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Abstract
Miscanthus is a high-yielding bioenergy crop that is broadly adapted to temper-
ate and tropical environments. Commercial cultivation of Miscanthus is predomi-
nantly limited to a single sterile triploid clone of Miscanthus × giganteus, a hybrid 
between Miscanthus sacchariflorus and M. sinensis. To expand the genetic base 
of M. × giganteus, the substantial diversity within its progenitor species should be 
used for cultivar improvement and diversification. Here, we phenotyped a diver-
sity panel of 605 M. sacchariflorus from six previously described genetic groups 
and 27 M. × giganteus genotypes for dry biomass yield and 16 yield-component 
traits, in field trials grown over 3 years at one subtropical location (Zhuji, China) 
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1   |   INTRODUCTION

Miscanthus is a perennial, rhizomatous, self-incompatible, 
C4 grass with promising potential as a bioeconomy crop. 
Uses of Miscanthus biomass include combustion to produce 
electricity and heat, anaerobic digestion to produce meth-
ane fuel, conversion to liquid fuels, gasification, production 
of paper and fiber boards, renewable and compostable food 
service packaging, improving tensile strength of concrete, 
absorbent barriers, biodegradable plastic, animal bedding, 
mulch, human consumption of young shoots, dietary fiber 
for pet food, and cattle feed (Acikel, 2011; Allphin, 2020; 
Clifton-Brown & Lewandowski, 2002; Engel-Smith, 2017; 
Heaton et al., 2004; Johnson et al., 2005; Lane, 2017; Pude 
et al., 2005; Sacks et al., 2013; Xue et al., 2015). Its high 
yields of biomass coupled with high sustainability make it 
particularly valuable for proposed use of carbon negative 
bioenergy with carbon capture and storage (BECCS) proj-
ects (Cobo et al., 2022; IPCC, 2022).

Commercial cultivation of Miscanthus in North 
America and Europe is currently limited predominantly 
to a single, high-yielding, sterile, triploid clone of M. × gi-
ganteus, named “1993–1780” for the type specimen at 
Kew Royal Botanic Gardens Herbarium (also referred 
to as “Illinois”) (Głowacka et al.,  2015; Hodkinson & 
Renvoize, 2001). M. × giganteus “1993–1780” was imported 
from Yokohama Japan to Denmark in the 1930s and was 

subsequently distributed widely (Linde-Laursen,  1993). 
Although M. × giganteus “1993–1780” is high-yielding and 
broadly adapted, it is insufficiently winter hardy in USDA 
hardiness zone 5b (average annual minimum temperature 
of −26.1 to −23.3°C) and colder, yet in the southern coastal 
plain of the United States, it flowers too early to optimize 
biomass production (Bonin et al.,  2014; Clifton-Brown 
& Lewandowski,  2002; Kalinina et al.,  2017). Moreover, 
large-scale cultivation of a single clone places it at risk of 
large losses from pests and diseases. Thus, there is a great 
need for new biomass cultivars of Miscanthus, especially 
those that can extend the range of adaptation. M. × gigan-
teus is an interspecific hybrid between M. sacchariflorus 
and M. sinensis (Clifton-Brown et al.,  2019; Hodkinson 
et al., 2002; Kalinina et al., 2017). Most efforts to develop 
new biomass cultivars of Miscanthus focus on breeding 
new selections of M. × giganteus because the interspecific 
progeny are typically more vigorous than their parents 
(Kalinina et al.,  2017; Xiang et al.,  2020). M. × giganteus 
are typically diploid, triploid, or tetraploid, depending on 
the ploidy of the parents and their propensity to produce 
unreduced gametes, though we have also observed penta-
ploid or hexaploid progeny (Chae et al., 2013).

Miscanthus sacchariflorus and M. sinensis, the progen-
itor species of M. × giganteus, are vast genetic resources 
for improving this crop and their close relative, sugar-
cane (Clark et al.,  2018; Sacks et al.,  2013). Notably, M. 

and four temperate locations (Foulum, Denmark; Sapporo, Japan; Urbana, 
Illinois; and Chuncheon, South Korea). There was considerable diversity in yield 
and yield-component traits among and within genetic groups of M. sacchariflo-
rus, and across the five locations. Biomass yield of M. sacchariflorus ranged from 
0.003 to 34.0 Mg ha−1 in year 3. Variation among the genetic groups was typically 
greater than within, so selection of genetic group should be an important first 
step for breeding with M. sacchariflorus. The Yangtze 2x genetic group (=ssp. 
lutarioriparius) of M. sacchariflorus had the tallest and thickest culms at all lo-
cations tested. Notably, the Yangtze 2x genetic group's exceptional culm length 
and yield potential were driven primarily by a large number of nodes (>29 nodes 
culm−1 average over all locations), which was consistent with the especially late 
flowering of this group. The S Japan 4x, the N China/Korea/Russia 4x, and the N 
China 2x genetic groups were also promising genetic resources for biomass yield, 
culm length, and culm thickness, especially for temperate environments. Culm 
length was the best indicator of yield potential in M. sacchariflorus. These results 
will inform breeders' selection of M. sacchariflorus genotypes for population im-
provement and adaptation to target production environments.

K E Y W O R D S

bioenergy, biomass yield, genetic diversity, Miscanthus × giganteus, Miscanthus sacchariflorus, 
multilocation field trials
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sacchariflorus has the most northerly distribution in the 
genus, extending from ~50° N along the eastern portion 
of the Amur River watershed in eastern Russia, through 
the Korean peninsula, Japan, and northeastern China to 
~28° N along the Yangtze River watershed, encompassing 
hardiness zones 3–8 (−40 to −12.2°C average annual min-
imum air temperature) (Clark et al., 2018; Clifton-Brown 
et al.,  2008; Hirayoshi et al.,  1957; Lee,  1964). Thus, M. 
sacchariflorus is a source of genes for winter hardiness 
(Dong et al., 2019) and chilling-tolerant C4 photosynthesis 
(Pignon et al., 2019). In contrast to M. sinensis, which has a 
tufted form and prefers aerobic soils often on hills, M. sac-
chariflorus has long rhizomes with a spreading habit and 
is typically found on moist soils, especially near the edges 
of rivers and lakes. Thus, in addition to heterosis, each of 
M. × giganteus parental species can provide complemen-
tary traits, such as winter hardiness, tall and thick stems 
and tolerance to flooding from M. sacchariflorus, and high 
numbers of stems per area (footprint) and adaptation to 
subtropical or tropical environments from M. sinensis. As 
Matumura et al. (1986, 1987) documented, optimization of 
number of stems per area in M. × giganteus progeny is crit-
ical to obtaining high biomass yields per area. Therefore, 
the key yield-component traits that M. sacchariflorus con-
tributes to M. × giganteus may be more important than M. 
sacchariflorus' yield per se. Previously, we identified six 
genetic groups of M. sacchariflorus, including three dip-
loid groups (2n = 38; Korea/NE China/Russia, N China, 
and Yangtze [ssp. lutarioriparius]) and three tetraploid 
groups (4n = 76; N Japan, S Japan, and N China/Korea/
Russia) (Clark et al., 2018; Sacks et al., 2013), but compar-
isons among and within all of these groups for biomass 
traits have not been previously made. Notably, M. saccha-
riflorus has greater genetic diversity than M. sinensis, even 
though the former currently has a narrower geographic 
range than the latter (Clark et al., 2018; Sacks et al., 2013).

Understanding how different genotypes within and 
among the genetic groups of M. sacchariflorus are adapted 
to different potential production environments and vary 
in yield potential and yield stability would be beneficial 
for breeding improved cultivars of M. × giganteus. Field 
performance of M. sacchariflorus has been studied in 
Europe (Clifton-Brown et al., 2001; Robson et al., 2013), 
North America (Clark et al., 2019; Kaiser et al., 2015), and 
Asia (Lim et al., 2014; Yan et al., 2012). However, few M. 
sacchariflorus genotypes have been evaluated outside of 
Asia and most prior studies were conducted at only one 
location. Moreover, to the best of our knowledge, no prior 
study has compared in field trials all the M. sacchariflorus 
genetic groups. Lim et al. (2014) evaluated 22 M. sacchari-
florus accessions from China at a single location in Korea 
and found that accessions which originated from low lati-
tudes typically had greater biomass yield, height, and stem 

diameter than those from high latitudes. Yan et al. (2012) 
compared 62 populations of M. sacchariflorus at three 
locations in north, central, and southern China, and ob-
served significant genotype × environment (G × E) interac-
tions for biomass yield and many other traits, though only 
accessions that originated from China were studied.

In the current study, we report on yield performance 
for a diversity panel of 605 M. sacchariflorus genotypes 
grown over 4 years at five locations: Denmark, China, 
Japan, South Korea, and USA. The M. sacchariflorus 
panel represents all of the previously identified genetic 
groups (Clark et al., 2018; Sacks et al., 2013) and covers 
the species entire known geographic range, with acces-
sions collected from eastern Russia, China, South Korea, 
and Japan. The objectives of this study were to (1) quan-
tify the range of variation for yield and yield-component 
traits in M. sacchariflorus and determine how location of 
origin and genetic group affect performance, (2) quantify 
G × E effects and determine how well performance at one 
trial site predicts performance at other trial sites, and (3) 
determine which yield-component traits contribute most 
to biomass yield and how this varied among and within 
genetic groups. The information generated from this 
study will inform breeders' selection of M. sacchariflorus 
genotypes for population improvement and contribute to 
future breeding of M. × giganteus for improved yield and 
adaptation in target production environments.

2   |   MATERIALS AND METHODS

2.1  |  Plant materials and field trials

In total, 632 Miscanthus genotypes were studied, includ-
ing 605 M. sacchariflorus and 27 M. × giganteus genotypes. 
The M. sacchariflorus genotypes were comprised of 351 
diploid and 254 tetraploid genotypes belonging to six ge-
netic groups including: N China 2x (n  =  58), Korea/NE 
China/Russia 2x (n = 241), Yangtze 2x (ssp. lutarioripar-
ius) (n = 52), S Japan 4x (n = 77), N Japan 4x (n = 67), 
and N China/Korea/Russia 4x (n = 110). The M. sacchari-
florus accessions were collected from the wild across East 
Asia (Figure 1, Data S1). The 27 M. × giganteus genotypes 
also originated from the wild and were comprised of 15 
tetraploids, five diploids, and seven triploids, including 
the triploid biomass cultivar M. × giganteus “1993–1780” 
(Figure 1; Data S1). The Miscanthus genotypes were veg-
etatively propagated using rhizomes by the collectors at 
their respective institutions and distributed for planting at 
each of the trial sites in 2015.

Ramets of the genotypes were established via rhizomes 
in a multilocation field trial at five locations: Foulum, 
Denmark by Aarhus University (AU); Sapporo, Japan 
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by Hokkaido University (HU); Urbana, Illinois by the 
University of Illinois (UI); Chuncheon, South Korea by 
Kangwon National University (KNU); and Zhuji, China 
by Zhejiang University (ZJU) (Table  1; Figure  4). The 
trial sites AU, HU, UI, and KNU were located from 37.9 
to 56.5° N and have temperate growing conditions, while 
ZJU (29.8° N) is subtropical. The field trials were planted 
in spring 2015 in a randomized complete block design 
with one to four replications per location, depending on 
availability of space at each site. Single plant plots were 
established at a spacing of 2.0 m × 2.0 m and with an esti-
mated plant density of one plant per 0.64–2.89 m2 depend-
ing on the alley spacing maintained at a given trial site 
(Table 1). The number of M. sacchariflorus genotypes es-
tablished at each non-United States location ranged from 
473 to 541, and at UI was 206, the lower number result-
ing from quarantine restrictions on plants imported to the 
United States (Table 1). At UI, the M. sacchariflorus geno-
types were primarily from the Korea/NE China/Russia 2x 
and the S Japan 4x genetic groups. During the establish-
ment year (year 1), irrigation was provided as needed at 
all locations. Irrigation was also provided at UI and KNU 
in year 3 and KNU in year 4 due to drought. Nitrogen 
fertilizer was applied to the field trials each spring in the 
following amounts: 100 kg ha−1 at HU and UI; 80 kg ha−1 
at KNU; 50 kg ha−1 at AU; and 19 kg ha−1 at ZJU. Weeds 
were controlled mechanically and/or with herbicides as 
needed. Climate data were recorded at weather stations 
near each of the field trial locations (Figure S1).

2.2  |  Phenotypic data 
collection and analyses

Phenotypic data were collected in years 2 (2016), 3 
(2017), and 4 (2018); the 17 traits are defined in Table 2. 
At each location in years 2–4, biomass was harvested in 
late autumn after dormancy by cutting the culms ~20 cm 
above the ground. Dry biomass yield was measured by 
either weighing the entire oven-dried harvested plant 
material or by recording the fresh weight at harvest and 
oven-drying a subsample to correct the total mass for 
moisture content. In years 2 and 3, data were collected 
for 16 additional yield-component traits: compressed 
circumference (CC), basal circumference (BC), ratio of 
CC to BC (CC/BC), culm length, culm node number, in-
ternode length, culm dry weight (CmDW), culm volume 
(CmV), culm density (CmDW/V), culm diameter at basal 
internode, culm diameter at last internode, total num-
ber of culms, proportion of reproductive culms, culms 
per area, first heading date, and overwintering ability 
(Table  2). At KNU and ZJU, data for all traits except 
overwintering ability were also recorded in year 4. For 

Miscanthus field trials, we typically collected yield and 
yield-component data in years 2 and 3 only, with greater 
emphasis on year 3, as the plants had then reached ma-
turity. Due to limited replication at some trial sites, we 
also took yield data in year 4 to improve estimates of 
accession values and facilitate future genome-wide as-
sociation and genomic selection studies. However, for 
this study, we focus on year 3 results, where we have 
both yield and yield-component data for all trial sites.

For each trait, the Box-Cox procedure implemented in 
the R package MASS (Kafadar et al.,  2002) was used to 
determine the appropriate transformation to mitigate the 
impact of potential violations of model assumptions of 
normality (Table S1). Using transformed data, four types 
of analyses of variance (ANOVAs) were conducted for 
each location and for multiple locations, each with fixed 
and completely random models. A linear model was fit for 
each location with genotype as fixed effects to estimate 
least square means (LS means) for each genotype and trait 
in every location and year combination using the R pack-
age lsmeans (Lenth, 2016). We also fit multilocation linear 
models with genotype within location as fixed effects to 
estimate the LS means of the genotypes across multiple 
locations for each trait. LS means were backtransformed 
to estimate their values in original measurement units. 
LS means of the genotypes for each trait in each location 
were compared to M. × giganteus “1993–1780” as a control 
(Figures 1 and 2).

Completely random model ANOVAs were conducted 
with SAS 9.4 procedure MIXED (SAS Institute, Inc.) to 
estimate variance components, which were subsequently 
used to calculate genotypic repeatabilities and proportion 
of total variance for each source. To estimate variance 
components within individual locations, a linear model 
was fit where � is the transformed phenotypic value; 𝜇 is 
the overall mean; G, R, Y, GY and � are the effect of the 
genotype, replicate, year, genotype × year, and the random 
error term, respectively (Equation 1).

Multilocation random effect models were also fit for 
each trait to estimate the effects of genotype, location (L), 
year, replication within location, genotype × location, gen-
otype × year, and genotype × location × year interaction for 
the four northern locations (AU, HU, UI, and KNU) and 
across all trial locations (Equation 2).

The extent to which phenotypic variation was ac-
counted for by difference among genotypes that were 
clonally replicated was estimated as the repeatability 

(1)� ijk = � + Gi + Rj + Yk + GYik + �ijk

(2)

� ijkl = � + Gi + Lj + Yk + RLlj + GLij + GYik + GLYijk + �ijkl
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(T) (Equation  3), where �2
G
, �2

GL
, �2

GY
, �2

GLY
, and �2

�
 are 

the variance components estimated for the genotype, 
genotype × location, genotype × year, genotype × loca-
tion × year, and the residual; nL is the number of locations, 
nY  is the number of years, nLY  is the number of loca-
tions × years, and nLR is the total number of replications 
across all locations. Variance components from the ran-
dom effects model in Equations (1) and (2) were used to 
estimate the repeatability (Equation 3) within individual 
locations and across multiple locations for the 16 traits.

To further explore the importance of variation among 
and within genetic groups, random effects ANOVAs were 
conducted to estimate the proportion of total phenotypic 
variance of biomass yield contributed by the effects of 
location, replicates within location, year, year × loca-
tion, genetic group (D), genetic group × location, genetic 
group × location group × year, genotype within genetic 
group, genotype within genetic group × location, genotype 
within genetic group × year, and genotype within genetic 
group × location × year (Equation 4).

(3)T =
�
2
G

�
2
G
+ �

2
GL

∕nL + �
2
GY

∕nY + �
2
GLY

∕nLY + �2
�
∕nLR

(4)
� ijklm=�+Li+RLij+Yk+YLik+Dl+DLli+DYlk

+GDml+GDLmli+GDYmlk+GDLYmlik
+�ijklm

T A B L E  2   Yield and yield-component traits measured in multilocation field trials of Miscanthus sacchariflorus.

Trait Description

Dry biomass yield (g plant−1 
or Mg ha−1)

Single plant plots on 2 m centers were harvested in late autumn by cutting the stems 15–20 cm above the 
soil surface. Samples were dried at 60°C until constant weight. To express yield in Mg ha−1, the yield 
in grams was divided by the plot area

Compressed circumference 
(cm)

Circumference of plant compressed at the midpoint (halfway between the soil surface and the tip of the 
tallest panicle) such that adjacent tillers were in contact without air gaps

Basal circumference (cm) Uncompressed circumference at the base of plant, including all tillers

Compressed circumference/
basal circumference 
(proportion)

Compressed circumference divided by basal circumference, to estimate the proportion of the plant's 
footprint filled by stems

Culm length (cm) Measure of the tallest flowering culm from the soil surface to the tip of the panicle if present, else to the 
highest part of the highest leaf

Culm node number (count) The number of nodes of the tallest culm of each plant

Internode length (cm) Culm length divided by culm node number

Culm dry weight (g) Dry weight of the tallest culm, after oven-drying at 60°C until no change in weight is observed

Culm volume (cm3) Calculated from the culm length, culm diameter at basal internode (DBI), and 
diameter at last internode (DLI), assuming the culm is shaped like a frustum: 
culm volume = � × culm length

12
×
(

DBI2 + DLI2 + (DBI × DLI)
)

Culm density (g cm−3) Culm dry weight divided by culm volume

Culm diameter at basal 
internode (mm)

The outer internode diameter of the culm measured at the first basal internode, after removal of leaves

Culm diameter at last 
internode (mm)

The outer internode diameter of the culm measured at the last internode, after removal of leaves

Total number of culms 
(count)

The number of culms of each plant

Proportion of reproductive 
culms

Total number of culms divided by the number of culms that reached reproductive stages

Culms per area (# m−2) The number of culms divided by the area of the plant footprint as estimated from the basal circumference

First heading date (calendar 
date)

Date of emergence of the first inflorescence of a plant ≥1 cm beyond the flag leaf sheath

Overwintering ability 
(proportion)

If the plant was alive in autumn of the prior year and alive in spring of the current year, then 
overwintering ability = 1. If the plant was alive in autumn of the prior year but dead in spring of the 
current year, then overwintering ability = 0. If plant was dead or missing in the prior autumn, then 
overwintering ability is missing data (N/A). Values averaged for entries
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Pearson correlation coefficients between the yield-
component traits and dry biomass yield were calculated 
for each location and year to identify the strength, sig-
nificance, and direction of association among the traits. 
Additionally, we assessed the correlations between years 

2 and 3 for each of the traits at each trial location, as well 
as the correlations between all pairs of locations in each 
year for all traits.

To predict the likely phenotypic values of any M. sac-
chariflorus genotype at specific target planting locations 
(e.g., UI and ZJU) based on the accession's location of or-
igin, we used the universal response function described 
by Wang et al.  (2010). Linear models were fitted for ob-
served dry biomass yield, culm length, and heading date 
for year 3 using bioclimatic variables from WorldClim 
(Fick,  2017) and soil attributes from the Harmonized 
World Soil Database (Wieder et al., 2014). The R step func-
tion (Zhang, 2009) was implemented in both directions to 
initially select the bioclimatic and soil variables to include 
in the model, retaining only variables that were significant 
at p ≤ 0.05. The significant bioclimatic variables selected 
for the biomass yield model included annual mean tem-
perature (BIO1), mean diurnal temperature range (BIO2), 
mean temperature of driest quarter (BIO9), annual pre-
cipitation (BIO12), precipitation of driest month (BIO14), 
and precipitation of warmest quarter (BIO18). The soil at-
tributes incorporated in the model included topsoil sand 
fraction (T_SAND), topsoil silt fraction (T_SILT), and ref-
erence topsoil bulk density (T_REF_BULK_DENSITY). 
Latitude was also included in the model. The variables used 
for the culm length and heading date models are detailed 
in Table S2. The universal response function is a quadratic 
function (Equation  5) where the dependent variable YPS 
is the transformed phenotypic value of the genotypes; b is 
the parameter to be estimated; BIO1, BIO2, BIO9, BIO12, 
BIO14, BIO18, T_SAND, T_SILT, and T_REF_BULK_
DENSITY are the bioclimatic and soil variables in the ‘P’ 
provenance location and ‘S’ planting location, respectively; 
and �PS is the error term. The interaction between the vari-
able in the planting and provenance locations is included 
in the model, but we excluded the variables at the planting 

location, as this resulted in prediction of extreme pheno-
typic values as previously noted by Clark et al. (2019), due 
to management differences among trials. The resulting 
model was used to predict the optimal provenance for tar-
get planting sites.

3   |   RESULTS

3.1  |  Yield performance

Miscanthus sacchariflorus genotypes had large and sig-
nificant variation for biomass yield among and within the 
genetic groups and across the five locations, with yields 
ranging from 0.003 to 47.4 Mg ha−1 across years 2–4 of this 
study (Figures 1 and 3; Table 3; Data S1). Year 3 biomass 
yield of M. sacchariflorus genotypes ranged from 0.003 to 
34.0 Mg ha−1 (Figure 1; Data S1). Notably, at the southern 
location, ZJU, the Yangtze 2x (ssp. lutarioriparius) genetic 
group outyielded (average of 20.1 Mg ha−1 in year 3) signif-
icantly and substantially all other M. sacchariflorus genetic 
groups and the M. × giganteus “1993–1780” control at that 
location (Figure 1). In the higher latitude locations (HU, 
UI, and KNU), average yields among the best-performing 
M. sacchariflorus genetic groups (S Japan 4x, N China/
Korea/Russia 4x, N China 2x, and Yangtze 2x (ssp. lutari-
oriparius)) were similar and moderate (averages ranging 
from 2.7 to 13.4 Mg ha−1 in year 3) (Figure 1; Data S1). The 
lowest yielding genetic groups across all the trial locations 
were N Japan 4x and Korea/NE China/Russia 2x, which 
were collected in the most northerly latitudes (35–49° N) 
and tended to flower early, especially at UI, KNU, and 
ZJU, our lowest latitude trial sites (Figure 2). Additionally, 
in the higher latitude locations, many of the five triploid 
and 14 tetraploid M. × giganteus genotypes included in the 
study outyielded the M. sacchariflorus genotypes, likely 
due to hybrid vigor and a more optimal number of stems 
per area than either parent (Figure 1; Data S1). Moreover, 
a few tetraploid M. × giganteus genotypes outyielded the 
commercial triploid M. × giganteus control at HU where it 
yielded expectedly well (Figure 1; Data S1).

The top 10% high-yielding M. sacchariflorus geno-
types in year 3 in the higher latitude locations ranged 
from 12.6 to 33.8 Mg ha−1 in HU, 11.3–17.8 Mg ha−1 in 

(5)

YPS=b0+b1BIO1P+b2BIO1
2
P+b3BIO1PBIO1S+b4BIO2P+b5BIO2

2
P+b6BIO2PBIO2S

+b7BIO9P+b8BIO9
2
P+b9BIO9PBIO9S+b10BIO12P+b11BIO12

2
P+b12BIO12PBIO12S

+b13BIO14P+b14BIO14
2
P+b15BIO14PBIO14S+b16BIO18P+b17BIO18

2
P+b18BIO18PBIO18S

+b19T_SANDP+b20T_SAND
2
P+b21T_SANDPT_SANDS+b22T_SILTP+b23T_SILT

2
P

+b24T_SILTPT_SILTS+b25T_REF_BULK_DENSITYP+b26T_REF_BULK_DENSITY
2
P

+b27T_REF_BULK_DENSITYPT_REF_BULK_DENSITYS+b27LatP

+b28Lat
2
P+b29LatPLatS+�PS
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UI, and 8.4–18.3 Mg ha−1 in KNU, with the genotypes 
being primarily from the genetic groups Yangtze 2x (ssp. 
lutarioriparius), S Japan 4x, N China/Korea/Russia 4x, 
and N China 2x (Data  S2). The best-performing geno-
types at HU were from the Yangtze 2x (ssp. lutarioripar-
ius) genetic group (Figure 1), including accessions JY105 
(33.8 Mg ha−1) and JY090 (24.2 Mg ha−1). At ZJU, the top-
yielding M. sacchariflorus genotypes ranged from 15.8 to 
34.0 Mg ha−1 with genotypes primarily from the Yangtze 
2x (ssp. lutarioriparius) group and rare high-yielding gen-
otypes from N China/Korea/Russia 4x, S Japan 4x, and N 
China 2x groups (Data S2). The highest year 3 yield among 
all the M. sacchariflorus genotypes was 34.0 Mg ha−1 at 

ZJU for Yangtze 2x (ssp. lutarioriparius) accession JY059 
(Figure 1; Data S2). The top yielding genotypes differed in 
each trial site with only two M. sacchariflorus genotypes, 
JY022 and JY072 from genetic group Yangtze 2x (ssp. lu-
tarioriparius) being high-yielding in HU, KNU, and ZJU 
in year 3 (these were not planted at UI). In addition, two 
genotypes of M. × giganteus, JM2014-S-2 and JM2014-K-6, 
were high yielding in both northern (HU and KNU) and 
southern (ZJU) locations in year 3 (Data S2).

In comparison to M. sacchariflorus, year 3 yield of the 
M. × giganteus “1993–1780” control was typically higher at 
each location except AU (where all entries had low yield), 
with AU, HU, UI, KNU, and ZJU averaging 1.04, 22.8, 26.0, 

F I G U R E  1   Box plots depicting variation in genotype least square means for (a) dry biomass yield, (b) total number of culms, (c) 
culms per area, and (d) culm diameter at basal internode, among six genetic groups of Miscanthus sacchariflorus and three ploidy groups 
of M. × giganteus in year 3 at five field trial locations (AU, HU, UI, KNU, and ZJU). The collection locations of the genotypes used in this 
study are shown in (e), and the colors represent the genetic groups of M. sacchariflorus and ploidy groupings M. × giganteus. The genetic 
groups of M. sacchariflorus were previously identified by discriminant analysis of principal components (Clark et al., 2018). The number of 
genotypes studied in each genetic/ploidy group is indicated in parentheses below the x-axis. The dashed horizontal line indicates the value 
of the control, triploid M. × giganteus ‘1993–1780’ (however, it was not also included in the boxplot for M. × giganteus 3x). Boxplots have a 
middle box representing the interquartile range (25th–75th percentile in the data), the horizontal line within the box is the median, while 
the upper and lower whiskers represent data points that are (1.5 × interquartile range) above or below the interquartile range, and the points 
beyond that are outliers. AU, Aarhus University; HU, Hokkaido University; KNU, Kangwon National University; UI, University of Illinois at 
Urbana-Champaign; ZJU, Zhejiang University.
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20.2, and 11.6 Mg ha−1, respectively (Figure 1, horizontal 
dashed lines). However, there were some exceptionally 
high-yielding M. sacchariflorus genotypes at HU, KNU, 
and ZJU and nearly all of the Yangtze 2x (ssp. lutariori-
parius) genetic group at ZJU outyielded the M. × gigan-
teus “1993–1780” control in year 3 (Figure  1). Similar 
third-year biomass yields of M. × giganteus “1993–1780” 
in temperate regions have been reported, ranging from 
15 to 37 Mg ha−1 in North America (Arundale et al., 2014; 
Clark et al., 2019; Kaiser et al., 2015) and 10–29 Mg ha−1 in 
Northern Europe (Dubis et al., 2019; Heaton et al., 2008). 
The lower yield performance of M. × giganteus “1993–
1780” at the most northern location, AU, was likely due 
to late planting, a short growing season, low-growing de-
gree days, and sandy soils with limited moisture retention 

capacity (Table 1), whereas in the southern location, ZJU, 
early flowering (in mid-July), limited its effective growing 
season (Figure 2).

Large and significant differences among locations 
were observed for biomass yield of M. sacchariflorus 
genotypes (Figure 1; Table 3). In particular, AU recorded 
the lowest M. sacchariflorus yields among trial sites each 
year, averaging 0.2, 0.6, 0.9 Mg ha−1 in years 2, 3, and 4, 
respectively (Figure 1; Data S1). In contrast to AU, bio-
mass yields of M. sacchariflorus genotypes for the other 
higher latitude locations (HU, UI, and KNU) were sim-
ilar and averaged 3.8, 5.6, and 7.5 Mg ha−1 in year 2, 3, 
and 4, respectively (Figure 1; Data S1). Due to the low 
yields at AU (Figure 1), for the remainder of this man-
uscript, estimates of performance at the higher latitude 

F I G U R E  2   Boxplots depicting variation in genotype least square means for (a) first heading date, (b) culm length, (c) culm node 
number, and (d) internode length, among six genetic groups of Miscanthus sacchariflorus and three ploidy groups of M. × giganteus in year 3 
at five field trial locations (AU, HU, UI, KNU, and ZJU). The genetic groups of M. sacchariflorus were previously identified by discriminant 
analysis of principal components (Clark et al., 2018). The number of genotypes studied in each genetic/ploidy group is indicated in 
parentheses below the x-axis. The dashed horizontal line indicates the value of the control, triploid M. × giganteus ‘1993–1780’ (however, 
it was not also included in the boxplot for M. × giganteus 3x). Boxplots have a middle box representing the interquartile range (25th–75th 
percentile in the data), the horizontal line within the box is the median, while the upper and lower whiskers represent data points that 
are (1.5 × interquartile range) above or below the interquartile range, and the points beyond that are outliers. AU, Aarhus University; HU, 
Hokkaido University; KNU, Kangwon National University; UI, University of Illinois at Urbana-Champaign; ZJU, Zhejiang University.
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      |  11NJUGUNA et al.

locations will include only HU, UI, and KNU, and we 
now refer to these as the northern locations. Biomass 
yields of M. sacchariflorus genotypes in the southern lo-
cation, ZJU, averaged 4.1, 5.2, and 7.6 Mg ha−1 in years 
2, 3, and 4, respectively (Figure 1; Data S1). ZJU had the 
longest growing season and largest number of growing 
degree days among the five trial locations, which likely 
contributed to the high yields recorded there (Table  1; 
Figure 1).

Analyses of variance components revealed that the 
largest sources of variation when southern and north-
ern locations were evaluated together (i.e., all locations) 
were genetic group (27%), residual (19%), and genetic 
group × location (15%) (Table  3). In contrast, when 
just the northern locations were analyzed (i.e., exclud-
ing ZJU), the largest sources of variation were residual 

(26%), location × year (20%), and genetic group (19%), 
whereas genetic group × location accounted for only 3% 
of the total variation (Table  3). If proportions of total 
variance for group × location and group × location × year 
are summed, then this accounts for 9% in the northern 
locations and 20% in all locations. Thus, the interac-
tion between genetic group and location was about two 
to five times smaller when just the northern locations 
were compared than when the southern location ZJU 
was included in the analysis, indicating that adaptation 
of different M. sacchariflorus genetic groups was greatly 
affected by large differences in latitude of trial sites. 
Genotype within genetic group accounted for 3% of the 
total variation in the analysis of all locations and simi-
larly 5% of the total variation in the analysis of northern 
locations (Table 3). The interactions between genotype 

F I G U R E  3   Photos of Miscanthus growing in the five trial sites showing both an overview of the field trial and a section of the field 
that captures the diversity in the genotypes. Note that the tallest plants at each location were from the Yangtze 2x (ssp. lutarioriparius) 
genetic group. AU, Aarhus University; HU, Hokkaido University; KNU, Kangwon National University; UI, University of Illinois at Urbana-
Champaign; ZJU, Zhejiang University.
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12  |      NJUGUNA et al.

within genetic group and location summed to 12% of 
the total variation for either all locations or northern lo-
cations (Table 3). Thus, there was substantial variation 
both among and within genetic groups of M. sacchari-
florus, but interactions with location were larger with 
genetic group than among genotypes within genetic 
groups when both northern and southern locations were 
included in the analysis.

3.2  |  Yield-component traits

Large and significant differences among and within M. 
sacchariflorus genetic groups were observed for most 
yield-component traits at each of the trial locations 
(Figures 1 and 2; Figures S3–S18; Table S3). LS means for 
M. sacchariflorus genotypes in year 3 ranged from 3 to 900 
for total number of culms per plant, 43–525 cm for culm 
length, 4–39 culm node numbers, and 1–23 mm for culm 
diameter at basal internode (Figures 1 and 2; Figures S3–
S18; Data S1). The main effect of genetic group was the 
largest proportion of the total phenotypic variance for 
culm length (57%), culm node number (62%), culm vol-
ume (78%), culm diameter at basal internode (74%), and 
culm diameter at last internode (28%) in year 3 (Table S3). 
The Yangtze 2x (ssp. lutarioriparius) genetic group had 
the longest culms, the most nodes, and the thickest stems 
at all locations, which contributed to its superior yield at 
ZJU and to a lesser extent at HU (Figures  1–3). Indeed, 
culm length and thickness of the Yangtze 2x (ssp. lu-
tarioriparius) genetic group were exceptional, averag-
ing 398.5 cm and 13.7 mm, respectively, at ZJU (ranging 
117.6–525.0 cm for culm length and 3.9–17.1 mm for culm 
diameter at basal internode) and 378.3 cm and 16.9 mm, re-
spectively, at HU (ranging 164.9–466.7 cm for culm length 
and 5.4–22.6 culm diameter at basal internode). These 
values greatly exceeded that of the M. × giganteus “1993–
1780” control even where it performed best in the north 
at HU (averaging 334.4 cm for culm length and 10.1 mm 
for culm diameter at basal internode) and UI (averaging 
361.5 cm for culm length and 11.1 mm for culm diameter 
at basal internode) (Figures 1 and 2; Data S1). However, 
the Yangtze 2x (ssp. lutarioriparius) genotypes had fewer 
culms than all the other M. sacchariflorus genetic groups 
at each location (Figure 1). The genetic group S Japan 4x 
ranked second to Yangtze 2x (ssp. lutarioriparius) in culm 
volume across all growing locations, and genotypes from 
N China/Korea/Russia 4x and N China 2x groups were 
also relatively tall in the northern locations (Figure 2).

Heading date also varied greatly and significantly, 
especially among the genetic groups and locations, ex-
tending across 7 months from May to November each 
year (Figure 2; Figure S17; Table S3). Heading date had a 

significant negative correlation with latitude of the gen-
otype's collection site (i.e., latitude of origin; r = −0.396, 
p < 0.0001), indicating that genotypes collected from 
northern latitudes tended to flower earlier, having fewer 
nodes and shorter culms (Figure  2; Figure  S19). We ob-
served the widest variability in heading dates within the 
northern-adapted genetic groups (N China 2x, Korea/NE 
China/Russia 2x, S Japan 4x, N Japan 4x, and N China/
Korea/Russia 4x) when grown in more southern latitudes 
KNU (37.9° N) and ZJU (29.8° N) ation field trial at five 
location(Figure  S18). In ZJU, genotypes of the southern 
adapted genetic group Yangtze 2x (ssp. lutarioriparius) 
mostly flowered in September, which was much later than 
other genetic groups at this site (Figure 2).

3.3  |  Repeatabilities and correlations

Repeatabilities (Equation  4) between years 2 and 3 for 
biomass yield, culm length, culm node number, culm 
volume, culm diameter at the basal internode, and head-
ing date were high to moderate at each location (≥0.58; 
Table 4). Moderate to low repeatabilities (0.20–0.69) were 
observed for internode length, BC, culm density, and 
ratio of CC to BC (Table 4). The moderate to high repeat-
ability for most traits, particularly in the replicated sites, 
suggests that there is good potential for selection with 
moderate replication. Repeatability across years 2 and 3 
was higher within individual locations than among mul-
tiple locations (Table 4). Additionally, we observed higher 
estimates of repeatability across all locations than in just 
the northern locations for all traits except for first heading 
date (Table 4).

Correlations between locations for yield were highest 
between UI and HU in year 3 (0.70) and 4 (0.75) and be-
tween UI and ZJU in years 2–4 (0.78, 0.60, and 0.73, respec-
tively) (Table 5). The correlation between UI and KNU for 
yield was moderate in year 2 (0.66) but low in year 3 (0.42) 
and negligible in year 4 (0.04). AU had the lowest correla-
tion in biomass yield to other locations, likely due to the 
low yield recorded at AU (Table 5).

Most yield component traits correlated significantly 
with biomass yield in year 3 (p < 0.05; Table 6). The most 
important yield-component traits for M. sacchariflorus 
were culm length, culm diameter at basal internode, and 
culm node number, with high correlations to yield for over 
all locations of 0.81, 0.77, and 0.74, respectively (Table 6). 
Similar to the estimates of repeatabilities, correlations es-
timated for across all locations were higher than estimates 
from just the northern locations for most traits (Table 6). 
For just the northern locations, correlations between culm 
length, culm diameter at basal internode, and culm node 
number with biomass yield were moderate to low at 0.60, 
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      |  13NJUGUNA et al.

0.48, and 0.48, respectively (Table 6). With the exception of 
KNU, culm length had the highest positive correlation to 
biomass yield at each location in year 3, ranging from 0.59 
at HU to 0.90 at ZJU (Table 6). Positive correlations (0.31–
0.89) with biomass yield in year 3 in each location were 
observed for culm node number, culm dry weight, BC, 
and culm diameter at basal internode (Table 6). Heading 
date was also an important component trait of biomass 
yield, with a correlation of 0.67 over all locations and 0.48 
at just the northern locations (Table 6). At each location, 
later heading dates were positively correlated with higher 
yields (0.24–0.79). In year 3, the total number of culms had 
a low positive correlation with biomass yield at HU (0.46), 
whereas at UI, it was low and negative (−0.46, likely bi-
ased by limited sampling of some genetic groups at this 
location), and at KNU and ZJU, it was negligible. Lower 
yielding genetic groups like the N Japan 4x and Korea/
NE China/Russia 2x had numerous short and thin culms, 
whereas the higher yielding genetic groups like Yangtze 2x 
(ssp. lutarioriparius) and S. Japan 4x had fewer, but taller 
and more voluminous culms (Figures 1 and 2). However, 
there were exceptions. In particular, the N China/Korea/
Russia 4x and N China 2x genetic groups had relatively 
high yields in the northern locations and numerous culms 

per plant. Internode length had negligible correlations 
with biomass yield in year 3 (Table 6).

There was a moderate to high correlation (0.62–0.85) 
between the culm length and culm node number in year 3 
(Data S3). Conversely, we observed a low correlation (0.21–
0.44) between culm length and internode length in year 
3, indicating that the length of culms in M. sacchariflorus 
was primarily controlled by the number of nodes and not 
their elongation (Data S3). In all locations, except KNU, 
we observed moderate to high correlation (0.50–0.82) be-
tween heading date and culm volume, culm diameter at 
basal internode, and culm node number, indicating that 
late-flowering genotypes tended to be voluminous with 
more nodes than early flowering genotypes (Data S3).

4   |   DISCUSSION

4.1  |  Genetic diversity for yield and 
adaptation traits: Implications for breeding 
with M. sacchariflorus

A unique contribution of this study was the direct com-
parison, in common gardens at five field trial locations, 

T A B L E  4   Genotypic repeatabilities between year 2 and 3 for yield and yield-component traits of Miscanthus sacchariflorus for each of 
three northern field trial locations (HU, UI, and KNU; 37.9–43.1° N), one southern location (ZJU; 29.8° N), across all northern locations, and 
across all locations (Equation 3).

Trait HU UI KNU ZJU

Northern 
locations except 
AU

All 
locations 
except AU

Dry biomass yield (g plant−1) 0.84 0.97 0.66 0.94 0.63 0.69

Compressed circumference (cm) 0.74 0.85

Basal circumference (cm) 0.69 0.45 0.67

Compressed circumference/basal 
circumference (proportion)

0.67 0.18

Culm length (cm) 0.74 0.96 0.70 0.96 0.58 0.69

Culm node number (count) 0.82 0.97 0.67 0.95 0.78 0.82

Internode length (cm) 0.66 0.68 0.32 0.66 0.24 0.32

Culm dry weight (g) 0.84 0.64

Culm volume (cm3) 0.88 0.96 0.79 0.95 0.71 0.79

Culm density (g cm−3) 0.20 0.00

Culm diameter at basal internode (mm) 0.89 0.96 0.72 0.94 0.72 0.80

Culm diameter at last internode (mm) 0.45 0.92 0.66 0.80 0.44 0.54

Total number of culms (count) 0.79 0.78 0.52 0.81 0.27 0.33

Proportion of reproductive culms 0.52 0.74 0.6

Culms per area (m−2) 0.79 0.78 0.53 0.81 0.27 0.33

First heading date 0.97 0.97 0.86 0.83 0.85 0.67

Note: The field trial locations were AU = Aarhus University; HU = Hokkaido University; UI = University of Illinois at Urbana-Champaign; KNU = Kangwon 
National University; ZJU = Zhejiang University.
Shaded areas represents the aid comparison of the numbers in each location and trait from low (deep blue) to high (red).
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14  |      NJUGUNA et al.

of all six known genetic groups of M. sacchariflorus. The 
substantial variation for yield and yield-component traits 
observed among and within the genetic groups of M. sac-
chariflorus (Figure 1) indicates that genetic improvement 
of this species by selection on existing natural variation 
should be feasible. Variation among the genetic groups 
was typically greater than within, so selection of genetic 
group should be an important first step for breeding with 
M. sacchariflorus.

Notably, the Yangtze 2x (ssp. lutarioriparius) genetic 
group was observed to be an outstanding genetic re-
source with great potential for biomass improvement of 
Miscanthus. The Yangtze 2x (ssp. lutarioriparius) group 
was high yielding, with the tallest and thickest culms 
in both the northern and southern field trial locations 
(Figures 1 and 2; Data S1 and S2), indicating that it has 
the potential to contribute highly advantageous yield 
traits in a broad range of potential production environ-
ments. At ZJU especially, the Yangtze 2x (ssp. lutariori-
parius) group had high yields, reaching 46.0 Mg ha−1 in 
year 4 and culms as tall as 5 m. Within the Miscanthus 
genus such long stems are rivaled only by accessions of 
M. floridulus and are similar to culm lengths typically 

observed in sugarcane (van der Weijde et al.,  2013). 
Additionally, we know of no other Miscanthus germ-
plasm with stems as thick as those we observed for the 
Yangtze 2x (ssp. lutarioriparius) group. M. sacchariflo-
rus ssp. lutarioriparius has been previously reported to 
be vigorous and high yielding (~30 Mg ha−1), with tall 
(3–7 m) and thick (10–25 mm) culms (Chen et al., 2005; 
Miao et al., 2021; Sacks et al., 2013; Zheng et al., 2019). 
However, to the best of our knowledge, the present 
study is the first to document that the Yangtze 2x (ssp. 
lutarioriparius) genetic group typically grows taller and 
thicker stems than all other M. sacchariflorus when cul-
tivated together in the same northern or southern pro-
duction environments, with the best-performing ssp. 
lutarioriparius genotypes far exceeding those of the 
other genetic groups. In addition to high biomass yield, 
prior studies have documented that ssp. lutarioriparius 
has excellent flooding tolerance (Xue et al., 2020), high 
water use efficiency, and high photosynthesis rates (Yan 
et al., 2015).

Given that the Yangtze 2x (ssp. lutarioriparius) group is 
endemic to the middle and lower reaches of the Yangtze 
River watershed (27° to 31°  N), and thus well adapted 

T A B L E  5   Pearson's correlations among four northern field trial locations (AU, HU, UI, and KNU; 37.9–56.5° N), and one southern 
location (ZJU; 29.8° N) for dry biomass yield (Mg ha−1) in years 2, 3, and 4 for Miscanthus sacchariflorus accessions.

AU HU UI KNU ZJU

Year 2

AU 0.23*** 0.41*** 0.23*** 0.30***

HU 409 0.44*** 0.29*** 0.30***

UI 170 161 0.66*** 0.78***

KNU 413 363 150 0.48***

ZJU 441 384 153 399

Year 3

AU 0.32*** 0.44*** 0.15** 0.22***

HU 385 0.70*** 0.27*** 0.45***

UI 168 154 0.42*** 0.60***

KNU 412 348 150 0.25***

ZJU 444 369 156 401

Year 4

AU 0.42*** 0.46*** 0.08 ns 0.16***

HU 387 0.75*** 0.13* 0.44***

UI 171 154 0.04 ns 0.73***

KNU 412 348 150 0.18***

ZJU 447 370 157 403

Note: Correlations are shown above the diagonal, and the number of surviving genotypes in common between each pair of sites is shown below 
the diagonal.The field trial locations were AU = Aarhus University; HU = Hokkaido University; UI = University of Illinois at Urbana-Champaign; 
KNU = Kangwon National University; ZJU = Zhejiang University.
Abbreviation: ns, not significant.
*Significance at the 0.05 probability level; **Significance at the 0.01 probability level; ***Significance at the 0.001 probability level.
Shaded areas represents the aid comparison of the numbers in each location and trait from low (deep blue) to high (red).
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      |  15NJUGUNA et al.

to warm and humid subtropical conditions (Clark 
et al., 2018; Sun et al., 2010; Xue et al., 2020), its excep-
tional performance at our northern trial sites (HU, KNU, 
and UI; Table 1) was not expected. However, one poten-
tial limitation when breeding with ssp. lutarioriparius for 
temperate environments with cold winters was indicated 
by the modestly lower overwintering ability we observed 
for this group at AU, HU, and KNU relative to the other 
M. sacchariflorus groups (Table  S5). At UI, the one ac-
cession of ssp. lutarioriparius tested in the current study 
overwintered, but those winters were relatively mild for 
central Illinois; however, in prior years, mature plantings 
at UI of this same clone and its hybrids with M. sinensis 
failed to overwinter (data not shown). Yan et al.  (2012) 
reported low first-winter overwintering ability (<5%) of 
ssp. lutarioriparius at Xilinhot, Inner Mongolia (43.9° N; 
hardiness zone 4a, average annual minimum air tempera-
ture of −34.4 to −31.7°C), whereas in Qingyang, Gansu 
Province (35.7° N; hardiness zone 7b to 8a, average annual 
minimum air temperature of −15.0 to −9.4°C) overwin-
tering and yield were high. Thus, for cold-temperate tar-
get production environments, it would be advantageous 

to conduct recurrent selection within the Yangtze 2x (ssp. 
lutarioriparius) group for overwintering ability and/or 
cross this group to a more winter hardy M. sacchariflo-
rus genetic group, such as the Korea/NE China/Russia 2x 
group, followed by concurrent selection for yield traits and 
overwintering ability over multiple generations.

Zheng et al.  (2019) previously documented high bio-
mass potential of diploid M. × giganteus selections ob-
tained by crossing M. sacchariflorus ssp. lutarioriparius 
with M. sinensis (32 Mg ha−1 on saline lands in the Yellow 
River Delta of China). However, diploids are fertile and 
therefore an invasive risk for fields where Miscanthus is 
non-native, such as in North America and Europe. Sterile 
triploid M. × giganteus is typically produced by crossing 
tetraploid M. sacchariflorus with diploid M. sinensis, as 
the latter species is nearly always diploid. Importantly 
for breeding, the Yangtze 2x (ssp. lutarioriparius) genetic 
group is predominantly diploid (Clark et al., 2018), which 
is a barrier to producing triploid M. × giganteus. However, 
natural tetraploids of ssp. lutarioriparius have been re-
ported (Li et al., 2013; Sheng et al., 2016), and methods for 
artificially inducing tetraploids from diploid Miscanthus 

T A B L E  6   Pearson's correlations between dry biomass yield and 15 yield-component traits in year 3 for Miscanthus sacchariflorus 
genotypes grown at four northern field trial locations (AU, HU, UI, and KNU; 37.9–56.5° N), one southern location (ZJU; 29.8° N).

Trait AU HU UI KNU ZJU

Northern 
locations 
except AU

All locations 
except AU

Compressed circumference 0.24*** 0.63***

Basal circumference 0.64*** 0.47*** 0.46***

Compressed circumference/
basal circumference

0.03 ns 0.49***

Culm length 0.59*** 0.86*** 0.36*** 0.90*** 0.60*** 0.81***

Culm node number 0.52*** 0.84*** 0.31*** 0.86*** 0.48*** 0.74***

Internode length 0.00 ns 0.19** 0.03 ns 0.05 ns 0.12** 0.07 ns

Culm dry weight 0.48*** 0.83***

Culm volume 0.40*** 0.81*** 0.26*** 0.86*** 0.34*** 0.72***

Culm density 0.31*** −0.59***

Culm diameter at basal 
internode

0.53*** 0.84*** 0.35*** 0.89*** 0.48*** 0.77***

Culm diameter at last 
internode

0.07 ns 0.68*** 0.33*** 0.67*** 0.37*** 0.64***

Total number of culms 0.46*** −0.46*** 0.14** −0.08 ns 0.14** −0.03 ns

Proportion of reproductive 
culms

−0.51*** −0.18** 0.38*** −0.30*** −0.03 ns

Culms per area 0.46*** −0.46*** 0.14** −0.08 ns 0.12** −0.04 ns

First heading date 0.24** 0.54*** 0.79*** 0.25*** 0.61*** 0.48*** 0.67***

Note: The field trial locations were AU = Aarhus University; HU = Hokkaido University; UI = University of Illinois at Urbana-Champaign; KNU = Kangwon 
National University; ZJU = Zhejiang University.
Abbreviation: ns, not significant.
**Significance at the 0.01 probability level; ***Significance at the 0.001 probability level.
Shaded areas represents the aid comparison of the numbers in each location and trait from low (deep blue) to high (red).
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have been developed (Chae et al.,  2013; Głowacka 
et al.,  2009; Petersen et al.,  2003). Thus, the Yangtze 2x 
(ssp. lutarioriparius) group should be useful for breeding 
improved, high-yielding M. × giganteus, albeit with some 
effort needed to fully use this genetic resource for breed-
ing triploids.

Additionally, the S Japan 4x and the N China/Korea/
Russia 4x genetic groups were also observed to be prom-
ising genetic resources for Miscanthus biomass improve-
ment (Figures  1 and 2), and differences between them 
offer opportunities for breeding. In particular, in our 
field trials, the S Japan 4x group typically had fewer but 

thicker and longer stems than the N China/Korea/Russia 
4x group, though both groups had relatively high yields 
(Figures 1 and 2). Both groups also included some highly 
promising outlier genotypes. The phenotypic differences 
between the two groups suggest that different combina-
tions of stem traits can result in similarly high biomass 
yields. M. × giganteus accessions typically have intermedi-
ate numbers of culms per area relative to their parents, 
or numbers similar to the cespitose M. sinensis parent, 
which has many culms per area, and in contrast to the 
long-rhizome spreading habit of the M. sacchariflorus par-
ent, which has few culms per area. Matumura et al. (1986, 

F I G U R E  4   (a) Maps showing the field trial locations in Denmark, North America, and Asia. (b) Maps showing predicted dry biomass 
yield (Mg ha−1), culm length (cm), and heading date (days) of Miscanthus sacchariflorus from throughout its native range when grown at a 
northern trial site, Urbana, Illinois (UI; 40.1° N) and (b) a southern trial site, Zhejiang University (ZJU; 29.5° N). Estimates were based on 
a universal response function, using soil and bioclimatic variables, the adjusted R2 of the prediction models are indicated. For the southern 
trial site, ZJU, the tallest and highest yielding genotypes are predicted to originate from primarily the lower Yangtze River watershed, 
including Zhejiang, Fujian, Anhui, Jiangxi, Hubei, and Hunan provinces in China. For the northern trial site, UI, the highest yielding 
genotypes are predicted to originate from Miyazaki and Kagoshima prefectures in Japan, as well as Zhejiang, Fujian, and Jiangxi provinces 
in China. The purple arrows indicate the length of the growing season (days) in a given trial site, predicted heading dates beyond this 
(shown in purple) are of genotypes not likely to flower in a given trial location.
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1987) documented that optimized culm number per area 
contributes to high biomass yields in M. × giganteus, and 
more recent data from Zheng et al. (2019) further support 
this concept. The triploid M. × giganteus genotype most 
widely grown for biomass production originated from 
a S Japan 4x parent (Clark et al.,  2018). To date, efforts 
in the United States to breed new triploid M. × giganteus 
have primarily used tetraploids from the S Japan 4x group 
as parents to combine with diploid M. sinensis. In addi-
tion to the phenotypic differences between the S Japan 4x 
and the N China/Korea/Russia 4x genetic groups, Clark 
et al.  (2018) determined that they originated from inde-
pendent polyploidization events. Thus, the N China/
Korea/Russia 4x genetic group is a unique and promising 
germplasm resource for breeding M. × giganteus, and this 
group may interact with M. sinensis in different ways than 
the also valuable S Japan 4x group.

At the temperate northern trial sites, most M. saccha-
riflorus genotypes had inferior yields compared to M. × gi-
ganteus “1993–1780,” as observed in prior studies (Dubis 
et al., 2019; Lim et al., 2014). However, we identified a few 
M. sacchariflorus genotypes, belonging primarily to the S 
Japan 4x and N China/Korea/Russia 4x genetic groups, that 
outperformed the M. × giganteus “1993–1780” control with 
high yields ranging from 23.3 to 33.8 Mg ha−1 in year 3 at HU 
and 21.2–47.4 Mg ha−1 in year 4 at HU and KNU (Data S2). 
These exceptional tetraploid genotypes from two of the best-
performing genetic groups are expected to be especially 
good parents for improving biomass yield of M. × giganteus.

4.2  |  Effect of environment and 
genotype × environment interactions

Although the M. sacchariflorus genotypes that originated 
at the lowest latitudes performed well in the northern trial 
locations, the most northern-originating accessions were 
not well adapted to the most southern trial location, ZJU 
(29.8° N). In particular, at ZJU, most of the accessions that 
originated from Russia typically flowered, went dormant, 
and regrew multiple times during the growing season, 
which likely accounted for the relatively low overwinter-
ing estimates, short culms, and low yield for the Korea/
NE China/Russia 2x genetic group at this southern loca-
tion (Figures  1 and 2; Table  S5). All of the M. sacchari-
florus genetic groups flowered later at the most northern 
trial locations, AU (56.5° N) and HU (43.1° N), than at the 
most southern trial location, ZJU (Figure 2), which was 
consistent with the conclusion of Jensen et al. (2012) that 
M. sacchariflorus is a quantitative short-day plant. For the 
low-latitude-adapted Yangtze 2x (ssp. lutarioriparius) ge-
netic group, the effect of trial site latitude was extreme, 
with none of 36 genotypes having flowered at AU, and 

only one of 29 flowered at HU, but at the southern site 
ZJU, 46 out of 47 flowered in late September (Figure 2). 
Notably, the difference in flowering time between the 
most northern and most southern trial locations varied 
substantially by genetic group, indicating that adaptation 
to day length varied with location of origin. These differ-
ences in adaptation can profoundly affect the value of a 
genotype for biomass breeding. For example, the Korea/
NE China/Russia 2x genetic group typically flowered 
in August at HU (43.1° N) but at UI (40.1° N) and ZJU 
(29.8° N), first flowering was in July, whereas first flower-
ing for the S Japan 4x group was in September at HU and 
UI but typically in July at ZJU (Figure 2). There was also 
more variability within genetic groups for flowering time 
at ZJU than at the northern trial locations, suggesting 
that selection within northern-originating genetic groups 
(≥40° N) could quickly result in improved adaptation to 
lower latitude environments (e.g., ~30° latitude).

Similar patterns of response to photoperiod have been 
observed for other quantitative short-day, perennial, C4 
grasses. In a controlled environment study of an M. sinensis 
mini-core panel, Dong et al. (2021) observed that accessions 
originating from high latitudes flowered under 15 h days, 
but short days (12.5 or 10 h) resulted in short, stocky plants 
that did not flower, whereas for accessions from low lat-
itudes, shorter day lengths typically resulted in earlier 
flowering on tall plants. Nearly all the M. sinensis tested by 
Dong et al. (2021) grew the longest culms under the 15 h 
treatment, but the nearer to the equator an accession orig-
inated, the less of a difference in culm length between the 
short-day treatments and the 15 h day treatment. In switch-
grass (Panicum virgatum) and big bluestem (Andropogon 
gerardii), short days (<12.5 h) can promote flowering and 
limit plant height but in populations that originated from 
high latitudes, the reduction in height and yield is typi-
cally great and dormancy can be induced prior to flow-
ering even when temperatures are conducive to growth 
(Benedict,  1940; Castro et al.,  2011; Mcmillan,  1959). 
Notably, extension of day length with low-intensity light 
prevented or reversed this dormancy in switchgrass (van 
Esbroeck et al., 2004). Results from our study suggest that 
short day lengths can also induce dormancy in M. saccha-
riflorus, but additional studies in controlled environments 
will help resolve this question unambiguously.

4.3  |  Bioclimatic modeling identified 
regions where high-yielding M. 
sacchariflorus genotypes are most likely to 
be found

Linear modelling of soil and bioclimatic variables pre-
dicted that the best sources of high-yielding, tall, and 
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late-flowering genotypes of M. sacchariflorus for the 
UI trial site (40.1°  N) would be southeastern China 
(Zhejiang, Fujian, and Jiangxi provinces), southern 
Japan (Miyazaki and Kagoshima prefectures), and south 
Korea (~27–37° N) (Figure 4). The model also predicted 
genotypes with relatively tall culms for high-latitude, 
temperate-growing regions can be collected in Hokkaido 
prefecture in Japan, South Hamgyong province in North 
Korea, and the Primorsky Krai region in southeastern 
Russia. Predictions of heading date that exceeded the 
length of the growing season in the target growing re-
gion indicated that genotypes collected in these regions 
would likely not flower in the planting location (Table 1; 
Figure  4). Additionally, our models predicted that the 
tallest and highest yielding genotypes for both temperate 
and subtropical (~30° latitude) growing regions would 
originate from the lower Yangtze River watershed in cen-
tral China (including Zhejiang, Fujian, Anhui, Jiangxi, 
Hubei, and Hunan provinces in China; Figure 4), which 
reflects the broad adaptability of the Yangtze 2x (ssp. lu-
tarioriparius) genetic group. Thus, for M. sacchariflorus, 
late flowering and even no flowering can be adaptive and 
result in high yield-potential in high latitude production 
environments, but early flowering is non-adaptive in 
long-season low latitude production locations and is dis-
advantageous for yield in all production environments.

4.4  |  High biomass yield of M. 
sacchariflorus was conferred primarily by 
tall, thick, and voluminous culms

In this study, heading date, culm length, culm diameter, 
and culm volume were the primary drivers of biomass 
yield for M. sacchariflorus (Table  6). Prior studies have 
also identified flowering time, culm length (or plant 
height), and stem thickness as important contributors 
to Miscanthus biomass yield (Clark et al.,  2019; Clifton-
Brown et al., 2001; Feng et al., 2015; Jezowski, 2008; Lim 
et al.,  2014; Yan et al.,  2012; Zub et al.,  2011). However, 
a novel insight from the current study was that variation 
among M. sacchariflorus genotypes for plant height and 
consequently yield was conferred primarily by the num-
ber of nodes and not internode length. Thus, given that M. 
sacchariflorus is a quantitative short-day plant, breeding 
M. sacchariflorus or M. × giganteus for greatest height and 
yield-potential will likely require careful selection for opti-
mal photoperiod response in the latitudes of target produc-
tion regions. Whether flowering time and dormancy time 
in M. sacchariflorus and M. × giganteus can be fully decou-
pled, or whether there is an inherent tradeoff between 
height or yield and overwintering ability in high-latitude 
cold-temperate Miscanthus production environments, are 

questions worthy of further inquiry. The M. sacchariflorus 
genetic groups with the tallest and thickest culms typi-
cally had few culms per area, which hindered their ability 
to yield optimally. Therefore, to maximize biomass yield, 
Miscanthus breeding should focus on developing hybrids 
of M. × giganteus that incorporate the high culm length, 
culm diameter, and winter hardiness of M. sacchariflorus 
with the high number of culms per area from M. sinensis.
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