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ABSTRACT

Miscanthus holds a promise as a biocrop due to its high yield, perenniality and ability to grow on infertile soils. However, the
current commercial biomass production of Miscanthus is mostly limited to a single sterile triploid clone of M. X giganteus.
Nevertheless, parental species of M. X giganteus, Miscanthus sacchariflorus and Miscanthus sinensis contain vast genetic diver-
sity for crop improvement. With M. sacchariflorus having a natural geographic distribution in cold-temperate northeast China
and eastern Russia, we hypothesised that it has substantial variation in physiological response to chilling. Using a semi-high-
throughput method, we phenotyped 209 M. sacchariflorus genotypes belonging to six genetic groups for non-photochemical
quenching (NPQ) and photosystem II efficiency (PPSII) kinetics under warm and chilling treatments in three growing seasons.
In response to the chilling treatment, all genetic groups exhibited an increase in NPQ induction rate indicating faster activation
of NPQ in light. Notably, under chilling, the Korea/NE China/Russia 2x and N China 2x groups stood out for the highest NPQ
rate in light and the highest steady-state NPQ in light. This NPQ phenotype may contribute adaptation to chilling during bright,
cold mornings of spring and early autumn in temperate climates, when faster NPQ would better protect from oxidative stress.
Such enhanced adaptation could expand the growing season and thus productivity at a given location or expand the range of
economically viable growing locations to higher latitudes and altitudes. A genome-wide association study identified 126 unique
SNPs associated with NPQ and ®PSII traits. Among the identified candidate genes were enzymes involved in the ascorbate recy-
cle and shikimate pathway, gamma-aminobutyric acid and cation efflux transporters. Identifying natural variation and genes in-
volved in NPQ and ®PSII kinetics considerably enlarges the toolbox for breeding and/or engineering Miscanthus with optimised
photosynthesis under warm and chilling conditions for sustainable feedstock production for bioenergy.
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Chilling affects the productivity and geographical distribution of most crops. Using a semi-high-throughput approach to inves-

tigate photosynthesis-related traits, we characterised variation existing in the bioenergy crop Miscanthus under chilling and

warm conditions and identified potential genes associated with it. Under chilling, two genetic groups from the northern edge
of Miscanthus distribution stood out for faster activation of photoprotection. This trait may contribute adaptation to chilling in
temperate climates, when faster photoprotection would better defend from oxidative stress. Enhanced chilling adaptation could

expand the growing season and thus productivity or enlarge the range of growing locations.

1 | Introduction

Miscanthus is a fast-growing C, grass and an emerging biomass
crop for biofuel and bioproducts (Clifton-Brown, Harfouche
et al. 2019; Lee et al. 2018; Somerville et al. 2010). As a pe-
rennial rhizomatous plant with high nutrient-use efficiency,
Miscanthus can grow on soils of low fertility and with low ag-
ronomic inputs (Clifton-Brown, Schwarz et al. 2019; Mitros
et al. 2020). However, currently a single sterile triploid clone of
Miscanthus X giganteus, referred to as ‘1993-1780" or ‘Illinois’
(Glowacka et al. 2015; Hodkinson and Renvoize 2001), is pri-
marily grown commercially for biomass production. Reliance
on a single clone is a great risk for pest and disease outbreaks.
Though M. X giganteus 1993-1780’ has high chilling tolerance
(Friesen et al. 2014; Gtowacka et al. 2014; Naidu et al. 2003;
Wang et al. 2008), its winter hardiness is insufficient in USDA
hardiness zone 5b (average annual minimum temperature of
—26.1 to —23.3°C) or lower.

The parental species of M. X giganteus are Miscanthus saccha-
riflorus and Miscanthus sinensis, which contain vast genetic di-
versity for improving Miscanthus as a biocrop (Clark et al. 2019;
Sacks et al. 2013). Of these two species, M. sacchariflorus has
the most northern geographical distribution, 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, including
hardiness zones 3-8 (—40 to —12.2°C average annual minimum
air temperature) (Clark et al. 2019; Clifton-Brown, Chiang,
and Hodkinson 2008). In contrast, most C, grasses, including
those most closely related to Miscanthus, such as Saccharum,
Sorghum and Zea, have a natural geographic range limited
entirely or primarily to the tropics and subtropics and did not
evolve photosynthetic adaptation to chilling. Notably, under
cold temperatures (10°C-16°C), some Miscanthus accessions
maintain a substantial proportion of photosynthetic capacity
(Naidu et al. 2003; Friesen et al. 2014). For instance, M. X gigan-
teus maintains about 50% of its maximum carbon assimilation
capacity at 4°C, which is significantly higher than many other
C, plants. Consistent with its extreme northern geographical
distribution, some M. sacchariflorus from eastern Russia have
been shown to be a source of exceptional chilling-tolerant C,
photosynthesis (Pignon et al. 2019) and winter hardiness (Dong
et al. 2019). Thus, we hypothesised that substantial variation in
physiological response to chilling, especially related to photo-
synthesis, exists within M. sacchariflorus.

Chilling is among the foremost abiotic stresses affecting the pro-
ductivity and geographical distribution of most crops (Chiluwal
et al. 2018; Langholtz, Stokes, and Eaton 2016; Ma et al. 2015).
Low temperature adversely affects photosynthesis by reducing

the rate of enzymatic reactions in the Calvin-Benson cycle,
limiting the sinks for the absorbed excitation energy (light)
and leading to the formation of reactive oxygen species (ROS)
and subsequent photodamage. The excess of energy can be
harmlessly released as heat, which can be measured as non-
photochemical quenching (NPQ) of chlorophyll fluorescence
(Miiller, Li, and Niyogi 2001). Therefore, NPQ plays an im-
portant role in defense against abiotic stresses (Briiggemann
et al. 2009; Malnoé 2018). However, NPQ impairment causes
higher ROS production (Roach and Krieger-Liszkay 2012),
whereas resistance to photoinhibition in chilling has often been
identified as a trait closely related to chilling tolerance (Rapacz
et al. 2008). There have also been examples of species that under
extreme abiotic stress maintain a high-sustained NPQ to avoid
photo-oxidative damage (Adams and Demmig-Adams 1994;
Briiggemann et al. 2009; Fernandez-Marin et al. 2018; Savitch
et al. 2002). NPQ involves the xanthophyll cycle, composed of
violaxanthin (V), intermediate antheraxanthin (A) and zeaxan-
thin (Z). The xanthophyll cycle is operated by de-epoxidation of
V'to A and then to Z via the enzyme violaxanthin de-epoxidase
(VDE), where Z is assumed to be energy quencher (Demmig-
Adams 1990; Yamamoto, Nakayama, and Chichester 1962). In
low light-limited conditions, Z can be converted back to V by
the enzyme zeaxanthin epoxidase (ZEP). Another component of
NPQ is the build up of a proton gradient across the thylakoid
membrane causing protonation of photosystem II subunit S
(PsbS) triggering conformational changes in antenna complexes
necessary for heat release (Li et al. 2000). The major and fastest
NPQ component is energy-dependent quenching, qE, which mo-
lecularly depends on PsbS, VDE and ZEP, whereas zeaxanthin-
dependent quenching, qZ, works independently from PsbS and
proton gradient across the thylakoid membrane involving a con-
formational change of at least the minor antennas (Dall'Osto,
Caffarri, and Bassi 2005; Nilkens et al. 2010). Here, we inves-
tigated NPQ timepoints that largely belonged to qE and qZ by
measuring NPQ in 10min in high light followed by 12min of
dark. Although light exposure allows one to estimate the induc-
tion rate of NPQ and its maximum level, the 12min in the dark
allows us to estimate the rate of NPQ relaxation and its residual
values (Sahay et al. 2023). Simultaneously with NPQ, the kinetics
of operating efficiency of photosystem II (@PSII) was estimated.
®PSII has been shown to be tightly linked to the quantum yield
of CO, fixation (#CO,) measured by gas exchange in C, species
(Leipner, Fracheboud, and Stamp 1999; Cousins et al. 2002). As
NPQ and PSII can compete for energy under fluctuating light
conditions, it has been shown that NPQ can transiently limit
®CO, (Kromdijk et al. 2016).

This study was conducted to (1) quantify variation in response
of photosynthesis-related traits to chilling in a M. sacchariflo-
rus diversity panel consisting of 209 accessions in six genetic
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groups (Clark et al. 2019) that had previously revealed great
variation in biomass yield and yield component traits (Njuguna,
Clark, Anzoua et al. 2023; Njuguna, Clark, Lipka et al. 2023),
(2) elucidate the physiological mechanisms of chilling-tolerant
photosynthesis in this species and (3) identify genomic regions
and candidate genes that confer chilling-tolerant physiology.
Traditional plant physiological analysis methods are often
time-consuming and far from being high throughput. Thus, we
investigated NPQ and ®PSII from leaf disks collected in 96-well
plates and then dark-adapted overnight to minimise the effect
of microenvironmental conditions at the time of sampling (i.e.,
light intensity, temperature and time of day) (Sahay et al. 2023).
We quantified, under warm and chilling treatments, variation
in the kinetics of NPQ as an estimate of photoprotection and
variation in the operating quantum yield of photosystem II
(PPSII) as an estimate of the efficiency of the light reaction of
photosynthesis to understand the response of M. sacchariflo-
rus to chilling stress. We identified M. sacchariflorus genetic
groups that in response to chilling upregulated the speed of
NPQ induction, which can play an important role in protec-
tion from oxidative stress during bright, chilling mornings of
spring and early autumn in temperate climates. Additionally,
we conducted genome-wide association studies (GWAS) to
identify genomic regions and candidate genes associated with
the regulation of NPQ and ®PSII under warm and chilling con-
ditions. Thus, the long-term goal of this work was to begin to
establish an evidence-based path for breeding and/or engineer-
ing Miscanthus and other Saccharinae crops to have optimised
photosynthesis for adaptation to chilling, a stress that occurs
frequently at temperate latitudes early and late in the growing
season. Such enhanced adaptation could expand the growing
season and thus productivity at a given location or expand the
range of economically viable growing locations to higher lati-
tudes and altitudes. Both of these benefits would be expected
to enhance climate resilience and given that the Saccharinae
includes some of humanity's most important crops (e.g., maize,
sugarcane and sorghum), they would be expected to improve
agricultural productivity.

2 | Materials and Methods
2.1 | Plant Materials and Field Trials

Variation for photosynthetic-related traits in a M. sacchari-
florus diversity panel was evaluated under warm and chilling
treatments on field-grown plants. In total 209 Miscanthus gen-
otypes were studied, including 205 M. sacchariflorus and four
M. x giganteus genotypes [Dataset_1 (Kumari et al. 2024)].
The M. sacchariflorus genotypes were composed of 149 diploid
and 56 tetraploid genotypes and belong to six genetic groups
identified by Clark et al. (2019): N Japan 4x (n=4), S Japan 4x
(n=48), N China/Korea/Russia 4x (n=4), Korea/NE China/
Russia 2x (n=144), N China 2x (n=4) and Yangtze 2x (ssp.
lutarioriparius) (n=1). The M. sacchariflorus genotypes were
collected from the wild across East Asia (Table S1). Out of the
four M. x giganteus genotypes, two were tetraploids and two
triploids. M. X giganteus 3x ‘1993-1780" (UI10-00107, syn.
‘Tllinois’) is the predominant commercial biomass cultivar of
Miscanthus in North America and Europe because it is high
yielding, broadly adapted and was first imported from Japan

to Denmark in the mid-1930s (Gtowacka et al. 2015; Kalinina
et al. 2017; Linde-Laursen 1993). M. x giganteus ‘1993-1780’
was used as a control for comparing variation in M. saccha-
riflorus because its high chilling tolerance of photosynthesis
has been well documented (Friesen et al. 2014; Glowacka
et al. 2014; Naidu et al. 2003; D. Wang et al. 2008). M. X gi-
ganteus 3x ‘Nagara’ (UI10-00123) is a recently introduced,
high-yielding cultivar bred by M. Deuter (Tinplant, Klein
Wanzleben, Germany; U.S. Plant Patent No.: USPP22,033P2)
(Deuter, 2009) that is available commercially in the United
States (https://aggrowtech.com/biomass-crops/). Ramets of
the genotypes were established in a temperate environment
field trial at the Energy Farm of the University of Illinois
(UTUC) located 40.067 N, 88.198 W with an elevation of 223 m.
The field was established on April 29-30, 2015 on drummer
silty clay loam soil. The field plots were established in a ran-
domised complete block design with four blocks of single-plant
plots spaced 2.0x2.0m in a grid of 15x15 (Table S1). Each
block was surrounded by a border of M. X giganteus ‘1993-
1780’. The four blocks were arranged in a 2x2 square. The
field was fertilised with nitrogen fertiliser (80kgha~!) each
spring. When needed, weeds were controlled by mechanical
methods and/or with herbicides. Climate data were recorded
by a weather station on the UTUC Energy Farm (Figure S1).

2.2 | Collection of NPQ and ®PSII Kinetics Data

In total, 25 NPQ and ®PSII traits were studied (Table 1). NPQ
and ®PSII kinetics were delivered from leaf discs collected in
the afternoon from the plots in the field trial during the sum-
mer of 2017, 2019 and 2020. The sample was during the field
trial's third, fifth and sixth growth season from plants that were
healthy and which had not passed their peak yield yet. NPQ
and ®PSII kinetics were investigated as previously described by
Sahay et al. (2023) with minor modifications. Leaf discs of size
0.32cm? were collected from the middle portion of the youngest
fully expanded leaf, avoiding the midrib using a hole puncher,
placed in a 96-well plate (167,008; Thermo Scientific) with their
adaxial surface down followed by covering each disc with a
moist sponge to prevent drying. Sponge cubes (approximately
1x1x0.5cm)were cut from commercially available sponges and
well rinsed. The plates with leaf material were wrapped in alu-
minum foil, placed upside down and then incubated in the dark
overnight (~16h) at room temperature of 20°C (warm) or 4°C
(chilling). The following day, the discs in the plates were pheno-
typed at room temperature using a chlorophyll fluorescence im-
ager (CF Imager, Technologica, Colchester, UK). There was no
visible effect of keeping the leaf disk overnight at 4°C. Plates that
received the chilling treatment were placed at room tempera-
ture in the dark for 20 min prior to imaging to prevent condensa-
tion in the bottom of the wells. Initially, the minimum (F,) and
maximal (F,) fluorescence were measured in dark, followed by
subsequent exposure of the leaf discs to light (2000 umol m=2s1)
for 10min followed by the dark for 12min. Saturating flashes
of 6000 umol m=2s~! (provided by light 1 . =470nm) were used
for capturing changes in maximum (F_') and steady-state flu-
orescence (F,) over the time in periods of light and dark. The
saturating flashes were provided at intervals of 0, 0.33, 0.67, 1, 2,
3,4,5,6,7,8,9,10,10.33,10.67, 11,12, 13, 16, 19 and 22 min after
beginning light exposure.
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https://aggrowtech.com/biomass-crops/

TABLE1 | Description of non-photochemical quenching (NPQ) and photosystem II operating efficiency (®PSII) traits investigated in the present

study.
Kinetics Kinetics
type Trait Mathematical description attribute Biological description
NPQ NPQslopeligmH Initial slope of NPQ induction Rate How fast NPQ is induced under
induction under high light estimated from light conditions resulting in
in light hyperbolic (H) curve fit to NPQ plant photoprotection from
NPQrate_constant,, Rate in which NPQ reaches excess 1'1ght that prever%ts
ight . the likelihood of formation
63.2% of final steady-state fd e f dical
value (min~!) Calculated from ot damaging free radicals
exponential function (E)
NPQslopeligmL Slope of linear function (L)
fitted to the 0 and two first
points of NPQ at light
NPQasymptote,,, ., The potential value for Steady state The level and magnitude
maximum NPQ under and range of NPQ response to the
prolonged high light light conditions resulting in
calculated from hyperbolic plant photoprotection from
curve fit to NPQ excess light that prevents
NPQasymptote;; Asymptote of exponential th?(;lkehh,OOdfOf forrg'atl(l)n
function (E) fit to NPQ ot damaging tree radicals
NPQ,,.. The highest value of NPQ
during induction
NPQ NPQrate_constant,,,, Rate in which NPQ Rate How fast the NPQ relaxes
relaxation reaches 63.2% of final under dark resulting in plant
in dark steady-state value (min=!) be able to funnel more energy
calculated from exponential to dive photosynthesis
function (E) fit to NPQ
NPQslope, .. Slope of linear function (L)
fitted to last point in light and
two first points in dark of NPQ
NPQslope, .. Rate of NPQ relaxation
after turning off lights
estimated from a hyperbolic
curve fit to NPQ
NPQstarty,,. 4 NPQ at the beginning of the Contribute The magnitude of NPQ
dark treatments estimated from to range response in dark resulting
a hyperbolic curve fit to NPQ in plant flexibility to adjust
NPQamplitude,,, Amplitude calculated NPQ, to the ch.a.ngeable
ar . . light conditions
from exponential function
(E) fit to NPQ
NPQamplitude,,, ,, Amplitude calculated from
hyperbolic (H) curve fit to NPQ
NPQ,,.4 NPQ in the last point in Steady state The remaining NPQ in dark
dark (point 20th of assay) resulting in plant prolonged
NPQresidual , ;. Not relaxed NPQ at end of assay .photoprotectlc?r.l, usu.ally h}gt.ler
ar . in stress conditions like chilling
calculated from exponential
function (E) fit to NPQ
(Continues)
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TABLE1 | (Continued)

Kinetics Kinetics
type Trait Mathematical description attribute Biological description
PPSII @PSIIslope, .1 Rate of ®PSII induction in dark Rate How fast ®PSII recovers
induction estimated from hyperbolic following the light
in dark (H) curve fit to ®PSII being switched off
@PSllIrate_constant ;. Rate in which ®PSII reaches
63.2% of final steady state
value in dark (min~!)
calculated from exponential
equation (E) fit to ®PSII
@PSII, .1y ®PSII in beginning of Contribute The magnitude of ®PSII
dark calculated from to range response in dark resulting
hyperbola (H) fit to ®PSII in plant flexibility to adjust
OPSIL,, ®PSII at the beginning of q’PSF - the z},’sngeable
the dark calculated from lght conditions
exponential function (E)
@PSllamplitude, Amplitude of hyperbola Steady state
(H) fit to ®PSII and/or
®PSIlamplitude,,, Amplitude of exponential ranget a'r;di
equation (E) fit to ®PSII or contribute
to range
@PSII,,,, ®PSII in the first point
measured in light
@PSII,, ®PSIIin the last point of
dark (point 20th of assay)
®PSIl,, ./ PPSII, . Ratio between ®PSII in the
last and first points of dark
@PSII,, ,/ NPQ,,, Ratio between ®PSII and N/A Estimation of tradeoff
NPQ at the end of dark between the quantum
(point 20th of the assay) efficiency of photochemistry
and photoprotection;
higher ratio indicates more
efficient recovery of ®PSII
in the end of dark period
F/F Maximum quantum yield Trait correlated to the
of PSII measured before maximum quantum yield of
switching on light preceded photosynthesis because the
by prolonged darkness existence of any type of stress
would result in damage of PSII
or the induction of sustained
quenching; F /F, is the most
commonly used trait for
measuring stress in leaves
NPQ was calculated using Equation (1), assuming the Stern-
Volmer quenching model: F,/Fy= (Fm - Fo) /Fn @
NPQ=F, /F, —1 o) ®PSII = (F, - F,)/F, 3)

Maximum and operating PSII efficiency was estimated from the
fluorescence measurements according to Equations (2) and (3),

respectively.

The NPQ and ®PSII data (Dataset S1) were fit to hyperbolic,
exponential and linear equations 4-9 in MATLAB (Matlab

R2019b; MathWorks, Natick, MA, USA) (Sahay et al. 2023).
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time X NPQslope;;gy, iy + NPQasympototey;gy . —

(time x NPQslopeyg s+ NPQasymptoteygy; ) 2
4x 0.5 time X NPQslope,gyr; X NPQasymprote;;gp @

NPQ=

(2x0.5)

NPQ = NPQasympototeg s X (1 — exp(~NPQrate_constantyg, X time) )

®)

each trait, an appropriate transformation to normalise the data
was obtained with the Box-Cox procedure implemented in the
R package MASS (Kafadar et al. 2002). Using transformed data,

time X NPQslope, ;. y+NPQamplitude g, ;—

\/ (timex NPQslope,ys; + NPQamplitude g i) — 4% 0.5 time x NPQSIOPe goyiery X NPQamplitute oy ©)

NPQ=NPQstart ;.. —

NPQ = NPQamplitude g,z X (exp('NP Q'“’ef“’"“a"‘mkx”me)) + NPQresidualy,,,

™

(2%0.5)

two types of analyses of variance (ANOVAs) were conducted,
with fixed and completely random models. A linear model was
fit for each of the traits (Equation 4), with p as the grand mean,

time X ®PSIIslope,g, .z + PPSIamplitudey, ;. ;—

¢Qwa¢Rﬂhmm@WH+¢RQMmﬂnmwmmﬂz—4xobamwx¢Pﬂhmp%mﬂx@Rﬂmenmwmw,

OPSII = ®PSIIstart ;. ; +

®PSII = @PSIamplitude g x (1 — exp-@Piirate_consiantggxtime 4 GpSI[. o

©
In total, 25 traits attributed to rate, amplitude and steady-state of
kinetics were analyzed (Table 1). Goodness-of-fit tests were per-
formed to assess the discrepancy between measured values and
the values expected under the fit equations. Leaf discs from the
warm control treatment having F /F, values less than 0.55 were
filtered out of the dataset and the rest were used for subsequent
analysis. No such filter was applied to the chilling-treated discs.
Additionally, for warm and chilling treatments, leaf discs hav-
ing a goodness-of-fit value of fitting equations to NPQ and ®PSII
kinetics lower than 10 percentile were filtered out. In the grow-
ing season 2017, 2019 and 2020, a total of 1664, 1664 and 1672
leaf discs were collected, respectively, out of which half were in-
cubated at 20°C overnight (warm treatment) and the other half
were incubated at 4°C (chilling treatment). Of the collected discs
in 2017, 2019 and 2020, 1073, 1082 and 1164, respectively, passed
quality control and were used for downstream analyses of NPQ
and ®PSII traits. Because 2020 had the most complete set of data
after quality control, which could be attributed to it being the
wettest year compared to other 2 years, we describe here in more
detail NPQ and ®PSII variation between genetic groups in that
year and compare it to other growing seasons for the trend in the
chilling response of M. sacchariflorus.

2.3 | Statistical Analyses of Phenotyping Data

Correlation tests were performed between NPQ and ®PSII traits
using Pearson's correlation tests with corrpackage and the cor-
relation matrix was visualised with corrplot in R (v 4.4.2). For

(2x0.5) ®)

blocks (B) and genotype (G) as fixed effects, and ¢ as the stan-
dard error to estimate least square means (LS means) of traits
for each genotype using the R package Ismeans (Lenth 2016). A
completely random effects model ANOVA was fit for each of the
traits (Equation 4), with blocks (B) and genotype (G) as random
effects using the R package lme4 (Bates et al. 2015) to estimate
variance components, which were subsequently used to esti-
mate genotypic repeatabilities and best linear unbiased predic-
tors (BLUPs). BLUPs were used as input for GWAS.

Yj=u+G;+B+¢ 10)

The extent to which phenotypic variation was accounted for
by difference among clonal replicates of the genotypes was es-
timated as the repeatability (R) (Equation 11), where o-é and o-z
are the variance components estimated for the genotype and
the residual, respectively, and ny is the total number of replica-
tions. Variance components from the random effects model in
Equation 10 were used to estimate repeatabilities for the 25 NPQ

and ®PSII traits.

2

o
R=—F¢ 11
0% +02/ng ()

2.4 | Genotyping

Genotyping of the M. sacchariflorus diversity panel was per-
formed using restriction site-associated DNA sequencing
(RAD-seq). The RAD-seq library preparation was performed
with the protocol described by Clark et al. (2014). In brief, ge-
nomic DNA from each genotype was digested with MspI and
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PstI-HF restriction endonucleases (New England Biolabs) and
ligated to barcoded PstI and Mspl adaptors. The barcoded sam-
ples were pooled, size selected from 200 to 500bp and amplified
with a Kapa HiFi Library Amplification Kit (Kapa Biosystems,
Wilmington, Massachusetts, USA). The resulting libraries
were then sequenced on Illumina HiSeq 2500 and HiSeq 4000
instruments in the DNA Services Lab at the Roy J. Carver
Biotechnology Center at the University of Illinois, using 100
nucleotide single-end reads beginning at the PstI end of each
fragment. The TASSEL-GBS pipeline (Bradbury et al. 2007)
was used for read mapping and single-nucleotide polymorphism
(SNP) calling against the M. sinensis v7.1 reference genome
(DOE-JGI, http://phytozome.jgi.doe.gov/) (Mitros et al. 2020).
SNPs obtained were imported into R and filtered to include
only SNPs that had a minimum 70% call rate and a minor allele
frequency of at least 0.05 in at least one of the six discriminant
analysis of principal components (DAPC) groups previously
identified by Clark et al. (2019). Genotype calling was performed
using the population structure model in polyRAD version 1.6
(Clark, Lipka, and Sacks 2019). A total of 268,109 SNP markers
were retained and used in subsequent GWAS.

2.5 | Genome-Wide Association Analyses

GWAS was performed using the Fixed and Random Model
Circulating Probability Unification (FarmCPU) method de-
scribed by Liu et al. (2016). The association analysis was per-
formed on 205 M. sacchariflorus genotypes using 268,109 SNP
markers, across 25 traits. We incorporated three principal com-
ponents and a kinship matrix as covariates in the model to con-
trol for population structure and familial relatedness between
genotypes. The Benjamini and Hochberg (1995) procedure
was used to control the false discovery rate (FDR). SNPs with
FDR-adjusted p-values of 0.05 were considered significant. We
searched for candidate genes in the 10kb region flanking the
significant SNPs identified in the current study. A 10kb region
was chosen based on the low level of linkage disequilibrium in
Miscanthus due to its outcrossing nature and undomesticated
status (Slavov et al. 2014). We subsequently selected a subset
of the most promising candidate genes based on whether the
gene identified had functional annotation previously described
in Oryza sativa or Arabidopsis thaliana consistent with it being
causative for the trait in M. sacchariflorus.

3 | Results

3.1 | Variation in NPQ and ®PSII Traits Across
Treatments, Genetic Groups and Years

The change in NPQ or ®PSII over time was used to deliver 25
traits describing NPQ and ®PSII kinetics (Figure S2). For the
majority of NPQ and ®PSII traits, the general trend was for val-
ues from 2019 and 2020 being more similar to each other than to
2017 (Figure 1) as 2017 received less rainfall (216 cm) compared
to 2019 (229cm) and 2020 (275cm) and had the highest aver-
age minimum (12.9°C) and average maximum (25.4°C) daily air
temperature for the growing season (Figure S1). In all 3years,
median NPQ induction rates in light under chilling treatment
were higher than those in the warm treatment (Figure 1a),

indicating faster NPQ under chilling treatment. The median of
NPQ induction in the light was on average 22%, 26% and 37%
higher under chilling treatment compared to the corresponding
warm treatment in 2017, 2019 and 2020, respectively. Most of
the other NPQ traits pointed to the opposite trend, with higher
values under warm than chilling treatment (Figure 1a,c,d,f). For
instance, median of maximum level of NPQ assessed from the
steady state of NPQ in light (NPQasymptotey,y,, ;) Was 7.4%,13.3%
and 12.9% lower in chilling than in the corresponding warm
treatment in 2017, 2019 and 2020, respectively (Figure 1b). The
not relaxed NPQ after 12min of dark (NPQresidual ) among
years in warm treatment ranged from 0.51 to 1.30, whereas in
chilling ranged from 0.27 to 1.49 (Figure 1f). The rate of ®PSII
recovery in dark (@PSIIslope,,,, ;) in the warm treatment was
one of the most stable traits across the years with the median
being 1.48, 1.49 and 1.51 in 2017, 2019 and 2020, respectively
(Figure 1h). In response to chilling, the median of magnitude
of ®PSII change during 12min of dark (@PSIlamplitute,,, )
increased in all 3years (Figure 3i). A similar trend was also ob-
served for the level of ®PSII recovery at the end of dark period
(@PSII,, ;) and ratio between ®PSII recovered and NPQ not re-
laxed after 12min of dark (®PSII,, ,/NPQ,,,) in 2017 and 2019
(Figure 1j,k).

Because 2020 had the most complete set of data (after quality
control as described in the Material and Methods section), which
could be attributed to it being the wettest year compared to other
2years (Figure S1); we describe here in more detail NPQ and
®PSII variation between genetic groups in that year. In the 2020
field season, greater variation was observed in NPQ and ®PSII
traits between genetic groups than within the genetic groups
(Figures 2 and 3). Under the warm treatment, the NPQ induc-
tion rate in the light (NPQslopeligmH) ranged from 1.31 to 3.50
across 192 M. sacchariflorus genotypes (Figure 2a). The N China
2x group had the highest and the Yangtze 2x (ssp. lutarioripar-
ius) group had the lowest median NPQ induction rates. Notably,
under the chilling treatment, the median of NPQ induction rate
increased for all genetic groups and the trait values ranged from
1.57 to 4.96. The highest increase in the median NPQ induction
rate (NPQslopeligh[H) under chilling relative to warm treatment
was 83.9% in Yangtze 2x (ssp. lutarioriparius) followed by 58%,
42% and 39% for N Japan 4x, S Japan 4x and Korea/NE China/
Russia 2x groups, respectively. Under chilling, the absolute
value of median NPQ induction rate (NPQslopeligmH) was high-
est in the Korea/NE China/Russia 2x and N China 2x groups.
Under the warm treatment, all genotypes from the Korea/NE
China/Russia 2x and N China 2x groups had higher NPQ induc-
tion rates than the M. X giganteus ‘1993-1780’ control, which is a
commercially available accession with high chilling tolerance of
photosynthesis and high yield (Figure 2a). However, under the
chilling treatment, the median of NPQ induction rate of all the
genetic groups was lower when compared to the M. X giganteus
1993-1780’ control, which had a 1.75-fold increase of NPQ in-
duction rate (Figure 2a).

When steady state of NPQ in light, assessed from the asymp-
tote of hyperbolic fit to NPQ induction (NPQasymptoteligmH),
was compared, the Yangtze 2x (ssp. lutarioriparius) group had
the highest median steady state of NPQ (3.31) followed by the
Korea/NE China/Russia 2x (3.18) and N China 2x (3.07) groups
and the lowest value was observed for the S Japan 4x (2.78)
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FIGURE1 | Box plots showing variation in least square means for warm and chilling treatments in six NPQ and five @PSII traits for Miscanthus
sacchariflorus diversity panel in three field seasons. Six traits describing induction of NPQ in light and relaxation in the dark are (a) rate of induction
in light (NPQslope,, ghtH), (b) steady state in light (NPQasymptote,, ghtH)’ (c) NPQ at the beginning of the dark (NPQstart,,,, ), (d) rate of relaxation in
the dark (NPQslope,, . ), (¢) magnitude of change in the dark (NPQamplitude,,, ) and (f) not relaxed NPQ at the end of the dark (NPQresidual ;).
Five traits describing recovery of ¢PSII in the dark are (g) PSII at the beginning of dark (pPSII,, ), (h) rate of recovery (pPSIIslope ) (i) mag-
nitude of change (pPSIamplitude,,,, ), (j) last point in the dark (pPSIlend) and (k) ratio between @PSII recovered and NPQ not relaxed at the end
of dark (pPSII,, ,/NPQ,, ). For a full description of the traits, see Table 1. The central box of the boxplot represents the interquartile range (25th-27th
percentile in the data), the horizontal line within the box is median and the whiskers (upper and lower) represent data points that are above and
below the interquartile range (1.5x interquartile range). The points beyond the whiskers are outliers. The number of genotypes studied in each year
under warm or chilling treatment is indicated in parentheses below x-axis. Plants were grown in the afield trial at the University of Illinois Energy

Farm located at 40.067 N, 88.198 W.

(NPQasymptoteligmH) ranged from 1.93 to 3.56. When compared
to the M. X giganteus ‘1993-1780’ control under the warm treat-
ment, all the genotypes of six M. sacchariflorus genetic groups
had higher NPQasymptote, ghtH" The same was true for N Japan
4x, Korea/NE China/Russia 2x and N China 2x groups under
chilling treatment. Medians of NPQasymptote,,,,..; for N China
2x and Korea/NE China/Russian 2x groups were 40% and 30%
higher, respectively, than for the M. X giganteus ‘1993-1780’
control.

Similar to the steady state of NPQ in the light, the NPQ at the
start of dark (NPQstart ), rate of NPQ relaxation in the dark
(NPQslope,,,,. ;) and magnitude of NPQ change during 12 min of
dark (NPQamplitude,,,, ;) under the chilling treatment were re-
duced relative to the warm treatment in all but one of the genetic
groups (Figure 2c—e). The exception was the N China 2x group,
in which chilling resulted in marginal or moderate increases in
the median of NPQstart,,,,, and NPQamplitude,,,,, respec-
tively. NPQsloped arkH ranged from 4.39 to 16.88 in warm, and
from 2.69 to 17.71 under chilling. In the response to chilling, the
median of not relaxed NPQ at the end of assay (NPQresidual ;,,,)
increased in the N Japan 4x group, while staying the same or
marginally lower in the rest of the genetic groups pointing to
prolonged photoprotection under stress condition in the N Japan
4x group (Figure 2f). NPQ at the end of assay (NPQresidual,,,,)
ranged from 0.60 to 1.26 in warm and from 0.52 to 1.38 under
chilling. Notably, the China 2x groups stood out for the highest
residual NPQ at the end of dark. Under chilling, NPQslope,,, .,
increased 1.25-fold in the M. X giganteus ‘1993-1780’ control,
whereas NPQresidual ; ,,, decreased 1.5-fold. As a consequence,
under chilling, in all six M. sacchariflorus groups, the median of
the NPQ relaxation rate was lower, and not relaxed NPQ after
12min of dark was higher relative to the M. X giganteus ‘1993—
1780’ control (Figure 2d,f). These results suggest that all M. sac-
chariflorus groups under chilling conditions could have more
sustainable NPQ than the M. X giganteus ‘1993-1780’ control,
leading to higher chilling tolerance.

The ®PSII at the start of the dark was only marginally differ-
ent between treatments and genotypes (Figure 3a). The rate of
®PSII recovery in dark (@PSIIslope,,,, ) ranged from 0.64 to
3.36 in warm and from 0.51 to 3.49 under chilling (Figure 3b). In
response to chilling, the ®PSIIslope,,,,, ., median did not change
or changed marginally in the N China/Korea/Russia 4x and
Korea/NE China/Russia 2x groups, respectively, whereas the
other genetic groups had a 14% to 32.8% reduction. However,
the genotypes with the highest ®PSIIslope,,,, ,; under warm and

chilling treatments belonged to the Korea/NE China/Russia
4x group. In response to chilling, the Korea/NE China/Russia
4x and N China 2x groups displayed increased or maintained
similar median values for magnitude of ®PSII response in dark
(@PSIlamplitute,,,, ), PPSII,, , and estimation of tradeoff be-
tween the quantum efficiency of photochemistry and NPQ
(opsIi,, ,/NPQ,, ) (Figure 3c-e), suggesting higher efficiency of
light reaction of photosynthesis in these genetic groups under
chilling stress. In contrast, the other M. sacchariflorus ge-
netic groups exhibited a reduction of the same traits reaching
up to —75% in the median of ®PSII,, ,/NPQ,,, for the N Japan
4x group. Under chilling, in comparison to the M. X giganteus
1993-1780’ control, all M. sacchariflorus genotypes had lower
values for five ®PSII traits. Interestingly, triploid M. X giganteus
‘Nagara’, under both warm and chilling conditions, had higher
values of ®PSIlamplitute,,,, ,, and ®PSII, , than the M. X gigan-
teus ‘1993-1780’ control (Figure 3c,d). Similar variations in NPQ
and ®PSII traits were observed in the other two growing sea-
sons, 2017 and 2019 (Figures S3-S6).

Pairwise trait correlations showed that the rate of NPQ in-
duction in warm and chilling was only negligible correlated
with a maximum value of NPQ (e.g., on average —0.04 for
NPQslopeligm 5 and NPQasymptote;; .; Figures S7 and S8). In
contrast, the rates estimated for instance from the exponential
equation of NPQ relaxation and ®PSII recovery were highly pos-
itively correlated (>0.90) both in warm and chilling. Although
the chilling treatment slightly changed correlation values be-
tween traits, the direction of correlation remained the same with
no clear trend in making the correlation stronger or weaker. As
different equations in addition to single-measured timepoints
were used to estimate the same attributes of NPQ and ®PSII
kinetics, it might not be surprising that different traits de-
scribing the same portion of the curves showed highly positive
correlations regardless of the treatment, for example, NPQ,,,
and NPQresidual,, (0.98); NPQ, . . NPQasymptote“ng and
NPQasymptoteligmH (on average 0.98); and ®PSIlamplitude,,,,,,
and ®PSIlamplitude,,,,, . (0.99).

The average broad-sense heritability for all 25 NPQ and ®PSII
traits studied was 0.58, 0.42 and 0.46 in 2017, 2019 and 2020,
respectively (Table S2). In 2017, broad-sense heritability
ranged from 0.48 (®PSII at the beginning of the dark) to 0.69
(NPQslopey,,;;)- The average heritability of traits for all years
together was lower than the average heritability of individual
years, thus leading us to choose 2years (2017 and 2020) with the
highest heritability for identification of candidate genes using
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FIGURE2 | Box plots showing variation in genotype least square means for warm and chilling treatments in NPQ traits among six genetic groups
of Miscanthus sacchariflorus and two ploidy groups of M. X giganteus in the 2020 field season. Six traits describing induction of NPQ in light and
relaxation in the dark are (a) rate of induction in light (NPQslopeligmH), (b) steady state in light (NPQasymptote”gmH), () NPQ at the beginning of the
dark (NPQstart . .») (d) rate of relaxation in the dark (NPQslope, ), (¢) magnitude of change in the dark (NPQamplitude ;) and (f) not relaxed
NPQ at the end of the dark (NPQresidual ;). For a full description of the traits, see Table 1. The colours represent the genetic groups of M. sacchari-
florus and ploidy groupings of M. X giganteus. The genetic groups of M. sacchariflorus were previously identified by discriminant analysis of princi-
pal components (Clark et al. 2019). The number of genotypes studied in each group/ploidy is indicated in parentheses on the x-axis. The horizontal
dashed line represents the value for the M. x giganteus 3x 1993-1780’ (it was not included in the boxplot for M. X giganteus 3x because it serves as
control due to being the most studied Miscanthus accession and known for its high chilling tolerance). The central box of the boxplot represents the
interquartile range (25th-27th percentile in the data), the horizontal line within the box is median and the whiskers (upper and lower) represent data
points that are above and below the interquartile range (1.5x interquartile range). The points beyond the whiskers are outliers. Plants were grown in
the afield trial at the University of Illinois Energy Farm located at 40.067 N, 88.198 W.
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GWAS. The average heritability of traits for chilling to warm
ratio was low (0.34); thus, it was not used for the GWAS study.

3.2 | Identification of Genomic Regions
and Candidate Genes Involved in NPQ and ®PSII
Kinetics

Using the data from 2years with the highest average broad-
sense heritability, a total of 126 significant SNP marker—trait
associations were identified across six M. sacchariflorus genetic
groups at the significance level p<0.05. Out of 126 SNPs, there
were 90 highly significant SNPs (p<0.01; Table S3). A total
of 21 SNPs were significant for more than one trait. The trait
combinations that shared significant SNPs were NPQ in the last
point in the dark (NPQ,,,) and not relaxed NPQ at the end in
the dark (NPQresidual ,,,); ®PSII in the last point in the dark
(@PSII,, ;) and range of ®PSII response in the dark expressed
as @PSllamplitude,,, ., and ®PSIlamplitude,,,,, ; highest value
of NPQ induction (NPQ,, ) and NPQ at the beginning of dark
(NPQstart,, ., ;); rate of the NPQ induction in the light expressed
as NPQslopeligmL and NPQslopeh.gmH and steady-state NPQ ex-
pressed as NPQasymptoteligmH and NPQasymptoteh.ghtE. A total
of 99 significant SNPs were found to be within a 10kb window
of a gene. For 83 candidate genes, A. thaliana (Arabidopsis)
and/or O. sativa (rice) orthologs were identified. The analysis
by the genomic region showed that 16.7% (n=21) of the signif-
icant SNPs were in exon regions of the M. sinensis reference
genome. However, the rest of the significant SNPs were in the
non-coding regions, which includes 27.8% (n=35) in inter-
genic regions, 19% (n=24) in upstream regions, 16.7% (n=21)
in downstream regions, 10.3% (n=13) in introns and 9.6%
(n=12) in untranslated regions (3' and 5" UTR; Figure 4). We
highlighted seven promising candidate genes, near SNPs that
had highly significant associations with photosynthetic traits
(Table 2; Figure 5). These promising candidate genes include
two homeologs of Hydroxycinnamoyl-CoA Shikimate/Quinate
Hydroxycinnamoyl Transferase (HCT), monodehydroascorbate
Reductase 1 (MDARI), high-affinity gamma-aminobutyric acid
(GABA) transporter (GAT1I), pentatricopeptide repeat (PPR) su-
perfamily protein, MYB-domain protein 105 (MYBI05) and a
cation efflux family protein.

4 | Discussion

Substantial variation for traits describing distinct attributes of
photoprotection and efficiency of the light reaction of photosyn-
thesis was observed among and within the genetic groups of M.
sacchariflorus under warm and chilling conditions (Figures 2
and 3; Figures S3-S6). This indicates that existing natural vari-
ation in M. sacchariflorus might be sufficient for the breeding
of new M. X giganteus cultivars with high photoprotection from
excess light under chilling and high efficiency of light reac-
tion under warm conditions. Similar to the previous study on
the M. sacchariflorus diversity panel for yield-component traits
(Njuguna, Clark, Anzoua et al. 2023), we found that variation
among genetic groups for physiological traits was typically
greater than the variation within those groups. This suggests
that the genetic group should be a key consideration when mak-
ing crosses to breed new M. X giganteus cultivars.

Notably, the northernly adapted Korea/NE China/Russia 2x
and N China 2x groups stood out under the chilling treatment
for having one of the highest increases in the NPQ rate in light
in combination with the highest retention of steady state NPQ
in the light (Figure 2a,b). For example, accession RU2012-112,
which belongs to the Korea/NE China/Russia 2x group, was
identified in this study as having 18% faster induction of NPQ
under chilling compared to M. X giganteus; moreover, Pignon
et al. (2019) previously reported that this accession retained 7%
more assimilation capacity after 15days of growth under chill-
ing temperatures (5/10°C night/day).

Fast induction of NPQ in the dark would be expected to con-
tribute better protection of photosystem II from oxidative stress,
particularly during bright and chilling mornings that commonly
occur in spring and autumn in temperate environments. This
observation might be explained by enhanced accumulation of
zeaxanthin under chilling because it is a pigment crucial for
the qZ portion of NPQ (Bethmann et al. 2019). A higher level of
zeaxanthin after a chilling night in the Korea/NE China/Russia
2x and N China 2x genotypes could be due to de novo synthe-
sis of zeaxanthin in response to chilling or its faster conversion
from violaxanthin and antheraxanthin by upregulation of VDE
(Haupt and Glowacka 2024). Another possibility is the retention
of zeaxanthin over the chilling night via downregulation of ZEP,
which converts zeaxanthin back to violaxanthin. Interestingly,
light-independent accumulation of zeaxanthin was observed in
other photosynthesizing organisms that are adapted to extremely
challenging environments, for example, during the winter for ev-
ergreen trees (Adams and Demmig-Adams 1994; Briiggemann
et al. 2009) and in response to desiccation and freezing for
subalpine herbaceous resurrection plants (Ferndndez-Marin
et al. 2018). A previous screening of 51 Miscanthus genotypes
also identified an accession from the Korea/NE China/Russia 2x
group that retained leaf growth under chilling conditions equiva-
lent to M. X giganteus ‘1993-1780 (Glowacka et al. 2014).

Additionally, in response to chilling in the current study, the
Korea/NE China/Russia 2x and N China 2x groups exhibited in-
creased or maintained similar values of the amplitude of ®PSII
induction in the dark, ®PSII at the end of 12min induction in the
dark and the ratio between induced ®PSII and not relax NPQ
after 12min of the dark (Figure 3c-e), indicating that they main-
tained photosynthetic efficiency under chilling conditions. This
suggests that the Korea/NE China/Russia 2x and N China 2x
groups might be good resources for identifying genotypes with
both high photoprotection from excess light (NPQslope, ghti?
NPQasymptoteh.gmH) and maintaining high efficiency of the light
reaction under chilling stress (@PSIlamplitude,,,,,, PPSII,,
and ®PSII,, /NPQ,, ). Pignon et al. (2019) similarly identified
three M. sacchariflorus accessions from the Korea/NE China/
Russia 2x group with superior chilling tolerance of photosynthe-
sis relative to M. X giganteus ‘1993-1780’.

We also observed that one accession of the Yangtze 2x (ssp. lu-
tarioriparius) group, which was previously observed to have
outstanding biomass production (Njuguna, Clark, Anzoua
et al. 2023), had the highest recovery of ®PSII in the dark and
the highest tradeoff between the quantum efficiency of pho-
tochemistry and NPQ (®PSII,,, / NPQ,,,) under warm treat-

end
ment, suggesting superior efficiency of the light reaction of

11 of 19

ssdny) suontpuo) pue swd [ o) 298 “[$707/20/8¢] U0 Areqry duruQ Ao[Ip ‘Bununoooy suonismboy oI - BSLIGIN JO AUSIAUN FTONN £Q ST00L'9498/1 1 11°01/10p/wiodAd[tav Areaquiaurfuo;/:sdny wioxy papeofumod ‘1 “$70T “LOLILSLI

10100 Ko 1mv-Areaqy

P!

ASUIOIT SUOWWO)) dANLAI)) d[qearjdde oty Aq pauIdA0S a1k SA[dIE YO 2SN JO SI[NI 10j A1RIqIT dUIUQ AJ[TAN UO (SUON]



(a) _ (b)
Warm Chilling Warm Chilling
0.09 - 51
-
4]
T 0.08 3
£ ] [ .
S (=% . . .
= o, ]
(/5] b o—-- — P e remppp— F ™" mm | T o 2 L
%.0.07- = . e 5 .
o ol
| — || H s . = —
0.06- . . .- T -— $- ¢ = -
1 —— =
0.05 T T T T T T T T T T T T T T T T 0 T T T T T T T T T T T T T T T T
SETETTST TTEETECS  TESESTECT £IEEESEE
=3 3 3 = =3 I c-cc g3 Toeo
T8 < w«’;évﬂm:mog’éé TS o oééFNn:mw‘%é
< <t < <
Genetic Group Genetic Group
(c) (d)
06 Warm Chilling Warm Chilling
§0.5- .
3 — 0.5- _ —
g _ I | . . S U Y S
S 044 - . . _s
e ey 8- .z, B e E
: - *| & Ls -
S 03 =3 L ——
»
09-_ .
0.2 4 0.3 o
0:4 X 5 L) L ¥ Y L > : X . L ¥ L ' L 0.2 T T T T T T T T T T T T T T T T
$gEggccy gggggcew $3EgEScy $3Egscsew
-3I s 3 T X X v~ 3IF 285 F XK X -3 & B e X X I &FL2 658X %
~N ~— ~ b =
- ™M < N F ™ < ~N : ™ < ~N : ™ <
(@) Genetic Group Genetic Group
Warm Chilling
1.00 - .
- .
[
@ .
8 .
= 0.75 4 | | . e
S~
> —
c
_U - - - S - - - - _—
D 0.50 - I
n. *
® =
0.25 -
T T T T T T T T T T T T T T T T
T oIsoITIEcssd TagogeEseEa
TIPS P d TIP3
< <
Genetic Group
BE 1.NJapan 4x B 3. N China/Korea/Russia 4x ES 5. N China 2x B 3. Triploid M. x giganteus
DAPC

E 2. S Japan 4x . 4. Korea/NE China/Russia 2x . 6. Yangtze 2x (spp. Iutarioriparius)-4x, Tetraploid M. x giganteus

FIGURE3 | Legend on next page.

photosynthesis (Figure 3 c, e). Both of these traits were substan-
tially higher in this Yangtze 2x (ssp. lutarioriparius) accession
than in the M. X giganteus ‘1993-1780’ control (12.2% and 36.3%,
respectively), suggesting that they may contribute to the former's

high productivity. However, under the chilling treatment, the
subtropical-adapted Yangtze 2x (ssp. lutarioriparius) accession
had the lowest steady-state level of NPQ, which likely contrib-
uted to the low chilling tolerance of this accession (Figure 2b).
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FIGURE 3 | Box plots showing variation in genotype least square means for warm and chilling treatments in @PSII traits among six genetic
groups of Miscanthus sacchariflorus and two ploidy groups of M. X giganteus in the 2020 field season. Five traits describing recovery of PSII in the
dark are (a) PSII at the beginning of dark (¢PSII,,,,,), (b) rate of recovery (¢PSIIslope,,,, ), (c) magnitude of change (¢PSIlamplitude,,,, ), (d) last
point in the dark (pPSITend) and (e) ratio between @PSII recovered and NPQ not relaxed at the end of dark (pPSII,, ,/NPQ,, ). For a full description
of the traits, see Table 1. The colours represent the genetic groups of M. sacchariflorus and ploidy groupings M. X giganteus. The genetic groups of M.
sacchariflorus were previously identified by discriminant analysis of principal components (Clark et al. 2019). The number of genotypes studied in
each group/ploidy is indicated in parentheses below the x-axis. The horizontal dashed line represents the value for the M. X giganteus 3x 1993-1780’
(it was not included in the boxplot for M. X giganteus 3x because it serves as control due to being the most studied Miscanthus accession and known
for its high chilling tolerance). The central box of the boxplot represents the interquartile range (25th-27th percentile in the data), the horizontal
line within the box is median and the whiskers (upper and lower) represent data points that are above and below the interquartile range (1.5x inter-
quartile range). The points beyond the whiskers are outliers. Plants were grown in the afield trial at the University of Illinois Energy Farm located

at 40.067N, 88.198 W.
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FIGURE4 | Bar plot showing gene regions for 126 significant single-nucleotide polymorphisms (SNPs) identified compared to gene regions of all

268,109 SNPs used in the genome-wide association study of 25 NPQ and ®PSII traits in 205 Miscanthus sacchariflorus genotypes.

Here, we identified 126 unique SNPs associated with one or
more photosynthesis traits (Table S3). Using a similar semi-high-
throughput method for NPQ and ®PSII phenotyping, Sahay
et al. (2023) identified a comparable number of SNPs associated
with variation in NPQ and/or ®PSII kinetics in a maize diver-
sity panel grown under field conditions. In Sorghum bicolor, a
GWAS for only the single trait of ®PSIT under control conditions
resulted in the identification of 12 SNPs (Ortiz, Hu, and Salas
Fernandez 2017). Two QTLs associated with the high NPQ in-
duction were identified in O. sativa (Kasajima et al. 2011). The
greater number of SNPs identified in our study compared to the
previous work in sorghum or rice may be due to our approach
of dissecting of NPQ and ®PSII kinetics into several compo-
nent traits to explain different attributes of kinetics, rate, steady
state and range of change, or by differences in the statistical ap-
proaches employed for GWAS, or simply by inherent differences
among the species and populations in the different studies.

We highlighted seven promising candidate genes near SNPs
that had highly significant associations (p <0.01) with photo-
synthesis traits (Table 2; Figure 5). The candidate gene that was
mechanistically the most closely related to NPQ and ®PSII reg-
ulation and associated with ®PSII at the beginning of the dark

in chilling was Misin04G127400.1 (Figure 5a), an ortholog of
Arabidopsis MDAR1 (Table 2; Figure 5a). The crucial enzyme
for NPQ induction, VDE, needs for its activity an ascorbate co-
factor, which is converted to monodehydroascorbate by enzy-
matic reaction and then recycled back to ascorbate with the help
of MDAR. MDAR is important for maintaining a pool of reduced
ascorbate via ascorbate regeneration, and the ascorbate con-
centration closely correlates with NPQ (Chen and Gallie 2008;
Miiller-Moulé, Conklin, and Niyogi 2002). The SNP located in
the 3'UTR of MDARI (Table S4) was associated with ®PSII at
the beginning of the dark in chilling. Since quenching via pho-
tochemical processes (PPSII) and NPQ compete for energy, the
®PSII at the beginning of dark has a strong negative relation-
ship with the steady state of NPQ in the light. Lack of ascor-
bate in Arabidopsis ascorbate-deficient mutant (vtc2) resulted
in a lower NPQ rate compared to the wild type but the NPQ
rate could be restored by feeding detached leaves of exogenous
ascorbate (Miiller-Moulé, Conklin, and Niyogi 2002). In con-
trast, overexpression of MDAR was reported to enhance toler-
ance of photosynthesis to multiple abiotic stresses in transgenic
tobacco (Eltayeb et al. 2007). MDAR can also indirectly affect
NPQ via the Mehler-peroxidase reaction, which maintains the
electron flow to PSI from PSII without evolution of net oxygen.
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FIGURE 5 | Results of genome-wide association studies (GWAS) conducted on four traits calculated from the NPQ and ®PSII curves for a

Miscanthus sacchariflorus diversity panel under warm (2017) or chilling (2017 and 2020) treatments. (a) ®PSII at the beginning of the dark (®PSIT

for chilling treatment in 2017, (b) ®PSII

end’

/ NPQ

end

startH)

for chilling treatment in 2020, (c) rate of NPQ relaxation in the dark (NPQslope,, ;) for warm

treatment in 2017, (d) not relax NPQ at the end of the dark (NPQresidual ) for chilling treatment in 2020 and (e) ratio between @PSII recovered and

NPQ not relaxed at the end of dark (®PSII,,, .,/ NPQ

end

) for warm treatment in 2017. The x-axis indicates the position of SNPs on the reference genome

of Miscanthus sinensis v7.1. The y-axis indicates log-transformed FDR-corrected p-values. The dashed line indicates the significance threshold at

FDR-adjusted p-values=0.0.

This pseudo-cyclic electron flow was shown to generate a proton
gradient important for energy-dependent quenching and zea-
xanthin formation in the intact chloroplast of Lactuca sativa L.
(lettuce) under the condition of limited CO, fixation (Neubauer
and Yamamoto 1992). Interestingly, the candidate gene,
Misin15G055400.1, an ortholog of Arabidopsis L-galactono-1,4-
lactone dehydrogenase (GLDH), a gene that catalyzes the final
step of ascorbate biosynthesis, was also significantly associated
with the rate of NPQ induction in light.

Two homeologs of HCT, Misin02G231300.1 on chromosome 2
and Misin19G197700.1 on chromosome 19, were identified near
significant SNPs. HCT was the only candidate gene, which we

identified by two SNPs, both positioned in the upstream region of
the gene, and each significantly associated with different traits:
NPQ slope in the dark (warm treatment 2017) and the ratio of
®PSII and NPQ at the endpoint in the dark (chilling treatment
2020) (Table 2; Figure 5b,c). HCT utilises the intermediates of
the shikimate pathway for the production of lignin through the
phenylpropanoid pathway, playing a decisive role for the chan-
neling of shikimate pathway intermediates (Cabane, Afif, and
Hawkins 2012). Therefore, the downregulation of HCT would
channel more intermediates of the shikimate pathway towards the
production of aromatic amino acids that are upstream substrates
for flavonoid and anthocyanin syntheses (Yuan et al. 2022).
Interestingly, an increase in anthocyanins was reported for a
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highly chilling tolerant Miscanthus accession relative to a low
chilling tolerant one (Haupt and Glowacka 2024). Anthocyanins
act as light attenuators, working in synergy with NPQ for photo-
protection (Zhu et al. 2018). Thus, HCT appears to have an indi-
rect role in regulating NPQ under warm and chilling conditions.
Interestingly, low temperature stimulates phenylpropanoid and
shikimate pathways (Cabane, Afif, and Hawkins 2012; Zhou
et al. 2019). For instance, in winter, Hordeum vulgare L. (barley)
exposed to cold stress showed upregulation of HCT after acclima-
tisation at —3°C (Janska et al. 2011).

Two other SNPs associated with the same trait, tradeoff between
the quantum efficiency of photochemistry and NPQ (®PSII,, ,/
NPQ,,,), which estimates the tradeoff between ®PSII recovered
and NPQ not relaxed after 12min of dark in chilling treatment
(a low ratio indicates dark quenching of excess energy via NPQ
that serves as a protective mechanism for the photosystem under
chilling stress), were located on chromosomes 7 and 11 in the in-
trons of Misin07G303200.1 and Misin11G033100.1, respectively
(Figure 5b). The gene Misin07G303200.1 was identified as an
Arabidopsis ortholog of a MYBI05. The MYB transcription fac-
tor plays an important role in plant response to abiotic stresses,
including chilling and freezing tolerance (Vannini et al. 2004).
The gene Misin11G033100.1 was identified as an Arabidopsis
ortholog of chloroplast-located cation efflux family protein and
is reported to be an ion antiporter. One cation/proton antiporter
protein, K* efflux antiporter (KEA3), has been demonstrated to
accelerate the energy-dependent (qE) component of NPQ and
therefore contribute to maintaining photosynthetic efficiency
under fluctuating light conditions (Armbruster et al. 2014).

The SNP most strongly associated with residual NPQ in the
dark under chilling treatment was located downstream of
gene Misin05G332100.1 on chromosome 5 (Figure 5d), which
is a Miscanthus ortholog of an Arabidopsis gene that encodes
for an Ht-driven, high-affinity GAT1. Elevated concentration
of GABA was reported to increase chilling tolerance and cold
tolerance in tomato, barley, wheat, banana and Camellia sin-
ensis (L. Li et al. 2021; Malekzadeh, Khara, and Heydari 2014;
Mazzucotelli et al. 2006; Wang et al. 2014; Zhu et al. 2019).

The most significant SNP (p<0.001) we observed origi-
nated from a synonymous SNP residing within an exon of the
Misin03G345000.1 gene on chromosome 3, identified as an
ortholog of Arabidopsis PPR superfamily protein (Figure 5e).
The PPR proteins perform post-transcriptional regulation of or-
ganelle genes, such as those in chloroplasts and mitochondria
(Barkan and Small, 2014) and in principle could indirectly effect
®PSII or/and NPQ via regulation of genes encoding the photo-
synthetic apparatus. This SNP was associated with the ratio of
the dark end-points of ®PSII and NPQ (PSII,, ,/NPQ,, ) in the
warm treatment.

Here, we demonstrated that semi-high-throughput imaging of
leaf disc fluorescence in 96-well plates can be successfully de-
ployed to screen a germplasm panel for NPQ and ®PSII under
chilling treatment. Modification of this approach opens the
possibility to study kinetics of NPQ and ®PSII in a semi-high-
throughput way under gradients of temperatures in combination
with a variety of incubation times. Notably, our results indicated
that after chilling treatment, all M. sacchariflorus genetic groups

increased the NPQ induction rate. Under chilling, the Korea/
NE China/Russia 2x and N China 2x groups stood out for the
highest NPQ rate in light and the highest steady-state NPQ in
light. That was also true for residual NPQ at the end of dark for
the N China 2x group. In addition, some genetic groups also ex-
hibited an increase in residual NPQ after 12min of dark incu-
bation. Both of these phenotypes likely contribute to adaptation
to chilling during sunny mornings that follow chilling nights,
where faster and more sustainable NPQ would protect from oxi-
dative stress. Among the detected candidate genes related to the
regulation of NPQ and ®PSII kinetics, especially promising is
MDARI, which is involved in recycling the ascorbate, a cofactor
for a key enzyme (VDE) involved in the qZ component of NPQ.
By identifying natural variation and genes involved in NPQ and
®PSII kinetics, we considerably expand the toolbox for breeding
and/or engineering Miscanthus and other Saccharinae to have
optimised photosynthesis under warm and chilling conditions
for sustainable and high biomass production.
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