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Abstract

The availability of genetic data from wild populations limits our understanding of
primate evolution and conservation, particularly for small nocturnal species such
as lorisiforms (galagos, lorises, angwantibos, and pottos). Emerging methods for
recovering genomic DNA from historical museum specimens have been rarely used
in primate studies. We aimed to optimize extraction and bioinformatics protocols
to maximize the recovery of historical DNA to fill important geographic and taxo-
nomic gaps, improve phylogenetic resolution, and inform conservation of Lorisiform
primates. First, we compared the performance of two DNA extraction methods by
using 238 specimens up to a hundred years old. We then selected 96 samples with
the highest DNA yields for shotgun sequencing. To evaluate the impact of phyloge-
netic divergence in bioinformatic read mapping, we compared coverage depths when
using human and three lorisiform reference mitogenomes. Based on whole genomic
data, we performed metagenomics and microbial diversity analyses to assess the
composition of potentially exogenous content. Lastly, based on the most geographi-
cally and taxonomically comprehensive sampling for the West African lorisiforms
to date (19/32 currently recognized species), we performed phylogenetic inference
using Maximum Likelihood. The results showed that older samples yield lower DNA
concentration, with an optimized phenol-chloroform protocol outperforming a com-
mercial kit. However, both extraction methods generated DNA in sufficient amount
and quality for phylogenetic inference. Our reference bias comparisons showed that
higher phylogenetic proximity between focal species and reference mitogenome
increases coverage depth. The metagenomic analysis found human contamination in
only one of 96 samples (1%), whereas ten of 96 (11%) samples showed nonnegligi-
ble levels of other exogenous contents, among which are certain blood parasites. We
inferred low support for the monophyly of Asian and African Lorisids but confirmed
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the monophyly and previously suggested relationships among Galagid genera. Lastly,
we found evidence of cryptic species diversity within the western dwarf galagos
(genus Galagoides). Taken together, these results attest to the enormous potential of
museomics to advance our understanding of galago evolution, ecology, and conserva-
tion, an approach that can be extended to other primate clades.

Keywords Museum specimens - Genetics - Museomics - Metagenomics - Parasites -
Reference bias - Galagoides

Introduction

Primate molecular phylogenetics has always been in the front of the development
of novel molecular techniques (from serological data and protein electrophoresis to
genomics and proteomics; Yoder 2013; Ting & Sterner 2013). Genetic data have
revolutionized our understanding of the biogeographical history and evolutionary
relationships within primates (Fabre et al, 2009; Perelman et al., 2011; Springer
et al., 2012; Pozzi et al., 2014a; Roger & Gibbs, 2014), including the colonization of
Madagascar by the ancestor of Lemuriformes and Daubentonia madagascariensis;
Yoder, 1996), the phylogenetic positioning of Homo sapiens and African apes in the
same family to the exclusion of the genus Pongo; Goodman et al., 1998), and the
closer relationship of Tarsiiformes to Siimiformes than to tooth-combed primates
(Strepsirrhini; Jameson et al., 2011). Although some clades were the focus of much
molecular phylogenetic scrutiny, others have historically remained in the periphery
of genetic studies. This is especially true for nocturnal taxa, such as the Lorisiformes
(an infraorder of Strepsirrhini that includes galagos, lorises, pottos, and angwanti-
bos). When coupled with geographic, morphological, behavioral, and fossil data,
recent genetic studies have allowed the resolution of deep-divergence estimates
(Munds et al., 2018; Pozzi et al., 2014b; 2015), description of new genera (Para-
galago: Masters et al., 2017; Xanthonycticebus: Nekaris & Nijman, 2022), docu-
mentation of cryptic diversity (Blair et al., 2023; Penna et al., 2022), and reconstruc-
tion of the biogeographic history of Lorisiformes (Pozzi, 2016). Traditionally, most
primate genetic studies have relied on high-quality fresh tissue (e.g., muscle, liver,
ear clip, and blood) from living animals collected in the field or captivity. How-
ever, to obtain high-quality tissue samples, researchers must capture, manipulate,
and sometimes sedate the animals. This task is not only extremely challenging when
sampling free-ranging populations, but often requires a trained and licensed profes-
sional, with regulations varying dramatically between countries (Glander, 2013).

To overcome financial and logistic challenges and minimize the danger and
behavioral impact of trapping or darting live animals in the wild, primatologists
can sample genetic material from free-ranging animals using alternative noninva-
sive strategies (Waits & Paetkau, 2005). The most used noninvasive sources of DNA
are fecal (Ang et al., 2020; Frantzen et al., 1998; Parker et al., 2022), hair (Wood-
ruff, 1993), and urine samples (Ozga et al., 2021), or food traces (Aylward et al.,
2018). Promising bioinformatic methodological improvements also allow for more

@ Springer



Overcoming Challenges to Extracting and Sequencing Historical...

precise quantification of genotyping error rates associated with these low-quality
sampling strategies (Bonin ez al., 2004). Genetic data also can be obtained from bio-
logical material sampled in association with local communities, for instance, from
animals brought back by hunters (Ruiz-Garcia et al. 2018) or salvaged from illegal
trade (Brown et al. 2014). However, relying on tissue collected from these carcasses
comes with the caveat of rapid post-mortem DNA degradation and a bias toward
species that are more likely to be hunted or tend to fall more often into traps. In
nocturnal primates, it is virtually impossible to rely on fecal or urine samples, and
most species are rarely found in markets (Wilkie & Carpenter, 1999; Fa et al., 2006;
Fominka ez al., 2021). Moreover, trapping smaller-sized nocturnal species is par-
ticularly challenging in the wild, because they tend to be averse to the trapping appa-
ratus (e.g., Sherman or Tomahawk traps) and are rarely attracted by regular baits
(e.g., fruits, peanut butter, and fish oil paste). Consequently, very few studies have
collected fresh tissue samples in the field, usually sampling within restricted geo-
graphic ranges (Penna et al., 2022; Phukuntsi et al., 2019, 2021; Pozzi, Penna et al.,
2020a, Pozzi et al., 2019).

To circumvent these limitations, researchers have turned to historical specimens
housed in natural history museums as sources of genetic samples (Rowe et al., 2011;
Burrell et al., 2015; McCormack et al., 2016; Gongalves et al., 2021; Parker et
al., 2020). Because of their completeness and preservation, these institutions have
played a central role in anatomy and taxonomic classification studies over the last
three centuries (Mauries, 2002). In extreme cases, natural history collections have
become the only remaining source of DNA data for many rare, endangered, and
extinct species, providing a crucial source of information for comparative and tem-
poral analyses (Diez-del-Molino et al., 2018; Schmitt et al., 2019; Castafieda-Rico
et al., 2020; Roycroft et al., 2022). Historical specimens can be as old as 200 years
and usually consist of body parts or entirely preserved nonliving animals, coupled
with ancillary information (e.g., sex, age, locality, the context of the collection, and
body measurements while alive). Because preservation methods often rely on chem-
ical treatments (e.g., potassium alum, sodium chloride, and sulfuric acid; Bock &
Quaiser, 2019) and the cells in the dead bodies of these preserved specimens lack
self-regulatory mechanisms (DNA repair machinery), postmortem DNA degradation
accumulates over time, leading to changes in DNA structure (Raxworthy & Smith,
2021). Fortunately, recent advances in laboratory protocols and sequencing methods
have allowed for the characterization of highly fragmented DNA molecules, typical
of historical samples housed in natural history collections.

These methodological advances have unlocked an unforeseen genetic potential
of biological specimens collected decades or centuries ago, thereby increasing the
value of natural history collections for biological inquiry. The field of museomics
(Card et al., 2021; Raxworthy & Smith, 2021), emerged as a subfield of ancient
DNA (Shapiro & Hofreiter, 2014) that seeks to retrieve genetic data from museum
specimens. Despite these promises, the process of obtaining genetic material from
historical specimens remains challenging and prone to failure, mostly due to sample
age and previous chemical treatment during the preparation process. Consequently,
the remaining DNA is typically low in quantity and highly fragmented. The recent
development of massively parallel short-read sequencing in the past two decades,
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referred to as next-generation sequencing (Burrell et al., 2015; Der Sarkissian et al.,
2015), have overcome some of these challenges in the past two decades. Although
providing opportunities to access novel data types from hard-to-access species, these
methods have also raised concerns. First, some destructive sampling is necessary,
which is at some level of disagreement with museums’ long-term goals of speci-
men care (Freedman et al., 2018). Second, historical samples are prone to DNA con-
tamination from sources different than the target specimen, such as bacteria, fungi,
insects, and even humans. To circumvent these challenges, scientists have developed
sampling, laboratory, and bioinformatics protocols that maximize DNA yields and
quality while ensuring minimal damage to voucher specimen structures and minimal
contamination from exogenous DNA sources. Researchers have attempted different
solutions to accommodate the diversity of specimen preparation types with variable
success (McDonough et al., 2018), and museomics has become an active research
area in and of itself (Buerki & Baker, 2016; Card et al., 2021; Hawkins, Bailey et
al., 2022a, Hawkins, Flores et al., 2022b; Raxworthy & Smith, 2021).

DNA retrieved from museum specimens has supported studies of species identifi-
cation and geographic distribution, complementing traditional approaches in taxon-
omy (Blair et al., 2023; Hawkins, Bailey et al., 2022a, Hawkins, Flores et al., 2022b).
Researchers have used historical DNA data to infer the evolutionary relationships of
broadly distributed, rare, or inaccessible species, clarifying the taxonomic status of
these species and allowing for the resolution of taxonomic problems, taxa distribution
range, description of new species, and the elucidation of evolutionary processes under-
lying speciation (Ennes Silva et al., 2022; Guschanski et al., 2013; Hawkins, Bailey
et al., 2022a; Porter et al., 2021; Yao et al., 2020; Jensen et al., 2023). The combina-
tion of historical and contemporary samples also has allowed for the characterization of
changes in the genetic composition of natural populations over time (Clark et al., 2023).
Researchers have used this approach to identify species responses to environmental
shifts and declining populations of conservation concern (van der Valk et al., 2019)
and study recent extinctions (Woods et al., 2018; Kistler ef al., 2015; Marciniak et al.,
2021). Natural history collections provide novel opportunities for hypothesis-driven
research beyond phylogenetic resolution, mimicking experimental designs traditionally
employed in laboratory settings. In doing so, they reaffirm the unique position of natu-
ral history collections in identifying issues in biological conservation and supporting
the development of solutions to these issues.

Leveraging DNA from historical specimens may offer increased potential to
enhance our understanding of evolutionary relationships and species diversity among
the Lorisiforms, which remain some of the least studied primates (Nekaris & Burrows,
2020; Pozzi et al., 2015). Currently, there are two subfamilies recognized within the
Lorisiformes: Lorisidae, which includes the subfamilies Lorisinae (Asian lorises) and
Perodicticinae (African lorises), and Galagidae, which are the galagos located in Sub-
Saharan Africa. The Galagidae family is monophyletic (Perelman ez al., 2011; Pozzi
et al., 2014b, 2015; Springer et al., 2012), with its divergence dating back to approxi-
mately 30 Ma at the beginning of the Oligocene in Central Africa (Pozzi et al., 2014b,
2015; Pozzi, 2016). Some studies have supported a sister relationship between the
two Lorisidae genera found in Africa (Arctocebus, Perodicticus) and the three found
in Asia (Loris, Nycticebus, Xanthonycticebus) (Pozzi et al., 2015; Nekaris & Nijman,
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2022), which suggests that two distinct lorisiform radiations occurred in the African
continent. However, many studies have not found support for the monophyly of Lorisi-
dae (Springer et al., 2012; Pozzi et al., 2014b), likely because of poor taxon repre-
sentation across groups (due to the many difficulties of sampling nocturnal primates,
as discussed above), and because it is likely that rapid diversification occurred early
in the lineage (Springer et al., 2012; Pozzi et al., 2014b, Pozzi, Penna et al., 2020a,
Pozzi, Roos et al., 2020b). Recent studies of species diversity within Lorisiforms sug-
gest that our account of species richness for many genera in this group remains under-
estimated (Pozzi et al., 2020a; Penna et al., 2022; Blair et al., 2023).

In this contribution, we explored the potential of incorporating historical DNA
from lorisiform museum specimens to improve the genetic analyses of these under-
studied and hard-to-sample nocturnal primates. We hope that our study inspires
more primatologists to incorporate genetic information from museum specimens in
their studies. Our approach consisted of five steps. First, we sampled tissue from
238 specimens deposited in four natural history collections. These specimens rep-
resented 19 nominal species-level taxa from two families: Lorisidae and Galagidae.
Second, we employed two extraction protocols with different degrees of complex-
ity and customization to assess the molecular laboratory procedures that maximize
DNA yield and to understand the effects of specimen age on extraction success.
Third, we explored the potential of metagenomics analyses on museum specimens in
detecting blood-borne parasites and other postmortem exogenous contaminants that
are likely associated with long-term preservation in museum cabinets. Fourth, we
examined the impact of reference bias, that is the evolutionary divergence between
the focal species and the species serving as a reference on mapping success, to deter-
mine which reference maximizes the number of reads mapped and genomic region
coverage. Lastly, we tested the potential of archival DNA to support phylogenetic
inference at both shallow and deep levels of evolutionary divergence by character-
izing patterns of genetic variation within and between understudied lorisiform taxa,
with a particular emphasis on western dwarf galagos (Galagoides).

Methods
Tissue Sampling

We sampled 238 specimens housed in four natural history collections: the Ameri-
can Museum of Natural History, New York (AMNH, N = 64); the Smithsonian
Institution National Museum of Natural History, Washington, D.C. (USNM, N =
63); the Field Museum of Natural History (Chicago, IL, N = 20); and the Royal
Museum of Central Africa, Belgium (RMCA, N = 91). Tissue sampling followed
a sterile protocol designed to minimize damage to museum specimens and the
chance of external contamination. We used disposable feather scalpels and blades
to obtain thin slices of tissue from dry preparations (“study skins”). We covered
the working surfaces with disposable wipe sheets, replacing them after each tis-
sue collection. Using gloves and sterile tweezers, we transferred the sampled tis-
sue to labeled screw-cap tubes for storage in dry conditions until DNA extraction.
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To minimize the risk of exogenous contamination during DNA extraction and
library preparation, we then transferred all samples to a historic DNA facility
where no polymerase chain reactions (PCR) are allowed (Fig. 1).

We targeted body parts that are not associated with any taxonomic diagnostic
traits, specifically the lateral edge of the left hindlimb big toe pad. Compared with
other tissues usually found in museum collections (e.g., bone, skin, and hair), several
studies have shown that toepads yield higher PCR amplification rates, lower genotyp-
ing errors, and minimal specimen destruction (Lonsinger et al., 2019; Polanc et al.,
2012). In the few instances when skins were not available, we collected excess adher-
ent tissue from skeletal parts (“osteocrusts,” such as brain or muscle). A detailed list
of the specimen information is available in the Supporting Information S1.

DNA Extraction and Purification

We compared two DNA extraction protocols with different complexities. Protocol
1 consisted of a phenol-chloroform extraction protocol modified to maximize the
final concentration of endogenous DNA, retain shorter fragments, and minimize
contamination from exogenous DNA content, following Campos & Gilbert (2019)
and McDonough et al. (2018) (Supporting Information File S1). In summary, we
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Fig. 1 Museomics workflow in a study of historical primate specimens. The main steps include sample
collection, DNA extraction, library preparation, and Illumina sequencing. Boxes show activities in (a)
museum collections, (b) historical or ancient molecular biology laboratories, and (c¢) post-PCR labora-
tory. Figure created with BioRender.com, license provided in Supplementary File 1.
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washed each individual sample in 150 uL of 0.05% bleach solution for 1 min fol-
lowed by two 1-min washes with double-distilled water to remove bleach residues.
Bleach pretreatment is an effective method for reducing microbial and human con-
tamination, thus increasing the endogenous DNA content (Korlevi€ et al., 2015). We
put the washed samples in a lysing buffer containing sodium dodecyl sulfate (SDS),
dithiothreitol (DTT), and Proteinase K at 56 °C in a shaking incubator for overnight
digestion. We then performed a round of 1:1 phenol-chloroform organic extraction,
followed by MinElute silica membrane column spinning (Qiagen cat. No. 28004)
with 5X binding buffer for DNA purification and final elution in Qiagen EB buffer
after incubation at 37 °C for 20 min. We used Protocol 1 to extract samples from
AMNH, FMNH, and USNM collections.

Protocol 2 is a modification of a commercially available kit commonly used to
extract high-quality DNA from modern samples: the Qiagen DNEasy Blood and
Tissue Kit (Qiagen cat. No. 69504). This protocol is shorter than Protocol 1 and
does not have the bleach washing step before lysis. Briefly, we used a solution of
Proteinase K, DTT, and Qiagen ATL lysis buffer to digest samples overnight in at 56
°C in a shaking incubator. After digestion, we followed the manufacturer’s instruc-
tions, including a spin column purification and the final elution in a heated Qiagen
AE buffer solution. We used Protocol 2 to extract DNA only from samples from
RMCA.

Both protocols include a purification step using silica membrane column spin to
ensure the removal of any potential reaction inhibitors in downstream DNA librar-
ies. However, the minimum fragment sizes retained by these columns differed for
each protocol. The MinElute column used in Protocol 1 could retain fragments as
small as 70 bp, whereas the columns provided with the DNEasy kit used in Protocol
2 could not retain fragments smaller than 100 bp (according to the manufacturer).
We performed all extractions in small batches (4—16 samples) including one nega-
tive control after every eight samples. We quantified the final DNA concentrations
of all eluted extracts and controls using a Qubit fluorometer (1x ds DNA High-Sen-
sitivity assay). Detailed protocols are available in the Supporting Information (Sup-
plemental File 2).

We calculated the final amount of total DNA (ng) as the product between DNA
concentration and elution volumes of the samples. To test whether sample age pre-
dicts the amount of final DNA, we evaluated the strength of the association between
sample age and the amount of DNA obtained when using the different protocols
using Pearson’s correlation tests. To test for a difference in the performance of
the two protocols, we compared the mean DNA yield per sample, mean fragment
length, and redundancy level between the two protocols using parametric #-tests with
a significance level of 0.05. We used R (R Core Team, 2022) for all statistical analy-
sis and data visualization using the package “tidyverse” (Wickham et al. 2019).

A dedicated ancient/historical DNA laboratory has become the standard for DNA
extraction from museum specimens (Fulton & Shapiro, 2019). We performed all lab-
oratory experiments (sample preparation, DNA extraction, and library preparation)
inside the PCR hood at controlled facilities at the Smithsonian National Museum
of Natural History Museum Support Center, Maryland, USA (Protocol 1), and
the American Museum of Natural History, New York (Protocol 2). Both facilities
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enforce strict use of personal protective equipment (PPE, e.g., full-body suit, double
glove, mask, hair net) and controlled ventilation system (e.g., filters and negative air
pressure) designed to impose unidirectional airflow that helps minimize exogenous
contamination.

Library Preparation and Sequencing

We selected 96 samples with high DNA concentrations from the USNM and RMCA
collections for whole-genome shotgun sequencing. We prepared individual librar-
ies following the double-strand Blunt End Single Tube (BEST) protocol, which was
designed to optimize the preparation of degraded samples for sequencing on Illu-
mina platforms (Carge et al., 2017). Compared with other library preparation pro-
tocols, BEST has two main advantages for dealing with degraded samples. First, it
eliminates intermediate cleaning steps that often lead to the loss of shorter fragments
(<70 bp), which are more common in the initial templates of degraded samples.
Second, it uses enzymes developed for heat inactivation at 65 °C, as small fragments
(<25 bp) are known to denature at 72 °C, depending on the sequence composition
(Carge et al., 2017).

Adapter dimers formed during library preparation can dominate the sequencing
run, and consequently, decrease library sequencing yields. To minimize the forma-
tion of unwanted adapter dimers and prevent enzymatic activity from occurring
before setting up the reactions, we completed the library preparations on a cooling
block, adding enzymes at the end of each step. Library preparation involved the fol-
lowing steps: First, we diluted individual DNA templates to 16 or 32 pL starting
volumes, and treated libraries with New England Biosystems (NEB) enzymes for
three sequential reactions: 1) end-repair to digest 3’ blunt-ends; 2) ligation of com-
plementary strands of the 5° overhangs, inserting adenosine to the opposite strands
containing uracil bases from DNA degradation; and 3) filling the space between the
complementary strands. Finally, we added unique combinations of identification
barcodes to individual during indexing, and annealed PS5 and P7 primers to each
sample for subsequent multiplexing. Following the recommendations of Meyer
& Kircher (2010), we performed adapter indexing through 12 or 16 PCR cycles,
depending on the starting template concentration (which ranged from 10 to 200 ng).
To remove potential adapter dimers, we cleaned each individual library using 1.5 X
volume of SPRI magnetic beads before and after the indexing PCR step. A detailed
protocol for library preparation and indexing is available in Supplementary File
3. We prepared all libraries at the National Museum of Natural History Historical
DNA Laboratory located at the Smithsonian Museum Support Center, Maryland.

Following library preparation, we used a Qubit fluorometer (1x ds High Sen-
sitivity) to estimate the final DNA concentration (ng/uL) and visualized the DNA
fragment distribution (base pairs, bp) in an Agilent TapeStation (High Sensitivity
D1000). We used the following formula to calculate the final library concentration
(nM): (concentration (ng/uL)/(660 (g/mL) X mean size (bp))) X 10°. We then pooled
individual libraries at equimolar concentrations prior to multiplexed sequencing in
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two separate lanes of an Illumina HiSeq 2 X 150 system, containing 48 pooled sam-
ples in each lane. We shipped the pooled samples for sequencing at Admera Health
(South Plainfield, NJ).

Raw Reads Processing

We removed sequencing adapters and unique barcodes from the 3’ and 5° ends
using Adapter Removal v.2 (Schubert et al., 2016) to enforce a minimum sequenc-
ing quality threshold of 20 for individual bases, trim reads past the first low-qual-
ity base, trim Ns at the end of reads, and keep only reads of a minimum length of
20 bases. For reference genome mapping, we used collapsed forward and reverse
files to increase quality scores and allow more sensitive mapping to references. We
evaluated data quality control using FastQC (Andrews, 2010) before and after the
trimming step, later aggregating results across all samples into a single report using
MultiQC (Ewels et al., 2016). We performed all bioinformatics analyses (described
in Supporting Information, Supplemental File 4) in the Smithsonian Institution
High-Performance Computing Cluster (https://doi.org/10.25572/STHPC).

Assessment of Exogeneous Content

We define exogenous DNA as genetic material not assigned to the target species
of lorisiforms, such as any post-mortem environmental contaminants (e.g., human,
fungi, bacteria, and other microorganisms) or potential parasite species present in
the tissue of the animal while in life. We performed two analyses to evaluate 1)
the levels of human contamination and 2) the relative abundance of genetic mate-
rial derived from nonchordate and nonplant exogenous content present in libraries
sequenced from museum samples. First, we monitored the fraction of high-quality
hits mapped exclusively to the human mitogenome reference using BWA aln, rela-
tive to the total number of reads mapped to the closest lorisiform species mitochon-
drial reference using BWA mem. The underlying assumption behind our strategy is
that truly human reads will map with high precision to the Homo sapiens mitochon-
drial reference using BWA aln (an algorithm with limited performance when diver-
gence from the reference genome is high; see Supplemental File 1 for more details),
whereas reads from highly conserved regions across primates will map to both refer-
ences with equal quality.

Second, we evaluated the levels of exogenous content through a metagenomic
approach using Kraken2 (Wood et al., 2019), a fast k-mer-based approach for assign-
ing DNA sequences to nested taxonomic categories. First, we mapped all trimmed
and quality-filtered reads to the Ofolemur crassicaudatus draft assembly gener-
ated by the DNA Zoo Team (https://www.dnazoo.org). We then calculated the ratio
between the number of reads mapped and the total number of reads sequenced used
this mapping success per sample as a proxy for the level of endogenous content.
To estimate the level of library redundancy, we calculated the proportion of unique
fragments mapped to the closest reference genome. In the metagenomics analyses,
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we used only the unmapped reads as input file. We ran Kraken2 through the com-
mand line using the PlusPFP database (which includes indexed reference sequences
for archaea, bacteria, viruses, plasmids, humans, protozoa, fungi, and plants). We
imported individual samples’ report to into the interactive Pavian Shiny app in R
(Breitwieser & Salzberg, 2020) to filter out identifications based on less than 10 hits
and using a minimum threshold of 0.001%, and export tables and Sankey flow dia-
grams for each sample. In our exploratory metagenomic analysis, we focus only on
hits classified into one of the four high-level taxonomic categories: bacteria, viruses,
archaea, and eukaryotes (excluding Chordata and Viridiplantae) domains. To quan-
tify the composition and similarity of the community of classified exogenous con-
tent, we calculated the alpha (Simpson’s complementary diversity index) and beta
diversity (Bray-Curtis dissimilarity index) using information about the number of
reads classified to the level of species for each sample. Both indices range from O to
1. The Simpson diversity index indicates the community richness in each sample,
with values closer to one indicating the highest diversity in the pool of samples.
The Bray-Curtis dissimilarity index indicates how similar two samples are to one
another, with 0 indicating a complete overlap in species composition. To calculate
and analyze these statistics, we used the “Phyloseq” (McMurdie & Holmes, 2013)
and “vegan” (Oksanen et al., 2022) R packages.

Mitochondrial Genome Reference Mapping and Base Calling

We then evaluated the impact of reference bias, that is, the impact of evolutionary
divergence between the focal species sequenced and the one serving as a reference
genome, on the final mapping success and quality. Specifically, we compared the
performance of the mapping step using four reference primate species that varied
in levels of divergence from our focal lorisiform species: Homo sapiens, Perodicti-
cus potto, Galago senegalensis, and Otolemur crassicaudatus (Supplementary File
1; Table S1). We focused on the mitochondrial genome, as this organelle is widely
employed as a proxy for evolutionary divergence at the species level and is a useful
starting point for future taxonomic studies (Avise, 1991; Rubinoff & Holland, 2005;
Ballard & Rand, 2005; Groves, 2001).

We downloaded reference mitogenomes from NCBI (accession numbers are pro-
vided in Supplementary File 1; Table S1), and indexed them before mapping using
samtools (Li 2011). To map raw reads to references, we used the Burrows-Wheeler
Aligner (BWA V.0.7.17) MEM algorithm, which performs well with fragments >75
bp and handles deep divergences robustly; however, its performance is impaired
by read lengths shorter than 75 bp (see Supporting Information for details of the
comparison of mapping algorithms; Fig. S1). After mapping, we sorted all BAM
files and discarded unmapped reads (flag -F 4) for downstream analyses. BWA has
a limited capacity to map reads around short indels, which can interfere with vari-
ant calling and introduce errors in downstream analysis. Therefore, we used GATK
(Van der Auwera & O’Connor, 2020) to locally realign the reads using a three-step
approach. For each reference genome, we created a local dictionary using picard
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tools (Broad Institute, 2019). We added read groups to our sorted bam files using
samtools (Li, 2011), created and realigned read intervals using GATK.

We then performed quality control and filtering to remove PCR duplicates and
reads that mapped to ambiguous positions. We excluded reads shorter than 30
bp and reads with a mapping quality lower than 20, which have a higher chance
of mapping to nonspecific genomic regions. To calculate the depth coverage per
locus in the resulting sorted bam files, we used samtools depth with the—aa option
to report absolutely all positions. We performed consensus calling while retaining
positions with a minimum coverage of 2x, removing indel-containing calls, retain-
ing base calls, and calling the most common base. We then calculated the number
of reads mapped and the mean and standard deviation of coverage across all the loci
per sample. Finally, we used z-tests to evaluate whether the number of mapped frag-
ments differed when using the closest lorisiform species as a reference relative to the
human genome. We visualized the improvement in mapping performance by plot-
ting the divergence to the reference against the increase in coverage (ratio between
the mean coverage when mapped to the closest reference and that using the human
mitogenome).

Phylogenetic Analyses

After sequence mapping and consensus calling, we inferred evolutionary relation-
ships between our focal lorisiform samples based on complete mitogenomes. To this
end, we used only the consensus files obtained by mapping the raw reads of each
sample to the closest reference mitogenome available for that species (Table S1). We
merged all final consensus FASTA files into a multi-alignment. We then generated
a final alignment including our newly generated sequences, the three lorisiforms
used as references, two Asian lorisids (Loris tardigradus and Nycticebus cougang,
and one lemuriform species as an outgroup (Microcebus murinus; see Table S1
for accession numbers) using Multiple Alignment using Fast Fourier Transform
(MAFFT) as implemented in Geneious Prime (V.2021.2.2). We then inspected the
alignment to check for the presence of stop codons using annotations from the clos-
est mitochondrial reference and the vertebrate mitochondrial translation code. Based
on this alignment, we performed phylogenetic inference by incorporating variant and
invariant sites under the Maximum Likelihood. To this end, we ran RaxML-HPC v.
8.2.12 (Stamatakis, 2014) employing the GTRCAT model of nucleotide evolution
and estimating node support based on 1,000 bootstraps. We focused our analysis on
two phylogenetic scales: a deeper divergence between genera, and a shallower scale
within specimens of western dwarf galagos assigned to the genus Galagoides.

Ethical Note

We only collected tissues from preserved museum specimens. After obtaining offi-
cial approval from the collection authorities (curators and collection managers) some
of the authors (A.P., M.B., and L.P.) sampled the museum specimens and shipped
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the tissues in individual tubes to the Smithsonian National Museum of Natural His-
tory or American Museum of Natural History for DNA extraction at historical DNA
facilities. The authors declare no potential conflict of interest.

Data Availability Statement Raw data generated in this study are deposited in the
National Institute of Health Sequence Read Archive (SRA) under BioProject num-
ber SUB14275283.

Results
Performance of DNA Extraction Protocols, Sequencing, and Mapping Strategies

Both protocols recovered DNA from historical museum samples collected during a
100-year period spanning 1896—1987 (N = 238). All negative control extractions (N =
20) had undetectable DNA concentrations (i.e., qubit reads below a measurable range).
The oldest specimens we obtained DNA was collected in 1896 (Protocol 1) and 1912
(Protocol 2). We found a significant correlation between sample age and the total
amount of recovered DNA for Protocol 1 (Pearson’s correlation coefficient = 0.42,
p < 0.001; df = 147) but not for Protocol 2 (Pearson’s correlation coefficient = 0.07,
p = 0.482; df = 89; Fig. 2a). On average, Protocol 1 also yielded higher final DNA
concentrations for samples of all ages (#-test = 8.29 , p < 0.001; df = 236; Fig. 2b;
Protocol 1: min = 0.102; mean = 76.4; max = 330 ng/uL; SD = 62.18; N = 147) than
Protocol 2 (min = 0.034; mean = 8.936; max = 60 ng/uL; SD = 11.07; N = 89).

We obtained a mean of 9.6 million reads for each sequenced library (min = 0.1
#10°, max = 23.2 *¥10°, SD = 4.11; N = 96), and the mean fragment length of those
extracted using Protocol 1 (min = 54 bp; mean = 97 bp; max = 133 bp; SD = 36.85,
N = 55) was significantly smaller than that of those extracted using Protocol 2 (min
= 52 bp; mean = 111 bp; max = 151 bp; SD = 37.45; N = 41, t-test = 2.85 ; p
< 0.001; df = 94; Fig. 2c), indicating that the modified phenol-chloroform proto-
col with MinElute columns retained a greater proportion of small fragments over-
represented in historical samples, which are likely discarded by standard kits. After
removing adaptors, the mean fragment length of our libraries was 103 bp (min =
52; max = 151; SD = 20; N = 96). PCR duplicate levels ranged 0.03—-0.46 (mean =
0.13; SD = 0.05; N = 96). The mean GC% of the sequenced fragments was 44 (min
=40; max = 52; SD = 02; N = 96).

The mapping performance improved with lower phylogenetic divergence from
the reference genome. Using the closest species of lorisiform as a reference outper-
formed the human mitogenome in terms of number of reads mapped (Fig. 3a), as
well as the mean coverage across all loci, which increased by 5- to 20-fold, depend-
ing on the taxon (Fig. 3b).

@ Springer



Overcoming Challenges to Extracting and Sequencing Historical...

a b
10000 10000 4
=) =)
£ 8000+ £ 8000+
el el
(9] (5]
9] 5]
g 6000+ 3 6000
(5] (5]
< o
< J < J
= 4000 = 4000
a a
2000 A 2000 A
04 04
125 100 75 50 25
Sample age (years preserved)
C d
150
— 0.75 1
[oX
£=3
= 1251 _ ‘
ko) [}
2 8 .
= > 050
5 g
1004
£ 3
& 5 .
= S
% &) 0.254 eccee
S 75 esesesessssssesese
[
o . ooy
< r
504 0.00

Extraction . Protocol 1 Protocol 2
method

Fig.2 Comparison of the performance of two DNA extraction protocols using lorisiform museum speci-
mens. (a) Relationship between sample age and total DNA template recovered using the two protocols
compared in this study. Boxplots and distributions of final DNA recovered (b) for each protocol, mean
insert size after adapter removal (c), and redundancy levels (d) in libraries sequenced using the different
protocols. In the boxplots, the box indicate the interquartile range (IQR) from first (Q1) to the third (Q3)
quartile, and internal line represents the median. Whiskers indicate the variability outside the interquar-
tile range and are calculated as Q1/Q3 + 1.5 * IQR. Points outside the whisker ranges can be considered
as outliers.

Assessment of Exogenous Content

Both protocols resulted in a mean of 88% of endogenous content (min = 49.3%; max
= 99.8%; SD = 12), and only ten samples had less than 80% of the reads mapped to
the closest reference (Fig. 4). Our analyses of mapping quality estimated negligible
levels of human contamination for both protocols (Figs. 4a and S1), with only one
exception out of the 96 libraries analyzed (RMCA 25984, which had 3.8 times more
reads uniquely mapped to humans than those mapped to both references with equal
quality). Our metagenomics analysis failed to classify a mean of 11% of total reads
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0.01; ***p < 0.001; ****p < 0.0001). (b) Relationship between the relative increase in coverage (ratio
between mean coverage when using the closest mitochondrial reference relative to when using the human
mitochondrial reference; y axis) and the divergence to the closest mitochondrial reference (x axis).

into any taxonomic category (min = 0.2%; max = 49%; SD = 0.8), and only clas-
sified a minimal fraction (min = 0.01%, mean = 0.6%, max = 3.2%, SD = 0.46)
into any taxonomic rank (Fig. 4a). The relative abundance of reads classified within
these groups varied among samples (Fig. 4b) and protocols. Protocol 2 exhibited, on
average, a higher amount of exogenous content classified as Bacteria than Protocol
1 (Fig. S3). Protocol 1 showed higher amounts of Phylum Baciliota, Bacteroidota,
Euglenozoa, Uroviricota, Euryarchaeota, and Thermoproteota, whereas Protocol 2
showed higher proportions of Pseudomonadota and Actinomycetota (Fig. S3).

The analysis of community composition showed high species richness, with
no significant differences between protocols (Fig. 4c). Our analyses revealed
moderate to high dissimilarity between the community compositions of sam-
ples extracted using each protocol, and more similarity among libraries gener-
ated from Protocol 1 than those obtained using Protocol 2 (Fig. 4d). Only one
sample showed extremely low alpha diversity (USNM 377274, Simpson index =
0.09, with Proteus mirabilis dominating the classified reads), whereas the major-
ity had much higher species richness in the community of identified taxa (mean
= 0.89; max for RMCA 17905, Simpson index = 0.99; Fig. S4). Interestingly,
our analyses suggest that the metagenomic community was dominated by a single
organism in only a few samples. For instance, the bacteria Proteus mirabilis cor-
responded to 92.1% of the classified reads of sample USNM 377274, and Staphy-
lococcus saprophyticus corresponded to 80.7% of those of sample RMCA 8732,
but both organisms showed extremely low (if any) amounts in the remaining
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the proportion of each content by sample. Samples are sorted by age (oldest on top) and by protocol
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Phylum level (b). The metagenomic community diversity (¢) of the samples extracted by using different
protocols and the similarity of the two communities (d) was estimated by calculating the alpha (for each
sample) and beta diversity (pairwise) and presented as boxplots by protocol. In the boxplots, the box
indicate the interquartile range (IQR) from first (Q1) to the third (Q3) quartile, and internal line repre-
sents the median. Whiskers indicate the variability outside the interquartile range, and are calculated as
Q1/Q3 + 1.5 * IQR. Points outside the wisker ranges can be considered as outliers. Significance levels
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samples (Figure S5). In contrast, our analyses identified Staphylococcus aureus,
Escherichia coli, and Aspergillus luchuensis in 85 of the 96 samples analyzed at
various levels (Figure S4). Our analysis also indicated the presence of the hemos-
porid apicomplexan of the genus Plasmodium, trypanosomatid euglenozoan of
the genus Leishmania, cholera bacterium of the genus Vibrio, syphilis-causing
bacterium of the genus Treponema, and penicillin-resistant bacteria of the genus
Pseudomonas. Although our analysis assigned different number of reads to these
organisms (Figure S4), all samples exhibited minimal proportions of exogenous
classified reads (Fig. 4a).
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Phylogenetic Analyses

Our phylogenetic analysis inferred the monophyly of galagids and the known phy-
logenetic relationship between all galagid genera: Euoticus as the sister taxon to
the remaining genera, followed by Galagoides, Sciurocheirus as the sister taxon
to Otolemur, whereas Paragalago as the sister taxon to Galago (Fig. 5a). Our
analysis also recovered Arctocebus as sister to Perodicticus and Loris as sister to
Nycticebus; however, the support for the monophyly of the Lorisidae family was
low (bootstrap = 48).

Finally, our phylogenetic results suggest interesting biogeographic patterns in
the western dwarf galagos. Remarkably, Galagoides samples assigned to distinct
taxa were not geographically partitioned. Instead, samples assigned to distinct taxa
formed two major sympatric clades (I and II in Fig. 5) that showed levels of genetic
divergence comparable to those observed between pairs of other Galagidae sister
genera. Within each of these two sympatric clades, samples were clustered accord-
ing to geography. Clade I includes a highly divergent lineage from western Africa,
which is sister to the remaining lineages in this clade. These lineages include
a west-central lineage and a central lineage. Clade II includes a highly divergent
west-central lineage sister to two lineages: one consisting of two western-central
lineages and a western lineage and the other consisting of a central lineage. An
expanded phylogeny showing all 96 samples and the reference mitogenomes used
in this study can be found in the Supporting Information (Fig. S6).

Euoticus elegantulus. RMCA 18214.Cameroon
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Sciurocheirus alleni. NMNH 511931.Cameroon
Otolemur crassicaudatus.RMCA 8810.R.D.Congo
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Lorisidae 4 Otolemur gamettii NMNH 184196 Kenya

IH 352253 Mozambique

Arctocebus Galagidae Galago senegalensis. RMCA 21924 Rwanda
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Galagoides demidoff NMNH 398552 Equatorial Guinea.
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Fig.5 Phylogenetic relationships between lorisiforms based on museum samples, with special attention
to western dwarf galagos. (a) Maximum Likelihood best tree using complete mitogenomic data show-
ing the relationships between all currently recognized Lorisiform genera using Microcebus murinus as
outgroup. Values at nodes show bootstrap support value when different from 100 (red dots). (b) Phylo-
geographic contextualization of western dwarf galagos (genus Galagoides) samples used in this study
showing a detail of the Maximum Likelihood best tree using complete mitogenomic data. Branch colors
correspond to biogeographic regions highlighted in the map. Tip labels in bold indicate museum spec-
imens labeled as “Galagoides thomasi.” Clades labeled as “I” and “II” indicate the two major clades
within Galagoides.
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Discussion

Based on 238 specimens of 19 lorisiform species deposited in four natural history
collections on two continents, our investigation showed that younger samples and
a phenol-chloroform extraction followed by MinElute column purification step
resulted in higher final DNA amounts. We also found that using the human mitog-
enome as a reference results in lower mapping coverage, but coverage increases
with higher phylogenetic proximity to the lorisiform species used as reference. Our
metagenomic investigation revealed the potential of museum specimens to detect
the presence of exogenous bacterial contaminants likely associated with long-term
specimen preservation as well as potential parasites through “genomic bycatch”
(Holmes & Davis-Rabosky, 2018; Zacho et al., 2021). Our phylogenetic analyses
based on mitogenomes also confirmed previously established phylogenetic rela-
tionships between all Galagidae genera but found low support for the monophyly
of African and Asian Lorisidae genera. Lastly, our results provide insights into the
biogeographic patterns of western dwarf galagos (genus Galagoides), while reveal-
ing fundamental inconsistencies in the taxonomic labeling of museum specimens.

Effects of Sample Age, DNA Extraction Protocol, and Bioinformatic Strategy

Our efforts to obtain DNA from historical primate species were very successful,
yielding DNA from specimens from 35 to 126 years after their collection at field
sites across Sub-Saharan Africa. Overall, more recently preserved specimens yielded
higher DNA concentrations. We found that a stringent approach that includes a
bleach wash, followed by phenol-chloroform extraction and MinElute column DNA
purification steps (Protocol 1), outperformed the commercially available DNEasy
Blood and Tissue Qiagen kit (Protocol 2) in terms of DNA yield regardless of sam-
ple age. Protocol 2 produced similar concentrations across samples regardless of
sample age, suggesting some limitation in the extraction kit. Moreover, Protocol 1
retained smaller fragments (>70 bp) than Protocol 2, consistent with the differences
in membrane permeability of the purification columns used in each of the protocols.

Our shotgun sequencing approach assessed the level of endogenous content and
library complexity. Both protocols resulted in similar mapping success, library
redundancy, and exogenous species richness. The lower levels of beta diver-
sity observed in the libraries obtained from extractions using Protocol 1 suggest
that the exogenous content of extractions using this protocol is more homogene-
ous than those obtained using Protocol 2. This could be explained by the prewash
step adopted in Protocol 1, which we used in an effort to minimize contamination
from any DNA source in the external parts of the sample before DNA extraction
(Korlevi€ et al., 2015), and even increase the amount of exogenous DNA recovered
(Hajdinjak et al., 2018). However, we found no difference in the levels of exogenous
DNA recovered between samples with and without the bleach pre-wash. Overall,
our results suggest that while a simple commercial kit can recover consistent DNA
concentrations from historical samples, a more laborious protocol designed specifi-
cally for archival DNA can greatly increase extraction yields while maximizing the
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retention of shorter fragments that characterize historical samples. These smaller
fragments can contribute to increasing library complexity, as genetic data for the
same region can be obtained using multiple independent DNA molecules, rather
than just PCR products emerging from library amplification.

These results indicate that the modified phenol-chloroform protocol designed
specifically for fragmented archival DNA has superior performance relative to
standard commercial kits for DNA extraction in terms of the final amount of DNA
recovered, thus reinforcing the results of previous experiments (Campos & Gilbert,
2019). Although Protocol 2 recovered lower amounts of DNA from the historical
samples, it generated sufficient DNA material for genetic research. One limitation
of our study is that we extracted each sample using only one protocol, so we could
not compare the extraction methods directly. Nevertheless, our results are similar to
those of other studies that compared different DNA extraction protocols more sys-
tematically (Hawkins, Bailey et al., 2022a, Hawkins, Flores et al., 2022b; McDon-
ough et al., 2018).

Given the limited genomic resources currently available for the species we
studied, we examined the impact of reference bias by comparing mapping perfor-
mance and the retrieval of historical DNA sequences using reference genomes of
varying phylogenetic divergence to the focal species. We found that increased diver-
gence from the reference significantly reduced the coverage of the final consensus
sequences. Relative to using the human mitogenome (a highly divergent species to
all lorisiforms) as a reference to assemble the genome of our focal lorisiform spe-
cies, we observed a fivefold increase in coverage when using a reference from the
sister family or genus, tenfold increase when using a reference from the same fam-
ily or genus, and a 20-fold increase when using a reference from the same species.
In addition to higher coverage, closer reference genomes also increased the total
number of mapped reads. These results indicate that the reference sequence used for
read-mapping is a major constraint in bioinformatics processing of fragmented DNA
from museum samples. More specifically, the levels of evolutionary divergence from
the species serving as a reference genome has a disproportionate effect on the final
read coverage and length of the historical DNA. We recovered a high number of
mapped reads with depths that are appropriate for most evolutionary applications
(>10x) when incorporating a reference from the same genus or family as the focal
species. Nevertheless, the sequences generated using these more distant references
provided key insights into the evolution and distribution of African galagids, attest-
ing to the value of museum specimens, even when genomic resources are limited.
Future studies incorporating archival DNA from other primate species will benefit
from developing genomic resources for the focal taxon (e.g., high coverage whole
genome from high-quality samples, long-read assemblies), which may increase the
project costs and complexity. The rapid advances in generating publicly available
primate genomic resources will be crucial to this effort (Kuderna et al., 2023).
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Metagenomics Reveals Likely Environmental Contaminants and Parasites

Primate collections are among the most widely used mammal collections, and
researchers often handle specimens without protective gear (e.g., gloves, masks, and
hair nets). Because of their close phylogenetic relationship to humans, it is important
to investigate the degree of potential human contamination in libraries sequenced
from primate study skins. Our human contamination analysis of mapped reads indi-
cated negligible levels of human and other exogenous contamination in both proto-
cols. The only sample with elevated proportions of reads with higher mapping score
to human reference than to the closest reference (3.8-fold for RMCA 25984) also
showed the lowest mapping success ratio (0.54) and small mean fragment length (59
bp). Regardless, the 8.5 million reads mapped to the closest reference were sufficient
to place this sample among others of the same species that showed negligible levels
of human contamination (0.0077 for RMCA 18873 and 0 for RMCA 14674).

Our metagenomics analysis suggests that the vast majority of the sequenced reads
generated using a shotgun approach on museum samples corresponded to DNA
from the focal species. Although 86 of 96 samples analyzed had more than 80% of
the reads classified as endogenous content and more than 11% not classified because
of short fragment size, a minimal proportion (0.06% on average) of reads were taxo-
nomically assigned to archaea, viruses, bacteria, or nonplant and nonchordate eukar-
yotes. The relative abundance of this small fraction of exogenous classified content
did not show any relationship with sample age or a specific extraction protocol. Our
analysis suggested the presence of two categories of exogenous content. First, our
analyses classified reads into to several modern strains of free-ranging, multidrug-
resistant bacteria across all samples (Fig. S5). Because none of our negative con-
trol extracts yielded detectable DNA using a high sensitivity fluorometer test, it is
unlikely that these nontargeted sequences originated from reagent contamination
in the wet laboratory. Instead, our results suggest that these organisms can likely
adhere and live in the tissue of study skins amidst the chemicals employed during
preservation and through care practices inside the museum cabinets. However, our
study did not try to determine whether these organisms were active or possessed
antimicrobial resistance. Future investigations might reveal the origins, variations,
and potential consequences of such contaminants in natural history collections.

Another interesting and somewhat unexpected group of microorganisms identi-
fied through our metagenomic approach are potential parasite species known to
cause blood-borne diseases in primates, such as malaria (Plasmodium) and leish-
maniasis (Leishmania), and foodborne diseases, such as cholera (Vibrio). Despite
recovering DNA sequences that matched these potential parasites, we could not
determine whether the primate specimens sampled were sick in life. Moreover, it is
unclear whether these organisms were acquired after specimen preservation or while
the animals were still alive. To distinguish between these scenarios, future studies
should compare the signatures of DNA decay between reads assigned to focal spe-
cies and potential parasites. It also is possible that the metagenomics approach we
applied in our exploratory analysis failed to assign unmapped reads to the true taxa,
and these classifications are false positives. Future studies should compare Kraken2
outputs with those from other bioinformatic tools more appropriate for degraded
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samples (Velsko et al 2018), validating classification results through a backward
approach via BLAST (Basic Local Alignment Search Tool; Altschul et al., 1990) to
assess identity scores between the reads flagged by metagenomics and the available
genetic information for these organisms in public repositories.

The detection of parasitic DNA in museum specimens has implications for
wild primate and human health. Nonhuman primates are important reservoirs for
zoonotic diseases and other opportunistic pathogenic organisms (Goméz et al.,
2013; Kotait et al., 2019; Kebede et al., 2020). Because of their close evolution-
ary relationships, humans can be at risk of infection from primate-borne parasites.
However, little is known about parasites in most wild primate populations (Gillespie
et al., 2008; Cunningham et al., 2017; Solérzano-Garcia and Pérez-Ponce de Le6n,
2018). In the case of galagos and lorises, two studies have suggested that disease
transmission to humans can occur during contact with blood and other bodily flu-
ids through bushmeat consumption or pet trade (Fominka et al., 2021; Svensson et
al., 2021). Broadly, our results support the idea that museum specimens can provide
insights into the presence of parasites in natural primate populations collected from
distinct localities and at different points in time (Thompson et al., 2021). In turn,
this information might inform primate conservation and assessment of disease trans-
mission risk to regional and global human communities. We hope that our study
provides a basis for future research.

Based on results from our shotgun strategy coupled with an exploratory metagen-
omic approach, we provide recommendations for researchers interested in incorpo-
rating museum specimens in their genetic studies. Conducting shotgun screening
runs of all museum samples available at lower sequencing effort can be a strategic
approach to determine the levels of exogenous contaminant DNA relative to the tar-
get species DNA across samples. These preliminary runs can be used to select sam-
ples with minimal contamination for subsequent high-coverage sequencing or, alter-
natively, elaborate target capture strategies to maximize the enrichment of sequences
from target organisms (e.g., mitochondrial or UCE capture). Genetic analyses of
archival DNA also can benefit from bioinformatic detection and removal of micro-
organism DNA contamination, thus improving genome assembly of the focal organ-
ism. Although increasing total costs, this strategy can prevent the sequencing of
samples overrun by bacterial and other environmental contaminants.

Phylogenetic Patterns

Our study also inferred the phylogenetic relationship of lorisiform sam-
ples based on mitogenomes. Overall, our results confirm that DNA sequences
obtained from museum specimens are reliable indicators of primate evolution-
ary history above and below species level. We found strong support for the most
current hypothesis of phylogenetic relationships among the six Galagidae genera
(Euoticus, (Galagoides, (Galago, Paragalago), (Otolemur, Sciurocheirus))) and
the sister relationship between the two African (Arctocebus, Perodicticus) and
two Asian Lorisidae genera (Loris, Nycticebus; Pozzi et al., 2015). Thus, our
results support the presence of two distinct lorisiform radiations on the African

@ Springer



Overcoming Challenges to Extracting and Sequencing Historical...

continent (Munds et al., 2018; Pozzi, Roos et al., 2020b). However, our analyses
recovered very low support for the monophyly of African and Asian lorisids,
mirroring the results from other studies that also relied on mitochondrial data
(Finstermeier et al., 2013; Pozzi et al., 2014b). This finding might reflect a lim-
ited phylogenetic signal in the mitochondria that fails to recapitulate the evo-
lutionary history of the lorisiform radiation. Notably, whereas we included
variable and invariable sites from the complete mitochondrial genome, all seg-
regating sites represent a single locus. Pozzi et al. (2015) suggested that this low
support might also reflect the rapid and early divergence between the Asian and
African lineages (37.85 MY, shortly after the split from Galagids at around 39.7
MY), leading to incomplete allele sorting between these major lineages (Pozzi
et al., 2015, Pozzi, Roos et al., 2020b). Future studies aiming at elucidating the
phylogenetic relationship and time of divergence between African and Asian
lorisids will benefit from incorporating genomic-level data for multiple strepsir-
rhine taxa, including lemur species.

In addition to information on genus and family level relationships, our results
provide new insights into the relationships between recently divergent species
and the taxonomic assignment of closely related populations. We focus more
on the two broadly distributed species of western dwarf galagos (Galagoides
demidoff and G. thomasi). We found that specimens morphologically assigned or
otherwise labeled as Galagoides demidoff and G. thomasi do not correspond to
monophyletic units. Specifically, specimens attributed to each of these taxa were
often grouped together, whereas samples corresponding to the same taxon often
were not found to be closely related. Instead, the samples were grouped into two
broadly sympatric lineages that co-occurred along the lowland forests of west-
ern, western-central, and central Africa (clades I and II in Fig. 5b). The level of
divergence between clades I and II (as indicated by branch lengths) was within
the range observed between sister galagid genera (e.g., Sciurocheirus and Otol-
emur, Galago and Paragalago). These results suggest that specimens assigned
to species of Galagoides are either filed under an outdated taxonomy or were
misidentified in the field, and clades I and II correspond to the currently recog-
nized species G. demidoff and G. thomasi. Alternatively, the genus consists of
several cryptic lineages restrained to smaller geographic ranges, concurring with
the perception of unclear species boundaries in the genus. However, because our
study evaluated only mitochondrial DNA, this pattern could also reflect ancient
introgression events. To test these hypotheses and determine whether these line-
ages correspond to previously recognized subspecies or even cryptic unrecog-
nized diversity, future studies should delineate lineage boundaries using nuclear
and mitochondrial markers and integrate phenotypic and genomic data to eval-
uate whether genetic patterns correspond to diagnosable phenotypic variation
within the genus. Our results confirm previous assertions of taxonomic confu-
sion and unclear species limits in Galagoides (Groves, 2001; Grubb et al., 2003;
Masters et al., 2017) while confirming the enormous potential of historical DNA
to fill these knowledge gaps.
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Conclusions

Currently, human activity is causing biodiversity crises. Primate populations
are rapidly decreasing, leading to species extinction worldwide (Ceballos et al.,
2015; Estrada et al., 2017; Davis et al., 2018). The vast majority of lorisiform
systematic studies have relied on museum collections, but cryptic species may be
difficult to identify based on morphology alone, especially for nocturnal taxa. Our
study demonstrates the critical role of museum collections by bridging specimen-
based research and cutting-edge genomic and bioinformatics techniques in our
understanding of the evolution of lorisiforms. We cannot predict the full spec-
trum of information that future generations will be able to retrieve from today’s
specimens. This realization comes with great responsibility. Specimen manipu-
lation and destructive sampling require careful consideration of their potential
long-lasting effects (Raxworth & Smith, 2021). Our results show that protocols
specially designed for degraded samples allow higher DNA yield and retention of
smaller fragments, improving library complexity. We found that the human refer-
ence mitogenome is not appropriate for use as a reference in lorisiform genomic
studies. More efforts should be devoted to generating high-quality reference
genomes for species of the genera Euoticus, Galagoides, Paragalago, Sciuro-
cheirus, and Arctocebus, for which no genome-level data are currently available.
Our analyses indicate minimal amounts of exogenous content in shotgun sequenc-
ing of museum specimens. Results of our exploratory metagenomic investigation
attest to the promise of archival DNA as an indicator of parasite presence in wild
specimens represented in natural history collections. Lastly, our study demon-
strates how DNA obtained from museum specimens can fill important taxonomic
and geographic gaps required to investigate deep phylogenetic relationships and
answer long-lasting biogeographic questions in broadly distributed cryptic pri-
mate species.
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