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Key insights into the evolutionary history of recently extinct or critically endangered
species can be obtained through analysis of genomic data collected using high-
throughput sequencing and ancient DNA from museum specimens, particularly where
specimens are rare. For instance, the evolutionary history of the critically endangered
Puebla deer mouse, Peromyscus mekisturus, remains unclear due to discordance
between morphological and molecular phylogenetic analyses. However, previous
molecular analyses were based on PCR and Sanger sequencing of only a few
mitochondrial genes. Here, we used ancient DNA from historical museum specimens
followed by target enrichment and high-throughput sequencing of several thousand
nuclear ultraconserved elements and whole mitochondrial genomes to test the validity
of the previous phylogenetic placement of P. mekisturus. Based on UCEs and
mitogenomes, our results revealed that P. mekisturus forms a well-supported distinct
lineage outside the clade containing all other members of the Peromyscus melanophrys
group. Additionally, the mitogenome phylogeny further supports the placement of
P. mekisturus as the sister species of the genus Reithrodontomys. This conflicts with the
previous mtDNA phylogenetic reconstruction, in which P. mekisturus was nested within
the species P. melanophrys. Our study demonstrates that high-throughput sequencing
of ancient DNA, appropriately controlling for contamination and degradation, can
provide a robust resolution of the evolutionary history and taxonomic status of species
for which few or no modern genetic samples exist. In light of our results and pending
further analysis with denser taxon sampling and the addition of morphological data, a
re-evaluation of the taxonomy and conservation management plans of P. mekisturus is
needed to ensure that the evolutionary distinctiveness of this species is recognized in
future conservation efforts.

Keywords: biodiversity, diversification, mitogenomes, Peromyscus mekisturus, phylogenomics, Sanger
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INTRODUCTION

Scientific collections are unique repositories of biodiversity. They
preserve and make accessible specimens that capture variation
across taxonomic boundaries, space, and time (Webster,
2018). The specimens deposited in museums allow us to
study demographic changes of populations through space and
time, including those of extinct species. These specimens
also provide a historical context to examine patterns of
genetic variation and offer direct measures of evolutionary
processes (Burrell et al., 2015; Buerki and Baker, 2016).
Genetic studies incorporating natural history collections also
allow us to study rare or critically endangered species.
Some of these species remain poorly understood due to the
scarcity of samples, either because small population sizes
make them difficult to find or because they have become
extinct in the wild.

Despite their enormous potential, museum specimens are
difficult to work with because of postmortem DNA fragmentation
and damage. Additionally, the relationship between specimen age
and DNA fragmentation is not linear, and even some recently
collected samples (<20 years) can have highly fragmented DNA
(Zimmermann et al., 2008; Allentoft et al., 2012; Sawyer et al.,
2012; Burrell et al., 2015). DNA quality and quantity may be more
strongly influenced by preservation methods, storage conditions,
the type of tissue targeted, or how quickly the sample was
desiccated than to the age of the specimen itself (Pääbo, 1989;
Casas-Marce et al., 2010; Mason et al., 2011). Despite these
challenges, museum specimens represent a unique repository
of valuable information, making it worthwhile to unlock their
potential with novel genomic protocols.

These novel genomic methods have spurred a renaissance
in studies of natural history collections. Scientists have been
studying ancient DNA for more than three decades, but the
advent of high-throughput (HT) or next-generation sequencing
(NGS) has made the process of sequencing ancient DNA from
both model and non-model organisms much easier (Church,
2006; Lemmon and Lemmon, 2013; Hawkins et al., 2016a,b;
McCormack et al., 2017; McDonough et al., 2018; Webster,
2018). The improvement is reflected by decreasing the cost
and increasing the efficiency of genomic data collection by
several orders of magnitude (Lemmon and Lemmon, 2013;
Buerki and Baker, 2016; McCormack et al., 2017). NGS methods
like sequence capture or target enrichment have been changing
the field of phylogenetics and are especially well-suited for
sequencing ancient DNA or other degraded samples. This
method involves hybridizing genomic DNA to biotinylated
DNA or RNA ‘baits’ present in solution and then washing
away unbound, non-target DNA. The result is a DNA solution
enriched for specific targets that can then be sequenced using
NGS platforms (Burrell et al., 2015). Using sequence capture,
researchers can focus sequencing efforts on loci useful for their
particular genomic scope, enabling them to increase the number
of taxa or samples that can be processed, analyze samples that
were difficult to use in the past, and improve phylogenetic
resolution (Lemmon and Lemmon, 2013). Filling gaps in the tree
of life should significantly improve topological and branch-length

estimation and will also allow more accurate biogeographical
reconstructions (Buerki and Baker, 2016).

Members of the rodent genus Peromyscus are commonly
referred to as deer mice. Peromyscus is the most common
and speciose genus within the subfamily Neotominae. This
genus comprises more than 70 new world species that diverged
within the last 6–10 million years (Platt et al., 2015). Despite
intensive and extensive studies of this genus, understanding
its phylogenetic relationships has been difficult. Phylogenetic
studies have suggested that the genus Peromyscus is paraphyletic,
including Habromys, Isthmomys, Megadontomys, Neotomodon,
Osgoodomys, and Podomys at the generic (sensu stricto) or
subgeneric (sensu lato) level (Bradley et al., 2007; Miller and
Engstrom, 2008; Platt et al., 2015; Sullivan et al., 2017). The
large number of species, both described and undescribed, as
well as the cryptic variation present in the group, have yielded
numerous distinct phylogenetic hypotheses (Sullivan et al., 2017).
Osgood (1909) placed related species into monophyletic species
groups based mainly on morphological similarities. At present,
several lines of evidence support the recognition of 13 Peromyscus
species groups (Carleton, 1989; Hogan et al., 1993; Musser
and Carleton, 1993, 2005, Dawson, 2005; Bradley et al., 2007).
However, the composition of the groups has been modified
several times based on new evidence and many of the species
have been re-categorized (Carleton, 1989; Riddle et al., 2000;
Álvarez-Castañeda and González-Ruiz, 2008).

The Peromyscus melanophrys group, endemic to México,
comprises three species: Peromyscus melanophrys, P. perfulvus,
and P. mekisturus (Osgood, 1909; Carleton, 1989; Musser and
Carleton, 1993, 2005; Bradley et al., 2007; Castañeda-Rico
et al., 2014). Recent field surveys searching for additional
specimens of P. mekisturus have failed, suggesting that this
species is likely extinct or close to extinction. To date, only one
Sanger sequencing-based study has included all three species
in phylogenetic analyses. Castañeda-Rico et al. (2014) analyzed
all three species using the ND3, tRNA-Arg, ND4L, and partial
ND4 mitochondrial genes. However, owing to the degraded
condition of the P. mekisturus specimen (collected in 1947), only
P. melanophrys and P. perfulvus samples produced sequences
of the nuclear gene (GHR). Castañeda-Rico et al. (2014) found
that the three species form a monophyletic group, which is
concordant with long-standing morphology-based taxonomic
hypotheses (Osgood, 1909; Carleton, 1989; Musser and Carleton,
1993, 2005). Critically, the Sanger sequencing data placed
the single P. mekisturus specimen within a clade where all
of the other samples are considered to be P. melanophrys,
which contrasts with morphological evidence that supports all
three groups as distinct species (Osgood, 1909; Carleton, 1989;
Musser and Carleton, 1993, 2005).

Given the discrepancy between the morphological data and
the molecular data based on Sanger sequencing, we aimed to
test whether we could corroborate the previous phylogenetic
hypothesis proposed by Castañeda-Rico et al. (2014) by using
NGS methods to obtain dense nuclear and mitochondrial datasets
for P. mekisturus and the other members of the Peromyscus
melanophrys species group. Crucially, since P. mekisturus is only
known from two specimens—Merriam (1898) holotype from
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TABLE 1 | Specimens used in this study with corresponding species, Museo de Zoología “Alfonso L. Herrera” Facultad de Ciencias UNAM (MZFC) and University of
Michigan Museum of Zoology (UMMZ) accession number collection, ID for this study, tissue type that was destructively sampled, date collected, number of UCE reads
after filtering, number of UCE loci, reads mapped to the reference mitogenome and mean coverage mitogenome.

Species Accession ID Tissue Date collected Reads UCEs Reads Mean

number UCEs loci mapped coverage

collection mitogenome mitogenome

P. mekisturus UMMZ_88967 UMMZ88967 Dry skin 1947 5,578,674 2,996 99,865 581.7

P. melanophrys MZFC_3907 MQ1229 Dry skin 1984 1,811,856 2,700 1,310 7.3

P. perfulvus − MCP119 Internal organ 2010 4,779,011 1,353 54,235 10

P. mexicanus MZFC_11150 MRM030 Internal organ 2010 2,876,361 1,691 – –

P. eremicus MZFC_10465 FCR176 Internal organ 2009 2,637,980 3,219 8,806 62.3

H. simulatus MZFC_10104 HBR031 Internal organ 2006 3,106,129 3,316 – –

Chalchicomula, and Hooper’s (1947) record from Tehuacán,
both in Puebla, México—its phylogenetic position can only be
resolved by denser sequencing of the genomes of the specimens in
hand. Recent developments in NGS technology and ancient DNA
protocols offer a huge advantage for rare and under-collected
species such as this one, where sometimes only their holotypes
are known to science.

MATERIALS AND METHODS

Sampling and Lab Work
We sampled six museum specimens deposited in scientific
collections in México and the United States (Table 1).
We followed strict protocols to avoid contamination during
sampling, including the use of a new disposable scalpel blade and
gloves for each specimen, and bleaching 50% household bleach
(5.25% sodium hypochlorite solution) followed by rinsing with
HPLC-grade water of all work surfaces and utensils prior to
each use (McDonough et al., 2018). We performed all laboratory
work at the ancient DNA facilities at the Center for Conservation
Genomics (CCG), Smithsonian Conservation Biology Institute,
Washington, DC. We extracted genomic DNA from one tissue
sample from each of the six specimens, including Peromyscus
melanophrys, P. perfulvus, P. mekisturus, P. mexicanus, P.
eremicus, and Habromys simulatus. The last three species were
included as outgroups, following Castañeda-Rico et al. (2014).

We extracted ethanol-preserved internal organ samples
(kidney, liver, or heart) using a DNeasy Blood and Tissue
Kit (Qiagen, Valencia, CA, United States) following the
manufacturer’s protocol, and visualized on 1% agarose gel
to assess quality. Gels were run at 120 volts for 45 min
using 1× TBE (Tris-Borate-EDTA) buffer. We quantified each
extraction using a Qubit R© (Life Technologies) fluorometer with
a 1× dsDNA HS assay kit. We extracted dried skin clips
using a standard phenol-chloroform protocol in an ancient
DNA facility at the CCG following established ancient DNA
standards (Pääbo et al., 2004; Willerslev and Cooper, 2005;
McDonough et al., 2018). We sheared 100 µl of each DNA
extraction, after normalizing concentrations to approximately
400–500 ng/µl, to an average length of ca. 500 bp using a
Bioruptor R© Pico sonicator (Diagenode) with a pulse of 30 s

on/30 s off for 90 cycles. Afterward, we concentrated the samples
via centrifugation to 25 µl and cleaned them using 2× solid-
phase reversible immobilization (SPRI) magnetic beads (Rohland
and Reich, 2012) following the manufacturer’s instructions to
remove small fragments. We did not shear, quantify, or clean
extractions from dried skin due to the inherent degradation and
fragmentation of the DNA.

We prepared each DNA sample (22 µl) as a dual-indexed
library using Kapa LTP Library Preparation kit (Kapa Biosystems,
Boston, MA, United States) for Illumina R© Platforms sequencing
following the manufacturer’s protocol (Kapa Biosystems V6.17),
with 1/4 reactions. We performed all pre-PCR steps for the skin
samples in a laboratory specifically dedicated to processing of
ancient DNA. The ancient DNA lab is physically separated from
the main laboratory, and no modern tissue/DNA samples or
PCR amplifications are allowed. We performed dual indexing
PCR with Nextera-style indices (Faircloth and Glenn, 2012) using
Kapa HiFi Hotstart Ready Mix (Kapa Biosystems) according to
the manufacturer’s protocols, with 14 cycles for organ samples
and 18 cycles for skin samples. We purified the resulting indexed
libraries using 1.6× SPRI magnetic beads and visualized on a
1% agarose gel (conditions as mentioned above). We quantified
library concentrations using Qubit R© 1× dsDNA HS assay and
we inspected library size-ranges and qualities using a Bioanalyzer
2100 (Agilent Technologies, Santa Clara, CA, United States) with
High Sensitivity DNA kits. We pooled libraries equimolarly in
pairs for the organ samples; we did not pool the more degraded
skin samples. We performed enrichment for UCEs using an
in-solution DNA hybridization with synthetic RNA baits. We
used the myBaits R© UCE Tetrapods 5Kv1 kit (Arbor Biosciences)
following the myBaits protocol v3. The P. mekisturus sample was
library prepped and enriched twice to confirm the results (data
not shown). While both sample enrichments were sequenced,
only one of the samples was included in the final analyses upon
confirmation that both samples yielded the same results.

To sequence the mitochondrial genome of P. mekisturus, we
followed the single tube library preparation method described
by Carøe et al. (2017). We performed dual indexing PCR with
TruSeq-style indices (Meyer and Kircher, 2010) using Kapa
HiFi Uracil + kit (Kapa Biosystems) according to the Carøe
et al. (2017) protocol. We performed all steps in duplicate.
Prior to the index PCR reaction, we performed a quantitative
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PCR (qPCR) using SYBR green fluorescence (Kapa Biosystems
Illumina Library Quantification kit) in order to determine the
number of cycles for library amplification. We used 16 and 20
cycles, and pooled post-PCR products. We then enriched for
the mitochondrial genome using the myBaits R© Mito kit (Arbor
Biosciences) designed for the house mouse, Mus musculus,
following the myBaits protocol v4.

We amplified post-enrichment UCE libraries with
14–18 cycles of PCR using universal Illumina primers (see
myBaits protocol v3 and v4) and Kapa HiFi Hotstart Ready Mix
(Kapa Biosystems) according to the manufacturer’s protocol,
and sequenced them on a MiSeq (Illumina, Inc., San Diego, CA,
United States) using a 600-cycle Reagent Kit v3 (2 × 300 bp)
at the CCG. We split samples into two groups using a different
kit for each group. In order to ensure that we would obtain
enough coverage for the P. mekisturus sample, we sequenced
it at a much deeper coverage compared to the other samples.
We amplified the post-enrichment mitogenome library with
18 cycles following the same protocol as above, and we sequenced
it using a 2 × 150 bp – PE SP kit on a NovaSeq 6000 (Illumina,
Inc., San Diego, CA, United States) at the Vincent J. Coates
Genomics Sequencing Laboratory, UC Berkeley (combined with
samples from other projects). We evaluated the quantity and
quality of each sequencing pool using a Qubit R© 1× dsDNA HS
assay and a Bioanalyzer 2100 (Agilent Technologies, Santa Clara,
CA, United States) before sequencing.

In order to test the reliability of our results based on NGS
generated data, we also PCR amplified and Sanger sequenced
using aliquots from the same P. mekisturus DNA sample. Because
we only had limited amount of DNA extract after conducting
the NGS protocols, we decided to only test the first five out
of the eight fragments from the Castañeda-Rico et al. (2014)
study. In order to ensure that primer stocks used in this assay
were free of contamination, we ordered a new set based on
the published sequences of these five primer pairs (Integrated
DNA Technologies, Inc.). All pre-PCR reactions were prepared
in our ancient DNA facility taking same precautions as described
above. We amplified DNA in a 25 µl reaction volume containing
the following: 9 ng of template DNA, 1 unit of AmpliTaq
Gold (Thermo Fisher Scientific), 1.5 mM of MgCl2, 100 µM
of deoxynucleoside triphosphate, and 0.25 µM of each primer.
Polymerase chain reaction (PCR) conditions were as follow: Taq
activation at 95◦C for 10 min, followed by 17 cycles at 95◦C
for 30 s, 50◦C annealing temperature for 1 min, and 72◦C for
1 min, followed by 27 cycles at 95◦C for 30 s, 55◦C for 1 min,
and 72◦C for 1 min with a final extension of 72◦C for 5 min.
We cleaned PCR products with ExoSAP-IT (Thermo Fisher
Scientific), followed by the sequencing reaction using BigDye
Terminator v3.1cycle sequencing kit (Thermo Fisher Scientific).
We cleaned the sequencing reaction using Sephadex G-50 Fine
(GE Healthcare Life Sciences), following the manufacturer’s
protocols. Bi-directional Sanger sequencing was performed in
an ABI Prism 3130XL Genetic Analyzer (Applied Biosystems,
Foster City, CA, United States) at the CCG. To control for
contamination, we included negative controls in all amplification
reactions and sequenced them. Each fragment was also amplified
and sequenced in duplicate to corroborate our results.

In addition to the sequences we generated in our lab, we also
reanalyzed previously published data including the following:
mitochondrial gene cytochrome b (Cytb) gene sequences from
Bradley et al. (2007) and Platt et al. (2015), mitochondrial
genes ND3, tRNA-Arg, ND4L, and partial ND4 genes from
Castañeda-Rico et al. (2014) and full mitogenomes from Sullivan
et al. (2017). A list of these analyzed samples is found in
Supplementary Table S1.

Bioinformatic Processing of
Ultraconserved Elements and
Mitogenomes
Ultraconserved Elements
We demultiplexed samples in FASTQ format using BaseSpace
(Illumina, Inc.). We processed raw FASTQ files following the
PHYLUCE v1.6.7 bioinformatic pipeline (Faircloth, 2016) with
default parameters, available at https://phyluce.readthedocs.io/
en/latest/tutorial-one.html (accessed on August 2019). We used
Illumiprocessor 2.0.7 (Faircloth, 2013), which allows processing
of Illumina sequencing reads using the trimming tool Trim
Galore 0.6.51 to clean the data (to remove adapter contamination,
barcode regions and low-quality bases). We assembled reads into
contigs using Trinity 2.8.5 (Grabherr et al., 2011). Following
contig assembly, we identified contigs matching UCE loci in
the 5K UCE locus set2. We created a “taxon set” containing all
of our samples to query the database generated during UCE
contig identification and created a list of UCE loci by sample. We
generated a monolithic FASTA file to extract sequences from each
sample. We aligned FASTA sequences using MAFFT 7.4 (Katoh
and Standley, 2013) and performed internal trimming using
Gblocks 0.91b (Castresana, 2000). We quantified informative
sites with the phyluce_align_get_informative_sites.py script. We
filtered the resulting alignment to create a 75 and 95% complete
matrix. All of these analyses were performed on the Smithsonian
Institution High Performance Cluster (SI/HPC).

Mitogenomes
In order to obtain mitogenomes as “off-target sequences” from
UCE capture sequences, we used cleaned reads (paired P1 and
P2, plus singletons) generated by Illumiprocessor (Faircloth,
2013) through the PHYLUCE pipeline. We removed exact
duplicates (−derep1,4) using Prinseq-lite v0.20.4 (Schmieder and
Edwards, 2011). We mapped the reads to a reference (Peromyscus
megalops, GenBank KY707305) using the Geneious algorithm in
Geneious Prime R© 2019.2.33 with default parameters (Medium-
Low sensitivity, Maximum mismatches = 20%, Maximum
gaps = 10%). We generated consensus sequences with Geneious,
using 5× as the lowest coverage to call a base, a Highest Quality
control, and the remaining default parameters, and aligned them
using MAFFT 7.4 (Katoh and Standley, 2013). We transferred
annotations from P. megalops reference (GenBank KY707305)
and translated genes to check for stop codons.

1https://github.com/FelixKrueger/TrimGalore
2https://github.com/faircloth-lab/uce-probe-sets
3https://www.geneious.com
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We demultiplexed the sample sequenced on a NovaSeq in
FASTQ format using BaseSpace (Illumina, Inc.). We checked
sequence read quality using FastQC v0.11.54 (Andrews, 2010).
We quality filtered the reads using Trim Galore 0.6.55 to
remove adapter sequences and low-quality reads using the default
parameters as Phred:20, mean min-len:20. We further filtered
the trimmed DNA sequencing reads using Prinseq-lite v0.20.4
(Schmieder and Edwards, 2011) to remove exact duplicates
(−derep1,4). We used the resulting high-quality, de-duplicated
reads in all subsequent steps, following the steps outlined above.
We compared the partial mitogenome obtained from off-target
UCE enrichment to the one obtained using mitogenome probes
in order to corroborate the P. mekisturus mitogenome sequence
using data generated independently.

Sanger Sequencing
We edited and cleaned sequences using BioEdit 7.2.5 (Hall, 1999).
We extracted tRNA-Gly, ND3, tRNA-Arg, ND4L, and partial
ND4 mitochondrial genes from the P. mekisturus mitogenome.
We used MAFFT 7.4 (Katoh and Standley, 2013) in Geneious
to align and compare the extracted mitochondrial genes with
the new Sanger sequences obtained in this study and the
P. mekisturus_KF885810 sequences obtained by Castañeda-Rico
et al. (2014).

Peromyscus mekisturus – Mitogenome
We performed three additional analyses for P. mekisturus in
order to validate that the mitogenome sequence was not the
result of contamination. First, in addition to the mitogenome that
we obtained by mapping sequence reads to a reference genome
(P. megalops, GenBank KY707305), we performed a de novo
assembly using MIRA 4.0 (Chevreux et al., 1999) in Geneious
with default paraments, which include an accurate quality level of
assembly. Second, we exported from Geneious the reads mapped
to the reference genome as FASTQ files and we converted them
to FASTA files with seqtk version1.26 (Li, 2013). We used mega-
BLAST (in BLAST + version 2.6.0 – Camacho et al., 2009) to align
the reads against the nucleotide database (accessed on January
29, 2020). We then used MEGAN version 6.18.4 (Huson et al.,
2016) to visualize and analyze the BLAST output, following the
default parameters and parsed with the LCA (Lowest Common
Ancestor) method. Finally, we used mapDamage2.0 (Jónsson
et al., 2013) to examine the patterns of DNA damage sequencing
artifacts. We analyzed the reads obtained from the mitogenome
enrichment and mapped to the closest reference genome. We
used the default parameters in mapDamage2.0.

Phylogenetic Analyses
We performed four independent phylogenetic analyses using:
(1) UCE dataset, (2) full mitogenomes, (3) Cytb mitochondrial
gene, and (4) ND3, tRNA-Arg, ND4L, and partial ND4
mitochondrial genes.

First, we analyzed the 75% complete UCE matrix using
RAxML 8.12 (Stamatakis, 2014) with a GTRGAMMA site

4http://www.bioinformatics.babraham.ac.uk/projects/fastqc
5https://github.com/FelixKrueger/TrimGalore
6https://github.com/lh3/seqtk

rate substitution model and 20 maximum-likelihood (ML)
searches for the phylogenetic tree that best fit each set of
data. The GTRGAMMA is the most recommended model for
ML analyses using RaxML because it represents an acceptable
trade-off between speed and accuracy (RAxML 8.12 manual).
We generated non-parametric bootstrap replicates using the
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. We also analyzed a 95%
complete UCE matrix following the protocol above. We ran these
analyses on the Smithsonian High-Performance Computing
cluster Hydra (SI/HPC). We performed a Bayesian Inference
(BI) analysis in MrBayes 3.2.6 (Huelsenbeck and Ronquist, 2001;
Ronquist and Huelsenbeck, 2003) on the CIPRES infrastructure
(Miller et al., 2010). In order to do it, we first 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 TVM + I model
was selected as the best fitting model for the UCE dataset
(95% matrix) with the following parameters: base frequencies
A = 0.2975, C = 0.2037, G = 0.2038, T = 0.2950; nst = 6;
and portion of invariant sites = 0.7730. We used 50 million
generations sampling every 1,000 generations with four Markov
chains (three heated and one cold). Heating temperature was set
at 0.02 to facilitate greater movement between the four Markov
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. UCEs are
non-coding regions but are likely involved in controlling gene
expression (Marcovitz et al., 2016). However, their function is
still an area of research (Faircloth et al., 2012, 2015). In addition,
its rate of evolution is still not well understood (Faircloth et al.,
2015; Tangliacollo and Lanfear, 2018) and therefore, we did not
partition this dataset.

We used the mitogenome data to infer the phylogenetic
relationships of P. mekisturus in relation to other peromyscine
rodents. We included samples generated in this work, as well
as samples published previously by Sullivan et al. (2017) and
a grasshopper mouse sample, Onychomys leucogaster (GenBank
KU168563), which was used as an outgroup by Castañeda-Rico
et al. (2014). We aligned sequences using MAFFT 7.4 (Katoh and
Standley, 2013) in Geneious. We analyzed the mitogenome data
without partitions and 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 + I + G model was selected as the
best fitting model with the following parameters: base frequencies
A = 0.3580, C = 0.2801, G = 0.1106, T = 0.2315; nst = 6;
rates = gamma with shape parameter (α) = 0.7600; and portion of
invariant sites = 0.4740. We also performed model and partition
selection using PartitionFinder 2.1.1 (Lanfear et al., 2016), with
linked, corrected Akaike Information Criterion (AICc) and
greedy parameters, on the SI/HPC cluster. We analyzed two
different partitions: (1) by gene and codon position and (2) by
codon position, tRNA, rRNA and D-loop. The PartitionFinder
analysis detected 34 partitions for the by gene and codon position
selection and 6 partitions for the by codon position, tRNA,
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rRNA and D-loop selection, both results were incorporated in
the phylogenetic reconstructions (Supplementary Table S2).
We performed a BI analysis in MrBayes 3.2.6 (Huelsenbeck
and Ronquist, 2001; Ronquist and Huelsenbeck, 2003) on the
CIPRES infrastructure (Miller et al., 2010). We used 50 million
generations sampling every 1,000 generations (conditions as
mentioned above for the UCE dataset). 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. We also performed a ML analysis using
RAxML 8.12 (Stamatakis, 2014) with a GTRGAMMA site rate
substitution model. Clade support was assessed by bootstrapping
with 1,000 replicates.

We analyzed Cytb sequences extracted from the mitogenomes
that we generated here and from the mitogenomes published
by Sullivan et al. (2017) in order to evaluate the phylogenetic
position of P. mekisturus with respect to the genera Peromyscus,
Habromys, Megadontomys, Neotomodon, Osgoodomys, Podomys,
Isthmomys, Onychomys, and Reithrodontomys. We also used
all the sequences published by Bradley et al. (2007) and
Platt et al. (2015). By including data from these previous
studies, we were able to include representatives of the genera
Neotoma, Ochrotomys, Baiomys, Ototylomys, Tylomys, Nyctomys,
Oryzomys, and Sigmodon to be used as outgroups.

We re-evaluated the phylogeny proposed by Castañeda-
Rico et al. (2014) in order to compare the P. mekisturus
sample sequenced by those authors using Sanger sequencing
versus the sequence that we obtained here using NGS. We
used complete mitochondrial genes ND3, tRNA-Arg, ND4L, and
partial ND4 (hereinafter referred as “multiple mitochondrial
genes”) sequences published by Castañeda-Rico et al. (2014).
We also included sequences of these genes extracted from the
mitogenomes that we generated in this study and from the
mitogenomes published by Sullivan et al. (2017). Furthermore,
we did not use partitions for this dataset so that we could
reproduce the methods used by Castañeda-Rico et al. (2014).

We analyzed the Cytb dataset and multiple mitochondrial
genes separately as follows: we performed alignment using
MAFFT 7.4 (Katoh and Standley, 2013) in Geneious. 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
TVM + I + G model was selected as the best fitting model for
Cytb with the following parameters: base frequencies A = 0.3968,
C = 0.3304, G = 0.0467, T = 0.2261; nst = 6; rates = gamma
with shape parameter (α) = 0.5968, and portion of invariant
sites = 0.4040. The TIM2 + I + G model was recognized as
the best fitting model for the multiple mitochondrial genes
with the following parameters: base frequencies A = 0.3664,
C = 0.2971, G = 0.0708, T = 0.2657; nst = 6; rates = gamma
with shape parameter (α) = 1.0390, and portion of invariant
sites = 0.4420. We used MrBayes 3.2.6 (Huelsenbeck and
Ronquist, 2001; Ronquist and Huelsenbeck, 2003) on CIPRES
infrastructure (Miller et al., 2010) to reconstruct the phylogenetic
trees. Each analysis included the appropriate model identified
by jModelTest 2.1.1 (Guindon and Gascuel, 2003; Darriba et al.,
2012), 50 million generations, and a sample frequency of every

1,000 generations. We used Tracer v1.7.1 (Rambaut et al., 2018)
to check for convergence between runs, and the first 25% of the
trees were discarded as burn-in. We also performed a ML analysis
for both datasets, using RAxML 8.12 (Stamatakis, 2014) with a
GTRGAMMA site rate substitution model. Clade support was
assessed by bootstrapping with 1,000 replicates. All phylogenetic
trees were visualized in FigTree 1.4.47.

We aligned and compared sequences obtained by
Castañeda-Rico et al. (2014) [P. mekisturus_KF885810 and
P. perfulvus_KF885791] and one unpublished sequence
(P. melanophrys_MQ1229 – GenBank accession number MT078
814) using Sanger sequencing versus the multiple mitochondrial
genes extracted from the mitogenome of P. mekisturus_UMMZ8
8967, P. perfulvus_MCP119, and P. melanophrys_MQ1229
obtained in this study to corroborate the sequences. We
compared sequences derived from the same individuals,
where the sample of P. melanophrys was an ethanol-preserved
internal organ, and for P. perfulvus and P. mekisturus, the
sample was dried skin.

RESULTS

We successfully sequenced UCEs from all samples processed.
Illumina reads were archived in GenBank under BioProject:
PRJNA606805. On average, we generated 3.5 million reads
per UCE-enriched library, yielding 2,545 UCE loci per sample
(Table 1). The 75% matrix of aligned loci contained 2,436
UCEs of 3,512 total with an average length of 547 bp and 1.03
informative sites, with the minimum number of taxa per locus
n = 4. The 95% matrix contained 1,010 UCEs of 3,512 with
an average length of 514 bp, and 1.6 informative sites with
the minimum number of taxa per locus n = 5. The unrooted
trees obtained with both datasets showed the same topology and
bootstrap values, where P. melanophrys and P. perfulvus cluster
in a monophyletic group, and P. mexicanus is the sister species
of this group. P. mekisturus is the sister species to the clade
encompassing P. mexicanus, P. perfulvus, and P. melanophrys
(Figure 1). All of these phylogenetic relationships are strongly
supported, with high bootstrap values of 100. In this phylogenetic
analysis, we included members of three out of the 13 Peromyscus
species groups. P. mekisturus yielded long branch lengths using
both 75 and 95% matrices (Figure 1). This suggests this long
branch is not the result of missing data. However, it could be
related to the high heterogeneity of P. mekisturus with respect to
the other taxa included in the tree. This is most likely caused by
limited taxon sampling and likely could be resolved by including
more taxa in the analysis, as it has been suggested in other studies
(Bergesten, 2005; Phillippe et al., 2005; Wiens, 2005). The BI tree
(Figure 1) showed the same topology as the ML analyses with
high posterior probability values of 1.

For several samples, we obtained mitogenome sequences from
“bycatch” from the UCE enrichment with no need for mtDNA-
specific baits. We were able to recover near-complete (>95%
of the reference genome covered) mitogenome sequences for

7http://tree.bio.ed.ac.uk/software/figtree/
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FIGURE 1 | Maximum Likelihood unrooted phylogeny based on a 75% UCE matrix with 2,436 loci and Maximum Likelihood and Bayesian Inference unrooted
phylogenies based on a 95% UCE matrix with 1,010 loci from six species. Nodal support is provided with posterior probability/bootstrap values. The purple block
shows the composition of the Peromyscus melanophrys species group and the red block highlights the phylogenetic position of P. mekisturus.

P. melanophrys, P. perfulvus, and P. eremicus. We did not include
the rest of the samples in the analyses because of the low
percentage of mitogenome obtained (35–50%). We also obtained
the complete mitogenome of P. mekisturus (GenBank accession
number MT078818) using the myBaits R© Mito kit designed for
M. musculus. The number of reads mapped and average coverage
are shown in Table 1. Comparison of the P. mekisturus partial
mitogenome (ca. 5,200 bp and mean coverage = 13×) obtained
as off-target sequences and the complete mitogenome (15,975 bp
and mean coverage = 581.7×) obtained using myBaits kit showed
a perfect sequence match distributed along 2 rRNA, 7 tRNA,
9 protein coding regions and the D-loop region.

The comparison between the sequences from the same
specimen obtained by Sanger sequencing in Castañeda-Rico et al.
(2014) versus NGS showed that of a total of 1,307 bp, only 2 bp
were different for P. perfulvus and 20 bp for P. melanophrys.
For P. perfulvus, changes were found in ND3 and ND4L genes
whereas for P. melanophrys in ND4L and ND4 genes. These
represent a pairwise identity of 99.85% for P. perfulvus and
98.5% for P. melanophrys. However, for P. mekisturus we found
162 bp differences distributed along the ND3, tRNA-Arg, ND4L,
and partial ND4 genes. The pairwise identity between the two
P. mekisturus sequences was 87.61%. To resolve the discrepancy

between the previous published sequences and those out the NGS
analysis, we Sanger sequenced five fragments from Castañeda-
Rico et al. (2014) for the P. mekisturus sample, but only three
were successfully amplified. The total length of the sequenced
fragment was 545 bp (tRNA-Gly – 39 bp, ND3 – 329 bp, and
ND4L – 177 bp; GenBank accession number MT078814). The
545 bp fragment sequenced matched 100% with the homologous
gene sequences obtained with NGS. On the other hand, when
we compared these newly generated Sanger sequences with the
ones generated by Castañeda-Rico et al. (2014) we found that only
489 bp (89.7%) matched.

Furthermore, the mitogenome obtained using a de novo
assembly (mean coverage = 22.3×) matched completely with
the one obtained mapping to reference genome. However,
the de novo mitogenome assembly had ca. 9% missing data.
Based on completeness and higher coverage (Table 1), we
decided to use the mitogenome obtained from mapping for
all the analyses. MEGAN analysis allowed us to identify three
taxonomic levels within the reads analyzed as follows: family
Cricetidae (53.1%), subfamily Neotominae (40.1%), and genus
Peromyscus (6.8%). The result of mapDamage2 analysis showed
a weak signal of damage patterns typical of ancient DNA
(Supplementary Figure S1).
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FIGURE 2 | Bayesian Inference and Maximum Likelihood phylogeny based on mitogenomes from 20 species. Nodal support is provided with posterior
probabilities/bootstrap values. The purple block shows the composition of the Peromyscus melanophrys species group and the red block highlights the phylogenetic
position of P. mekisturus.

The final dataset for our mitogenome phylogenetic analysis
contained 20 mitogenomes from different species including
members of the subfamily Neotominae, with at least one
representative of eight out of the 13 Peromyscus species groups,
and Sigmodontinae. The phylogenetic tree (Figure 2) showed
that P. melanophrys and P. perfulvus form a monophyletic group
which is the sister clade of the P. mexicanus + P. megalops clade.
However, P. mekisturus is sister to Reithrodontomys mexicanus
and it is more closely related to Isthmomys pirrensis than
to any other member of the genus Peromyscus. The closer
phylogenetic relationship of P. mekisturus to R. mexicanus
is strongly supported (posterior probability value = 1 and
bootstrap value = 99). The split between P. mekisturus and
other members of the genus Peromyscus is strongly supported
with BI analysis (posterior probability value = 1) but not
with ML analysis (bootstrap value = 54). The BI mitogenome
phylogenetic trees obtained using: (1) no partitions, (2) by gene
and codon position, and (3) by codon position, tRNA, rRNA and
D-loop showed a similar topology with high posterior probability
values. The only differences among them were the position of

O. leucogaster, P. crinitus, P. polionotus, and the P. floridanus +
N. alstoni clade. However, the phylogenetic relationship between
P. mekisturus + R. mexicanus and I. pirrensis remained highly
supported (Figure 2 and Supplementary Figures S2, S3). The
BI tree with no partitions and the ML tree showed the same
topology (Figure 2).

The phylogenetic analyses of the Cytb gene allowed us to
include representatives from all 13 Peromyscus species groups
in order to test the position of P. mekisturus with respect to
a denser taxon sampling of the group, as well as additional
members of the subfamilies Neotominae and Sigmodontinae. We
analyzed a total of 138 sequences from a total of 67 different
rodent taxa. We found some minor changes between the topology
obtained from BI and ML analyses. However, the result of both
of these analyses confirmed that P. mekisturus is more closely
related to the genera Reithrodontomys and Isthmomys than to
Peromyscus (Figures 3, 4). Although the relationships among the
genera Reithrodontomys and Isthmomys and P. mekisturus are
not well resolved here (low posterior probability and bootstrap
values), the Cytb topology agrees with the phylogeny based on

Frontiers in Ecology and Evolution | www.frontiersin.org 8 April 2020 | Volume 8 | Article 94

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-08-00094 April 11, 2020 Time: 19:55 # 9

Castañeda-Rico et al. Ancient DNA Resolves Phylogenetic Controversy

FIGURE 3 | Bayesian Inference phylogeny based on the Cytb gene from 64 species. Nodal support is provided with posterior probabilities values. The purple block
shows the composition of the Peromyscus melanophrys species group and the red block highlights the phylogenetic position of P. mekisturus.

mitogenomes, and places P. mekisturus as the sister species of the
genus Reithrodontomys.

The BI and ML analyses using multiple mitochondrial genes
included a total of 119 sequences from a total of 22 different
rodent taxa (Figures 5, 6), including the P. mekisturus sequence
generated using Sanger sequencing (P. mekisturus_KF885810,
Castañeda-Rico et al., 2014) and the sequence generated
in this study with NGS (P. mekisturus_UMMZ88967). This
dataset also included at least one individual from eight
out of the 13 Peromyscus species groups, and additional
samples of the subfamilies Neotominae and Sigmodontinae.
The phylogenetic tree (Figures 5, 6) confirmed the position
of P. mekisturus_KF885810 within one of the clades of
P. melanophrys as Castañeda-Rico et al. (2014) previously
showed. However, the new sample generated with NGS was
placed as the sister species of Reithrodontomys mexicanus.
Although the posterior probability value (0.8628, Figure 5) and
the bootstrap value (39, Figure 6) of this node are not high,
P. mekisturus_UMMZ88967 is more closely related to the genera
Reithrodontomys and Isthmomys than to any other member of the
genus Peromyscus. The ML tree shows, in general, low support
values and slightly different topologies compared to the BI tree.
However, the phylogenetic relationship between P. mekisturus
and Reithrodontomys is the same.

DISCUSSION

Phylogenetic Inferences
Here, we used recent developments in NGS technology and
ancient DNA protocols to help resolve the controversial
phylogenetic position of the critically endangered Puebla deer
mouse P. mekisturus. In doing so, we provide the first genomic
study to generate nuclear data for P. mekisturus, and the
first to include all members in the Peromyscus melanophrys
species group recognized to date. We analyzed the same sample
of P. mekisturus that Castañeda-Rico et al. (2014) used in
their study (Hooper’s record collected in 1947), where they
sequenced mitochondrial genes by traditional Sanger sequencing.
We did not perform a total evidence analysis, using UCEs and
mitogenomes, because the rate of evolution of UCEs is still not
well understood and it remains an area of research (Faircloth
et al., 2015; Tangliacollo and Lanfear, 2018). In addition, the rate
of evolution of between UCEs and mitogenomes would likely be
very different and consequently these data would be partitioned
anyway. Therefore, we analyzed and discussed nuclear and
mitochondrial data independently. Our nuclear phylogenetic
analysis using UCEs and mitogenomes (Figures 1, 2) confirmed
the monophyly of P. melanophrys and P. perfulvus, which had
been previously proposed based on morphological characters
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FIGURE 4 | Maximum Likelihood phylogeny based on the Cytb gene from 64 species. Nodal support is provided with bootstrap values. The purple block shows the
composition of the Peromyscus melanophrys species group and the red block highlights the phylogenetic position of P. mekisturus.

and a few mitochondrial genes (Osgood, 1909; Hall and Kelson,
1952; Hooper and Musser, 1964; Hooper, 1968; Carleton, 1989;
Bradley et al., 2007; Castañeda-Rico et al., 2014). However,
contrary to previous hypotheses placing P. mekisturus in the
Peromysus melanophrys species group (Osgood, 1909; Carleton,
1989; Musser and Carleton, 1993, 2005; Castañeda-Rico et al.,
2014), we found that both UCEs and mitogenomes (Figures 1, 2)
place P. mekisturus outside of the monophyletic clade containing
the other putative members of the Peromyscus melanophrys
species group (P. melanophrys and P. perfulvus). Furthermore,
our more densely taxonomically sampled mitochondrial DNA
(mtDNA) phylogenies (Figures 2–6) support the placement of
P. mekisturus as the sister species of Reithrodontomys and closely

related to Isthmomys. We conclude that P. mekisturus is not
part of the Peromyscus melanophrys species group (supported by
nuclear and mitochondrial data) and it is placed as the sister
species of the genus Reithrodontomys and closely related to the
genus Isthmomys (supported by mitochondrial data) contrary
to the findings of previous morphological and genetic studies
(Osgood, 1909; Hall and Kelson, 1952; Hooper and Musser, 1964;
Hooper, 1968; Carleton, 1989; Musser and Carleton, 1993, 2005;
Bradley et al., 2007; Castañeda-Rico et al., 2014).

Given that some Peromyscus species groups were somewhat
underrepresented in the mitogenome dataset (we were only
able to include members of eight of 13 groups), we sought
to further confirm the phylogenetic position of P. mekisturus
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FIGURE 5 | Bayesian Inference phylogeny based on ND3, tRNA-Arg, ND4L and partial ND4 genes (referred in the text as “multiple mitochondrial genes”) from 23
species. Nodal support is provided with posterior probabilities values. The purple block shows the composition of the Peromyscus melanophrys species group, the
red block highlights the phylogenetic position of P. mekisturus_UMMZ88967 (sequence obtained by next-generation sequencing), and the blue block shows the
placement of P. mekisturus_KF885910 (sequence obtained by Sanger sequencing).

using the Cytb gene to reconstruct a more complete phylogeny
including members of all 13 Peromyscus species groups as
well as representatives of the more distantly related neotomine
and sigmodontine rodents (Figures 3, 4). Although more
weakly supported (i.e., with low posterior probabilities and
bootstrap values for some clades), the Cytb phylogeny confirmed
our well-supported mitogenome phylogeny, resulting in the
placement of P. mekisturus as more closely related to the
genera Reithrodontomys and Isthmomys than to any other species
of Peromyscus. Furthermore, we note that our near-complete
mitogenome phylogeny and Cytb phylogeny are consistent with
previous published phylogenies that did not sample P. mekisturus
(e.g., mitogenome phylogeny: Sullivan et al., 2017; Sanger
phylogenies using a few genes: Bradley et al., 2007; Miller and
Engstrom, 2008; Platt et al., 2015).

This is the first time that any kind of published evidence
suggests that P. mekisturus is the sister species of the
genus Reithrodontomys. However, more analyses are needed
to determine how the P. mekisturus + Reithrodontomys and
Isthmomys clade should be classified, and where it sits in the
phylogeny. It is important to mention that no other phylogenetic
analysis has ever suggested that the genus Reithrodontomys
should be nested within Peromyscus (Sullivan et al., 2017)
despite the close relationship between Reithrodontomys and
Isthmomys (Hooper and Musser, 1964; Bradley et al., 2007; Miller

and Engstrom, 2008; Platt et al., 2015; Sullivan et al., 2017).
However, Isthmomys is recognized at the generic (sensu stricto)
or subgeneric (sensu lato) level within Peromyscus (Figures 5, 6).
Therefore, P. mekisturus could be in the same position as
Isthmomys, i.e., still considered part of the genus Peromyscus
(sensu lato or sensu stricto) but suggesting paraphyly as several
previous studies have shown (Bradley et al., 2007; Miller and
Engstrom, 2008; Platt et al., 2015; Sullivan et al., 2017).

A taxonomic revision of P. mekisturus is clearly warranted.
We recommend that nuclear genetic data (UCEs) from more
representatives of the subfamily Neotominae be incorporated
in order to conclusively resolve the phylogenetic position of
P. mekisturus. Given our striking and unexpected results, we
also recommend that the taxonomic revision incorporates a
morphological re-evaluation for P. mekisturus.

Sanger Sequencing and Next-Generation
Sequencing of Ancient DNA: The Case of
Peromyscus mekisturus
Phylogenetic results obtained for P. mekisturus based on Sanger
sequencing in a previous study (P. mekisturus_KF885810:
Castañeda-Rico et al., 2014) and NGS sequencing in this
study (P. mekisturus_UMMZ88967: this study) were strikingly
different. Our re-analysis using only the mitochondrial genes
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FIGURE 6 | Maximum Likelihood phylogeny based on ND3, tRNA-Arg, ND4L and partial ND4 genes (referred in the text as “multiple mitochondrial genes”) from 23
species. Nodal support is provided with bootstrap values. The purple block shows the composition of the Peromyscus melanophrys species group, the red block
highlights the phylogenetic position of P. mekisturus_UMMZ88967 (sequence obtained by next-generation sequencing), and the blue block shows the placement of
P. mekisturus_KF885910 (sequence obtained by Sanger sequencing).

sequenced by Castañeda-Rico et al. (2014) (Figures 5, 6) but
including additional members of the subfamily Neotominae
clearly showed that the Sanger-based and NGS-based sequences
of P. mekisturus do not cluster together. The previously published
Sanger sequence (P. mekisturus_KF885810) was again placed
within a clade where all the other samples are considered to
be P. melanophrys (same result as Castañeda-Rico et al., 2014),
while our novel NGS sequence (P. mekisturus_UMMZ88967)
was placed as the sister species of R. mexicanus, in agreement
with the mitogenome and Cytb phylogenies (Figures 2–4).

Thus, we can reject the limited number of members of the
subfamily Neotominae in Castañeda-Rico et al. (2014) as the
cause for the differences between the Sanger- and NGS-based
phylogenetic hypotheses.

Instead, we propose that this discrepancy is most likely
due to the different protocols and conditions used to obtain
sequences from each sample of P. mekisturus (i.e., the use
of a modern DNA facility vs. a dedicated ancient DNA
facility and Sanger sequencing vs. NGS) better explain the
phylogenetic discrepancies that we found. To clarify this, we
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investigated how the sequences (ca. 1,315 bp) in Castañeda-
Rico et al. (2014) were generated. The P. perfulvus sample (P.
perfulvus_MCP119) was an ethanol-preserved internal organ,
therefore DNA was of sufficient quality and quantity to sequence
it in two fragments, each with an average length of 700 bp
(Castañeda-Rico et al., 2014). The two P. perfulvus sequences,
from this study and from Castañeda-Rico et al. (2014) were nearly
identical (P. perfulvus_KF885791 and P. perfulvus_MCP119).
Samples from P. melanophrys and P. mekisturus were obtained
from dried skin and dried skin + turbinate bones, respectively.
Because of DNA degradation, sequences were amplified using
specific primers designed to amplify an average of 217 bp for
each fragment, from a total of eight separate PCR reactions
(Castañeda-Rico et al., 2014). In this case, the comparison
of the sequences yielded by the two sequencing methods
showed more differences between the sequences (20 bp for
P. melanophrys and 162 bp for P. mekisturus). Although the
samples of P. melanophrys and P. mekisturus were both dried
skins (in this study), the P. melanophrys specimen was collected
in 1984 and the P. mekisturus in 1947, almost 40 years
earlier. We were not able to determine whether the relative
ages of the specimens affected the resulting sequence data
or if it was due to other characteristics of the specimens
(e.g., preservation method). Nevertheless, the few differences
detected in P. melanophrys were not enough to influence the
phylogenetic signal, but the P. mekisturus sequences had enough
differences to affect the phylogenetic reconstruction resulting
in conflicting hypotheses. Additionally, the fact that the partial
mitochondrial sequence (545 bp) that we generated here using
Sanger sequencing was a perfect match to the same fragments
generated by NGS allowed us to further corroborate that
the correct sequence for P. mekisturus was generated in this
study (P. mekisturus_UMMZ88967). Therefore, we can conclude
that the discrepancies found between the Sanger sequence
(P. mekisturus_KF885810) from Castañeda-Rico et al. (2014) and
the NGS sequences generated in this study can be attributed
primarily to the use of an ancient DNA facility and rigorous
protocols designed to control contamination which were not
followed in Castañeda-Rico et al. (2014), and not to the use of
Sanger sequencing vs. NGS methodologies. However, we should
point out that it is much more challenging to obtain sequences
using traditional Sanger method from museum specimens, and
the use of specialized aDNA extraction and sequencing protocols
should be carefully considered.

For decades, Sanger sequencing has been the gold standard
sequencing technology (Berglund et al., 2011; Liu et al., 2012).
However, in recent years the use of NGS technologies has
dramatically increased owing to its higher throughput, reduced
cost, and benefits of obtaining sequences from highly degraded
ancient DNA samples (Berglund et al., 2011; Liu et al., 2012).
Both Sanger and NGS are accurate, though some studies have
disagreed on which is more accurate for the detection of low
frequency mutations (e.g., Ihle et al., 2014; Arsenic et al., 2015;
Beck et al., 2016). Most of the studies comparing sequences
derived from the two methods show a high correlation between
the two methodologies (Gunnarsdottir et al., 2011; Arsenic et al.,
2015; Arias et al., 2018). Critically, all of these studies have

been focused on clinical research using fresh samples (e.g.,
blood, organ tissues, etc.) and thus do not assess the additional
difficulties and peculiarities that can affect the validity and
quality of ancient DNA sequences obtained from both Sanger
and NGS protocols. Ancient DNA samples are characterized
and defined by their low yield and poor quality associated with
damage accumulated over time. This results in the progressive
fragmentation of DNA molecules into shorter fragments, and
cytosines deaminating to uracils. There is also a high risk of
contamination of samples with modern DNA (Pääbo et al., 2004;
Fortes and Paijmans, 2015) and a low ratio of endogenous versus
environmental and contaminant DNA (Knapp and Hofreiter,
2010; Fortes and Paijmans, 2015). The analysis of ancient samples
is therefore particularly challenging, and for many years has been
more focused on mtDNA which is expected to be better preserved
and to provide higher endogenous content than nuclear DNA
because of its higher copy numbers (Rowe et al., 2011; Fortes
and Paijmans, 2015). Further contributing to these issues is the
unpredictable preservation of DNA in ancient DNA sources.
Several studies have proposed that the quality and quantity of
the DNA is related to specimen age (Pääbo et al., 1990; Ellegren,
1994), the manner in which a specimen was prepared and
stored during and after collection (Wandeler et al., 2007; Mason
et al., 2011; Guschanski et al., 2013; McCormack et al., 2016;
McDonough et al., 2018), and the difference of tissue type used to
extract ancient DNA (Casas-Marce et al., 2010; McDonough et al.,
2018). An additional challenge is that preservation is frequently
intended to ensure long-term integrity of the museum specimen
rather than its DNA (McDonough et al., 2018), thus affecting the
success of genetic and genomic studies.

Sanger sequencing DNA from museum specimens is not an
easy process. The degraded fragments of ancient DNA require
numerous independent PCR amplifications of overlapping short
fragments (Knapp and Hofreiter, 2010; Rowe et al., 2011),
and many sets of novel primers need to be designed. Because
they are designed to target variable regions to the organism
under study, the primers often lose their universality, which
is one of their principal benefits (McCormack et al., 2017).
Additional problems include that ancient DNA extract is often
limited in quantity. Sanger approaches using PCR will only
target a tiny fraction of the molecules at the very top end
of the fragment length distribution, thereby greatly increasing
the risk of starting amplifications from single molecules. This
effect can introduce contamination of the resulting sequences
and even small overall amounts of contamination can lead to
erroneous sequences (Gilbert et al., 2005; Knapp and Hofreiter,
2010). Traditional PCR amplification and Sanger sequencing of
historical specimens require considerable resources and strict
protocols and controls to obtain reliable results. Even if PCR is
successful, it often succeeds from only one or a small number
of DNA template copies and thus can propagate postmortem
mutations into the resulting sequence trace (Rowe et al., 2011).
Overall, NGS technology represents the best option for the
analysis of ancient DNA (Rizzi et al., 2012; Lemmon and
Lemmon, 2013; McCormack et al., 2017; Webster, 2018) as it
favors short DNA fragments and genomic library preparation
targets the entire DNA extract by ligating adapters to each end of
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a single DNA fragment. This means that species-specific primers
are no longer necessary, effectively allowing all fragments present
in the extraction to be sequenced (Fortes and Paijmans, 2015).
Additionally, NGS capture or target enrichment methods allow
us to target specific regions within the whole genome (Burrell
et al., 2015), increasing the chances to target genes or regions of
interest for specific studies.

We have shown with our own data that while NGS and
Sanger methods can provide accurate and consistent results
for modern tissue samples (here, an ethanol preserved organ
sample of P. perfulvus) independent of the kind of DNA
facility used for the study. However, our results suggest that
there is a poor correlation between Sanger and NGS sequences
obtained from ancient DNA samples (i.e., our dried skin and
bones from prepared museum specimens of P. melanophrys
and P. mekisturus) that were Sanger sequenced in a facility
with other modern tissue samples. In contrast, we found
that NGS and Sanger methods are accurate for ancient DNA
samples, when the study is performed following strict protocols
to control for contamination in a dedicated ancient DNA
facility. In particular, it is apparent that the Sanger sequence
P. mekisturus_KF885810 sample obtained in Castañeda-Rico
et al. (2014) was affected by the inherent problems associated
with Sanger sequencing of ancient DNA (i.e., low DNA
quantity and quality, several independent PCR amplifications
in small fragments, use of specific primers, high susceptibility
to modern DNA contamination, etc.) magnified by the lack
of an ancient DNA facility and protocols. Specifically, we
conclude that some of the factors that caused the erroneous
P. mekisturus_KF885810 Sanger sequence were: (i) cross-
contamination of other Peromyscus samples processed in that
same lab during extraction and/or PCR steps, (ii) a chimera
sequence formation by recombining different template molecules
(jumping PCR) during PCR reactions, and (iii) a high risk
of contamination from the environment when not working
in a dedicated ancient DNA facility. Notably, some of our
historical samples are not affected by contamination nor
show excessive discrepancies between sequences obtained using
different methods of sequencing (e.g., P. melanophrys_MQ1229).
This could be due to better quality and quantity of DNA
compared to other samples (e.g., P. mekisturus_UMMZ88967).
All of these issues have been suggested in other studies as
problems when using Sanger sequencing to work with ancient
DNA (Meyerhans et al., 1990; Pääbo et al., 1990; Lahr and Katz,
2009; Kircher et al., 2012).

Here, we reiterate that extreme caution and validation
are necessary to ensure accurate results when sequencing
ancient DNA derived from museum specimens (dried skin,
bones, cartilage, osteoclasts, hair, teeth, claws, etc.). Controlling
for contamination can be problematic, particularly without
comparing sequences obtained by different sequencing methods
or based on independent replicates preferably obtained in
different laboratories. Even when negative controls appear to be
free of contamination, as was the case of P. mekisturus_KF885810
in Castañeda-Rico et al. (2014), a chimeric sequence could
be obtained. Therefore, we strongly recommend the use of a
dedicated ancient DNA facility with strict protocols for dealing

with contamination when working with museum specimens,
especially with those for which few or no modern samples exist
in scientific collections or can no longer be found in the wild.

Conservation Implications
A large part of the earth’s biodiversity is still unknown to science,
and a frequent misconception of the discovery process is that
new species are only recognized as new when they are discovered
in the field (Fontaine et al., 2012). However, this is not always
the case. In fact, scientific collections can act as a reservoir
of potential new species that are waiting to be discovered and
described (Green, 1998; Bebber et al., 2010; Fontaine et al.,
2012). An additional challenge is that most of these new species
are cataloged as rare and they are represented by singletons
(species only known from a single specimen), uniques (species
that have only been collected once), or doubletons (species with
a new singleton specimen being discovered in the process of
additional sampling) (Fontaine et al., 2012; Lim et al., 2012).
Rarity is not a new phenomenon and its commonness has been
demonstrated in the description of many singleton species in
the literature (Lim et al., 2012). The description of the olinguito
(Bassaricyon neblina) by Helgen et al. (2013) is an example of the
description of a species new to science using ancient DNA and
museum specimens.

With a biodiversity crisis that predicts massive extinctions
and an increase in time between discovery and description of
new species, taxonomists will increasingly be describing species
that are already extinct in the wild from museum collections
(Fontaine et al., 2012). The study of extinct or highly endangered
species, and extirpated populations or species, is an important
application of NGS to museum specimens because no high-
quality DNA will likely ever be available for many of these species
(Rowe et al., 2011; McCormack et al., 2017), and their knowledge
can contribute to studies of biodiversity loss, conservation and
population genetics (Roy et al., 1994; Pichler et al., 2001;
Martinez-Cruz et al., 2007; Peery et al., 2010; Rowe et al., 2011).

Our study demonstrates that ancient DNA approaches with
appropriate rigorous protocols using museum specimens
combined with high-throughput sequencing offers an
opportunity to re-evaluate previous phylogenetic hypotheses.
These new studies can validate previous results with additional
data (e.g., complete mitogenomes and nuclear data) or reveal
new conclusions, resulting in different phylogenetic hypotheses.
This new evidence could offer a robust and reliable resolution
of the evolutionary history and taxonomic status of species,
resulting in the re-evaluation of previous conservation strategies
or the establishment of new conservation programs in order
to better protect and manage biodiversity. Information used
to decide if a species is at risk of extinction and its threat
category are usually based on ecological and demographic
data such as the number of known individuals, current
or projected declines in population size and the extent of
occurrence or distribution (IUCN, 2014; Carneiro Muniz
et al., 2019). However, for rare species where little additional
information is available, genetic data is extremely important
(Carneiro Muniz et al., 2019).
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The case of the Puebla deer mouse, P. mekisturus, is very
surprising. This species has always been recognized as a valid
taxon since it was first described (Merriam, 1898; Osgood,
1909; Hooper, 1947; Carleton, 1989; Musser and Carleton, 1993,
2005; Álvarez-Castañeda and González-Ruiz, 2008) and there
is no available evidence to suggest that the pattern that we
observed was the result of hybridization or any other artifact.
Furthermore, this species is only known from two specimens and
two localities – Merriam’s (1898) holotype from Chalchicomula,
and Hooper’s (1947) record from Tehuacán, both in the state
of Puebla, Mexico. Therefore, little is known about its biology
and information relevant to determining its conservation status
remains incomplete. Despite this lack of information, this species
falls into the Critically Endangered (CR) category of extinction
risk in the IUCN and the Threatened category (A) in the Mexican
Official Norm NOM-059-SEMARTNAT-2010 (Secretaría de
Medio Ambiente y Recursos Naturales [SEMARNAT], 2010).
Sánchez-Cordero et al. (2005) estimated that only ca. 41.66% of its
habitat (pine-oak forest and arid zones) remains untransformed.
That result was calculated more that 14 years ago; therefore,
we suspect that the current remaining habitat is even smaller
in area. Additionally, this species has not been detected or
recorded in the wild for more than 70 years. The placement
of this species within an Extinct (EX) category would definitely
represent a loss of biodiversity. However, if our results are
confirmed with morphological and additional nuclear data,
we would be facing the extinction of a unique lineage of
rodents. This would be a tremendous loss of evolutionary
uniqueness and distinctiveness. P. mekisturus is a great example
of how new efforts and studies are needed in order to discover
and preserve our biodiversity. These results could be used
by conservation managers and policymakers to minimize the
impact of anthropogenic development on Earth’s biodiversity
and help design urgent conservation strategies for pine-oak
forest and arid zones.
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