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1 Wageningen UR Plant Breeding, Wageningen University and Rearch, Wageningen, Netherlands? Graduate School
Experimental Plant Sciences, Wageningen University, Wagigen, Netherlands

To investigate the potential effects of differences betweaegrowth locations on the cell wall
composition and sacchari cation ef ciency of the bioenerg/ crop miscanthus, a diverse
set of 15 accessions were evaluated in six locations across ope for the rst 3 years
following establishment. High-throughput quanti cationof cellulose, hemicellulose and
lignin contents, as well as cellulose and hemicellulose carrsion rates was achieved
by combining near-infrared re ectance spectroscopy (NIR$and biochemical analysis.
Prediction models were developed and found to predict biomas quality characteristics
with high accuracy. Location signi cantly affected biomas quality characteristics in all
three cultivation years, but location-based differences ecreased toward the third year as
the plants reached maturity and the effect of location-depedent differences in the rate
of establishment reduced. In all locations extensive vatian in accession performance
was observed for quality traits. The performance of the ddfent accessions in the
second and third cultivation year was strongly correlatedwhile accession performance
in the rst cultivation year did not correlate well with pedrmance in later years.
Signi cant genotype-by-environment (G  E) interactions were observed for most traits,
revealing differences between accessions in environmenitaensitivity. Stability analysis of
accession performance for calculated ethanol yields suggsed that selection for good
and stable performance is a viable approach. Environmental uence on biomass quality
is substantial and should be taken into account in order to mech genotype, location and
end-use of miscanthus as a lignocellulose feedstock.

Keywords: miscanthus, multi-location trial, genotype-by-e nvironment interaction, stability, GGE biplot, biomass

quality, ethanol, near-infrared spectroscopy (NIRS)

INTRODUCTION

To expedite the utilization of renewable plant biomass astnrative to fossil fuel it is necessary to
develop high yielding biomass crops producing biomass of figgdity in di erent environments

(van der Weijde et al., 20).3Several second-generation energy crops have potential as a

lignocellulose feedstock for biofuel production, but onelwod strongest contenders is miscanthus
(Heaton et al., 200)0Miscanthus is a highly productive perennial grass with a higtrient-use

e ciency, owing to its highly e cient C4 photosynthesis systn and ability to translocate minerals
to underground rhizomes at the end of the cultivation yeafte@ton et al., 2000 The genus
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Miscanthuscomprises approximately 15 dierent species ofe ect this may have on biomass quality for biofuel production.
which M. sinensis M. sacchari orusand their interspecic Such information may reveal important insights into the stag
hybrids are considered to have the highest potential for l@esn at which genotype performance may accurately be assessed in
production (Jones and Walsh, 200IThese miscanthus speciesbreeding programs, as well as into the accuracy of singlé¢idoca
harbor great genetic diversity and occur naturally overr@da vs. multi-locational trialing of germplasm.
geographical range in East Asi@lifton-Brown et al., 2008 In this study we investigated in-depth how dierences
As a result miscanthus displays a wide adaptation to di erenbetween growth locations a ect biomass quality in miscarsthu
soils types and climates, which may allow its exploitation a¥o this end we studied the cell wall composition and
a second generation biofuel feedstock across a broad rangesacchari cation e ciency of a set of 15 accessions across
environments. di erent locations and cultivation years. The test comprised
However, the potential of a lignocellulose feedstock fod M. sacchari orus 5 M. sinensisand 6 hybrid accessions,
the production of biofuel is also highly determined by thewhich were evaluated for 3 years in six locations across
compositional quality of the biomass. Lignocellulosic biesia Europe: Aberysthwyth (United Kingdom, UK), Adana (Turkey,
is mainly composed of cellulose, hemicellulosic polysadidésr TR), Potash (Ukraine, UA), Moscow (Russia, RU), Stuttgart
and lignin (Doblin et al., 2010 The content of polysaccharides (Germany, DE) and Wageningen (Netherlands, NL). Our focus
determines how much fermentable sugars are theoreticallyas on quality traits relevant to the production of bioethanol
available at a maximum conversion rate of 100%. The content dfut an increase in our understanding of cell wall composition
lignin, on the other hand, is one of the main factors that liie  in relation to genetic and environmental factors is releivem
extraction of fermentable sugars from the cell walhgndawat many of the value-chains for which miscanthus biomass has
etal., 201). Ligninis a complex aromatic polymer that crosslinkspotential. This is the rst multi-year, multi-location stydon
to hemicellulosic polysaccharides, forming a highly impeadsle  biomass quality in miscanthus and these insights are highly
matrix that imparts strength to the plant cell wall and shieléd ¢ relevant to the development of new varieties through bregdin
wall polysaccharides against chemical and enzymatic hysieol as well as to the biore nery industry, as we gain understagdif
(Himmel and Picataggio, 2008; Chundawat et al., 20C&ll wall  the compositional quality of miscanthus biomass grown across
compositional characteristics are therefore considergubirtant  diverse environments.
quality criteria for biofuel feedstocks and the developmefit
improved varieties with increased polysaccharide, redugatll  MATERIALS AND METHODS
content and increased sacchari cation e ciency is seenrasial .
to reduce the production costs of cellulosic biofuelgyfman, Plant Materials
2007; Torres et al., 2016; van der Weijde et al., 2017 Fifteen miscanthus accessions, belonging to three dierent
There is ample scope for the development of such varietigiscanthus species, were used in this study; ve accessions of
through breeding as extensive genetic variation for cell waM. sinensisincluding the commercial cultivarGoliath” four of
composition is found in miscanthus, with contents of cellios M. sacchari orusincluding the commercial cultivarRobustus,
ranging from 26 to 51%, hemicellulosic polysaccharides fromfind six hybrid accessions derived from crosses between
25 to 43% and lignin from 5 to 15% of dry matter in senesced M. sinensisand M. sacchari orus including the commercially-
biomass gllison et al., 2011; Qin et al., 2012; Zhao et al., y014used cloneM.  giganteu§(Table 1). The accessions were tested
Cell wall compositional characteristics, however, are corple
polygenic traits and are commonly a ected by environmental as ! . o )
. L . . . TABLE 1 | Accession, species and propagation information of th el5
well as genetic determinants. Cell wall biosynthesis, @aletily i ontus accessions used in this study.
lignin deposition, is spatially and temporally regulated aigrthe
development of the plant and like any other complex metabolidccession Species Plants
pathway it can be reprogrammed in response to environmental

signals Boerjan et al., 2003; Pauly and Keegstra, R0The M1 M. sacchari orus In vitro
e ect of environment on miscanthus cell wall composition was®"™™ 2 M. sacchari orus In vitro
rst demonstrated by Hodgson and coworkers, who studied®™ 3 M. sacchari orus In vitro
the extent of genotypic and environmentally derived vadati ©"M4 M. sacchari orus “Robustus” In vitro
in cell wall composition in a study at ve eld trial locations ©PM% Hybrid In vitro
(Hodgson et al., 20)0 They concluded that the degree of ©PM6 Hybrid In vitro
observed genotypic variation in cell wall composition indézh ©PM7 Hybrid In vitro
a high potential for breeding for biomass quality charactesss ©PM8 Hybrid In vitro
but also stressed the signi cance of environmentally dediv OPM9 Hybrid*M.  giganteus” In vitro
variation in cell wall composition. However, this study wadyo ©PM 10 M. sinensis In vitro
conducted for one growth year, while miscanthus is a perdnni@PM 11 M. sinensis “Goliath” In vitro
crop that exhibits considerable morphological and physimaly ©PM 12 M. sinensis Seed

changes following the rst few years after establishmerite T OPM 13 M. sinensis Seed

variation in miscanthus cell wall composition has never bee®@PMm 14 M. sinensis Seed

examined across multiple locations and harvest years, ribeis OPM 15 Hybrid Seed
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in a multi-location trial with six locationsTable 2): Aberystwyth  were determined according to protocols developed by Ankom
(UK), Adana (TR), Potash (UA), Moscow (RU), Stuttgart (DE), Technology (ANKOM Technology Corporation, Fairpoint, NY),
and Wageningen (NL). For a more detailed description of thevhich are essentially based on the work of Goering and
trial sites, the reader is referred tewandowski et al. (2016) Van Soest \(an Soest, 1967; Goering and Van Soest, J.970
The trials were established using a completely randomizetkblo NDF and ADF fractions are the residues remaining after
design with three replications per accession between April ange uxing the samples in neutral or acid detergent solutions,
May 2012. The planting materials used to establish the tal® respectively, using an ANKOM 2000 Fiber Analyzer (ANKOM
clones produced byn vitro propagation (OPM 1-11) or seed- Technology Corporation, Fairpoint, NY). Acid detergent lign
derived plantlets (OPM 12-15). For each of the 15 accessi@ns was determined after 3-h hydrolysis of the ADF residue in 72%
plantlets were planted per plot in a 7-by-7 grid (total amountH>SQ, with continuous shaking. All analyses were performed in
of plantletsD 6 locations 15 accessions 3 replicated plots triplicate and ber fractions were expressed in gram per kg dry
49 plantlets per ploD 13.230). The planting density was two matter.
plants per i3, resulting in a plot size of 25 fnField trials were
managed without irrigation, except for the trial in Adana, in
which minimal irrigation was applied in the summer of the rst .
year to ensure plant survival. Al trials were fertilized epprior  Ef CIENCY .
to establishment of the trials, with a single application okg4 Sacchari cation e ciency of the samples was assessed by
P ha ! and 110kg K hal. The trials were harvested betweenthe conversion of cellulose into glucose and hemicelluloses
January and April for three consecutive years after estabtsit into xylose using a mild alkaline pretreatment and enzymatic
of the trials ( rst harvest 2013, second harvest 2014, thixdvest ~Sacchari cation reaction, essentially as describedvhy der
2015). To minimize potential border e ects, for each plot 0n|yWeijde et al. (2016a)Reactions were carried out in triplicate
the inner nine plants (3-by-3 grid) were harvested (the twousing 500 mg subsamples per stem sample. All subsamples were
outer rows of plants of every plot being regarded as bordefcubated for 13 min witha-amylase (thermostabia-amylase,
plants), bundled and processed further. Each bundle of bismaNKOM Technology Corporation, Fairpoint, NY), followed by
was weighed and subsequently #00 gram subsample from three 5 minincubations with warm deionized water §0 C)
every bundle was drawn randomly for determination of moigtu N order to remove interfering soluble sugars. The remagin
content. Moisture content was determined after chopping andiomass was then subjected to a mild alkaline pretreatment,
drying of the subsample in a forced-air oven at 60for 72 h carried out in 50 ml plastic centrifuge tubes with 15 ml 2%
and used for the calculation of dry matter yields per plot. ANAOH at S0C with constant shaking (160 RPM) for 2 h in an
second 400 gram subsample of shoots was randomly drawicubator shaker (Innova 42, New Brunswick Scienti c, Elde
from each bundle and stripped from leaves. The remaining sterfr 7). I this study the objective of the pretreatment was not to
material was chopped and dried in a forced-air oven aGer ~ Maximize cellulose conversion but to treat samples to beli@ra
72 h and used for the calculation of stem dry matter yields pe1;Iiscrimination of genotypic di erences in cellulose conversio
plot. Subsequently, the dried stem material was ground uaing € ciency. Pretreated samples were washed to neutral pH with
hammer mill with a 1-mm screen and used for biomass qualitf€ionized water (2 , 5 min, 50 C) and with 0.1 M sodium citrate

analysesr{ D 810 (3 years 6 locations 15 accessions 3  Pu €r (pH 4.6, 5 min, 50C). .
blocks)]. Sacchari cation reactions were subsequently carried out

according to the NREL Laboratory Analytical Procedure

“Enzymatic sacchari cation of lignocellulosic biomass3e(ig
Fiber Analyses et al., 1995 Pretreated samples were hydrolyzed for 48 h
Neutral detergent ber (NDF), acid detergent ber (ADF) with 300 ml (25.80 mg of enzyme) of the commercial enzyme
and acid-detergent lignin contents (ADL) of stem dry mattercocktail Accellerase 1500 (DuPont Industrial Biosciences,

Determination of Sacchari cation

TABLE 2 | Location characteristics and long term annual and g rowth season (approximated April-September) temperature and rainfall for the six trial
locations.
Location name Latitude Longitude Altitude (m) Air Temperature * C Rainfall ", mm
Annual April to Sept Annual April to Sept
Aberystwyth (UK) 52.43 4.01 39 9.7 13.8 1038 401
Adana (TR) 37 35 27 19.0 26.1 575 75
Moscow (RU) 55 37 140 4.1 14.8 644 347
Potash (UA) 48.89 30.44 237 8.9 185 537 300
Stuttgart (DE) 48.74 8.93 463 9.8 16.4 725 379
Wageningen (NL) 51.59 5.39 10 10.3 15.8 826 376

*Climate data for Adana, 2000-2011,; for Stuttgart, 1988-1999; for Potash, 2003-2012pf Wageningen, 2002—-2012; for Aberystwyth, 1954-2000, and for Moscow, 1881-1980.
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Leiden, NL) supplemented with 1851 (0.12mg of enzyme) as described below; 1.135 the mass conversion factor that
endo-1,4b-xylanase M1 (EC 3.2.1.8, Megazyme Internationatonverts xylan to equivalent xylose (the molecular weiglibra
Ireland, Bray, IE) in an incubator shaker (Innova 42,of 150.13-132.12 g/mol for xylose and anhydro-xyloggpr(,
New Brunswick Scientic, Eneld, CT) set at 56 and 2010;and S the amount of sample material in gram dry matter.
constant shaking (160 RPM). This enzyme mixture has th€alculated ethanol yield (CEY, g / kg dm) was calculated by
following reported speci ¢ activities: endoglucanase 22800 considering full conversion of all the released glucose atake
carboxymethylcellulose (CMC) Units per gram, beta-glucasé into ethanol, as detailed in equation 4.

450-775 p-nitrophenol-beta-D-glucoside (pNPG) Units per

gram and the xylanase has an endoxylanase activity of 238 Unit ., (g=kg dm) D Glucose releaseng 2 MwE

per mg. Reactions were carried out in 44 ml 0.1 M sodium citrate S MwG

bu er (pH 4.6), containing 1.3 ml of a 1% benzoate solution for Xylose releaseng % MwE
the prevention of microbial contamination. S MwX 4)

Glucose and xylose contents in the enzymatic saccharooati
liquors were determined using enzyme-linked D-glucosevhere MWED molecular weight of ethano( 46.06844 g/mol);
(R-Biopharm, Darmstadt, DE) and D-xylose (MegazymeVwG D molecular weight of glucose (180.15588 g/mol); MirX
International Ireland, Bray, IE) assay kits. These assare w molecular weight of xyloseD( 150.13 g/mol); $ the amount
adapted to a 96-well microplate format and the increases inf sample material in gram dry matter; multiplication factors 2
sample absorption following enzyme-mediated conversioramd% refer to the amount of ethanol molecules formed from one
reactions were spectrophotometrically determined at 340 nrmolecule of glucose and xylose, respectively.
using a Bio-Rad Microplate Reader (Bio-Rad, Richmond, CA . . . .
USA). Spectrophotometric determination of each sample walnalysis of Miscanthus Biomass Using
done in duplicate and all absorbance measurements wefdear Infrared Spectroscopy (NIRS)
corrected using blanks, containing demineralized watstead Multivariate prediction models based on near-infrared (NIR)
of sample solution. Glucose and xylose release was detefmingpectral data were developed to allow high-throughput
by calculating the glucose and xylose content, respectiirely, prediction of biomass quality traits. Near-infrared absambe
the sacchari cation liquor from absorbance measuremesisg spectra of stem and leaf samples were obtained using a Foss

Equation (1). DS2500 near-infrared spectrometer (Foss, Hillerad, Dekinar
Averaged spectra were obtained consisting of 8 consecutive scan
MW from 400 to 2500 nm using an interval of 2 nm using 1SI-Scan
Glucosexylose releageng) D
y 0 D ; d v 1000 software (Foss, Hillergd, Denmark). Obtained spectra were
df Abs (1) further processed by weighted multiplicative scatter coroect

and mathematical derivatization and smoothing treatments
whereV D nal well volume (3.02 ml for glucose and 2.97 ml using WinISI 4.9 statistical software (Foss, Hillergd, Bank).
for xylose measurementNIW D molecular weight of glucose These statistical transformations of spectra help to mizini
(180.16 g/mol for glucose and 150.13 for xylo&d); the molar e ects resulting from light scatter and di erences in particle
extinction coe cient of NADPH or NADH for glucose and size. Parameters for derivatization and smoothing were set
xylose measurements, respectively (6.3 mol 1 cm 1);d at 2-6-4-1, in which the rst number of this mathematical
D light path-length D1.016 cm)y D sample volume (0.1 mijif ~ procedure refers to order of derivatization, the second nemb
D dilution factor (10 for glucose and 5 for xylose measurenientto the gap in the data-points over which the derivation is
and AbsD increase in sample absorbance, corrected for thapplied and the third and fourth number refers to the number
increase in blank absorbance. Cellulose conversion (Cel@pn of data-points used in the smoothing of the rst and second
and hemicellulose conversion (HemCon, %) rates were caézlila derivative.
from the release of glucose/xylose relative to the contdnt o For the creation of prediction models a calibration set of
cellulose/hemicellulose, respectively, as detailed irafiops (2) 250 samples was selected from the complete set of samples
and (3). (n D 810): 110 samples of the rst cultivation year, 80

samples of the second cultivation year and 60 samples of
Glucose release (mg)

the third cultivation year, all selected at random or for
ICon %D 100% 2 . . . ' .
CelCon % CEL 1.111 S 00% ) being identied by the software as spectral outliers. The
Xylose release (m biochemical reference data and near-infrared spectra of the
HemCon %D 2 M9) 1 009 ) P

calibration samples were used for the development and cross-
validation of prediction models using WinISI version 4.9
where CELD cellulose content (in g / kg dnb mg / g dm) (Foss, Hillered, Denmark). The prediction equations were
in the sample, calculated as described betbw11D the mass generated using modi ed partial least squares regressiatyaas
conversion factor that converts cellulose to equivalencgse (Shenk and Westerhaus, 1991The optimal number of
(the molecular weight ratio of 180.16—-162.16 g/mol for ghe principal components used for development of the prediction
and anhydro-glucose) Oien, 201); HEM D hemicellulose models was manually determined to be 8. Inclusion of
content (in g/kg dmD mg/g dm) in the sample, calculated more factors hardly improved the prediction models as

HEM 1.136 S
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determined by validation and increases the risk of “overyear (6) Einlay and Wilkinson, 1963; Malosetti et al., 2p:13
tting” of the data. The prediction models were validated
using the squared Pearson coe cient of correlation?)( RiD CGC i LjCg (6)
between predicted and biochemical data and by evaluating
for these samples the standard error of cross-validatiowhereR; is the response variable, is the grand mean(; is
(SECV) for each of the traitsTable 3. As good correlations the genotype e ectf} is the regression coe cient of accession
(r > 0.82) were found between predicted and biochemicailfor environmentj (environmental sensitivity), is a measure of
data, and the results of cross-validation were satisfgctorenvironmental quality determined by the mean performance of
the prediction models were subsequently used to determinaccessions for CEY in environmerandsg; is the residual error.
NDF, ADF, ADL, cellulose conversion, and hemicelluloseAccession means per location for the third cultivation yearev
conversion for all 810 stem samples. The predicted bemlso usedto ta GGE model by singular value decomposition of
fractions were used to calculate the concentrations (ingg/kenvironment-centered genotype by location data (Vip(osetti
dm) of cell wall (NDF) cellulose (CEL, equals ADF - ADL),etal., 2013
hemicellulosic polysaccharides (HEM, equals NDF - ADF) X

. T . K
z:qnadttez:?d-detergent lignin (LIG, equals ADL) in stem dry RiD CLC B L C g @)

where accession performance is explained by K multiplicative

Statistical Analyses ,
General analyses of variance (ANOVA) were performed téerms (kD 1...K), each formed by the product of environmental

. . . . - sensitivity (%) of accessiom and environmental scorel (). A
determine the signi cance of accession di erences, locatjo . . . .
S - - GGE biplot was constructed in which accession performance
cultivation years and their interactiong & 0.05) on cell wall

. L . . accounting for both genotype main e ect and genotype-by-
composition and sacchari cation e ciency. Variance analgse ( g 9 yp 9 ype-y

. . Jocation interaction) across environments is visualized a
were performed following the standard procedure of a mixe

) . . scatter plot of accession and location scores for the rst two
e ect model with a random genetic e ect, a xed location e ect, .~ . ) .
. principal components Yan and Kang, 2002; Malosetti et al.,
a random year e ect and a xed block e ect, following the

model (5): 291:_3. Correlation analysgs were performeq to identify the
) signi cance, strength and direction of interrelationshipstween
morphological and quality traits using Pearson's correlation
Rijr D C G CLjC Y CB (LjYi) C GLj C GYi coe cients. All statistical analyses were performed using&at
C LYjk C GLYii C gjkr (5) for Windows, 18th edition software package (VSN Internagbn
Hemel Hempstead, UK).
where Rjir is the response variable, is the grand mean,
G is the genotype eectl; is the location eect Yy is RESULTS AND DISCUSSION
the year eect,B (Lj Yx) is the block eect,GL; is the . .
genotype-by-location interactiorG Y, is the genotype-by-year Impact of Accession, Location, and
interaction, LYj, is the location-by-year interactionGLYj is  Cultivation Year on Biomass Quality
the genotype-by-location-by year interaction amgl, is the Cell wall composition and sacchari cation e ciency of 15
residual error. To study the potential of early selection etation  miscanthus accessions were studied in a multi-year, multi-
analyses were performed on accession means to identify thecation eld experiment. Analyses of variance revealed that
signi cance p < 0.05) of correlations between traits acrosscell wall composition and sacchari cation e ciency diered
cultivation years using Pearson's correlation coe cient®  signi cantly between accessions and that these traits were
addition a Finlay Wilkinson stability analysis was performedstrongly a ected by both trial location and cultivation year
using the calculated ethanol yield data of the third cultiva (Tables4 5). Miscanthus is a perennial crop that typically

TABLE 3 | Summary of cross-validation statistics of mPLS models u sed for the prediction of biomass quality traits from NIRS spect ral data.
Constituent Samples* Chemical analysis NIRS prediction r2u SECVE
Mean Min Max Mean Min Max

NDF (g/kg dm) 246 85.04 71.55 92.69 85.04 71.28 92.35 0.99 0.88
ADF (g/kg dm) 243 54.96 38.43 68.55 54.97 39.40 68.47 0.99 1.13
ADL (g/kg dm) 239 9.22 4.88 14.45 9.20 5.26 14.42 0.88 0.79
Cellulose conversion (%) 237 29.89 8.17 52.10 30.21 13.14 4B1 0.92 3.22
Hemicellulose conversion (%) 243 12.43 5.84 22.20 12.34 6.0 20.27 0.82 2.06

* Sample number varies as for every trait different samples may bem®ved by the software as outliers; depending on the modeY r2, coef cient of determination; SSECV, Standard
error of cross-validation.
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matures in 2-5 years, depending on the environmentaind 485 g/kg dm and LIG contents were85, 93, and 99
conditions. During this process of maturation, miscanthusg/kg dm, respectively. Mean HEM contents decreased fr@82
shows a pattern of increasing yields during the establisimernn the rst, to 293 in the second and 291 g/kg dm in the
phase, until at full maturity a plateau phase is reachedhird year (Figure 1). Saccharication e ciency also diered
with relatively stable vyields Chiristian and Haase, 2001; substantially between cultivation yeaiable 5 and was much
Christian et al., 2008; Gauder et al., 2012; Hulle et alhigherinthe rstyearthaninthe second or third yedfigure 2).
2012; Arnoult et al., 20)5 Here we show that during this Mean cellulose conversion (CelCon) reduced frord8% in the
establishment phase, cell wall composition is changing astiee  rst year to  27% in the second and 22% in the third year.
matures. Similarly, mean hemicellulose conversion (HemCon) reduced
Boxplots of biomass quality traits are providedHigures 1,2, from 14% in the rst, to 11 in the second and 10% in the
that depict the average and range in the performance of 1third year. These changes in biomass composition and quality
accessions for each of the locations and cultivation y8msass culminated in substantial reductions in mean calculatduhenl
composition in the rst cultivation year diered considerapl vyields (CEY) from 117 in the rst, to 91 in the second and
from that in the second and third, with substantially lowersall 77 g/kg dm in the third cultivation yearHigure 2). The ethanol
cell wall (NDF), cellulose (CEL) and to some extend lignitg).  yields reported in this study are relatively low compared to
contents and substantially higher contents of hemiceliglos industrial standards, because very mild pretreatment ciowmt
polysaccharides (HEM) in the rstyear. For cultivation yedr®, were chosen in this study as these are better suited to expose
and 3 mean NDF contents were829, 860, and 876 g/kg dm, genotypic di erences in sacchari cation e ciencyT(orres et al.,
respectively. Similarly, mean CEL contents wed22, 474, 2013;van der Weijde etal., 2017

TABLE 4 | Analyses of variance for cell wall composition of 15 mis canthus accessions grown in six locations and evaluated for t hree successive
cultivation years (2012—-2013, 2013-2014 and 2014-2015).

Source of Degrees of freedom NDF (g/kg dm) CEL (g/kg dm) HEM (g/kg dm) LIG (g/kg dm)
variation * freedom Mean squares F prob. Mean squares F prob. Mean squares F prob. Mean squares F prob.
L 5 104619.6 < 0.0001 145509.5 < 0.0001 22834.8 < 0.0001 8375.0 < 0.0001
Residuaf 12 489.8 835.1 992.9 196.1

G 14 9644.3 < 0.0001 18230.8 < 0.0001 28602.2 < 0.0001 5027.7 < 0.0001
Y 2 150768.8 < 0.0001 309417.8 < 0.0001 84714 < 0.0001 13962.3 < 0.0001
GL 70 1308.7 0.0002 1312.6 < 0.0001 697.5 < 0.0001 143.1 0.0904
GY 28 960.2 0.0632 1139.5 0.0059 1548.2 < 0.0001 465.4 < 0.0001
LY 10 37187.4 < 0.0001 31550 < 0.0001 6469.7 < 0.0001 2283.3 < 0.0001
GLY 138 637.2 < 0.0001 579.9 < 0.0001 2975 0.000 109.2 < 0.0001
ResiduaP 500 242.8 308 184.6 50.3

G, Genotype; L, Location; Y, Year; GL, Genotype-by-location interactionGY, Genotype-by-year interaction; LY, Location-by-year interaction; 1. Genotype-by-location-by-year
interaction. 2Residual, Residual block stratum®Residual, Residual blockunits stratum.

TABLE 5 | Analyses of variance for conversion ef ciency and ca Iculated ethanol yield (CEY) of 15 miscanthus accessions gro wn in six locations and
evaluated for three successive cultivation years (2012-201 3, 2013-2014, and 2014-2015).

Source of variation * Degrees of freedom CelCon (%) HemCon (%) CEY (g/kg dm)
Mean squares F prob. Mean squares F prob. Mean squares F prob.

L 5 2071.2 < 0.0001 184.6 < 0.0001 3171.3 < 0.0001
Residuaf 12 23.8 2.5 84.2

G 14 283.2 < 0.0001 51.1 < 0.0001 3171.3 < 0.0001
Y 2 18801.3 < 0.0001 1151.8 < 0.0001 84.2 < 0.0001
GL 70 21.1 0.0003 3.1 0.0639 141.1 0.0099
GY 28 26.2 0.0002 2.5 0.3834 205.2 0.0007
LY 10 508.0 < 0.0001 46.1 < 0.0001 2836.9 < 0.0001
GLY 138 10.7 < 0.0001 2.3 < 0.0001 88.4 < 0.0001
ResiduaP 500 48 1.1 25.1

G, Genotype, L, Location, Y, Year; GL, Genotype-by-location interactiorGY, Genotype-by-year interaction; LY, Location-by-year interaction; 0. Genotype-by-location-by-year
interaction. 2Residual, Residual block stratum® Residual, Residual blockunits stratum.
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FIGURE 1 | Variation in accession means of 15 miscanthus access ions for cell wall composition characteristics in six growth | ocations and three
cultivation years (1 D 2012-2013, 2D 2013-2014, and 3D 2014-2015).

Biomass quality traits were also highly in uenced by the For more in-depth evaluation of location dierences in
di erentenvironments in the trial locationTables 45). Extreme  biomass quality, the material from the third cultivation yea
di erences came to light between Adana and the other location- assumed to represent mature, well-established miscanthus
for NDF, CEL, CelCon, and CEY. These dierences weretands in all locations - was further examind@ble 6. Biomass
particularly evident in the rst harvest yearF{gures 1 2), composition varied extensively across locations, with méBR
which may be attributed to location-dependent di erences incontent ranging from 840 to 910 g/kg dm, CEL content from
the rate of establishment, although inter-annual variatim 434 to 524 g/kg dm, HEM content from 262 to 316 g/kg dm
weather conditions may also have contributed. Miscanthus haand LIG content from 89 to 109 g/kg dnTéble 6. The highest
a tendency to mature more slowly at northern latitudes than aNDF and CEL contents were observed in Wageningen, while the
latitudes closer to the equatar¢wandowski et al., 2000; Clifton- lowest were observed in Moscow. These two locations weraifoun
Brown et al., 2001 After the rst growth season miscanthus to be the most contrasting of the evaluated locations reigard
stands in Adana already reached near plateau yields (ongeereacell wall composition. Locations also di ered extensively in
8 t dm ha 1), while yields in the other locations did not saccharication e ciency. Mean cellulose conversion ranged
reach above 2 t dm hd (Kalinina et al., unpublished data). from 17.3 to 26.4% across locations, with the lowest ratervies!
However, these di erences will become less pronounced towarid Wageningen and the highest in Moscow. Likewise, mean
the third harvest year, as stands in all locations start sazhefull  hemicellulose conversion ranged from 8.7 to 12.3%, with the
maturity. lowest rate observed in Wageningen and the highest in Potash
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FIGURE 2 | Variation in accession means of 15 miscanthus access ions for conversion ef ciency characteristics in six growth locations and three

cultivation years (1 D 2012-2013, 2 D 2013-2014, and 3 D 2014-2015).

Calculated ethanol yields ranged from 65.6 to 83.5 g/kg dwssc  OPM-9 (61 g/kgdm). It was previously shown that OPM-9
locations, with the highest yields for Moscow and the lowes{M. giganteufs the most widely exploited miscanthus variety,
for Wageningen. Which environmental parameters underlietsu  has a considerably lower quality for biofuel production comgaza
location-based di erences in cell wall composition needs tdo many other accessionsdn der Weijde et al., 2015avhich is
be further investigated using a wider range of environmentsshown here to be the case across diverse environments.
However, variations in cell wall composition and cellulose The extent of variation amongst accessions in cell wall
degradation e ciency of natural miscanthus ecotypes in Ghin composition and conversion e ciency was not equal across
were associated to latitude and total annual sunshine hofirs locations {Table 6. In the third harvest year, the coe cient of
the original habitat Zhao et al., 2004 Furthermore, drought trait variation (C\;) across locations ranged from 0.9 to 3.7%
stress was recently identi ed as an environmental factathwi for NDF, 3.4—6.4% for cellulose, 8.7-13.5% for hemicellulosi
implications for cell wall composition, increasing both oése  polysaccharides and 9.2—-18.4% for lignialfle 6. This showed
content and sacchari cation e ciency of miscanthusgn der that across locations particularly large variation in ast@s
Weijde et al., 2016b performance was observed for hemicelluloses and lignin.
Despite the large e ects of location and cultivation year\Variation in accession performance for conversion rates was
signi cant variation in genotype performance was also evidenalso unequal across locations, with Ckanging from 10.1 to
(Tables 4 5). As can be seen ifable 6 the range of variation 18.3% for cellulose conversion and 8.0—14.8% for hemiostul
among accession within each location was extensive. Mean CE®nversion. For four out of seven evaluated traits the lstrge
over all locations was 77.2 g/kg dm with a mean range in vianiat  variation in accession performance in the third year was ples®
among accessions of 27.9 g/kg daljle 6. To exemplify the in Aberystwyth.
extent of variation in accession performance we zoom in on
the performance of accessions OPM-9 and OPM-13 in th&tability of Accession Performance
third harvest year. Averaged across all locations, OPM-9 wade observed that miscanthus cell wall composition is not
shown to have a much higher mean lignin content (125 g/kg dmjtable during the establishment phase of miscanthus. Morgove
then OPM-13 (85 g/kg dmTable 7). This di erence in lignin  variation in accession performance diered across cultivati
content and other cell wall characteristics contributedtb® year, as indicated by the signicance of genotype-by-year
much higher CEY for OPM-13 (83 g/kg dm) compared tointeraction e ects {ables 4 5). Therefore, early prediction of
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TABLE 6 | Summary table of average, range and least signi cant d ifferences for biomass quality traits of 15 accessions evaluat ed in six locations
(cultivation year 3, 2014-2015).

Trait Statistic ~ Aberystwyth (UK) Adana (TR) Moscow (RU) Pot ash (UA) Stuttgart (DE) Wageningen (NL) Mean Range LSD
LOCATION
NDF Average 871.8 881.0 839.5 847.1 904.3 909.9 875.6 70.4 6.5
(g9/kg dm) Range 135.1 49.9 54.8 98.8 50.7 34.9 70.7

CV; (%f 37 15 25 36 1.3 0.9 2.3

LspY 40.9 32.8 18.0 24.8 10.9 9.0
Cellulose Average 478.1 487.3 433.7 476.1 513.2 524.4 485.5 90.7 7.3
(9/kg dm) Range 117.4 86.7 81.5 92.4 64.3 53.4 82.6

CV (%) 6.4 6.3 6.0 5.8 45 34 5.4

LSD 43.7 34.7 19.2 24.9 16.3 19.4
Hemicellulose Average 305.3 298.6 315.6 262.3 284.1 280.7 291.1 53.3 55
(g/kg dm) Range 93.0 85.3 84.0 94.7 107.7 74.9 89.9

CV; (%) 8.8 10.5 8.8 135 13.8 8.7 10.7

LSD 27.4 19.9 18.0 15.0 17.3 21.9
Lignin Average 88.5 95.0 90.2 108.8 107.0 104.8 99.0 20.3 3.1
(9/kg dm) Range 56.0 43.4 27.3 34.7 63.1 44.6 44.9

CV (%) 18.3 13.2 9.2 9.7 18.4 12.2 135

LSD 19.8 9.7 6.8 7.2 11.6 11.4
Cellulose Average 23.3 225 26.4 22.7 20.0 17.3 22.0 9.0 0.9
conversion Range 16.2 12.3 8.7 8.9 8.3 10.4 10.8
(%) C\V (%) 18.3 15.0 10.1 12.3 14.0 14.1 14.2

LSD 19.8 3.6 2.0 3.0 2.0 2.2
Hemicellulose Average 9.6 10.5 10.4 12.3 10.8 8.7 10.4 3.6 0.4
conversion Range 4.3 5.0 4.3 35 3.3 3.8 4.0
(%) CV (%) 11.9 14.8 12.7 8.0 10.3 11.0 11.5

LSD 2.2 1.7 1.6 1.6 2.0 1.4
CEY' Average 79.3 79.8 83.5 79.5 75.5 65.6 77.2 17.9 2.0
(g/kg dm) Range 34.0 325 19.3 225 24.7 34.2 27.9

CV; (%) 12.5 9.8 6.3 8.7 9.7 12.3 9.9

LSD 13.4 8.3 4.9 7.7 6.5 6.1

“CEY, Calculated ethanol yield$CV;, Coef cient of trait variation (standard deviation over genotype meansitation mean  100%); Y LSD, least-signi cant difference (0.05).

genotype performance may not be reliable. For each locatiomfter 1 year of cultivation is not recommended, due to its low
correlations of accession performance for calculated ethdaeld  predictive value of performance at full maturity.

across the di erent harvest years are depictedFigure 3 A The results also showed that some accessions performed
low similarity (r2 < 0.32) in accession performance between thenore stable across the dierent environments than others
rst and the third cultivation year was observed for all Iéices and that ranking of accessions diers across locations. Such
except for Adanar? D 0.45). However, for all locations accessiondi erential ranking was observed for all evaluated traitsc@pt
performance in CEY in the second cultivation year correlatedor lignin and hemicellulose conversion e ciency, as indied
reasonably well with that in the third cultivation yeaP([D 0.42— by the statistical signicance of genotype-by-environment
0.83). PreviouslyArnoult et al. (2015) already indicated that interactions {ables4 5). When variance was analyzed on
biomass quality in miscanthus harvested in the third cadtisn  data of the third cultivation year only, statistically sigmint
year was reliably representative of that in the fourth and thgenotype-by-environment interactions were observed fdr al
fth year in a single location. Here we validate that condétus  traits (Supplementary Tables S1, S2). This is the rst report
using data from multiple environments and even support thaton genotype-by-location interactions for cell wall comporgent
performance at full maturity can be estimated with reasoaabland sacchari cation e ciency in miscanthus. Such interexts
accuracy from accession performance after two cultivateery. may have important implications for the set-up of selection
In contrast, selection for CEY based on CEY values obtaineekperiments, as they implicate that the relative ranking of
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TABLE 7 | Mean and variation in accession performance of 15 Miscanthus accessions over six trial locations (cultivation year 3, 20 14-2015).

Accession NDF (g/kg dm) CEL (g/kg dm) HEM (g/kg dm) LIG (g/kg dm) Ce ICon % HemCon % CEY (g/kg dm)

Mean Range Mean Range Mean Range Mean Range Mean Range Mean Ra nge Mean Range

OPM-1 893.0 47.0 516.1 63.5 259.2 75.1 117.7 30.7 19.6 6.0 10.7 35 73.0 15.0
OPM-2 835.6 106.0 470.2 96.1 269.4 83.6 96.1 51.8 25.1 12.1 115 2.6 84.1 19.9
OPM-3 878.5 103.3 511.1 109.5 252.3 60.9 115.1 38.1 19.3 8.7 11.1 5.3 71.5 19.0
OPM-4 876.7 924 509.9 87.4 260.5 81.2 106.4 32.2 21.5 9.6 11.9 4.3 79.5 24.0
OPM-5 892.7 67.2 512.0 66.1 282.5 48.0 98.1 23.1 19.9 6.4 10.8 3.7 75.2 16.7
OPM-6 859.8 80.9 478.9 81.0 286.6 37.3 94.3 12.8 24.6 6.5 12.1 4.4 86.6 13.9
OPM-7 888.9 46.2 479.6 67.4 311.3 65.0 98.0 19.1 20.2 8.4 9.2 5.2 711 21.7
OPM-8 876.9 89.5 480.8 100.5 291.7 32.2 104.4 20.2 20.8 10.4 10.1 2.8 73.1 18.7
OPM-9 869.3 120.3 499.1 91.4 245.6 41.4 124.7 36.6 16.8 11.4 10.1 4.2 61.3 29.1
OPM-10 889.0 76.8 505.5 109.9 286.4 61.7 97.2 20.1 20.5 12.4 10.6 4.3 75.4 27.7
OPM-11 878.7 54.0 461.2 83.1 329.2 51.5 88.3 28.5 23.7 8.8 9.2 4.6 79.2 16.7
OPM-12 873.0 88.2 463.7 127.1 3225 53.7 86.8 24.4 24.4 11.3 9.0 2.6 80.0 20.6
OPM-13 873.1 86.3 459.2 107.8 328.7 45.0 85.1 24.6 25.2 10.9 9.7 2.8 83.3 17.0
OPM-14 880.1 61.2 472.2 91.2 3225 36.9 85.4 27.3 24.2 8.3 9.7 3.2 82.5 17.7
OPM-15 868.7 86.3 462.4 107.6 318.3 68.0 88.0 24.4 24.8 11.4 9.8 3.3 82.2 19.8
FIGURE 3 | Scatter plot matrix of calculated ethanol yields (g /kg dm) of the rst [1] and the second [2] cultivation year of 15 mis canthus accessions in
six locations compared to that of the third cultivation year [3 ].

accessions is dependent on the environment. Dealing withelar the genotype-by-environment interaction e ect is considdyab
genotype-by-environment interaction in breeding programssmaller than the variation attributed to the genotype and
usually means that germplasm has to be trialed in multiplenvironment main e ects{ables 45).

locations as selection based upon data from a single experiment To further examine accession di erences in environmental
might lead to wrong selection decisions. However, like fosensitivity, accession performance across locations wdiestin
several forage crops such as silage maizelsfra et al., more detail using the data from the third harvest yeaalfle 7).
1992; Cox et al., 1994; Argillier et al., 1997; Barriere gt alThe largest variation in cellulose content across locatioas w
2008; Torres et al., 20),5alfalfa Sheaer et al., 1998and observed for OPM 12, while the largest variation in conterfts o
switchgrass Hopkins et al., 199 the variation attributed to hemicellulosic polysaccharides and lignin was observed RO
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TABLE 8 | Environmental sensitivity and genotype stability a  nd superiority
scores for calculated ethanol yield (g/kg dm) of 15 miscanthus a ccessions
evaluated across six locations (cultivation year 3, 2014-2  015).
Accession Mean Environmental Static Superiority Superiority
CEY  sensitivity ©  stability Y coefcient § rank ¥
OPM 1 73.05 0.54 29.65 132.10 11
OPM 2 84.05 0.66 52.48 17.40 2
OPM 3 7151 0.93 55.73 161.90 13
OPM 4 79.53 1.13 76.25 54.10
OPM 5 75.23 0.93 43.31 103.70
OPM 6 86.64 0.78 34.05 16.30 1
OPM 7 71.13 1.21 65.50 174.00 14
OPM 8 73.13 0.99 49.76 145.50 12
OPM 9 61.29 1.50 93.61 405.00 15
OPM 10 75.43 1.48 118.93 131.50 10
OPM 11 79.25 0.94 38.76 56.00 8
OPM 12 80.03 1.03 53.48 45.10 6
OPM 13 83.25 0.92 40.40 22.00 3
OPM 14 82.52 0.85 40.66 28.70 4
OPM 15 82.24 1.04 50.60 34.80 5
“Environmental sensitivity, the slope of the regression line of the ttiFinlay Wilkinson (FW)
model; Y Static stability, the variance around the accession mean across enginments; FIGURE 4 | GGL biplot of variation in accession performance in
SSuperiority coef cient, the mean square distance between accession pdormance and calculated ethanol yield (g/kg dm) across six locations in th e third
maximum observed performance in each environment;*Superiority rank, Accession cultivation year (2014-2015). Numbers represent accession OPM
ranking based on superiority coef cient. codes.

2. Similarly, OPM 9 displayed the largest variation for NDFelan
CEY, while OPM 10 and OPM 3, respectively displayed the largest the plot represents the average performance of accessions
variation in CelCon and HemCon. across the environments, the length of environment vectsrs
To study such dierences in the stability of accessionproportional to the genetic variance within environments th
performance, a Finlay Wilkinson stability analysi§iray extent of variation among accessions within one environtpen
and Wilkinson, 1963 was performed on CEY data of and the angle between vectors is proportional to the correfati
the third cultivation year, to estimate the environmentalbetween environmentsYan and Kang, 2002; Malosetti et al.,
sensitivity of accessions for this traitgble 8. The higher the 2013. The rst two principal components visualized in the
sensitivity estimate, the more sensitive an accession ihigo biplot explained 91.28% of the variatiofigure 3). The angle
“quality” of the growth location for the evaluated trait. @ between the vector for Potash and the vector for Aberystiigth
environmental quality in this analysis refers to deviatioh almost 90 degrees, indicating that there is virtually naefation
mean accession performance in that location from the meaim accession performance between these two locations. The
accession performance over all evaluated locations. Aooessperpendicular projection of accessions on the environment
performance of OPM 1 was found to be the least sensitiveectors approximates accession performance per environment,
(sensitivity 0.54) and OPM 9 the most sensitive (sensjtitib0) showing that OPM 2 performed the best in Aberystwyth,
to environmental quality Table 8. The static stability parameter while OPM 6 performed the best in all other trial locations.
of each accession was also calculated, which is a measire of OPM 9 performed the worst in all locations. Along with the
variance in accession performance across locatiBasi{er and previous observation that OPM-6 had the lowest superiority
Leon, 198R A smaller static stability means smaller variation incoe cient and the highest mean performance in terms of
accession performance across locations. Accession perficema CEY across locationsTéble 8, this shows that the calculated
of OPM 1 was the most stable (static stability 30) and OPM &0 thethanol yield of OPM-6 was relatively insensitive to di eresce
least stable (static stability 119) across environmefableé 8.  between locations and was superior to the other accessions in
The superiority coe cient is used to identify accessionsttha5 out of 6 trial locations. The selection of stable accession
perform relatively well in all test locations and accountstdoth  to counter the e ects of genotype-by-location interactions is
mean performance and stabilityiq and Binns, 1988 OPM 6 a viable approach if, like is the case here, the performance
ranked rst in overall performance across environments (fstv  of the stable accession is not much lower compared to
superiority coe cient), while OPM 9 ranked lasfl@ble 8. adapted accessions. However, the stable and superior atessi
A useful tool to visualize the variation in accessionOPM-6 did perform relatively poor in Aberystwyth compared
performance across locations is the GGE bipkigQre 4 (Yan to OPM-2, but still had average performance among all
etal., 2000; Yan and Kang, 2002; Malosetti et al.,2The origin ~ accessions.
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Implications for the Use of Miscanthus As fractionation, such as re nery processes, whose techno-@uo@n
a Lignocellulose Feedstock e ciency may be considerably a ected by such variation in cell

There is a need for the development of novel miscanthu®all. To increase our understanding of which environmental
varieties with improved biomass quality for processing intoStimuli are the cause of the observed environmentally eetiv
cellulosic ethanol and other bioproducts. The large exteht ovariation cell wall composition and conversion e ciency,
observed genotypic variation in cell wall composition andfurther research is needed in which a broader range of
sacchari cation e ciency observed in this study indicates €nvironments is evaluated. In this way the most suitable
potential for the selection of miscanthus accessions witRroduction environment can be identi ed given certain bioss
favorable biomass quality characteristics. However, iditah ~ quality criteria posed by the end-user. Simultaneously, selecti
to genetic factors also environmental factors substagtittct ~ for biomass quality in miscanthus through breeding should
cell wall composition and conversion e ciency. This can take into account these e ects of environmental factors and
be highly problematic, as a consistent supply of biomass @lltivation year on accession performance in order to idgnti
predictable composition and high quality is a crucial factorstable and superior genotypes that consistently yield high
for the success of lignocellulose biore nerieBe(lack et al., quality biomass across diverse production environments. The
2009. Also from a breeding perspective a large environmentdh uence of environmental conditions on biomass quality is
inuence on the trait of interest is undesirable, as thesubstantial and should be taken into account in order to rhatc
environmentally derived part of the phenotypic variation isgenotype, location and end-use of miscanthus as a lignooséul
hard to control. This is especially problematic if the e ect isfeedstock.
unpredictable due to unknown and/or uctuating environmeait
stimuli. AUTHOR CONTRIBUTIONS
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