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A B S T R A C T

Next-generation DNA sequencing (NGS) offers a promising way to obtain massive numbers of orthologous loci to
understand phylogenetic relationships among organisms. Of particular interest are old museum specimens and
other samples with degraded DNA, where traditional sequencing methods have proven to be challenging. Low
coverage shotgun sequencing and sequence capture are two widely used NGS approaches for degraded DNA.
Sequence capture can yield sequence data for large numbers of orthologous loci, but it can only be used to
sequence genomic regions near conserved sequences that can be used as probes. Low coverage shotgun se-
quencing has the potential to yield different data types throughout the genome. However, many studies using
this method have often generated mitochondrial sequences, and few nuclear sequences, suggesting orthologous
nuclear sequences are likely harder to recover. To determine the phylogenetic position of the galliform genus
Tropicoperdix, whose phylogenetic position is currently uncertain, we explored two strategies to maximize data
extraction from low coverage shotgun sequencing from approximately 100-year-old museum specimens from
two species of Tropicoperdix. One approach, a simple read mapping strategy, outperformed the other (a reduced
complexity assembly approach), and allowed us to obtain a large number of ultraconserved element (UCE) loci,
relatively conserved exons, more variable introns, as well as mitochondrial genomes. Additionally, we de-
monstrated some simple approaches to explore possible artifacts that may result from the use of degraded DNA.
Our data placed Tropicoperdix within a clade that includes many taxa characterized with ornamental eyespots
(peafowl, argus pheasants, and peacock pheasants), and established relationships among species within the
genus. Therefore, our study demonstrated that low coverage shotgun sequencing can easily be leveraged to yield
substantial amounts and varying types of data, which opens the door for many research questions that might
require information from different data types from museum specimens.

1. Introduction

Next-generation DNA sequencing (NGS) offers promising ap-
proaches to discover, sequence, and genotype thousands of genetic
markers that enable the study of important questions in ecology, evo-
lution, and conservation (Davey et al., 2011). Of particular interest are
NGS approaches that are able to extract a massive amount of ortholo-
gous loci from millions of museum specimens available in collections
worldwide (Rowe et al., 2011), which have the potential to provide a
vast repository of important biological data (Graham et al., 2004;
Rocha et al., 2014).

Conceptually, de novo whole genome sequencing represents the
simplest method to leverage NGS technologies to extract genomic data
that can be used for many different purposes, such as addressing phy-
logenetic questions (Jarvis et al., 2014). However, de novo whole
genome sequencing and assembly is relatively costly, time-consuming,
and computationally difficult. Typically, this involves the construction
of multiple sequencing libraries with different insert sizes followed by
sequencing to> 20× coverage. Yet de novo whole genome sequencing
remains challenging for highly degraded and fragmented antique DNA
from museum specimens (e.g., Hung et al., 2014; Murray et al., 2017;
Staats et al., 2013) because there is often very limited tissue available
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from those samples. Moreover, the highly fragmented nature of antique
DNA makes it impossible to construct libraries with long DNA inserts,
which are used to facilitate assembly. Therefore, although NGS costs are
changing rapidly, these considerations suggest that de novo whole
genome sequencing will remain prohibitive for museum specimens.

The relatively high costs of de novo whole genome sequencing has
made systematists more interested in reduced-representation NGS ap-
proaches, like sequence capture (Faircloth et al., 2012; Lemmon et al.,
2012). Sequence capture can be used to obtain large numbers of se-
quences from orthologous loci from many different samples (e.g.,
Branstetter et al., 2017; McCormack et al., 2013) and it can be espe-
cially useful for museum specimens (e.g., Bi et al., 2013; McCormack
et al., 2016; Wood et al., 2018). Sequence capture involves additional
steps to enrich the NGS libraries for each specimen using probes that
will hybridize with preselected genomic regions of interest. For probes
to be useful in a variety of taxa they must be relatively conserved, so
commonly used probe sets target some combination of coding exons
and non-coding ultraconserved element (UCE) regions. The basis for the
cost advantage of sequence capture is the greatly reduced sequencing
data, and only a single library is typically used for sequence capture,
which can also reduce costs.

A third approach, low coverage shotgun sequencing (also called
“genome skimming”, Straub et al., 2012) is a fairly straightforward
method, usually involving only one library preparation step. Unlike de
novo whole genome sequencing, this approach is suitable when there
are limited amounts of DNA, such as degraded DNA from museum
specimens. However, with very few exceptions (e.g., Bruxaux et al.,
2018), most studies have only obtained mitochondrial genomes and/or
a small number of nuclear loci from low coverage shotgun sequencing
of museum specimens (e.g., Besnard et al., 2016; Hung et al., 2013;
Kanda et al., 2016). This is likely due to the high copy number of the
mitochondrial genome in eukaryotic cells in many taxa, making cov-
erage of mitochondrial sequences much greater than nuclear sequences
which can allow assembly of mitochondria from low coverage shotgun
sequencing, even from degraded DNA (Besnard et al., 2016). Low
coverage shotgun sequencing represents a compromise between se-
quence capture and de novo whole genome sequencing; it can sample
the genome more broadly than sequence capture and it is also much less
costly than de novo whole genome sequencing and assembly.

As genomes of non-model organisms have become increasingly
available, several studies have found that phylogenetic analyses of
different data types yield different topologies for the same taxa (e.g.,
Jarvis et al., 2014). Differences between introns and coding exons have
attracted substantial attention (Chen et al., 2017; Reddy et al., 2017)
but it is clear that there are also differences among other data types
(Edwards et al., 2017; Wang et al., 2017). The design of sequence
capture probes may not feasible for more variable regions of the
genome (e.g., introns). This makes comparisons among data types very
difficult for sequence capture studies but straightforward for sequen-
cing approaches that sample across the genome, whether it involves
deep sequencing of multiple libraries or shallow sequencing of a single
library.

There are several factors to consider in the decision between low
coverage shotgun sequencing and sequence capture, particularly for
studies involving museum specimens. The primary considerations are
costs, labor, and the types of data that can be generated. Both methods
require library construction but sequence capture also requires probes
and other reagents as well as additional labor for sample enrichment.
These additional costs are offset by the limited amount of data targeted
by sequence capture (e.g., common UCE probe sets sample< 0.5% of
an avian genome). At present, the much smaller target DNA for se-
quence capture makes the costs of sequence capture lower than those
for low coverage shotgun sequencing; however sequence capture re-
quires deeper sequencing so the cost differential is smaller than one
might naively expect based on the amount of DNA targeted by the se-
quence capture probes. As sequencing costs continue to decline (at a

greater rate than probes and related costs) the cost savings associated
with sequence capture will be reduced or possibly even eliminated. The
other consideration is that sequence capture is limited to data types that
can be targeted using conserved probes; in contrast, low coverage
shotgun sequencing allows one to sample more broadly across the
genome and obtain many different data types. Therefore, it is worth-
while to test whether low coverage shotgun sequencing can yield a
large amount of sequence for different types of data from museum
specimens.

The goal of this study was to identify a practical way to maximize
data extraction from low coverage shotgun sequencing of museum
specimens beyond the recovery of just the mitochondrial genomes, and
to determine whether these data were able to resolve the position of a
hard-to-place taxon, the galliform genus Tropicoperdix. Tropicoperdix
was erected by Blyth (1859) but was later subsumed within the genus
Arborophila, the hill partridges (Davison, 1982); most major checklists
(e.g., del Hoyo and Collar, 2014; Dickinson and Remsen, 2013) adopted
the change at that time. However, Chen et al. (2015) used data from
two mitochondrial gene regions and five nuclear introns to demonstrate
that Tropicoperdix is distinct from Arborophila (the two genera are
placed within different subfamilies of the Phasianidae) but their data
was unable to resolve the exact position of Tropicoperdix within Pha-
sianidae. To address this, we first used data from low coverage shotgun
sequencing of two old Tropicoperdix museum specimens to explore two
approaches for extracting UCE data (we focused on UCE data since we
had data from many other species for comparison): reduced complexity
assembly and direct read mapping. We also compared the effectiveness
of read mapping when using reference sequences from a closely related
taxon to the use of a more distantly related taxon. After identifying the
most effective approach to extract UCE data, we tested whether we
could easily obtain a large number of sequences for other more variable
data types, including exons and introns. With these data, we explored
possible artifacts that may come from using low coverage shotgun se-
quencing from highly degraded and fragmented antique DNA. Finally,
we tested whether our extracted data would permit us to place the exact
position of Tropicoperdix within Phasianidae with confidence.

2. Materials and methods

2.1. NGS raw read filtering

We used the low coverage shotgun sequencing data of Tropicoperdix
merlini and T. charltonii generated from Chen et al. (2015). The toepads
were provided by the Zoological Reference Collection (ZRC) of the
National University of Singapore, T. merlini (ZRC 3.1478) was collected
in Vietnam, 1924 and T. charltonii (ZRC 3.1512) was collected in
Borneo, 1914. 134 ng of total DNA (0.67 ng/µl) from T. merlini and
2.8 ng (0.014 ng/µl) from T. charltonii were extracted using Qiagen
DNeasy Blood & Tissue Kit (see details in Chen et al., 2015). The
average fragment length was smaller than 100 base pairs (bp) in T.
merlini, and it could not be determined in T. charltonii (Fig. S1). Single-
end 100 bp sequence reads were generated using an Illumina HiSeq
2000 Genome Analyzer (85,299,440 reads from T. merlini and
72,360,071 reads from T. charltonii). We then removed low-quality
reads and trimmed adapter sequences using Trimmomatic 0.36 (Bolger
et al., 2014) with default settings to a minimum length of 20 bp. Finally,
we removed duplicate reads (6,256,466 for T. merlini and 14,216,639
for T. charltonii) to yield the final sets of clean reads (78,870,187 and
57,646,083, respectively).

We also used sequence capture of UCEs for a congener, T. chloropus,
where high quality, intact DNA was available (sample from University
of Kansas Biodiversity Institute, catalog # 119693, tissue # 25432).
RAPiD Genomics (Gainesville, FL, USA) performed the sequence cap-
ture of 5060 UCE loci using 5472 probes (Faircloth et al., 2012), and
subsequent sequencing. The raw reads were filtered in the same way as
described above, then the UCE loci were assembled and extracted
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following the procedures detailed in Hosner et al. (2017).

2.2. Comparison between reduced complexity assembly and direct read
mapping of UCEs

We compared the performance of different methods for data ex-
traction using UCE since we had data from more species and loci for this
marker type. The standard approach often used in the analysis of UCEs
is assembly of all data followed by extracting the UCE loci by matching
contigs to the sequences of UCE probes (this is the approach im-
plemented in PHYLUCE, (Faircloth, 2016), a commonly used software
in dealing with UCE analyses). Our initial trial assembled all clean reads
using ABySS (Simpson et al., 2009), yielding 89,887 and 42,444 contigs
for T. merlini and T. charltonii, respectively. However, only 7 and 3
contigs from T. merlini and T. charltonii matched to UCE probe se-
quences.

Therefore, we used a reduced complexity assembly (hereafter RCA)
strategy that only assembles reads that match a reference sequence
(Fig. 1, bottom half). We used 4643 UCE loci that were shared between
T. chloropus and Gallus gallus as reference, and these were trimmed to
the same length (422 ± 123 bp) in both species. This method has been
used to improve the mitochondrial assembly from low coverage
shotgun sequencing (Chen et al., 2015). In our case, first, we aligned the
clean reads to the reference sequences using Bowtie2 2.3.0 (Langmead
and Salzberg, 2012). Then, we extracted the mapped reads and as-
sembled them into contigs using Trinity r20150302 (Grabherr et al.,
2011). Finally, we used PHYLUCE 1.5 (Faircloth, 2016) to determine
which contigs represent UCE loci by matching contigs to 5472 UCE
probes (Faircloth et al., 2012).

We also used another approach, direct read mapping (hereafter
mapping) and tested two different sets of reference sequences (Fig. 1,
top half): (1) UCEs of T. chloropus as a closely related reference; and (2)
UCEs of G. gallus, which represented a more distantly related reference.
We included the more distant reference because reference sequences
from a close relative may not be available in many studies. Since we
only included UCE reference sequences that were found in both T.
chloropus and G. gallus, and that were trimmed to be the same length (as
described above), we can test the impact of relatedness between re-
ference and focal taxa without bias due to a larger number of UCE loci
or longer loci from the G. gallus genome. We mapped the final clean
reads from T. merlini and T. charltonii to these references using the “Map
to Reference” tool in Geneious R9 (Biomatters Ltd, Auckland, New
Zealand) using a “strict” custom sensitivity: allow gaps (maximum per
read 2%, maximum gap size 5 bp), minimum overlap 25 bp, minimum
overlap identity 95%, maximum mismatches per read 5%, and running
5 iterations. After mapping, the consensus sequences for each UCE locus

was saved using a 75% masking threshold and sites that received in-
sufficient coverage (< 3×) were coded using the IUPAC ambiguity
symbol N. Because the UCE loci generated from RCA did not include
ambiguous symbols, we converted all of the bases with IUPAC ambi-
guity symbols other than N (i.e., R, Y, S, W, K, M, B, D, H, and V) to N,
and excluded UCE loci with fewer than 10 unambiguous nucleotides
(i.e., bases A, C, G, T).

For both the RCA and mapping approaches, we combined our ex-
tracted UCEs (with appropriate changes to the sequence names for each
UCE locus using a custom Perl script) with the UCEs from T. chloropus,
G. gallus and 23 species (selected to represent all possible sister taxa of
Tropicoperdix based on Chen et al. (2015), as well as outgroups) from
Hosner et al. (2016b). We then aligned and edge-trimmed all loci to
build concatenated alignments in PHYLUCE in which only loci with
more than 75% of taxa present were included.

We used two methods to estimate UCE phylogenies using data
generated by RCA and mapping respectively. First, we estimated max-
imum likelihood (ML) trees from concatenated alignments using
RAxML 8.2.3 (Stamatakis, 2014) with the GTR+G model and ‘-f a’
option (which generates the optimal tree and conducts 100 rapid
bootstrap searches). Second, we used SVDquartets (Chifman and
Kubatko, 2014) as implemented in PAUP* 4.0a159 (Swofford, 2003)
with 100 bootstraps, each sampling all quartets. SVDquartets is a con-
sistent estimator of the species tree and has already been shown to be
an effective reconstruction method on several data sets (Chifman and
Kubatko, 2015; Long and Kubatko, 2017).

We compared our RCA to the mapping approach using the following
criteria: (1) the number of UCE loci that were recovered; (2) the
number of unambiguous nucleotides that were recovered; and (3) the
impact of different approaches on phylogenetic estimation. Because the
minimal length of unambiguous nucleotides in UCE loci from RCA
(34 bp) was longer than that from mapping (10 bp), we also excluded
UCE loci from mapping that contained less than 34 bp of unambiguous
nucleotides and re-compared the number of recovered UCE loci and
unambiguous nucleotides between them.

2.3. Recovery of sequences for other data types using the mapping approach

We extracted exonic data using our mapping approach with re-
ference exons from Prum et al. (2015), who conducted a sequence
capture study that largely focused on exonic regions from more than
200 nuclear loci to build a phylogeny of 198 bird species (including
nine galliforms). From this, we obtained 222 coding exons from G.
gallus as our reference. We used Geneious R9 with the “strict” custom
sensitivity and the same consensus criteria that we used for UCEs (see
above) and excluded exon sequences with fewer than 10 unambiguous

Fig. 1. Flow chart showing reduced complexity assembly (RCA) and read mapping strategies for the recovery of ultraconserved elements (UCEs).
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nucleotides. We combined the sequences we recovered from Tropico-
perdix species with the sequences from the nine galliform species ana-
lyzed by Prum et al. (2015) using PHYLUCE (after running the Perl
script described above to convert each exon sequence into the necessary
format). Then, we built a concatenated alignment after aligning and
edge-trimming all loci using PHYLUCE; our final alignment comprised
214 exonic regions for which more than 75% of taxa were present for
each exon.

To test our ability to extract intronic data we generated a dataset of
92 introns from 40 loci using a combination of published data (Kimball
and Braun, 2014), data mining from sequenced genomes, and PCR
amplification and sequencing (primer sequences provided in Table S1).
We then used the G. gallus sequences for the 92 introns as our reference
sequences. For the intronic mapping, we used a “tolerant” custom
sensitivity in Geneious R9: allow gaps (maximum per read 5%, max-
imum gap size 5 bp), minimum overlap 25 bp, minimum overlap
identity 85%, maximum mismatches per read 15%, and running 5
iterations. We used the same consensus criteria described above to
obtain consensus sequences, excluding intron sequences containing
fewer than 10 unambiguous nucleotides. We combined these extracted
sequences with intron sequences from 10 other galliform species and
used the Perl script described above to convert each sequence into the
necessary format. All loci were then aligned and edge-trimmed using
PHYLUCE. The final alignment comprised 79 introns for which more
than 75% of taxa were present for each intron.

We obtained mitochondrial genomes from GenBank for 17 species
that provided a similar taxonomic coverage as our UCE and intron
datasets (the exon dataset had very few overlapping taxa). We used the
mitochondrial genome of G. gallus (GenBank: X52392) as our reference,
using the “tolerant” custom sensitivity and the same consensus criteria
described above in Geneious R9. We then generated a final data matrix
containing the complete mitochondrial genomes except the control
region due to the difficulty of aligning the mitochondrial control region
across galliforms (Meiklejohn et al., 2014).

2.4. Phylogenetic comparison of different data types recovered from
mapping

We wanted to compare phylogenetic trees for all data types (i.e.,
UCEs, exons, introns, and mitochondrial genomes) from museum spe-
cimens based on our mapping approach. However, the large number of
UCEs for T. chloropus which were obtained using sequence capture of
intact DNA could facilitate the placement of other Tropicoperdix species
with the UCE data (since data from T. chloropus was not available for
the exon, intron, or mitochondrial datasets). Thus, in addition to the
UCE phylogenies described above using all species, we excluded T.
chloropus from the UCE alignments, and re-estimated the UCE phylo-
geny using RAxML. Additionally, we estimated a UCE phylogeny with
only the lowest quality data, that of T. charltonii, by excluding both T.
chloropus and T. merlini. This allowed us to assess whether the lowest
quality UCE data alone could place a genus of uncertain affinities, when

higher quality data from close relatives was unavailable. For the exon,
intron, and mitochondrial datasets, where only T. merlini and T. charl-
tonii were available, we used RAxML to estimate ML trees and bootstrap
support using the same settings as described for the UCE datasets.

2.5. Assessing factors that affect branch lengths when using antique DNA

Sequences from museum specimens tend to exhibit long branches in
concatenated ML trees because of higher contamination and sequencing
errors (McCormack et al., 2016). Additionally, missing data, which is
common in sequences from museum specimens, can also lead to long
branches (Darriba et al., 2016). We examined branch lengths using the
patristic distance (the sum of the intervening branches) from the
common ancestor of Gallus and Tropicoperdix to the tips of G. gallus and
each Tropicoperdix species for all of our datasets.

We ran additional tests using the UCE data where we had recovered
more sequences. To examine the impact of sequence errors on branch
lengths for the UCE data, we increased the base-calling coverage re-
quirement from mapping to 5×, which should reduce the likelihood of
contamination and sequencing errors. We generated an alignment that
included both the 3× and 5× coverage data to improve the alignment
quality for the shorter 5× data, and then removed the 3× data to
obtain a dataset with the 5× data only. Using this alignment, we es-
timated the ML tree using RAxML as described above to see if branch
lengths for the 5× coverage sequences were shorter than those from the
3× coverage sequences.

To test if branch lengths in the UCE data were affected by missing
data, we built an alignment containing no ambiguity symbols or gaps
from the 3× coverage sequences (“gap-free alignment”). Since this
dataset had limited power, we used it to estimate the branch lengths
only by using a fixed topology (that of ML tree based on 3× coverage
sequences) in RAxML (“-f e” option) (Stamatakis, 2014).

3. Results

3.1. RCA versus mapping for the recovery and phylogeny of UCEs

We extracted 124,315 (0.16%) reads of T. merlini, and 57,196
(0.10%) reads of T. charltonii after aligning to the reference for the RCA
method. For mapping, after 5 iterations, we mapped 262,624 (0.33%)
and 26,199 (0.05%) reads to T. merlini and T. charltonii respectively.

We obtained about 3× the number of UCE loci with mapping than
RCA for T. merlini, which yielded up to 93% of the targeted UCE loci
(Table 1). Mapping generally outperformed RCA for T. charltonii as
well, which overall yielded drastically fewer loci than did T. merlini (at
most 8% of loci recovered, Table 1). Consistent with these results, the
number of resolved unambiguous nucleotides from RCA were fewer
than that from mapping, especially for T. merlini (Table 1). Moreover,
the resulting UCE loci from mapping with the same minimal length of
unambiguous nucleotides as RCA (34 bp) still resulted in more than 2×
the yield using mapping than from RCA in T. merlini; and slightly

Table 1
Yields of UCE loci and unambiguous nucleotides for Tropicoperdix merlini and T. charltonii using reduced complexity assembly (RCA) and read mapping (mapping)
(see details in Fig. 1).

Taxa Loci % of reference loci Nucleotides % of reference nucleotides

Close reference T. chloropus 4643 – 1,963,658 –
Distant reference G. gallus 4643 – 1,962,780 –
RCA (minimal length of nucleotides is 34 bp) T. merlini 1572 34% 202,051 10%

T. charltonii 211 4.5% 12,715 0.6%
Mapping to close reference (minimal length of nucleotides set to 34 bp) T. merlini 4108 88% 712,956 36%

T. charltonii 230 5% 12,210 0.6%
Mapping to close reference (minimal length of nucleotides set to 10 bp) T. merlini 4321 93% 717,868 37%

T. charltonii 392 8% 16,020 1%
Mapping to distant reference (minimal length of nucleotides set to 10 bp) T. merlini 4216 91% 632,306 32%

T. charltonii 345 7% 14,009 1%
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outperformed RCA for T. charltonii in this instance (Table 1).
The UCE mapping data were sufficient to confidently place

Tropicoperdix within a clade that included peacock pheasants, and two
other partridge genera. Herein we refer to this clade the “peacock
pheasant clade” after its best known member (Fig. 2); this clade is
nested within a larger clade that also includes peafowl and argus
pheasants that was named the “ocellated clade” by Hosner et al.
(2016b). Use of SVDquartets yielded a species tree with strong (> 90%)
bootstrap support for virtually of the nodes (Fig. 2). The concatenated
ML tree showed the same topology, but with 100% bootstrap support
for all nodes (Fig. 3). This UCE dataset also allowed us to evaluate the
relationships among all three species within Tropicoperdix, which were
identical to a previous estimate of phylogeny from mitochondrial genes
and an expectation based on the morphological similarities among
Tropicoperdix species (Chen et al., 2015).

The concatenated ML tree based on the RCA data showed the same
topology and 100% bootstrap support for all nodes (Fig. 3). However,
the branch lengths of T. merlini and T. charltonii were much longer with
the RCA data than the mapping data (Fig. 3), a finding that suggests
RCA leads to more errors and/or more missing data than mapping.
Supporting this, we were able to identify examples of likely assembly
errors in the RCA data (Fig. S2). Use of SVDquartets with the RCA
dataset (Fig. S3) resulted in much lower support than with the mapping
data (Fig. 2), especially within the genus Tropicoperdix, although the
same topology was recovered, the bootstrap support was lower than
50%. This suggests that likely errors and/or missing data in the RCA
data may have a greater impact on SVDquartets. Overall, it seems clear
that our mapping strategy yielded better data than the RCA approach.

3.2. Mapping to closely versus distantly related reference sequences

We recovered a larger number of UCE loci and more unambiguous
nucleotides when mapping to the more closely related reference
(Table 1). However, the differences in the number of loci and un-
ambiguous nucleotides were modest. Indeed, 97% of the T. merlini UCE
loci recovered using the close reference were also recovered using the
distant reference. For T. charltonii, this number was reduced to 88%
(Table 1). In both cases, the number of unambiguous nucleotides re-
covered using the distant reference was only reduced to 87–88% of the
recovery from the close reference (Table 1). An ML tree that combined
sequences recovered from the distant relative to those recovered from
the close relative in the same alignment showed the same topology
within Tropicoperdix, though the bootstrap support within this clade
decreased (Fig. S4). The branch length of T. merlini estimated from the
distant relative was virtually identical to that from the close relative,
but the branch length of T. charltonii estimated from the distant relative
was longer than that from the close relative (Fig. S4).

3.3. Recovery of exons, introns, and mitochondrial genomes by mapping

We obtained 100% of the reference exons from T. merlini and 33% of
exons for T. charltonii by mapping to G. gallus. The number of un-
ambiguous nucleotides for T. merlini was about 61% that of the re-
ference exons, whereas it was only about 1% of the reference sequences
for T. charltonii (Table 2). For introns, we recovered 95% of loci for T.
merlini and 13% for T. charltonii by mapping to the G. gallus reference;
the resolved unambiguous nucleotides were about 39% (T. merlini) and

Fig. 2. Species tree estimated using SVDquartets and UCE data. Tropicoperdix merlini and T. charltonii UCEs were extracted by mapping to the closely-related reference
(T. chloropus). Clade names used in the text are indicated to the right of the figure and the ocellated clade is emphasized using thick lines (red in the online version).
Bootstrap support is indicated below each node when it is less than 100%; all other nodes have 100% bootstrap support. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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2% (T. charltonii) that of the reference introns (Table 2). Finally, we
recovered the complete mitochondrial genomes for T. merlini and T.
charltonii by mapping to the G. gallus mitochondrial genome (Table 2).

3.4. Tree topologies for each data type

To fairly compare phylogenetic trees for different data types, we
excluded T. chloropus from the UCE alignments. The resulting UCE tree
placed the other Tropicoperdix species within the peacock pheasant
clade with 100% bootstrap support (Fig. S5). Further excluding T.

merlini and leaving only the lowest quality T. charltonii data still placed
Tropicoperdix within the peacock pheasant clade, albeit with much
lower support (64%; Fig. S6). The exon tree had 100% bootstrap sup-
port at every node (Fig. 4a). In contrast, using the smaller intron and
mitochondrial datasets led to several nodes (Fig. 4b and c) that were
poorly supported. There were also some poorly supported topological
differences among the trees (though the limited overlapping taxa pre-
vented extensive comparison, especially for the exon tree). The mi-
tochondrial tree failed to place Tropicoperdix in the peacock pheasant
clade, which was recovered by UCEs and introns. With introns, support

Fig. 3. Maximum likelihood (ML) trees for UCEs, with T. merlini and T. charltonii extracted using RCA (thin lines, red in the online version) and mapping to the
closely-related reference (T. chloropus) (thick lines). All nodes had 100% bootstrap support for both analyses. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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for the peacock pheasant clade was extremely low and the recovered
relationship outside the peacock pheasant clade differed from the UCE
tree (Figs. 3 and 4b).

3.5. Assessing factors that affect branch lengths of T. charltonii

T. charltonii, which had lowest quality DNA (Fig. S1) and yielded the
least data (Tables 1 and 2), exhibited longer branches than T. merlini in
all analyses and datasets except the mitochondrial dataset (Figs. 3 and
4, Table 3).

When using the more stringent mapping criterion (minimum 5×
coverage instead of 3×) that should reduce error for the UCEs, we
obtained 3187 loci for T. merlini and 43 loci for T. charltonii, which
included about 40% and 10%, respectively, of the unambiguous nu-
cleotides that were recovered with the 3× coverage (Table S2). Phy-
logenetic analysis of the alignment using the 5× coverage data re-
covered an identical tree topology to that generated using the 3×
coverage UCEs (Fig. S7). We expected that, if sequencing errors explain
the effect on branch lengths, the 5× coverage tree should have shorter
branches than the 3× coverage tree due to the use of more accurate
UCE sequences. However, T. merlini showed virtually identical branch
lengths and the estimates of branch lengths for T. charltonii actually
increased when the 5× coverage dataset was used (Table 3).

The branch lengths of T. charltonii and T. merlini from the gap-free
alignment were shorter than those estimated from the 3× alignment
(Table 3). However, T. charltonii still exhibited a longer branch than T.
merlini and T. chloropus (Table 3, Fig. S8), although the amount of data
in this alignment was very limited (3551 bp).

4. Discussion

We successfully obtained four different types of sequence data using
low coverage shotgun sequencing from approximately 100-year-old
museum specimens using a simple mapping strategy, two of which
corresponded to conserved regions (UCEs and exons), one that corre-
sponded to more variable nuclear regions (introns), and the fourth was
the complete mitochondrial genomes. Our results, therefore, indicate
that it is relatively straightforward to extract a larger amount of se-
quence data from low coverage shotgun sequencing than has often been
done in many previous studies (e.g., Besnard et al., 2016; Hung et al.,
2013; Kanda et al., 2016). It is also possible to obtain multiple types of
sequence data (including UCEs, coding exons, and introns), permitting
detailed comparisons of analyses using those types of data.

4.1. Phylogenetic position of Tropicoperdix

Tropicoperdix was for many years placed in the genus Arborophila.
Since no sequence data was available from this genus until recently, it
was misplaced in meta analyses that use taxonomies (e.g., Jetz et al.,
2012) and absent from “big trees” based on empirical sequence data

generated prior to 2015 (e.g., Burleigh et al., 2015). Most recent esti-
mates of galliform phylogeny (Hosner et al., 2016b; Kimball and Braun,
2014; Wang et al., 2013) break Phasianidae into three major clades: (1)
Arborophilinae (hill partridges and allies); (2) the “non-erectile clade”
(comprising junglefowl, Old World quail, many partridges and franco-
lins, and the peafowl and allies; see Fig. 2); and (3) the “erectile clade”
(sister to the non-erectile clade and comprising turkey, grouse, true
pheasants, true partridges, tragopans, and their allies; see Kimball and
Braun (2008) for details. Chen et al. (2015), who provided the first
molecular data for Tropicoperdix, convincingly demonstrated that Tro-
picoperdix is a member of the non-erectile clade. Instead of weakly
placing Tropicoperdix in the Pavonine clade (which includes Argusianus,
Afropavo, and Pavo; see Fig. 2) (Chen et al., 2015), our UCE dataset
strongly indicated Tropicoperdix should be placed in the peacock-
pheasant clade, the sister group of the Pavonine clade that includes
Haematortyx, Galloperdix, and Polyplectron (Fig. 2).

4.2. Phylogenies estimated using different data types

Studies using relatively small numbers of loci often result in some
poorly supported relationships or conflicting results among studies, as
has been found previously in Phasianidae (e.g. Kimball and Braun,
2014; Wang et al., 2013). Here, the datasets with smaller numbers of
loci and sites showed low support (Fig. 4b, c), and for the mitochondrial
data, placed Tropicoperdix in a different position from the other datasets
(Fig. 4c). The UCE tree, in contrast, recovered high bootstrap support
for all nodes (Figs. 2 and 3), even when only T. merlini and T. charltonii
were included (Fig. S5), though more modest support is found with the
lowest quality T. charltonii data (Fig. S6). This corroborates the ex-
pectation that UCEs have the potential to resolve difficult evolutionary
radiations that have remained unresolved with more traditional data-
sets (but see Meiklejohn et al. (2016) for a study illustrating the po-
tential limits of UCE data). It is also important to note that mitochon-
drial DNA, as well as introns and exons, remain the dominant types of
data available from prior studies, and attempts to synthesize these data
into large trees (e.g., Burleigh et al., 2015; Pyron et al., 2013) are likely
to remain valuable. Extracting introns, exons, and mitochondrial data
allows inclusion of data from museum specimens to be integrated into
these existing datasets. Furthermore, it seems reasonable to recommend
supplementing the recovery of UCE sequences with these other data
types to improve phylogenies (Hosner et al., 2016a; Persons et al.,
2016). These results emphasized the importance for other studies
seeking to clarify the phylogenetic positions of focal species through
low coverage shotgun sequencing to use more than just mitochondrial
and/or a few nuclear loci (e.g., Besnard et al., 2016; Kanda et al., 2016).

Phylogenomic studies have shown that different nuclear data types
(e.g., coding versus UCEs, introns, or conserved non-exonic elements)
can yield different topologies (Edwards et al., 2017; Jarvis et al., 2014;
Reddy et al., 2017). Although we did not observe any clear data type
effects, this may be because our datasets lacked substantial overlap for
comparison. For other studies, however, detecting potential data type
differences, and thus understanding additional sources of uncertainty in
the underlying evolutionary patterns, requires analyzing multiple data
types (Reddy et al., 2017). Sequence capture largely restricts data re-
covery to those regions that are targeted by conserved probes, and so
may primarily yield UCEs (e.g., Faircloth et al., 2012; McCormack et al.,
2016) and/or conserved exonic regions (e.g., Prum et al., 2015).
However, low coverage shotgun sequencing data allowed us to pull out
substantial numbers of UCEs, exons, and introns using a simple map-
ping strategy that could even be used to extract other data types.

4.3. Effects of DNA quantity and quality on sequence recovery

The DNA quantity (134 ng) and quality (average fragment size
lower than 100 bp, Fig. S1) of T. merlini was lower than that of most
bird and mammal museum specimens used in sequence capture studies

Table 2
Yields of exons, introns and mitochondrial genomes by mapping to G. gallus.

Taxa Loci % of
reference
loci

Nucleotides % of
reference
nucleotides

Exon G. gallus 222 – 294,210 –
T. merlini 222 100% 179,135 61%
T. charltonii 74 33% 3452 1%

Intron G. gallus 92 – 43,647 –
T. merlini 87 95% 17,198 39%
T. charltonii 12 13% 760 2%

Mitochondrial
genome

G. gallus 1 – 16,775 –
T. merlini 1 – 16,699 –
T. charltonii 1 – 16,699 –
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(e.g., Hawkins et al., 2016; McCormack et al., 2016). Yet, the recovery
of UCE data from low coverage shotgun sequencing of T. merlini was
similar to those studies. Since low coverage genome sequencing

requires fewer manipulations than sequence capture, it may be ad-
vantageous for limited, low quality DNA that may be prone to con-
tamination. Furthermore, low coverage shotgun sequencing from fresh

Fig. 4. ML trees from different data types obtained by mapping to Gallus gallus: exons (a), introns (b), and the mitochondrial genome (c). Nodes with 100% bootstrap
support are indicated with asterisks *.
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tissue can also be used to extract many different data types (e.g.,
Zimmer and Wen, 2015).

However, the extremely low DNA quantity (2.8 ng) and quality
(fragment size could not be determined) of T. charltonii (Fig. S1) ap-
peared to result in uneven coverage of that genome (see also Bruxaux
et al., 2018). While we were able to recover the complete mitochondrial
genome for T. charltonii, coverage elsewhere was sporadic. In spite of
this, we were still able to place this species robustly with all of our
datasets. Deeper sequencing might increase the recovery of nuclear
regions, but it seems likely that the low amounts of input DNA created
biases in library construction and that deeper coverage would not
substantially improve our results (Bruxaux et al., 2018). Instead, for
such extremely low quantity and quality DNA, sequence capture for
targeted nuclear regions may work better (Blaimer et al., 2016; Knapp
and Hofreiter, 2010), even if sequence capture is not always ideal (as
discussed above).

4.4. Mapping outperforms RCA in the recovery of UCEs

The mapping strategy we used yielded a substantially larger number
of UCE loci and unambiguous nucleotides than the RCA strategy
(Table 1). The main difference between RCA and mapping in UCE ex-
traction is that with RCA reads are assembled prior to extracting UCEs,
while mapping directly mapped reads onto reference sequences without
prior assembly. The highly fragmented DNA extracted from museum
samples could result in DNA segments to be fragmented into several
independent contigs that represent a single UCE locus (or the exons and
introns we tested) during assembly. Most of these “subcontigs” would
not contain the UCE probe sequence, so only one “subcontig” which
contains sufficient UCE probe sequence would be attributed to that UCE
locus, other subcontigs would be discarded. In more extreme cases,
none of these subcontigs may contain sufficient UCE probe sequence, so
that UCE locus would not be recovered. In contrast, mapping may allow
all of these subcontigs to be assigned to the correct locus, maximizing
the recovery for both loci and nucleotides. Therefore, for low coverage
shotgun sequencing from antique DNA, mapping is not only better than
de novo assembly (Kanda et al., 2016; Sproul and Maddison, 2017), it is
also better than RCA for the recovery of usable data.

In addition to recovering fewer loci and nucleotides, the branch
lengths of the ML tree for T. merlini and T. charltonii from RCA were
longer than those from mapping (Fig. 3, Table 3). Although missing
data effects could contribute to this, we found some nucleotides ap-
peared to have been called incorrectly using RCA but were coded as
ambiguous (N’s) with mapping (see Fig. S2 for an example). Although
post-assembly filtering, such as Pilon (Walker et al., 2014), can remove
those incorrect nucleotides, it is time consuming and could increase

levels of missing data, which might further bias branch lengths (see
details below). Thus, mapping can easily increase the accuracy of the
recovered nucleotides, a common problem in analyses of antique DNA
(McCormack et al., 2016).

4.5. Choice of reference sequences

Although we recovered more data using a closely related reference
sequence, we still successfully recovered many UCEs, introns, and exons
using G. gallus as a reference, which is a more distant relative of
Tropicoperdix. There are an increasing number of genome sequences for
diverse organisms have been produced, and it seems likely that it will
soon be possible to obtain genomes as close to any taxa as G. gallus is to
Tropicoperdix. Indeed, efforts such as the G10K (Haussler et al., 2009)
and B10K (Zhang, 2015) projects are already producing potential re-
ference genomes for many vertebrates. The UCE tree topology within
Tropicoperdix was not affected by the use of a closely related versus
more distantly related reference, and the branch lengths of T. merlini
were virtually identical between data extracted using the different re-
ferences (Fig. S4). However, this was not true for T. charltonii, which
had a longer branch when using a more distant relative as a reference
(Fig. S4), suggesting that more closely related references should be
used, when possible, to extract data from extremely low quality DNA.

4.6. Are the observed branch length differences artifactual?

Our results consistently showed that T. charltonii had a much longer
branch length than T. merlini (and, where sampled, T. chloropus) for all
of our nuclear data (Table 3). Such differences could be explained by
one of several different (but not mutually exclusive) hypotheses. It is
possible that T. charltonii evolves at a higher rate, such that the longer
branches accurately reflect the underlying pattern of divergence in that
species. However, given that T. charltonii was also the lowest quality
genome, it is possible that the long branches in T. charltonii could be
driven by a larger number of sequencing errors (McCormack et al.,
2016) or a larger amount of missing data (Darriba et al., 2016). In fact,
it is clear that sequence errors and/or missing data do have an impact
given that we observed highly inflated branch lengths when the RCA
data were used (Fig. 3) and somewhat longer branches when the data
were generated by mapping to a more distant reference (Fig. S4). The
question here is to evaluate factors that affect branch lengths of T.
charltonii in our best method for sequence recovery (i.e., mapping to
closely related references).

Our results suggested that simple error is unlikely to be driving the
branch length differences, since the branch length of T. charltonii was
longer (rather than shorter) when using the 5× coverage dataset that
should have fewer errors (Fig. S7). Since the 5× alignment had more
missing data than the 3× alignment, especially for T. charltonii (90%
fewer nucleotides, Table S2), and the branch length of T. charltonii was
relatively longer in the 5× versus the 3× coverage (Table 3), this does
suggest that missing data may be driving the increased branch length of
T. charltonii. The gap-free alignment directly tested the missing data
hypothesis. As expected, the branch lengths of T. charltonii and T.
merlini were shorter than those estimated from the 3× alignment
(Table 3), suggesting that missing data did impact branch length esti-
mates. However, the branch lengths of T. charltonii were still longer
than T. merlini and T. chloropus in the gap-free alignment (Table 3),
which could indicate processes other than missing data may have an
influence. But it is worth noting that elimination of all sites with
missing data (retaining only 3551 bp), may have reduced the power to
accurately estimate branch lengths.

When considering other data types, the observed branch length
differences for exons was quite similar to those for UCEs, but there was
a larger effect for the intronic data (i.e., the relative branch length for T.
charltonii was even longer, Table 3). In contrast, we did not observe any
obvious branch length differences between T. charltonii and T. merlini in

Table 3
Branch lengths from different UCE datasets, exon, intron and mitochondrial
datasets. UCE mapping datasets were generated from mapping to a close re-
lative. Branch lengths were calculated from the common ancestor of Gallus and
Tropicoperdix to the tips of G. gallus and each Tropicoperdix species.

Dataset To G. gallus To T.
chloropus

To T.
merlini

To T.
charltonii

UCE from RCA 0.0101 0.0122 0.0164 0.025
UCE from mapping with

3× coverage
criterion

0.0101 0.0121 0.0120 0.0133

UCE from mapping with
5× coverage
criterion

0.0102 0.0122 0.0120 0.0198

UCE Gap-free alignment 0.0066 0.0097 0.0085 0.0110
Exon from mapping 0.0125 – 0.0138 0.0158
Intron from mapping 0.0504 – 0.0482 0.0649
Mitochondrial genomes

from mapping
0.1096 – 0.1564 0.1551
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our analysis of the mitochondrial dataset (Fig. 4 and Table 3). Since the
mitochondrial dataset had no missing data, unlike the exon and intron
datasets, these results are also consistent with an impact of missing
data. Thus, while not absolutely definitive, overall these results sug-
gested that missing data may be a major factor resulting in biased
branch length estimates and needs to be considered in studies where
some taxa may have a lot of missing data. Nonetheless, the observed
branch length differences are modest (particularly for UCEs and exons)
when using read mapping with 3× coverage and the topology appeared
to be robust, suggesting that we can obtain reliable data for phyloge-
netic analyses using this strategy.

5. Conclusions

In this study, we explored the potential utility of low coverage
shotgun sequencing from museum specimens. Our results demonstrated
that low coverage shotgun sequencing data can easily be leveraged to
yield substantial amounts of different types of data throughout the
genome, though not all approaches to extract data work equally well. In
addition, we demonstrated some simple tests to look for branch length
effects due to errors and missing data that can be applied in other
studies. This allowed us to place the genus Tropicoperdix with con-
fidence and it opens the door for many research questions that might
require information from different data types from museum specimens
where only degraded and/or limited amounts of DNA are available.
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