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11 Abstract

12 New DNA sequencing technologies are allowing researchers to explore the
13 genomes of the millions of natural history specimens collected prior to the
14 molecular era. Yet, we know little about how well specific next-generation
15 sequencing (NGS) techniques work with the degraded DNA typically extracted
16 from museum specimens. Here, we use one type of NGS approach, sequence
17  capture of ultraconserved elements (UCESs), to collect data from bird museum
18 specimens as old as 120 years. We targeted approximately 5,000 UCE loci in 27
19 Western Scrub-Jays (Aphelocoma californica) representing three evolutionary
20 lineages, and we collected an average of 3,749 UCE loci containing 4,460 single
21 nucleotide polymorphisms (SNPs). Despite older specimens producing fewer and
22  shorter loci in general, we collected thousands of markers from even the oldest
23 specimens. More sequencing reads per individual helped to boost the number of
24  UCE loci we recovered from older specimens, but more sequencing was not as
25  successful at increasing the length of loci. We detected contamination in some
26 samples and determined contamination was more prevalent in older samples that
27 were subject to less sequencing. For the phylogeny generated from
28 concatenated UCE loci, contamination led to incorrect placement of some
29 individuals. In contrast, a species tree constructed from SNPs called within UCE
30 loci correctly placed individuals into three monophyletic groups, perhaps because
31 of the stricter analytical procedures we used for SNP calling. This study and

32  other recent studies on the genomics of museums specimens have profound
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33 implications for natural history collections, where millions of older specimens
34  should now be considered genomic resources.

35
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36 Introduction

37 Natural history collections house billions of specimens worldwide, providing a
38 record of Earth’s biodiversity in space and time and a source of data to answer
39 questions about evolution, ecology, conservation, and human health (Austin &
40 Melville, 2006; Suarez & Tsutsui, 2004; Winker, 2004). Modern specimen
41 preparation methods include archiving frozen tissue for DNA analysis, yet the
42  millions of specimens collected prior to the molecular age lack this ready source
43  of high quality DNA.

44 We have learned much during the last 25 years of studying ancient DNA
45  from museum specimens using older DNA sequencing technology like Sanger
46 sequencing (Cooper et al., 1992; Houde & Braun, 1988; Mundy et al., 1997;
47  Thomas et al., 1989; Thomas et al., 1990; Wayne et al., 1999), but it is also well
48 documented that Sanger protocols are laborious and have many limitations
49  (Soltis & Soltis, 1993; Wandeler et al., 2007). Museum conditions are optimized
50 for whole specimen longevity, not molecular stability, so DNA extracted directly
51 from museum specimens is often fragmented and damaged in various ways
52  (Axelsson et al., 2008; Briggs et al., 2007; Briggs et al., 2010; Molak & Ho, 2011),
53 and it also almost certainly contains contaminant DNA (Hofreiter et al., 2001;
54 Paabo, 1989). For traditional Sanger sequencing, these short (and potentially
55 contaminant) DNA fragments must be targeted and processed individually,
56  greatly multiplying the workload needed to collect the same amount of genetic

57 data from better preserved starting material.


https://doi.org/10.1101/020271
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/020271; this version posted June 2, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

58 Next-generation DNA sequencing (NGS) offers a more efficient way of
59 sequencing DNA from museum specimens (Hofreiter et al., 2015; Rizzi et al.,
60 2012). Samples can be sequenced in parallel, and current instruments generate
61 many millions of reads per sample. First applied to sequence the mammoth
62 genome (Poinar et al., 2006), scientists have also used NGS to sequence the
63 Neanderthal genome from bone fragments, taking advantage of the millions of
64  sequence reads to overcome the problem of contamination from modern humans
65 that would otherwise have reduced the overall number of Neanderthal DNA
66 reads to an unacceptably low number (Green et al., 2010; Meyer et al., 2012).
67 Other applications of NGS to museum specimens include research on the
68 evolutionary history of species like primates, for which it would be difficult or
69 unethical to collect specimens today (Guschanski et al., 2013), and time series
70  studies (Habel et al., 2014) that examined how genetic diversity has changed in
71 wild rodent populations with shifting elevational distributions caused by climate
72  change (Bi et al., 2013; Rowe et al., 2011). New protocols and technological
73 advances continue to improve the collection of whole genomes from ancient
74  samples (Der Sarkissian et al., 2015; Staats et al., 2013).

75 Despite these exciting advances, there are many ways to use NGS in
76  concert with ancient DNA, and it is not yet clear how DNA degradation might
77 impair the collection of data using different approaches (Knapp & Hofreiter,
78 2010). Whole-genome shotgun sequencing is fairly straightforward, usually
79 involving only a library preparation step of the already fragmented DNA (Besnard

80 et al.,, 2015; Besnard et al., 2014; Zedane et al., 2015). Protocols targeting
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81 subsets of the genome are more complicated because they involve more steps to
82 isolate the targeted subset of loci from the rest of the genome. For example,
83 extensive age-related DNA fragmentation might negatively affect restriction-
84 associated digest sequencing (RADseq) or genotyping by sequencing (GBS)
85 approaches, because this family of techniques relies on making one or two
86  systematic cuts to genomic DNA in precise locations (Baird et al., 2008; Etter et
87 al., 2011). Similarly, DNA fragmentation might limit the utility of target enrichment
88 techniques (also known as sequence capture; Gnirke et al., 2009; Mamanova et
89 al., 2010) if the sequenced reads are too short to capture or captured reads are
90 too short to reassemble into longer loci. Capture approaches have proven
91 effective for analyses of high-copy ancient mitochondrial DNA from museum
92  specimens (Horn, 2012; Mason et al., 2011; Thalmann et al., 2013; Vilstrup et al.,
93  2013), but low-copy nuclear DNA is likely to pose more problems and is less
94  tested.

95 Our goal was to assess the effectiveness of a specific kind of NGS
96 approach, sequence capture of ultraconserved elements (UCESs), for collecting
97 genomic data from museum specimens for phylogenetics and population
98 genetics. UCEs are a class of highly conserved and abundant nuclear marker
99 distributed throughout the genomes of most organisms (Bejerano et al., 2004;
100 Reneker et al., 2012; Siepel et al.,, 2005; Stephen et al., 2008). UCEs work
101  because synthetic, oligonucleotide probes bind to the central, conserved portion
102  of each UCE locus, allowing researchers to isolate and sequence this region as

103  well as more variable, flanking DNA that is also captured (Faircloth et al., 2012).


https://doi.org/10.1101/020271
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/020271; this version posted June 2, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

104  Sequence variation in the core region is useful for deep phylogenetic questions
105 (Crawford et al., 2012; McCormack et al., 2013), whereas variation in the flanking
106 regions is useful at phylogeographic or population genetic timescales (Smith et
107  al., 2014). One useful feature of UCEs is that they are found across a variety of
108 taxa including amniotes, fish (Faircloth et al., 2013), and insects (Faircloth et al.,
109 2014), making the development of new probe sets for many groups unnecessary.
110 Although the UCE approach is theoretically possible with ancient DNA, the
111 outcome may be adversely affected by age-related DNA degradation. For
112 example, the UCE protocol involves capturing small (60-120 base pair),
113  conserved genomic targets which could be rendered too small to capture by age-
114 related fragmentation. Additionally, sequence variation sufficient to resolve
115 moderate and shallow-level relationships is concentrated in the flanking regions
116  of UCE loci, which might be impossible to assemble from short, degraded DNA
117 fragments. On the other hand, if the UCE capture approach can be effectively
118 applied to museum specimens, then this technique, with a pre-existing probe set
119 that routinely captures many thousands of loci across vertebrates, would
120 immediately open the door to collecting genome-scale data from the millions of

121  specimens housed in museums.
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122 Methods

123  Study species, sampling, and DNA extraction

124 We cut toe pads from 27 study skins (Table 1) spanning three divergent
125 evolutionary lineages of the Western Scrub-Jay (Aphelocoma californica). One
126 lineage is found along the Pacific coast (californica group), one in the interior
127 United States and northern Mexico (woodhouseii group), and one in southern
128 Mexico (sumichrasti group). These three lineages are divergent in both DNA and
129 appearance (Delaney et al., 2008; Gowen et al., 2014; Peterson, 1992) and
130 diverged from one another within the last 0.5 to 2.5 million years (McCormack et
131 al., 2011).

132 These 27 individuals included 13 from the californica group, all from the
133 Los Angeles basin. We sampled one specimen approximately every decade from
134 1880 to 2010. We call this “ancient DNA” for the purposes of consistency with the
135 literature, although some prefer the term “historical DNA” for DNA that is not from
136 a fresh sample, but is only hundreds as opposed to thousands of years old. One
137 goal was to assess whether age and other factors influenced the success of data
138 collection. Thus, our rationale for sampling all individuals from within a small area
139  was to have one subset of our samples control for geographic variation because
140 different lineages might have different capture efficiencies due to genomic
141 differences (Paijmans et al.,, 2015; Penalba et al., 2014). Geographical
142  differences in temperature and humidity might also affect DNA degradation apart
143  from sample age, so we also selected specimens that resided in museums in Los

144  Angeles.
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145 We also included nine individuals from the woodhouseii group and five
146 individuals from the sumichrasti group, which also spanned a wide age range
147 (1891 — 1990). Our rationale for including these samples was because, Iin
148 addition to testing effects of age, we wanted to know whether the resulting data
149  could be used to detect genetic structure at and below the species level. We also
150 included high-quality, frozen tissue from one known hybrid individual (californica
151 x woodhouseii) collected from a contact zone in western Nevada. For a positive
152  control, we used tissue collected from a frozen grocery-store chicken (Gallus
153  gallus).

154 To extract DNA from museum specimens, we cut a piece of the toe pad
155 from each study skin using separate, sterile surgical blades in a room not used
156  for the manipulation of PCR products. To wash away potential inhibitors of the
157 downstream enzymatic reactions and rehydrate each toe pad, we rinsed toe
158 pads on a Thermomixer for 5 m at room temperature in 100% ethanol, which we
159  followed with a 5 m rinse at room temperature in 1x STE buffer (0.1 M NaCl,
160 10mM Trish-HCI, 0.1 mM EDTA). We minced toe pads on separate, sterile
161 microscope slides before extracting DNA using the Qiagen DNeasy Blood &
162  Tissue Kit protocol with modifications adapted from Mundy et al. (1997) and
163  Fulton et al. (2012). Specifically, we extended the initial incubation step to six
164 hours and mashed each sample with a separate, sterile mini-pestle halfway
165 through incubation. One hour prior to the completion of incubation, we added 25
166 ul of 1M DTT to ensure complete digestion of toe pads. We added pre-warmed

167  Elution Buffer (56°C) to each Qiagen column and incubated columns for five
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168 minutes at room temperature prior to elution of DNA from the membrane by
169 centrifugation. We repeated the elution procedure into the same tube to ensure
170  maximum recovery of DNA. For each of three chicken DNA positive controls, we
171 extracted DNA from tissue samples using the DNeasy protocol as specified by
172 the manufacturer in a different room from where we extracted DNA from the toe
173  pads.

174

175  Shearing, library preparation, and next-generation sequencing

176  We visualized the quality of DNA extracts through gel electrophoresis and
177 determined DNA concentrations using a Qubit fluorometer (Life Technologies,
178 Inc.). We also used gel images to determine the approximate DNA fragment size
179 ranges of each sample, and we fragmented those samples whose size range
180 was above 500 bp (the three most recent toe pad extracts and the tissue-
181 extracted samples) on a Bioruptor (4-6 cycles on HIGH, 30 s on, 90 s off).

182 We prepared Illumina libraries from sheared or naturally degraded DNA
183  samples using a KAPA library preparation kit (Kapa Biosystems), a generic SPRI
184  substitute ((Rohland & Reich 2012); hereafter SPRI), and the with-bead (Fisher
185 et al. 2011) library preparation method. We ligated end-repaired, adenylated
186 DNA to Illumina TruSeg-style adapters including custom sequence tags
187  (Faircloth & Glenn, 2012). Following a limited-cycle PCR (14 cycles) to amplify
188 indexed libraries for enrichment, we created a library pool by combining 62.5 ng
189  of eight indexed, individual libraries (most pools contained one chicken positive

190 control), and we concentrated each pool to 147 ng/ul using a vacuum centrifuge.
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191 We followed an established workflow for target enrichment (Gnirke et al., 2009)
192  with modifications specified in Faircloth et al. 2012. We enriched each pool for a
193 set of 5,060 UCEs (Faircloth et al., 2012) using 5,472 synthetic RNA capture
194 probes (MyBaits, Mycroarray, Inc.). We combined the enriched, indexed pools at
195 equimolar ratios prior to sequencing on three runs of lllumina MiSeq PE250
196 sequencing (UCLA Core Genotyping Facility).

197

198 Sequence read quality control, assembly, and UCE identification

199  Following sequencing, the Illumina BaseSpace platform converted BCL data to
200 fastg format and demultiplexed each sample according to the sample-specific
201 index we applied. We trimmed sequences for adapter contamination and low-
202 quality bases using a parallel wrapper (https://github.com/faircloth-
203  lab/illumiprocessor) around Trimmomatic (Bolger et al., 2014). After trimming
204 reads, we computed fastq read statistics on a per sample basis using a program
205 (get_fasta_lengths.py) from the PHYLUCE package (https://github.com/faircloth-
206 lab/phyluce), and we assembled contigs, de novo, for each sample using a
207  parallel wrapper (assemblo_trinity.py) around Trinity (r2013-02-25) with default
208 parameters. Following contig assembly, we conducted all data manipulations
209  with programs available from the PHYLUCE package, unless otherwise noted.
210 We identified contigs matching UCE loci (match_contigs_to_probes.py) in the 5k

211 UCE locus set (https://github.com/faircloth-lab/uce-probe-sets).

212

213  UCE processing for analysis of a concatenated data matrix
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214 We created a “taxon set” containing the 27 species in this study and the 3
215  positive control samples (Gallus gallus), and we input this list to an additional
216  program (get_match_counts.py) to query the database generated during UCE
217  contig identification and create a list of UCE loci by sample. Using this list, we
218 extracted and renamed UCE contigs from de novo assemblies on a sample-by-
219 sample basis (get_fastas _from_match_counts.py), creating a monolithic fasta file
220 for all samples during the process. We exploded the monolithic fasta file
221  (explode_get fastas file.py) on a per-sample basis, and we computed UCE
222  contig statistics from these data (get_fasta_lengths.py).

223 We aligned fasta sequences from the monolithic file using a parallel
224  wrapper (seqcap_align_2.py) around MAFFT (Katoh et al., 2005) that also
225 implements a built-in trimming algorithm. This algorithm trims resulting
226 alignments at their edges using a three-stage approach: Stage 1 removes
227  sequence from alignment edges to ensure there are sequence data present for >
228 65 % of taxa that are > 75% identical over 20 bp windows; Stage 2 implements
229 taxon-by-taxon trimming to remove alignment edges for each taxon that strongly
230 disagree with the consensus alignment over 5 bp windows; Stage 3 re-runs the
231 Stage 1 algorithm across the Stage 2 trimmed alignments to ensure there are
232 sequence data present for > 65 % of taxa that are > 75% identical at alignment
233 edges and also replaces missing data at the alignment edges with the correct
234 encoding (“?”). We filtered the resulting alignments to create two, “de-novo
235 assembled” data matrices: one that was 100% complete (no missing data for any

236 individual) and another that was 75% complete (22 of 30 individuals must have
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237 data present in each alignment). We generated alignment statistics
238 (get_align_summary_data.py), computed the number of informative sites
239  (get_informative_sites.py), and concatenated all alignments in each data matrix
240  to PHYLIP-formatted supermatrices (format_nexus_files_for_raxml.py).

241

242  Phylogenetic analysis of concatenated UCE data

243  We inferred a phylogeny from the concatenated data matrix using RAXML 7.2.6
244  (Stamatakis, 2006) PTHREADS binary with the GTRGAMMA site rate
245  substitution model on single, 12 CPU, 24 GB RAM nodes to conduct 20
246  maximume-likelihood (ML) searches for the phylogenetic tree that best fit each set
247  of data. Following the best tree search, we generated non-parametric bootstrap
248  replicates using the autoMRE option of RAXML, which runs bootstrapping until
249  bootstrap replicates converge. Following the best tree and bootstrap replicate
250 analyses, we used RAXML to reconcile the best fitting ML tree with the bootstrap
251 replicates, and we rooted the resulting tree on the three Gallus gallus positive
252 controls.

253

254  UCE processing for SNP analysis

255  We selected the contigs assembled for LACMA 103135 as a reference sequence
256  against which to align raw reads and call SNPs because this sample had the
257 highest coverage across the largest number of UCE loci enriched. After
258 identifying UCE loci among de novo assembled contigs (described above), we

259  created a list containing the identification code for LACMA 103135, we used this
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260 list to query the database generated during UCE contig identification
261 (get_match_counts.py), and we output a list of UCE loci for that single sample.
262 We used this new list to extract and rename UCE contigs from de novo
263 assemblies for LACMA 103135 (get_fastas_from_match_counts.py). We then
264 created a configuration file for an automated wrapper (snps.py) around BWA
265 (v0.7.7-r441) and PICARD (v.181) that indexes the reference contigs for
266  alignment, uses BWA-MEM to align raw-reads to the reference data and outputs
267  those alignments in BAM format, uses PICARD (CleanSam.jar) to check for and
268 repair violations in the resulting BAM format, adds read group (RG) header
269  information to each individual BAM using PICARD
270  (AddOrReplaceReadGroups.jar), and marks duplicates in each individual BAM
271 using PICARD (MarkDuplicates.jar). After running this program, we manually
272  merged resulting BAMs into a single file using PICARD (MergeSamFiles.jar), and
273  we indexed the resulting BAM using SAMTOOLS (v0.1.18). Prior to calling SNPs,
274 we prepared the reference contigs for SNP calling by creating a sequence
275 dictionary from them using PICARD (CreateSequenceDictionary.jar), and we
276  indexed the reference sequence using SAMTOOLS. We used GATK (v2.7.2) to
277 locate indel intervals (RealignerTargetCreator) in the merged BAM, realign the
278 BAM (IndelRealigner), and call SNPs and indels (UnifiedGenotyper) in the
279 merged BAM. We ran the resulting calls through variant filtration
280  (VariantFiltration) to mask poorly validated SNPs (“mgo >= 4 && (Moo / (1.0 * pp)) >
281 o.1)"), those SNPs within 5 bp of an indel, SNPs in clusters of > 10, SNP loci with

282  QUAL under 30, and SNP loci with QD values below 2. We filtered the resulting
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283  VCF using vcftools (v0.1.12) to remove all filtered/masked SNP loci and those
284 loci missing SNP calls for greater than 25% of all individuals. We converted the
285 resulting VCF file to STRUCTURE and SNAPP formats using two programs from
286 PHYLUCE (convert_vcf_to_snapp.py; convert_vcf to_structure.py), which
287  additionally filtered the VCF data to include only informative sites.

288

289  Analysis of UCE SNP Data

290 To infer a species tree from the SNP data, we input filtered SNPs to the SNAPP
291 (Bryant et al., 2012) module for BEAST (v.2.2.1) (Bouckaert et al., 2014). To be
292  agnostic as to the species units under study, we let each individual (with its two
293 alleles) be its own terminal tip in the species tree. We dropped the hybrid
294 individual from the analysis (MLZ B-03). We assessed runs for convergence by
295 visually examining posterior traces and ESS values for estimated parameters
296 using Tracer (Rambaut et al. 2014). We determined runs had converged when
297 ESS scores were greater than 200. To assess genetic structure by clustering
298 analysis, we input the same set of (reformatted) data to Structure (Pritchard et
299 al., 2000), and we analyzed these data at K = 1-6 for 1,000,000 steps each,
300 using a burn-in of 100,000 and correlated gene frequencies.

301

302  Detecting contamination

303 Following inference of the concatenated species tree, we noticed that several
304 individuals appeared drawn toward the outgroup/positive control (Gallus gallus).

305 These samples also exhibited long terminal branches, suggesting they
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306 possessed many unique substitutions. To determine why these samples were
307 behaving this way, we visually examined alignments using Geneious (v6.0.5) and
308 discovered that these samples — all among the oldest — showed evidence of low-
309 level contamination from chicken DNA toward the flanks of loci, where coverage
310 of each sample was lowest.

311 We attempted to remove the contaminating sequence from several
312 samples by aggressively trimming the edges of all contig assemblies to achieve
313  higher coverage thresholds (minimum 3x at contig edges and 5x average). We
314 also attempted to remove potentially contaminating reads prior to re-assembly by
315 aligning trimmed reads to the chicken and crow genomes and filtering those
316 reads that were more similar to chicken than to crow. This approach removed a
317 number of putatively contaminating reads, but re-analysis of a concatenated
318 supermatrix containing these data did not demonstrably change the phylogenetic
319 position of the individuals and examination by eye confirmed we did not remove
320 all contamination. We decided to use these samples to test what factors made
321 contamination more likely. One sample (NMNH 144749) had so much
322 contamination that we decided to drop it from the phylogenetic analyses,
323 although we left this sample in our Structure analysis to help determine if one of
324 the genetic clusters identified by the program reflected contaminating DNA.

325

326  Statistical analysis

327 We used generalized linear models (GLM) in Stata 11 to test whether sample

328 age had a negative effect on the number of UCE loci recovered, as well as
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329 whether sequencing effort (i.e., the total number of reads generated for a given
330 sample) positively affected the number of UCEs enriched and the average length
331 of those loci. We initially included the MiSeq run as an independent variable in
332  preliminary analyses, but its effect was not significant so we dropped the variable
333  from further analysis. We also included the interaction between sequencing effort
334 and specimen age as an independent variable in GLMs to determine whether or
335 not sequencing effort has a different effect depending on sample age.

336 We also tested for several factors that could influence contamination. We
337 used the terminal tip length of taxa in the concatenated UCE tree as a proxy for
338 the level of contamination, reasoning that, in the absence of contamination,
339 individuals should cluster within their respective clades and have fairly short
340 terminal tips — an assumption backed by previous studies of this group (Delaney
341 et al., 2008; McCormack et al., 2011). Individuals with long terminal tips suggest
342  an excess of substitutions leading to terminal taxa, which could either be due to
343  contamination, alignment errors, or sequencing errors that make it into the
344 consensus. Based on our observation of individual UCE alignments, most of the
345  excess substitutions leading to long terminal tips in the concatenated UCE tree
346 are likely due to contamination. We included the effects of sample age,
347 sequencing effort, and initial DNA concentration as independent variables in the

348 GLM.

349

350 Results

351 lllumina sequencing
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352  We obtained 61 million reads across three MiSeq runs, which included the reads
353  for the chicken positive controls. Of these 61M reads, >99% passed adapter and
354 quality trimming, and we assembled the remaining reads into contigs for each
355 individual (Table 1). The number of reads varied among samples by an order of
356 magnitude, from nearly 5 million reads to fewer than 200,000 reads (average =
357  1.97 million reads).

358

359 Influence of reads and age on UCE number and UCE length

360 We recovered as many as 4,659 (of 5,060 total = 92%) and as few as 1,515
361 (30%) UCE loci for the different Western Scrub-Jay historical specimens
362 (average = 3,749 loci). We recovered 4,449 loci from the hybrid Western Scrub-
363 Jay tissue sample and an average of 4,579 UCE loci from the three chicken
364 positive controls. We recovered 3,423 UCEs from the oldest historical sample
365 from 1887, and we consistently recovered around 4,000 UCE loci from
366  specimens dating back to the late 1940s (=70 years old).

367 Specimen age was a predictor of the number of UCE loci we recovered (z
368 = -9.01, p < 0.001) while sequencing effort, by itself, was not (z = -0.10, p =
369  0.92). However, there was an interaction between sequencing effort and age (z =
370  4.90, p < 0.001), in which sequencing effort had a larger effect on the number of
371 UCEs recovered when samples were older (Fig. 1a).

372 Across all samples, the average UCE locus length was 495 bp, with a
373  range of 267 to 867 bp. Average UCE locus length was correlated with specimen

374 age (z =-5.78, p < 0.001), but not with sequencing effort (z = -0.60, p = 0.55; Fig
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375 1b). In this case, there was no interaction between locus length and specimen
376 age (z=0.22, p =0.83).

377

378 Concatenation tree and species tree

379 Using the 75% complete data matrix of 3,770 UCE loci, we recovered a
380 phylogeny that was broadly congruent with the known history of Western Scrub-
381 Jays (Fig. 2). The five sumichrasti individuals were in a strongly supported group.
382  Within this group, individuals from Guerrero and Oaxaca showed reciprocal
383  monophyly. The sumichrasti individuals grouped together with the woodhouseii
384 lineage, although woodhouseii and sumichrasti did not show reciprocal
385 monophyly. Likewise, californica individuals grouped with sumichrasti +
386  woodhouseii, again, however, without reciprocal monophyly. The known hybrid
387 grouped with other californica individuals, consistent with previous results
388 showing it contained mostly californica nuclear DNA (Gowen et al., 2014).

389 As discussed in the methods, several factors suggest that the lack of
390 reciprocal monophyly we observed in the concatenation tree was at least partially
391 the result of contaminating chicken DNA pulling some samples towards the
392  outgroup taxa. Using terminal tip length in the concatenated tree as a proxy for
393 contamination, the GLM suggests that older samples (z = 4.02, p < 0.001), fewer
394 reads (z =-3.57, p < 0.001), and lower DNA concentrations (z = -2.64, p = 0.008)
395 are all predictors of contamination.

396 Following SNP calling, we identified 44,490 SNPs across all 28 Western

397  Scrub-Jays. Following filtering of low-quality sites, we retained 19,387 SNPs
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398 across all lineages. The average number of high-quality SNPs per UCE locus
399 was 4.7 (95 CI 0.10, min=1 max=27). After filtering SNPs for missing data, and
400 including only those SNPs that were parsimony informative, the 75% complete
401 data matrix included 4,430 high-quality, informative SNPs.

402 SNAPP drops loci for which there are no data for a given terminal tip
403 (each individual in this case) — an even more conservative threshold for missing
404 data than that which we applied above to arrive at 4,430 SNPs. This resulted in
405 1,388 SNPs contributing to the SNAPP analysis. We ran the SNAPP tree for
406 10,000,000 generations. The analysis showed signs of convergence with a stable
407  posterior likelihood and ESS values greater than 200, except for six of the 50
408 theta parameters. In contrast to the topology we inferred from concatenated data,
409 the SNAPP species tree showed strong support for monophyly of the californica,
410 woodhouseii, and sumichrasti lineages (Fig. 3). Like the concatenation tree,
411 individuals from Oaxaca and Guerrero were also placed into monophyletic
412  groups with strong support. Within the woodhouseii group, the SNAPP tree
413  showed a fine-scale geographic split between samples from northern and central
414  Mexico, with the break occurring in northern San Luis Potosi.

415

416 Bayesian clustering using SNPs culled from UCE loci

417 We used the 4,430 SNPs identified above in a Structure analysis. Increasing K
418 values supported finer geographic structure up to K=5 (Average LnL over three
419 runs at each K: K=1 -69354; K=2 -63703; K=3 -62795; K=4 -61003; K=5 -60066;

420 K=6-118881). At K=5, Structure assigned the five sumichrasti individuals, the 13
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421 californica individuals, and eight of the nine woodhouseii individuals largely to
422  distinct clusters. A fourth cluster appeared to reflect the amount of contaminating
423 DNA, as it was most prevalent in the samples with long terminal tips in the
424  concatenation tree described above. A fifth cluster was assigned with low
425  probablity to the same woodhouseii individuals that formed a novel clade in the
426  SNAPP tree. Structure assigned the hybrid individual to the californica cluster
427 with an 80% probability, similar to results derived from microsatellite data

428 (Gowen et al., 2014).
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429 Discussion

430 Age matters, especially for locus length

431  Ancient DNA is being increasingly studied using next-generation sequencing, but
432 there are few studies that assess how DNA age and quality might impact
433  different NGS approaches. A study by Paijmans et al. (2015) found that ancient
434 DNA reacted differently than DNA from fresh samples when varying certain
435 parameters of the sequence capture protocol. Specifically, they found that
436 decreasing the hybridization temperature had a positive effect on capture
437  efficiency for DNA from fresh tissue, but a negative effect on ancient DNA. This
438 study confirms that ancient DNA might not always react as we expect with
439  protocols developed for DNA extracted from fresh samples.

440 By investigating a time series of samples, we could quantify effects of
441 sample age and sequencing effort on the number of UCE loci recovered, leading
442  to two broad conclusions. First, we recovered fewer UCEs from older samples,
443  but UCE recovery could be improved by more sequencing. We found that 1.5
444  million reads provided a rough benchmark for the sequencing effort needed to
445 improve the recovery of UCEs. Despite some detrimental effects of age, we still
446 recovered 2,884 loci (of 5,060 total loci) from a 110 year old sample (1904) that
447  was subject to the shallowest sequencing (~200,000 reads). Taken as a whole,
448 our results suggest that sequencing effort could be reduced substantially while
449  still recovering large quantities of data, if one is willing to accept some level of
450 missing data. It is worth keeping in mind that more sequencing might help

451 overcome other problems, such as the low-level contamination discussed below.
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452 A second conclusion is that age also affects the average length of
453 assembled UCEs. Locus length is an important metric for phylogenetic studies
454  because longer sequences generally lead to more resolved gene trees (Castillo-
455 Ramirez et al.,, 2010), and, especially in the case of UCEs, there is more
456  variability in UCE flanking regions than in UCE cores (Faircloth et al., 2012). We
457  found that average locus lengths decreased with sample age. Unlike the situation
458 with UCE number, locus lengths were not improved dramatically by extra
459  sequencing. For our very oldest samples (100+ years), those having more than
460 1.5 million reads showed modest gains in assembled locus length compared to
461 samples having less than 1.5 million reads (300 bp versus 281 bp).

462 Another metric of interest is the number of enriched UCEs assembled into
463 contigs longer than one kilobase (1 kb loci). The number of 1 kb loci we
464 recovered from tissue samples (>1,000) reflects what we commonly see for
465 PE250 sequencing from archived tissues. For even the most recent toe pad
466 sample from 2010, we recovered only 322 loci greater than 1 kb. Similar to our
467  findings with locus length, the number of 1 kb loci erodes rapidly with age. For all
468 samples more than 45 years old, we recovered no 1 kb loci. As with locus length,
469 increased sequencing effort did not improve the number of 1 kb UCE loci we
470 assembled, but other solutions remain untested like using longer probes and
471  higher probe tiling densities (e.g., Avila-Arcos et al., 2011).

472 One interesting question in museums is whether it is worth cutting off a
473  portion of the specimen for cryogenic preservation to stop the steady degradation

474  of its DNA on specimen trays. Our results suggest there may be some merit to
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475  this idea, especially for samples without archived, frozen tissue collected during
476  the last 30 years. We observed a threshold for locus length where during the first
477 30 years, average length declines sharply from 867 bp to 610 bp (Fig. 1b). Then,
478  over the next ~100 years, locus length declines more gradually from 510 bp to
479  just under 300 bp. Degradation will vary depending on local climate and
480 preservation techniques, but a rough guideline is that specimens collected more
481 recently than 1980 would be the most useful candidates for cryopreserving a
482  small portion of the specimen (assuming no tissue was cryopreserved at the time
483  of collection). Of course, the marginal returns in terms of slightly improved data
484  quality should be considered relative to the cost in terms of personnel time and
485  freezer storage space.

486

487  Contamination

488 Contamination is a persistent issue in the field of ancient DNA research, even for
489 samples younger than 100 years old. Some level of contamination is likely
490 inevitable in ancient DNA studies (Willerslev & Cooper, 2005), although
491  conatmination can be minimized using strict sterilization and quarantine protocols
492  (Paabo, 1989). Our protocols were moderately strict with respect to preventing
493  contamination - we extracted DNA from toe pads in a different room from where
494 we handled PCR products and performed DNA extractions from tissues.
495  However, we included a positive control, which is not recommended (Willerslev &
496 Cooper, 2005), and our positive control probably led to the low-level

497  contamination we saw in some samples. These samples were marginal in terms
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498  of their initial DNA concentrations and sequencing effort. In a normal study they
499  would probably be re-extracted, replaced with another sample, or subjected to
500 more sequencing. For the purposes of this study, they were useful in estimating a
501 lower bound on age, DNA quality, and sequencing effort.

502 For sequence capture where most read concentrate around the probe
503 region, our study suggest that contamination will more likely manifest itself in the
504 flanking regions of loci. Because they are a consensus assembly of many short
505 reads, loci assembled from contaminating reads can look like chimeras. These
506 sequences are easily detected when the contaminating DNA is phylogenetically
507 distant from the sample DNA, as in this study. Detecting contamination would be
508 more difficult in studies where contaminating DNA is more closely related to the
509 focal taxa.

510 One might assume that initial DNA concentration is a main predictor of
511 contamination. And while it was one predictor of contamination in this study,
512 specimen age was the strongest predictor, followed by sequencing effort. All
513 three variables, however, are highly correlated, and all are likely indicators of
514 DNA quality on some level. The importance of sequencing effort is interesting
515 because it suggests, at least for this study, that contamination occurred at a low
516 enough level that additional sequencing could boost coverage across the flanks
517 of UCE loci, allowing “good signal” to overwhelm background contamination.

518 The coalescent analysis of SNPs in the program SNAPP was better at
519 dealing with the contamination we encountered than was the more typical UCE

520 pipeline of calling a single allele from full-locus data and concatenating


https://doi.org/10.1101/020271
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/020271; this version posted June 2, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

521 sequences for maximum likelihood analysis. For the SNAPP analysis, were were
522  still able to place the samples with contamination into their proper evolutionary
523 lineages, and all three lineages were strongly supported as monophyletic. The
524  better performance of the SNP-based coalescent analysis is likely due to several
525 factors. One, calling SNPs from UCE loci involves a hierarchical approach where
526 the data are filtered for quality and coverage, meaning that each SNP is based
527 on more data and more stringent parameters. It is also possible that coalescent
528 analysis, itself, is better at dealing with the conflicting signal that results from low-
529 level contamination, but we did not specifically evaluate this hypothesis.

530

531 Natural history collections are genomic resources

532 Next-generation sequencing has the potential to transform the mission of
533 museum collections by bringing older specimens into the age of genomics
534 (Besnard et al., 2015; Bi et al., 2013; Burrell et al., 2014; Nachman, 2013). To
535 fully realize this potential, researchers need to know which NGS methods are
536 likely to work best with DNA extracted from museum specimens and how
537 specimen age affects data collection using different methods. For example, a
538 recent study using RADseq to collect phylogenomic data from insect museum
539 specimens showed that most of the RADseq data were unusuable (Tin et al.,
540 2014). While rather more success has been achieved using target enrichment
541 approaches, studies have thus far focused on genotyping SNPs (Bi et al., 2013)
542 and not on assembling whole loci, which is likely to be more difficult with highly

543 degraded samples.
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544 Our results show that target enrichment of UCEs from museum specimens
545 as old as 120 years can produce data sets including thousands of loci and
546 thousands of informative SNPs for a range of population genetic and
547 phylogeographic analyses. Even the oldest samples that we sequenced with
548 relatively few reads (and which showed signs of low-level contamination)
549 provided useful information on population assignment and evolutionary history,
550 although other characteristics of these subpar samples would need to be
551 interpreted cautiously, like branch lengths, substitution rates, and divergence
552 times.

553 Our species tree analysis supports three distinct evolutionary lineages in
554 the Western Scrub-Jay corresponding to the californica, woodhouseii, and
555 sumichrasti groups. It had previously been unclear whether nuclear genomic data
556 would support monophyly for these three groups, as does the mtDNA data
557 (Delaney et al., 2008; McCormack et al., 2011). We did not include the Channel
558 Island Scrub-Jay in this study, but mtDNA data support its placement as the
559  sister taxon to the californica group (i.e., nested within the phylogeny). Further
560 sampling will be needed to determine if the Guerrero and Oaxaca populations in
561 the sumichrasti group (currently described as subspecies) are really as
562 genomically distinct as the few individuals included in this study indicate.
563  Microsatellite data, for example, suggested some gene flow between these two
564 groups (Gowen et al., 2014). The phylogenetic break in the woodhouseii group
565 that we observed in the SNAPP analysis (and to a lesser extent in the Structure

566 analysis) is novel and corresponds to a north-south split in northern Mexico,
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567  which is not reflected in current subspecies taxonomy. This pattern should be
568 followed up with further geographic sampling.

569

570 Recommendations

571 Based on results of our study, we provide recommendations for studies using

572  sequence capture of DNA from historical museum specimens:

573 e More than 1.5 million reads per sample for ~5000 targets (assuming
574 average capture efficiency) will boost UCE recovery and, to some extent,
575 locus length. More sequencing will also enhance good signal relative to
576 contaminating signal in UCE flanking regions.

577 e Curators and collections managers should consider cryopreserving
578 historical tissue (e.g., bird toe pads) from valuable museum specimens if
579 the material is less than 30 years old and does not have associated frozen
580 tissue.

581 e Starting DNA quality and quantity is important (also see Paijmans et al.,
582 2015). Although DNA concentration was not the best predictor of
583 contamination, it was one predictor. Avoid using a positive control, as we
584 did in this study, because of the high contamination risk for low-coverage
585 samples and DNA regions (Willerslev & Cooper, 2005).

586 e Researchers should use strict sterilization procedures and treat DNA from
587 museum specimens (which some prefer to call “historical DNA”) like truly
588 ancient DNA that is thousands of years old. Low-level contamination is

589 inevitable in some cases, but minimizing contamination during the DNA
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590 extraction and library preparation phase is the best way to avoid
591 downstream problems. Placing an index on both sides of DNA fragments
592 during library preparation (double-indexing) would make it easier to detect
593 contamination that occurs after library preparation (Kircher et al., 2011).
594 e Administrators should treat natural history collections as a genomic
595 repository of our biodiversity, affording them the personnel needed for
596 their protection and research use.

597

598 Acknowledgments

599 We thank natural history collections and their financial supporters, collectors,
600 collections managers, and curators for preserving a vouchered record of our
601 biodiversity without foreknowledge of its many future uses. We thank Kimball
602  Garrett at the Los Angeles County Museum of Natural History (LACM), Ben
603 Marks at the Field Museum of Natural History (FMNH), Chris Milensky at the
604  Smithsonian (NMNH), Jean Woods at the Delaware Museum of Natural History
605 (DMNH), Carla Cicero at the Museum of Vertebrate Zoology (MVZ), James
606 Maley at the Moore Laboratory of Zoology (MLZ), and others at those institutions
607  who assisted with specimen loans. Uma Dandekar and Hemani Wijesuriya at the
608 UCLA Genotyping and Sequencing Core assisted with lllumina sequencing. We
609 thank Robert Wayne, Tom Smith, Brad Shafer, and Michael Alfaro in the UCLA
610 Department of Ecology and Evolutionary Biology for access to a Bioruptor they
611 purchased. Bill Mauck provided guidance on DNA extraction. Eugenia Zarza

612 helped run the SNAPP analysis. Ed Braun provided early advice on library


https://doi.org/10.1101/020271
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/020271; this version posted June 2, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

613

614

615

616

617

aCC-BY-NC-ND 4.0 International license.

preparation. Brian Schmidt kindly sent photos of a Smithsonian specimen. This
project was funded by NSF grant DEB-1244739 (to JEM) and the Borestone
Fund of the Ridland Family (to the Moore Lab of Zoology). Computational

portions of this grant were supported by DEB-1242260 (to BCF).


https://doi.org/10.1101/020271
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/020271; this version posted June 2, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

618 References

619  Austin]], Melville ] (2006) Incorporating historical museum specimens into

620 molecular systematic and conservation genetics research. Molecular Ecology
621 Notes, 6, 1089-1092.

622  Avila-Arcos MC, Cappellini E, Romero-Navarro JA et al. (2011) Application and

623 comparison of large-scale solution-based DNA capture-enrichment methods
624 on ancient DNA. Scientific Reports, 1, 74.

625  Axelsson E, Willerslev E, Gilbert MTP, Nielsen R (2008) The effect of ancient DNA
626 damage on inferences of demographic histories. Molecular Biology and

627 Evolution, 25,2181-2187.

628  Baird NA, Etter PD, Atwood TS et al. (2008) Rapid SNP discovery and genetic

629 mapping using sequenced RAD markers. PLoS ONE, 3, e3376.

630 Bejerano G, Pheasant M, Makunin I et al. (2004) Ultraconserved elements in the
631 human genome. Science, 304, 1321-1325.

632  Besnard G, Bertrand JAM, Delahaie B et al. (2015) Valuing museum specimens: high-

633 throughput DNA sequencing on historical collections of New Guinea crowned
634 pigeons (Goura). Biological Journal of the Linnean Society, DOI:
635 10.1111/bij.12494.

636  Besnard G, Christin P-A, Malé P-JG et al. (2014) From museums to genomics: old
637 herbarium specimens shed light on a C3 to C4 transition. Journal of

638 Experimental Botany, 65, 6711-6721.

639  BiK, Linderoth T, Vanderpool D et al. (2013) Unlocking the vault: next-generation

640 museum population genomics. Molecular Ecology, 22, 6018-6032.


https://doi.org/10.1101/020271
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/020271; this version posted June 2, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

641  Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible trimmer for Illumina
642 sequence data. Bioinformatics, 30, 2114-2120.

643  BouckaertR, Heled ], Kithnert D et al. (2014) BEAST 2: a software platform for

644 Bayesian evolutionary analysis. PLoS Computational Biology, 10, e1003537.
645  Briggs AW, Stenzel U, Johnson PLF et al. (2007) Patterns of damage in genomic DNA
646 sequences from a Neandertal. Proceedings of the National Academy of

647 Sciences, 104, 14616-14621.

648  Briggs AW, Stenzel U, Meyer M et al. (2010) Removal of deaminated cytosines and
649 detection of in vivo methylation in ancient DNA. Nucleic Acids Research, 38,
650 e87-e87.

651  Bryant D, Bouckaert R, Felsenstein ], Rosenberg NA, RoyChoudhury A (2012)

652 Inferring species trees directly from biallelic genetic markers: bypassing
653 gene trees in a full coalescent analysis. Molecular Biology and Evolution, 29,
654 1917-1932.

655  Burrell AS, Disotell TR, Bergey CM (2014) The use of museum specimens with high-
656 throughput DNA sequencers. Journal of Human Evolution, 79, 35-44.

657  Castillo-Ramirez S, Liu L, Pearl D, Edwards SV (2010) Bayesian estimation of species

658 trees: a practical guide to optimal sampling and analysis. In: Estimating
659 species trees: practical and theoretical aspects (eds. Knowles L, Kubatko L),
660 pp- 15-33. Wiley-Blackwell, Hoboken, NJ.

661  Cooper A, Mourer-Chauviré C, Chambers GK et al. (1992) Independent origins of
662 New Zealand moas and kiwis. Proceedings of the National Academy of

663 Sciences, 89, 8741-8744.


https://doi.org/10.1101/020271
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/020271; this version posted June 2, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

aCC-BY-NC-ND 4.0 International license.

Crawford NG, Faircloth BC, McCormack JE et al. (2012) More than 1000
ultraconserved elements provide evidence that turtles are the sister group of
archosaurs. Biology Letters, 8, 783-786.

Delaney KS, Zafar S, Wayne RK (2008) Genetic divergence and differentiation within
the Western Scrub-Jay (Aphelocoma californica). The Auk, 125, 839-849.

Der Sarkissian C, Allentoft ME, Avila-Arcos MC et al. (2015) Ancient genomics.
Philosophical Transactions of the Royal Society B: Biological Sciences, 370, 1-
12.

Etter PD, Bassham S, Hohenlohe PA, Johnson EA, Cresko WA (2011) SNP discovery
and genotyping for evolutionary genetics using RAD sequencing. Methods in
Molecular Biology (Clifton, N.J.), 772,157-178.

Faircloth BC, Branstetter MG, White ND, Brady SG (2014) Target enrichment of
ultraconserved elements from arthropods provides a genomic perspective on
relationships among Hymenoptera. Molecular Ecology Resources, 15, 489-
501.

Faircloth BC, Glenn TC (2012) Not all sequence tags Are created equal: designing
and validating sequence identification tags robust to indels. PLoS ONE, 7,
e42543.

Faircloth BC, McCormack JE, Crawford NG et al. (2012) Ultraconserved elements
anchor thousands of genetic markers spanning multiple evolutionary

timescales. Systematic Biology, 61, 717-726.


https://doi.org/10.1101/020271
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/020271; this version posted June 2, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

aCC-BY-NC-ND 4.0 International license.

Faircloth BC, Sorenson L, Santini F, Alfaro ME (2013) A phylogenomic perspective
on the radiation of ray-finned fishes based upon targeted sequencing of
ultraconserved elements (UCEs). PLoS ONE, 8, e65923.

Fulton TL, Wagner SM, Shapiro B (2012) Case study: Recovery of ancient nuclear
DNA from toe pads of the extinct passenger pigeon. In: Ancient DNA (eds.
Shapiro B, Hofreiter M), pp. 29-35. Humana Press, New York, New York.

Gnirke A, Melnikov A, Maguire ] et al. (2009) Solution hybrid selection with ultra-
long oligonucleotides for massively parallel targeted sequencing. Nature
Biotechnology, 27, 182-189.

Gowen F, Maley ], Cicero C et al. (2014) Speciation in Western Scrub-Jays, Haldane's
rule, and genetic clines in secondary contact. BMC Evolutionary Biology, 14,
135.

Green RE, Krause |, Briggs AW et al. (2010) A draft sequence of the Neandertal
genome. Science, 328, 710-722.

Guschanski K, Krause ], Sawyer S et al. (2013) Next-generation museomics
disentangles one of the largest primate radiations. Systematic Biology, 62,
539-554.

Habel JC, Husemann M, Finger A, Danley PD, Zachos FE (2014) The relevance of time
series in molecular ecology and conservation biology. Biological Reviews, 89,
484-492.

Hofreiter M, Paijmans JLA, Goodchild H et al. (2015) The future of ancient DNA:

Technical advances and conceptual shifts. BioEssays, 37, 284-293.


https://doi.org/10.1101/020271
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/020271; this version posted June 2, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

707  Hofreiter M, Serre D, Poinar HN, Kuch M, Padbo S (2001) Ancient DNA. Nature

708 Reviews Genetics, 2, 353-359.

709  Horn S (2012) Case study: enrichment of ancient mitochondrial DNA by

710 hybridization capture. In: Ancient DNA, pp. 189-195. Springer.

711  Houde P, Braun MJ (1988) Museum Collections as a Source of DNA for Studies of
712 Avian Phylogeny. The Auk, 105, 773-776.

713  Katoh K, Kuma K-i, Toh H, Miyata T (2005) MAFFT version 5: improvement in

714 accuracy of multiple sequence alignment. Nucleic Acids Research, 33,511-
715 518.

716  Kircher M, Sawyer S, Meyer M (2011) Double indexing overcomes inaccuracies in
717 multiplex sequencing on the Illumina platform. Nucleic Acids Research, 40, e3.
718  Knapp M, Hofreiter M (2010) Next generation sequencing of ancient DNA:

719 requirements, strategies and perspectives. Genes, 1, 227-243.

720 Mamanova L, Coffey A], Scott CE et al. (2010) Target-enrichment strategies for next-
721 generation sequencing. Nature Methods, 7, 111-118.

722  Mason VG, Li G, Helgen KM, Murphy W] (2011) Efficient cross-species capture

723 hybridization and next-generation sequencing of mitochondrial genomes
724 from noninvasively sampled museum specimens. Genome Research, 21,
725 1695-1704.

726  McCormack JE, Harvey MG, Faircloth BC et al. (2013) A phylogeny of birds based on
727 over 1,500 loci collected by target enrichment and high-throughput

728 sequencing. PLoS ONE, 8, e54848.


https://doi.org/10.1101/020271
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/020271; this version posted June 2, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

729  McCormack JE, Heled |, Delaney KS, Peterson AT, Knowles LL (2011) Calibrating
730 divergence times on species trees versus gene trees: implications for

731 speciation history of Aphelocoma jays. Evolution, 65, 184-202.

732  Meyer M, Kircher M, Gansauge M-T et al. (2012) A high-coverage genome sequence
733 from an archaic Denisovan individual. Science, 338, 222-226.

734  Molak M, Ho SYW (2011) Evaluating the impact of post-mortem damage in ancient
735 DNA: a theoretical approach. Journal of Molecular Evolution, 73, 244-255.
736  Mundy NI, Unitt P, Woodruff DS (1997) Skin from feet of museum specimens as a
737 non-destructive source of DNA for avian genotyping. The Auk, 114, 126-129.
738 Nachman MW (2013) Genomics and museum specimens. Molecular Ecology, 22,
739 5966-5968.

740  Padbo S (1989) Ancient DNA: extraction, characterization, molecular cloning, and
741 enzymatic amplification. Proceedings of the National Academy of Sciences, 86,
742 1939-1943.

743  Paijmans JLA, Fickel ], Courtiol A, Hofreiter M, Férster DW (2015) Impact of

744 enrichment conditions on cross-species capture of fresh and degraded DNA.
745 Molecular Ecology Resources, DOI: 10.1111/1755-0998.12420.

746  Penalba ]V, Smith LL, Tonione MA et al. (2014) Sequence capture using PCR-

747 generated probes: a cost-effective method of targeted high-throughput
748 sequencing for nonmodel organisms. Molecular Ecology Resources, 14, 1000-
749 1010.

750  Peterson AT (1992) Phylogeny and rates of molecular evolution in the Aphelocoma

751 jays (Corvidae). Auk, 109, 133-147.


https://doi.org/10.1101/020271
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/020271; this version posted June 2, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

752 Poinar HN, Schwarz C, Qi ] et al. (2006) Metagenomics to paleogenomics: large-scale
753 sequencing of mammoth DNA. Science, 311, 392-394.

754  Pritchard JK, Stephens M, Donnelly P (2000) Inference of population structure using
755 multilocus genotype data. Genetics, 155, 945-959.

756  Reneker], Lyons E, Conant GC et al. (2012) Long identical multispecies elements in
757 plant and animal genomes. Proceedings of the National Academy of Sciences,
758 109,E1183-E1191.

759  Rizzi E, Lari M, Gigli E, De Bellis G, Caramelli D (2012) Ancient DNA studies: new
760 perspectives on old samples. Genet Sel Evol, 44, 21-29.

761  Rowe KC, Singhal S, Macmanes MD et al. (2011) Museum genomics: low-cost and
762 high-accuracy genetic data from historical specimens. Molecular Ecology

763 Resources, 11,1082-1092.

764  Siepel A, Bejerano G, Pedersen JS et al. (2005) Evolutionarily conserved elements in
765 vertebrate, insect, worm, and yeast genomes. Genome Research, 15, 1034-
766 1050.

767  Smith BT, Harvey MG, Faircloth BC, Glenn TC, Brumfield RT (2014) Target capture

768 and massively parallel sequencing of ultraconserved elements for
769 comparative studies at shallow evolutionary time scales. Systematic Biology,
770 63, 83-95.

771  Soltis PS, Soltis DE (1993) Ancient DNA: prospects and limitations. New Zealand

772 Journal of Botany, 31, 203-209.


https://doi.org/10.1101/020271
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/020271; this version posted June 2, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

773  Staats M, Erkens RH]J, van de Vossenberg B et al. (2013) Genomic Treasure Troves:
774 Complete Genome Sequencing of Herbarium and Insect Museum Specimens.
775 PLoS ONE, 8,e69189.

776  Stamatakis A (2006) RAxML-VI-HPC: maximum likelihood-based phylogenetic

777 analyses with thousands of taxa and mixed models. Bioinformatics, 22, 2688-
778 2690.

779  Stephen S, Pheasant M, Makunin 1V, Mattick |S (2008) Large-scale appearance of
780 ultraconserved elements in tetrapod genomes and slowdown of the

781 molecular clock. Molecular Biology and Evolution, 25, 402-408.

782  Suarez AV, Tsutsui ND (2004) The value of museum collections for research and
783 society. BioScience, 54, 66-74.

784  Thalmann O, Shapiro B, Cui P et al. (2013) Complete mitochondrial genomes of

785 ancient canids suggest a European origin of domestic dogs. Science, 342, 871-
786 874.

787  Thomas R, Schaffner W, Wilson AC, Padbo S (1989) DNA phylogeny of the ancient
788 marsupial wolf. Nature, 340, 465-467.

789  Thomas WK, Paabo S, Villablanca FX, Wilson AC (1990) Spatial and temporal

790 continuity of kangaroo rat populations shown by sequencing mitochondrial
791 DNA from museum specimens. Journal of Molecular Evolution, 31, 101-112.
792  Tin MM-Y, Economo EP, Mikheyev AS (2014) Sequencing degraded DNA from non-
793 destructively sampled museum specimens for RAD-tagging and low-coverage

794 shotgun phylogenetics. PLoS ONE, 9, e96793.


https://doi.org/10.1101/020271
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/020271; this version posted June 2, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

aCC-BY-NC-ND 4.0 International license.

Vilstrup JT, Seguin-Orlando A, Stiller M et al. (2013) Mitochondrial phylogenomics of
modern and ancient equids. PLoS ONE, 8, e55950.

Wandeler P, Hoeck PE, Keller LF (2007) Back to the future: museum specimens in
population genetics. Trends in Ecology & Evolution, 22, 634-642.

Wayne RK, Leonard JA, Cooper A (1999) Full of sound and fury: the recent history of
ancient DNA. Annual Review of Ecology and Systematics, 457-477.

Willerslev E, Cooper A (2005) Review paper. ancient dna. Proceedings of the Royal
Society B: Biological Sciences, 272, 3-16.

Winker K (2004) Natural history museums in a postbiodiversity era. BioScience, 54,
455-459.

Zedane L, Hong-Wa C, Murienne | et al. (2015) Museomics illuminate the history of
an extinct, paleoendemic plant lineage (Hesperelaea, Oleaceae) known from
an 1875 collection from Guadalupe Island, Mexico. Biological Journal of the

Linnean Society, DOI: 10.1111/bij.12509.


https://doi.org/10.1101/020271
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/020271; this version posted June 2, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

811

812

813

814

815

816

817

818

819

820

821

822

823

aCC-BY-NC-ND 4.0 International license.

Data Accessibility

DNA sequences: Genbank accessions X000000-X000000; NCBI
SRA: XXX0000000

Sequence assembly, .vcf files and SNP data: DRYAD entry doi:
forthcoming

R scripts and code used in the assembly: forthcoming on github

Author Contributions

All authors designed research, WLET and BCF performed wet lab

research, BCF and JEM analyzed data, all authors wrote the paper.


https://doi.org/10.1101/020271
http://creativecommons.org/licenses/by-nc-nd/4.0/

824

825

826

827
828
829

Tables

Table 1. Information on specimens, sequencing, and results.

Museum  IDnumber Lineage Type Locality Date Age MiSeq Run Reads UCEs Avg Locus Contigs Initial Branch
Length over 1 KB Concentration Length
LACM 115531 californica Toe Pad  Montrose, Las Angeles, California, USA 2010 4 2 2,288,938 4,614 726 322 57.6 0.0004
LACM 113832 californica Toe Pad  Pasadena, California, USA 2005 9 2 4,153,967 4,551 646 130 116 0.0003
LACM 109289 californica Toe Pad  West Los Angeles, California, USA 1995 19 2 2,159,787 4,659 703 212 32.2 0.0003
FMNH 346851 sumichrasti Toe Pad  Oaxaca, Mexico 1990 24 3 920,290 4,373 716 355 32.5 0.0003
FMNH 343483  woodhouseii Toe Pad  Coahuila, Mexico 1988 26 3 694,486 4,191 621 72 286 0.0004
LACM 103135 californica Toe Pad  Monte Nido, Los Angeles, California, USA 1986 28 1 4,561,256 4,634 610 63 14.6 0.0003
LACM 85535 californica Toe Pad  San Pedro, Los Angeles, Califarnia, USA 1972 42 1 2,354,763 4,323 447 4 13.2 0.0008
DMNH 12581 woodhouseii Toe Pad  Coahuila, Mexico 1971 43 3 3,025,898 4,463 501 5 1.4 0.0006
DMNH 34662 californica Toe Pad  Mexico City, Mexico 1968 46 3 1,773,325 3,966 366 0 0.6 0.0017
MLZ 65019 californica Toe Pad  Occidental College, Los Angeles, California, USA 1963 51 1 2,319,918 4,387 483 5 47.4 0.0006
DMNH 38918 sumichrasti Toe Pad  Guerrero, Mexico 1962 52 3 1,989,624 4,135 434 4 4.3 0.0009
MLz 56723 californica Toe Pad  Chilao, Los Angeles, California, USA 1954 60 1 2,506,720 4,184 389 1 21.0 0.0014
MLZ 58167 woodhouseii Toe Pad  Nuevo Leon, Mexico 1954 60 3 2,966,383 3,971 460 6 9.3 0.0008
LACM 20530 californica Toe Pad  Los Angeles, California, USA 1948 66 1 2,275,058 4,243 404 3 20.0 0.0013
MLZ 46645 woodhouseii Toe Pad  Zacatecas, Mexico 1947 67 3 2,142,386 3,920 395 4 10.4 0.0015
MLz 67235 sumichrasti Toe Pad  Oaxaca, Mexico 1941 73 3 2,521,716 3,936 405 0 13.0 0.0014
LACM 73921 californica Toe Pad  Pasadena, California, USA 1937 77 1 652,047 2,968 301 0 13.3 0.0019
MLz 29499 sumichrasti Toe Pad  Guerrero, Mexico 1936 78 3 2,682,548 3,969 424 1 11.1 0.0011
LACM 50798 californica Toe Pad  San Fernando, Los Angeles, California, USA 1926 88 2 186,054 2,536 303 0 4.2 0.0023
MvVZ 103200 woodhouseii Toe Pad  San Luis Potasi, Mexico 1923 91 3 2,057,239 4,120 408 3 4.3 0.0014
LACM 714 californica Toe Pad  Oak Crest, Los Angeles, California, USA 1915 99 2 261,421 2,967 314 0 4.0 0.0023
LACM 13355 californica Toe Pad  Alhambra, Los Angeles, California, USA 1904 110 2 198,169 2,884 306 0 2.6 0.0023
NMNH 185534 sumichrasti Toe Pad  Guerrero, Mexico 1903 111 3 1,143,133 2,386 271 1 1.2 0.0026
FMNH 11931 woodhouseii Toe Pad  Chihuahua, Mexico 1902 112 3 1,513,463 3,625 320 1 2.6 0.0023
NMNH 144749  woodhouseii Toe Pad  Carneros, Coahuila, Mexico 1896 118 3 461,920 1,515 267 0 0.6 0.0051
NMNH 144753  woodhouseii Toe Pad  Hidalgo, Mexico 1891 123 3 983,475 2,275 269 0 1.4 0.0028
LACM 7334 californica Toe Pad  Dulzura, Los Angeles, California, USA 1887 127 1 1,667,612 3,423 310 0 16.5 0.0015

LACM 7390 californica Toe Pad  Pasadena, California, USA 1896 118 - - - - - 2.6 -

- - Gallus gallus Tissue - - 3 749,026 4,386 835 1,286 69.2 -

- - Gallus gallus Tissue - - 2 3,479,609 4,675 918 1,844 69.2 -

- - Gallus gallus Tissue - - 1 4,788,934 4,675 939 2,054 69.2 -
MLZ B-3 californica x woodhouseii Tissue Pine Nut Mountains, Nevada, USA - - 3 1,469,905 4,449 867 1,540 31.9 0.0004

Museum: LACM = Los Angeles County Natural History Museum; FMNH = Field Museum of Natural History (Chicago); DMNH = Delaware Museum of Natural History; MLZ = Moore

Laboratory of Zoology (Occidental College, Los Angeles); MVZ = Museum of Vertebrate Zoology (Berkeley); NMNH = National Museum of Natural History (Smithsonian, Washington

DC). Initial Concentration in nanograms per microliter. Branch length is length of the terminal branch leading to each specimen in the maximume-likelihood tree.
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Figures

Figure 1. (a) The number of UCE loci recovered decreases with specimen age,
but could be improved with more sequencing; and (b) the average length of UCE
loci decreases with specimen age, and is less able to be improved by more

sequencing.
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837  Figure 2. Maximume-likelihood phylogeny of Western Scrub-Jays (Aphelocoma
838 californica) based on 3,770 concatenated UCEs. Nodes with lower than 75%
839  bootstrap support are collapsed. Individuals from the three evolutionary lineages
840 generally group close to one another, but individuals with contamination are
841 drawn toward the outgroups. We did not include samples from the Island Scrub-
842  Jay (A. insularis), which mtDNA data support as the sister taxon of the californica
843 group (McCormack et al., 2011) and which was previously elevated to species

844  status.
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846  Figure 3. Bayesian phylogeny of Western Scrub-Jays (Aphelocoma californica)
847 based on 1,388 SNPs. Unlike the maximum-likelihood tree, individuals from each
848 evolutionary lineage cluster together in monophyletic groups. Dots represent

849  nodes with high poster probability in the consensus tree. Important groups

850 discussed in text are labeled. The Island Scrub-Jay (A. insularis) is not included
851 in this study, but previously mtDNA results support its phylogenetic placement as

852  the sister taxon to the californica group (McCormack et al., 2011).

7 LACM 714
~ LACM 73921
MLZ 56723
{ LACM 115531
LACM 103135
LACM 7334
LACM 20530
MLZ 65019
LACM 113832
LACM 109289
LACM 85535
_~ LACM 50798
“ LACM 13355
Oaxaca 999 NMNH 185534
. . MLZ 29499
sumichrasti 1.0 —o5 . EMNH 346851

o.asyO{ MLZ 67235

californica 1.0 —o

Guerrero | DMNH 38918
10 JSouthern | NMNH 144753
' ierra Madre
Oriental 0.99 MLZ 58167
DMNH 34662

woodhouseii 1'0‘*~o DMNH 12581
{ FMNH 343483

MVZ 103200
orthem /2 0 FMNH 11931
10 U MLZ 46645

853


https://doi.org/10.1101/020271
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/020271; this version posted June 2, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

854  Figure 4. Bayesian population assignment of Western Scrub-Jays from 4,460
855  SNPs drawn from UCE loci. An analysis at K=5 shows three distinct clusters
856  relating to the three main evolutionary lineages (shown in color). The fourth
857  (white) cluster appears to reflect the level of contamination, likely from chicken
858 DNA. The fifth cluster (black) is found in the individuals comprising the novel
859 lineage of woodhouseii shown in the SNAPP tree and some assignment in two

860 sumichrasti individuals.
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