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1  | INTRODUC TION

A disconnect between the capabilities of high-throughput sequenc-
ing technologies and the quality, or lack thereof, of historical mu-
seum specimens has proven a major barrier to accessing molecular 
data from degraded samples. Natural history collections (NHCs) 
store a wide variety of species from across the globe, including those 
that are now difficult to collect or are extinct in the wild. Voucher 

specimens housed in NHCs are an invaluable source of morphologi-
cal material as they provide a reference for measuring change across 
both space and time. Specimens have also been recognized as im-
portant repositories of genetic sequence data (Holmes et al., 2016; 
Payne & Sorenson, 2002; Wandeler, Hoeck, & Keller, 2007) and have 
provided insight into the phylogenetic relationships and origins of 
species (McLean et al., 2016; Suarez & Tsutsiu, 2004). Quick prog-
ress in genomics methods has significantly expanded our ability to 
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Abstract
High-throughput sequencing technologies are a proposed solution for accessing the 
molecular data in historical specimens. However, degraded DNA combined with the 
computational demands of short-read assemblies has posed significant laboratory 
and bioinformatics challenges for de novo genome assembly. Linked-read or “syn-
thetic long-read” sequencing technologies, such as 10× Genomics, may provide a 
cost-effective alternative solution to assemble higher quality de novo genomes from 
degraded tissue samples. Here, we compare assembly quality (e.g., genome conti-
guity and completeness, presence of orthogroups) between four new deer mouse 
(Peromyscus spp.) genomes assembled using linked-read technology and four pub-
lished genomes assembled from a single shotgun library. At a similar price-point, 
these approaches produce vastly different assemblies, with linked-read assemblies 
having overall higher contiguity and completeness, measured by larger N50 values 
and greater number of genes assembled, respectively. As a proof-of-concept, we 
used annotated genes from the four Peromyscus linked-read assemblies and eight 
additional rodent taxa to generate a phylogeny, which reconstructed the expected 
relationships among species with 100% support. Although not without caveats, our 
results suggest that linked-read sequencing approaches are a viable option to build 
de novo genomes from degraded tissues, which may prove particularly valuable for 
taxa that are extinct, rare or difficult to collect.
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interrogate museum archives molecularly (Holmes et al., 2016) and 
enabled the generation of genomic-level data sets despite the DNA 
degradation that characterizes many of these historical samples. 
“Museomics,” or the application of genomic techniques to museum 
specimens, has already uncovered reticulate evolutionary histories 
across hominids (Green et al., 2010; Meyer et al., 2012, 2014), is 
increasingly resolving the phylogenetic Tree of Life (Lessa, Cook, 
D’Elia, & Opazo, 2014; Teeling & Hedges, 2013; Wood, González, 
Lloyd, Coddington, & Scharff, 2018) and has myriad expanded ap-
plications, including identifying functional variants implicated in 
ecological adaptations (Opazo, Palma, Melo, & Lessa, 2005), genome 
sequencing of extinct species (Feigin et al., 2018; Green et al., 2010), 
and estimating mutation rates and the timing of evolutionary events 
(Pélissié, Crossley, Cohen, & Schoville, 2018).

Over time, DNA degrades into short fragments through expo-
sure to UV light, temperature, pH, salt, etc. (Dean & Ballard, 2001; 
Dessauer, Cole, & Hafner, 1990; Lindahl, 1993; Willerslev & Cooper, 
2005), which can complicate the application of genomic methods 
to museum specimens. Since the 1970s, when museums began ar-
chiving tissues, collection and preservation methods have varied 
widely. Preservation methods generally evolved to accommodate 
changing analytical technologies, resulting in the variety of pres-
ervation media (formalin, ethanol, frozen, etc.) and tissue qualities 
available to researchers today. In addition to the challenges of tissue 
preservation, field conditions including weather, processing speed 
and available cold storage options are inherently unpredictable, re-
sulting in further inconsistencies in field-collected tissue quality.

To retrieve genetic information from degraded samples, exome 
capture (Bi et al., 2013) and other reduced-representation ap-
proaches (Targeted capture, Jones & Good, 2016) have been the 
recommended approaches. However, in addition to complex labora-
tory work, these approaches retrieve only a subset of the genome, 
leaving out potentially useful information for understanding the 
different genomic targets (e.g., coding and noncoding, transposable 
elements, structural variation) of adaptive evolution and speciation 
(Andolfatto, 2005; Brooks, Turkarslan, Beer, Lo, & Baliga, 2011; 
Mack & Nachman, 2017). Additionally, targeted capture approaches 
such as exome-capture can introduce biases due to the potentially 
confounding effect of purifying selection on exonic coding regions 
(Jackson, Campos, & Zeng, 2015) and have limited ability to parse 
paralogous gene families and variation in gene copy numbers among 
species (Fromer et al., 2012; Mandelker et al., 2016). The generation 
of a de novo genome assembly is valuable to maximize the retrieval 
of genetic information from a single specimen, to avoid some of the 
biases or limitations inherent in reduced-representation approaches, 
and to build a reference sequence for whole genome resequencing, 
and is increasingly seen as a viable option for even moderately to 
highly degraded samples (Zhang, Lehmann, Shyr, & Guo, 2017).

De novo genome assembly is the computational process of op-
timally fitting short-read fragments output from sequencers into a 
larger contiguous whole-genome sequence, recovering critical in-
formation about the locations of genes and variants that are lost 
in the sequencing process. Assembly methods are based on the 

often-incorrect assumption that similar DNA fragments originate 
from the same position within the genome; therefore, assembly 
can be complicated by the presence of repetitive regions that ex-
tend beyond the sequenced read length (Alkan, Sajjadian, & Eichler, 
2011; Nagarajan & Pop, 2013). Methods that yield the highest qual-
ity de novo genome assemblies often require large quantities of 
high molecular weight (HMW) DNA as starting material for library 
preparation. The ability to resolve sequencing artefacts in assembly 
improves with increasing read length, by leveraging long-range infor-
mation present in intact DNA and/or long-reads that span areas that 
are difficult to assemble. One of these methods, long-read sequenc-
ing (>10–50 kb), such as Pacific Biosciences and Oxford Nanopore 
Technologies, has addressed some computational complexities of de 
novo genome assembly, but require large quantities of HMW DNA 
for library preparation, making these methods inaccessible for de-
graded tissue samples (Rowe et al., 2011). Before the development 
of long-read sequencing, the most common approach to de novo 
genome assembly involved a combination of shotgun short-insert 
(<500-bp) and mate-pair long-insert (>2,000-bp) libraries, where 
the first would be used for assembly and the second for scaffold-
ing. Again, scaffolding would be limited by fragmented DNA, as 
input molecules must be longer than the selected insert size. More 
recently, the protocol accompanying the assembler discovar denovo 
(Broad Institute, 2015; Weisenfeld, Kumar, Shah, Church, & Jaffe, 
2017)—based on single short-insert shotgun libraries sequenced to 
~60× using 250-bp paired-end reads—appears to be a viable option 
for genome assembly from degraded samples. This approach proved 
cost-effective for the genome assembly of 20 Heliconius species 
(with genome sizes <400 Mb, Edelman et al., 2019), but is signifi-
cantly more expensive than other approaches for organisms with 
larger genomes due to the high coverage and longer read lengths re-
quired. An appealing alternative is reference-guided assembly (Rowe 
et al., 2011; Staats et al., 2013). With this approach, raw reads are 
mapped to an existing high-quality reference genome from a closely 
related species to build a consensus sequence (Pop, 2009), or a re-
lated reference genome is used as a scaffolding guide only (Gnerre, 
Lander, Lindblad-Toh, & Jaffe, 2009). While reference-guided as-
sembly offers a partial solution, high-quality, closely related refer-
ences—a prerequisite for this approach—are not yet available for a 
large number of ecologically relevant taxa.

In the grey area between short- (up to 250-bp paired-end) 
and long-read (>10s of kb) sequencing, linked-read or “synthetic 
long-read” (SLR, Voskoboynik et al., 2013) sequencing may pro-
vide a cost-effective solution for de novo genome sequencing 
from degraded tissue samples. These methods allow the assembly 
of pseudo-long reads up to tens of kb from short-read data, and 
with higher accuracy compared to true long-read sequencing (Jiao 
& Schneeberger, 2017). Initially introduced by Illumina (Kuleshov 
et al., 2014; McCoy et al., 2014), there are few but increasing num-
bers of publications using linked-read methods, particularly in the 
field of museomics (Etherington et al., 2019; Latorre et al., 2020; 
Lutgen et al., 2020). 10× Genomics (Zheng et al., 2016), a newer 
technology loosely based on innovations developed by the Illumina 
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SLR technique, offers several advantages for museum science 
applications. 10× Genomics uses microfluidics to split extracted 
DNA fragments across >100,000 partitions or “GEM”s (gel-coated 
beads). Each GEM then contains a fraction (<0.5%) of the genome, 
which is further sheared and barcoded. Reads from the same par-
tition or GEM are sequenced via conventional Illumina short-read 
sequencing and assembled locally, by barcode, as they derive from 
the same original DNA fragment (van Dijk, Jaszczyszyn, Naquin, & 
Thermes, 2018; Goodwin, McPherson, & McCombie, 2016). This 
method therefore increases assembly confidence and contiguity by 
geographically linking smallreads in genome space. 10× Genomics 
requires low input material (<2 ng) and although HMW DNA is op-
timal for any method, the barcodes attached to unique DNA frag-
ments maximize the limited long-range information contained in 
degraded DNA. This library preparation method can also facilitate 
allele phasing and the detection of structural variants, although its 
power will depend on the quality of starting DNA (Lee et al., 2016; 
Zheng et al., 2016). Thanks to the low input requirements of 10× 
Genomics, DNA purification techniques that eliminate lowmolec-
ularweight (LMW) fragments can be useful for selecting only the 
longest fragments for assembly, as these contain the long-range in-
formation necessary for high-quality genome assembly. While elim-
inating LMW DNA fragments further reduces the amount of DNA 
available, newer innovations such as the Short Read Eliminator Kit 
(Circulomics) offer promising solutions to minimize DNA loss.

While 10× Genomics protocols are currently optimized for human 
genomes and are most often applied to cancer and biomedical re-
search (Zheng et al., 2016), linked-read methods are easily extended 
to other mammals (sea otters and beluga whales, Jones, et al., 2017a, 
2017b), which are expected to have similar genome sizes and struc-
ture (proportion of repeats, GC content, etc.). Linked-read meth-
ods have also been successfully used for genome assembly in other 
taxa, including plants, insects and birds (e.g., orchids, Zhang et al., 

2017; ladybird beetle, Ando et al., 2018; Gouldian finch, Toomey 
et al., 2018). As a proof-of-concept, we compare contiguity and com-
pleteness of four deer mouse (Peromyscus) genome assemblies de-
rived from low-quality historical tissue samples collected from 1982 
to 2006, produced using the 10× Genomics linked-read approach 
(hereafter 10×). Second, we contrast these 10× assemblies against 
four publicly available shotgun Illumina mammalian genome assem-
blies generated at an equivalent cost and using similar read volumes. 
Third, we use the 10× assemblies to reconstruct phylogenetic rela-
tionships between the newly assembled Peromyscus genomes and 
eight additional mammal species. We demonstrate the utility of this 
economical approach for de novo genome assembly from degraded 
tissue samples for researchers interested in diverse questions related 
to diversification and adaptive evolution, but limited by sample qual-
ity for their species of interest.

2  | MATERIAL S AND METHODS

Twenty-five micrograms of frozen liver tissue from each of four 
field-collected Peromyscus museum specimens (P. attwateri, P. az-
tecus, P. melanophrys, P. nudipes) were loaned from the Museum of 
Southwestern Biology (MSB; Table 1). Three of the specimens were 
collected internationally and collection dates ranged from 1982 to 
2006 (Table 1). For comparison, a high-quality tissue subsample 
from Peromyscus boylii, collected in 2017, and a moderate-qual-
ity tissue subsample from Peromyscus pectoralis loaned from the 
MSB and collected in 1997 were processed in parallel. Genomic 
DNA was extracted using a standard Qiagen Genomic Tip proto-
col. DNA was quantified with a Qubit fluorometer (Thermofisher 
Scientific) and quality was assessed using an Agilent TapeStation. 
As fragment size distribution greatly influences the contiguity of 
the genome assembly, the samples were further processed using 

TA B L E  1   Natural history data for specimens sequenced using 10× Genomics (Peromyscus spp.) and for publicly available, shotgun 
assemblies used for comparison

Common name Genus Species
Collection. 
year

Collection 
locality Voucher Publication

Texas deer 
mouse

Peromyscus attwateri 1995 Texas, USA MSB:Mamm:84733 This study

Aztec deer 
mouse

Peromyscus aztecus 1982 Michoacan, 
Mexico

MSB:Mamm:48205 This study

Plateau deer 
mouse

Peromyscus melanophrys 2006 Coahuila, Mexico MSB:Mamm:273915 This study

La carpintera 
deer mouse

Peromyscus nudipes 1995 Guanacaste, 
Costa Rica

MSB:Mamm:70743 This study

Red vizcacha rat Tympanoctomys barrerae na Mendoza, 
Argentina

AO245 Evans, Upham, Golding, 
Ojeda, and Ojeda (2017)

Mountain 
vizcacha rat

Octomys mimax na San Juan, 
Argentina

AO248 Evans et al. (2017)

Siberian hamster Phodopus sungorus na Laboratory Unvouchered Bao et al. (2016), Unpubl.

Three-banded 
armadillo

Tolypeutes matacus na na Voucher not 
reported

Johnson et al. (2018), 
Unpubl.
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the Circulomics short read eliminator kit, which removes DNA 
molecules shorter than 10 kb, and progressively up to 25 kb. The 
size-selected DNA from each of these samples was sent to the 
Genomics Core Facility at Icahn School of Medicine at Mount 
Sinai (New York), where samples were first run on a Femto Pulse 
(Agilent) to assess fragment size distribution post-Circulomics and 
then used for library preparation. The resulting 10× libraries were 
sequenced at Novogene using 150-bp paired reads generated in 
one lane of Illumina HiSeq X for each species. Raw 10× data were 
assembled with supernova version 2.1.1 (Weisenfeld et al., 2017) 
and the final fasta file was generated using the “pseudohap style” 
option in supernova mkoutput using default settings. All commands 
used for this work are available at https://github.com/macma 
nes-lab/museum_genomics.

To compare 10× and shotgun approaches, four publicly avail-
able genome assemblies generated from a single shotgun library 
and sequenced on an Illumina platform were selected. To minimize 
differences in genome size and structure that could confound the 
comparison between these two approaches, the four species were 
mammals with similar genome size: Tympanoctomys barrerae, Octomys 
mimax (Evans, Upham, Golding, Ojeda, & Ojeda, 2017), Phodopus 
sungorus (Bao, Hazelerigg, Prendergast, & Stevenson, 2016) and 
Tolypeutes matacus (Gibb et al., 2016; Table 1). Comparative shotgun 
assemblies were also selected based on the number of total reads 
sequenced (~200 million paired-end reads) for a comparison against 
10× assemblies based on equivalent sequencing costs. Read counts 
and assembly details for each externally sourced genome are avail-
able in Table 2.

Genome quality was assessed through comparison of N50 val-
ues for contiguity and presence of BUSCO (Benchmarking Universal 
Single-Copy Orthologs; Simão, Waterhouse, Ioannidis, Kriventseva, 
& Zdobnov, 2015) genes for completeness. The N50 statistic was 
calculated using the assemblathon_stats.pl script available at: https://
github.com/KorfL ab/Assem blathon. Because the mammalian ge-
nomes considered here are generally similar in size, N50 values are 
comparable and normalization by genome size is not necessary. 
busco version 3 (Simão et al., 2015) statistics were used as metrics of 
genome completeness based on presence of genes conserved across 
Mammalia (mammalia_odb9).

All genomes were annotated using maker version 2.3.1 (Cantarel 
et al., 2008) using the Mus musculus (GCF_000001635.26) reference 
proteome. orthofinder  version 2.3.3 (Emms & Kelly, 2015) was used to 
identify orthogrups (e.g., groups of genes with a shared evolutionary 
history) from the annotated genes in each genome. To demonstrate 
the phylogenetic utility of genome assemblies produced with 10×, 
a consensus species tree was built from shared orthogroups among 
the four Peromyscus sequenced here, plus three publicly available 
Peromyscus genomes (P. maniculatus [GCA_003704035], P. leucopus 
[GCF_004664715] and P. polionotus [GCA_003704135]), and five ad-
ditional outgroup genomes (Rattus norvegicus [GCA_000001895.4], 
Mus musculus [GCF_000001635.26_GRCm38], Onychomys torri-
dus [GCA_004026725], Neotoma lepida [GCA_001675575.1] and 
Sigmodon hispidus [GCA_004025045]). For consistency, all genomes TA
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were re-annotated using the approach described above and the 
orthogroups were identified de novo excluding the low-quality 
shotgun genome assemblies used for methodological comparison. 
The phylogeny, based on sets of orthogroups shared across the 12 
Rodentia taxa, was generated using default settings in iqtree, with 
the best-fitting substitution model autodetected (Nguyen, Schmidt, 
von Haeseler, & Minh, 2015). As genome assembly quality varied 
greatly across the 12 species included in the phylogeny, the number 
of shared orthogroups between pairs of taxa was visualized using 
the r package plotly (Plotly Technologies Inc, 2015). Finally, it should 
be noted that a variety of programs were used for genome assem-
bly (Table 3), with each being tuned to properly assemble a specific 
type of sequence data. Specifically, discovar denovo (Broad Institute, 
2015; Weisenfeld et al., 2017) was developed to assemble 250-
bp paired-end PCR-free reads, while soapdenovo (Luo et al., 2012) 
was developed to assemble and scaffold short-insert and mate-pair 
reads. supernova (Weisenfeld et al., 2017) is currently the only fully 
benchmarked assembler developed for use with sequencing libraries 
produced on the 10× platform. Therefore, the relative performance 
of these assembly algorithms cannot be tested here due to their data 
type specificity.

3  | RESULTS

Concentrations of DNA extracted from the six Peromyscus tissue 
samples ranged from 191 to 486 ng/μl (Table 2). DNA was moder-
ately degraded for five of the Peromyscus samples examined, albeit 
with differences among species. Distributions of DNA fragments 
for all except the high-quality P. boylii sample peaked at molecular 
weights well below the recommended 50 kb, and as low as 12 kb. 
Circulomics size selection removed the vast majority of DNA from 
degraded samples. More than 90% of the DNA was lost in three 
of the four low-quality samples, while only 29% was lost from the 
highest quality sample (Table 2). Peak fragment size increased in 
two of three cases, by 25% and 50% in P. attwateri and P. aztecus, 
respectively. Across low-quality tissue samples, the least DNA was 
lost from P. melanophrys, which was also the most recently collected. 
Although estimation of fragment size distribution after size selec-
tion differed between TapeStation and Femto Pulse, they concord-
antly indicated that fragment size distribution peaked at the largest 
size in P. attwateri. Femto Pulse data for the samples before size se-
lection or TapeStation data for P. melanophrys before or after size 
selection were not collected. The number of input reads for each as-
sembled genome is available in Table 3. Additional assembly statistic 
(n:500, L50, N80, N20, E-size, etc.) are available online at https://
github.com/macma nes-lab/museum_genom ics/blob/maste r/assem 
bly_stats.md.

N50 values for the four 10× assemblies ranged from 32,396 to 
40,046 bp (36,376 bp on average), compared to lower N50 values 
for shotgun assemblies (range: 2,392–10,217 bp; average: 5,545 bp; 
Table 3). Among 10× and comparative shotgun assemblies, the num-
ber of genes annotated ranged from 3,233 (P. sungorus) to 19,008 

(P. attwateri), with 10× assemblies containing 18,068 genes on av-
erage, 66% more than in shotgun assemblies on average (10,900). 
busco measures of genome completeness ranged from 12.7% (P. 
sungorus) to 66.4% (P. attwateri) and were again highest for 10× as-
semblies (average: 61.6%) and lowest for shotgun assemblies (av-
erage: 23.7%; Table 3). Among Peromyscus, P. attwateri peaked at 
the largest fragment size and its assembly had the highest contig 
N50, completeness, number of orthogroups and genes, demonstrat-
ing the importance of fragment size for genome assembly quality. 
Annotations and predicted transcripts and proteins are available at 
http://doi.org/10.5281/zenodo.3351485. orthofinder identified sig-
nificantly fewer orthogroups in shotgun assemblies than in 10× as-
semblies (5,305 vs. 9,112 on average, respectively; Table 2; Figure 1).

When analysed with other higher-quality genome assemblies 
(“Phylogenetic outgroup taxa,” Table 3), the number of orthogroups 
retrieved in the four 10× Peromyscus assemblies was 48% higher 
on average than when analysed with the shotgun assemblies only 
(Table 3; Figure 1). Among species included in the phylogenomic 
analysis, P. polionotus had the highest total number of orthogroups 
identified (15,667) and P. melanophrys had the lowest (13,080, 
Table 3; Figure 1). In total, 9,254–14,265 orthogroups were shared 
between pairs of taxa (Table 3; Figure 1). The number of orthogroups 
shared between taxa was highest between higher-quality assemblies 
and closer phylogenetic relationships (Figure 1). However, the num-
ber of orthogroups shared between Peromyscus was higher when 
one high-quality assembly was included in the comparison and high-
est when both assemblies were of high quality, suggesting that as-
sembly quality has a greater impact than phylogenetic distance in 
the identification of shared orthogroups, at least at the genus level. 
The maximum-likelihood species tree resolved relationships with 
100% bootstrap support (Figure 1) and is consistent with previous 
phylogenetic investigations of Peromyscus (Bradley et al., 2007). Raw 
reads and assemblies are available through The European Nucleotide 
Archive (ENA) under project number PRJEB33530.

4  | DISCUSSION

Linked-read sequencing facilitates the production of higher quality 
de novo genomes from historical tissue samples, in less time and 
with less effort than traditional shotgun-based methods. As such, 
linked-read sequencing shows great potential for maximizing the 
retrieval of genomic information from NHCs and to enable the in-
vestigation of a broad range of evolutionary and ecological ques-
tions at greater resolution. Despite the loss of more than 90% of the 
DNA to size selection (Table 2), 10× assemblies had greater contigu-
ity and completeness relative to de novo assemblies based on shot-
gun libraries and comparable read volumes (Table 3). Although the 
number of raw reads varies within both groups—shotgun-based and 
10× assemblies—it is not correlated with genome quality, indicating 
that differences in assembly quality are not driven by differences in 
sequencing depth. With the same sequencing effort (e.g., 200 mil-
lion, 150-bp paired-end reads), linked-read sequencing resulted in a 

https://github.com/macmanes-lab/museum_genomics/blob/master/assembly_stats.md
https://github.com/macmanes-lab/museum_genomics/blob/master/assembly_stats.md
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six-fold increase in N50 values and doubled the number of assem-
bled genes, without requiring a reference sequence from a closely 
related species. 10× assemblies allowed us to retrieve more than 
18,000 genes on average and up to 66% of complete BUSCOs, prov-
ing an affordable and fast method to retrieve genomic sequence 
data from degraded samples for use in phylogenetic analyses and 
other genome-scale investigations. Additionally, these and other 
de novo assemblies can be used as a reference genome for map-
ping population-level whole genome resequencing data, which can 
be obtained even from moderately to highly degraded samples. For 
population-level investigations based on temporal sampling or for 
taxa that are at-risk, elusive or otherwise cannot be resampled for 
a variety of reasons, an improved reference genome will increase 
the amount of variation, both sequence and structural, available for 
genotyping within and among species.

Often limited by technology, molecular investigations of mu-
seum specimens were traditionally centred around systematic 
inquiry and phylogenetics (Holmes et al., 2016). Following broad 
application of single- and multilocus investigations (Hickerson 
et al., 2010), high-throughput sequencing methods have fur-
ther increased our ability to interrogate historical archives mo-
lecularly and to address a variety of evolutionary questions at 
increased resolution. The growing field of museomics (Bi et al., 

2013; Schmitt, Cook, Zamudio, & Edwards, 2018) continues to 
explore the tree of life (Guschanski et al., 2013; Teeling & Hedges, 
2013), elucidate early human histories (Green et al., 2010; Meyer 
et al., 2012) and identify evolutionary adaptations of nonmodel 
species (Cheviron & Brumfeld, 2012; Jones, Mills, Jensen, & 
Good, 2019; Tigano, Colella, & MacManes, 2020). However, to 
date, the majority of genome-scale specimen investigations have 
relied on reduced-representation sequencing approaches or 
standard Illumina shotgun deep sequencing. As increasing se-
quencing depth does not necessarily increase genome contiguity, 
a linked-read approach can facilitate de novo genome assembly 
or enhance the quality of existing lower-quality assemblies with 
low to moderate coverage by adding long-range information (de-
pending on starting DNA quality; Yeo, Coombe, Warren, Chu, & 
Birol, 2018).

Although the contiguity and completeness of linked-read assem-
blies depend on DNA integrity, linked-read methods may be espe-
cially useful to build genome assemblies for rare or extinct species, 
or when the collection of new material is difficult or impossible 
(Payne & Sorenson, 2002) due to the conservation status or geo-
graphical location (e.g., international) of the target species. As new 
or higher-quality tissue samples will never again be available for ex-
tinct species, linked-reads may be the best currently available option 

F I G U R E  1   Maximum-likelihood phylogeny of the four new linked-read Peromyscus genome assemblies, three publicly available 
Peromyscus assemblies and five outgroup assemblies within Rodentia. The phylogeny, generated from consensus orthogroups, demonstrates 
complete resolution (100% bootstrap support for all nodes). The heat map details the number of shared orthogroups across taxa, with the 
diagonal indicating the total number of orthogroups identified for each species [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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for accessing data from preserved tissues of these species, even if 
the generation of highly contiguous genomes for these taxa may not 
be attainable. For example, the genome of the now-extinct thylacine 
or Tasmanian tiger (Thylacinus cynocephalus) was recently assem-
bled from shotgun sequencing data generated from a 108-year-
old, alcohol-preserved specimen stored at the Museums Victoria in 
Australia (Feigin et al., 2018). The resulting 3.2-kb N50 is equiva-
lent to the shotgun-based mammalian genome assemblies examined 
here (Table 3), suggesting that linked-read methods could help to 
improve the contiguity of the thylacine assembly and expand the 
available sequence for inquiry into this extinct species and related 
taxa. De novo genome assemblies may provide more information 
than reference-based assemblies, especially when the target species 
is highly divergent from available reference sequences, as is often 
the case for extinct species or otherwise exceptionally divergent 
taxa (e.g., monotypic genera [Ailurus, Eira] or families [Dugongidae, 
Orycteropodidae]).

Linked-reads present some caveats. For example, these 
methods are not optimized for genomes larger than ~3 Gb (e.g., 
human-sized). Although linked-read methods are generally ap-
propriate for mammalian species and have been tested across a 
wide range of genome sizes (140 Mb to 3.2 Gb), their application 
to other species with much larger genome sizes (>4 Gb) is not sup-
ported and remains to be explored in greater detail. Linked-reads 
alone cannot produce chromosome-level assemblies, even with 
the best samples as starting material. However, when DNA quality 
and quantity allow, linked-read assemblies can be improved with 
other types of data, including long-reads, Hi-C data, and linkage 
and optical mapping. The higher quality assemblies obtainable 
with these hybrid sequencing and assembly approaches are nec-
essary for analyses of structural variation or genotype–phenotype 
associations, which require high genome completeness. Finally, 
low-quality frozen tissue samples, similar to those used here, 
are often unavailable for many premolecular era specimens, and 
linked-reads have not been tested, and may or may not be appro-
priate, for extracting quality sequence data from more degraded 
samples such as skin, bone or hair. However, the ability to gen-
erate quality de novo genomes from relatively recently collected 
species is invaluable if these are the only samples available for a 
specific taxon, and can still provide important information on the 
time these samples were collected and evolutionary change since, 
especially for organisms with short generation times. Targeted 
capture approaches or enriched sequencing methods (Bi et al., 
2013; Jones & Good, 2016; McCormack et al., 2012; Staats et al., 
2013) may remain the most effective means of extracting genetic 
data from severely degraded specimens or when many individu-
als are required to address a research question. However, as with 
all reduced-representation methods, there are several biases that 
should be considered during experimental planning (Graham et al., 
2015; Jackson et al., 2015).

Ultimately, our results underline the importance of continued 
scientific collecting and archival of legacy collections into NHCs, 
as new technologies will continue to improve our ability to extract 

molecular information from degraded and aged samples in the fu-
ture. The centralization of biological resources and associated in-
formation in NHCs ensures the broad utility of these specimens 
to the scientific community and facilitates tests, such as these, to 
determine the best available means of extracting meaningful se-
quence data from lower-quality samples. In particular, we endorse 
maximizing the utility of a specimen through the archival of multi-
ple tissue types, through multiple storage media (liquid nitrogen, 
ethanol, RNAlater [Sigma-Aldrich], etc.) to maximize future appli-
cations of these archives as technology evolves (Lessa et al., 2014; 
McLean et al., 2016). The ability to generate quality de novo as-
semblies from field-preserved tissues encourages the expansion 
of remote field expeditions and resurvey projects that incorporate 
tissue collection and preservation to expand our ability to extract 
genomic data from extinct and difficult-to-sample taxa. In an era 
of unprecedented ecological and environmental change (Ceballos, 
Ehrlich, & Dirzo, 2017), maximizing the extraction of genomic in-
formation from historical samples holds promise for helping us to 
understand the evolutionary responses of natural populations to 
environmental perturbation and lay the foundation for predicting 
future responses and undertaking proactive management (Malaney 
& Cook, 2013; Wandeler et al., 2007).
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