylogenetic analysis. This allowed us to corroborate the
taxonomic identity of the samples by using voucher specimens
deposited in scientific collections. Finally, the results of
mapDamage2.0 analysis showed a weak signal of DNA damage
typical of historical DNA (Supplementary Figure S4). The weak
damage signal is expected since the oldest sample was collected
in 1898 and was well-preserved.

Divergence time estimates of
Peromyscus mekisturus and its close
relatives

For the UCE dataset, the analysis estimating the time to
the most recent ancestor (TMRA) recovered that the divergence
between I. pirrensis + R. mexicanus + P. mekisturus from the
genus Peromyscus + O. leucogaster occurred ca. 8.60 mya (95%
Highest Posterior Density [HPD]: 6.00 – 11.51 mya). While the
split of P. mekisturus + R. mexicanus versus I. pirrensis is dated
ca. 6.74 mya (95% HPD: 5.51 – 8.19 mya). Finally, the divergence
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FIGURE 3

Mitogenome phylogenies based on Bayesian Inference (BI) and Maximum Likelihood (ML). Nodal support is provided with posterior probability
and bootstrap values, respectively. The pink block highlights the phylogenetic position of the Peromyscus mekisturus holotype collected in
1898, and the purple block shows the position of the second specimen collected in 1947. Asterisks* denote specimens that were sequenced
from museum specimens for this study and compared with previous GenBank accessioned mitogenome sequences.

between P. mekisturus and R. mexicanus occurred ca. 3.80 mya
(95% HPD: 1.67 – 6.27 mya) (Figure 4).

For the mitogenome dataset with six
partitions, we estimated the split between
I. pirrensis + R. mexicanus + P. mekisturus versus the
genus Peromyscus + O. leucogaster dated ca. 5.85 mya (95%
HPD: 5.19 – 6.64 mya). While the divergence between
P. mekisturus + R. mexicanus versus I. pirrensis occurred ca.
5.38 mya (95% HPD: 4.65 – 6.23 mya), followed by the split
between P. mekisturus and R. mexicanus dated ca. 4.42 mya (95%
HPD: 3.61 – 5.30 mya). Finally, we dated the diversification
within P. mekisturus ca. 0.26 mya (95% HPD: 0.15 – 0.37 mya)
(Figure 5).

Discussion

Phylogenetic relationships of
Peromyscus mekisturus and its
relatives

All of our ML, BI, and species tree analyses, with both
mitochondrial and nuclear datasets, strongly supported that

the Puebla deer mouse, P. mekisturus, is the sister species
of the genus Reithrodontomys, and it is more closely related
to the genus Isthmomys than to any other member of the
genus Peromyscus. Therefore, our nuclear data results support
previous mitochondrial hypothesis proposed by Castañeda-Rico
et al. (2020). In addition, the successful sequencing of UCE loci
and mitogenome from the holotype of P. mekisturus allowed us
to confirm the identification of the only two known specimens
of this species.

To better understand the phylogenetic position of
P. mekisturus, it is important to outline some of the
previous taxonomic problems that have emerged for the genus
Peromyscus and its relationship with the genera Isthmomys and
Reithrodontomys. Peromyscus is a very large and diverse group in
which new species are still being described (Bradley et al., 2007,
2014) making taxonomic sampling challenging for this genus.
It has also been demonstrated that this genus has a high and
rapid diversification rate complicating the reconstruction of its
phylogenetic relationships (Platt et al., 2015). Thus, Peromyscus
has presented a great challenge to systematists and after over
100 years – since Osgood’s (1909) monograph – its evolutionary
boundaries remain unresolved (Carleton, 1980, 1989; Bradley
et al., 2007; Miller and Engstrom, 2008; Platt et al., 2015).
An additional conflict is the taxonomic status of Habromys,
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FIGURE 4

Divergence dated nuclear phylogeny based on 417 UCE loci (95% matrix, N = 17). Dates above the branches are provided in millions of years.
Blue horizontal bars and numbers below the branches show the 95% confidence intervals. The purple block shows the phylogenetic position of
the Peromyscus mekisturus specimen collected in 1947. Asterisks* denote specimens that were sequenced from museum specimens for this
study.

Megadontomys, Neotomodon, Osgoodomys, Podomys, and
Isthmomys, recognized at the generic (Peromyscus – sensu lato
–) or subgeneric (Peromyscus – sensu stricto –) level. To date,
no single classification fits perfectly into one category, and not
a single study has been able to offer unambiguous taxonomic
recommendations for Peromyscus and its close relatives (Platt
et al., 2015).

Isthmomys was first suggested as a subgenus of Peromyscus
(Hooper and Musser, 1964) but later it was elevated to a
separate genus (Bradley et al., 2007; Miller and Engstrom,
2008; Platt et al., 2015; Sullivan et al., 2017). In addition,
several studies have placed Isthmomys as the sister taxon
of Reithrodontomys, and these two genera are the nearest
taxa to Onychomys + Peromyscus (Bradley et al., 2007;
Miller and Engstrom, 2008; Platt et al., 2015; Sullivan
et al., 2017; Castañeda-Rico et al., 2020). In our study,
we found that the divergence between Peromyscus versus
Isthmomys + (Reithrodontomys + P. mekisturus) was strongly
supported by the UCE’s BI tree and the mitogenomes analyses
(Figures 1, 3), even though the ML and species tree analyses
did not yield strong node support for this node (Figures 1, 2).
Furthermore, we confirmed that Isthmomys is the sister genus of
Reithrodontomys and P. mekisturus with high support values for
all analyses and datasets (Figures 1–3).

To date, no phylogenetic hypothesis has ever suggested that
the genus Reithrodontomys should be nested within Peromyscus
(Sullivan et al., 2017). Additionally, no morphological
similarities have been found between Reithrodontomys and
its close relative Isthmomys (Miller and Engstrom, 2008).
Harvest mice belonging to the genus Reithrodontomys, are
small-bodied rodents with long tails and are distinguished from
other peromyscine rodents by possessing grooved or sulcate
upper incisors – a key synapomorphy defining this genus – (Le
Conte, 1853; Musser and Carleton, 1993; Arellano et al., 2005).
Peromyscus mekisturus is also a small-bodied rodent with a
very long tail, equaling three-fourths of the total length that is
associated with its arboreal habits. This same character was used
to place it as sister of P. melanophrys within the Peromyscus
melanophrys group (Osgood, 1909; Carleton, 1989). In addition,
P. mekisturus does not have grooved or sulcate incisors, but
only a greater development of an incisor capsule on the dentary
compared with other peromyscine rodents (Carleton, 1989).
To date, no morphological character has shown similarities
or has suggested a close phylogenetic relationship between
P. mekisturus and Reithrodontomys.

A recent study by Castañeda-Rico et al. (2020), suggested
the placement of P. mekisturus and Isthmomys at the same
taxonomic level, i.e., still considered part of Peromyscus (sensu
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FIGURE 5

Divergence dated whole mitochondrial genome phylogeny. Dates above the branches are provided in millions of years. Blue horizontal bars and
numbers below the branches show the 95% confidence intervals. The pink block highlights the phylogenetic position of the Peromyscus
mekisturus holotype collected in 1898, and the purple block shows the position of the second specimen collected in 1947. Asterisks* denote
specimens that were sequenced from museum specimens for this study and compared with previous GenBank accessioned mitogenome
sequences.

lato or sensu stricto) but supporting the paraphyly of the genus
as has been suggested (Bradley et al., 2007; Miller and Engstrom,
2008; Platt et al., 2015; Sullivan et al., 2017). However, based on
the fact that Isthmomys is currently accepted as a separate genus
(Sullivan et al., 2017) and coupled with our genomics results, we
recommend that P. mekisturus be recognized at the generic level.
In support of our recommendation is the phylogenetic position,
and genetic uniqueness and distinctiveness of P. mekisturus
alongside with its close relationship with Reithrodontomys
but lacking the synapomorphy (i.e., grooved or sulcate upper
incisors) that defines this genus. We also propose that a
taxonomic revision of P. mekisturus should be undertaken to
incorporate a morphological re-evaluation to formally recognize
it as a new genus. If our results lead to a taxonomic re-evaluation
and rearrangement of this group into a monotypic genus, this
would have a great impact on their conservation management as
it would likely represent the description of a nearly, or recently
extinct unique lineage of rodents (Castañeda-Rico et al., 2020).

Even though the objectives of this study were not
to further investigate the phylogenetic relationships within
the genus Peromyscus, our sampling and novel results
using mitogenomes and UCE loci of representative museum
specimens within this genus allowed us to make some
interesting inferences. First, all of our phylogenetic analyses

(Figures 1–3) continue to support the paraphyly for the
genus Peromyscus, including representatives of the genera
Habromys, Podomys, and Neotomodon, as was previously
suggested (Bradley et al., 2007; Miller and Engstrom, 2008; Platt
et al., 2015; Sullivan et al., 2017; Castañeda-Rico et al., 2020).
All of the analyses based on the UCE dataset showed a well-
supported clade for P. crinitus and P. polionotus (Figures 1, 2).
Sullivan et al. (2017) and Castañeda-Rico et al. (2020), both
using mitogenomes, identified the same clade with high support
values for the BI analysis but lacking support or low support
values for the ML tree. In sharp contrast, our mitogenome
trees did not support this clade, instead, P. crinitus was the
most divergent species within Peromyscus, followed by the split
of P. polionotus (Figure 3). This mito-nuclear discordance,
commonly seen in mammals (Hawkins et al., 2016), requires
further investigation. We suggest that future studies increase
taxon sampling.

The relationship between P. mexicanus and P. megalops also
recovered some discrepancies. The species tree analysis placed
P. mexicanus as the sister of P. melanophrys + P. perfulvus,
with P. megalops being the most closely related species to
a clade containing all three, with high LPP support values
(Figure 2). However, ML and BI nuclear UCE trees as well as
all mitogenome trees showed a well-supported clade including
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P. mexicanus and P. megalops being the sister to a clade
containing P. melanophrys + P. perfulvus (Figures 1, 3).
The same phylogenetic relationships were also supported by
Castañeda-Rico et al. (2020) but only the clade of P. mexicanus
and P. megalops was identified by Sullivan et al. (2017) due to
the inclusion of less taxa.

Neotomodon alstoni and Podomys floridanus constitute
a well-supported clade across all the phylogenetic analyses,
however, the placement of this clade is in conflict. All nuclear
trees and the BI mitogenome tree with high support values
(Figures 1–3) placed N. alstoni + P. floridanus as the sister
clade of P. megalops, P. mexicanus, P. perfulvus, P. melanophrys,
P. aztecus, P. attwateri, P. pectoralis, and H. simulatus/H.
ixtlani. In contrast, the ML mitogenome tree and the time
tree (Figures 3, 5) placed N. alstoni + P. floridanus as
the sister clade of P. aztecus, P. attwateri, P. pectoralis, and
H. ixtlani but with a lower support value (bootstrap = 72).
Sullivan et al. (2017) and Castañeda-Rico et al. (2020) also
supported the same phylogenetic relationship with high support
values but only using mitogenomes. Finally, our genome-wide
analyses confirm the sister genera relationship of Onychomys
and Peromyscus which had been previously suggested using
single genes (Platt et al., 2015), and that the Peromyscus
melanophrys group (P. melanophrys + P. perfulvus) is sister to
P. mexicanus + P. megalops previously suggested using only
mitogenomes (Castañeda-Rico et al., 2020).

In general, our nuclear and mitochondrial phylogenetic
trees largely mirror the mitogenome trees of Sullivan et al.
(2017) and Castañeda-Rico et al. (2020) save a few exceptions.
However, here we present the first nuclear and mitogenome-
wide phylogeny with the most complete taxon dataset of
peromyscine rodents to date. Given our results, we consider
that the next step to unraveling the phylogenic relationships
within the genus Peromyscus and its close relatives is to
increase taxon sampling. However, this study has demonstrated
that using museum specimens to increase taxa using UCE
and mitogenomes is suitable to address complex phylogenetic
studies, particularly when some taxa are only known from
museum specimens.

Divergence time estimation indicates a
late Pliocene – early Pleistocene origin
of Peromyscus mekisturus

Our divergence time estimates (based on separate
UCE and mitogenome datasets) resulted in similar dates
(Figures 4, 5). Although mitochondrial divergence dates
were slightly older than those obtained with nuclear data,
with the exception of the three oldest splits [Neotoma,
Isthmomys + (Reithrodontomys + P. mekisturus), and
Isthmomys]. Nuclear and mitochondrial estimates indicated
that the main speciation events started in the late Miocene and
Pliocene up to the Pleistocene, when the diversification started

within each species. A majority of the divergences appear
to correspond with the timing of the Quaternary climatic
fluctuations, mostly during the Pleistocene glacial/interglacial
cycles.

We dated three late Miocene –
Pliocene events: the divergence between
Isthmomys + Reithrodontomys + P. mekisturus versus
Onychomys + Peromyscus ca. 8.6–5.85 mya, the split of
Isthmomys from Reithrodontomys + P. mekisturus ca. 6.74–
5.38 mya, and the divergence between Onychomys and
Peromyscus ca. 5.72–5.32 mya. The order of these divergence
events coincides with those proposed by Platt et al. (2015) using
a combined dataset of one mitochondrial and three nuclear
genes, however, their dates are slightly older but still place these
events during the Miocene and Pliocene (i.e., ca. 7.93, 7.30, and
7.20 mya, respectively). The divergence between P. mekisturus
and Reithrodontomys dated ca. 3.80 – 4.42 mya coincides
with the beginning of diversification within Peromyscus ca.
4.31 – 4.62 mya, both events during the late Pliocene and
early Pleistocene. Platt et al. (2015) estimated an older origin
for Peromyscus that began at approximately 8 mya, but its
diversification appears to have been focused at ca. 5.71 mya
(95% HPD: 3.37 – 9.08). Our estimates are placed within the
range reported by them and with smaller 95% HPD values
(Figures 4, 5). Finally, based on the mitogenome calibrated tree
including the holotype specimen, we dated the diversification
within P. mekisturus at ca. 0.26 mya at the end of the Pleistocene.

Similar divergence times have been found in other studies of
Peromyscus (e.g., Castañeda-Rico et al., 2014; Cornejo-Latorre
et al., 2017; Bradley et al., 2019) but they also analyzed single
genes. Here, we present the first dated phylogeny obtained from
genome-wide data for these groups of rodents. We expect that
future genomic studies will continue to investigate and provide
new insights into the divergence times in neotomines and other
groups of rodents.

The complexity of elucidating the evolutionary history of
P. mekisturus, with only two specimens known to science, can
be decreased by making inferences about its closest relatives.
For example, among peromyscines, the genus Peromyscus
ranks first in species richness, followed by Reithrodontomys
[ca. 70 and 24 species, respectively] (Miller and Engstrom,
2008; Platt et al., 2015; Martínez-Borrego et al., 2022). Both
genera are found in most habitats distributed in North and
Central America but only Reithrodontomys is found in South
America. However, Mesoamerica, specifically Mexico, has been
recognized as the center of biodiversity and diversification for
both genera due to the unique physiographic characteristics
that have promoted the isolation and differentiation of taxa in
this region (Hooper, 1952; Hall, 1981; Eisenberg, 1989; Sullivan
et al., 2000; Bradley et al., 2004; Arellano et al., 2005; Dawson,
2005; Miller and Engstrom, 2008). Speciation and diversification
processes for these peromyscines have also been driven by
the Pleistocene climatic cycles that expanded North American
taxa southward during glacial advances, and retracted them
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northward during interglacial warming, giving rise to numerous
vicariant and dispersal events (Dawson, 2005; Castañeda-
Rico et al., 2014; Platt et al., 2015; Martínez-Borrego et al.,
2022). Future phylogenetic studies should also include a denser
taxon sampling of members of the genus Reithrodontomys and
incorporate P. mekisturus as its closest outgroup to validate the
timing and process of diversification of this group.

Information on environmental fluctuations and the
existence of corridors at that time that favored movement across
the landscape followed by post-glacial isolation strongly support
the role of Pleistocene climate changes in the diversification
process of many taxa (Martin and Klein, 1984; Ceballos et al.,
2010; Ferrusquía-Villafranca et al., 2010). Therefore, we propose
that both P. mekisturus and Reithrodontomys were also greatly
impacted by the climatic fluctuation events that occurred
during the Pleistocene, in agreement with our molecular dating.
These taxa generated evolutionary novelties after repeated
cycles of expansion and isolation that gave rise to unique
lineages at the generic level. However, a surprisingly interesting
revelation of our study regarding the phylogenetic placement
and evolutionary history of P. mekisturus is that despite their
close relatives (Peromyscus and Reithrodontomys) show high
diversification rates, P. mekisturus did not and remained
isolated in a restricted geographic area in central Mexico. We
can only speculate that the distribution of this unique lineage
was once more widespread with larger population sizes and
that the subsequent biotic and/or abiotic conditions in the
Anthropocene drastically decreased its population sizes putting
it on a trajectory toward extinction.

The impact of museomics on present
and future research

The case of P. mekisturus is particularly interesting as it
demonstrates the positive impact of museomics, highlighting
the importance of the inclusion of holotypes in phylogenetic
studies, but it also provides evidence of the biodiversity loss
that we are currently facing due to the ongoing mass extinction
caused during the Anthropocene (Ceballos et al., 2020). We also
demonstrate that it is possible to carefully design a protocol for
destructive sampling that requires a very small amount of skin
sample and that causes minimal damage to the voucher holotype
specimen, ensuring all diagnostic characters remain intact. We
also show that hDNA from museum specimens coupled with
high throughput capture hybridization technologies are capable
of yielding powerful genome-scale data. From a small piece
of dry skin from the holotype specimen of P. mekisturus,
we recovered a near-complete mitogenome sequence and 306
UCE loci that were enough to obtain well-resolved dated
phylogenies. Therefore, we confirmed that the removal of tiny
amounts of material from museum specimens by best practices
of destructive sampling may add enormous value to the content

of collections and will allow them, together with hDNA, to meet
their full and incredible research potential (Bailey et al., 2016;
Schmitt et al., 2018; Raxworthy and Smith, 2021). We expect that
this example, confirming the ability of even very old specimens
to yield genomic data, will motivate researchers to utilize type
specimens and give confidence to curatorial staff who are tasked
with ensuring the proper use of these valuable specimens.

Throughout this manuscript, we have continuously
mentioned the value and importance of natural history
museums and the specimens that are currently housed in
their collections to conduct a wide range of cutting-edge
research as well as continue with more traditional studies.
However, we also need to highlight and advocate for the need
to continue collecting specimens and to continue building the
scientific heritage of the collections in the forthcoming years
to keep a record of the historical biodiversity on the planet for
the future generations of researchers and society in general.
From a general perspective, Schmitt et al. (2018) argued that
creative and novel uses of museum specimens have provided
diverse applications of value to society, among them, is the
research on biodiversity and global sustainability. Continued
support of museums by funding agencies and dedication to
collect specimens by museums are urgently needed to build
and maintain this critical scientific resource moving forward
and this topic should be a global priority. Yet collecting new
specimens is still criticized and overlooked as an invaluable
investment in the future (Minteer et al., 2014). However, this
criticism is often due to misconceptions about the perceived
negative impact of museum collecting on wildlife populations
(Remsen, 1995; Hope et al., 2018). We expect that our case
study of P. mekisturus can be used as justification for the
need to continue to direct efforts and funding support for the
collection and preservation of specimens across time, space, and
taxonomic diversity with sufficient sample sizes, metadata, and
breadth to ensure maximum impact across multiple disciplines
(Brooks et al., 2011; Ward et al., 2015; Schmitt et al., 2018).
There is still much work to be done in the field of museomics
and the forthcoming years will surely offer astonishing results,
new applications and uses, and even more improvements in
methods and technologies.
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