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Abstract

Museum specimens provide a wealth of information to biologists, but obtaining genetic data
from formalinsfixed andfluid-preserved specimens remains challenging. While DNA sequences
have been recovered from such specsnemost approaches are tho@ensuming and produce

low data quality.and quantity. Here we use a modified DNA extraction protocol camitie
high-throughput sequencing tecoverDNA from formalinfixed and fluidpreserved snakes that
were collected over a century ago and for which ldtleomodern genetic materials exist in
public collections. We successfully extracted DNA and sequenced ultraconserved ef@ments
2,318 loc) fram 10 fluid-preserved snakes and included them in a phylogeny with modern
samplesIhis phylogeny demonstrates the general use of such specimens in phylogenomic
studies angrovidesevidence for the placement of enigmatic sisakech as there anchever-
beforesequencedhdian Xylophis stenorhynchus. Our study emphasizes thelevanceof

museum collections imodern research and simultaneously provides a protocol that may prove

usefulfor specimenshat have been previously intractable for DNA sequencing.

Introduction

Natural histeryspecimens providereplaceablenformation on the morphologies, diseases,
diets, and population changes of organisms (Suarez & Tsutsui 2004; HblheZ016).
Excitingly, for some types of dry preparations, genetic data can be recovereslifiom
specimens, even those over 100 yeargéyne & Sorenson 2002; McCormaetlal. 2016;
Lim & Braun 2016). Bit for formalinfixed and fluidstoredorganisms, obtaininthesegenetic
dataremainschallenging, with much work arliitle reward(Simmons 2014; Hykiet al. 2015).
This is unfortinate because for matgxa, tissue samplésgealfor moleculamphylogenetiause

are unavailablehgreaftereferred to a®NA-gradetissug.
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One vertebratelade that would greatly benefit from efficient mechanisms for collecting
genetic data from formalifixed and fluidstored intractable specimens is snakespite being
a significant part of vertebrate biodiversity, with 3600+ described species, snala@sang the
most poorly understood vertebrate groups with respect to basic biology and systéiatics
lack of understandingesults from multiple factorsncluding: 1)a secretive nature which makes
snakes difficult‘to collect?) nogenetic resources for species that watly collected before
taking genetic'samples was stangd@&)dregulations that make collection challenging, for
exampleimitations due toendangerment.

While suchhindrances make the procuremenbdfA-gradetissue samplefor
phylogenetic worldifficult, museumsan beexcellent resourcsdor species that ateard to
obtain. Howeversuch specimens are oftéxed and preserved in alcoholioitially fixed using
formalin (Simmoens 2014)Formalinfixation makes the extraction of DN#r gene
amplificationproblematic, partly due to extensi®NA shearingand damageesultingfrom the
initial formalin treatmen{Simmons 2014). Howevehéreis promise with next-generation
technologiespwhicBpecificallyrequiresheared DNAor sequencing. Therefore, a next-
generation'seguencing procedure thkesadvantage diuid-preserved museum snakes is
timely. Altheugh at least one prior study rascessfully sequenc&NA from a ~30 yeapld
formalinHixed lizardusing a next-generation approach (Hy#tial. 2015), no study to date has
generatedarge scalephylogenomic dat&rom multiple, olderfluid-preservedpecimens.

Here, we successfully sequence as mar8;43&3 ultraconserved elements (UCEs
Fairclothet@l™2012)from 10snakes, includingprmalin-fixed and 100+ year old specimelige
integrate these' data into a largLE datasegenerated from modeDNA-gradesamplego
estimate @hylogeny.This phylogeny provides insight on the placement of several enigmatic
taxa, as only two of the species had any genetic resources availabll@ddition to
demonstrating.the utility of our approach for collecting genetic data from previousigtatile,
formalinfixed specimens, our results further emphasize the importance of museum collections in

modern genomseale studies.
Materials and Methods

Using the web portalgertNet,IUCN Redlist, and the Reptileddabase, we compiled a list2i
rare snakegl7 specieswith estimated collection degérom the 187051990 andbtainediver
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tissue samples through museurans.Most of these snakg4.6 specimenswereformalin-fixed,
but severalof thespecimensverefixed with alcohol(seeonline Appendix 1 for details on
samples)For all of the fluid preserved specimens, we used a Quiagen DNeasy Kit® and
modified existing protocols for the extraction of degraded tisgbiisertet al. 2007; Hykinet

al. 2015; MeCormaclet al. 2016). We initially tried a standard pherlloroform extraction in

a pilot study ofsSeveralerodia spp. preserved iformalin from the 1930s, 1940s, and 1850
(voucheredat'the Museum of Natural Sciendeoaisiana State University) amdmpared this

to results from@uigaen DNeasy Kit® approach; iaind no obvious difference in the amount
of DNA recovered fronthese specimenssing each method and so we focused our extraction
efforts usingustthe Qiagen DNeasy Kit®.

A 100-200 pgpiece of liver tissue was removed from the preserved snakes via a small
incision on the ventral surface. Many snakes have incisions already along the ventral surface to
allow for better penetration of preservation fluids, and many times an additiosabmaias
unnecessary. All tools and work surfaces were sterilized between specimens using a 10% bleach
solution; t@elswsuch as pipettes, were also sterilized using-bddVAfter the initial removal of
the liver sample, the tissue was cut into multiphaaller pieces and placed into a 50 mL
Falcon®tube and soaked in distilled water for 6 hours to help remove residual ethahol. Ea
tissue sample was further cut up into =259 pieces with a sterile razor blade and a total of
~50-100pugof tissue was piced into a 2 mL microcentrifuge tulsth 300l of buffer ATL
(preheated.t®88° C), which was then incubated at’38 for 15 minutes. The tube was then
cooled ondee*fer 2 minutes. We added 40 pl of Protinease K and incubated the tub@ &ir65
48 hours, andvortexed it two or more times per 24 hour period. Additional Protinease K (25 pl
at a time and up to three additional times) was added during the incubation perisdwblysot
progressing via.visual assessment (i.e., obvious pieces of tisea@ed in the tube).

After.48 hours, DNA was extracted following the Qiagen DNeasy Kit® instructians, b
with a 30 minute room-temperature incubation with 140 pl of elution buffer AE. Extractions
were quantified using a Qubit® high sensitivity assay kit. A negative contsosiwvaultaneously
included forDNA extraction and taken all the way through to sequencing to ensure tinag pos
results were not due to contaminati@mtracts were stored in-20° C freezer.

Extracts with quantifiable DNAnd thenegative controlvere £nt to MYcroaray® for
UCE library preparation using the MYbaits® tetrapod 5K&iset ofLl20mer baitshat target

This article is protected by copyright. All rights reserved



118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148

5,060 UCEs from amnioté&airclothet al. 2012).Samples wereotfurthersheared, libraries
were capturechdividually, and, followingenrichmentweresent to Glahoma Medical Research
Facility for sequencing in a single lane on an lllumina Hiseq 3000, wittpfiaired ends.
Sequences wercleaned using illumiprocessor, contiggsembled usingBySSwith a60kmer
length, and.matched to the UCE probes with a coverage cutoff of 40x, all exedat®dLUCE
(Simpsonetal. 2009; Del Fabbret al. 2013; Faircloth 2015). Additionakthils onthelibrary
preparatiopincluding barcodesre available in thenlinesupprting materialAppendix 1

These'data were combinedth UCEs from28 snake$srom a previous stud{Streicher &
Wiens 2016) and we includésiCEsminedfrom the genomef the snakd’ython molurus
(Castoeet al. 2013) and the outgroupnolis carolinensis (Alfoldi et al. 2011). Due to the short
lengths of resulting UCHSee resultswhichare likelyinappropriate fospeciedree analyses
(Hosneret al. 2016; Mantheyet al. 2016), we focused on concatenated analyses to provide a
phylogeny Concatenated maximuirkelihood trees were estimated with matrices composed of
50% and 35% missing data (see Streicher & Wiens &f¥]jGstification of missing data
matrices) wsingRAXML v.8 with a single partition under the GTRGAMMA model, with 100
bootstrap replicateiStamatakis 2014).

Results

QuantifiableDNA was recovered frorfi3 sampleqwith the negatie control showing n®@NA
(Table 1) Duringlibrary constructionsizeappropriatansert indicating succesgere detected in
only 10samples, but all3 samples were enriched and sequenaledg with the negative
control. Utimately, only the samples withe detectable inserts resulted in viable UCEs post
processing (Table 1). uScessfully sequenceadividualswere fromnine formalinfixed

samples and one that wldsely analcoholfixed samplePostassembly, aneanof 2,318UCEs
were collected fronthesesuccessfully sequencedakes (Tablé). Resulting topologies were
generally wellsupported andimilar acrosdrees we showthe 50% matrix (3,544UCEs;
968,500 bpRAXML tree herdFig. 1, additionalresults inonline Appendix 1 and Dryad

http://dx.doix0rg/10.5061/dryad.cm28raw sequence readwailable on the NCBI Sequence
Read ArchiveSAMNO06142703SAMNO06142712). The UCEs from thenodern samplegersus
thefluid-preservedintractable samples were comparable in mostswagr example the average
number of UCEs collected fromtractable samplesas 2,318&s. 2,669 UCEs for modern
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149  samples and the average number of parsimony informative sites across all UCEs for the

150 intractable sample®4,915 and slightly higher at 31,658 parsimony informative ftasiodern

151  samplesFurthermore, a posthoc examination in the program Geneious® for potential DNA

152 damage also showed little difference between the samples based on base composition content (an
153  excess of C>T. artefactsay indicateDNA damagan formalin-fixed or ancient samples.g.,

154 Do & Dobrovic2009Hofreiteret al. 2001),with the intractablspecimerlJCEshaving average

155  base pairs‘contenfwith intractable specimens listed first)31% vs. 31.5% T, 32.3% vs. 31.2%

156 A, 18.3% vs:19.1% G, and 17.9% vs. 18.8% C. The most appuhifenénceand indication of

157  higher levels of degradatidar the fluid-preserved specimemgs with respect tdCE length,

158  with a 164 bpaverage UCE length for intractable samples and a 468 bp average UCE length for
159 the modern‘sampleshik was also reflged by the number of gaps/ambiggs in the

160 intractable samplesith 65.2% gaps/ambiguities vs. 38.8% gaps/ambiguitiethe modern

161  sampleqadditional informatiorfor theseresulting UCE details in online Appendix 1 and Dryad

162  http://dx.doi.org/10.5061/dryad.cm2Br

163 Postheave also attempted to extract mitochondrial loci from each of the intractable

164  samples by mapping the raw reads to related snake mitogenomes downloaded from GenBank in
165  Geneious®\While we were unable teconstruct full genomes fohése taxa, in some cases

166 identifiablegenes (g., cytochrome b) and which could be “blasted” back via the NCBI

167  webserver “BLAST"searcho the most closely relatédxonavailable We did not include these

168  mtDNA lo€i in any analyses here, but mention it to highlight the additional data that may be

169  garnered fromesuch samples.

170

171  Discussion

172 There arenultiple high-throughput sequencing techniquesv available buttargeted capture, in
173  this case of UCESs, seandeal for fluidpreservedntractablespecimensit takes advantage of

174  alreadyfragmentedDNA and unlikerestrictionsite approachegarget capturés likely to result

175 inreplicableresults across taxa, witligh coverage of thousands of phylogenetically informative
176  loci, evenfor low-quality samples (McCormagdt al. 2016; Harveyet al. 2016).UsingUCEs

177  alsoallowsus tointegratethe datasebf snakes sequenced here with previogegerated

178  tetrapodUCE datasetéStreicher & Wiens 2016ps well aswith UCEs fromgenomes, at no

179  additional cost. Although the averad€E length from fluidpreserved specimens was lower
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(164 vs. 468 bp), the average number of UC&kcted from the fluigpreserved specimens
comparable to thodeom contemporary snakgudies 2,318 UCEsvs. 2,669UCESY, with some
fluid-preservedamples exceedinge number of UCEs collected usiB§lA-gradetissues
(Streicher & Wiens 2016&ee onlineAppendix 1). Longer UCE lengths for the intractable
specimens.could likely be obtained by using a more densely tiled UCE probe set (BthH;airc
Pers. Comn).

The'successfully sequenciuid-preserved samplescluded eighspecies representing
severaknakefamilies These sampldsave theexpected taxonomic relationshifgsthe snakes
previously sequencg®treicher & Wiens 201&6nd evercorroborate phylogenetic hypotheses
based on morphology from prior work. For example,inferredthe neverbefore sequenced
Parapistocalamus hedigeri asthe sistetaxon toall otherhydrophiine elapidsas has been
previously suggested (Fig. 1; Stricklagtchl. 2016).Our dataset icludedthree intraspecific
samples of the elapi@acophis kreffti, the intrageneri€. harriettae, plusfive otherintrafamilial
speciesillustrating thesuccess usinfijuid-preserved specimerasrosanultiple phylogenetic
levels(FigaL)Whether this approachill work consistentlfor such specimens acradifferent
phylogeneticsealesor taxonomic groups unknown, andemains an area for future research.

While this is nothe first study to successfully generBtA sequences froformalin-
fixed andiluid-preserved specimengrior work has reliedhainly ontime-intensive Sanger-
sequencingproducingonly a few loci (Friedman & DeSalle 2008; Dubeatyal. 2011; Simmons
2014 andtitations withir). In contrast, ouprotocol issimple,costand timeeffective and
generatesdhousands of I0die expect this wilbeespeciallyusefulfor museum specimens that
arethe onlyssamples available for certain speoiespecificlocalities Forexample, we
successfully obtaine®,546UCEsfrom the enigmaticindiansnakeXylophis stenorhynchus,
collectedbetween 1878 and 1911 from the Travancore of Irf€dlecting inindiais
challenging,andhis is oneof thefew specimen®f X. stenorhynchus available inpublic
collections Ihere isuncertaintyregarding botlthe number of species and the familial placement
of Xylophisamong snakediased on morphologit,has beempreviouslysuggestedo haveclose
affinity to theAsian Xenodermatidae (Gower & Winkler 2007). However, msguls provide
strong support for astier relationship witthe AsianPareatidag¢Fig.1). A robust phylogenetic
assessmermdf Xylophis could be conducted by combining targapture datasets froBNA-

This article is protected by copyright. All rights reserved



210  gradeXylophiswith those from historispecimens and including additional pareatids and

211 xenodermatids.

212 As recently as a decade ago, the possibilityodiectinglarge quantities ofjeneticdata

213 from formalinfixed, fluid-preservednuseum specimens seenedaeedingly unlikely. This

214  study highlights the potential uses in the contemporary phylogenomforageseum specimens
215  that werepreviously intractable. We suggest that not onlyhdsehistoricalspecimens have

216  importance'with respect to both tiaohal and modern apigiations but that additionalises for
217 thesespecimens will become apparent as technology advances and underscores the pertinence of
218 the continuance of biological collections.

219
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Figure 1. Maximumtlikelihood tree of 3,544 UCEs of 39 snakes + outgroup. Fluid-preserved
taxain pink bold font; bootstrap support shown <100; *feahiaffiliation for Xylophis
stenorhynchussuncertain, see text for detaildlustrationusedunder creative commons license
(http://dx.dei.org/10.5962/bhl.title.46Y.9

Table 1.Summary of results for fluigpreserved specimens sequenced for this study;

UCE=mean UCE length; *inserts not detected during library preparation.
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Table 1. Summary of results for fluid-preserved specimens sequenced for thik $itB~=meanUCE length; *inserts not detected

during library preparation.

Sample Family Collected ng/uL DNA # Reads # Contigs # UCEs x UCE
CAS44118 Cacophis harriettae Elapidae 1913 1.53 38,470,164 73,530 2,855 152
CAS84059 Cacophis krefftii Elapidae 1948 1.72 34,568,255 77,382 2,520 145
CAS84060 Cacophis kreftii Elapidae 1948 0.89 25,987,774 33,899 2,664 138
CAS84057 Cacophis krefftii Elapidae 1948 4.97 26,933,634 71,235 2,060 224
MCZ R-65918 Parapistocalamus hedigeri Elapidae 1961 2.04 29,472,343 126,674 3,443 294
CAS121098 Antaioserpens warro Elapidae 1968 115 30,952,427 60,594 2,818 150
MCZ R-23814, Thalassophis anomalus Elapidae <1958 1.33 28,727,457 12,053 995 123
MCZ R-145946 Toxicocalamus ernstmayri Elapidae 1969 0.71 30,710,619 5,793 359 125
MCZ R-177248Brachyorrhos albus Homolopsidae 1906 1.82 32,315,527 60,863 2,918 155
CAS17199 Xylophis stenorhynchus Uncertain 1878—-1911 2.00 32,236,948 23,499 2,546 135
CAS15967 Lycodon travancoricus* Colubridae 1941 0.69 10,778,312 362 Failed N/A
LSUMNS-41802 Stegonotus muelleri* Colubridae 1986 1.76 1,707,518 12 Failed N/A
CAS244490.Wropeltis nitidus* Uropeltidae 1990 1.24 2,653,679 87 Failed N/A
Negative Contrdl N/A N/A “too low” 23,614,868 17 Failed N/A
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Anolis carolinensis Outgroup

men_12655_f1.pdf

Rena humilis Leptotyphlopidae

Typhlops jamaicensis Typhlopidae

Liotyphlops albirostris Anomalepididae
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L‘T Trachyboa boulengeri
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_|7

Tropidophiidae

Cylindrophis ruffus Cylindrophiidae
Uropeltis melanogaster Uropeltidae

07008
substitutions/site

98

Casarea dussumieri Bolyeriidae
Xenopeltis unicolor Xenopeltidae
Loxocemus bicolor Loxocemidae
Python molurus .
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Calabaria reinhardtii Calabariidae
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@oa placata
Ungaliophis continentalis Boidae
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Acrochordus granulatus Acrochordidae

Xenodermus javanicus Xenodermatidae
Xylophis stenorhynchus CAS17199 *

Pareas hamptoni Pareatidae

Bothrops asper Viperidae
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tacgp/fz’& harrietae

Brachyorrhos albus MCZ-R177248
Homalopsis buccata
Lampropeltis getula
Diadophis punctatus
Boaedon fuliginosus Lamprophiidae
Micrurus fulvius
Parapistocalamus hedigeri MCZ-R65918
Toxicocalamus emstmayri MCZ-R145946
Cacophis harriettae CAS44118
Cacophis krefitii CAS84059
Cacophis krefftii CAS84060
Cacophis krefitii CAS84057
Antaioserpens warro CAS121098

Homalopsidae

Colubridae

Thalassophis anomalus MCZ-R23814
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