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e Background and aims Miscanthus is a genus of perennial C, grasses native to East Asia. It includes the emerg-
ing ligno-cellulosic biomass crop M. X giganteus, a hybrid between M. sinensis and M. sacchariflorus. Biomass
yield and cold tolerance are of particular interest in Miscanthus, given that this crop is more temperate adapted than
its C,4 relatives maize, sorghum and sugarcane.

e Methods A plant exploration was conducted in eastern Russia, at the northern extreme of the native range for
Miscanthus, with collections including 174 clonal germplasm accessions (160 M. sacchariflorus and 14 M. sinensis)
from 47 sites. Accessions were genotyped by restriction site-associated DNA sequencing (RAD-seq) and plastid
microsatellites.

e Key Results Miscanthus sinensis was found in maritime climates near Vladivostok (43-:6°N) and on southern
Sakhalin Island (46-6°N). Miscanthus sacchariflorus was found inland at latitudes as high as 49-3°N, where M.
sinensis was absent. Most M. sacchariflorus accessions were diploid, but approx. 2 % were tetraploids. Molecular
markers revealed little population structure (Jost’s D < 0-007 among diploid groups) but high genetic diversity (ex-
pected heterozygosity = 0-14) within the collection of Russian M. sacchariflorus. Genome-wide association
(GWA) analysis for traits measured at the collection sites revealed three M. sacchariflorus single nucleotide poly-
morphisms (SNPs) significantly associated with the number of stems per unit area, one with height and one with
basal stem diameter; three were near or within previously described sorghum quantitative trait loci for related traits.
e Conclusions This new Miscanthus germplasm collection from eastern Russia will be useful for breeding
Miscanthus and sugarcane cultivars with improved adaptation to cold. Moreover, a strategy is proposed to facilitate
the rapid utilization of new germplasm collections: by implementing low-cost SNP genotyping to conduct GWA
studies of phenotypic data obtained at collection sites, plant breeders can be provided with actionable information
on which accessions have desirable traits and alleles.

Key words: Chloroplast, genome-wide association analysis (GWAS), germplasm, Miscanthus sacchariflorus,
Miscanthus sinensis, population genetics, restriction site-associated DNA sequencing (RAD-seq), Russia, single nu-
cleotide polymorphism (SNP).

INTRODUCTION

Miscanthus is a genus of perennial C4 East Asian grasses that
has attracted considerable recent interest as a biomass crop for
energy, heat and fibre. The most commonly grown clone for
biomass has been distributed under many cultivar names, but
is genetically identical to the M. Xxgiganteus type specimen
described by Hodkinson and Renvoize (2001; Gtowacka
et al., 2015). We will refer to this clone as M. xgiganteus

‘1993-1780’ in reference to its accession number in the Kew
Living Collection. Miscanthus is more temperate adapted
(growing as far as 50°N in Russia; Hodkinson et al., 2015) than
its C, relatives sugarcane, sorghum and maize, yet
M. xgiganteus ‘1993-1780" originated from sub-tropical south-
ern Japan (35°N, assuming origination from Yokohama; Greef
et al., 1997) and is therefore unlikely to represent the maximum
cold tolerance of the genus (Glowacka et al., 2014). Insufficient
winter hardiness has been documented for first-year plantings
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of M. xgiganteus ‘1993-1780° in parts of northern Europe,
whereas better winter hardiness was observed in other
Miscanthus accessions (Clifton-Brown and Lewandowski,
2000; Farrell et al., 2006). In Urbana, Illinois, we also observed
severe damage to first-year plantings of M. x giganteus ‘1993-
1780’ in 2014 after an especially cold winter, whereas other, re-
cently bred, M. xgiganteus genotypes in the same trial were
not so adversely affected (unpubl. data). Several studies have
also shown that, although M. xgiganteus ‘1993-1780" has
higher growth and photosynthesis at temperatures below 14 °C
than other species in the tribe Andropogoneae, there is variation
for these traits among and within Miscanthus species (Purdy
et al., 2013; Friesen et al., 2014; Glowacka et al., 2014). Thus,
a major goal of Miscanthus breeding is the production of bio-
mass cultivars with improved cold hardiness and chilling-
tolerant photosynthesis. A large public gene bank for
Miscanthus does not yet exist, but several academic research
groups have recently imported germplasm to Europe and North
America from the native range, characterized those collections
with genotyping by sequencing (GBS) or restriction site-
associated DNA sequencing (RAD-seq) approaches (Slavov
et al.,2013; Barth et al., 2014; Clark et al., 2014, 2015) and per-
formed genome-wide association studies (GWAS) using pheno-
typic data from replicated field trials (Slavov et al., 2014).

The two most widely distributed species of Miscanthus, M.
sinensis and M. sacchariflorus, are also the two parent species
of the hybrid M. x giganteus. Miscanthus sinensis and M. sac-
chariflorus are phylogenetically distinct from each other within
Miscanthus sensu stricto (Hodkinson et al., 2002), and differ in
their growth habits, with M. sinensis being caespitose (tufted),
and M. sacchariflorus having a spreading habit due to long rhi-
zomes (Chae et al., 2014). Miscanthus sacchariflorus is typi-
cally found in riparian and wetland habitats, unlike M. sinensis
and other Miscanthus species, which are more commonly found
on hilly sites with good drainage (Sacks et al., 2013). Although
M. sinensis and M. sacchariflorus exhibit considerable overlap
in their geographic distribution, the range of M. sinensis extends
further south (Clifton-Brown et al., 2008; Sacks et al., 2013).

The most promising region from which to collect cold-
adapted Miscanthus germplasm is expected to be at the north-
ernmost extent of its native range, in eastern Russia. However,
previous collections have been limited; Yook et al. (2014) in-
cluded three Russian M. sacchariflorus accessions from 43-3—
43.6°N, 131-4-132-1°E and four Russian M. sinensis acces-
sions from 42-4—43-4°N, 130-4-132-0°E in a phylogenetic
study that was focused on Miscanthus from Korea. Reports
from botanical surveys, however, have indicated the presence
of M. sacchariflorus as far north as Lake Bolon (49-8°N,
136-4°E) and Blagoveshchensk (50-3°N, 127-3°E), and M.
sinensis primarily in maritime regions such as southern
Sakhalin (to 47-4°N) and near Vladivostok (43-1°N, 131-9°E),
with rare reports near Lake Khanka (45°N, 132°E) and
Khabarovsk (48-5°N, 135-1°E) (Herbarium of the Komarov
Botanical Institute; Harkevich, 1985).

Given the limited number of Miscanthus accessions from
Russia’s Far East that have been conserved in germplasm collec-
tions previously, and the potential utility of these populations for
improving cold tolerance, we conducted a plant exploration as a
joint effort of the NI Vavilov Research Institute of Plant
Industry, the USDA-ARS and the University of Illinois.
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Materials from our exploration are being maintained by the US
National Plant Germplasm System and will be made available as
they are propagated. To facilitate rapid use of the accessions by
plant breeders, we also recorded phenotypic characteristics at
the collection sites and subsequently used RAD-seq to obtain
single nucleotide polymorphism (SNP) genotypes for each ac-
cession. Analyses of phenotypic, ecological and genetic data
were conducted with the following objectives: (1) to identify po-
tential geographic, climatic, ecological and anthropogenic influ-
ences on the ranges of M. sinensis and M. sacchariflorus; (2) to
quantify phenotypic variation for biomass traits; (3) to under-
stand population structure of Russian M. sinensis and M. saccha-
riflorus in order to identify genetic groups for germplasm
conservation, association analysis and potential sources of heter-
osis; (4) to compare genetic diversity of Russian Miscanthus
with previously characterized Miscanthus populations in order
to assess its relative utility for breeding; and (5) to investigate the
potential to identify quantitative trait loci (QTLs) for traits of ag-
ronomic interest via GWAS of in situ phenotypic data obtained
during germplasm collection. Although it is currently unusual to
perform GWAS for crop germplasm without phenotypic data
from replicated field trials, there are previous examples of suc-
cessful association studies using phenotypic data from natural
populations, particularly in forestry (Parchman et al., 2012;
Budde et al., 2014) and animal ecology (Johnston et al., 2011,
2014; Narum et al., 2013). Here we demonstrate that value can
be added to a crop germplasm collection by combining in situ
phenotype data and inexpensive genotyping data ina GWAS.

MATERIALS AND METHODS
Field collections and observations

From 3 to 29 September 2012, a plant exploration for
Miscanthus germplasm was conducted in eastern Russia
(Fig. 1). Additional details of our sampling route are provided
in Supplementary Data Materials and Methods. An initial col-
lection near Nevelsk on Sakhalin Island was followed by col-
lections on the mainland. On the mainland, we explored the
following areas: (1) the north—south corridor between
Khabarovsk and Vladivostok along highway M60, which, north
of Lake Khanka, was near and parallel to the Ussuri River; (2)
north-east from Khabarovsk along the Amur River on its east-
ern side via highway P454 until the Gur River; (3) west from
Khabarovsk on the M58 to Birobidzhan and from Birobidzhan
south along the Bira River until near to the Amur River, which
is the border with China; (4) the area south of Lake Khanka to
the city of Ussuriysk; and (5) on Russky Island just south of
Vladivostok. On four sections of highway, we noted the number
of distinct stands of Miscanthus at least 100 m apart from each
other, and calculated the average number of stands per kilo-
metre (Fig. 1A, inset).

Collections were made at 48 sites. At 47 sites, from one to
13 plants were measured and rhizomes collected. We endeav-
oured to obtain both rhizomes (live plants) and seed at each
site. Seed was collected from 41 sites; the number of plants per
accession that contributed seed ranged from one to 100.
Material from the seed collections was not included in the ge-
netic studies reported here. For each plant from which rhizomes
were collected, we measured the height of the tallest stem
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Fic. 1. Collection locations, temperature data and population structure of Miscanthus in eastern Russia. (A) Miscanthus sacchariflorus collection sites are indicated

with pies, with colours representing assignment (Q values) to four genetic clusters determined by Structure, using 29 260 RAD-seq SNPs across 160 individuals.

Q values were highly similar among individuals within each site. Miscanthus sinensis individuals are indicated by squares, and colours indicate assignment to previ-

ously identified populations in East Asia (Clark et al., 2014) by discriminant analysis of principal components using 24 132 RAD-seq SNPs. The inset shows

frequency of stands of M. sacchariflorus observed at least 100 m apart along four stretches of highway. (B) USDA plant hardiness zones, based on data from 1982—
2011 from NAPPFAST (2012). (C) Mean temperatures during January based on data from 1950-2000 available at WorldClim (Hijmans et al., 2005).

(stem height), the diameter of the internode at the base of the
tallest stem (stem diameter) and the number of stems in a 0-25
m? area (stem density). We also recorded the approximate num-
ber of plants found and sampled at the collection site, the site
size (in m?), the frequency of Miscanthus at the site, aspect
(compass direction of slope), slope, and site physical and vege-
tative descriptions (Supplementary Data Dataset S1). Rhizomes
were collected from 182 plants and were shipped to USDA-
APHIS-PPQ in Beltsville, MD for US quarantine, and a backup

set was also sent to Aarhus University in Foulum, Denmark. At
the time of publication of this paper, 158 clones of M. sacchari-
florus (out of 165 collected) and 14 of M. sinensis (out of 17
collected) have been released from US quarantine.
Material from seed increase will be made available from
USDA (http://www.ars-grin.gov; accessions W6 49502-49505;
Dataset S1). Leaf tissue from each plant at Foulum was freeze-
dried and shipped to the University of Illinois for DNA
extraction.
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Flow cytometry

Flow cytometry was performed at Aarhus University using a
protocol modified from Petersen et al. (2003). Samples of M.
sinensis [MS-104 (Jorgensen, 1997) or MS-110 (Petersen et al.,
2003)] that were known to be diploid were used as an internal
standard. Additional details are provided in Supplementary
Data Materials and Methods.

Genotyping

A total of 174 plants (160 M. sacchariflorus and 14 M. sinen-
sis) from 47 sites (44 M. sacchariflorus and three M. sinensis)
were included in the genotyping analysis. Nuclear SNPs were
obtained by RAD-seq (Poland et al., 2012a). Entries were also
screened with ten plastid microsatellites (de Cesare et al., 2010;
Jiang et al., 2012) using previously described protocols (Clark
et al., 2014). Additional details are provided in Supplementary
Data Materials and Methods. Sequences from RAD-seq have
been deposited at the NCBI Sequence Read Archive (accession
SRP063572).

Data analysis

To obtain SNP genotypes for 160 Russian M. sacchariflorus
individuals, we used the UNEAK pipeline in TASSEL 3-0-162
(Lu et al., 2013). Filtering for SNPs with a minimum call rate
of 0-5 and a minimum minor allele frequency of 0-01 produced
29 260 SNPs (Supplementary Data Dataset S2). To obtain SNP
genotypes for M. sinensis, we ran the UNEAK pipeline under
the same conditions on the 14 Russian M. sinensis individuals
and 595 individuals from a previous study (576 M. sinensis in-
dividuals plus 19 M. sacchariflorus and hybrid individuals;
Clark et al., 2014), and removed SNPs that appeared heterozy-
gous in double haploid lines, yielding 24 132 SNPs.

Russian M. sacchariflorus genotypes were analysed in
Structure 2-3-4 (Falush et al., 2003) to assess population struc-
ture. Three runs each at K =1 through K = 10 were performed
under default conditions with a burn-in of 10 000 reps, followed
by 50 000 reps. The number of clusters (K) was selected by
analysing the results in Structure Harvester (Earl and
VonHoldt, 2011) using the Evanno method (Evanno et al.,
2005). Mean Structure results (Q values) for each collection
site were plotted using ArcGIS 10-1 (ESRI, Redlands, CA,
USA).

Given the weak geographic structuring in M. sacchariflorus
detected by Structure, Mantel tests were used to assess the hy-
pothesis of genetic isolation by distance among Russian M. sac-
chariflorus  individuals. Geographic distances between
collection sites were calculated using the R (R Core Team,
2014) package geosphere (Hijmans, 2014). SNP data were im-
ported in numeric (0 or 2 for homozygotes, 1 for heterozygotes)
format, with individuals as rows and markers as columns
(‘hapMap2genlight’ function; Clark et al., 2014), and genetic
distances between individuals were calculated as Euclidian dis-
tances between rows using the ‘dist’ function in R. Correlation
between the geographic and genetic distance matrices was then
tested using the ‘mantel.rtest’ function in the R package ade4
(Chessel et al., 2004) with 999 permutations. To make a matrix
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of genetic distances based on plastid haplotypes, plastid micro-
satellite data were imported into the R package polysat (Clark
and Jasieniuk, 2011) and dissimilarities were calculated with
the ‘meandistance.matrix’ and ‘Lynch.distance’ functions. The
genetic distance matrix based on plastid data was then used in a
Mantel test, comparing it with the geographic distance matrix
as was done with SNP data.

Suggested seed increase groups for M. sacchariflorus were
selected based on geography and ploidy. Genetic differentiation
between seed increase groups was estimated with Jost’s D
across 29 260 RAD-seq SNPs using the ‘D_Jost’ function in the
R package mmod (Jost, 2008; Winter, 2012).

To construct a plastid haplotype network for Russian M. sac-
chariflorus, the distances between haplotypes that were calcu-
lated with polysat were analysed with a modified source code
from the R package pegas (Paradis, 2010; Clark ez al., 2014).
Additional connections were added to the network where two
haplotypes only differed at one locus.

To assess the relationship between the Russian M. sinensis
individuals and previously identified genetic clusters (Clark
et al., 2014), and determine hybrid status, M. sinensis SNP data
were evaluated by principal component analysis (PCA) and dis-
criminant analysis of principal components (DAPC) using the
R package adegenet (Jombart et al., 2010; Jombart and Ahmed,
2011). A DAPC was also performed on the M. sacchariflorus
SNP dataset but was uninformative (see the Results).

For genome-wide association analysis of the phenotypic
traits in M. sacchariflorus, 64-nucleotide RAD tags output by
the UNEAK pipeline were aligned to the Sorghum bicolor ge-
nome version 2-0 (Paterson et al., 2009; available at http://phy
tozome.jgi.doe.gov) using Bowtie2 (Langmead and Salzberg,
2012) with parameters set for high sensitivity (-D 20 -R 3 -N 1
-L 18 -i S,1,0-50 —local), given that we were making cross-
genus sequence alignments. A total of 16 137 pairs of RAD
tags (55 % of the total) both aligned to the same location in the
sorghum genome and therefore were retained at this step. Two
individuals out of 160 were removed for having >50 % missing
data, and three tetraploid individuals were removed, leaving
155 individuals for analysis. SNPs were then filtered to have
<50 % missing data, minor allele frequency >0-05 and ob-
served heterozygosity <50 %, leaving 5971 SNPs, which were
analysed to detect SNP—trait associations. To reduce environ-
mental error in traits that were significantly correlated with lati-
tude, linear models were fit with the trait (after log
transformation if applicable) as the dependent variable and lati-
tude as the independent variable. For each individual, the pre-
dicted phenotype based on latitude was subtracted from the
actual phenotype value to produce the adjusted phenotype
value, which was then evaluated by GWAS. Traits evaluated
were stem height (untransformed and adjusted by latitude),
stem diameter (log transformed and adjusted by latitude) and
number of stems per 0-25 m? (log transformed). Of the 155 ac-
cessions that were analysed in GWAS, 91 accessions each fell
into one of 30 groups of related individuals, leaving 94 unre-
lated individuals and groups of individuals (Supplementary
Data Fig. S1; relatedness was included in the GWAS model).
GWAS using the Q-K mixed model method (Yu et al. 2006),
with the relationship matrix and the first four principal compo-
nents included in the model, was performed both in rrBLUP
(Endelman, 2011) and in TASSELS (Bradbury et al., 2007). In
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rrBLUP, the additive relationship matrix was calculated using
the EM imputation method (Poland et al., 2012b), and in
TASSELS5 the kinship matrix was calculated using scaled
identity-by-state. In both programs, the P3D (population param-
eters previously determined) method was not used, given the
relatively small number of SNPs being evaluated, and the K
matrix was not compressed, given the small number of individ-
uals in the study. The FDR (false discovery rate) method
(Benjamini and Hochberg, 1995) was used to correct P-values
for multiple testing. SNP—trait associations were considered sig-
nificant if P-values were <0-05 after FDR correction. To esti-
mate heritability based on the SNP data, the ‘kin.blup’ function
of rrTBLUP was used to fit each trait to the additive relationship
matrix and perform REML (restricted maximum likelihood) es-
timations of genetic variance and error variance. The genetic
variance was then divided by the sum of the genetic and error
variances.

RESULTS
Ecology, ploidy and genetics of M. sinensis

We encountered M. sinensis at only three sites in eastern Russia
(Fig. 1A): southern Sakhalin Island (46-58°N, 141-84°E), near
highway M60 between Vladivostok and Ussuriysk (43-65°N,
132-00°E) and on Russky Island just south of Vladivostok
(42-98°N, 131-91°E). On Russky Island, M. sinensis was espe-
cially abundant, and a sample was taken from a stand of > 1000
individuals (Fig. 2A). All three of the sites where M. sinensis
was found have a maritime-influenced climate with relatively
mild winters (USDA hardiness zones 5 and 6; average annual
extreme minimum temperature of —29 to —18 °C), which proba-
bly contributed to the success of M. sinensis at these sites, in
contrast to regions further inland (USDA hardiness zones 3
and 4; —40 to —29 °C) where we only found M. sacchariflorus
(Fig 1B).

Using nuclear SNPs on our 14 Russian M. sinensis and 595
previously genotyped Miscanthus individuals from East Asia
(Clark et al., 2014), PCA and DAPC revealed that the M. sinen-
sis individuals from near Vladivostok on the mainland and
from Russky Island were most similar to individuals from
northern China (above 36°N) and Korea, and that the M. sinen-
sis individuals from Sakhalin were most similar to individuals
from northern Japan (Hokkaido and northern Honshu; Fig. 1A;
Supplementary Data Fig. S2). None of the Russian M. sinensis
that were collected showed evidence of hybridization with M.
sacchariflorus (Fig. S2). Thus, the M. sinensis individuals that
we found in eastern Russia were most genetically similar to
geographically adjacent M. sinensis in neighbouring countries.
Analysis of the maternally inherited plastid SSR (simple se-
quence repeat) alleles was consistent with the results of the nu-
clear SNP data. The M. sinensis individuals from Sakhalin had
the most common plastid haplotype found in Hokkaido, Japan
(haplotype C in Clark et al., 2014). Two out of the three M.
sinensis individuals from north of Vladivostok also had haplo-
type C, which is also common in South Korea. However, the
third M. sinensis individual from north of Vladivostok, as well
as the individual from Russky Island, had haplotype G, which
is uncommon in M. sinensis and previously found only in the
population from northern China (Clark et al., 2014). Of the 13
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M. sinensis individuals that were tested by flow cytometry, all
were found to be diploid. Miscanthus sinensis plants from
Sakhalin were shorter but had thicker stems than those near
Vladivostok (Fig. 3A, B, G, H).

Ecology of M. sacchariflorus

Miscanthus sacchariflorus was found throughout most of the
area that we explored. However, we did not observe any M.
sacchariflorus north and east of the Anyuy River (49-33°N,
136-52°E) as we travelled along the eastern side of the Amur
River on road P454 from Khabarovsk to the Gur River. Along
the Amur River watershed, we found M. sacchariflorus as far
inland (west) as Birobidzhan (48-67°N, 132-98°E); there may
have been more M. sacchariflorus further west along the Bira
River, but time constraints prevented us from travelling any fur-
ther. The frequency of M. sacchariflorus also varied consider-
ably across our study area (Fig. 1A, inset). The greatest
frequency of M. sacchariflorus was observed near the south
and west of Lake Khanka, with 8-79 stands km™ (Figs 1A and
2B, C), whereas the lowest frequency was from Khabarovsk to
the Gur River along the Amur River basin, with only 0-02
stands km ™! observed. West of Khabarovsk to Birobidzhan, the
frequency of stands was higher (0-13km™") than east of
Khabarovsk. However, just south of Khabarovsk, near the
Ussuri River, the stand density of M. sacchariflorus was higher
still at 0-39 stands km™'. Though the common name of M. sac-
chariflorus is Amur silvergrass, we observed that it was more
common near the Ussuri River and Lake Khanka than along the
Amur River. In the Lake Khanka region, we also observed rect-
angular hayfields that had high population densities of flower-
ing M. sacchariflorus (Fig. 2D). Land disturbance in the Lake
Khanka area, especially deforestation to make pasture and hay-
lands for raising cows (Fig. 2D, E), may have contributed to the
large population of M. sacchariflorus observed. Around 160
years ago, Maximowicz (1859) observed that M. sacchariflorus
growing in the prairies of the Russian Far East and north-east
China was used for hay and grazing; thus, there has been a
longstanding interaction between livestock farmers in this re-
gion and indigenous populations of M. sacchariflorus. East of
Khabarovsk in the Amur River basin, M. sacchariflorus was ab-
sent near the villages we visited; however, we saw large popu-
lations on nearby islands surrounded by the Amur River and
without access by road (Fig. 2F), suggesting that human distur-
bance may have negatively impacted M. sacchariflorus in adja-
cent populated areas.

Miscanthus sacchariflorus was commonly found in relatively
flat areas near surface water but not on flooded land. Less fre-
quently, we found M. sacchariflorus on land with >10°slope,
or not near surface water. Soil texture where M. sacchariflorus
grew was typically loam or sandy loam, and less frequently
clay or clay—loam. Miscanthus sacchariflorus was found in
open areas, in close association with other grasses and forbs,
and sometimes adjacent to forest, but not under the forest can-
opy (Fig. 2G). A rhizomatous grass that was found growing
near M. sacchariflorus at more than half (52 %) of the collec-
tion sites was identified as Hemarthria sibirica using ITS (inter-
nal transcribed spacer) sequencing (identical to NCBI accession
KF163639-1 at 622 out of 623 nucleotides; Supplementary
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C

FiG. 2. Photos of Miscanthus in eastern Russia. (A) Large population of M. sinensis on Russky Island, south of Vladivostok facing the Sea of Japan. (B and C)
Stands of M. sacchariflorus (white patches) growing in high frequency along roads near Lake Khanka, on land that is sloped and well drained. (D) Two rectangular
hayfields near Lake Khanka with a large population of M. sacchariflorus growing in the field on the right (indicated with an arrow) and the field on the left was re-
cently cut. (E) Near Lake Khanka, M. sacchariflorus (white patches) growing in lowlands that have recently been deforested by cutting and burning, with cows graz-
ing in the foreground, and recently logged mountainside in the background. (F) Miscanthus sacchariflorus (indicated with an arrow) growing on an island in the
Amur River near the village of Sinda, Khabarovsk Krai. (G) Miscanthus sacchariflorus growing in an open area next to a birch (Betula sp.) forest. (H) Wild soybean,
Glycine max (synonym = Soja ussuriensis; indicated with an arrow) twining up a stem of M. sacchariflorus. (I) Close-up of wild soybean leaf and seed pod growing
on an inflorescence of M. sacchariflorus. (J) Map of locations where photos were taken.

Data Fig. S3) and morphology. Other plants commonly associ-
ated with M. sacchariflorus at the collection sites included:
Allium sp., Artemisia sp., Aster sp., Betula sp., Iris sp., Juncus
sp., Lespedeza sp., Phragmites sp., Quercus sp., Salix sp. and
the wild soybean Glycine max (synonyms Soja ussuriensis,
Glycine soja) (Fig. 2G-I). Knowledge of which species are fre-
quently associated with M. sacchariflorus is useful for under-
standing their in-common environmental adaptation and the
complex ecological communities to which they belong.
Herbarium specimens that were collected during the expedition
are described in Supplementary Data Table S1 and maintained
at the Vavilov Institute.

Stem height of the M. sacchariflorus accessions at the collec-
tion sites ranged from 1-2 to 2-6 m (mean 2-0; Fig 3D, G). Most
accessions had thin stems (mean diameter of 3-8 mm), but one
plant (RU2012-182) had stems as thick as 8 mm (Fig. 3E, H;
Dataset S1). We observed a strong correlation between latitude

and phenotype of M. sacchariflorus at the collection sites.
Relative to the mean, stem height decreased modestly with in-
creasing latitude (0-24 m in 5-6°of latitude change), and stem
diameter decreased substantially (1-4mm in 5-6°of latitude
change; Fig. 3G, H; Supplementary Data Fig. S4). Stem height
and diameter were also significantly correlated with elevation,
but more weakly than they were correlated with latitude (Fig.
S4). The effect of elevation on stem height and diameter was
non-significant when latitude was included as an effect in the
model (data not shown), suggesting that the strong correlation
between latitude and elevation (Fig. S4) drove the correlation
between elevation and stem height and diameter. The number
of stems per unit area, a key component of biomass yield for
Miscanthus (Matumura et al., 1985, 1986, 1987), varied greatly
among accessions (from 5 to 112 per 0-25 m?; Fig. 3F) but no
correlation with latitude or elevation was observed for this trait
(Fig. 3I). One individual in particular, RU2012-169, had above
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FiG. 3. Phenotypes of Miscanthus, recorded at collection sites. Seventeen M. sinensis individuals across three sites and 165 M. sacchariflorus individuals across 44

sites were measured. Stem diameter was measured at the base of the stem. (A-F) Histograms of phenotype distributions for M. sinensis (A—C) and M. sacchariflorus

(D-F). (G, H) Maps of phenotype distributions. R? and slope values were calculated by fitting linear models relating phenotype to latitude in M. sacchariflorus only.
Circles indicate M. sacchariflorus, and squares indicate M. sinensis

average values for height (2-42 m), stem diameter (6 mm) and
stems per area (51 in 0-25 m?) and is therefore an especially
good candidate for breeding biomass cultivars (Fig. S4).

Population structure, ploidy and diversity of M. sacchariflorus

Statistical analyses of the RAD-seq SNP data for 160 M. sac-
chariflorus individuals revealed weak population structure. The
Bayesian Information Criterion produced by the ‘find.clusters’
function in the R package adegenet was at its minimum when
one cluster was assumed, suggesting that it would not be

meaningful to split the set into distinct groups of individuals us-
ing DAPC (Supplementary Data Fig. S5). A Neighbor—Joining
tree calculated from Euclidian distances between genotypes
also did not suggest clear groupings, apart from groups of
closely related individuals collected at the same sites
(Supplementary Data Fig. S6). Using Structure, the Evanno
et al. (2005) method suggested that five clusters (K =5) would
be ideal, primarily because likelihood values were highly vari-
able from run to run at K=6 (Supplementary Data Fig. S7).
However, we found that ancestry assignments (Q values) were
not reproducible from run to run at K=15, so we instead present
the results at K=4 (Fig. 1A) and K =2 (Supplementary Data
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Fig. S8). Sets of individuals from two collection sites were
placed into two respective clusters by Structure at K =4, and Q
values at K=4 and K =2 otherwise followed a gradient sug-
gesting isolation by distance without clear geographic breaks
(Fig. 1A; Fig. S8). Since adegenet, Structure and Neighbor—
Joining indicated that population structure was absent or weak,
a Mantel test was performed to determine whether a gradient of
population structure was significantly associated with geogra-
phy. The Mantel test confirmed that geographic distance was
correlated with nuclear genetic distance at P < 0-001 (Fig. 4A).

Out of 163 M. sacchariflorus that were screened by flow cy-
tometry, 160 were diploid and three were tetraploid. The tetra-
ploids, which were collected at two sites in the Amur River
basin and included in the SNP analyses, were genetically simi-
lar to the diploid accessions found further south in our collec-
tion range (Fig. 1A; Fig. S8).

RAD-seq SNPs indicated high genetic diversity for the
Russian M. sacchariflorus (Table 1). We compared SNP diver-
sity statistics obtained from our 160 Russian M. sacchariflorus
individuals with those obtained from previous studies of
Miscanthus using an identical RAD-seq protocol. In a large col-
lection of M. sinensis that was representative of geographic di-
versity across most of East Asia (Clark ez al., 2014), the south-
east China population had the greatest number of SNPs with a
minor allele frequency >0-05 (9262 SNPs), consistent with our
finding that south-east China was the centre of radiation for M.
sinensis after the last glacial maximum. The two most isolated
populations of M. sinensis, in North Japan and the Sichuan
Basin, had the lowest number of SNPs with a minor allele fre-
quency >0-05 (6942 and 7531, respectively). In comparison,
Russian M. sacchariflorus were highly diverse, with 12 265
SNPs at a minor allele frequency >0-05. However, the
Japanese M. sacchariflorus—M. xgiganteus complex had 17
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909 SNPs with a minor allele frequency >0-05, probably due to
its interspecific nature (Clark ez al., 2015). Mean expected het-
erozygosity across all SNPs followed a similar pattern (Table
1).

Complete plastid haplotypes across ten microsatellite loci
were obtained for 159 M. sacchariflorus individuals, yielding
13 unique haplotypes (Supplementary Data Table S2). Twelve
of these could be connected to each other by single mutations
in a haplotype network, whereas the remaining haplotype (S)
only shared alleles at three out of ten loci with the most closely
related haplotype (Fig. 5). Amplicon size of haplotype S was
more similar to typical M. sacchariflorus haplotypes than it was
to M. sinensis haplotypes. None of the Russian M. sacchariflo-
rus individuals had plastid haplotypes from M. sinensis. Six out
of the seven most common haplotypes (Z, Y, W, V, U and T)
had also been found in M. sacchariflorus from China and/or
Japan in our previous studies (Clark er al., 2014, 2015).
Haplotype S was also observed in an individual of M. sacchari-
florus ‘Robustus’ (98m0002) obtained from M. Deuter of
Tinplant (Germany) and in a diploid accession of M. sacchari-
florus obtained from a US nursery (UI10-00008). Two of the
tetraploid individuals had haplotype U, and the third tetraploid
had a unique haplotype in the dataset that differed from haplo-
type U by one mutation. Overall, the presence of multiple com-
mon haplotypes in the Russian M. sacchariflorus accessions
resulted in a high Gini-Simpson index (probability of getting
two different haplotypes if two individuals were chosen at ran-
dom) of 0-82, which was also high in comparison with
typical M. sinensis populations (Table 1). However, we
observed considerable overlap in the geographic distributions
of plastid haplotypes. A Mantel test comparing haplotype
dissimilarity with geographic distance did not find significant
correlation (Fig. 4B).
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FiG. 4. Relationship between genetic distance and geographic distance for M. sacchariflorus individuals, shown as density plots. Significance of correlation (P) was
determined by a Mantel test. Red lines were fit with linear regression. (A) Euclidian genetic distance based on 29 260 RAD-seq SNPs for 160 individuals vs. geo-
graphic distance in kilometres. (B) Proportion of plastid microsatellite alleles shared for 159 individuals vs. geographic distance.
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TABLE 1. Genetic diversity of Russian Miscanthus sacchariflorus compared with previously studied populations (Clark et al., 2014,

2015) of Miscanthus
Population No. of No. of plastid Gini—Simpson index No. of nuclear SNPs with Mean expected heterozygosity
individuals haplotypes of plastid haplotypes minor allele frequency >0-05* across all nuclear SNPs
Russia Msa’ 160 13 0-82 = 0-01 12 265 0-14
Japan Msa—Mxg* 78 19 0-83 £ 0-04 17 909 0-19
SE China Msi* 125 22 0-75 = 0-04 9262 0-13
Yangtze-Qinling Msi 114 18 0-57 = 0-06 7902 0-13
Sichuan Msi 58 9 0-74 = 0-04 7531 0-12
Korea, N China Msi 195 12 0-48 £ 0-04 8596 0-13
N Japan Msi 96 6 0-25 = 0-06 6942 0-11
S Japan Msi 32 11 0-87 £ 0-04 8077 0-12

*SNPs appearing heterozygous in any one of three doubled haploid M. sinensis lines were removed from all SNP datasets for the calculation of diversity

metrics.
:Msa, M. sacchariflorus.
‘Msa-Mxg, M. sacchariflorus—M. x giganteus complex.
§Msi, M. sinensis.

Haplotypes differ by:

——1/10 loci
— —7/10 loci

FiG. 5. Plastid haplotype network of M. sacchariflorus based on ten microsatel-

lite markers. A total of 159 individuals from eastern Russia were evaluated.

Haplotypes found in more than two individuals, as well as one unusual haplo-

type that was dissimilar from all others, are indicated by letters. Amplicon sizes
for all haplotypes are listed in Table S2.

SNP—trait associations

Using the 5971 SNPs that met our criteria for GWAS, and
phenotypic data recorded at the collection sites, we identified
five significant marker—trait associations. We identified three
significant associations with number of stems per unit area, in-
cluding two SNPs aligning to S. bicolor chromosome 2 and one
SNP aligning to S. bicolor chromosome 6 (Fig. 6A). The two
SNPs on chromosome 2 were both in the untranslated regions
of transcribed genes, while the SNP on chromosome 6 coded

for an amino acid substitution (Table 2). Intriguingly, one of
the tagged genes on chromosome 2 coded for a protein kinase,
and was also <1 cM from the peak of a QTL region on M. sac-
chariflorus linkage group 4 for the ratio of compressed circum-
ference to basal circumference, a trait heavily dependent on
stems per unit area (Hongxu Dong, unpubl. res.). Moreover, the
SNP on chromosome 6 fell within a QTL for vegetative branch-
ing in sorghum that contains several homologues of rice genes
also known to be involved in branching (Kong et al., 2014),
and within a QTL for number of tillers per plant in sorghum
(Shiringani et al., 2010; Table 2). For all three of the significant
stem density SNPs in M. sacchariflorus, the minor allele was
associated with fewer stems per unit area (Fig. 6B).
Additionally, we identified one SNP aligning to sorghum chro-
mosome 6 that was significantly associated with stem diameter
when we corrected for the environmental influence of latitude.
The stem diameter SNP was near two previously identified
QTLs for stem diameter in sorghum (Shiringani et al., 2010;
Phuong et al., 2013). We also identified one SNP on chromo-
some 3 that was significantly associated with stem height (cor-
rected for latitude), and was near a previously identified
sorghum QTL for plant height (Phuong er al., 2013).
Heritability as estimated from SNP data was 0-33, 0-81 and
0-71 for stems per area, stem height and stem diameter, respec-
tively. The latter two are similar to heritabilities of 0-88 and
0-60 found for stem height and stem diameter, respectively, in
M. sinensis by Slavov et al. (2014). Individual significantly as-
sociated SNPs accounted for between 5 and 18 % of the varia-
tion in their respective traits under an additive model (Fig. 6D).
The three SNPs associated with stems per area accounted for
27 % of the variation in this trait when taken together.

DISCUSSION

Ecology and population genetics of M. sacchariflorus and M.
sinensis

Our results further clarify the native range of M. sinensis and
M. sacchariflorus in Russia, which is useful for understanding
the extent of environmental adaptation in these species. We
found M. sinensis in eastern Russia restricted to maritime
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FiG. 6. Results of Q—K mixed model analysis to detect SNP—trait associations in Russian Miscanthus sacchariflorus. (A—C) Manhattan plots of log-transformed P-

values vs. aligned position to the Sorghum bicolor 2.0 reference genome. P-values were calculated in rrBLUP and corrected using the method of Benjamini and

Hochberg (1995). The blue line indicates P = 0-05 after correction. Significant SNPs are highlighted in green. (A) Stems per area. The phenotype was measured as

the number of stems in 0-25 m? at the collection site, and was log transformed. (B) Stem height. The phenotype was adjusted for latitude. (C) Stem diameter at base.

The phenotype was log transformed, then adjusted for latitude. (D) Linear models of trait vs. genotype for the five significant SNPs. A genotype of zero or two indi-
cates a homozygote, whereas a genotype of one indicates a heterozygote.
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TABLE 2. SNPs significantly associated with number of stems per unit area and stem diameter in Russian Miscanthus sacchariflorus

Trait Marker Sorghum S. bicolor ~ Nearest gene Position Arabidopsis  Gene ontology Sorghum QTL
bicolor position* relative gene
chromosome to gene
Stems per UIMiscanthusOS4659T 2 53659 234  Sobic.002G169700 In 5 UTR Protein kinase
area UlMiscanthus038912™* 2 71469 182  Sobic.002G350900 In 3’ UTR None
UIMiscanthus0153947 6 50139247 Sobic.006G127200 In protein- AT1G51540 Galactose qM176»1§, tillers
coding region, oxidase/kelch per plant**
) Arg—Gln repeat
Height UIMiscanthus041646* 3 7815391  Sobic.003G089400 Upstream AT5G37870 Ubiquitin protein  PHE'
ligase
Diameter UIMiscanthus036746™ 6 57761452 Sobic.006G221700 In5 UTR Protein binding ~ SDI, stem
diameter®*

*Positions are in base pairs, from alignments to the S. bicolor genome version 2.0. Positions are given for the SNPs themselves, as opposed to the start of the

RAD tags.
‘Significant association using rrBLUP.
‘Significant association using TASSELS.
SQTL from Kong et al. (2014).
ﬂQTL from Phuong et al. (2013).
#*#QTL from Shiringani et al. (2010).

regions with USDA hardiness zones 5 and 6, whereas M. sac-
chariflorus was also found further inland in hardiness zones 3—
6 (Fig. 1B). Although M. sinensis has been reported further in-
land near Lake Khanka (Herbarium at the Komarov Botanical
Institute; Harkevich, 1985), we were unable to find it in that re-
gion despite deliberate searching. Hodkinson ef al. (2016) also
did not find M. sinensis in the Lake Khanka region. The previ-
ous report of M. sinensis near Khabarovsk (Harkevich, 1985)
was probably an error, given that this was very far outside of
the range in which we observed M. sinensis. However, as the
global climate continues to warm, we predict that the large pop-
ulation of M. sinensis on Russky Island, as well as coastal popu-
lations south-west of Vladivostok identified by Hodkinson
et al. (2016), will migrate northward into the mainland of east-
ern Russia and interact more with the currently well-established
populations of M. sacchariflorus there. In China and Japan,
where M. sacchariflorus and M. sinensis are sympatric, we
have observed that M. sacchariflorus is typically restricted to ri-
parian and wetland environments, whereas M. sinensis occupies
upland sites. However, in eastern Russia, we observed M. sac-
chariflorus in both riparian and upland environments (espe-
cially near Lake Khanka; Fig. 2B, C), suggesting that the
presence or absence of interspecies competition affects the dis-
tribution of M. sacchariflorus.

One hypothesis for why M. sacchariflorus is adapted to envi-
ronments with colder winters (e.g. inland eastern Russia) than M.
sinensis is that the rhizomatous growth habit of M. sacchariflo-
rus allows for better winter survival via cold avoidance of buds
deep in the soil compared with the caespitose habit of
M. sinensis. Rhizomatous growth habit has been associated with
cold adaptation among C4 grasses in Canada due to rhizome
buds being deeper underground than crown buds (Schwarz and
Reaney, 1989). However, during our collecting, we observed
that most of the M. sacchariflorus rthizomes were in the top
15cm of soil, suggesting that M. sacchariflorus from eastern
Russia may have physiological tolerance to cold that allows its
rhizomes to overwinter in frozen soil. Future experiments in con-
trolled environments will be needed to test this hypothesis.

We encountered an apparent north-eastern edge to the range
of M. sacchariflorus at 49-3°N, 136-5°E. The absence of
M. sacchariflorus north-east of 49-3°N, 136-5°E corresponds to
the transition from hardiness zone 3 to 2 (Fig. 1B); thus, ex-
treme winter temperatures may limit the range of M. sacchari-
florus, although other factors such as lack of disturbed open
habitat cannot be ruled out. West of Khabarovsk along the
northern side of the Amur River watershed, we travelled as far
inland as 48-7°N, 133-0°E without finding a western edge to
the range of M. sacchariflorus. At the most extreme, we found
M. sacchariflorus in areas with a mean January temperature of
—24°C (Fig. 1C). Based on our observations and the hardiness
zone map (Fig. 1B), it would be worthwhile for future expedi-
tions to explore if the western and northern boundaries of
M. sacchariflorus are the Zeya and Selemdzha Rivers of eastern
Russia, respectively.

In contrast to previous studies that found substantial popula-
tion structure in M. sinensis (Chou et al., 2000; Iwata et al.,
2005; Slavov et al., 2013; Zhang et al., 2013; Zhao et al., 2013;
Clark et al., 2014, 2015; Nie et al., 2014), relatively weak pop-
ulation structure was observed in the present study for Russian
M. sacchariflorus. Although nuclear SNPs gave a significant
signal of isolation by distance (Fig. 4A), neither DAPC (Fig.
S5), Structure (Fig. 1A) nor Neighbor—Joining (Fig. S6) re-
vealed geographically distinct genetic clusters (except for
groups of closely related, possibly clonal, individuals found at
the same collection sites; Fig. S6), and there was no significant
isolation by distance found among chloroplast haplotypes (Fig.
4B). In Japan, all or nearly all M. sacchariflorus are tetraploid
(Hirayoshi et al., 1957) and many have introgressions from dip-
loid M. sinensis (Clark et al., 2015), whereas in Russia diploidy
predominates and there was no evidence of introgression
with M. sinensis in our sampling range, although Hodkinson
et al. (2016) found putative hybrids further south in Russia.
In north-east China, Jiang et al. (2013) similarly found that dip-
loid populations of M. sacchariflorus did not form an intro-
gressed hybrid swarm with M. sinensis, though F, hybrids were
observed there.
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It is possible that with a broader geographic sample of
M. sacchariflorus, genetic patterns will emerge that explain the
species’ history similarly to how the migration history of
M. sinensis has been elucidated (Clark et al., 2014). On the
other hand, the lack of population structure in M. sacchariflorus
may reflect fundamental biological differences between
M. sinensis and M. sacchariflorus. For example, M. sacchari-
florus may have higher gene flow than M. sinensis, perhaps due
to rhizome pieces being dispersed along waterways or by plow-
ing (Deng et al., 2013). Moreover, being more cold-tolerant,
M. sacchariflorus was probably not restricted in range to the
same extent as M. sinensis during the last glacial maximum,
and so the magnitude of founder effects from recolonization of
Asia may not be as pronounced. Lack of recent founder effects
is also consistent with the greater genetic diversity that we ob-
served in M. sacchariflorus relative to M. sinensis (Table 1).
The high levels of genetic diversity in the accessions of M. sac-
chariflorus from eastern Russia suggest that this germplasm
collection will be especially useful for breeding.

To facilitate the long-term preservation of genes from the
Russian M. sacchariflorus genotypes that we collected as clonal
divisions, the best option will be to develop seed-based germ-
plasm pools by inter-mating the clones, because seed can be
kept viable and safe in cold storage for many decades, whereas
loss of vegetative stock plants is a substantial risk for clonal
collections. The optimal number of germplasm pools for pre-
serving the Russian M. sacchariflorus genes should balance the
desire to preserve genetic differences associated with geo-
graphic distance with the expense of maintaining and increasing
seed stocks of multiple accessions for an obligate outcrossing
species. At a minimum, there would need to be two seed-based
germplasm pools for the Russian M. sacchariflorus accessions:
one for the tetraploids and one for the diploids. More conserva-
tively, we would recommend splitting the diploid M. sacchari-
florus accessions into three germplasm pools: (1) for accessions
from Vladivostok in the south to the south-west shore of Lake
Khanka in the north; (2) along the Ussuri River watershed from
north-east of Lake Khanka in the south to near Ussuri’s conflu-
ence with the Amur River at Khabarovsk in the north; and (3)
along the Amur River watershed from near Birobidzhan and
the Bira River in the west to near the village of Naykhin and
the confluence of the Amur and Anyuy Rivers in the east
(Supplementary Data Fig. S9). However, genetic differentiation
between these Russian M.  sacchariflorus  groups
(Supplementary Data Table S3) is an order of magnitude lower
than that between the six major genetic groups of M. sinensis
identified by Clark et al. (2014).

Genome-wide association analysis using field observations of
M. sacchariflorus

Using an inexpensive genotyping method and phenotypic
data obtained at the time of germplasm collection for the
Russian M. sacchariflorus, we were able to identify three SNPs
that were significantly associated with the number of stems per
unit area, one with height and one with stem diameter. Four of
these SNPs were in the transcribed regions of genes; one coded
for an amino acid substitution, and three were near (within
10 Mb) or within sorghum QTLs for related traits (Table 2),
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suggesting that the associations were not spurious. The number
of stems per unit area is not only important for the ecology of
grasses (Harper, 1985), but is also a useful predictor of biomass
yield in Miscanthus (Gauder et al., 2012). In a previous agro-
nomic study, yield of M. sacchariflorus was negatively im-
pacted by low number of stems per unit area, but the effect was
not observed until the third year (Clifton-Brown and
Lewandowski, 2002), highlighting the utility of measuring this
trait during germplasm collection.

Our results indicate that value can be added to a germplasm
collection if phenotyping is done at the collection site and
if low-cost, high-density genotyping is performed via
high-throughput sequencing. Plant breeders are unlikely to use
accessions in germplasm collections until phenotypic and/or ge-
notypic data are available to predict the value of accessions for
traits of interest. If phenotypic data are not obtained by the
germplasm collectors at the collection sites, then typically none
will be available until the germplasm repository receives grant
funding for replicated testing (McCouch et al., 2012). Although
phenotypic data from collection sites are unreplicated and con-
founded by site to site environmental variation, there is value in
collecting such data for relatively stable traits because potential
users of the germplasm will find the data useful and better than
no data at all. Moreover, our study and others (Parchman et al.,
2012; Budde et al., 2014) have shown that although lack of rep-
lication for in situ phenotypic data would be expected to reduce
the statistical power of association analyses as compared with
analyses performed using replicated field trial data, it is still
possible to identify useful significant SNP—trait associations
with standard GWAS methodology (Q-K mixed model analysis
and multiple testing correction using FDR). The high genetic
diversity and absence of strong population structure within dip-
loid Russian M. sacchariflorus also enhanced our power to de-
tect SNP—trait associations. Overall, these results suggest that,
for at least some important traits, plant phenotypic data mea-
sured in the wild can be sufficiently robust to be useful to plant
breeders, particularly when adjusted for known environmental
covariates, e.g. latitude in our study.

The use of in situ phenotypic data for GWAS will help to ac-
celerate plant breeding, given that many years typically pass be-
tween when germplasm is collected and when replicated field
trials are conducted and high quality phenotypic data are avail-
able. GWAS results are especially useful for the efficient utili-
zation of germplasm collections, given that they can be used to
make predictions about the performance of individual acces-
sions, thereby aiding in the selection of accessions for further
evaluation or breeding (McCouch et al., 2012). Moreover, at
approx. US$20 per sample for GBS or RAD-seq, it may be less
expensive to genotype an accession than to collect and import
it. SNP data that are associated with DNA sequence tags can be
cross-referenced to any sequence data that are generated in the
future, making them much more valuable long term than older
marker technologies such as RFLPs (restriction fragment length
polymorphisms) and microsatellites (Kilian and Graner, 2012).
Using an inexpensive sequencing-based genotyping method
(RAD-seq), we were able to identify SNPs associated with traits
of agronomic interest several years in advance of when we
would be able to obtain data from replicated field trials. In fact,
it has been possible for us to initiate replicated trials of these ac-
cessions only as early as spring of 2015, and replicated data
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from mature plants will not be available until the end of 2017,
>5 years after the accessions were collected. We expect that
many breeders will be willing to accept the risk of performing
marker-assisted selection using QTLs from preliminary studies
such as ours, given the potential reward of increasing yields as
quickly as possible. We hope that the present study will encour-
age future germplasm collectors to take the time to record phe-
notypic data in situ and conduct genomic analyses that can
rapidly provide end-users with useful guidance on how best to
use the collected materials. By helping prospective end-users of
the germplasm avoid a data desert, it should be possible to cir-
cumvent this common barrier to the use of germplasm collec-
tions, especially for newly collected accessions.

Applications for breeding Miscanthus and Saccharum

This collection of Miscanthus from eastern Russia, which is
being curated by the US National Plant Germplasm System,
along with the collection of Hodkinson er al. (2016), which is
being kept at Trinity College and Teagasc, Ireland and at the
Institute of Cytology and Genetics of Siberian Branch of the
Russian Academy of Sciences, probably represents the maxi-
mum winter hardiness for both M. sinensis and M. sacchariflo-
rus. Additionally, the collection includes individuals with
desirable biomass traits. Prior to the establishment of this col-
lection, the National Plant Germplasm System did not have any
M. sacchariflorus accessions, and the one M. sacchariflorus ge-
notype available from commercial horticulture nurseries in
North America is short (<1-5 m) and has thin stems, which are
undesirable traits for biomass production. In contrast, we col-
lected many accessions that are tall (up to 2-6 m) and have thick
stems (up to 8 mm diameter). Moreover, the three tetraploid ac-
cessions of M. sacchariflorus that we collected will be espe-
cially valuable for breeding sterile triploid M. Xxgiganteus
(tetraploid M. sacchariflorus x diploid M. sinensis) that is
more winter hardy than the currently predominant cultivar used
for biomass production in North America and Europe. In addi-
tion to being useful sources of genes for improving Miscanthus,
the accessions of M. sinensis and M. sacchariflorus that we col-
lected in eastern Russia can also be crossed to Saccharum to
introgress cold hardiness into sugarcane, thereby extending its
range of cultivation into higher latitudes and elevations than is
currently possible for this tropical crop. Previous efforts to
cross Miscanthus and Saccharum have been successful, but
have focused on introgressing disease resistance, rather than
cold hardiness, into Saccharum (Sacks et al., 2013).
Furthermore, our GWAS results may facilitate marker-assisted
selection of M. sacchariflorus accessions for high numbers of
stems per area, plant height and large stem diameter, which
should be useful for breeding cultivars with improved biomass
yield and resistance to lodging. Due to the small number of in-
dividuals included in our GWAS, it is possible that we have
overestimated QTL effects (Beavis, 1998; Ioannidis, 2008);
however, they represent testable hypotheses, and we intend to
perform crosses to validate these QTLs so that they can poten-
tially be used in breeding as quickly as possible. Given that
both winter hardiness and stems per area of M. sacchariflorus
are proabably related to the plant’s underground architecture, it
will be important to determine if these two traits are correlated
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with each other and controlled by the same genes, because such
knowledge would facilitate the breeding of cultivars that are
both more winter hardy and higher yielding than current
Miscanthus cultivars. With the recent interest in Miscanthus for
bioenergy, we expect that this germplasm collection and its as-
sociated data will be highly requested resources.

SUPPLEMENTARY DATA

Supplementary data are available at http://www.aob.oxfordjour
nals.org and consist of the following. Table S1: list of herbar-
ium specimens collected. Table S2: Miscanthus sacchariflorus
plastid haplotypes found in eastern Russia. Table S3: Jost’s D
statistic showing differentiation between Miscanthus sacchari-
florus seed increase groups from Russia. Figure S1: relationship
matrix of 155 diploid Russian M. sacchariflorus accessions
used in genome-wide association analysis (GWAS). Figure S2:
principal component analysis of M. sinensis SNP data. Figure
S3: ITS DNA sequence used for identifying Hemarthria sibir-
ica. Figure S4: associations between phenotypes in M. saccha-
riflorus. Figure S5: Bayesian Information Criterion for
selecting the number of M. sacchariflorus clusters in DAPC.
Figure S6: Neighbor—Joining tree of M. sacchariflorus. Figure
S7: choice of number of M. sacchariflorus clusters in Structure
analysis. Figure S8: Structure results for Russian M. sacchari-
florus when two clusters are assumed (K =2). Figure S9: rec-
ommendations for seed increase groups in M. sacchariflorus
collected in eastern Russia. Supplementary Materials and
Methods: additional details on exploration route, flow cytome-
try and DNA protocols. Dataset S1: 2012 Collection of
Miscanthus Germplasm in Eastern Russia. Dataset S2: DNA se-
quences, allele frequencies, alignment positions and GWAS re-
sults for M. sacchariflorus SNPs.
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