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SUMMARY

Panicum virgatum L. (switchgrass) is a polyploid, perennial grass species that is native to North America,
and is being developed as a future biofuel feedstock crop. Switchgrass is present primarily in two ecotypes:
a northern upland ecotype, composed of tetraploid and octoploid accessions, and a southern lowland eco-
type, composed of primarily tetraploid accessions. We employed high-coverage exome capture sequencing
(~2.4 Tb) to genotype 537 individuals from 45 upland and 21 lowland populations. From these data, we iden-
tified ~27 million single-nucleotide polymorphisms (SNPs), of which 1 590 653 high-confidence SNPs were
used in downstream analyses of diversity within and between the populations. From the 66 populations,
we identified five primary population groups within the upland and lowland ecotypes, a result that was fur-
ther supported through genetic distance analysis. We identified conserved, ecotype-restricted, non-synon-
ymous SNPs that are predicted to affect the protein function of CONSTANS (CO) and EARLY HEADING
DATE 1 (EHD1), key genes involved in flowering, which may contribute to the phenotypic differences
between the two ecotypes. We also identified, relative to the near-reference Kanlow population, 17 228
genes present in more copies than in the reference genome (up-CNVs), 112 630 genes present in fewer
copies than in the reference genome (down-CNVs) and 14 430 presence/absence variants (PAVs), affecting a
total of 9979 genes, including two upland-specific CNV clusters. In total, 45 719 genes were affected by an
SNP, CNV, or PAV across the panel, providing a firm foundation to identify functional variation associated
with phenotypic traits of interest for biofuel feedstock production.

Keywords: Panicum virgatum, exome capture, switchgrass, polyploid, genomics, PRUINA280418.

INTRODUCTION

Panicum virgatum L. (switchgrass) is a perennial C4 grass based on a combination of genome ploidy, phenotype,
species native to North America (Vogel, 2004), tradition- and habitat (Costich et al, 2010). Previous work has
ally grown for conservation and forage, but recently iden- demonstrated the presence of population groups within
tified as a potential biofuel feedstock. Switchgrass is each ecotype associated with geographic habitat and
broadly separated into two ecotypes, upland and lowland, ploidy (Lu et al., 2013). The habitat for upland switchgrass
800 © 2015 The Authors
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stretches from central USA to southern Canada, and low-
land switchgrass can be found from central USA to north-
ern Mexico. Phenotype and growth habit can vary widely
between ecotypes, with southern lowland switchgrass
more adapted to longer growing seasons, tending towards
larger size and higher biomass, whereas upland switch-
grass is frequently smaller yet more capable of overwinter-
ing in cold climates. All known switchgrass is polyploid,
with lowland switchgrass being tetraploid (2n = 4x = 36)
and upland switchgrass being a mix of tetraploid and octo-
ploid accessions (2n = 8x = 72), with aneuploidy observed
in both ecotypes (Hopkins et al., 1996; Lu et al., 1998; Cos-
tich et al., 2010). The draft genome sequence of the low-
land tetraploid individual, AP13, is 1230 Mb with 98 007
annotated genes (version 1.1; http:/phytozome.jgi.doe.gov/
pz/portal.html#!info?alias=Org_Pvirgatum).

Whereas considerable interest exists in the develop-
ment of switchgrass for conservation, forage, and biofuel
feedstock, there have been a limited number of reports
on genetic diversity of switchgrass populations. For exam-
ple, conservation efforts with switchgrass often involve
the use of germplasm sourced nearby to avoid the impor-
tation of alleles that are poorly adapted to local condi-
tions (Clewell and Rieger, 1997; Lesica and Allendorf,
1999). Thus, access to a detailed view of switchgrass pop-
ulation structure would allow the identification of switch-
grass populations most suitable for reintroduction to a
restored area (Casler et al., 2007a). Until recently, genetic
markers for switchgrass were primarily used to identify
the geographic origin of individual ecotypes (Hultquist
et al., 1996; Missaoui et al., 2006), and were of limited res-
olution. The development of chloroplast-based simple
sequence repeat markers permitted greater differentiation
of populations within ecotypes, and the identification of
gene flow between upland and lowland populations
(Zalapa et al., 2011; Zhang et al., 2011a). More recently, a
reduced representation approach that entailed the next-
generation sequencing of restriction enzyme sites was
combined with de novo single-nucleotide polymorphism
(SNP) prediction to identify SNPs, leading to the identifi-
cation of individual populations within the larger ecotype
groupings (Lu et al., 2013).

A prime rationale for the use of switchgrass as a biofuel
feedstock is its ability to generate substantial biomass
under marginal conditions, attributable in part to its large
perennial root system (Schmer et al, 2008). Although
these natural adaptations make switchgrass valuable as a
source of biomass, much opportunity remains for improve-
ment as a biofuel feedstock crop (Vogel, 2004; Sanderson,
2007). Central to this improvement is the development of
switchgrass that can perform in variable environments and
habitats, for which an understanding of the genetic and
phenotypic diversity in native switchgrass populations
would lead to improved breeding strategies (Casler et al.,
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2011; Zalapa et al., 2011; Zhang et al., 2011a,b), as studies
have shown a clear genetic and phenotypic division
between lowland and upland ecotype switchgrass, even
between members of different ecotypes that grow at simi-
lar latitudes (Zalapa et al., 2011; Zhang et al., 2011a,b; Lu
et al., 2013).

Genome-level analyses of grass genomes is complicated
by the large number of repetitive elements that can make
up a significant fraction of the total size of the genome
(Paterson et al., 2009; Schnable et al., 2009; Zhang et al.,
2012). Switchgrass is no exception, with initial analyses
indicating that repetitive elements compose approximately
33% of the switchgrass genome (Sharma et al, 2012).
Additionally, switchgrass is largely self-incompatible, and
thus switchgrass populations have high levels of heterozy-
gosity (Talbert et al., 1983; Martinez-Reyna and Vogel,
2002; Liu and Wu, 2012). Recently, an exome capture
oligonucleotide probe set that targets approximately
50 Mb of genic sequence was developed for switchgrass
(Evans et al., 2014). When coupled with paired-end
sequencing, this probe set permits the capture of an addi-
tional 120 Mb of the genome at sufficient depth for high-
confidence discrimination of sequence variants between
and within switchgrass ecotypes and accessions (Evans
et al., 2014).

In this study, we used exome capture sequencing on a
panel of 537 individuals of northern switchgrass from 66
populations, representing upland and lowland ecotypes
and tetraploid and octoploid ploidy levels. This panel was
originally grown from seed at the USDA-ARS Forage
Research Center (http://www.ars.usda.gov) in 2007, and
was used to demonstrate the UNEAK pipeline by Lu et al.
(2013) using a genotyping-by-sequencing (GBS) approach,
and in assessing the potential for genomic selection in
switchgrass (Lipka et al., 2014). The majority of these
populations are wild prairie remnants that have been
under minimal selection during advancement (Casler
et al., 2007a; Lu et al., 2013), representing wide geograph-
ical variation from habitats spanning a substantial portion
of the USA east of the Rocky Mountains. From ~2444 Gb
of exome capture sequence data generated from the
panel, we identified 1590 653 high-confidence SNPs,
129 858 copy-number variants (CNVs) and 14 430 pres-
ence/absence variants (PAVs), some of which were eco-
type-restricted. Even though the majority of the
populations examined were wild populations, we were
able to assign nearly all populations into discrete clusters
representing differences in ploidy, ecotype, and geo-
graphic location. This represents the largest body of iden-
tified variants reported to date in switchgrass, and can be
coupled with phenotypic variation present within this
panel to facilitate genome-wide association studies to
identify regions of the genome associated with biofuel
feedstock traits.
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The Plant Journal, (2015), 84, 800-815


http://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Pvirgatum
http://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Pvirgatum
http://www.ars.usda.gov

802 Joseph Evans et al.

RESULTS

Exome capture sequencing and detection of single-
nucleotide polymorphism

Exome capture sequencing was performed on 537 individ-
uals belonging to 66 switchgrass populations (Table 1) that
were initially described in Lu et al. (2013), and are referred
to in this study as the Northern Switchgrass Panel. A total
of 21 of these populations were lowland ecotypes, with 20
tetraploid and one of mixed ploidy. Of the 45 upland popu-
lations, one had mixed ploidy, 15 were tetraploid and 29
were octoploid (Table 1; Lu etal, 2013). DNA was
extracted from each individual and subjected to exome
capture, followed by 150-nucleotide paired end sequencing
(2 x 150 nucleotide read pairs). Individuals were pooled
and multiplexed (12 per lane) to generate approximately 22
million reads (11 million read pairs) per individual
(Appendix S1). In total, approximately 2444 Gb of sequenc-
ing data was generated. Filtered reads were aligned with
the hardmasked P. virgatum 1.1 genome assembly
(http://phytozome.jgi.doe.gov/pz/portal.html#!info?
alias=0rg_Pvirgatum) using sowrtie (Langmead et al., 2009).

We achieved an average of at least 1x coverage of
336 985 710 bases of the P. virgatum 1.1 reference genome
sequence, with 172 478 563 bases having an average
depth coverage of five or greater (Table S1). This results in
an average of ~13.5x depth of coverage for all bases with
any coverage of ~24x depth of coverage if only consider-
ing positions with a depth of coverage of 5x or greater
(Table S1). An initial set of 27 193 566 positions possessed
an SNP in at least one individual of the population, and
after filtering to identify loci that are polymorphic in at
least two individuals and non-polymorphic in at least two
individuals, to reduce the impact of sequencing errors and
rare alleles, 12 089 346 loci remained in the sample set. Of
these ~12 million positions, 875 267 were predicted to be
tri-allelic across the panel and 17 668 were predicted to be
tetra-allelic. Additional stringent filtering was performed to
exclude loci with missing data or loci where more than 5%
of the individuals had low coverage, resulting in a final
pool of 1590 653 bi-allelic polymorphic positions, with an
additional 25 074 tri-allelic positions and 259 tetra-allelic
positions. This high-confidence, high-coverage bi-allelic
SNP set (1 590 653) has been labeled as switchgrass Hap-
Map v1, and is used for all subsequent analyses.

Comparison of sequence variants generated by exome
capture sequencing with genotyping by sequencing

We compared our polymorphism results with previous
results using the same diversity panel obtained using a
GBS approach coupled with a network analysis approach
to identify SNPs (Lu et al., 2013). Approximately 39% of
the GBS-derived sequences could be uniquely aligned with
the unmasked switchgrass genome, from which only 6460

positions overlapped with polymorphisms in the HapMap
v1 panel. The relatively small number of overlapping posi-
tions is a result of different approaches to polymorphism
detection. Approximately 172 Mb of the genome (~14%)
was captured with sufficient coverage to pass our quality
filtering using exome capture (which included read depth
and coverage throughout the individuals within the panel),
whereas the sequencing approach undertaken by Lu et al.
(2013) sampled ApeKl sites across the genome at low cov-
erage, resulting in a high degree of missing data
(Appendix S2). Of the 6460 overlapping positions, 5012
(77.5%) had identical alleles in both data sets, with only
the alternate (non-reference) allele identified in 1362
(21.1%) positions from the GBS panel, only the reference
allele identified in 47 (~0.1%) positions and neither allele
identified in 39 (~0.1%) positions, indicating a high level of
concordance between the data sets.

Single nucleotide polymorphisms in the switchgrass
genome

As expected, the majority of detected polymorphisms in
the HapMap v1 data set were located within genes, with
nearly 50% of the SNPs located within exons (Table 2),
consistent with previous work on exome capture in Hor-
deum vulgare (barley; Mascher et al., 2013), Oryza sativa
(rice; Henry et al, 2014) and switchgrass (Evans et al.,
2014); in total, 36 812 genes (37.6% of annotated genes)
contained a HapMap v1 SNP (Appendix S3). A substantially
larger number of SNPs were detected in the 3'-untrans-
lated region (3-UTR) and downstream of genes than were
detected in the 5-UTR or upstream region of genes
(Table 2). Analysis of UTR lengths in v1.1 of the annotated
switchgrass gene set (http:/phytozome.jgi.doe.gov/pz/por-
tal.html#!info?alias=Org_Pvirgatum) revealed not only
more but also longer 3-UTRs than 5'-UTRs, attributable to
biases in annotation, and consistent with our detection of
five times more SNPs in the 3-UTR compared with the
annotated 5-UTR. Substantially more non-synonymous
exonic SNPs were detected than synonymous SNPs, with a
non-synonymous : synonymous ratio of approximately
1.73 : 1.00 (Table 2). This value is higher than has been
observed in rice, where non-synonymous/synonymous
SNP ratios of between 1.36: 1.00 and 1.52 : 1.00 were
observed on all 12 chromosomes, excluding sequences
not anchored to the 12 pseudomolecules (The 3000 Rice
Genomes Project 2014).

Comparing the distribution of SNPs across switchgrass
ploidies, ecotypes and population origin types reveals that
although the number of variants differ between popula-
tions, the distribution of the types of variant remains the
same (Figure S1). In all cases, approximately 50% of
detected SNPs are located in the exons, 30% are located in
the introns and 10% are located in the 3'-UTR, with the
remaining 10% of SNPs located in the intergenic space,
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Table 1 Population identification, number of individuals, type of population, physical location, ecotype and ploidy of the samples used in
this study

Population Individuals® Population type Location Ecotype Ploidy
Alamo 1 Bred cultivar X Lowland 4
Blackwell 10 Natural track cultivar OK Upland 8
Carthage 6+2 Natural track cultivar NC Upland 8
Cave in Rock 10 Natural track cultivar IL Upland 8
Dacotah 8 Natural track cultivar ND Upland 4
ECS-1 5 Natural population NJ Lowland 4
ECS-10 6 Natural population PA Upland 8
ECS-11 6+ Natural population PA Upland 8
ECS-12 7 Natural population NY Upland 8
ECS-2 6 Natural population OH Upland 8
High Tide 10+1 Natural track cultivar MD Lowland 4
Kanlow 10+1 Natural track cultivar KS Lowland 4
KY1625 10+1 Natural track cultivar KY Upland 8
Pathfinder 10 Bred cultivar NE Upland 8
Shelter 9 Natural track cultivar WV Upland 8
Sunburst 9 Bred cultivar SD Upland 8
SW102 10 Natural population WI Upland 4
SW109 9+1 Natural population Wi Upland 8
SW110 10 Natural population Wi Upland 8
SW112 10 Natural population WI Upland 8
SW114 8 Natural population Wi Upland 8
SW115 6+1 Natural population Wi Upland 4
SW116 10 Natural population Wi Upland 4
SW122 6+1 Natural population Wi Upland 8
SW123 10+1 Natural population WI Upland 8
SW124 10 Natural population Wi Upland 4
SW127 8+1 Natural population Wi Upland 8
SW128 9 Natural population Wi Upland 8
SW129 10 Natural population Wi Upland 4
SW31 8 Natural population IN Upland 4
SW33 6+3 Natural population IN Upland 8
SW38 4 Natural population IN Upland 8
SW40 7+1 Natural population IN Upland 4
SW43 8 Natural population Mi Upland 4
SW46 9 Natural population Ml Upland 4
SW49 7 Natural population MN Upland 4
SW50 5 Natural population MN Upland 8
SW51 7 Natural population MN Upland 8
SW58 10 Natural population MN Upland 8
SW63 6 Natural population NY Upland 4
SW64 10+1 Natural population OH Upland 8
SWe65 8 Natural population OH Upland 8
SW781 6 Natural population NY Lowland 4
SW782 7 Natural population VA Upland 8
SW786 7 Natural population Ml Upland 4
SW787 10 Natural population Mi Upland 4
SW788 10+1 Natural population NY Lowland 4
SW789 6+1 Multisite synthetic MS Lowland Mixed
SW790 5 Bred cultivar MS Lowland 4
SW793 5 Natural population NY Lowland 4
SW795 8+1 Natural population NY Lowland 4
SW796 9 Natural population NY Lowland 4
SW797 8 Natural population NY Lowland 4
SW798 5+1 Natural population NY Lowland 4
SW799 7 Natural population NY Lowland 4
SW802 5 Natural population NY Lowland 4
SW803 9 Natural population NY Lowland 4
(continued)
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Table 1. (continued)

Population Individuals® Population type Location Ecotype Ploidy
SW805 9 Natural population NY Lowland 4
SW806 9 Natural population NY Lowland 4
SW808 10 Natural population KY Upland 8
SW809 10 Natural population KY Upland 8
SWG32 7 Natural population IL Lowland 4
SWG39 7 Natural population 1A Lowland 4
Timber 7 Multisite synthetic NC Lowland 4
WS4U 8 Multisite synthetic Wi Upland 4
WS98-SB 8 Natural population Wi Upland Mixed

All populations used in this study were presented in Lu et al. (2013), with the exception of Alamo. Populations were defined as ‘Natural’ if
they were obtained from wild-growing populations, ‘Bred cultivars’ if they were of mixed descent and had undergone selection by breeders,
‘Natural track cultivars’ if they were derived from wild germplasm that have been selected for traits by breeders and ‘Multisite synthetic’ if it

was a mixed-descent population grown at multiple locales.

®Individuals sequenced more than once are indicated with +, i.e. 10+1 means 10 individuals, with one sequenced twice.

Table 2 Types of genetic variation detected in the 1590 653
Switchgrass HapMap v1 high-confidence single-nucleotide poly-
morphism data set

Genomic feature Number of loci
Exonic 773 368
Synonymous 276 342
Non-synonymous 478 732
Stop gain 17 276
Stop loss 1018
Exonic and splicing 3
Intronic 499 609
Splicing 7146

5 untranslated region 34 459
3’ untranslated region 171 944
3" and 5’ untranslated region 230
Upstream 13 115
Downstream 41 837
Upstream and downstream 6067
Intergenic 42 881

5-UTR and downstream of genes. Additionally, the distri-
bution of the predicted effects of SNPs also remains lar-
gely uniform across all sample groupings (Figure S2).
When projected onto the reference AP13 annotation,
approximately 62% of SNPs within coding regions are non-
synonymous, and result in an amino acid change in their
corresponding gene, versus approximately 36% of SNPs
that are predicted to result in no amino acid change, and
the remaining ~2% consisting of mainly predicted stop-
gain conditions, with a much smaller number of stop-loss
conditions (Figure S2).

When plotted against their physical locations, patterns
of SNP distribution become apparent. In general, SNP den-
sity peaks in regions of high gene density because of the
nature of exome capture corresponding to regions of high-
est read depth (Figure 1). This uneven read depth is extre-
mely evident at all levels of analysis, including SNP

density and CNV density, resulting in a high level of varia-
tion in these features (Figure 1). This high level of variation
is further complicated by the fragmented nature of the
genome assembly, with up to 50% of each scaffold com-
posed of Ns, representing unknown bases (Figure 1).
Despite these challenges, several interesting features can
be observed. The first is the very low SNP density on
Chr08a and Chr08b: these chromosomes are low in gene
content (Figure 1c), but even in gene-rich regions the SNP
density is lower than in other chromosomes (Figure 1d),
and the gene-dense regions also appear to have slightly
lower numbers of CNVs (Figure 1e,f). These chromosomes
also have a higher than average N content, indicating gaps
or missing sequences from the assembly (Figure 1a).
Together, these features may indicate that these chromo-
somes are more difficult to assemble, possibly reflecting
high levels of similarity between them, which would result
in difficulty detecting SNPs between homeologs and in a
lower overall SNP density. This may also be attributable to
bias in the capture process or in the SNP calling on these
chromosomes. The release of an improved assembly of
the genome will resolve this question.

Single-nucleotide polymorphism density is greater in
upland than in lowland switchgrass, and octoploid switch-
grass accessions have a greater SNP density than both
lowland and upland tetraploid switchgrass accessions (Fig-
ure 1), consistent with the notion of increased tolerance to
polymorphism with increased ploidy. The switchgrass ref-
erence genome is based on a lowland tetraploid switch-
grass individual genotype (AP13), so a larger number of
variants in more diverged (i.e. upland) switchgrass acces-
sions is expected; however, this indicates that upland octo-
ploid switchgrass may have diverged further from the
reference than upland tetraploid populations.

Switchgrass is known to have undergone large changes
in habitat and phenotype in the relatively recent past (Clark

© 2015 The Authors
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Figure 1. circos figure showing the genome-level distribution of N content, single-nucleotide polymorphisms (SNPs), copy-number variants (CNVs) and fixation
index.(a) Percentage N content in 1-Mb windows, with axis spanning 0-100% N content.(b) Chromosome ideograms with labels.(c) Heat map of gene density in
1-Mb windows. Low-density regions are indicated in blue; high-density regions are indicated in red.(d) SNP frequency in 1-Mb windows. The y-axis varies from
500 SNPs per Mb to 30 000 SNPs per Mb. The green line indicates lowland SNP density, the yellow line indicates upland octoploid SNP density and the red line
indicates upland tetraploid SNP density.(e) Up-CNV density in 1-Mb windows. The axis ranges from 0 to 24 CNVs per Mb; green, upland octoploid CNVs; red,
upland tetraploid CNVs; yellow, lowland CNVs.(f) Down-CNV density in 1-Mb windows. The axis ranges from 0 to 24 CNVs per Mb; green, upland octoploid
CNVs; red, upland tetraploid CNVs; yellow, lowland CNVs.(g) Measure of fixation index in 100-kb windows, the axis ranges from 0.0 to 0.4.

et al., 2001; Casler et al., 2004, 2007b; Kelley et al., 2006),
and as switchgrass transitioned from warmer southern
refuges to northern, cooler habitats, with more variable
day lengths, it is possible that certain regions of the gen-
ome were under selection to adapt to these new stimuli. In
an attempt to identify these regions, we calculated the

© 2015 The Authors

fixation index of SNPs across the switchgrass genome
(Figure 1). The fixation index was averaged in 100-kb win-
dows across the genome and plotted against the 18
assembled switchgrass pseudomolecules (Figure 1).
Although small regions of apparently high and low fixation
index occur (Figure 1: chromosomes 7a and 9b), these are
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present in regions of low gene and SNP density, where
individual SNPs can influence the effect on the whole win-
dow. In general, we see only minor changes in fixation
index, with no obvious regions of abnormally high or low
values. This may partly result from the panel consisting
largely of northern-adapted switchgrass (with the inclusion
of only five southern lowland populations) or from the
fragmented nature of the current switchgrass genome
assembly (Figure 1). In general, however, the largely uni-
form level of fixation across all 18 chromosomes indicates
that there does not appear to be any large regions of
higher or lower fixation, suggesting a lack of selective
sweeps. This supports the nature of switchgrass as a lar-
gely undomesticated natural species. It is possible that
with the addition of more southern populations and culti-
vated populations, combined with a more complete refer-
ence genome sequence, that regions under selection
would become identifiable.

Switchgrass population structure

Although switchgrass is largely identified by ecotype, pre-
vious research has shown the presence of multiple popula-
tion groups present in each switchgrass ecotype,
consistent with the northern migration of switchgrass fol-
lowing the last glacial period (Clark et al, 2001; Kelley
et al., 2006; Zhang et al., 2011b; Lu et al., 2013). The popu-
lations in this panel vary in origin from naturally occurring
populations (wild accessions with no human-based selec-
tion), multisite synthetic populations (amalgams of diverse
genotypes from many sites), bred cultivars (generally
selected for between one and four generations from wild
germplasm) and natural track cultivars (wild populations
that have undergone several generations of seed produc-
tion without selection and have been given a cultivar

I Lowland 4x South

Lowland 4x North

Upland 8x East

I Upland 4x North

name). Previous work using 700 236 GBS-derived SNPs
identified between three and five upland switchgrass popu-
lation groups and between two and four lowland popula-
tion groups within this panel (Zhang et al., 2011a; Lu et al.,
2013). Using the HapMapv1 set of ~1.6 million polymor-
phic loci, we examined population structure and identified
geographic locations where populations had intermixed,
and to what extent such admixture had taken place. sTruc-
TuRe (Pritchard et al., 2000) was used to calculate popula-
tion group membership for population group sizes ranging
from two to 10 population groups, using a subset of
48 630 randomly selected SNPs. Using the method
described in Evanno et al. (2005), the correct population
distribution was determined as being represented by seven
population groups (Figure 2). Two of the groups (Lowland
4x North and Lowland 4x South) represent two lowland
population groups: one from southern USA and the other
from the north-eastern seaboard area (Figures 2 and 3;
Table S2). Two groups (Upland 8x West and Upland 8x
East) represent octoploid upland population groups, with
one (Upland 8x East) clustering along the Appalachian
mountain range, and the other (Upland 8x West) spread
throughout central and northern Midwestern USA (Fig-
ures 2 and 3; Table S2), and with a final group (Upland 4x
North) representing an upland tetraploid population group,
spread throughout northern and central Midwestern USA
(Figures 2 and 3; Table S2). This supports the results
observed previously (Lu et al., 2013), with the exception
that we do not observe an Upland 8x South population of
individuals with mixed ancestry that cannot be assigned to
a single population group (Figures 2 and 4). Close exami-
nation indicates that one population group (unknown #2)
is present in all individuals at very low levels (Figure 2;
Table S2), and may represent miscalled SNPs or loci that

I Unknown #1

Unknown #2

: Upland 8x West

Figure 2. Switchgrass population structure. Using approximately 50 000 single-nucleotide polymorphisms (SNPs), structure (Pritchard et al., 2000) identified
seven population groups, roughly depicting the geographical distribution of switchgrass ecotypes.Lowland ecotype switchgrass (red and yellow) is clearly dis-
tinct from upland switchgrass (magenta, orange and green), and shows very low levels of population group admixture. Upland switchgrass population groups
(magenta, orange and green) are much more likely to exhibit population mixing within their ecotype. Three unusual populations have been highlighted: Carth-
age is a natural track cultivar from North Carolina exhibiting high levels of population group admixture that prevent population group assignment; SW789 is a
multisite synthetic population that also exhibits high levels of population admixture, including from lowland populations; Sunburst is a bred cultivar from South
Dakota that exhibits membership in an unknown group, potentially a western switchgrass population group that is not well represented in this panel.
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Figure 3. Geographical distribution of switchgrass
populations.Pie charts indicate the population
group membership of each population, as deter-
mined by sTrucTuREe (Pritchard et al., 2000), with the ‘
membership in each population group indicated by
the area of the pie chart that the color occupies.
Larger pie charts indicate populations sampled in
close geographic proximity that could not be repre-
sented separately. Timber, SW789, WS4U and AP13
are not present, as there are no GPS coordinates
for the origins of these cultivars.

are polymorphic in nearly all individuals, and does not rep-
resent a true population group. Another group (unknown
#1) is present in a small number of populations, and is
likely to represent an additional population group that was
not substantially represented in the Northern Switchgrass
Panel (Zhang et al, 2011a). As these two population
groups (unknown #1 and #2) do not represent a substantial
number of individuals in this panel, all downstream analy-
ses focus on the five major population groups (Upland 4x
North, Upland 8x West, Upland 8x East, Lowland 4x
North and Lowland 4x South).

Notably, sTRuCTURE analysis indicates substantial mixing
between the three upland population groups (Figures 2
and 3), despite variations in ploidy, whereas there has
been limited mixture between the upland and lowland
population groups. Despite the Lowland 4x North popula-
tion groups being in relatively close proximity to the
Upland 8x East population group, limited population mix-
ing has occurred (Figures 2 and 3), indicating the presence
of other factors, such as flowering time, that may keep
populations reproductively isolated.

To verify the sTRUCTURE population results, genetic dis-
tance was calculated using pHyLP (Felsenstein, 1989) with
all of the loci in the HapMapv1 set and a consensus neigh-
bor-joining tree was generated. To better visualize the rela-
tionship between populations, individuals were colored
based on the strucTure-derived population group
(Appendix S4; Figure 4). As predicted, the populations
clustered into five distinct population groups
(Appendix S4; Figure 4). The three upland population
groups form a single large cluster, whereas the two low-
land population groups form two more readily distinct
clusters, consistent with the observation that genetic diver-
sity within species decreases as latitude increases as a
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result of postglacial founder effects (Hewitt, 1996, 2000; Sol-
tis et al., 1997). This is also reflected in the distribution of
SNPs, with Lowland 4x North switchgrass possessing the
largest number of private SNPs (SNPs unique to that popu-
lation group; Figure S3). Additionally, approximately 10% of
all SNPs in the panel are shared among all upland popula-
tion groups, and are absent from all lowland population
groups (Figure S3), whereas a slightly smaller number of
SNPs are shared among all population groups except the
Lowland 4x South population group, which may indicate
gene flow from the Lowland 4x North population group
into the upland groups, or vice versa. As expected from the
population structure, Upland 4x North and Upland 8x West
population groups share a substantial pool of variation,
whereas the Upland 4x North and Upland 8x East popula-
tion groups share a much smaller pool (Figure S3).

In nearly all of the populations, all of the individuals
within a population were clustered more tightly with each
other than with individuals from other populations
(Appendix S4; Figure 4). Notably, in addition to the tight
population clustering, only three individuals (Carthage-
5103, WS98-SB-6207 and WS98-SB-6210) belong to a popu-
lation group that is discordant with their location on the
dendogram (Appendix S4; Figure 4), although several indi-
viduals such as SW65-1309 and SW65-1310 have multiple
group memberships (Appendix S4; Figures 2 and 4).
WS98-SB is a mixed-lineage population that is known to
contain individuals from both ecotypes and is extremely
diverse genetically, whereas Carthage is a natural track cul-
tivar derived from North Carolina switchgrass with mem-
bership in multiple population groups, and was probably
created through human-mediated migration of switchgrass
from Nebraska to North Carolina in the early 20™ century
(Appendix S4; Figures 3 and 4; Zhang et al, 2011b).
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Figure 4. Dendogram representing genetic distance
between all 537 individuals in this panel using all
~1.6 million high-confidence single-nucleotide poly-
morphisms, as calculated by the neighbor-joining

B Lowland 4x South method using pHvuP (Felsenstein, 1989).Individuals

have been colored according to population group

Lowland 4x North membership, as shown in Figure 2. In order to

assign population group membership, an individual

l Upland 8x East had to have more than 50% membership to that

[ | Upland 4x North group. Individuals that could not be assigned are

colored black. Lowland switchgrass is visibly dis-

O Upland 8x West tinct and distant from upland switchgrass, which
[ | No Assignment are less genetically distant from each other.

0.0030

Noticeably, the Upland 8x West octoploid population
group appears to exhibit much less variation within its
populations than the other upland population groups.
Although other upland populations are tightly clustered
and distinguishable within their population groups, popu-
lations occasionally appear to be mixed and indistinguish-
able within the Upland 8x West population group
(Appendix S4; Figure 4). The Upland 8x West population
group also possesses the largest number of private SNPs
among the upland populations (Figure S3). This suggests
that although the Upland 8x West population is genetically
distinct from other upland populations groups, there is a
limited level of variation between members within the pop-
ulation group, which may indicate the presence of a popu-
lation bottleneck in the recent past.

Sequence variation in flowering time genes follows
ecotype divisions

One of the features that most distinguishes upland and
lowland switchgrass is flowering time, which can vary by
as much as 6 weeks (Casler et al., 2004, 2007b). Once flow-

ering begins, the accumulation of biomass in the above-
ground portion of switchgrass stems declines abruptly
(VanEsbroeck et al., 1997), allowing lowland switchgrass,
with its later flowering, to accumulate more biomass, even
when grown in northern climates (Lemus et al., 2002).
Lowland switchgrass often overwinters poorly, however,
and suffers stand failure in more northern climates, unlike
cold-adapted upland accessions (Casler etal., 2004,
2007b). Thus, altering flowering time in upland switchgrass
may provide a path to increase biomass accumulation.
Although the genetic mechanisms controlling flowering
time in switchgrass have not yet been elucidated, data
exists for these pathways in other grasses (Turck et al.,
2008; Colasanti and Coneva, 2009; Jackson, 2009; Valverde,
2011; Xu et al., 2012b; Itoh and lzawa, 2013). We focused
on the Gigantea (Gl)-Constans (CO)-Flowering locus T (FT)
photoperiod-sensitive flowering time pathway, a pathway
present in Arabidopsis thaliana as well as in rice and Sor-
ghum (Valverde, 2011; Andres and Coupland, 2012). In
short-day plants such as rice, Heading Date 1 (HD1), an
ortholog of CO, activates flowering in short days through
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the expression of the FT-like genes HD3a and RFTI,
whereas in long-day plants such as barley and Arabidop-
sis, CO triggers FT expression during long-day conditions
(Valverde, 2011; Andres and Coupland, 2012). Early head-
ing date 1 (Ehd1) acts downstream of HD1/CO, and also
activates the expression of HD3A and RFT1 under short-
day conditions in rice, and can act independently of CO,
but is repressed by Ghd7 in non-inductive long-day condi-
tions (Doi et al., 2004). In switchgrass, the negative regula-
tion of the expression of CO through the transgenic
expression of Arabidopsis LONG VEGETATIVE PHASE 1
(AtLOV1) has been shown to delay flowering time (Xu
et al., 2012a), indicating the presence of the Gigantea-CO-
FT floral initiation pathway.

Switchgrass homologs of CO and EHD1 were identified
in v1.1 of the P. virgatum genome assembly (Appendix S5;
Figure S4). An examination of SNPs present in
Pavir.Da01464 (CO homolog) across the panel revealed
three polymorphic loci containing SNPs associated with
the ecotype (Figure 5a). The first polymorphic allele is pre-
dicted to convert the encoded CO protein at amino acid 4
from an asparagine to a lysine (N4K), and was present in
43 upland individuals (32 tetraploid and 11 octoploid) from
14 populations. The second polymorphic allele is predicted

Exome capture of diverse northern switchgrass 809

to convert a serine to threonine at amino acid position 255
(S255T; Figure 5a), and was present in 63 upland individu-
als (31 tetraploid and 31 octoploid) from 23 populations.
Notably, both of these polymorphisms, found exclusively
in upland ecotypes, are predicted by siFT (Ng and Henikoff,
2001) to be poorly tolerated, although the alignment qual-
ity for N4K was below the certainty threshold. The poly-
morphism restricted to lowland ecotype accessions (19
total) is predicted to convert a methionine to threonine at
amino acid 292 (M292T), and is predicted by siFT to be tol-
erated (Figure 5a). No similar pattern of polymorphisms
was detected in the putative homeolog Pavir.Db01632
(Appendix S3).

A similar pattern of polymorphisms is present in
Pavir.la04737, the EHD1 homolog (Figure 5b). One allele is
present in 46 upland individuals (32 octoploid and 14 tetra-
ploid) from 17 populations, and causes an isoleucine to
threonine substitution at amino acid position 191 (I191T),
predicted by siFT to be poorly tolerated (Figure 5b). The
second locus is present in 32 lowland individuals from
seven populations, as well as five upland individuals (three
octoploid and two tetraploid) from five populations, and
results in an isoleucine to threonine change at amino acid
position 130 (I130T), predicted by siFT to be tolerated

(a) M292T S255T N4K
P. virgatum _-_q\ / — i
Chr04a . g ' '
Pavir.Da01464
(b) 130T 91T
P. virgatum . ;I T
Chr09a A

Pavir.la04737

— —

Pavir.Da00941il Pavir.Da00942 Pavir.Da009£’13

Pavir.Bb03275 Pavir.Bb03276
4

(c)
P. virgatum
Chr04a Pavir.Da00940
(d) Pavir.Bb03273  Pavir.Bb03274
P. virgatum : —
Chro2b

P. virgatum

Chr02a  payir.Ba00472 Pavir.Ba00473

4 4 : _l' ‘_::’
Pavir.Ba00474 Pavir.Ba00475

Figure 5. Ecotype-restricted single-nucleotide polymorphisms (SNPs) and copy-number variant (CNV) clusters from the Northern Switchgrass Panel.(a) The
switchgrass homolog of Constans, Pavir.Da01464, with northern ecotype-restricted non-synonymous SNPs (red text), and lowland ecotype restricted non-synon-
ymous SNPs (green text).(b) The switchgrass homolog of Early heading date 1, Pavir.la04737, with northern ecotype-restricted non-synonymous SNPs (red text),
and lowland ecotype-restricted non-synonymous SNPs (green text).(c) Upland-restricted down-CNV cluster located on chromosome 4a. No homeologous region
was detected for this cluster.(d) Upland-restricted down-CNV cluster located on chromosome 2b, and the homeologous region on chromosome 2a.
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(Figure 5b). In Pavir.lb00832, the EHD1 homeolog, two low-
land-specific polymorphic alleles [N138l and 1190V; repre-
senting 16 individuals (nine populations) and 10
individuals (seven populations), respectively] are predicted
by siFT to be tolerated, although both occur at much lower
frequencies (Appendix S3).

These data suggest that variation in genes that govern
multiple stages of the flowering time pathway are present
in switchgrass, and can be associated, at least in this
panel, with the ecotype. Although each polymorphism is
not detected in all members of an ecotype or population, it
is possible that not all alleles are being captured, especially
in the case of the octoploid individuals, where we have
enough coverage across the panel to identify the alleles
present (Griffin et al., 2011), but not to resolve them with
full accuracy in each individual (Uitdewilligen et al., 2013).
It has been established that switchgrass flowering time
variation occurs on a north-south gradient (Casler et al.,
2004, 2007b), so it is possible that different flowering time
patterns are a result of different mutations.

Copy number variation

Copy number variation is a form of structural variation in
which an individual has an increase or reduction in the
number of copies of a gene or locus, relative to another
individual or population. Both CNVs and the more
extreme form, PAVs have been identified in a wide range
of plant species, either through comparative genome
hybridizations or through read-depth methods (Swanson-
Wagner et al., 2010; Diaz et al., 2012; Winzer et al., 2012;
Cook et al.,, 2014; Evans et al., 2014), with a subset of
CNVs and PAVs associated with a phenotype, including
biotic defense (Cook et al., 2012), flowering time and ver-
nalization (Diaz et al., 2012), the biosynthesis of pharma-
coactive compounds (Winzer et al., 2012), aluminum
tolerance in Zea mays (maize; Maron et al.,, 2013), and
submergence tolerance in rice (Xu et al., 2006), indicating
that CNVs can play a strong role in the phenotype of
plants. To detect CNVs and PAVs in the Northern Switch-
grass Panel, we calculated normalized read depths in each
population relative to the Kanlow population, chosen for
being genetically close to the Alamo population from
which the AP13 individual used for the creation of the ref-
erence genome was selected (Zhang et al., 2011a). After
filtering for significant CNVs, we identified 17 228 up-
CNVs, 112 630 down-CNVs and 14 430 PAVs (Appendixes
S6 and S7; Table S3). To assess the validity of these
CNVs, we used the CNVs to calculate genetic distance
using pHvLIP (Felsenstein, 1989), treating each CNV as a
discrete genetic marker. A genetic distance dendogram
was assembled and labeled in the same manner as the
SNP dendogram (Figure 6), and was highly concordant
with the SNP dendogram, illustrating the high reliability
of the two data sets.

In the overall panel, categories of genes enriched in
CNVs were similar to those determined previously (Evans
et al., 2014). With the availability of 537 individuals from
45 upland and 21 lowland populations, we examined CNVs
to identify patterns that may be associated with phenotype
variation at the ecotype level. To Identify upland-specific
CNVs, we identified genes that had CNVs in at least 40
upland populations and no CNVs in any lowland popula-
tion, resulting in a set of 62 upland-specific CNVs
(Appendix S7). Interestingly, all of these CNVs were down-
CNVs, as compared with the reference Kanlow population,
potentially indicating an ecotype-specific bias as the
probes were designed from primarily AP13 sequences, a
lowland tetraploid individual. Predicted gene annotations
indicated the presence of several ecotype-specific trans-
posable element-related CNVs, which may indicate amplifi-
cation of those elements in lowland switchgrass after
ecotype divergence. Leucine rich repeat-containing genes
and pentatricopeptide repeat-containing genes are also
represented, which have been identified to be highly diver-
gent in other plant species (Zmienko et al., 2014). Many of
the remaining genes lack annotation, but potential patterns
emerge from the annotated genes (Appendix S7). The first
is the presence of multiple genes involved in biosynthetic
pathways (Appendix S7), including the anthocyanin
biosynthesis pathway (Pavir.Da00943), the terpene syn-
thase pathway (Pavir.Ab01716) and the isoquinoline
biosynthetic pathway (Pavir.Da00940) (Appendix S7).
Anthocyanins are involved in the protection of tissues from
photoinhibition during high photon flux: this would be
especially necessary for lowland ecotype switchgrass, with
habitat ranges through southern USA. The down-CNVs
detected in upland switchgrass may be the result of a lar-
ger number of copies in the reference population (Kanlow),
and reflect a lower photoinhibition protection requirement
for upland switchgrass. Products of the terpene and iso-
quinoline biosynthetic pathway often function as anti-her-
bivory and anti-microbial compounds (Isman, 2000;
Stermitz et al., 2000). The presence of potential members
of this biosynthetic pathway among the down-CNVs may
indicate that the compounds that the gene products syn-
thesize are in less demand among upland switchgrass,
possibly as a result of different biotic threats in their
ecosystem.

The switchgrass genome is highly dynamic, having
undergone recent whole-genome duplication in addition to
the high levels of gene flow caused by being an obligate
out-crossing species (Zalapa et al., 2011; Zhang et al.,
2011a). To attempt to visualize regions of the genome that
have been especially active for structural variation, or that
have undergone an ancestral CNV that has been retained,
we identified sequential CNVs in all populations under
analysis. Sequential CNVs were defined as CNVs located in
an unbroken sequence along a chromosome, with the
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Figure 6. Genetic distance dendogram created
using copy-number variants as genetic mark-
ers.Populations were assigned a value for each
gene — up-copy number variant (up-CNV), down-
CNV or neither — and these values were used to cal-
culate genetic distance using the neighbor-joining
function in pHyuP (Felsenstein, 1989). Populations
were color-coded based on population group, as
shown in Figure 2. With the exception of the Cave
in Rock population, all populations group together
with other members of their population groups,
indicating that the CNVs detected are reliably asso-
ciated with the population.
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caveat that genes for which we had no coverage or were
repetitive elements were excluded from this analysis. In
total, we identified 9833 CNV clusters (two or more up- or
down-CNVs in sequence). It is likely that additional CNV
clusters exist, but currently 41 128 of the 98 007 predicted
genes reside on unanchored contigs, which makes cluster-
ing impossible for those genes. We then evaluated CNV
clusters that were present in multiple populations. Two
down-CNV clusters were detected on chromosomes 2b
and 4a that had substantial representation among the pop-
ulations (Figures 5¢c,d and S5; Table S4). The cluster on
chromosome 4a (Figure 5c¢) is of particular note, in that 43
of the 46 upland populations possessed this cluster of
down-CNVs, whereas no lowland populations possessed
this cluster (Figure S5; Table S4). Genes in this cluster are
annotated as two serine-threonine protein kinases
(Pavir.Da00941, Pavir.Da00942), a p-lactate dehydrogenase
(Pavir.Da00940) and a  UDP-glucosyl transferase
(Pavir.Da00943) (Appendix S8). As mentioned previously,
Pavir.Da00940 and Pavir.Da00943 are potentially involved
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in photoinhibition protection and defense against biotic
stress. As we were unable to detect a co-linear segment of
the genome containing these genes, this may provide
additional evidence that there is heritable variation in the
response to stress across ecotypes.

The down-CNV cluster on chromosome 2b (Figure 5d) is
similar though not as pronounced, and is present in 30 of
the 46 upland switchgrass populations, but none of the
lowland populations (Appendix S8; Figure Sb). Interest-
ingly, unlike the cluster on chromosome 4a, all four of
these genes appear to have co-linear homeologs on chro-
mosome 2b (Figure 5d), and none of these homeologous
genes were detected as CNVs in our analysis
(Appendix S7). This may indicate a case where the loss of
a section of one subgenome does not result in an extreme
phenotype because of the presence of a duplicate copy
that can complement the loss; alternatively, the loss of one
copy may result in a beneficial phenotype in one ecotype
while being detrimental in the other ecotype. This may
also represent a duplication of this region in the lowland
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population that was used as a reference — additional
sequencing will be required to determine which of these
hypotheses is correct. There is no apparent functional rela-
tionship between the genes within each cluster
(Appendix S8), but their close physical proximity and eco-
type specificity indicate the cluster was probably lost as a
unit. Although additional sequencing will be required to
determine the extent of these CNVs, and whether they
reflect duplications in the reference ecotype or deletions in
the upland ecotype, the presence of large numbers of
CNVs in close proximity indicates that CNVs may play an
important role in the adaptation of each ecotype to its cur-
rent environment.

DISCUSSION

We demonstrate here the ability to use exome capture
sequencing data on multiple, divergent switchgrass popula-
tions, and the ability to distinguish those populations at
both the sequence and the gene level. We identify the pres-
ence of polymorphic loci that can be evaluated across all
individuals in all populations, and these loci can be used to
both identify population-associated SNPs, but also to accu-
rately identify population membership of individual sam-
ples. Although the coverage of this data set is of sufficient
depth and quality to establish consistent population mem-
bership and identify ecotype-restricted SNPs, because of
the difficulty in resolving low-frequency heterozygous SNPs
in polyploid organisms (especially octoploids), it is likely
that some variants have been overlooked, especially low-
frequency alleles in octoploid individuals. We also demon-
strate the ability to identify CNVs at a population level, and
demonstrate the accuracy of these CNVs, and that in many
cases these CNVs are associated with specific populations
and population groups. Several of these CNVs occur in ser-
ies, and appear to be missing in all upland switchgrass,
which may indicate large-scale genomic changes. These
results will provide a valuable resource to switchgrass
researchers and breeders, and provide a foundation for
future evolutionary and population-level analyses. Addi-
tionally, this material provides a wide pool of northern
switchgrass alleles that can be compared with alleles from
other switchgrass habitats, which will allow for insights into
the history and adaptation of switchgrass in North America.

EXPERIMENTAL PROCEDURES
Switchgrass population description and DNA isolation

This Northern Switchgrass Panel consists of 66 populations previ-
ously described by Lu et al. (2013). The panel is composed of 66
populations grown from seed at the USDA-ARS Dairy Forage
Research Center glasshouse at the University of Wisconsin, Madi-
son. Ten vegetatively propagated clones were then planted in
Ithaca, NY, in 2008 (Table 1). DNA was extracted from freeze-dried
leaf tissue using the cetyltrimethylammonium bromide extraction
protocol (Saghaimaroof et al., 1984).

Exome capture sequencing, read alignment and analysis

Exome capture sequencing was performed on the individuals
listed in Appendix S1, using the established Roche-NimbleGen
protocol for SeqCap EZ Developer library preparation and using
the Roche-NimbleGen probe set ‘120911_Switchgrass_GLBRC_
R_EZ_HX1" (Evans et al., 2014), as described in Mascher et al.
(2013), with the exception that Kapa biosystem reagents were
used for library preparation (https://www.kapabiosystems.com/,
Kapa Biosystems, Wilmington, MA, USA). All capture and
sequencing steps were performed by the Joint Genome Institute
in Walnut Creek, California, USA. A total of 537 individuals were
subjected to capture and sequenced on the lllumina HiSeq 2000
platform, generating 150 nucleotide paired-end reads. Reads
underwent initial quality control using Fastac 0.10.0 (http:/
www.bioinformatics.babraham.ac.uk/projects/fastqc). cutapapt v1.1
(http://code.google.com/p/cutadapt) was used to remove PCR pri-
mers and adapter sequences, and any base with a quality score
less than 20 was trimmed. Reads 35 bases or shorter after trim-
ming were discarded.

After filtering and trimming, reads were aligned with the hard-
masked P. virgatum v1.1 reference genome (http:/phytozome.jgi.-
doe.gov/pz/portal.html#!info?alias=Org_Pvirgatum) using BowTIE
0.12.7 (Langmead et al., 2009). Unique alignments were required,
and only a single mismatched nucleotide was allowed in the first
35 bases of the read. Multiplexing of 12 samples per lane of the
flow cell was used, generating approximately 3.2 Gb of sequence
per sample. In order to improve processing efficiency, unanchored
contigs were assigned to numbered scaffolds (ChrUn1-ChrUn15)
using custom PERL scripts.

Single-nucleotide polymorphism detection and analysis

Read alignments that met the alignment criteria were processed
using the index, sort, merge and mpileup functions of samTooLs
0.1.18 (Li et al., 2009). The -BD and -C 0 flags were used for the
mpileup command, and index, sort and merge were all used with
the default parameters. Pileup files were filtered with custom PeRL
scripts to identify polymorphic positions. To term a position poly-
morphic, at least two individuals must have a read depth of at least
five reads, with none of those reads being polymorphic at that
position, and at least two other individuals must have a read depth
of at least five reads, and at least two reads or 5% of the reads,
whichever is greater, must be polymorphic at that position. To gen-
erate the SNP set used for phylogenetic and population structure
analysis, the initial set was further filtered. Any locus with missing
data from any individual was removed from this set, a maximum
of 10 individuals were allowed to have insufficient depth of cover-
age (below five) or a minor allele (number of alternate allele reads
<5% of all reads at that position) before the locus was discarded.
All positions used for genetic distance calculations and population
structure analyses were required to be bi-allelic. SNP annotation
was performed using ANNovAR (Wang et al., 2010) using gene-based
annotation. All options were set to their default parameters.

Comparison with genotyping by sequencing-predicted
variants

FasTA files containing the sequences used to identify polymor-
phisms in Lu et al. (2013) were aligned with the unmasked switch-
grass genome using the same criteria as exome capture reads.
SNPs were identified from pileup in the same manner as the
exome capture sequence, except that the requirement for cover-
age depth was removed.
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Population structure

Population structure was determined using sTRUCTURE (Pritchard
et al., 2000). strucTure handles a maximum of 100 million geno-
types, so 48 630 SNPs (representing approximately 3% of the total
high-confidence SNP set) were randomly selected from the SNP
matrix using the perL rand() function. Based on previous informa-
tion on switchgrass population structure (Zhang et al., 2011a; Lu
et al., 2013), STRUCTURE was run using estimated numbers of sub-
populations (K-values) ranging between 2 and 10. Each population
size analysis was replicated 10 times, and each analysis involved
20 000 burn-in iterations and 10 000 Monte Carlo iterations. The
inferalpha and computeprobs values were set to 1, and all others
were left at default values. Analysis was performed using the
admixture model, with no prior population knowledge, and to
determine the most accurate number of population groups, the
method detailed in Evanno et al. (2005) was used. Phylogenetic
analysis was performed using pHvup 3.695 (Felsenstein, 1989).
Genetic distances were calculated using the gendist function with
default parameters. Bootstrapping was performed using segboot
(100 replicates), and a consensus tree was generated using con-
sense, with default parameters. Dendograms were visualized
using FIGTREE 1.40 (http://tree.bio.ed.ac.uk/software/figtree). Colors
were applied based on population group, determined in STRUCTURE,
with an individual colored according to the majority population
(membership > 50%). Individuals with no majority population
group were colored black. The fixation index was calculated as
described by Holsinger and Weir (2009).

Switchgrass flowering time genes

Putative switchgrass homologs of Hd7 and CO were identified by
aligning the nucleotide and protein sequence of rice Hd7 (Yano
et al., 2000) and Sorghum CO (Yang et al., 2014) with the P. virga-
tum v1.1 genome using BLAST (Altschul et al., 1990) with default
parameters and an E-value cut-off of -20. The top two matches
were selected on the rationale that they had the highest alignment
scores and were located on potentially homoeologous regions of
chromosomes 4a and 4b. Putative switchgrass homologs of EHD1
were identified by aligning the nucleotide and protein sequence of
rice EHD1 (Doi et al., 2004) and Sorghum EHD1 (Yang et al., 2014)
with the P. virgatum v1.1 genome using BLAST, with default
parameters and an E-value cut-off of —20. The top two matches
were chosen based on score, and were located on potentially
homoeologous regions of chromosomes 9a and 9b.

Co-linearity analyses between switchgrass, Setaria (Zhang
et al., 2012), Sorghum (Paterson et al., 2009) and rice (Kawahara
et al., 2013) were performed using the tblastx function of BLAST
(Altschul et al., 1990), with default parameters. Co-linearity visual-
ization was plotted using easvric 2.1 (Sullivan et al., 2011), with
BLAST visualization cut-offs set to a minimum length of 50 and a
maximum E-value of 1077, Other options were set to defaults.

Amino acid tolerance was predicted using siFT (Ng and Henikoff,
2001), with default parameters.

Detection of copy-number variation and dendogram
construction

Structural variation was identified by first determining the number
of reads mapping to each predicted gene using the htseq-count
function of Hrsea 0.6.1 (Anders et al., 2014). Alignments were pro-
cessed in BAM format, sorted by position, with stranded set to no.
Resulting counts were normalized based on read number using
enGer 3.6.8 (Robinson et al., 2010). Following the methods outlined
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in Anders et al. (2013), all individuals in a population were pooled,
and genes with normalized counts per million value of less than
one across the panel were removed from the analysis. The ratio
for gene coverage depth was determined using the Kanlow popu-
lation as a comparison, with the rationale that this population was
the closest to the reference population (Alamo) and should mini-
mize bias. CNVs were identified by dividing the normalized depth
of coverage for each gene by the normalized depth of coverage
for that gene in the Kanlow population and taking the log, of that
value. A gene was identified as an up-CNV if the resulting log,
value was above the 99th percentile value, had P < 0.05, and a
false discovery rate (FDR) value of <0.05. A gene was identified as
a down-CNV if the log, value was lower than the negative of the
99th percentile value of the up-CNV cut-off for that gene. Pres-
ence/absence variants were identified as genes that were down-
CNVs with at least 5x depth of coverage in the Kanlow population
and zero coverage in all individuals of the comparison population.
CNV clusters were identified by examining the physical locations
of genes identified as CNVs along the switchgrass chromosomes
and identifying sequential genes that were either up- or down-
CNVs. Genes with no coverage in any individual were also
removed from the analysis. A genetic distance dendogram was
created using pHyLP 3.695 (Felsenstein, 1989), with each gene
determined to be a CNV treated as an up-CNV, down-CNV or no-
CNV allele. Genetic distance was calculated using the gendist
function, bootstrapping was performed using seqboot (1000 repli-
cates) and consensus tree construction was created using con-
sense. Subsequent trees were visualized using FiGTRee 1.40 (http://
tree.bio.ed.ac.uk/software/figtree). Colors were applied based on
population group determined in sTRUCTURE, with a population col-
ored according to the majority population group for that popula-
tion (membership >50%). Populations with no majority
population group were colored black.

Data access

All exome capture reads are available in the National Center for
Biotechnology Information under project accession number
PRJNA280418. Because of the large size of the files, the following
data are available at the Dryad Digital Repository under doi
10.1111/tpj.13041 (to be released upon publication): unfiltered
SNP matrix; filtered SNP matrix; annotation of filtered SNP matrix;
annotation of exonic SNPs in filtered SNP matrix; list of up-CNVs;
list of down-CNVs; genetic distance dendogram in Newick format;
unmasked switchgrass genome sequence (v1.1) with ChrUns;
hardmasked switchgrass genome sequence (v1.1) with ChrUns;
contig coordinates file for ChrUns; gene annotation list for switch-
grass genome (v1.1) with only representative sequences; and
ChrUn data.
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Figure S1. Stacked bar graphs representing the distribution of sin-
gle-nucleotide polymorphisms (SNPs) in the high-confidence SNP
set across genomic features in various population groupings.
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Figure S2. Stacked bar graphs representing the predicted function
of single-nucleotide polymorphisms (SNPs) in multiple population
groupings.

Figure S3. Venn diagram representing the SNPs from the high-
confidence single-nucleotide polymorphism (SNP) set, separated
by population group.

Figure S4. Syntenic regions near Pavir.Da01464, the switchgrass
homolog of CO, and Pavir.la04737, the switchgrass homolog of
EHD1.

Figure S5. Distribution of chromosome 4a and chromosome 2b
down-copy number variant (CNV) clusters, as described in Fig-
ure 5(c,d).

Table S1. Aggregate read depth coverage information for the
panel.

Table S2. Population group membership of switchgrass individu-
als, as determined by STRUCTURE.

Table S3. Distribution of copy-number variants in switchgrass
populations.

Table S4. Populations containing the respective copy-number vari-
ant clusters, and their population group membership and ploidy.
Appendix S1. Number of reads and alignment statistics for switch-
grass exome capture populations (all samples except AP13 were
present in Lu et al. 2013).

Appendix S2. Workflow and results of comparison of polymorphic
sequences from Lu et al. (2013) with polymorphism detected
through exome capture sequencing and alignment.

Appendix S3. Matrix containing allele calls generated for all indi-
viduals.

Appendix S4. High-resolution searchable version of Figure 4.
Appendix S5. Identification of switchgrass homologs of Constans
and Early heading date 1.

Appendix S6. List of copy-number variants for all populations.

Appendix S7. Predicted annotations for upland-specific copy num-
ber variants.

Appendix S8. Predicted annotations for genes in two upland-
restricted down-copy number variant clusters.
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