Received: 18 October 2018 | Revised: 3 April 2019

Accepted: 4 April 2019

DOI: 10.1002/pld3.138

ORIGINAL RESEARCH

Ameri Soci
) Amricap Soiey, WILEY

" SOCIETY FOR EXPERIMENTAL BIOLOGY

A Genome-Wide Association Study of Non-Photochemical
Quenching in response to local seasonal climates in

Arabidopsis thaliana

Tepsuda Rungrat?* | Andrew A. Almonte?* | Riyan Cheng® | Peter J. Gollan® |
Tim Stuart® | Eva-Mari Aro* | Justin O. Borevitz? | Barry Pogson? | Pip B. Wilson?

Faculty of Agriculture, Natural resources
and Environment, Naresuan University,
Phitsanulok, Thailand

2ARC Centre of Excellence for Plant Energy
Biology, Australian National University,
Canberra, Australian Capital Territory,
Australia

3Department of Psychiatry, University of
California San Diego, La Jolla, California

“Faculty of Engineering and Science,
University of Turku, Turku, Finland

SARC Centre of Excellence for Plant Energy
Biology, University of Western Australia,
Perth, Western Australia, Australia

Correspondence

Justin O. Borevitz, ARC Centre of Excellence
for Plant Energy Biology, Australian National
University, Canberra, ACT, Australia.

Email: justin.borevitz@anu.edu.au

Funding information

ARC centre of excellence in Plant Energy
Biology; the Australian National University;
Academy of Finland, Grant/Award Number:
26080341, 307335 and 303757

1 | INTRODUCTION

Photosynthesis is the process of harnessing light energy to power
CO, fixation. Variability in light environments of a plant or leaf
caused by clouds or canopy shading can often result in rapid

Abstract

Field-grown plants have variable exposure to sunlight as a result of shifting cloud-
cover, seasonal changes, canopy shading, and other environmental factors. As a re-
sult, they need to have developed a method for dissipating excess energy obtained
from periodic excessive sunlight exposure. Non-photochemical quenching (NPQ) dis-
sipates excess energy as heat, however, the physical and molecular genetic mechan-
ics of NPQ variation are not understood. In this study, we investigated the genetic
loci involved in NPQ by first growing different Arabidopsis thaliana accessions in local
and seasonal climate conditions, then measured their NPQ kinetics through develop-
ment by chlorophyll fluorescence. We used genome-wide association studies (GWAS)
to identify 15 significant quantitative trait loci (QTL) for a range of photosynthetic
traits, including a QTL co-located with known NPQ gene PSBS (AT1G44575). We
found there were large alternative regulatory segments between the PSBS promoter
regions of the functional haplotypes and a significant difference in PsbS protein con-
centration. These findings parallel studies in rice showing recurrent regulatory evolu-
tion of this gene. The variation in the PSBS promoter and the changes underlying
other QTLs could give insight to allow manipulations of NPQ in crops to improve their

photosynthetic efficiency and yield.
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switching between limited or excess light exposure in relation to
the acclimated state. Excess light can result in the production of
damaging reactive oxygen species, which can impair leaf photosyn-
thesis even after return to low light. Plants have evolved a method
to dissipate excess light energy from the major light-harvesting
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antennae as heat through a photoprotective mechanism known as
non-photochemical quenching (NPQ; Reviewed in Ruban, 2016).
This process can eliminate over 75% of absorbed light energy
(Niyogi, Grossman, & Bjorkman, 1998) and modified regulation of
NPQ has been shown to improve photosynthetic efficiency and
increase biomass in field-grown tobacco (Kromdijk et al., 2016).

In vascular plants, the NPQ mechanism is generally classified into
two main components: energy-dependent quenching (gE) and pho-
toinhibition quenching (ql; Ruban, 2016). qE is recognized as the most
significant component of NPQ and can be rapidly increased and relaxed
within seconds to minutes. gE is triggered by a decrease in the thyla-
koid lumen pH (Briantais, Vernotte, Picaud, & Krause, 1979), which in-
duces thermal dissipation through protonation of the PsbS protein, as
well as the serial de-epoxidation of violaxanthin to antheraxanthin and
then zeaxanthin through the xanthophyll cycle (Reviewed in Demmig-
Adams & Adams, 1992; Jahns & Holzwarth, 2012). Conformational
changes in the light-harvesting antennae activated during gE involve
monomerization of PsbS (Correa-Galvis, Poschmann, Melzer, Stuhler,
& Jahns, 2016; Li et al., 2004); however, the precise role of PsbS in the
dissipation of excess energy is as yet unclear.

The worldwide Arabidopsis collection contains natural diversity
in a range of traits that have resulted from adaptation to a wide range
of climate types, and significant variation in NPQ was observed in a
study of 62 diverse Arabidopsis accessions (Jung & Niyogi, 2009).
The mapping of biparental populations from contrasting accessions
has identified several novel loci involved in NPQ, including reinforc-
ing the role of PSBS (Jung & Niyogi, 2009). However, to our knowl-
edge, no studies have undertaken genome wide association studies
(GWAS) on NPQ in Arabidopsis. GWAS surveys a much wider range
of genetic diversity than bi-parental populations and also provides
greater resolution for mapping quantitative trait loci (QTL) to assist
in gene discovery. The utility of GWAS for NPQ has already been
demonstrated through the characterization of 33 QTL in rice (Wang
etal., 2017) and 15 QTL in soybean (Herritt, Dhanapal, & Fritschi,
2016).

The use of high-throughput phenotyping platforms that mea-
sure photoprotective traits using chlorophyll fluorescence have
proven to be useful methods for monitoring real-time plant stress
responses in model species such as Arabidopsis (van Rooijen,
Aarts, & Harbinson, 2015; Rousseau et al., 2013; Rungrat et al,,
2016). Phenotyping platforms such as PlantScreen can measure
large numbers of plants simultaneously to reveal the photosyn-
thetic performance of whole rosettes. Additionally, modified
growth chambers can be used to precisely mimic external climates
(Brown et al., 2014) without the noise of field conditions, facili-
tating the assessment of the impact of genetic variations on re-
sponses to even minor environmental variation. Combined with
the extensive genetic resources available for Arabidopsis (1001
Genomes Consortiom, 2016; Li, Huang, Bergelson, Nordborg,
& Borevitz, 2010; Zhang, Hause, & Borevitz, 2012), these tools
enable the dissection of the genetic architecture underlying im-
portant photoprotective traits such as NPQ and their response to
different environmental conditions.

In this study, we focus on identifying the effect of contrasting cli-
mates (in the form of differing light intensities and temperature pro-
files) on the kinetics of NPQ in several Arabidopsis accessions from
the global diversity set. We then use GWAS to reveal the genetic
basis underlying NPQ and its response to the environment. With
these methods, we aim to better understand the genetic framework
of this important physiological pathway in its response to excess

light energy that occurs in natural environments.

2 | MATERIAL AND METHODS

2.1 | Plant growth

For GWAS, 284 genetically diverse Arabidopsis accessions were
selected from the global HapMap set (Li et al., 2010). Two photo-
protective mutants (npql and npg4; Li etal., 2010; Niyogi etal.,
1998) were included as controls for reduced NPQ. npq1 is a loss of
function mutant in violaxanthin de-epoxidase 1 (VxDE; AT1G08550)
while npg4 is a loss of function mutant in PSBS (AT1G44575).
Most accessions had one replicate per environmental condition,
whereas 16 replicates of Col-O were included in each condition
to monitor the extent of spatial variation within the chamber and
four replicates of npg4 were included in the late autumn condi-
tions. Seed germination was synchronized by stratification at 4°C
in the dark in sterilized water for 4-5 days. Plants were grown in
pots (4 cm x 4 cm x 7 cm) of pasteurized seed raising mix (Debco
seed raising mix, Scotts Australia) without further fertilization in
specially modified climate chambers (Brown et al., 2014) housed in
the plant growth facility of the Australian Plant Phenomics Facility
at the ANU. These chambers have been fitted with 7-bands LED light
panels and are programmed to alter light intensity, light spectrum,
air temperature, and relative humidity every 5 min. Climatic condi-
tions were modeled using SolarCalc software (Spokas & Forcella,
2006). In this study, two experiments were run with diurnal and
seasonal temperature fluctuations with two climates in each experi-
ment set to simulate coastal (Wollongong: -34.425, 150.893) and
inland (Goulburn: -34.426, 150.892) regions of South East Australia
(Table 1). The first experiment was conducted by simulating a typi-
cal late-autumn season starting from April 1st, 2014 and ending on
June 5th, 2014. The second experiment was conducted to simu-
late an early autumn season, starting from March 15th, 2015 and
finishing on May 7th, 2015. The maximum light intensity at noon

"2 51 and 300 pmol photons m™

was around 150 pmol photons m
s™! for Coastal and Inland, respectively, in both experiments. These
are typical light intensities for growing Arabidopsis thaliana (Bélter,
Seiler, & Soll, 2018). The temperature ranged between 14°C-23°C
and 10°C-23°C for Coastal-Late Autumn and Inland-Late Autumn,
respectively, and these temperatures decreased to 10°C-18°C and
5°C-15°C by the end of the experiment due to seasonal change to
winter. The temperature ranged between 10°C-25°C and 5°C-25°C
for Coastal-Early Autumn and Inland-Late Autumn, respectively, and
these temperatures decreased to 10°C-18°C and 5°C-18°C by the

end of the experiment due to seasonal change to winter.
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TABLE 1 Plants were grown in climatic
growth chambers programmed to simulate
the daily temperature ranges for late- and
early-autumn conditions historically found
in Australian coastal and inland
environments

Environment

Coastal

Inland

Maximum light
intensity at noon
(nwmol m2s7?
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Temperature range

Simulated seasons and

dates Beginning End
150 Early Autumn | 15 Mar 14-24°C 10-20°C
2015-May 2015
Late Autumn | 1 Apr 13-23°C 5-14°C
2014-5 Jun 2014
300 Early Autumn | 15 Mar 11-24°C 6-18°C
2015-7 May 2015
Late Autumn | 1 Apr 10-23°C 5-14°C

2014-5 Jun 2014

Note: Temperature ranges gradually changed over time during the course of the experiments.

2.2 | NPQ quantification by chlorophyll
fluorescence measurement

Photosynthesis parameters were measured by pulse amplitude mod-
ulation chlorophyll fluorescence using the automated PlantScreen
system (Photon Systems Instruments) when plants were at 25 and
40 days of age and at 14 and 16 leaves stages. All measurements
began at midday and finished by 05:00 p.m. Chlorophyll fluores-
cence kinetics were monitored during illumination of actinic light
(700 pmol m2 s™) and saturation flashes (800 ms, 2,800 pmol m2
s and analyzed using FluorCam?7 software. To focus on the major
qE component, a custom-made chlorophyll fluorescence measure-
ment protocol was used (P3; Rungrat et al., 2016). After 30-min dark
adaptation, Fj was measured in the dark before F, was measured
with an initial saturating pulse in the dark, followed by a series of
saturating pulses 60 s apart to monitor F_’ and F’ during the 8 min of
actinic light illumination and following 3-min dark relaxation period.
NPQ can be calculated from the ratio of change in F_ and F_’ during
the illumination as shown in the equation:

(Frn=Fy)

NPQ=
Fr

1)

with F_"and F_ being the maximal fluorescence of the light-adapted
and dark-adapted leaf, respectively. In addition to NPQ, dark-adapted
F./F., (QY-max) was measured as an indicator of photoinhibition and
light adapted F//F." was the measure of photosynthetic efficiency
under the actinic light. Data from Figure 1f were originally shown
as an example in Rungrat et al., 2016, figure 5E and are reproduced

here.

2.3 | Statistical analysis and QTL mapping

2.3.1 | Experimental design

Our goal is to identify quantitative trait loci as associated SNPs un-
derlying photoprotection traits. In genome wide association stud-
ies (dominated by human genetics) the level of replication is at
the level of the SNP, which ideally would be independent of other

loci. Because of both local linkage disequilibrium and background

population structure SNPs are not independent. This is particularly
true with inbred accessions. Fortunately, a large collection of acces-
sions is available which were selected to be roughly equidistantly
related to each other (Platt et al., 2010). Thus, to maximize statisti-
cal power for identifying genetic variants underlying phenotypes, a
panel of 284 natural accessions of Arabidopsis was selected from
the HapMap collection for the Late Autumn experiment and an over-
lapping panel of 223 accessions was selected for the Early Autumn
experiment. To maximize the number of accessions within an ex-
periment, single replicates were grown in each climate condition.
The Col-0 accession was replicated 16 times to allow calculation of
biological variation in the traits.

For the phenotypic data, three phases of NPQ kinetics were ex-
amined. Induction was determined by NPQ formation when actinic
light illumination was initiated, followed by a steady-state phase
and lastly, a relaxation phase in the dark (induction: 0-120 s, steady
state: 120-450 s, and relaxation phases: 450-610 s, Figure 2). The
rate of induction was calculated as average slope of increase in
NPQ during the induction (0-120 s); the maximum NPQ value was
determined as the maximum value reached throughout the whole
experiment and the rate of relaxation was calculated as the aver-
age slope during the dark relaxation (450-610 s). As relatively few,
equally spaced, time points were sampled during NPQ, fitting non-
linear induction and relaxation kinetics is unlikely to change the
results substantially. This is because the QTL effect is not the ki-
netics of particular accession, but the relative difference between
summaries of the kinetic paths among SNP genotypes (Figure 1).

The individual phenotypes for each accession were used for the
GWAS separately in both climate conditions. To determine the GxE
interaction, all data were used in a single GWAS and each SNPs was
tested for a main and climate-specific effect and relatedness among
accessions was accounted for as a random effect kinship matrix (Li,
Cheng, Spokas, Palmer, & Borevitz, 2014). SNP data from the 6M
SNPs dataset (1001 Genomes Consortiom, 2016) were filtered for a
minor allele frequency < 2.5% with a final set of approximately 1.7
million SNPs. GWAS were performed using the R package QTLRel
(Cheng, Abney, Palmer, & Skol, 2011), based on model (2) below,
which incorporated a relationship matrix to correct for confounding

population structure.
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FIGURE 1 Natural variation in growth in response to different environmental conditions of 284 Arabidopsis accessions and 2
photoprotective mutants (npql, npg4) within coastal (a) and inland (b) conditions. In this experiment, plants were measured for NPQ when
Col-0 control plants (red boxes) reached the 16-leaf stage in both growth conditions to minimize developmental effects. (c-f) NPQ kinetic
profiles of 14-leaf plants grown in early (c) and late (d) autumn conditions and 16-leaf plants grown in early (e) and late (f) autumn conditions

y=x+z+u+e 2)

wherey = (yij) is a vector of the n phenotypic values with Yi being
the j-th accession in the i-th environment (i.e. one of the two
climate conditions within each experiment), x = (xijk)nX(K+1) repre-
sents the intercept and k covariates (if any) with effects g, z is a
vector of the coded genotypes at a scanning locus with effect
Y, U = (Uy, Uy, ..., U ) represents polygenic variation, and e = (e,,
€y eren , €,) the residual effect. It was assumed that u ~ N(O, Gag2
), e ~ N(O, 162) and u was independent of e¢. The genetic relation-
ship matrix G was estimated by identify-by-state (IBS) from geno-
typic data with markers on the chromosome under scan being
excluded to avoid proximal contamination (Cheng, Parker, Abney,
& Palmer, 2013; Listgarten et al., 2012). A 0.05 genome-wide sig-
nificance threshold was determined by the Bonferroni procedure,
that is, 0.05/m, where m is the number of SNPs. This threshold
turned out to be very close to empirical thresholds estimated by

the permutation test.

2.4 | Visualization of alignments between
KBS-Mac-74 and Col-0 accessions

Kablammo (Wintersinger & Wasmuth, 2015) was used to obtain
a graphical understanding of the alignments between the PSBS
genomic regions of the TAIR 10 Col-0 reference genome (Chril:
16,866,832...16,873,428) and the recently sequenced KBS-
Mac-74 genome (Michael et al., 2018). The sequence for the Col-0
PSBS genomic fragment was downloaded from the 1001 genomes
project website and the KBS-Mac-74 genome was available on the
European Nucleotide Archive (1001 Genomes Consortiom, 2016;
Michael et al., 2018). The KBS-Mac-74 genome was aligned with
the Col-0 genomic fragment using Sequence Server v1.0.9 (Priyam
et al., 2015) and the results were uploaded onto and visualized
with Kablammo.

2.5 | Alignment of reads to Col-0 and KBS-Mac-74
haplotypes

Paired-end sequence reads for high and low NPQ accessions se-
quenced as part of the 1001 Genomes Project (1001 Genomes
Consortiom, 2016) were downloaded from NCBI SRA and trimmed
for adapter content and low-quality bases using Trimmomatic v0.36
(Bolger, Lohse, & Usadel, 2014) with the following parameters:
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36.
Retained paired-end reads were aligned to the Col-O and KBS-
Mac-74 genomes separately using Bowtie2 local alignment (1 mis-
match per seed, maximum of 5 re-seeds; (Langmead & Salzberg,

2012). Alignment files were sorted and indexed using samtools (Li

et al., 2009). Read coverage tracks were created for each accession
using deepTools bamCoverage, with the coverage normalized to the
number of reads per kilobase per million mapped reads (Ramirez
et al., 2016). Coverage information around the PSBS genomic region
was extracted from bedgraph files using bedtools v2.25 (Quinlan &
Hall, 2010).

2.6 | Semi-quantification of PsbS protein in high and
low NPQ lines

Five accessions with high NPQ and five accessions with low NPQ
(Figure Sé), as well as the npg4 mutant and PSBS over-expression
line, were grown for 6 weeks in 8 hr day/16 hr night cycle under

25t light with a temperature range of

150 pmol photons m™
8.6°C-18°C. Mature leaves from 4 to 6 plants were pooled, fro-
zen in liquid nitrogen, ground to a powder, and total proteins were
extracted in 20 mM Tris-HCL solution (pH 7.8) containing 2% SDS
and protease inhibitor. After incubation at 37°C and centrifuga-
tion, protein concentrations in the supernatants were measured
using the Lowry assay. For each sample, 10 pg total protein was
separated on SDS-PAGE gels containing 15% acrylamide, then
transferred to PVDF membranes and blotted with a polyclonal
antibody specific to the PsbS protein (a gift from R. Barbato). Six
replicate Western blots containing all samples were developed
and antibody signal intensities were quantified using an Odyssey
CLx Imaging System (LI-COR). PsbS signals were normalized
against a second non-specific protein band that was equally pre-
sent in all samples (see Data S1). Statistical significance between
the normalized signals was determined by a paired Student's T
test (N = 30).

3 | RESULTS

3.1 | Natural variation in NPQ in Arabidopsis
accessions in response to different climatic conditions

To determine the characteristics of NPQ in stressful environments,
an Arabidopsis HapMap population of 284 accessions was grown in
modified climate chambers (Brown et al., 2014) programmed to sim-
ulate contrasting environments: a “coastal” environment represent-
ing a temperate climate with light intensities similar to conditions
conventionally used to grow Arabidopsis, and an “inland” envi-
ronment representing a larger temperature range and higher light
intensities (Figure S1). Two experiments were run with each condi-
tion starting at early- or late-autumn and transitioning into winter.
There were clear differences in growth and development within
the Arabidopsis HapMap population between the two conditions in

both experiments (Figure 1a,b) as plants grown in inland conditions
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grew smaller than their coastal counterparts. Due to this variation in
growth rate, environmental effects on NPQ phenotypes were meas-
ured when the Col-0 control plants reached a similar developmen-
tal stage (i.e., 14 or 16 leaves) rather than after a predefined period
post-germination.

The NPQ kinetics of the plants showed variation dependent on
their growth conditions and the developmental stage at which they
were measured. When the samples were measured at the 14-leaf
stage, plants grown in inland early-autumn conditions had a moder-
ately faster NPQ induction relative to plants grown in coastal con-
ditions by approximately 54%. However, the same plants grown in
coastal and inland late-autumn conditions displayed largely similar
NPQ kinetics (Figure 1c,d). All 14-leaf plants showed a rapid induc-
tion of NPQ that lasted approximately 1.5-2 min after exposure
to actinic light (700 pmol m2 s, although plants grown in early-
autumn conditions reached a maximum NPQ followed by a moder-
ate decline throughout illumination (Figure 1c). In contrast, NPQ in
plants grown in late-autumn conditions continued to increase during
actinic light exposure (Figure 1d). Additionally, plants grown in late-
autumn conditions reached a higher overall NPQ and returned more
rapidly to basal levels during dark incubation following actinic light
exposure.

Non-photochemical quenching kinetic profiles showed a dra-
matic difference between plants grown in coastal and inland condi-
tions when measured at the 16-leaf growth stage (Figure 1e,f). Both
groups had a rapid induction of NPQ within approximately 1.5-2 min
of exposure to actinic light, though plants grown in coastal condi-
tions were slightly slower to reach a steady phase. After the initial
induction of NPQ upon actinic light exposure, plants grown in inland
conditions reached their maximum average NPQ within 2 min, fol-
lowed by a moderate and steady decrease in NPQ during illumina-
tion. Plants grown in coastal conditions continued to slowly increase
during the same period before reaching their maximum NPQ after
7.5 min of illumination and directly before being transferred into
darkness.

Of the plants grown to the 16-leaf stage, those grown in early-
autumn conditions showed a larger variance in NPQ (Figure 1e,f).
Inland plants measured in early-autumn achieved a maximum aver-
age NPQ of 2.47 (SD 0.38) after 2 min of exposure to actinic light,
whereas coastal plants achieved a maximum average NPQ of 2.89
(SD 0.39) after 5 min of exposure. Plants measured in late-autumn
conditions showed an overall higher NPQ, as inland plants achieved
a maximum average NPQ of 2.62 (SD 0.88) after 2 min exposure to
actinic light, while coastal plants achieved the highest NPQ average
of 3.24 (SD 0.78) after 7.5 min of exposure to actinic light. When
moved to darkness, the plants from inland conditions exhibited
faster NPQ relaxation than plants grown in coastal conditions.

Photoprotective mutants npq1, lacking VxDE (Niyogi et al., 1998)
and npg4, lacking PsbS (Li et al., 2000) were included as controls in
all NPQ measurements. The mutants exhibited approximately four
times lower steady-state NPQ than all wild-type accessions in both
inland and coastal conditions and exhibited almost no NPQ relax-
ation (Figure 1c-f).

. . 7
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3.2 | Genome-wide association identifies 15
significant QTL for NPQ kinetics

In order to gain a better understanding of the QTL involved in NPQ,
a GWAS was conducted using the R package QTLRel (R. Cheng et al.,
2011) and the 6M SNP marker set (1001 Genomes Consortiom,
2016). For mapping, a number of derived traits were calculated at
both the 14- and 16-leaf stages, including the rate of NPQ induc-
tion, the slope of the steady phase, maximum NPQ value, and the
rate of NPQ relaxation (Figure 2). For the late-autumn experiment,
six QTL were identified across the three kinetic parameters of NPQ
production, including QTL5-3 for the Genotype x Environment
(GXE) interaction between the two conditions (Table 2, Figure 2h).
For the early-autumn experiment, eight QTL were identified across
the three kinetic parameters of NPQ production, including QTL2-3
and QTL4-1 for the GxE interaction. Interestingly, none of the NPQ
QTL were identified in both experiments or in any two conditions.
Mapping of the photosynthetic traits F /F ' and QY-max under all
conditions revealed five QTL, including QTL1-4 and QTL2-2 previ-
ously identified as NPQ QTL. The majority (12/15) of QTL were iden-
tified at the 16-leaf developmental stage, with only QTL2-2 being
identified at both developmental stages but for different traits.

These QTL were investigated in the TAIR database (Table 2;
Huala et al., 2001), but a majority were not associated with an ob-
vious candidate gene. QTL1-4 was a strong QTL identified in the
coastal late-autumn condition for the slope of the steady phase and
rate of NPQ relaxation (Figure 2c-d), as well as F,/F,, and maximum
NPQ value (Table 2). It was also associated with QY-max in the inland
late-autumn condition where it was slightly below the significance
threshold. The SNP with the highest logarithm of odds (LOD) score
for QTL1-4 was located in the promoter of the candidate gene pho-
tosystem Il subunit S (PSBS; AT1G44575; Figure 3).

3.3 | Sequence variation in the PsbS promoter
indicates differential induction of PSBS that may be
important in NPQ regulation

To explore a possible relationship between natural variation in the
PSBS genomic region and the diversity in NPQ phenotypes, the SNP-
corrected sequences of the 10 highest and 10 lowest NPQ acces-
sions determined in this experiment were acquired from the 1001
genomes project (Figure S1B; Weigel & Mott, 2009). Four SNPs
were identified in the PsbS coding region in a comparison between
the two haplotype groups (low NPQ and high NPQ), although each
of these encoded synonymous amino acid residues (Figure S1A).
Nevertheless, as these are SNP-corrected sequences, there may be
major insertions or deletions that may not have been identified.

To compare the sequences of the high and low NPQ accessions,
the raw reads of the PSBS genomic region from the 1001 genomes
project were aligned to both the Col-0 reference genome (TAIR 10)
and the recently sequenced KBS-Mac-74 genome (Michael etal.,
2018). KBS-Mac-74 was chosen because it was the only accession

available with long-read genomic sequence data and has not been
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FIGURE 3 Association of SNPs in

the region of QTL1-4, a QTL found to be 8 -
significant during both the NPQ steady

and relaxation phases for plants grown
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in coastal late-autumn conditions. The
more significant SNPs are concentrated
within the promoter region of the PSBS
gene (AT1G44575). The black dotted
lines indicate the Bonferroni threshold of
significance
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SNP-corrected. Seven of the ten high NPQ accessions were available
in the 1001 genomes project and all seven showed the same pat-
tern of missing sections in the alignments to the promoter of PSBS
to the Col-0 reference but aligned well to the KBS-Mac-74 genome.
Similarly, of the eight low NPQ accessions available, all eight aligned
well to the Col-0 reference but had missing sections in the alignment
to the PSBS promoter from the KBS-Mac-74 genome (Figure 4a-d).
When the Col-0 and KBS-Mac-74 genomes were aligned at this re-
gion there were two sections in the promoter of PSBS that did not
align. One section was 1,251 bp in Col-0 corresponding with 691 bp
in KBS-Mac-74, and the other was 100 bp in Col-0 corresponding
with 3,000 bp in KBS-Mac-74 (Figure 4e).

To determine if there was a difference in PsbS protein abundance
between high and low NPQ accessions, PsbS protein was quantified
by Western blotting. Five plants representative of each NPQ haplo-
type were grown for 6 weeks under coastal late-autumn conditions.

A small but highly significant difference in PsbS abundance between
the two haplotype groups was identified (Figure 4f), with the high
NPQ haplotype plants producing ~30% higher amounts of PsbS on

average.

4 | DISCUSSION
In this study, climate chambers were used to investigate the effect
of local seasonal growing conditions on the non-photochemical
quenching (NPQ) pathway. A genome-wide association study
(GWAS) was used to investigate the genetic architecture of NPQ
and determine what quantitative trait loci (QTL) are involved in this
physiological process, as it is important for high light tolerance.

It was clear that different climate conditions affected growth,

as plants grown in coastal conditions grew larger than their inland
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cohort. The inland environment was programmed to provide higher
light intensities and lower temperatures than the coastal environ-
ment, so NPQ would be more active in plants grown in inland con-
ditions. Leaf expansion is inversely correlated with light intensity
(Potter, Rood, & Zanewich, 1999) and content of the plant hormone
gibberellic acid, which may underlie why plants grown in high-light
environments are physically smaller (Reviewed in Hedden & Sponsel,
2015; Stowe & Yamaki, 1957).

The NPQ kinetic profiles of the plants in this study were found
to be influenced by development and climate conditions. When
grown to the 14-leaf stage, there was little difference in the NPQ
kinetic profiles between plants grown in either inland or coastal
climates. However, their NPQ profiles changed dramatically when
grown to the 16-leaf stage. Despite these changes, there were some
commonalities. For example, plants grown in inland conditions had
consistently faster induction of NPQ when exposed to actinic light,
which suggests the relatively more stressful growing environment
has primed these plants to more rapidly respond to stressful con-
ditions. Furthermore, all plants in all conditions rapidly resolved
their NPQ when moved to darkness, though inland-grown 16-leaf
plants did so more quickly. The steady decrease in NPQ observed
in the inland-grown 16-leaf plants during their exposure to actinic
light also suggests they are better acclimated to utilize abiotic stress
response pathways. Differences in glutathione content between in-
land- and coastal-grown plants may be a potential mechanism for
this observation as glutathione is a potent antioxidant that fluctu-
ates with light intensity (Alsharafa et al., 2014). However, more re-
search must be done to confirm this. The differences in NPQ kinetic
profiles between plants grown under field-simulating high- and low-
light environments demonstrates how dynamic environments can
condition plants to develop appropriate physiological adaptations.
Genetic variation in this response may underlie such adaptations to
the particular light environments where the plants were collected.

To determine the genetic architecture of NPQ, a GWAS was per-
formed and a total of 15 QTL were found to be involved in different
components of NPQ (Table 2). They were detected across different
developmental stages and different seasonal climatic conditions. The
majority were found in the 16-leaf stage, further implying the relevance
of plant development in local seasonal climates on NPQ efficiency.
Arabidopsis has a wide geographic distribution and each accession
would experience different conditions in their native environments.
This variation was revealed through QTL that varied between the two
simulated environments. All 15 QTL identified were associated with
multiple candidate genes (Figure S7). For example, QTL1-5 may be asso-
ciated with NDF5, a gene involved in regulation of gene expression and
electron transport in photosystem | (Ishida et al., 2009). QTL5-2 may
be associated with PTST, which encodes a chloroplast-localized protein
that is involved in protein translocation (Lohmeier-Vogel et al., 2008).

QTL1-4 is the most prominent QTL identified in this study and
is associated with PSBS, a gene known to be involved with NPQ (Li
et al., 2000). The exact role of the PsbS protein in the NPQ pathway
is currently unclear. It has been found to bind to chlorophylls and xan-
thophylls, making it the possible site of xanthophyll-dependent NPQ

; . . 11
& - [SI@EBl- wiLey-1-2

SOCIETY FOR EXPERIMENTAL BIOLOGY

(Li et al., 2000). PsbS has also been found to induce conformational
changes in the antennae of photosystem Il (Horton, Wentworth, &
Ruban, 2005). Regardless, PsbS is known to be a requirement be-
cause npg4 is a PsbS loss-of-function mutant and consequently
shows little to no NPQ activity (Li et al., 2000).

This study also found evidence for a correlation between NPQ
competency and the PSBS genomic architecture. Gene alignments
were performed for the highest and lowest NPQ accessions, with
TAIR 10 Col-0 and KBS-Mac-74 (Michael et al., 2018) being the mod-
els for low and high NPQ accessions, respectively (Figure 4). These
alignments show little variation within the protein-coding regions
of PSBS, which ultimately have no impact on protein function since
they do not alter the amino acid sequence. Alignments of the PSBS
genomic regions from high and low NPQ accessions show structural
variation within the promoter elements of the PSBS gene. The non-
homologous elements may be due to a deletion, transposition, and/or
a gene conversion event. There did not appear to be any obvious reg-
ulatory elements within those promoter regions, though more exper-
imentation and functional tests would be required to determine their
precise effect on PsbS expression and NPQ. Regardless, there does
appear to be a significant influence on PsbS protein expression as
high NPQ accessions have a relatively higher level of leaf PsbS protein
content when grown in coastal late-autumn conditions (Figure 4f).

Besides genotypic and phenotypic variations in NPQ, there are
also several instances of genotype-by-environment (GxE) interac-
tion, mostly in NPQ induction. As previously mentioned, this may
be due to plants grown in high-light environments being better con-
ditioned to respond to light stress. QTL2-3 and QTL5-3 are both
identified to have GxE variation in NPQ induction, but neither are
associated with obvious candidate genes that may be directly or in-
directly involved in NPQ. Nevertheless, a previous GWAS investi-
gating the effects of climate on flowering time identified genes that
would not have obviously been attributed to that pathway (Tabas-
Madrid et al., 2018). A similar situation may be apparent in this study,
but more research is required.

NPQ is an extremely important physiological pathway that allows
plants to adapt to fluctuating lighting conditions and is therefore
strongly influenced by the local environment. Examples of adapta-
tions that result from such environmental pressures include the ap-
parent increased reliance on the mechanism of the PsbS protein. This
study has also shown there are several genetic components to NPQ
identified by GWAS across simulated environments. Furthermore,
thereis evidence for a significant genomic event that directly impacts
PsbS expression and subsequently impacts NPQ competence. In the
face of current global climate challenges, better understanding of
the NPQ pathway could have important implications for agriculture
(Kromdijk et al., 2016) and may help better implement genomics-
based strategies for food security and conservation efforts.
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