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Abstract

Sample availability limits population genetics research on many species, especially taxa from regions with high

diversity. However, many such species are well represented in museum collections assembled before the molecular

era. Development of techniques to recover genetic data from these invaluable specimens will benefit biodiversity

science. Using a mixture of freshly preserved and historical tissue samples, and a sequence capture probe set target-

ing >5000 loci, we produced high-confidence genotype calls on thousands of single nucleotide polymorphisms

(SNPs) in each of five South-East Asian bird species and their close relatives (N = 27–43). On average, 66.2% of the

reads mapped to the pseudo-reference genome of each species. Of these mapped reads, an average of 52.7% was iden-

tified as PCR or optical duplicates. We achieved deeper effective sequencing for historical samples (122.73) com-

pared to modern samples (23.53). The number of nucleotide sites with at least 83 sequencing depth was high, with

averages ranging from 0.89 3 106 bp (Arachnothera, modern samples) to 1.98 3 106 bp (Stachyris, modern samples).

Linear regression revealed that the amount of sequence data obtained from each historical sample (represented by

per cent of the pseudo-reference genome recovered with ≥83 sequencing depth) was positively and significantly

(P ≤ 0.013) related to how recently the sample was collected. We observed characteristic post-mortem damage in the

DNA of historical samples. However, we were able to reduce the error rate significantly by truncating ends of reads

during read mapping (local alignment) and conducting stringent SNP and genotype filtering.
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Introduction

The advent of high-throughput ‘next-generation’ DNA

sequencing methods enables biologists to generate enor-

mous amounts of genetic data from both model and non-

model organisms (Church 2006). For studies of

intraspecific genetic variation, the ideal data set would

be a well-assembled genome and whole-genome rese-

quencing data from numerous individuals. Indeed, this

approach is starting to be applied to some long-studied

nonmodel organisms (e.g. Ellegren 2014). However,

whole-genome resequencing is prohibitively expensive

for many systems and inefficient for many questions

where a sampling of loci from across the genome would

suffice. In these situations, methods that rapidly and reli-

ably generate data from a reproducible subset of the

genome are desirable, especially when they are scalable

to large numbers of individuals.

The class of techniques that have received the most

attention in this regard are collectively called genotyping

by sequencing or restriction-site-associated DNA

sequencing (RAD-Seq). These techniques are relatively

inexpensive, simple to implement, and can deliver data

on tens of thousands of markers from hundreds of indi-

viduals (Davey et al. 2013). However, genotype calls

from these techniques can be sensitive to changes in the

bioinformatic pipelines used to produce them, partly

because they typically lack a reference genome or any

prior sequence information to aid in locus assembly and

orthology determination (Harvey et al. 2015; Leache et al.

2015). Another problem is allelic dropout. As sequence

divergence accumulates, some restriction sites are lost,

and it becomes impossible to sequence the associated

alleles. Further, because most RAD-Seq approaches use

fragment size selection to achieve complexity reduction

(Puritz et al. 2014), they may not work effectively on
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degraded DNA samples. Finally, because RAD-Seq

determines targets using only restriction sites, it is less

suitable for samples likely to contain heterogeneous mix-

tures of DNA, such as historical samples contaminated

with exogenous materials, faecal samples or environ-

mental samples (Jones & Good 2016).

An alternative approach to reducing genomic com-

plexity is DNA sequence capture or target enrichment

(Gnirke et al. 2009; Jones & Good 2016). Essentially,

sequence capture methods use the affinity of RNA or

DNA probes to isolate complementary sequences out of

a larger pool of DNA fragments, thus facilitating rapid,

high coverage sequencing of numerous targeted loci of

specific interest. These techniques have been applied in

many ways. Examples include estimation of genetic

diversity of extinct species (Briggs et al. 2009); simulta-

neous identification of hosts, parasites and pathogens

(Campana et al., 2016); and estimation of deep phyloge-

netic relationships (McCormack et al. 2012; Faircloth

et al. 2015). For nonmodel organisms, much of the

developmental work has focused on exon-based cap-

ture probe sets (Bi et al. 2013; Good et al. 2013; Li et al.

2013), or probe sets based on highly conserved genomic

elements that may have wider phylogenetic applicabil-

ity (Faircloth et al. 2012; Lemmon et al. 2012; Penalba

et al. 2014).

One recent development in sequence capture is to use

conserved loci as probes to generate data for investigat-

ing intraspecific processes, such as population structure

and divergence time (Harvey et al. 2013; Smith et al.

2014; McCormack et al. 2015). Using such ‘universal’

probe sets to generate population genomic data will

greatly benefit and simplify studies of species with few

genomic resources, because it alleviates the need to cre-

ate custom species- or genus-specific probe sets (e.g. Gar-

diner et al. 2014). While this strategy of generating data

is promising and the above studies showed ample

genetic variation in flanking regions of conserved loci,

investigators should keep in mind that the data may be

affected by molecular signatures of natural selection

when making population genetic inferences (Jones &

Good 2016).

The ability to generate population genetic data from

historical samples using sequence capture is significant

because it can facilitate study of historical populations

that predate the Anthropocene (Bi et al. 2013), as well as

species that occupy regions that are currently closed to

collection of modern museum specimens and genetic

resources (e.g. Afrotropics; Stoeckle & Winker 2009). For

the study of contemporary populations, lack of well-pre-

served genetic samples from some regions hampers our

abilities to decipher region-wide phylogeographic pat-

terns, detect hidden diversity and delineate zones of

genetic transition. This is unfortunate because many

biologically diverse regions also suffer from high rates of

habitat loss (Hansen et al. 2010; Miettinen et al. 2011).

Without knowledge of the distribution and distinctive-

ness of a region’s biological diversity, creation of sound

conservation strategies is fraught with difficulties. In

such cases, museum specimen collections can be a valu-

able source of DNA if various technical challenges are

overcome (Houde & Braun 1988). By facilitating phylo-

geographic and population genomic studies in many

heretofore poorly known regions, the emerging field of

archaeogenomics will also help shed light on mecha-

nisms that underlie differences in diversification on a

global scale (Shapiro & Hofreiter 2014; Hofman et al.

2015).

Here, we test the utility of sequence capture from

both modern and historical samples with a probe set

based on genomic elements conserved across the

amniote tree [ultraconserved elements (UCEs)] (Faircloth

et al. 2012). Our goal was to conduct single nucleotide

polymorphism (SNP) discovery and genotyping in five

species of South-East (SE) Asian birds. While using his-

torical samples helps to fill in sampling gaps, it also

poses challenges, because DNA derived from historical

samples is more fragmented and suffers from various

other post-mortem damages. Principal types of damage

include preferential occurrence of strand breaks immedi-

ately 30 of purine residues (A or G) and a higher rate of C

to T misincorporation at the 50 end of reads (and G to A

misincorporation at the 30 end) due to increased deami-

nation of C residues along single-stranded overhangs

(Briggs et al. 2007; Brotherton et al. 2007). Read mapping

and variant filtering strategies that help to control these

errors are described. We further describe the amounts of

data recovered at each stage of the bioinformatic pipeline

and test how they are influenced by different experimen-

tal factors. Our study shows a diminishing return in per

cent of target recovered as sequencing depth increases,

especially in historical samples. Nonetheless, a large

number of high-confidence SNPs were recovered from

both modern and historical samples (>3000 SNPs per

sample). This study illustrates the promising strategy of

rapidly investigating heretofore poorly studied species

and biogeographic regions with thousands of markers

using a combination of powerful sequence capture tech-

niques and challenging museum samples.

Materials and methods

Sampling and DNA extraction

For this study, we used 185 samples from the following

five bird species: Arachnothera longirostra (Nectariniidae),

Irena puella (Irenidae), Niltava grandis (Muscicapidae),

Pycnonotus atriceps (Pycnonotidae) and Stachyris nigriceps
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(Timaliidae). We further included nine outgroup sam-

ples that belong to the same or closely related genera

(Appendix). Each focal species was represented by 30–47
samples (average = 37). Overall, 70.3% (N = 137) of the

samples were historical, consisting of ~2 9 2 mm slices

from toe pads of museum specimens. Five historical

specimens were of unknown age; the rest ranged from 27

to 142 years (average = 77 years). The remaining sam-

ples were modern muscle (N = 55) or blood (N = 2) spec-

imens, freshly preserved in the field and stored as

genetic resource materials in freezers. In the field, these

fresh materials were first preserved either in 90–95%
EtOH (muscle) or lysis buffer (blood) (Seutin et al. 1991).

All modern muscle samples were associated with

museum voucher specimens; the two blood samples

were unvouchered.

DNA was extracted from historical samples in a

dedicated, PCR-free extraction facility at the Smithso-

nian Conservation Biology Institute (Washington, DC).

This facility has been used successfully to conduct

genetic studies using various degraded materials such

as subfossils, animal faeces and bird toe pads (Cooper

et al. 1996; Paxinos et al. 1997; Dumbacher et al. 2003).

During extraction, strict protocols were followed to

minimize cross-contamination among samples (e.g. UV

irradiation of equipment and buffer before each ses-

sion, bleaching work surfaces and changing gloves

between samples, use of filtered tips in all pipetting

steps). No more than 22 samples were processed dur-

ing each laboratory session, and they were always

accompanied by two negative controls. Each toe pad

was cut into finer pieces, placed in 600 lL extraction

buffer (0.01 M Tris-EDTA, 0.02 M EDTA, 0.01 M NaCl,

1% w/v sodium dodecyl sulphate, 0.1 mg/mL Protei-

nase K and 10 mg/mL dithiothreitol) and incubated on

a rotator at 55 °C for 24 h. DNA was then isolated

from the digested products using a combination of

phenol–chloroform extraction and ultrafiltration (Ami-

con Ultra-4 filter units, 30 kDa). Negative controls from

each extraction batch were tested for contamination via

PCR using bird-specific primers that target a 307-bp

portion of the cytochrome b gene (Paxinos et al. 2002).

No false positives were detected. DNA of modern sam-

ples was extracted with the Qiagen DNeasy Blood and

Tissue kit or with an Autogen Gene Prep machine

using the ‘Animal Tissue’ protocol and later stored at

�20 °C.

Library preparation and sequencing

Prior to library preparation, DNA from modern samples

was sheared in a Qsonica Q800R1 sonicator (25% ampli-

tude, 10 s on to 10 s off, and a total shearing time of

1 min). Historical DNA samples were not subjected to

shearing because they were already fragmented. Both

sets of DNA were then quantified using Qubit 2.0 Fluo-

rometer (Thermo Fisher Scientific). We prepared Illu-

mina TruSeq sequencing libraries using the KAPA

Biosystem Library Preparation Kit. For each library, we

used 100 lL of DNA as starting material. We diluted

modern DNA down to 10 ng/lL if the original concen-

tration exceeded this amount, to achieve a maximum

starting quantity of 1000 ng. Dilution was not done for

historical DNA, or modern DNA with concentration

lower than 10 ng/lL. Thus, the amount of starting DNA

from modern and historical samples averaged 845.5 and

448.4 ng, respectively, and was more variable for histori-

cal samples (Appendix). The protocols we followed for

library preparation can be found in http://ultracon-

served.org/#protocols. Briefly, we conducted on-bead

ligation of universal Y-adaptors followed by 10 cycles of

PCR to attach Illumina binding sequences and two 8-bp

index sequences that uniquely identified each sample

(Glenn et al. 2016). We used two 25 lL reactions per sam-

ple instead of the usual one to reduce experimental error

from biased PCR amplification and other sources.

Library preparation for historical samples was carried

out in the above-mentioned historical DNA laboratory

up to the limited cycle PCR step, while libraries for mod-

ern samples were prepared in a conventional molecular

laboratory.

To enrich for UCEs, we used MYbaits tetrapods 5K

capture kits from MYcroarray, Inc. This probe set uses

5 472 120-mer RNA baits to target 5060 UCE loci. Enrich-

ment experiments for historical and modern samples

were conducted separately. For each enrichment, we

pooled libraries from four historical or 6–8 (aver-

age = 7.1) modern samples in equal mass ratios to yield

a total of 500 ng starting material. We followed the man-

ufacturer’s protocol (version 2.3.1) for the enrichment

experiments, but replaced the kit’s blocking agent (hu-

man Cot-1 DNA) with chicken Cot-1 DNA (Applied

Genetics Laboratory). After enrichment, we conducted

18-cycle PCR to increase the amount of products and val-

idated enrichment using qPCR with primer sets that tar-

get eight randomly selected UCE loci. Next, we

conducted size selection on the enriched products

(350–650 bp for libraries derived from modern DNA and

200–500 bp for libraries from historical DNA) using

BluePippin 2% agarose gel cassettes (Sage Science). Qual-

ity and quantity of the libraries were checked on agarose

gels, an Agilent Bioanalyzer (Agilent Technologies;

Fig. S1, Supporting information) and a Qubit Fluorome-

ter (Thermo Fisher Scientific). Finally, libraries were

pooled in equal mass ratios and sent to BGI Americas for

100-bp paired-end sequencing on an Illumina HiSeq

2000 [two lanes for historical samples and one partial

lane (90%) for modern samples].
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Assembly and variant calling

Reads were first demultiplexed using Casava version

1.8 (Illumina, Inc.). We then employed illumiprocessor

version 2 (a trimmomatic version 0.3 based wrapper)

to conduct batch quality control (e.g. read trimming,

adaptor sequence removal) on the raw reads using

default settings (Faircloth 2013; Bolger et al. 2014).

Cleaned reads (reads that passed trimmomatic filtering)

were inspected with FastQC version 0.10.1

(www.babraham.ac.uk) and Geneious version 7.0.6

(www.geneious.com) to ensure that reads were of high

quality and adaptor read-through was absent. We then

assembled reads from a subset of individuals of each

target species to create a pseudo-reference genome for

that species. This strategy alleviated the computational

demand of having to conduct de novo assembly of all

individuals and is a commonly adopted strategy when

creating pseudo-reference genomes (e.g. Hird et al.

2011).

We used the program ABySS version 1.3.7 wrapped

inside the python script assemblo_abyss.py (a compo-

nent of the Phyluce version 2 pipeline) to individually

assemble reads from 10 to 15 modern and historical sam-

ples from each species (Simpson et al. 2009; Faircloth

et al. 2012). As shown in Results, a subset of individuals

per species was sufficient to create a pseudo-reference

genome that contained most (>97.5%) of the targeted

UCE loci because of the large amount of sequencing

done per individual. Prior to assembly, we tested a range

of kmer sizes (25–55 bp) and selected the optimal size

(ranging from 35 to 39 bp) based on assembly continuity

statistics output by the perl script ABySS-fac. The assem-

bled reads were matched against probe sequences using

a Phyluce version 2 python script, match_con-

tigs_to_probes.py, to remove probes and assembled con-

tigs that did not have one-to-one relationships.

Sequences of contigs that passed this test were exported

in fasta format and aligned locus by locus for each spe-

cies using the Phyluce script seqcap_align.py (using

MAFFT version 7.13 as the aligner, –no-trim option

selected, minimum of two individuals per alignment).

Alignments were exported into Geneious and those with

low (<95%) pairwise sequence identity were manually

inspected and corrected or discarded. Consensus

sequences of these alignments were then generated using

0% threshold and combined to produce pseudo-refer-

ence genomes for use in subsequent mapping steps (one

pseudo-reference genome per species). When construct-

ing a consensus sequence from an alignment using a 0%

threshold, a variable site was either called as the most

common nucleotide in the alignment, or given an IUPAC

ambiguity code if two or more nucleotides were equally

common.

Mapping of cleaned paired-end reads to the pseudo-

reference genome was conducted using bowtie2 version

2.2 and the following options: local alignment (ends of

reads can be soft-clipped), very sensitive alignment (a

preset option) and maximum of one mismatch allowed

in a seed alignment (Langmead & Salzberg 2012). We

then sorted the generated BAM files and used Picard

tools version 1.122 to identify optical and PCR duplicates

based on the coordinates of reads on the pseudo-refer-

ence genome (http://broadinstitute.github.io/picard/).

The Picard tools program MarkDuplicates uses 50 coordi-
nates and mapping orientations of read pairs to identify

duplicates, taking into account existing clippings and

gaps in the alignment. Next, the GATK version 3.2 Indel-

Realigner tool was used to improve local alignments in

BAM files and better account for indels by minimizing

mismatches across all reads in a multisample BAM file

(McKenna et al. 2010). Finally, we used GATK Haplo-

typeCaller and GenotypeGVCFs tools to conduct single-

sample and joint genotype calling, respectively.

Data evaluation and statistical analysis

A number of metrics were calculated to evaluate how

experimental variables affected the amount of quality

data generated. First, we calculated the number of

cleaned read pairs per sample as a measure of the

sequencing effort expended per sample. Using analysis

of variance (ANOVA) and analysis of covariance

(ANCOVA) scripts (R Development Core Team, 2014),

we then tested whether the amount of starting DNA or

variation among enrichment pools affected the propor-

tion of reads mapping to pseudo-reference genomes (on-

target reads) or the rate of read duplication. To calculate

depth of sequencing at every pseudo-reference genome

site, we applied the GATK DepthofCoverage tool to the

deduplicated and indel-adjusted mapped reads of each

sample. When calculating sequencing depth, we ignored

bases with Phred quality score below 10 and reads with

root-mean-square (RMS) mapping quality below 30. For

each historical sample, we further evaluated the propor-

tion of the pseudo-reference genome that had ≥89
sequencing depth (hereafter as target coverage) and

determined, using linear regression, whether it corre-

lated with the age of the sample. For each statistical anal-

ysis, diagnostic plots (e.g. residuals vs. fitted values,

normal Q–Q) were inspected to ensure that there was no

significant violation of assumptions.

Post-mortem damage in historical DNA, such as high

rates of C ? Tor G ? A misincorporation at read ter-

mini, may have negative effects on the accuracy of vari-

ant calling, especially at low levels of sequencing depth

(Parks & Lambert 2015). We therefore assessed DNA

damage patterns in mapped reads of historical samples
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using mapDamage version 2.0 by looking at (i) frequency

of different nucleic acid residues at positions upstream

and downstream of the start/end of reads; and (ii)

empirical and posterior probability of different base sub-

stitution types at the beginning and end of each read

(Jonsson et al. 2013). When running mapDamage, we

used default settings and 60 000 MCMC iterations (first

10 000 iterations discarded as burnin). Trace plots of var-

ious model parameters were inspected to ensure that

convergence was reached.

Variant filtering and DNA damage assessment

Using Variant Call Format (VCF) files produced by the

GenotypeGVCFs tool, we carried out site and genotype

filtering using GATK version 3.2 VariantFiltration tool

and VCFtools version 0.1.13 (Danecek et al. 2011), respec-

tively. We removed sites where reference and alternate

alleles have statistically different locations along reads

(GATK ReadPosRankSum test; e.g. testing if alternate

alleles tend to be found at the ends of reads) or statisti-

cally different base quality (GATK BaseQRankSum test),

as well as sites whose reference and alternate alleles

occurred in reads with statistically different mapping

qualities (GATK MQRankSum test). As these rank sum

tests produced z-scores, we removed sites with scores

falling outside of the 2.5th (z < �1.96) and 97.5th

(z > 1.96) percentile. Additionally, we removed sites

whose reference and alternate alleles show significant

read strand bias (GATK FisherStrand test, removing sites

with Phred-scale P-value >20). Finally, we removed sites

supported by reads whose average RMS mapping qual-

ity fell below a Phred score of 30. At the level of individ-

ual genotypes, we removed those (rendering a

previously called genotype uncalled) that had a geno-

type quality (GQ) falling below 13 and those with (dedu-

plicated) sequencing depth (DP) falling below eight.

We wished to ascertain whether post-mortem damage

in historical samples had a major impact in elevating

C ? T and G ? A substitutions compared to other sub-

stitution types (e.g. C ? A, A ? T). After variant filter-

ing for each species group, we compared the number of

C ? T and G ? A substitutions between modern and

historical samples, with C and G being the reference alle-

les, while T and A represent the corresponding alternate

alleles. These ratios were then compared against those

for all other substitution types combined using z-test of

proportions. An individual heterozygous for the alter-

nate allele (e.g. genotype C/T) is considered to represent

one C ? T substitution if the reference allele is C. On

the other hand, a homozygous T/T individual is consid-

ered to represent two C ? T substitutions if the refer-

ence allele is C. The comparison of C ? T (or G ? A)

ratio between modern and historical samples against the

corresponding ratio for all other substitution types con-

trols for differences in sample make-up (i.e. the number

of modern samples vs. historical samples) among species

groups and assumes that there is no interaction between

sample age and substitution type on genotyping success.

Results

We obtained 169 million pairs of raw reads for the 57

modern samples from one partial Illumina lane. The two

lanes containing 68 and 69 historical samples produced

222 million and 202 million pairs of reads, respectively.

Overall, 28.0% of modern and 11.7% of historical

libraries failed, not producing enough reads (less than a
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tively.
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few hundred thousand per sample) for genotyping many

SNPs present in other samples Appendix). The quantity

of starting DNA was not an important factor behind

library failure for either modern (Mann–Whitney U-test,

U = 384.0, P = 0.324) or historical samples (Mann–Whit-

ney U-test, U = 786.5, P = 0.182). Therefore, failure could

be related to other factors such as degradation of previ-

ously extracted DNA (some modern samples), lack of

endogenous DNA, contamination of historical samples

with exogenous DNA or biased enrichment of libraries

during pooled probe DNA hybridization reactions. Both

the average number of raw read pairs and read pairs that

passed trimmomatic filtering were slightly higher in

modern samples compared to historical samples, which

is expected given the slightly higher sequencing effort

for modern samples (Fig. 1, Table 1 and Appendix).

There was not a strong pattern of sequencing bias among

libraries of the same enrichment pool (Figs. S2 and S3).

The average coefficient of variation (CV) in the number

of cleaned read pairs produced per library was lower for

enrichment pools containing historical samples (aver-

age = 73.31%) compared to those for modern samples

(average = 86.50%), but the difference was not significant

statistically (t-test, P = 0.149).

Alignment of assembled contigs of a subset of 10–15
individuals from each species produced pseudo-refer-

ence genomes of the following sizes: A. longirostra (4934

UCE loci, average locus length = 432.8 bp), I. puella

(4968 UCE loci, average locus length = 348.0 bp),

N. grandis (4950 UCE loci, average locus

length = 719.5 bp), P. atriceps (4933 UCE loci, average

locus length = 346.0 bp) and S. nigriceps (4946 UCE loci,

average locus length = 705.1 bp). The proportion of on-

target reads ranged from 15.0% to 94.1%, with historical

samples having a higher average rate 70.2% (�17.8%,

SD) than modern samples 54.5% (�28.2%) (Fig. S4,

Table 1, Appendix). Many off-target reads assembled

into contigs that mapped to mitogenomes of closely

related species (data not shown). Nested ANOVA

showed that both sample type (modern vs. historical)

and enrichment pool were highly significant factors

behind on-target rate (Table 2). However, after two out-

lier modern pools were excluded, only the latter

remained a significant factor; historical samples still pos-

sessed a higher on-target rate, but the difference was not

significant statistically (Table 2). For historical samples,

the amount of starting DNA used during library prepa-

ration did not affect on-target rate, but enrichment pool

was an important factor (Table 2).

The proportion of reads detected as duplicates was

high. The overall proportion of duplicated reads was

57.2%, and historical samples had a lower average

(48.2 � 17.3%) than modern samples (83.9 � 7.6%)

(Fig. S5, Table 1, Appendix). Based on nested ANOVA, T
a
b
le

1
M
et
ri
cs

sh
o
w
in
g
sa
m
p
le

si
ze
s
an

d
th
e
am

o
u
n
t
o
f
d
at
a
re
co
v
er
ed

at
d
if
fe
re
n
t
st
ag

es
o
f
th
e
b
io
in
fo
rm

at
ic
p
ip
el
in
e.
S
iz
e
o
f
p
se
u
d
o
-r
ef
er
en

ce
g
en

o
m
es

ar
e
as

fo
ll
o
w
s:

A
.
lo
n
gi
ro
st
ra

2
13
5
58
3
b
p
,
I.
pu

el
la
1
72
8
80
8
b
p
,
N
.
gr
an
di
s
3
56
1
34
8
b
p
,
P
.
at
ri
ce
ps

1
70
7
07
9
b
p
an

d
S
.
n
ig
ri
ce
ps

3
48
7
31
1
b
p

S
p
ec
ie
s

g
ro
u
p

S
am

p
le

ty
p
e

S
ta
rt
in
g

sa
m
p
le

si
ze

F
in
al

sa
m
p
le

si
ze

(s
u
cc
es
sf
u
l

li
b
ra
ri
es
)

A
v
g
.
n
o
.o

f

cl
ea
n
ed

re
ad

p
ai
rs

S
D

o
f
n
o
.o

f

cl
ea
n
ed

re
ad

p
ai
rs

A
v
g
.
b
o
w
ti
e2

m
ap

p
in
g

ra
te

(%
)

A
v
g
.
re
ad

d
u
p
li
ca
ti
o
n

ra
te

(%
)

A
v
g
.s
eq

u
en

ci
n
g

d
ep

th

A
v
g
.

ta
rg
et

co
v
er
ag

e
(%

)

A
v
g
.t
ar
g
et

co
v
er
ag

e

(s
it
es
)

A
ra
ch
n
ot
he
ra

H
is
to
ri
ca
l

22
19

3
35
8
94
1

3
05
2
34
5

69
.8

44
.2

92
.3

57
.6

1
22
9
42
1

M
o
d
er
n

16
11

3
54
9
98
5

1
35
0
49
2

39
.8

87
.1

12
.8

41
.9

89
3
83
9

Ir
en
a

H
is
to
ri
ca
l

43
38

2
87
7
02
7

1
76
5
76
6

65
.2

48
.8

90
.7

59
.5

1
02
8
27
7

M
o
d
er
n

6
5

4
07
9
16
5

2
86
0
60
5

62
.7

90
.9

22
.4

58
.0

1
00
3
05
4

N
il
ta
va

H
is
to
ri
ca
l

23
19

2
84
7
85
6

1
56
4
88
5

77
.8

50
.7

55
.7

35
.8

1
27
6
65
0

M
o
d
er
n

9
8

3
71
4
94
9

1
62
9
69
0

65
.7

82
.2

16
.9

51
.5

1
83
2
31
4

P
yc
n
on
ot
u
s

H
is
to
ri
ca
l

25
24

4
60
7
25
0

4
02
9
23
1

74
.5

46
.3

18
9.
9

60
.4

1
03
0
64
9

M
o
d
er
n

11
7

3
16
9
55
9

1
59
0
73
0

59
.4

84
.5

22
.6

58
.4

99
7
66
6

S
ta
ch
yr
is

H
is
to
ri
ca
l

24
21

3
09
8
87
1

2
05
9
99
9

67
.6

50
.4

56
.1

33
.7

1
17
4
22
7

M
o
d
er
n

14
10

4
39
4
51
5

1
35
5
61
6

54
.4

77
.7

27
.4

56
.9

1
98
3
23
4

© 2016 John Wiley & Sons Ltd

UCE CAPTURE FROM MUSEUM AND MODERN BIRD SAMPLES 1209



sample type and enrichment pool were again significant

factors behind read duplication rate (Table 2). Analysis

of covariance showed that, in historical samples, higher

starting DNA quantities resulted in lower duplication

rates, and enrichment pool remained an important factor

(Table 2). We did not test modern samples with similar

ANCOVA because the amount of starting DNA was less

variable; most modern sample libraries (80.5%) had close

to the maximal amount (>950 ng) of starting DNA.

Target region size (i.e. total length of the pseudo-

reference genome) for the five study species ranged from

1.70 9 106 bp (P. atriceps) to 3.56 9 106 bp (N. grandis)

and was closely correlated with the average length of loci

assembled for each species reported above (Table 1).

Because these pseudo-reference genomes encompassed

both the UCEs and their flanking regions, they were 2.6–
5.59 larger than the region covered by the UCE probes

alone (~650 000 bp). As expected, individual sites within

a target region varied greatly in their sequencing depth

(Figs 2 and S6). Averaged across the entire target region,

historical samples possessed higher per-site sequencing

depth (across-sample average = 122.79) than modern

samples (across-sample average = 23.59; Table 1,

Appendix). However, although historical samples, on

average, had at least twice the per-site sequencing depth

compared to modern samples of the same species group,

target coverage in historical samples was generally simi-

lar to or smaller than that of their modern counterparts

(Table 1). This is likely a result of sequencing depth in

historical samples being less even across each locus. In

other words, mapped reads generated from historical

samples tended to concentrate around the baited regions

(covered by actual probes) because of the smaller library

insert sizes, resulting in lower sequencing depth in the

flanking regions (Fig. 2 and Fig. S7). While increasing

the sequencing depth of a sample increased target cover-

age, the relationship was not linear (Fig. 3). Instead, we

obtained a diminishing return in the extent of the target

region that was covered as sequencing depth went up.

Nonetheless, sequence capture was able to achieve a

very large number of sites sequenced 8 or more times in

every species group, with averages ranging from

0.89 9 106 bp (Arachnothera, modern samples) to

1.98 9 106 bp (Stachyris, modern samples) (Table 1). His-

torical samples of all species showed significant positive

relationships between how recently samples were col-

lected and the amount of quality sequence data obtained

from each sample (represented by target coverage)

(Fig. 4 and Table 3). Goodness of fit of regression, as

measured by R2, was highest in A. longirostra (0.93), fol-

lowed by the other species (R2 = 0.30–0.52).
Based on mapDamage analysis of the fully processed

and mapped reads of historical samples, the rates for C

to T substitution at the 50 end of reads and G to A substi-

tution at the 30 end of reads were low (<2%) and do not

show an increasing trend towards the ends of each read

Table 2 Results of nested ANOVA and ANCOVA tests showing factors that influenced various data recovery metrics

Metric

Statistical

test Factors

Degree of

freedom Mean square F value P

On-target

rate

Nested ANOVA Sample type (modern vs.

historical)

1 7480.0 211.5 <0.0001

Enrichment pools nested

within sample type

40 1638.0 46.3 <0.0001

Residuals 120 35.0

Nested ANOVA* Sample type (modern vs.

historical)

1 6.90 0.179 0.673

Enrichment pools nested

within sample type

38 1130.4 29.468 <0.0001

Residuals 110 38.4

ANCOVA

(historical

samples only)

Input DNA amount 1 1.50 0.083 0.774

Enrichment pools 33 1101.7 62.6 <0.0001
Residuals 86 17.6

Read duplicate

rate

Nested ANOVA Sample type

(modern vs. historical)

1 3.91 538.4 <0.0001

Enrichment pools nested

within sample type

40 0.074 10.24 <0.0001

Residuals 120 0.0073

ANCOVA

(historical

samples only)

Input DNA amount 1 0.19 19.63 <0.0001
Enrichment pools 33 0.078 7.81 <0.0001
Residuals 86 0.0099

*Two outlier enrichment pools (8.22.14.pool1 and 8.22.14.pool2) composed of modern samples were excluded.
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(see Fig. S8 for plots based on five exemplar samples,

and Fig. S9 that includes approximate Bayesian estimates

of C ? T, G ? A and other substitutions). On the other

hand, if bases at the ends of reads soft-clipped by bow-

tie2’s local alignment algorithm are taken into account,

the expected trend of increasing C ? T or G ? A substi-

tutions at the ends of reads is evident (Fig. S10). Addi-

tionally, damage assessment reveals a characteristic

increase in purine frequency just before the start of reads

(due to strand breakage 30 of purines) and a correspond-

ing decline in pyrimidine frequency at the same position

(Fig. S10).

For each species group, after SNP filters were applied,

61.5–79.8% of the SNPs were removed compared to the

number of raw SNPs. After filtering, the number of

variable UCE loci in each species group ranged from 753

(Irena) to 4051 (Niltava), and the total number of SNPs

per species group ranged from 3919 (Irena) to 18 472

(Niltava) (Table 4). Within each species group, modern

and historical samples generally had similar numbers of

high-confidence, filtered genotype calls (Fig. S11). The

highest number of called genotypes per sample was

found in Niltava (average = 14 707.9) and the lowest in

Irena (average = 3310.8). The level of data completeness

was generally high, and the number of SNPs represented

in 80% or more of the samples within a species group

ranged from 1748 (Arachnothera) to 10 060 (Niltava)

(Table 4). We found a slight to moderate increase in

C ? T (0.8–13.0%) or G ? A (1.6–10.3%) substitutions

in historical samples compared to the level expected
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based on other substitution types (Table 5). Based on

z-tests of proportions, all but two of the increases were

significant at P = 0.01.

Discussion

This study is similar to a recently published paper that

applied the UCE probe set to toe pad samples of the

western scrub jay (Aphelocoma californica) (McCormack

et al. 2015), but our paper contains some important dif-

ferences. To assess the amount of data recovered, we

used metrics based on uniquely mapped reads – depth

of sequencing and proportion of target region

covered – whereas McCormack et al. (2015) used

length and number of de novo assembled UCE loci.

Additionally, we included modern samples in our

study, thus allowing direct comparison of data recov-

ery between modern and historical samples. Finally,

we also conducted an in-depth analysis of post-mor-

tem damage of historical DNA.

Our study echoes McCormack et al.’s (2015) findings,

showing that it is possible to obtain accurate genotype

data on thousands of SNPs from hundreds to thousands

of independent UCE loci at the intraspecific level. Com-

pared to studies that used the same or a smaller UCE

probe set (Smith et al. 2014; McCormack et al. 2015), our

study reveals a slightly higher number of SNPs per UCE

locus (their studies: 1.9–3.2 per locus; our study: 2.6–5.2
per locus), which is related to the inclusion of outgroup

taxa. With the closely related outgroup taxa removed,

the number of SNPs per locus dropped to 2.4–3.6. Smith

et al. (2014) also found 52.7–77.1% of loci to be polymor-

phic in each of five bird species, similar to the 35.0–81.8%
observed in our study. Success in generating genotype

data is evident in both modern and historical samples.

Not only do modern and historical samples of the same

species have similar number of called genotypes, many

of the SNPs are well represented across modern and his-

torical individuals of the same group. This high-quality

genotype information can subsequently be outputted in

the form of independent SNPs, phased haplotypes or

unphased diploid genotypes. These data have been

shown to be useful in a variety of downstream popula-

tion-level analyses, such as identification of population

structure and admixture (Harvey et al. 2013; McCormack

et al. 2015) and estimation of population divergence his-

tory (Smith et al. 2014).

While using a widely applicable, conserved probe set

to genotype many species reduces the need to design

custom probe sets, more also needs to be learned about

how UCEs and their flanking regions behave evolution-

arily. It is possible that the flanking regions are subjected

to some background selection, resulting in reduced vari-

ation and biased allele frequencies (Hahn 2008). Just as

the lack of strict neutrality is common to many molecular

markers (e.g. Bazin et al. 2006; Hodgkinson et al. 2013),

we recommend that population-level studies using con-

served loci as probes include tests of signatures of molec-

ular selection or use other marker types as well, so that

concordance of inferences can be assessed (Reed et al.

2005; Harvey et al. 2013; Vitti et al. 2013). To circumvent

the inability of RAD-Seq techniques to handle degraded

DNA or heterogeneous DNA mixtures, and the cost

associated with designing and manufacturing custom

sequence capture probes, some authors have recently

developed creative ‘hybrid’ approaches that are both

easy to implement and highly specific. One is to create
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probes in-house by simply using PCR products of tar-

geted loci as probes (Maricic et al. 2010; Penalba et al.

2014). Another is to add biotin to enzyme-digested DNA

sequences (the RAD sequences) and apply them as

sequence capture probes on more degraded samples

(Suchan et al. 2015).

Experimentally, the ability to generate unique

mapped reads is dependent on many factors, such as

sequencing effort, amount of starting DNA, DNA frag-

ment size, level of library multiplexing during enrich-

ment (probe:DNA ratio) and enrichment conditions

(Mamanova et al. 2010; Paijmans et al. 2016). While

Table 3 Results of linear regression between the year a sample was collected and the percentage of target region with 89 sequencing

depth. Only historical samples with known collection year were used in this analysis. One outlier sample was removed from Arach-

nothera, two samples with unknown collection year were removed from Irena, and two samples with unknown collection year were

removed from Pycnonotus. Results in which the dependent variable (target coverage) was subjected to arcsine square root transforma-

tion were very similar and as such are not shown

Species group Sample size

Estimated

coefficient SE t P R2 adjusted R2

Arachnothera 18 0.716 0.051 14.1 <0.001 0.926 0.921

Irena 36 0.267 0.061 4.42 <0.001 0.365 0.346

Niltava 19 0.370 0.107 3.47 0.003 0.415 0.380

Pycnonotus 20 0.381 0.139 2.75 0.013 0.296 0.257

Stachyris 21 0.388 0.085 4.55 <0.001 0.521 0.496
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evaluating the impact of many of these factors is

beyond the scope of our study, analysis of performance

metrics provides useful insight into how to improve

data yield. First, given a fixed overall sequencing effort,

it is important to ensure that the number of reads gen-

erated from different samples is as uniform as possible.

Other than having similar number of samples per

sequencing lane and normalizing library concentration

before pooled enrichment, another step that can be

adopted to ensure even sequencing is to have fewer

libraries per enrichment pool (Hawkins et al., 2015).

When capturing mammalian mitogenomic sequences,

Hawkins et al. (2015) demonstrated that pooling more

libraries per enrichment increased skew in the number

of reads generated per sample, possibly a result of the

increased significance of pipetting error when pooling

smaller volumes of liquid and/or increased intersam-

ple competition for capture baits. Our results support

this observation, showing that enrichment pools con-

taining a higher number of libraries (modern samples)

have higher CV of read output.

Discrepancies in the proportion of on-target reads

between modern and historical samples were not statis-

tically significant after two outlier modern enrichment

pools were removed. Nonetheless, historical samples

still have a marginally higher on-target rate, and we

believe that the shorter DNA molecules of historical

samples actually improved enrichment specificity and

on-target rate. This is because a short fragment contains

a lower proportion of off-target sequence, and this

reduces opportunities to cross-hybridize with other

DNA molecules during enrichment (Hodges et al. 2009;

Lee et al. 2009; Mamanova et al. 2010). Additionally, the

smaller number of libraries per enrichment probably

contributed to the lower read duplication rate of histor-

ical samples. By having a better per-sample probe:DNA

ratio, more DNA could be captured, thus increasing

the complexity of the enriched products of historical

samples. Because each enrichment was followed by a

PCR, having a more complex library improved the

chance that sequenced DNA fragments were not each

other’s duplicate. The importance of having a more

complex input template is also supported by the signif-

icant effect starting DNA quantity has on reducing read

duplication rate. The overall result of having higher

on-target and lower duplicate rates is that historical

samples have greater effective sequencing depths. The

rate of read duplication for modern samples is high

(~84%) compared to the levels seen in studies using

well-optimized commercial kits (~20–30%; e.g. Bodi

et al. 2013). To correct this problem, we recommend the

following measures: increase the amount of input DNA

from ~1000 ng to higher, reduce the number of libraries

pooled during hybridization reactions and reduce the

per-sample sequencing effort (i.e. multiplex more sam-

ples per sequencing lane).

Table 4 The numbers of variable UCE loci and SNPs before and after SNP filtering. Also shown are the numbers of postfiltering SNPs

with various levels of representation across samples within a species group

Species group Prefiltering Postfiltering

Proportion

left after

filtering

No missing

data

Max. 20%

missing data

Max. 50%

missing data

Arachnothera

No. of loci with ≥1 SNP 2378 1726 0.73

Total no. of SNP 15 849 5890 0.37 332 1748 5886

No. of SNP per locus 6.66 3.41

Irena

No. of loci with ≥1 SNP 854 753 0.88

Total no. of SNP 10 186 3919 0.38 594 2766 3864

No. of SNP per locus 11.93 5.20

Niltava

No. of loci with ≥1 SNP 4845 4051 0.84

Total no. of SNP 84 983 18 472 0.22 2304 10 060 18 467

No. of SNP per locus 17.54 4.56

Pycnonotus

No. of loci with ≥1 SNP 2655 2432 0.92

Total no. of SNP 30 622 11 626 0.38 1554 6957 11 624

No. of SNP per locus 11.53 4.78

Stachyris

No. of loci with ≥1 SNP 4838 3506 0.72

Total no. of SNP 43 758 9154 0.21 1225 5658 9154

No. of SNP per locus 9.04 2.61
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While we were able to sequence historical samples

more deeply, this study identifies a downside in that

sequences generated from historical samples tended to

not go as far outside of the baited regions (i.e. recovering

less flanking DNA) as modern samples. This is because

the extent of coverage of flanking regions is a function of

library insert size (Jones & Good 2016), which is smaller

in historical samples. To achieve the same target cover-

age as modern samples, historical samples of some spe-

cies needed to be sequenced more deeply (~1509)

compared to modern samples (~509). For other species

(N. grandis and S. nigriceps) in our study, increasing

sequencing depth in historical samples did not cause tar-

get coverage to converge to those seen in their modern

counterparts. These results are consistent with those

from McCormack et al. (2015). They found that

sequences of UCE loci generated from older historical

samples were shorter, and deeper sequencing of histori-

cal samples resulted in more recovered UCE loci, but not

necessarily longer sequences. To improve target cover-

age, one solution would be to cover each targeted locus

with more probes (overlapping or nonoverlapping).

However, if having more independent loci is more desir-

able than having longer haplotypes, then the extra

investment should be targeted towards probes for more

loci, rather than more probes for each locus. Another

possible way to match the width of coverage of modern

and historical samples is to fine tune hybridization tem-

perature when enriching each type of library (Paijmans

et al. 2016). Nevertheless, irrespective of the discrepan-

cies between modern and historical samples, the number

of sites with ≥89 sequencing depth in any sample often

exceeded one million.

Beyond increased DNA fragmentation, the other

prime concern with the use of historical DNA is the ele-

vation of C ? T misincorporation at the 50 end of reads

and G ? A misincorporation at the 30 end of reads. In

our study, the use of a mapping strategy that incorpo-

rates high sensitivity and local alignment (allowing ends

of reads to be trimmed to maximize alignment scores)

has reduced the impact of these errors significantly.

Compared to other studies, which show up to 60%

C ? T or G ? A substitution rate towards the termini

of reads (Sawyer et al. 2012; Bi et al. 2013), our study

shows rates that are more than an order of magnitude

lower (observed rate = ~1.5–2%). After variant filtering

(e.g. removing SNPs whose alternate alleles tend to occur

towards the end of reads), we observe a slight to moder-

ate (<13%) increase in C ? T or G ? A substitutions in

historical samples compared to baseline (other types of

substitutions). This suggests that not all C ? T or

G ? A misincorporations have been removed, but the

problem has been significantly attenuated. Better control

of this type of error may justify the inclusion of C ? T T
ab
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or G ? A SNPs in downstream analyses, rather than

have them removed completely (e.g. Bi et al. 2013).

Another common issue with the use of historical DNA is

that strand breaks tend to occur after purine bases due to

depurination of the residues followed by hydrolysis of

the phosphate-sugar backbone (e.g. Briggs et al. 2007).

Because this does not involve nucleotide misincorpora-

tion, it has little negative effect on the accuracy of geno-

type calls. Instead, it causes slight bias in coverage and

increases the likelihood of spuriously identifying inde-

pendent paired-end reads as PCR duplicates (because

reads have a greater chance of having the same starting

points). The negative impact of this type of damage has

not been thoroughly surveyed in the literature, but we

believe that it can be at least partially alleviated by dee-

per sequencing.

Our study uses various filters at the levels of SNPs

and individual genotypes to improve the quality of our

variant call set – an approach that has been shown to

be effective by other studies (Carson et al. 2014; Li

2014). Another effective approach is to recalibrate confi-

dence of each variant by comparing the annotation pro-

file of each variant against a well-validated set of

variants (e.g. human HapMap) and selecting ‘true’

variants based on the desired level of sensitivity and

specificity (Van der Auwera et al. 2013). This method,

however, is not applicable to species lacking substantial

genomic resources and high-quality sets of known vari-

ants. A third approach is to incorporate uncertainties

in genotype likelihood directly into the estimates of

population genetic parameters of interest (e.g. h), which

bypasses the need to generate high-confidence geno-

type calls (Nielsen et al. 2012; Fumagalli 2013). This

approach is designed to handle low coverage data, and

benefits from having large sample sizes, but requires

populations to be known a priori, making it unsuitable

for species whose population structure is poorly

known.

Conclusions

We used sequence capture and a general probe set to

generate large amounts of SNP data from multiple spe-

cies of tropical birds. The feasibility to utilize degraded

museum samples with this approach opens the door

for similar studies focusing on geographic regions or

clades that have poor modern sampling. Our effective

sequencing coverage is both deep and wide. Combin-

ing the use of local alignment (vs. end-to-end align-

ment) during read mapping with SNP/genotype

filtering, we generated high-confidence genotype calls

that can be used in a variety of downstream analyses.

Our approach of using a widely applicable probe set

to generate population-level polymorphism data for

multiple species is a viable and cost-effective alterna-

tive over one that creates a custom probe set for each

study species.
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Supporting Information

Additional Supporting Information may be found in the online

version of this article:

Fig. S1. Agilent Bioanalyzer results showing fragment size of

pooled enriched products to be sequenced. Products are sepa-

rated into three pools, one containing enriched products of mod-

ern samples (modDNA), and two containing enriched products

of historical samples (pool 7-40 and pool 23-39).

Fig. S2. Number of cleaned read pairs per sample. Each sample

is represented by one dot and x-axis indicates arbitrarily num-

bered enrichment pools. The last eight pools to the right contain

libraries of modern samples while the remainders are pools con-

taining libraries of historical samples. Sequencing output (zero

or close to zero) of failed libraries are shown.

Fig. S3. Bar charts of the number of cleaned read pairs per sam-

ple. Each bar chart shows one enrichment pool; numbering

scheme follows that of Fig. S2. Sequencing output (zero or close

to zero) of failed libraries are not shown.

Fig. S4. Bowtie mapping rate of each sample. Each sample is

represented by one dot and x-axis indicates arbitrarily num-

bered enrichment pools. Numbering scheme follows that of

Fig. S2.

Fig. S5. Read duplication rate of each sample. Each sample is

represented by one dot and x-axis indicates arbitrarily num-

bered enrichment pools. Numbering scheme follows that of

Fig. S2.

Fig. S6. Number (averaged over samples) of sites (y-axis, in

log10 scale) with various sequencing depth (x-axis). Bar charts

are sorted according to species group and age of samples (mod-

ern vs. historical).

Fig. S7. Count of UCE loci with various proportion of sites with

at least 89 average sequencing depth. Frequency histograms are

sorted by species groups (rows) and age of sample (modern –
left column, historical – right column). A. longirostra group (A

and B); I. puella group (C and D); N. grandis group (E and F); P.

atriceps group (G and H); and S. nigriceps group (I and J).

Fig. S8. Rate of C to T (left column) and G to A (right column)

substitutions of five exemplar historical samples (one from each

of the five study species). Rates are shown for each of the first 25

bases from the 50 (left column) or 30 end (right column).

Fig. S9. Empirical values (line) and Bayesian estimates (filled

circle, error bars = 95% posterior prediction intervals) of rates of

various substitutions at the first 11 base positions from the start

of the 50 end (positive values on x-axis) and 30 end (negative val-

ues on x-axis) of each read. Red = C to T substitution, green = G

to A substitution, blue = other substitutions. Results from five

exemplar historical samples are shown.

Fig. S10. The top four panels show frequency of each of

the four nucleotides within reads (demarcated by grey

boxes, first 10 and last 10 positions are shown), and just

upstream or downstream of reads (based on pseudo-refer-

ence genome). Each dot represents the average frequency

for each UCE locus at each position, and solid lines show

the ‘genome-wide’ values. The bottom left panel shows: 1)

observed C to T substitution rate if soft-clipped bases are

included (yellow line), and when soft-clipped bases are

excluded (red line); 2) G to A substitution (blue line). The

bottom right panel shows: 1) observed G to A substitution

rate if soft-clipped bases are included (yellow line), and

when soft-clipped bases are excluded (blue line); 2) C to T

substitution (red line). Positive x-axis labels are base posi-

tion from the 50 end of each read (going downstream); neg-

ative x-axis labels are base position from the 30 end of

each read (going upstream).

Fig. S11. Average number of called genotypes per sample

for each of the five species groups, sorted according to age

of samples (hist. = historical, mod. = modern). Labels for

the five species groups are: A- Arachnothera; I - Irena; N -

Niltava; P - Pycnonotus; S - Stachyris. Error bars show stan-

dard deviations.
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