Article Type: Research Article
RESEARCH ARTICLE

Running titlexKlein et ak—Evolutionary relationships among North Ameridétis

High-throughput sequencing data clarify evolutionary relationships among North
AmericanVitis'species and improve identification in USDA Vitis ger mplasm collections
Laura L. Kleirt, Allison J. Miller>, Claudia Ciotit, Katie Hym&, Simon Uribe-Convefsand

Jason Lond®>

Manuscriptreceived 4 November 2017; revision accepted 4 January 2018.

! Departmentof Biology, Saint Louis University, St. Louis, MO 63110, USA

2Cornell University, Institute for Biotechnology, Cornell University, Ithaca, NY 148E3A
(Current address: Syracuse University College of Law, 950 Irving Ave., Syracusi3 244,
USA)

3 Department.of:Ecology and Evolutionary Biology, University of Michigan, Ann Arbor, Ml
48109, USA.

* United States*Department of Agricultufgricultural Research Service, Grape Genetics
Research/Unit, Geneva, NY 14425SA.

> Authors forcorrespondencefmail: allison.j.miller@slu.ediason.londo@ars.usda.gov)
Citation: Klein, L. K., A. J. Miller, C. Ciotir, K. Hyma, S. Uribe-Convérand J. Londo. 2018.
High-threughput sequencing data clarify evolutionary relationships among North Am¥risan

species and improve identification in USIVMis germplasm collectiong\merican Journal of
Botany 105(2): XXX.
DOI: XXXX

This is the author manuscript accepted for publication and has undergone full peer review but has
not been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as doi:
10.1002/A]B2.1033

This article is protected by copyright. All rights reserved


https://doi.org/10.1002/AJB2.1033�
https://doi.org/10.1002/AJB2.1033�
https://doi.org/10.1002/AJB2.1033�
mailto:allison.j.miller@slu.edu�

PREMISE OF.THE STUDY: Grapes are one of the most economically important berry crops
worldwide, with the vast majority of production derived from the domesticatedi&igsecies
Vitis vinifera"Expansion of production into new areas, development of new cultivars, and
concerngbout-adapting grapevines for changing climates necessitate the use of wild grapevine
species in breeding programs. Diversity witkitis has long been a topic of study; however,
guestions remain regarding relationships between species. Fuwthehe identity of some

living accessions is unclear.

METHODS: This study generated 11,020 single nucleotide polymorphism (SNP) markers for
more than 300 accessions in the USBRS grape germplasm repository using genotyping-by-
sequencing. Resulting datats wee used to reconstruct evolutionary relationships among
several Narth"American and Eurashitis speciesand to suggest taxonomic labels for
previously unidentified and misidentified germplasm accessions based on gematicedis

KEY RESULTS: Maximum likelihood analyses of SNP data support the monophytisf
subg.Vitispa Eurasian subgyitis clade, and a North American subftis clade. Data delineate
species groups within North America. In addition, analysis of genetic distanceste)g
taxonomic.identities for 20 previously unidentifieitis accessions and for 28 putatively
misidentified“accessions.

CONCLUSKONS: This work advances understandingvis evolutionary relationships and
provides the foundation for ongoing germplasm enhancement. It supports conservation and
breeding efforts, by contributing to a growing genetic framework for identifying novetigene
variation and.for incorporating new, unsampled populations into the germplasm repository

system.

KEY WORDS:. genotyping-by-sequencingermplasmgrapevine; phylogenomic¥itaceae
Vitis
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Understanding evolutionary relationships among crops, their wild progenitors, ancetiises
provides the requisite framework for conserving and using crop genetic diErslter et al.,

2015; Dempewolf et al., 2017; Migicovsky and Myles, 2017). While the evolutionary histories of
many annual crop species have been reconstructed, well-resolved phylogenies remaifoelus

many crop.genera, in particular those that include woody perennials (Barakaf@12).

LongHivedplants such as woody vines and trees have several basic biological attributes that
complicate phylogenetic reconstruction: they are often obligate outcrosseasethaghly
heterozygous, undergo extensive interspecific hybridization, exhibit little apmmgation

variation, ands=eommonly share haplotypes among species (Petit and Hampe, 2006). dlradition
approaches‘tormolecular phylogenetics, including the sequencing of chloroplast and nuclea
genes, have contributed to the resolution of relationships in some groups (Salti$s¥aH!

Rokas et al., 2003). The advent of high-throughput sequencing and analysis has greatly enhanced
our capacity to analyze hundreds of thousands of sites from across the genome and offers great
potential teradvance resolution of relationships in groups that have posed challenges to
traditional phylogenetic approaches (e.g., Cavender-Bares et al., 2015; Hipp etdalUraid-
Conversetal., 2016).

Approximately 75% of woody perennial crops are clonally propagated, including most fruit and
nut trees (Zohary and Spiegel-Roy, 1975; McKey et al., 2010; Miller and Gross, 2011,
Warschefsky“et al., 2016). Clonal propagation allows growers to select desichbilduals and
replicate themvin future plantings. While the scientific community relies eoh ls@nks to

preserve variation in plants that are grown from seed, clonally propagatedapéaoten

maintained In living collections (e.g., U.S. Department of Agricultuegiddal Tropical

Breadfruit Institute) which cultivated varieties as well as a wide range of widtlected, closely
related accessions critical for breeding programs and scientific study. A primary goal of
managing.these collections is to ensure accigtatsification of clonal varieties as well as

closely related, . species (National Research Council, 1991).

The genud/itisL. includes one of the most economically important berry crops in the world, the
domesticated European grapevilevinifera L.), which comprises the vast majority of
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cultivated grapevines worldwid¥itis vinifera is grown for its berrigavhich are used to
produce fresh grapes, raisins, grape seed oil, grape juice, and wine. Hoagverorth
American grapevine species haverbeéinterest for centuries. Early American viticulturalists
recognized their potential to produce wine grapes in regions Whenaifera succumbs to pest
and pathogen,pressure (Kilman, 2010). Several North American grapevines areedultivat
their beries (e.g.V. labrusca L.). Many of these nativBlorth American species have been used
in the generation of both early French-American and modern day hybrid cultivarségrape
production(e.g.V. aestivalis Michx., V. cinerea (Engelm.) Engelm. eMlillardet, V. riparia
Michx., V.rupestris Scheelgetc.). Furthenore when the root-feeding North American aphid,
phylloxera Daktul osphaira vitifoliae Fitch), was accidentallytroduced into Europe in the mid-
nineteenth'eentury, phylloxera-tolerant North American swWligs species (e.gV. riparia, V.

rupestris) beganito be used as rootstocks for the global grape industry.

In North America, breeding efforts have helped drive growth of grapevine production in many
regions outside of the Mediterrandde climate of California (e.g., Missouri, New York,

Texas, and Virginia, among others). One component of this growth is the development of
grapevines.that can withstand aliaind biotic stress in areas not traditionally used for
viticulture=Beyond their economic contributions, North American grapevines areisntuc
component of the North American flora, occurring throughout the eastern, central, and

southwestern United States, southern Canada, and northern Mexico.

Recent taxenemic revisions indicate that there are approximat&litig8pecies distributed in

the North Temperate Zone in Europe, Asia, and North America (e.g., Ren and Wen, 2007,
Moore and Wen, 2016Vitis species are climbing or sprawling lianas with alternate leaves,
tendrils or.clusters (flowers or fruits) opposing the leaves at each node, paniculate
inflorescences, berries, and seeds with a distinct chalaza (Zhang et al., 20i&;akd Wen,
2016). Phylegenetic analyses support the monophyWtsfbased on chloroplast sequence data
(Terral et aly, 2009; Trondle et al., 2010; Zecca et al., 2012; Liu et al., 2016) and nuclear
sequence data (Zecca et al.,20d/an et al., 2013; Liu et al., 2016).6de data indicate that
New World members of the Vitaceae geiugpel ocissus Planch. are sister Wtis, and place

New WorldVitis as sister to the remaining species within the genus (Liu et al., 2016).
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Within Vitis two subgenera have been defined: sivbgscadinia (Planch.) Rehder (2N = 40; two
species in Southeastern and South Central North America) andvstibN = 38; ~60+

species in Asia, Europe, and North America). Phylogenetic analyses place members of subg.
Muscadinia (Vs rotundifolia Michx. andV. poponoi J.L. Fennell) together, distinct from all
members of a. monophyletic subgtis (Péros et al., 2011; Trondle et al., 2010; Zecca et al.,
2012; Miller'etal., 2013; Wan et al., 2013; Liu et al., 2016). Species of Bulsgadinia occu
primarily in'southeastern United States and central America and have simple tendrils and
continuous pith'through the nodeg-aits that are lacking in subditis (Wen et al., 2007).
Subgenu¥/itigtaxa share the same chromosome number and the preséifoe af trifid

tendrils and‘nodal diaphragms (Liu et al., 2016).

Vitis subg.Vitis has been the subject of numerous investigations aimed at clarifying evolutionary
relationships in the group. As the larger of the two subgenera, \éisgncludes approximately

19 speciesrin®North America and 38 species in Eurasia (Wan et al., 2013nhriRblps among

Asian and'North American subditis species have been of particular interest. Early analyses
suggestedithat Asian subgtisis paraphyletic with Ndah American subgvitis nested within it
(Trondle etal., 201(Péros et al., 2011). Wan et al. (2013) suggest the opposite scenario, with a
monophyletic Asian sub/itis clade nested within a paraphyletic North American s\iigs

group. Mounting evidence for a third possibility identifies two large clades within ¥itig).a

clade withJNorth American species and a clade with European and Asian species (Zecca et al.,
2012; Milleretal., 2013; Liu et al., 2016).

Current work inVitis focuses on eludating relationships within the Eurasian sulgis clade
and within.the North American subyitis clade. Among the Eurasian group, genetic analyses
have confitrmed that the cultivated grapevidevinifera ssp.vinifera) is derived from native
European_grapevine populations yinifera ssp.sylvestris (C.C. Gmel.) Hegi; Myles et al.,
2011), and'that these two taxa are distinct from the remaining wild Xgiarspecies (Tréndle
et al., 2010; Zecca et al., 2012; Miller et al., 2013; Wan et al., 2013; Liu et al., 2016&)aLiu e
(2016) identified at least five clades of AsMiris species, but the relationships among these
groups and the species within them are still under investigation.
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Here, wemainly focus on reconstructing relationships among North American Sutby.

species. Evidence presented to date recognizes a group of primarily (but not elglusiv
southwestern and southcentral species includiragerifolia Raf, V. arizonica Engelm, V.

girdiana Munson V. riparia, andV. rupestris (Zecca et al. 2012; Miller et al., 2013; Wan et al.,
2013). Some evidence suggests a second group indludesivalis, V. cinerea, V. labrusca,

andV. vulpina'” (Miller et al., 2013; Liu et al., 2016). However, support for these groups is not

strong andthe relationships of other taxa within North American Mitilgremain unclear.

With the gealsef contributing to current understanding of evolutionary relationships amohg Nort
American members of subyitis, we leveraged data generated for the United States Department
of Agriculture—Agricultural Research Service (USPARS) collections of wild grapevines

housed at the Plant Genetic Resource Unit (Geneva, New York) and National@omgllasm
Repository.([vis, California). These valuable living collections comprise nearly 5000 grapevine
accessionspineluding extensive collection¥ ofinifera cultivars and hybrids and mapping
populations. The USDARS collections include other temperate Vitaceae spékees
Ampelopsisspp., a widely distributed relative afitis (Liu et al., 2016). Within these collections
exist hundreds of wild-collected accessions from North America and Asia. Livilegtomhs of
perennial crops and their wild relatives are valuable resources for brdmaimdso offer
unprecedented opportunities to address basic questions in plant biology and evolution (e.g.,
Chitwood etaly, 2014, 2016a,b). Ongoing genetic analyses of th&/mwgdjermplasm housed at

the USDAARS repositories idade the generation of single nucleotide polymorphisms (SNPs)
by genotyping-by-sequencing (Elshire et al., 2011) for the USDA National Institute of Rdod a
Agriculture’s Specialty Crops Research Initiative VitisGen projesing.Vitisgen.org Hyma et

al., 2015).

Here, we address outstanding questiondis evolutionary biology through novel
phylogenomic,analyses of genotyping-by-sequencing data. The goals of this study were to (1)
reconstruct evolutionary relationships among North American 8bgspecies and outgroups
and to identify major clades of North American grapevines, 2ndge genetic distance data to
resolve unidentified and misidentified accessions in the USDA-ARS doledthis study
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extends current understanding\ifis species relationships and enhances valuable USRS
collections through improved accession identification.

<h1>MATERIALSAND METHODS

<h2>Sampling.and DNA Extraction

Individuals,used inhis study § = 359, Appendix Slsee Supplement8&8lata with this article)
represent'wild'grapevine germplasm preserved in the USDA germplasm repository system. DNA
from these 'samples were extracted, libraries constructed, and sequenced in coordinatien with

VitisGen project\Wwww.Vitisgen.org Hyma et al., 2015) and thus represent a subset of samples

from a datasetof 8353Ampelopsis andVitis samplesCoordination with this largetata set

allowed forthe‘development of the bioinformatic pipeline used to call SNPs fidmagliverse
species collection. We selected samples that occur primarily in Eastern North America, because
this represents the majority of collections housed at the UARB-Plant Genetic Resources

Unit (Geneva, New York). All samples came from living germplasm collections maintained by
the USDAARSIPlant Genetic Resources Unit dheNational Clonal Germplasm Repository
(Davis, California; Table 1). In total, 24tis species (12 North American spes, seven
Eurasian‘species) and folimpelopsis species are included in this study, representing
approximately one third of the known diversityMitis. While not exhaustive, this sampling

scheme offers specidmvel representation on par with simikiudies and provides a solid

framework.for the investigation of phylogenetic relationships and accessioriideiotn.

Tissue colleetion, DNA extraction, quantification, and sequencing follow methaddsedun

Hyma et al. (2015). A young leaf (lesathl cm diameter) was collected from each individual
and placed in a.tube of a 96-well cluster tube collection plate. Tissues were griogna us
Geno/Grinder.2000 (OPS Diagnostics LLC, Lebanon, New Jersey) following the additrem of t
stainless steel beads to each tube and freezing the pl&@@t DNA was extracted using

DNeasy 96well DNA extraction kits (Qiagen, Valencia, California) with the addition of NP
(2% wiv) tothe AP1 lysis buffer to ensure DNA guantity and quality. DNA quantificatesn w

performed using the QuantiFlor dsDNA System (Promega, Madison, Wisconsin).

<h2>Genotyping-by-Sequencing
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Samples containingl0 ng/ul DNA were processed by Cornell University’s Genomic Diversity
Facility (Ithaca, New York) for genotyping-by-sequencing (GBS; Elshire et all)2B&lative

to other reduced representation library sequencing protocols, this approach has fewer PCR steps
and no fragment size selection, which results in thousands of SNPs from throughoobthe ge

at low coverage (Davey et. a2011). GBS utilizes restriction enzymes to digest DNA and ligate
adaptor sequences in a single well. DNA was digested usigpéh@ restriction enzymeand

DNA fragments'were then ligated with unique barcode and common adaptorsalNexmples
werecombinedfor PCR purification in preparation for sequencing. Sequencing was performed
on an lllumina HISEq. 2000 (lllumina Inc., San Diego, California). These data wertitireal

to ensure retention of quality, higloverage SNP sites. Raw sequefastq files can be found at
the SequencerRead Archive under bioproject accessions SAMN07808873-SAMNO07809231.

Sequence tags were aligned to the 12XNV%inifera reference genome PN40024 (Jaillon et al.,
2007; Adam-Blondon et al., 2011) using the Burraiiseeler AlignmentBWA) version 0.6.2-

r126 (Li andyPurbin, 2009), and SNPs were called using the TASHEE pipeline version

3.0.139 (Glaubitz et al., 2014) at the Genomic Diversity Facility. The originaGatidata set
included'wild, cultivated, hybrid, and mapping population samples (Hyma et al. 2015). The SNP
database.generated for this phylogenomic study includes wild, cultivatellylaund accessions

of Vitis and close relatives, but excludes mapping populations. Sequencing of 359 individuals
usedhere resulted in 1,660,674 SNPs (Appendix S1). Using VCFtools v01.11

(http://vcfteolsisourceforge.nedanecek et al., 2011), SNPs were filtered to retain only biallelic

sites with asminimum allele fregney of 0.01, and a minimum mean depth of 10x. Only sites
with <20% missing data and individuals with <20% missing data were retained in final analyses.
Following filtering, thedata setncluded 359 individuals with 11,020 SNPs.

To prepare the/data fphylogenetic analyses, variant SNPs were concatenated and reformatted.
The vcf filesswere converted into a tdblimited text (.txt) file usig the‘vcf-to-tad command

in VCFTools. Next, each biallelic SNP site was converted to a consensus single allele SNP state
using the International Union of Pure and Applied Chemist/?AC) coding system (custom

scripts available at https://github.com/urbenvers/Vitis_Phylogenomics). Finally, file format
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conversions were performed using the programs Phyutility v.2.2 (Smith and Dunn, 2008) and
NCLconverter v2.1 (David et al., 2012).

<h2>Phylogenetic analysis

To explore_ trelationships amonitis specieswe constructed thredata set (Table }: (1) a
combinedVitis andAmpelopsis Michx. data set-359 accessions used to confirm the monophyly
of genusVitis;(2) aVitis-only data setn which Ampelopsis individuals were removed—304
individuals'used to maximize SNP variation withfitisto evaluate unidentified/misidentified
individuals; and3) a relucedVitis data set-87 individuals (1-5 individuals for eadfitis

species sampled) used for phylogenetic analysis with SVDquartets (Chifichd&ubatko,

2014), a program designed specifically for ladgéa set of unlinked loci and small sample

sizes.

<h2>Monophyly of Vitis

The full datagsebf 359 individuals includiny/itis andAmpelopsis (11,020 SNPs) was used to
test the monophyly dfitis using RAXML v8.2.9 (Stamatakis, 2014). Tiieta setvas run on
CIPRES Seience Gateway V.3.3 (Miller et al., 2010) with parameters seiddocotstrapping,
a maximumrlikelihood convergence criterion, a GTRCAT model of nucleotide mrgland
1000 replicates of nonparametric bootstrapping. A majority rule consensus was prodoced f

the 1000 bootstrap trees, and branches with bootstrap support of less than 50 were collapsed.

<h2>Phylogenetic relationships within Vitis

To conduct phylogenetic analyses, we used SVDquartets (Chifman and Kubatko, 2014, 2015).
GBS data.consist of variant sit@hich can reflect acquisition bias (Leaché et2015). These

biases can.cause branch length overestimation when using traditional progranssRéxMa

or BEAST_to reconstruct phylogeny (Drummond et al., 2012). SVDquartets is a method of
phylogenetieiinference that attempts to correct for acquidies This method evaluates the
optimal relationship between four taxa in ttega seby randomly sampling quartets from the

data matrix. For each quartet, a singular value decomposition (SVD) score is generated for each
of the three possible splits amotig four taxa. The split with the best (lowest) score is selected
(Chifman and Kubatko, 2014). Following quartet sampling and evaluation, the program then
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reconstructs the quartets into a phylogenetic tree. Because of the intractable number of quartets
that are possible for 304 species, we generated a redatede(87 individuals; Table 1). We
used SVDquartets to sample all possible quartets (1,466,127) for these taxa and ran

nonparametric bootstrapping with 100 replicates.

<h2>Unidentified and misidentified accessions

To determineunidentified and putatively misidentified accessions, we used a coonbarfiddvo
analyses to'suggest the most likely taxonomic identification of a given mxcdssst, we
generated a genetic distance tree using nergbhbong (NJ) based on Nei’'s genetic distance
model implemented in Geneious v10.1.2 (http://www.geneious.Bammatters Inc., Auckland,

New Zealand;Kearse et al., 2012). These analyses were carried out\idistbhaly data set

(304 individuals), which was generated to maximize the number of accessions ciaalyzbe
number of SNPs identified withiviitis (Table 1). The consensus tree was rooted With
rotundifolia,(subg.Muscadinia) as the outgroup to subgitis. One thousand bootstrap replicates
were run terassess support, and branches with less than 50% support values were cdi@apsed. T
resulting tree'was inspected manually. Taxon names were suggested for previalgsiified
accessions,based on genetic similarity and the identity of adjacent accessions in the tree.
Putatively-misidentified taxa were described from situations where a single accession clustered

in a group of accessions with a different taxonomic name.

Second, we"examined the first four coordinates of a multidimensional scaling poatgen
from the subgVitis accessions to observe the congruence of labeled accessions with species
clustersThe SNP data were converted from VCF into Plink format

(http://zzz.bwh.harvard.edu/plinkPurcell et al., 2007) to conduct multi-dimensional scaling

analysis (MDS)Vitis rotundifolia accessionsvereremoved to reduce ordination space and
improve visualization of genetic distance among sWgs samplesif = 291, Appendix S2).

The MDS analysis was conducted with theoweb,--cluster, and-mdsplot 4 commandsand

MDS coordinates were visualized using the R package ‘ggplot2’ (Wickham, 2009; R Core Team
2013).
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Historical phenotype data stored at the USB&mplasm Resoursces Information Network
(GRIN) database (https://www.aggin.gov/) for unidentified and putatively misidentified
individuals wereexamined to crosgerify results of the genetic analysis. Déstions and

photos of unidentified accessions, as well as accessions that were placed together with
individuals labeled as something different than the identification of thatylartaccession,
were examined for morphological traits that might provide additional evidenaoppors
phylogeneticresults. For example, the trait of flower sex (bisexual in donegdttainifera,
unisexual inwildVitis species) was used to help identify putative crop-wild hybrids, and leaf

shape was used as additionablence of species identification (Chitwood et al., 2014;2016a).

<h1>RESUETS

<h2>SNP identification

Genotyping-by-sequencing of 359 individualere called from 206 million readslentifying
1,660,674 SNPs from 64 bp tags before filtering (Table 1). Tdateset including sites witk
10x coveragewresulted (Table 1): (1) the combi¢id andAmpel opsis data se{359
individualsy ineluded 11,020 SNPs; (2) tfieis-only data setn which Ampelopsis individuals
were removed (304 accessions) included 10,565 SNPs; and (3) the redisodata se{87
individuals)included 8617 SNPs.

<h2>Reconstruction of evolutionary relationships among North American subg. Vitis species

and outgroups

Maximum likelihood (ML) phylogenetic analyses using the fldta se{359 individuals with
11,020 SNPs) performed in RAXML confirm a monophyl#fics (Appendix S3). Thislata set

as well as.the reducelhta setsupport a monophyletic subgtis (Fig. 1 andAppendix S3).

Vitis subg,Muscadinia (V. rotundifolia) is distinct from subgVitis, supported by 97% bootstrap
support (Appendix §3 Subgenu¥itis, which includes the vast majority of species in the genus,

is strongly.supported as a monophylefioup in alldata sets.
The reduceditis data se{87 Vitisaccessions, 8617 SNPs) used in SVDquartets analyses

supports two subgenera and geographically representative clades withixisisl§gig. 1).
Within subg.Vitis, two clades are resolved: a Eurasian clade and a North American clade. The
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Eurasian clade is further subdivided to include a cladé ahifera accessionsvars.

‘Gewurztraminer’, ‘Fruhburgunder’, ‘Riesling’, ‘Ruby Cabernet’, and ‘Syrah’) anthde of

Asian subgVitis speciesY. amurensis Rupr. +V. coignetiae Pulliat ex Planch. an¥. piasezkii

Maxim. +V. romanetii Rom. Caill.). These data illustrate thairopean and Asian grapevines

are evolutionatrily distinct lineages that are more closely related to each other than either is to the

North American grapevines.

Within North"American subgVitis, analyses of the reduc&fitis data setecovered two major
clades (Fig. 1; NA Clade I, NA Clade Il). North American Clade | inclodegerifolia, V.
arizonica, V: menticola Buckley, V. riparia, andV. rupestris. Within NA Clade I, accessions of
the same species generally cluster together with a few exceptions. AccesMoarszohica

form a clade with the exception df arizonica DVIT 1872, which is recovered outside of the
group that include¥. acerifolia, V. arizonica, V. riparia, andV. rupestris. There is on#&/.
monticola accession included in this group. Also intriguing is the placementlabrusca

483164 inghistclade; oth&f labrusca samples are recovered in a separate clade (see below),

suggesting-this‘individual may be misidentified or perhaps is of hybrid descen

A second.clade of North American subfitis species consists & aestivalis, V. cinerea, V.
labrusca, V. mustangensis Buckley, V. palmata Vahl, V. shuttleworthii House andV. vulpina
(Fig. 1; NA Clade II). Data presented here support further division of this group mto tw
subclades#North American Clade lla includfesnustangensis, V. palmata, andV.
shuttleworthiizwhereV. mustangensis andV. shuttleworthii are sister taxa. North American
Clade Ilb include¥/. aestivalis, V. cinerea, V. labrusca, andV. vulpina. In NA Clade IIb, fouv.
aestivalis accessions cluster together, while a fifttaestivalis accession (483185) does not
cluster with.the othev. aestivalis accessions; rather, it is nested within a groug. etilpina
accessions. It iworth noting that the previous entry in the USIBRIN system denoted this
accession.ag.'vulpina. Data presented heseiggest that the original classification of this

accession was. corredtttps://www.arsgrin.qov/).

<h2>Resolution of unidentified and misidentified accessionsin the USDA-ARS collection
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A second application of the GBS-derived SNP data is to use genetic data to improve
identification of vines in the USDA collection. As described above, the treerged using the
reducedvitis data se{87 accessions; Fig. 1) identified two individuals as potentially
misidentified ¥. labrusca 483164 in NA Clade 1 and aestivalis 483185 in NA Clade IIb). To
further explore.identification within the USDWtis collection we used th¥itis-only data se{n
= 304; Table 1).

TheNJ analysis of accessiordased on the 10,565 SNPs generated for the 304 accessions in
the Vitis-only data set-offered a powerful tool with which to examine taxonomic identity of
USDA accessions. Genetic similarity among accessions revealed that several previously
unidentified‘acecssions were nested within clusters of accessions of known identity (Fig. 2;
Appendix S2). Species identifications for 20 previously unidentified accessionsUsbw
collection were suggested based on this analysis (AppenliX B&se accessions falltivin

clades that.included multiple accessions of a single species, svchcasfolia, V. labrusca, V.
mustangengisy Vi palmata, V. piasezkii, V. riparia, andV. yenshanensis J-X.Chen (Fig. 2, black
arrows/bolded:textSome of these accessions form small subclades within accessions of known
species identities such ¥sriparia (grouping together with other accessions labeled as
acerifolig)yV. piasezkii, andV. yenshanensis. These accessions were cross checked with USDA
GRIN data records on the geographic origins of the acquisition, and were also assessed for
diagnostic traits including flower sex and leaf shape to confirm the suggesteficialson

based on GBS\data (Appendix)S4

Additionally, the NJ tree of th¥itis-only data setdentified 28 accessions whose original
taxonomic identification did not correspond to their placement within the cladesstigpthey
may be misidentified within the collection. Individuaisaestivalis DVIT2203_6, 483185, and
588626,V. amurensis DVIT2006_1V. cinerea GVIT171,V. coignetiae 588451eY. labrusca
597104 and48313W. palmata DVIT2227_1, and/. yenshanensis 588422a were placed among

species otherthan their labeled accession identities (Fig. 2, red arrowheads/text).

To examine identication discrepancies within the collection further, we used MDS. We
compared MDS coordinates for species groups to identify individuals whose place & i

This article is protected by copyright. All rights reserved



space was inconsistent with their original taxonomic assignment (Appendices S2 areS3).
MDS plots clarified the placement of unidentified or misidentified sioigs accessions(=

291; Fig. 3). In Fig. 3, accessions of the same species clustered together with someyprevious
unidentified (black triangles) and misidentified (red trianglesividdals (e.g.Vitis spp. 588501

is placed ameny. labrusca accessionsy. cinerea GVIT 171 is placed among. vulpina
accessions, ete.). Some unidentified and misidentified accessions appeared as intermediate to
species-clusters, suggesting they arelyikiybrids. These putative hybrid individuals formed
distinct clusters'in Fig. 2 (red label bars). For example, eight individuals (red triangles) fall
between a cluster &f. labrusca and the Eurasian subditis species (Fig. 3A), which are sister

to thecoreV. labrusca group in Fig. 2 (V. labrusca hybrids,” red arrowheads and text).

Similarly, three'individuals that were previously identified as eitheestivalis ‘bicolor’ or V.
labrusca (Fig. 2V. aestivalis hybrids,” red arrowheads and text) astweerV. aestivalis and

V. labrusca in MDS ordination space (Fig. 3A). The eight individuals that are lab™Medgaria
hybrids” inithe NJ tree (Fig. 2) also fall intermediate between the clusteriglria accessions
and Eurasianssubyitis acces®ns in the MDS plot (Fig. 3A, red triangles). By visualizing
genetic distance with NJ and MDS, we increase identification accuracy for unidentified and

misidentified accessions within the USDA collection.

<h1>DISCUSSION

Data presented, heoentribute to a growing body of literature using next-generation sequencing
to clarify phylegenetic relationships and to confirm accession identity in valliginlg

collections. Genotypin@py-sequencing has been a eeffective method for SNP generation,

which has_been_used in a wide range of crops and other species (Elshire et al., 2011; 8lgvey et
2011; Poland.and Rife, 2012; He et al., 2014; McAllister and Miller, 2016; Migicovsky and
Myles, 2017). In this study¥zBS data were generated for graped held in the USDARS
germplasmseollections in Geneva, NY and Davis, CA. Results offer novel insights int
evolutionary relationships withivitis and refine identification for some accessions in the USDA

collection.

<h2>Improved resolution of relationships among North American grapevines
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Consistent with previous analyses, this study confirmsuitigtand subgVitis are monophyletic
(Zecca et al., 2012; Miller et al., 2013; Wan et al., 2013; Liu et al., 2016), and provides
additional support for separate Eurasian and North American clades inVaub@.rondle et al.,
2010; Zecca et al., 2012; Miller et al., 2013; Zhang et al., 2015). Within North American subg.
Vitis, this study. supports two major clades (NA Clades | and Il; Fig. 1). Our NJ an@igi 2)
disagrees with.the species tree produced with the reduced d@tegsé), placing the Eurasian
subg.Vitis'clade within the North American clade. While genetic distance matrices like NJ
methods are useful for identifying genetic similarity among taxa, NJ is not desigaEsbss
species relationships with large SNP data sets where ascertainment bias nesge(Bfark et
al., 2005; Qllitrault et al., 2015; but see Miller et al., 2013). Therefore, we cortsedgpecies

tree producedrby SVDquartets to be a more representative depiction of species relationships
amongVitis species in this study. These dabairibute additional resolution to a growing body
of literature describing major groups\dtis species in North America, facilitating enhanced

understanding of morphology and biogeography.

Within subg.Vitis, North American Clade | includas acerifolia, V. arizonica, V. monticola, V.
riparia, andV. rupestris, a group that has been recognized by some other studies (Zecca et al.,
2012; Milleret al., 2013; Liu et al., 2016). This group may also includdoodworthiana
ComeauxV. blancoi Munson V. flexuosa Thunb, V. girdiana, andV. treleasei Munson ex L.H.
Bailey (Miller et al., 2013; Wan et al., 2013). North American Clade | includes grachés on
taxa included*hy Moore (1991) in his seri@pariae, members of which share several
morphologiealtraits. For example, Moore (1991) and Moore and Wen (2016) repdft that
acerifolia, (V. riparia, andV. rupestris have a pith that is interrupted by nodal diaphragmmsch
are usually <L mm in diameter and not typically réanded, branches that anestly terete,
glabrous, with branchlet tips enveloped by unfolding leaves. They have large stip8iles(>
long) and abaxial leaf surfaces that are not glaucous and usually glabrous Iy alagiitnoid
pubescent(Moore, 1991; Moore and Wen, 2016). #atthlly, V. acerifolia andV. rupestris
often have'shrubby, low-climbing growth habits compared to the more typical mottehagée-
climbing habit of typicaVitis species (Moore, 1991).

This article is protected by copyright. All rights reserved



North American Clade | expands on sefggariae with the incluson of V. arizonica andV.

monticola. While Moore (1991) did not includé arizonica in his treatment, he listed

monticola among serie€ordifoliae. This series shares the majority of morphological traits that
unite serieRipariae; differences includeodal diaphragms usually®>mm in diameter,

branchlet grewing tips mostly not enveloped by unfolding leaves, stipules < 3 mm long (Moore,
1991).Vitisarizonica also shares morphological traits with species in NA Clade I, including a
shrubby'growth' hahiterete branches at maturity, attbanded nodal diaphragms, and an

abaxial leaf'surfaces moderately to thinly arachnoid pubescent (Moore and Wen, 2016)

Data presented here and elsewhere (Miller et al., 2013; Wan22¥3) suggest that the
southvestern/central southern speciésrizonica andV. rupestris are sister to the rest of the
species in the NA Clade I. This pattern may reflect diversification in response to North American
Quaternary glacial cycles (Mullins et al., 1992). As temperagindi®ed and refugial populations
cycled, expansion, retraction, adaptation, and subsequent speciation likely contabuted
contemporary-patterns of North Americditis biogeography (Péros et al., 2010; Wan et al.,
2013). Environmental niche modeling demstrates that contemporary distributions of North
American-Clade | species occupy divergent environmental niches (Callen et al., 2016). For
example,the first diverging taxan arizonica inhabitsthe warmest and driest niches of all

North AmericanVitis species east of the Rocky MountaiNsyupestris, sister to the rest of the
group, is found on rocky gravel bax4tis acerifolia extends to the west in drier environments,
and is sistertd/, riparia, which occupies the coldest and driest niche in the clade (Callen et al.,
2016).Phylegenetic relationships described in this manuscript and elsewhere, imatanbi

with environmental niche modeling, suggest diverse environmental conditions may hame drive

the diversification oVitis species in North American Clade I.

The second.clade of North American suldis species (NA Clade Il) consists gf aestivalis,
V. cinerea, Valabrusca, V. mustangensis, V. palmata, V. shuttleworthii, andV. vulpina. This
group includes_species from Moore’s (1991) Sehessivales (includesV. aestivalis), Series
Cinercentes (includesV. cinerea and subspecies), Seri€srdifoliae (includesV. monticola, V.
palmata, V. vulpina), and Serietabruscae (includesV. labrusca, V. mustangensis, andV.
shuttleworthii). This classification groups species in series based on similaritiesphohagy,
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phenology, and habitat preferences. Species within North American Cladellstesex into

two subclades based on GBS data (North American Clades lla an@iiése subclades do not
conform to the series described by Moore (1991). However, they are largely congruent with
species relationships identified by Miller et al. (2013) and Wan et al. (2013).

Species withindNorth American Clade lla includenustangensis (seriesLabruscae), V.
palmata’(seriesCordifoliae), andV. shuttleworthii (seriesLabruscae; Fig. 1). Sister tax¥.
mustangensisandV. shuttleworthii share unique morphological traits of abaxial leaf surfaces that
are densely tomentose and berrel2 mm in diameter (Moore and Wen, 200\}is palmata,

onthe other handjas abaxial leaf surfaces that are glabrous or sparsely pubescent and smaller
berries. Theserthree species occur in southern regions of the United States. Their climatic niches
are characterized by warm temperature gradients and low ranges of diurnal temperatures (Callen
et al., 2016). Despite similarities in some environmental variables, the geographic the
distributions of these three species have little to no overlap, pedfigeding speciation in

allopatry.

North American Clade llb compris&s aestivalis, V. cinerea, V. labrusca, andV. vulpina (Fig.

1). Thesesspecies clustered together in previous works including Zecc&@1.3), Miller et al.
(2013), and Liu et al. (2016). Wan et al. (2013) also recovered a clade that in¢ladsdalis,

V. labrusca, andV. vulpina; however, in this analysé. cinerea clustered with other North
American speeie¥. biformis Rose and/. palmata. Neither Munson (1909), Bailey (1934alet
(1988), noriMoore (1991) identified aestivalis, V. cinerea, V. labrusca, andV. vulpina as a

group These species share core siligjs morphological synapomorphies including branched
tendrils, exfoliating bark, inconspicuous or absent lenticels, and pith interrupted by noda
diaphragms.(Moore and Wen, 2016); however, we do not know of specific traits unique among
the four taxa.in'this group. Within NA Clade lIb, the species\paaestivalis andV. labrusca

share the presence of globose berries with skin that separates from the pulp (Moore and Wen,
2016). Furthenore sister taxa/. cinerea andV. vulpina are united in the presence of moderate

to high climbing, sparsely branched habits, nodal diaphragmsnir-thick, persistent tendrils,

branchlet growing tips not enveloped by unfolding leaves, leaf abaxial surfaces tjlabanes
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or sparsely to densely arachnoid or hirtellous, and berries 4-12 mm in diametez @vidor
Wen, 2016).

In a contrast to the patterns observed in Clades | andllispecies within NA Clade 1lb have
similar climatic niches and partial geographic overlap throughout the eastern United States
(Callen et'al., 2016). Despite their climatic similarity and geographic pityximany of these
specieshave disparate phkgical traits like divergence in budburst, flowering, and fruiting, or
unique marphological traits such as variable leaf and branchlet shape and pubescence,
differences in berry size, and variation in nodal diaphragm thickness and coloratioe @idor
Wen, 2016). Species-specific differences in phenological and morphological traitsphaiyn e

how these'species-@axcur in similar climates.

<h2>Accession identification in living collections

For clonally propagated, lodged plants, living collections are the primary way in which
diversity isspreserved ex situ and provide the requisite foundation for breedingrpsodajor
collectionsiin‘the US include apples and grapes (Geneva, NY} aitdidates (Riverside, CA),
tree fruit,"aut crops, and grapes (Davis, CA), pecans and hickories (Colléga,3t4), among
others [ttps:/ars.usda.goy/ These collections facilitate screening of natural variation for traits
of ecological and agricultal importance (Cadi®avidson, 2008; Cadle-Davidson et al., 2011,
Gross et al., 2013).

Passport datarincluding provenance of original collection accompanies théydjtiving
accessions; however, in some cases these data are incomplete (spetdiestidas are

missing) ar incarrect. In the past, genetic variation and identification of gregsewi germplasm
repositories have relied on morphological keys by collectors and breaslersll as genetic data
derived from aset of SSR markers (httpavw.arsgrin.gov/). In large part, these methods have
proven effeetive at classifying wild species material. However, naturally occifitisgnybrids

can presentuunique challenges. This can result in misidentification of F1, BClater hybrid
generations. With the utility of whole genome SNP data, like those presented heas, wge

genetic signatures to help place genotypes within species, or to designate accession identity as
suspect. Beyond identification, genetic data have been used to quantify variatiamgin livi
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collections (Hyma et al., 2015; Bielenberg et al., 2015; Migicovsky et al., 2017), tooletehe
percentage of wild variation housed in living collections (Sawler et al., 20Hicdsky et al.,
2016), and to reconstruct eutibnary relationships among cultivars and wild relatives (Myles et
al., 2011; Miller et al., 2013).

In this study, GBS data were used to suggest taxon names for 20 previously unidentifie
accessions and for 28 putatively misidentified accessions in the USDA grapé&arulleor
example V. aestivalis accessions 483185 and 588626 well as/. cinerea GVIT 171, all

clustered within th&/. vulpina clade (Fig. 2). Cross referencing these accessions with MDS
coordinates demonstrate genomic signatures matching that olothdypina. Based on the
combination of‘these results, we can recommend that these three accessions be reid&htified as
vulpina. In addition to verifying morphology, this result has implications for any grape breeder
or researcher lookg to evaluate trait aspects of a given species. This method can be further
extended by looking at two major clusters of accessions in the N¥ir@garia hybrids which
represent assubclade within teriparia/ V. acerifolia/ V. rupestris clade andV. labrusca
hybrids,whicherepresents a subclade of Yheestivalis V. labrusca clade. TheNJ tree analysis
cannot reselve these accessions within the clades becdoselafotstrap support, but

nevertheless associates them closely with these specigssgHowever, MDS coordinates
demonstrate deviation of these accessions from the species patterns in a way that suggests hybrid

ancestry (Fig. 3; Appendix S2, S3).

Vitis diversity-included in this study represents approximately one third of the speeiestdi

in the genus, with multiple accessions per taxon. The backbone of phylogenetic results a
consistent with previous studies (Zecca et al., 2012; Mitlat., 2A.3; Liu et al., 2016) and
suggestions for,unlabeled or previously mislabeled taxa come from their placement amidst
several accessions of the same identity. However, identification suggestions presented here are
based on assubset \ditis species. It is pasble that with more comprehensive sampling,
phylogenetie relationships might change and/or that identifications suggesteddterehtf.
Unidentified and putatively misidentified taxa might represent hybrid derigat®se parents

are not be represtd in the current sampling scheme. Despite incomplete sampling, we contend
that phylogenetic relationships and taxon placement presented in this manusariat off
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substantial advance in current understanding$ phylogeny and USDA accession
identification, and that these data contribute to an important foundation for future work.

Living grapevine collections are used in the improvement of existing cultindrsnahe
development.of new ones. Future climate change scenarios suggest climatenanhtbmate
related shifts in biotic pressure are expected to increase pressdremfera production
(Hannah etal:;2013; Cook and Wolkovich, 2016). Wild North AmenGtan species are
uniquely adapted to a suite of abiotic and biotic environal@ainditions andhave been utilized
to improve cultivated grapevines. For examplaiiparia is extremely pest resistant and winter
hardy,V. labrusea has unique metabolites that can contribute to new enological profile¥, and
cinerea haswunique soil adaptations and pest resistance. Hybrid derivatved rdrea var.

helleri (L.H. Bailey) M.O. Moore. riparia, andV. rupestris have yielded some of the most
widely-used rootstocks in the viticulture industry (e.g., 1103-Paulsen, @808erc, and S04,
Galet, 1979). Unknown adaptive propertied/ufs species may hold additional traits necessary

for maintaimingifuture grapevine sustainability.

Living collections housed at the USDA Germplasm Repositories representaiprsaurce of
breeding.material for ongoing and fugusreeding effortddowever, these collections house a
subset of known grapevine species; funihare accesions represent a relatively small portion
of the species distributions and thus a small portion of the genetic and phenotysitydofer
this genus«Fuarther work is needed to expand living collections of contemporary agthgme
crops and their'wild tatives, and to use genomic and phenomic approaches to characterize
diversity in these taxa.

<h1>CONCLUSIONS

Vitis represents one of the most economically important fruit crops in the wbddstlidy
presented.here adds clarity to the evolutionaryiogighips among grapevine species. With
projected shifts_in climatic stability, grapevine producers are expectezlfaced with changing
abiotic and biotic stresses to whi¢hvinifera may not be well adapted. The results of this study
have helped iderfi 28 misidentified accessions and to better clarify 20 unknown accessions.

Perhaps more importantly, thdata setlemonstrates the power of SNP markers in optimizing
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the germplasm collection. We can now use these tools to better sample wild grapevine species
distributions and compare genetic signatures with what is already preservedur@efut
grapevine breeding and of grapevine sustainability depends on the use of elite germpilatsm

of which remains untapped across North America.
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TABLE 1. Number of accessions representing each taxon and its geographic orig

phylogenomic and genetic distance analyse&gelopsis andVitis taxa.

Analysis Performed

Ampelopsis

A. cordata

A. delavayana var.
glabra

A. glandul gsa

A. glandulesavar.

brevipedunculata

Vitis subg. Muscadinia

V. rotundifolia
Vitis subg-Vitis
V. acerifolia

V. aestivalis

V. amurensis

V. arizonica

V. cinerea

V. coignetiae

V. labrusca

V. monticola

V. mustangensis
V. nesbittiana
V. palmata

V. piasezkii

N per Data Set

Reduced Geographic
Full Vitis-only Vitis Distribution
(11,020 SNPs) (10,565 SNPs) (8617 SNPs)

SVD-
RAXML NJ quartets
2 0 0 SE United State:
3 0 0 E Asia
2 0 0 S Asia
6 0 0 NE Asia
13 9 13 SE United State:
19 18 5 E United States
19 18 5 E UnitedStates
12 8 4 E Asia
3 4 4 SW United State
42 39 5 E United States
4 4 5 E Asia
37 31 5 E United States
10 1 1 SW United State
6 4 4 SW United State
2 0 S Mexico
9 5 SE United State:
11 10 5 E Asia
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V. riparia 80 77 5 NE United State
V. romanetii 0 0 2 E Asia

V. rupestris 27 25 4 E United States
V. shuttleworthii 5 5 5 SE United State:
V. vinifera 13 6 5 Europe

V. vulpina 12 10 5 E United States
V. yenshanensis 3 3 0 E Asia
unidentifiedVitis 19 19 0 -

Total: 359 304 87

FIGURE 1. Species tree generated in SVDquartets using the redliitedataset fi = 87) to
represent 1§/itis speciesVitis rotundifolia represents sub§luscadinia. North American and
Eurasiarvitis'species form two clades within subgtis. Within the North Americawitis clade,
two subclades are present: NA Cladeg.lacerifolia/ V. arizonica/ V. monticola/ V. riparia/ V.
rupestris) and II'(V. aestivalis/ V. cinerea/ V. labrusca/ V. mustangensis/ V. palmata/ V.
shuttleworthii/ V. vulpina). NA Clade Il is further divided by subclades ‘a’ and ‘b.’

FIGURE 2. Ndutree of thé/itis-only dataset g = 304). Node values denote bootstrap support.
Black arrows.peint to previously unidentified taXat(s spp.) in bold text. Misidentified
accessions are denoted with red arrowheads and red text. Thé dpegia accessions are
denoted withwan asterisk, though some closely relateclespare grouped among these
accessions due to genetic similarity.

FIGURE 3. MDS plots of subgVitis accessions(= 291), where species are represented by
colored paints, unidentified accessions are black triangles, and misidentified accessians are re
triangles.(see.legend). Those triangles that are intermediate between species clusters likely
represent’hybrid individuals. (A) Dimensions one and two; (B) dimensions two and(@iree;
dimensionsone and three; and (D) dimensions three and four.
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Appendix S3. Maximum likelihood 50% majority rule consensus tree generated in RAXML
using the full datset o = 359). Node values denote bootstrap support. Branch lengths are

proportional to the number of substitutions per site as measured by the scale ba
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