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SUMMARY

The demand for agricultural production is becoming more challenging as climate change increases global

temperature and the frequency of extreme weather events. This study examines the phenotypic variation of

149 accessions of Brachypodium distachyon under drought, heat, and the combination of stresses. Heat

alone causes the largest amounts of tissue damage while the combination of stresses causes the largest

decrease in biomass compared to other treatments. Notably, Bd21-0, the reference line for B. distachyon,

did not have robust growth under stress conditions, especially the heat and combined drought and heat

treatments. The climate of origin was significantly associated with B. distachyon responses to the assessed

stress conditions. Additionally, a GWAS found loci associated with changes in plant height and the amount

of damaged tissue under stress. Some of these SNPs were closely located to genes known to be involved in

responses to abiotic stresses and point to potential causative loci in plant stress response. However, SNPs

found to be significantly associated with a response to heat or drought individually are not also significantly

associated with the combination of stresses. This, with the phenotypic data, suggests that the effects of

these abiotic stresses are not simply additive, and the responses to the combined stresses differ from

drought and heat alone.

Keywords: Brachypodium distachyon, bioenergy, high-throughput phenotyping, natural variation, drought,

heat, abiotic stress, climate, local adaptation, genome-wide association, GWAS.

INTRODUCTION

The increasing global population is likely to create several

challenges in the coming decades. The world population is

expected to reach 9.8 billion people by the year 2050,

which means there will be nearly 2 billion additional peo-

ple on the planet to feed in fewer than 30 years (United

Nations, 2019). With more than a billion people in the

world already experiencing some form of food insecurity,

the increasing global population creates an even higher

demand for food, fuel, and fiber, that current production

levels cannot meet (Conway, 2012; FAO, IFAD, UNICEF and

WHO, 2020; Roy et al., 2006; Swaminathan, 2012).

An additional complication is that future crops will

need to withstand the changing climate. Due to human

activity, greenhouse gas concentrations in the atmosphere

are rising, which is causing significant changes in global

temperatures and overall climate patterns (IPCC, 2019).

Global temperatures are expected to rise by 3–5°C in the

next 50–100 years, and experts expect to see an increased

frequency of extreme weather events like drought and high

temperatures (IPCC, 2014, 2019). Therefore, crops need to

become more productive in increasingly challenging envi-

ronments to keep up with global demand.

Environmental stress tolerance is a key factor for crop

productivity, as abiotic stress is a major cause of reduced

crop yields across the globe (Atkinson & Urwin, 2012). Abi-

otic stresses are estimated to reduce average yields by

more than 50% for many major crops since they can have

an adverse impact on nearly all stages of plant growth

and development, causing leaf damage, accelerated leaf
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senescence, reduced photosynthetic capacity, and greatly

reducing plant biomass and grain production and therefore

economic yield (Allakhverdiev et al., 2008; Atkinson &

Urwin, 2012; Farooq et al., 2011). This means that there will

be an ever-growing demand for stress-tolerant varieties as

climate change brings with it more of these biomass- and

yield-reducing stresses. To meet this demand, it is impor-

tant to study plant responses to abiotic stresses.

Single abiotic stresses are more often studied than

stresses in combination (Atkinson & Urwin, 2012; Rasmus-

sen et al., 2013; Rizhsky et al., 2004). However, plant

response to combinations of abiotic stress can result in

transcriptional changes that differ from the simple summa-

tion of each individual stress (Rasmussen et al., 2013;

Rizhsky et al., 2002, 2004). It is not surprising that plants

have distinct responses to combined stress conditions in

comparison to individual stresses, since many frequently

co-occurring stresses can result in contradicting plant

responses (Anderson et al., 2004; Asselbergh et al., 2008;

Atkinson & Urwin, 2012; Balfagón et al., 2020; Choudhury

et al., 2017; Mittler, 2006; Mittler & Blumwald, 2010; Suzuki

et al., 2016). For example, a common response by plants

under drought stress is closing stomata to preserve water,

but in heat stress plants may open stomata to cool leaves

and prevent tissue damage (Rizhsky et al., 2004). This

means that in the combination of both drought and heat

stresses, plant responses could look vastly different than

when exposed to one of these stresses alone. Therefore, it

is imperative to study not only plant responses to individ-

ual stresses but also responses to combinations of stresses

to work towards developing new crop varieties. Since

many major crops have been bred for high yield but not

necessarily for abiotic stress tolerance, it is valuable to

explore and exploit the natural diversity of stress tolerance

in weedy relatives to current elite crops to understand

plant abiotic stress responses (Mickelbart et al., 2015).

Brachypodium distachyon is a weedy Pooid C3 grass

that is closely related to important monocot food crop spe-

cies including wheat, barley, and rice (International Brachy-

podium Initiative, 2010). B. distachyon also has a very

similar cell-wall composition and overall architecture to

major bioenergy grasses such as miscanthus and switch-

grass (Coomey & Hazen, 2015; Gomez et al., 2008). In addi-

tion to these genetic or morphological similarities to major

food and bioenergy crops, B. distachyon has a small stat-

ure, short generation time, is easy to cultivate and trans-

form, and has extensive genomic resources available,

which all combine to make it a very powerful and attractive

model plant (Brutnell et al., 2015; Kellogg, 2015; Mur et al.,

2011). B. distachyon accessions have been collected through-

out its native growth range in the Mediterranean and the

Middle East (Draper et al., 2001; Filiz et al., 2009; Garvin

et al., 2008; Tyler et al., 2016). As is the case for many spe-

cies, the reference accession of B. distachyon (Bd21-0), is

not necessarily one with ideal responses to abiotic stress

conditions, and relatively few studies have examined

the phenotypic variation in other B. distachyon accessions

under the same conditions (Benavente et al., 2013; Cao,

Jiang, et al., 2016; Cao, Xu, et al., 2016; Chen & Li, 2016;

Colton-Gagnon et al., 2014; Des Marais et al., 2017; Jiang

et al., 2017; Liu & Chu, 2015; Luo et al., 2011; Rivera-

Contreras et al., 2016; Shaar-Moshe et al., 2017, 2019; Shi

et al., 2015; You et al., 2015). Even fewer studies have

examined B. distachyon accessions under combinations of

stresses, which, as mentioned earlier, is necessary to get a

more representative picture of how B. distachyon would

respond to stress in the field or in the wild (Chen et al.,

2018; Cheng et al., 2018; Des Marais et al., 2017; Shaar-

Moshe et al., 2017, 2019).

A brief review of B. distachyon literature demonstrates

additional challenges in studying abiotic stress, and more

specifically drought, as the same accessions are conflict-

ingly described as drought tolerant or drought

susceptible in different studies. In 2011, Luo et al. classified

the B. distachyon reference accession, Bd21-0, as suscepti-

ble to drought stress compared to 56 others, and also

described Bd1-1 as a drought-tolerant accession (Luo et al.,

2011). Shi et al., on the other hand, identified Bd21-0 as

being tolerant to drought (Shi et al., 2015), and Des Marais

et al. examined both heat and drought stress and their

combinations and identified Bd1-1 to be one of the lowest-

yielding accessions under all combinations of drought and

heat conditions tested (Des Marais et al., 2017). Less is

known about the heat tolerance of these lines, but Des

Marais et al. found that Bd21-0 had higher seed yield in

hot but ample water conditions (Des Marais et al., 2017).

Conflicting results on the same accessions underline

the difficulty in studying drought and could be partially

due to the variety of ways in which drought can be applied

and defined in experiments. Experimental application of

water-limitation (drought) can differ greatly, which compli-

cates the ability to directly compare results between stud-

ies. Acute drought stress can be applied by completely

removing a plant from soil or growth media (Gagné-

Bourque et al., 2015; Legnaioli et al., 2009). Progressive

drought treatments can be applied by maintaining reduced

watering levels compared to a control level over a longer

period of time (Fahlgren et al., 2015; Granier et al., 2006;

Skirycz et al., 2011). In a different kind of progressive

drought treatment, water is withheld, allowing the soil to

dry over time (Des Marais et al., 2017; Jiang et al., 2017;

Luo et al., 2011; Shi et al., 2015). Progressive drought treat-

ments are generally more representative of drought in the

field than acute drought stress treatments are, but can

often be more challenging to reproduce, since manually

maintaining a specific reduced level of soil moisture is

labor-intensive, and the severity of the drought stress

depends on the consistency of soil drying between
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replicates and experiments (Claeys & Inzé, 2013; Sun

et al., 2014; Zhang et al., 2004).

Similarly, there are diverse ways to apply heat stress

to plants, which again makes it difficult to compare results

across different experiments. Acute heat stress is often

applied by exposing plants to high temperatures for a rela-

tively short period of time (generally a few hours) and then

taking measurements for traits of interest directly after the

heat treatment (Sun et al., 2017). Progressive heat treat-

ments are often done by maintaining high ambient tem-

peratures for the entire course of the experiment at some

point after germination (Des Marais et al., 2017; Fahlgren

et al., 2015; Hedhly et al., 2020). Alternatively, exposing

plants to high heat every day for a certain length of time

can be used to simulate a common form of progressive

heat stress in the field (Samakovli et al., 2020).

To address issues of inconsistency, reproducibility,

and high labor input requirements in implementing abiotic

stress treatments, automated watering and growth sys-

tems have been developed. Within the last decade, these

automated systems in greenhouses, growth chambers,

and experimental fields have advanced considerably, mak-

ing it possible to apply abiotic stress treatments reproduc-

ibly at the population scale (Chen et al., 2014; Fahlgren

et al., 2015; Granier et al., 2006; Skirycz et al., 2011). This

study uses an automated watering and image-capture sys-

tem to apply combinations of drought and heat stress to a

diverse population of B. distachyon accessions in two

experiments. Since imaging is a non-destructive measure-

ment, assessing stress through image data allows the pro-

gression of stress to be tracked over time.

To analyze image data from these two experiments

under combinations of drought and heat stress, this pro-

ject utilizes high-throughput image analysis tools. The field

of image-based high-throughput phenomics develops

methods to capture, extract, and utilize plant trait informa-

tion over time from image data. PlantCV is an open-source,

open-development image analysis package written in

Python that enables users to develop image processing

workflows, then parallelize those workflows over large sets

of image data (Fahlgren et al., 2015; Gehan et al., 2017).

This software has been used to extract numerical data

from images to estimate various traits, including biomass

(Fahlgren et al., 2015) and plant health (Enders et al., 2019;

Zheng et al., 2019) for various plant species (Gehan et al.,

2017).

In this study, numerical trait information extracted

from image data, along with new low-coverage sequencing

data for B. distachyon, is used to carry out a genome-wide

association study (GWAS). A GWAS allows the identifica-

tion of genetic polymorphisms that are found more fre-

quently in organisms with the trait being assessed

(Ingvarsson & Street, 2011; Wilson et al., 2015). GWAS can

be used to explore the genetic architecture of complex

traits in plants, identifying the number of alleles, genetic

loci, and effect sizes associated with a certain phenotype

(Ingvarsson & Street, 2011; Wilson et al., 2015). Complex

traits would normally be difficult to examine without

GWAS, since many adaptive traits are influenced by many

genes that each individually have a small to moderate

effect on the phenotype (Ingvarsson & Street, 2011). This is

true for plant responses to drought and heat stresses,

which are polygenic and not as easily isolated and identi-

fied as discrete traits like flowering time (Tyler et al., 2016).

Thousands of GWAS have been conducted in major

crops such as rice, wheat, maize, and sorghum, which

have included a variety of traits examining everything from

yield to plant development to characteristics associated

with biotic and abiotic stresses (Gupta et al., 2014, 2019).

Genetic loci of interest identified in a GWAS can be used

to develop improved cultivars through traditional breeding

methods or through genetic engineering (Gupta et al.,

2019). One important documented example of the use of

GWAS results to improve a major crop was the develop-

ment of a line of maize with increased pro-vitamin A con-

tent (Xiao et al., 2017).

There have been a few GWAS done in B. distachyon,

but compared to major crop species and other important

model plants, the genetic architecture of B. distachyon

remains relatively unexplored (Dell’Acqua et al., 2014; Lee,

2016; Tyler et al., 2016; Wilson et al., 2015, 2019). Multiple

studies have identified genetic loci associated with flower-

ing time in. B. distachyon (Tyler et al., 2016; Wilson et al.,

2019), others have explored genetic loci associated with

environmental adaptation or fitness in their different cli-

mates of origin (Dell’Acqua et al., 2014; Wilson et al., 2015),

and genetic loci associated with biofuel-related traits such

as biomass accumulation have also been identified (Lee,

2016; Wilson et al., 2019), but not under abiotic stress.

In this study, the diversity and natural variation of a

diploid B. distachyon population of 149 accessions under

combinations of progressive heat and drought stresses are

examined. These accessions were originally collected

throughout the native growth range of B. distachyon, and

come from diverse climates of origin with a wide range of

elevations, temperatures, and precipitation patterns (Fig-

ure 1; Data S1) (Mur et al., 2011; Vogel et al., 2009). At this

time, this is the largest temporal phenotypic assessment of

this crucial model plant to date and also provides the com-

munity with additional low-coverage sequencing informa-

tion because 132 of the accessions used in this study do

not overlap with the accessions genotyped in Tyler et al.

(Tyler et al., 2016). A GWAS was performed to investigate

the underlying genetic architecture in B. distachyon that is

associated with changes in plant phenotype in each of the

drought and heat stress conditions, which will also provide

new information about the B. distachyon genome and its

involvement in abiotic stress responses. This study
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examines B. distachyon as a model for bioenergy grasses,

so the focus traits are biomass accumulation, plant height,

and percent of ‘healthy’ tissue under stress conditions.

RESULTS

Experimental overview

To examine the natural variation of B. distachyon under

drought, heat, and combined drought and heat, low-

coverage sequencing data (genotyping-by-sequencing;

GBS) and two high-throughput phenotyping experiments

using the Bellwether Phenotyping Platform at the Donald

Danforth Plant Science Center (Fahlgren et al., 2015) were

done (Figure 2). In the first phenotyping experiment

(Figure 2a), 137 B. distachyon accessions were grown

under control or water-limited conditions (20% of control

watering, starting on day 5 on the phenotyping platform).

In the second experiment (Figure 2b), a mostly overlapping

population of 144 B. distachyon accessions were treated

with heat or both heat and water-limited conditions (20%

of control watering, starting on day 5 on the phenotyping

platform). Because the Bellwether Platform growth cham-

ber is not subdivided to accommodate two different tem-

perature conditions, the two temperature treatments could

not be done simultaneously. Plant growth conditions were

kept as similar as possible between the two experiments,

with the only major difference being the temperature

(Figure S1). Plants were imaged every other day through-

out both experiments, which totaled 148 491 side-view

RGB images. To account for any differences between the

images from the two experiments, the images from each

experiment were processed independently and the

normalized outputs were compared. This project utilizes

the high-throughput plant phenomics software PlantCV

(Fahlgren et al., 2015; Gehan et al., 2017). The Experimental

Figure 1. Map of B. distachyon collection locations for accessions used in this studyMap of Southern Europe, Northern Africa, and the Western Middle East

showing the distribution of collection locations of 147 of the B. distachyon accessions included in this study (specific collection location is unavailable for two of

the 149 accessions) (Draper et al., 2001; Filiz et al., 2009; Garvin et al., 2008; Tyler et al., 2016). The x- and y-axes represent longitude and latitude on the Earth’s

surface, respectively. The scale bar in the bottom left represents 1000 km.

(a)

(b)

Figure 2. Experimental conditions for phenotyping experimentsExperimen-

tal conditions for both experiments were conducted. A) Experiment with

control and drought treatments. Both were grown at 22°C during the days

and 18°C during the nights, with the drought-treated plants receiving 20%

of control watering starting on day 5 on the phenotyping platform. B) Exper-

iment with heat and a combination of heat and drought treatments. Both

were grown at 35°C during the day and 30°C during the night, with heat and

drought combination treated plants receiving 20% of control watering start-

ing on day 5 on the phenotyping platform (heat treatment began on the

same day). All plants were grown under a 14 h photoperiod.

� 2023 The Authors.
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Procedures section provides a more detailed description of

the analysis methods and links to data.

Individual and combined abiotic stress treatments can be

differentiated by PCA over time

A principal component analysis (PCA) was used on data

for 13 traits extracted from images with PlantCV (percent_

damage, area, height_above_reference, hue_circular_mean,

width, height, convex_hull_area, solidity, perimeter, long-

est_path, ellipse_major_axis, ellipse_minor_axis, ellipse_an-

gle, ellipse_eccentricity) to assess the effects of the different

treatment conditions in this study (Figure 3). The PCA analy-

sis shows the overlap of all experimental conditions at

16 days after planting (DAP), which is prior to the applica-

tion of different treatments, indicating that despite the sepa-

rate experiments, no substantial phenotypic differences

between plants were discernible before stress treatments

began. Over the subsequent days of the experiment, the dif-

ferent treatment groups begin to separate based on their

phenotypic differences, and by 44/45 DAP (the final days of

the experiments with complete data), the PCA results show

strong separation between most treatments (Figure 3). It is

noteworthy that there is a strong separation between the

drought (yellow) and heat (blue) treatments as well as

drought (yellow) and heat-drought (green) treatments, but

there is still substantial overlap between the heat (blue) and

heat-drought (green) treatment groups (Figure 3).

Heat stress alone resulted in the most tissue damage in

comparison to drought and the combined stress

The naı̈ve Bayes classifier from PlantCV calculates the sta-

tistical likelihood that a pixel belongs to user-defined clas-

ses (Abbasi & Fahlgren, 2016; Gehan et al., 2017). To

estimate the effects of individual and combined drought

and heat stresses on tissue damage in B. distachyon, two

classes of healthy and unhealthy tissue were defined based

on color. The amount of unhealthy tissue was then calcu-

lated as a percentage of the total plant shoot area identi-

fied, and categorized as ‘percent damage’. When

examining these data across the B. distachyon population,

there is considerable variation in response to the different

stress treatments (Figure 4). When compared to the con-

trol, some accessions, such as BdTR10E and BdTR9K, can

maintain relatively low percentages of damage across all

three stress treatments, while others, such as BdTR2G,

have relatively high percentages of damage across the

stress treatments compared to control (Data S2). On

the other hand, certain accessions have high percentages

of damaged tissue in some stresses but not in others. For

example, Adi-4 has among the highest increase in percent

damage in heat and heat-drought, but among the lowest in

the drought treatment, whereas ABR6 and BdTR9I have

among the highest increase in percent damage in the

drought and heat-drought treatments, but among the

lowest in the heat treatment (Data S2). An unexpected

result when looking at the percent damage on these plants

was that heat stress alone seems to have caused the most

estimated tissue damage in comparison to drought or the

combined stress (Figure 4). The mean percent damage in

heat, 33.7%, is about double the mean percent damage

in drought, 17.0%, and the heat-drought combination,

14.2%, and many accessions have far more estimated tis-

sue damage under heat than under drought or heat-

drought. The mean increase in percent damage between

control and heat is 23.2%, while it is only 6.3% in drought

and 3.4% in heat drought. BdTR5J is an example of an

accession that follows this trend, having nearly 100% dam-

aged tissue under heat stress, but remaining relatively

healthy under drought and heat-drought conditions (Fig-

ure 5). Bd21-0, which is often used as a reference line for

B. distachyon, also follows this trend and has almost dou-

ble the percent damage in heat compared to both drought

and the heat-drought combination (Data S2). BdTR10E is

an example of one of the few accessions not following this

trend and maintains healthy, green tissue under all three

stress treatments (Figure 5).

The combination of heat and drought stresses resulted in

the greatest decrease in biomass compared to heat or

drought alone

PlantCV outputs were also used to examine biomass accu-

mulation of B. distachyon in these abiotic stress treatments

by assessing both image-estimated plant height and plant

shoot area. Heatmaps of plant height show that while there

is variation across the accessions, the majority are still able

to grow relatively tall in the drought treatment compared

to the other stresses, especially in comparison to the com-

bination of heat and drought (Figure 6). A similar pattern is

seen for the plant shoot area (above-ground area) across

treatments and accessions (Figure S2). Two accessions,

Adi-8, and BdTR2B, show robust growth under these stress

conditions, as they have among the smallest decrease in

area and height compared to the control (Data S2). Con-

versely, accessions such as BdTR11A and ABR5 were

among the worst of all accessions across stress treatments

for biomass robustness, with large decreases in area and

height under all stresses assessed (Data S2). The com-

monly used reference accession, Bd21-0, was also much

smaller in size under all stress treatments compared to the

control (Data S2). Overall, the combination of drought and

heat stresses seems to have a more detrimental impact on

biomass accumulation than heat or drought stress individ-

ually, though heat alone is a close second (Figure 6;

Figure S2). This suggests that B. distachyon has non-

overlapping responses that decrease biomass accumula-

tion when exposed to the combination of drought and heat

stress in comparison to individual stresses. Additionally,

these data seem to indicate that heat caused a more

� 2023 The Authors.
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extreme biomass reduction compared to drought, since

the plants were generally able to maintain biomass in the

drought treatment but were considerably smaller in both

the heat and heat-drought treatments. However, although

plants are smaller under the combined stress conditions,

the results from the naı̈ve Bayes classification would sug-

gest that they have a lower percentage of damaged tissue.

Therefore, B. distachyon maintains a higher amount of

healthy, undamaged tissue under the combined stress in

comparison to heat stress alone, which would suggest that

B. distachyon is better able to respond to the combination

of heat and drought stresses.

Identification of stress-tolerant and stress-susceptible

accessions

The focus of this study was to assess the natural diversity

in B. distachyon resilience to drought and heat stresses.

The aim was to identify accessions with resilient growth

across multiple stresses – not only in one stress – so here

accessions are identified as stress-tolerant only if they

perform well in all three stress conditions, and susceptible

if they perform poorly in all stresses.

There are a variety of ways to assess resilience under

stress conditions. Taking the difference between an acces-

sion’s performance under stress and in control can show

how its size or health changes in a stress condition com-

pared to control. However, this measurement does not take

into account the size of the plant in control conditions. An

accession may have a very small reduction in size between

control and the stress treatments, but this plant could also

be one of the smallest accessions in control, to begin with.

Therefore, just looking at the difference between stress

and control can be misleading, because small changes in

size in a large plant would be a much smaller percent

change than the same numerical difference in a smaller

plant. Accordingly, assessing the difference in height and

area between plants grown under stress conditions

and control conditions relative to the size in control makes

it possible to accurately compare accessions. This is not

necessary for the percent damage phenotype, as this is

Figure 3. PCA of phenotypes measured with PlantCV Principal component analysis of B. distachyon responses to different experimental conditions over

time using trait data extracted from images with PlantCV. Data are organized by days after planting (DAP). Traits included are: percent_damage, area, height_a-

bove_reference, hue_circular_mean, width, height, convex_hull_area, solidity, perimeter, longest_path, ellipse_major_axis, ellipse_minor_axis, ellipse_angle,

ellipse_eccentricity. The graph shows principal component 1 (PC 1) on the x-axis, which explains 59.90% of the variance, and principal component 2 (PC 2) on

the y-axis, which explains 13.41% of the variance, with 95% confidence ellipses included. Points are colored by treatment.
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Figure 4. Heatmaps of percent damage of plant tissue throughout the experimentsHeatmaps of the average percentage of damaged tissue in plants from the

naı̈ve Bayes classifier, in the four experimental conditions (from left to right: control, drought, heat, heat & drought combined). This was calculated by taking

the mean of the percent damage of all plants of the same accession in the same treatment on each day they were imaged. The x-axis of each heatmap shows

days after planting (DAP). On the y-axis are the accessions, sorted alphabetically in descending order. White boxes indicate missing data. Common color key for

all treatments in the top left; blue indicates plants with lower estimated percentage of damaged tissue, and orange indicates plants with higher estimated per-

centage of damaged tissue.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), doi: 10.1111/tpj.16387
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already a percent. The area, height, and percent damage of

the accessions in all four growth conditions of this study

were used to assess overall accession performance across

the treatments. Since the goal of this study is to identify

accessions that display resilient or robust growth across

the stresses assessed, the growth under stress conditions

is always evaluated relative to the growth under control

conditions by using the percent change between the trait

in control and the stress treatments. Since these three

traits (area, height, percent damage) are all on different

scales, these values needed to be normalized to be able to

compare across traits and treatments. A z-score, also

known as a standard score, is a method of describing a

value’s distance from the mean of a group of values (how

many standard deviations from the mean the value is) and

can be used to compare values across datasets with differ-

ent scales. Z-scores were calculated for the measurements

in control, as well as the percent change between the stres-

ses and control for these traits. These z-scores were

included in heatmaps examining resilience in accession

area, height, and percent damage on the final day of the

experiments across all four experimental conditions. The

accessions were ordered using the mean of the z-scores

for all three traits (area, height, percent damage) in the

four experimental conditions to rank them by performance

across stresses and traits (Figure 7). Accessions with the

smallest deficits in plant size and health compared to con-

trol conditions were identified as having resilient growth

under stress, while accessions with the biggest decreases

in size and healthy tissue under stress conditions com-

pared to control were identified as not having resilient

growth under these stresses. An ideal, stress-tolerant

plant, would grow large and healthy in control conditions,

and experience very limited reduction in size and health

under stress. In the context of biofuel production, larger,

healthier plants are most desirable as they will result in the

greatest biomass yield per plant. So, even if an accession

has similar growth to control under stress conditions, if

the accession grows relatively poorly under control condi-

tions to other accessions, it would not be considered ideal.

Under these tested environments, it seems that the acces-

sions that are the largest and healthiest in control are not

very resilient to the heat and drought stresses assessed

(Figure 7). The accessions that are biggest in the control

Figure 5. Images of stress-tolerant and susceptible accessionsPanels showing images of plants from two B. distachyon accessions in all four treatments. The

top, outlined in blue, shows accession BdTR10E, which has been classified as a stress-tolerant accession, and the bottom, outlined in orange, shows accession

BdTR5J, which has been classified as a stress susceptible accession.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), doi: 10.1111/tpj.16387
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treatment in these heatmaps generally have a much higher

relative decrease in size and health across the stress condi-

tions. Whereas, the more average-sized accessions in con-

trol seem to have more resilient growth under these

stresses (Figure 7). Many accessions had resilient growth

in specific stresses but not in others, but there were a few

accessions that consistently performed well or poorly.

BdTR10E and BdTR9K were the two accessions identified

as being most resilient, and therefore tolerant, to the

assessed stress conditions. Both accessions had about

the average area, height, and percent damage in control,

but then among the lowest decreases in size and increases

in percent damage across the stress conditions, indicating

resilient growth to these stresses relative to the other

accessions in this study (Figure 7). On the other hand,

BdTR2G and BdTR5J, are among the least resilient acces-

sions, and therefore most stress susceptible, with some of

the largest relative decreases in size and increases in per-

cent damage in the stresses compared to control (Figure 7).

Images of BdTR10E, a tolerant accession, and BdTR5J, a

susceptible accession, show how these differences in stress

tolerance are reflected in B. distachyon appearance under

these stress treatments compared to the control (Figure 5).

While the goal was to identify accessions with resil-

ient growth across all stress conditions, in particular, it is

still useful to identify accessions that are especially tolerant

or susceptible to single stress treatment. The normalized

values (z-score) for the trait measurements in control and

the difference between the stresses and control were used

here as well. Accessions were ranked by mean values of z-

scores for all three traits (area, height, percent damage) in

each treatment to find accessions that have resilient or

poor growth across the three traits within each stress.

Complete lists of the accessions ranked by performance in

each of the stresses can be found in the Supporting Infor-

mation (Data S2). A notable result is that Bd21-0, a com-

monly used reference line for B. distachyon, performed

very poorly in the heat and heat-drought combination

stress treatments (Data S2). Bd21-0 is just above average

in the drought stress but is in the bottom 25% of acces-

sions in the heat and heat-drought treatments (Data S2).

Variance explained by treatment is larger and appears

earlier in heat and heat-drought treatments than in

drought

For each stress treatment compared to control, the partial

correlations, or percent variance explained, of genotype,

treatment, and the genotype-treatment interaction (GxE)

were calculated using a variance components model. The

analyses were done using data from four time points

throughout the experiments, corresponding to 22, 28/29,

36/37, and 44/45 DAP, to assess the variance explained

over time. The variance explained was plotted in stacked

bar graphs to show both the total variance explained for
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Figure 6. Heatmaps of plant height throughout the experimentsHeatmaps of average plant height in the four experimental conditions (from left to right: control,

drought, heat, heat & drought combined). This was calculated by taking the mean height (height_above_reference from PlantCV) of all plants of the same acces-

sion in the same treatment on each day they were imaged. The x-axis of each heatmap shows days after planting (DAP). On the y-axis are the accessions, sorted

alphabetically in descending order. White boxes indicate missing data. Common color key for all treatments in top left; orange indicates shorter plants, and blue

indicates taller plants.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), doi: 10.1111/tpj.16387
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each phenotype measured as well as the amount explained

by genotype, treatment, and the genotype-treatment inter-

action, in addition to the amount unexplained (Figure 8).

These values are also available in the Supporting Informa-

tion (Data S3). The variance explained by the genotype rep-

resents the broad sense of heritability of the traits among

these B. distachyon accessions. For most traits, the geno-

type components were largest at Time Point 1 and

decreased over time as the treatment effect increased (Fig-

ure 8). This is especially true for the drought treatment,

where the treatment component only begins to account for

any meaningful portion of the variance explained in Time

Point 2. In the heat and heat-drought treatments, however,

the treatment component accounts for a much larger por-

tion of the variance explained earlier, with this component

making up over 70% of the variance explained for some

variables already at Time Point 1 in both the heat and

heat-drought treatments, compared to less than 1% in the

drought treatment. Additionally, the variance explained by

the treatment is larger overall in the heat and heat-drought

treatments compared to the drought treatment. The largest

is 89.37% and 89.96% for any variable in the heat and heat-

drought treatments, respectively, at Time Point 4, com-

pared to 79.26% in the drought treatment (Figure 8). This

suggests that the heat treatment impacted plants earlier

than the drought treatment, which is likely because the

water-limitation treatment started with soil at well-watered

levels, and therefore would take time to dry down to target

levels, while the increase in temperature was immediate.

Also, since the traits in both treatments that involve heat

(heat and heat-drought) have higher percentages of their

variance explained by the treatment, in contrast to the

drought treatment, this demonstrates that the responses to

the heat treatments are more severe compared to the

responses to drought for the B. distachyon accessions in

this study.

Treatment

Area Height Percent Damage

Large/HealthySmall/Unhealthy

Figure 7. Heatmaps of accession performance in stress treatmentsHeatmaps of z-score values for plant area, height, and percent damage in control and the per-

cent change between control and the three stress treatments at 44/45 DAP. The y-axis shows the accessions, ranked in descending order by the mean of the z-

scores across all four treatments for all three traits. The x-axis shows the treatments, and the color indicates ‘performance’ in the treatment, with lighter colors

indicating ‘poor’ performance (small area or height, or large percent damage), and darker colors indicating ‘good’ performance (large area or height, small per-

cent damage).

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), doi: 10.1111/tpj.16387

10 Ella Ludwig et al.

 1365313x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16387 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [03/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



B. distachyon has strong population structure with two

main subpopulations separated based on country of origin

The data presented so far demonstrate that there are differ-

ences in phenotype between the B. distachyon accessions

included in this study under the environmental conditions

assessed. Investigating the underlying genetics could

help elucidate what might be driving these phenotypic

differences.

Population structure is the presence of a difference in

allele frequencies between different groups in the popula-

tion and it often arises from physical separation between

members of a species either because of distance or bar-

riers (Corander et al., 2008). Population structure is impor-

tant to identify because it could lead to errors in genetic

analyses like GWAS if a homogenous distribution of alleles

throughout the population is incorrectly assumed (Corander

et al., 2008). Using single nucleotide polymorphisms (SNPs)

identified from the GBS data, a PCA was done to examine

the population structure of the B. distachyon accessions in

this study (Figure 9). PCA shows two main clusters (with a

few accessions not in either cluster), which indicates that

there is a strong population structure present in this popula-

tion of B. distachyon accessions (Figure 9). These results

support previous conclusions that found a strong popula-

tion structure in B. distachyon populations (Draper et al.,

2001; Filiz et al., 2009; Garvin et al., 2008; Tyler et al.,

2016). Clustering is almost exclusively by country of origin,

with accessions from Spain and Turkey making up the two

main subpopulations (Figure 9). Fixation index (Fst) calcula-

tions between these two main subpopulations also con-

firmed the genetic separation between them (Weir and

Cockerham mean Fst estimate = 0.4014). A kinship matrix

visualizes how these subpopulations cluster by genotype

(Figure S3).

Figure 8. Percent variance explained by genotype, treatment, and genotype-treatment interactionStacked bar graphs of the variance explained between all

stress treatments compared to control conditions. The x-axes show different phenotypic measurements output from PlantCV, and the y-axes show the percent

variance explained. Gray bars represent unexplained variance, blue bars represent variance explained by genotype, orange bars represent variance explained by

treatment, and purple bars represent variance explained by genotype-treatment interaction. The top row shows the variance explained between control condi-

tions and the drought treatment. The middle row shows the variance explained between control conditions and the heat treatment. The bottom row shows the

variance explained between control conditions and the combined heat and drought treatment. Plots are organized by time point in columns, Time Point 1 is

22 days after planting (DAP), Time Point 2 is 28/29 DAP, Time Point 3 is 36/37 DAP, and Time Point 4 is 44/45 DAP.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), doi: 10.1111/tpj.16387
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B. distachyon climate of origin is correlated with

responses to heat and drought stresses

To see if there was a correlation between more ‘stress tol-

erant’ accessions and the climates that they were collected

in, the correlation between the climate of each B. distach-

yon accession collection location (climate of origin) and its

phenotypic response under stress was examined. Although

the B. distachyon accessions assessed in this study are

native to hot, arid regions of the world, there is still consid-

erable variation between the climates of origin. Given the

hypothesis that plants have adapted to the environment in

which they have evolved (Anderson et al., 2011;

Mitchell-Olds et al., 2007), the goal of this research was to

determine if there were correlations between phenotype

and climate of origin. Although we would need to explore

these further, these correlations might suggest that local

adaptations to different climates could be driving genetic

and phenotypic differences in B. distachyon. Using data

from WorldClim (Fick & Hijmans, 2017), 19 bioclimatic vari-

ables plus elevation data were included in this analysis.

The data point from WorldClim that was closest to each

accession’s collection location was designated as that

accession’s ‘climate of origin’. More detail about this pro-

cess can be found in the Experimental Procedures section.

A correlation plot of the bioclimatic variables shows

strong correlations between different groups of variables,

which help to describe general patterns in the climates of

origin for the B. distachyon accessions (Figure S4). The

correlations between the bioclimatic variables indicate that

the accessions come from climates that are generally hot

and dry, or cooler and wet at different times of the year.

The strong positive relationships between Precipitation of

Driest Month (bio14), Precipitation of Driest Quarter

(bio17), and Precipitation of Warmest Quarter (bio18), as

well as the strong negative relationship between Mean

Temperature of Warmest Quarter (bio10) with the three

previously mentioned precipitation-related variables

(bio14, bio17, bio18), indicate that the warmest time of

year in the climates of origin of this B. distachyon popula-

tion coincides with the driest time of year (Figure S4). The

strong positive correlation between Precipitation of Wet-

test Quarter (bio16) and Precipitation of Coldest Quarter

(bio19) demonstrates that the wettest time of the year is

also the coolest time of the year (Figure S4). As expected,

higher elevations are associated with cooler temperatures

in the B. distachyon climates of origin, as indicated by the

negative relationship between Elevation and Annual Mean

Temperature (bio1), Max Temperature of Warmest Month

(bio5), Min Temperature of Coldest Month (bio6), Mean

Temperature of Warmest Quarter (bio10), and Mean Tem-

perature of Coldest Quarter (bio11) (Figure S4).

A principal component analysis (PCA) of climate data

(19 bioclimatic variables from WorldClim) showed that cli-

matic differences grouped by collection country of origin,

are similar to the population structure clusters (Figures 8

and 10). Clear differences in climate of origin across the B.

distachyon population explain a large portion of the varia-

tion across the climate variables ( ∼ 70%; Figure 10). There

were two main climate clusters, one mostly representing

the B. distachyon accessions collected in Turkey (yellow

Figure 9. PCA of population structure for the B. distachyon accessions used

in this studyPrincipal component analysis (PCA) of B. distachyon population

structure. This PCA incorporates SNP information, called using Stacks, for

147 B. distachyon accessions. The graph shows principal component 1 (PC

1), which explains 18.76% of the variance, on the x-axis, and principal com-

ponent 2 (PC 2), which explains 17.56% of the variance, on the y-axis, with

95% confidence ellipses included. Points are colored by the country of ori-

gin for each accession.

Figure 10. PCA of bioclimatic variables describing B. distachyon climate of

originPrincipal component analysis (PCA) of B. distachyon collection loca-

tion climates, using data downloaded from WorldClim. This PCA incorpo-

rates 19 bioclimatic variables describing in detail the climate in the location

where 147 of the 149 B. distachyon accessions were collected, which we

define as ‘climate of origin’ (specific collection location is unavailable for

two accessions). The graph shows principal component 1 (PC 1), represent-

ing 47.92% of the variation explained, on the x-axis and principal compo-

nent 2 (PC 2), representing 21.82% of the variance explained, on the y-axis,

with 95% confidence ellipses included.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), doi: 10.1111/tpj.16387
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points; Figure 10) and the second clustering of the data

points predominantly representing the accessions col-

lected in Spain (green points; Figure 10). This separation

suggests meaningful differences in the climates of these

two native growth regions for B. distachyon. Over time,

these climatic differences could contribute to selective

pressures that drive differences in abiotic stress tolerance

between B. distachyon accessions. Since only one acces-

sion from France and Slovenia, and two from Iraq have cli-

mate data available, there are not enough data to make

conclusions about the climate of these regions compared

to the others (Figure 10).

Further evaluation of the WorldClim data revealed sig-

nificant correlations between climate of origin and B. dis-

tachyon responses to the abiotic stress conditions

assessed (P-values <0.05, Spearman correlation test).

A total of 14 bioclimatic variables from WorldClim and ele-

vation, out of the 20 climatic variables assessed, are signif-

icantly correlated with B. distachyon responses to these

stresses. The climatic variables are correlated with either

height or percent damage in each of the three stress condi-

tions, but no climate variables were significantly correlated

with plant area (Figure 11). The relationships between the

climate variables and plant traits are colored based on

the correlation coefficient, and significant correlations

are denoted with asterisks based on P-value (* P < 0.05,

** P < 0.01). Of the variables that are correlated with the

B. distachyon response to the stresses assessed, seven

are associated with only one stress condition. There is just

one variable – bio5, the max temperature of the warmest

month – that is correlated with only drought, and also just

one – bio16, precipitation of wettest quarter – that is only

correlated with heat, while there are five variables that are

only correlated with the heat-drought combination (Fig-

ure 11). On the other hand, eight variables are associated

with more than one stress. Two of these – bio3, isotherm-

ality (mean of monthly temperature range/temperature

annual range), and bio12, annual precipitation – are signifi-

cantly correlated with B. distachyon response to all three

stress conditions: drought, heat, and the combination of

drought and heat (Figure 11). These correlations suggest

that there are significant relationships between the climate

of origin and B. distachyon phenotype in abiotic stress

conditions, which could indicate local adaptation that is

driving the diverse stress responses of these accessions.

Interestingly, there are no clear patterns of precipitation-

related variables being correlated with the responses to

the drought stress or temperature-related variables being

correlated with the responses to the heat stress as might

be expected. In fact, it almost seems the opposite, with

more correlations between temperature-related variables

and drought, and more correlations between precipitation-

related variables and heat (Figure 11). Also, there are corre-

lations between 13 climate variables and the combined

heat and drought stress, compared with correlations

between only six variables with either the drought alone or

the heat alone. This underlines the complexity of climate

and the close ties between temperature and precipitation

and emphasizes why it is necessary to study abiotic stres-

ses in combination.

Genome-wide association mapping found SNPs

significantly associated with B. distachyon response to

heat and drought stress conditions

A genome-wide association study was conducted to iden-

tify genetic loci associated with changes in plant pheno-

types in response to heat and drought treatments. To

assess the genetic basis of heat and drought responses in

B. distachyon over time, GWAS was done using data from

each of the four Time Points previously mentioned (Time

Point 1 at 22 DAP, Time Point 2 at 28/29 DAP, Time Point 3

at 36/37 DAP, and Time Point 4 at 44/45 DAP – the final day

with data for all treatments). Often, GWAS are done by

using the measurement of the trait of interest under a

stress condition, which can reveal associations between

the genome and that trait under stress conditions. How-

ever, using the difference between a trait measurement

under stress and control allows the GWAS to uncover

associations between the genome and the response to the

stress condition, which is the focus of this study. A sepa-

rate GWAS was done for each stress treatment by taking

the average of measurements for the specific trait of inter-

est across all replicates for a given treatment at that time

point, and taking the difference of those averages under

the stresses compared to the average of the replicates

under control conditions, and using this difference as the

trait measurement for the GWAS (Bac-Molenaar et al.,

2016; Davila Olivas et al., 2017; Gao et al., 2019). This was

done for three phenotypic measurements: plant height,

plant shoot area, and percent of shoot tissue damage. Full

GWAS results are available in the Supporting Information

(Data S4).

In total, 19 SNPs were significantly associated (P <

1.71e-5) with either height or percent damage (Figure 12;

Figures S5a, S6, Data S4). No SNPs were significantly asso-

ciated with plant shoot area (Figure S5b, Data S4). The aver-

age linkage disequilibrium (LD) decay was found to be

100 000 bp at an r2 = 0.2 (Figure S7., Data S5), a commonly

used LD decay cutoff (Aoun et al., 2016; Gur et al., 2017), so

candidate genes could be found within this range, upstream

or downstream from a significant SNP. However, such a

range can often contain hundreds of genes, and since this

was a preliminary exploratory analysis of these genes, in this

study only the two adjacent genes closest to a significant

SNP were examined.

18 SNPs were significantly associated with height; 10

at Time Point 3 and eight at Time Point 4 (Figure 12). At

Time Point 3, there were SNPs significantly associated with

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), doi: 10.1111/tpj.16387
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height in all three stress treatments, with one SNP, 123896_58

on chromosome 3, overlapping between the drought and heat

treatments (Figure 12). At Time Point 4, SNPs were signifi-

cantly associated with height in the heat and heat-drought

treatments, with one SNP, 148978_31 on chromosome 4, over-

lapping between both of these stresses (Figure 12). Overall

there was not much overlap from one time point to the next,

but one SNP, 100003_43 on chromosome 3, was significantly

associated with height in the drought treatment at Time Point

3, and in the heat treatment at Time Point 4. Only one SNP

was significantly associated with percent damage, and this

was at Time Point 4 in the heat treatment (Figure S5a).

A table of genes closest to SNPs that are significantly

associated with plant height or percent damaged tissue is

Figure 11. Heatmap of correlations between bioclimatic variables and plant responses to stress treatmentsHeatmap of correlations between the 19 bioclimatic

variables from WorldClim plus elevation for each accession’s climate of origin and changes in plant area, height, and percent damage in the stress treatments

compared to control. Trait and treatment combinations are on the x-axis, and climate variables are on the y-axis. Symbols indicate the category of climatic vari-

ables. Bioclimatic variables variables are: bio1-annual mean temperature; bio2-mean diurnal range (mean of monthly max temp – min temp); bio3-isothermality

(bio2/bio7)(×100); bio4-temperature seasonality (standard deviation × 100); bio5-max temperature of warmest month; bio6-min temperature of coldest month;

bio7-temperature annual range (bio5-bio6); bio8-mean temperature of wettest quarter; bio9-mean temperature of driest quarter; bio10-mean temperature of

warmest quarter; bio11-mean temperature of coldest quarter; bio12-annual precipitation; bio13-precipitation of wettest month; bio14-precipitation of driest

month; bio15-precipitation seasonality (coefficient of variation); bio16-precipitation of wettest quarter; bio17-precipitation of driest quarter; bio18-precipitation of

warmest quarter; bio19-precipitation of coldest quarter. Red indicates a positive correlation and blue indicates a negative correlation, with darker colors indicat-

ing a stronger correlation between a climate variable and a trait in a specific stress treatment, and lighter colors a weaker correlation. Significant correlations

are denoted as follows: * P < 0.05, ** P < 0.01.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), doi: 10.1111/tpj.16387
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available in the Supporting Information (Data S6). These

genes closest to significant SNPs are discussed further in

the Discussion section and are potential targets to alter

plant response to abiotic stress conditions.

DISCUSSION

Current elite crops have been bred to be extremely high-

performing but not necessarily very tolerant to fluctuations

in climate or weather patterns that expose crops to abiotic

stresses (Mickelbart et al., 2015). Accordingly, it is valuable

to explore the natural variation of phenotypes in weedy rel-

atives to these major crops, to exploit their diversity in

stress tolerance and improve that of current elite crops

(Mickelbart et al., 2015). B. distachyon is an example of a

weedy relative of major food and biofuel crops with natu-

ral phenotypic variation (International Brachypodium Initia-

tive, 2010). Studying this powerful model of C3 grass to

assess its natural variation and understand genetic loci

associated with its abiotic stress responses could aid in

improving abiotic stress tolerance in the elite crops that

feed and fuel the world’s growing population. Also, the

anticipated increase in drought and heat stresses as a

result of climate change and the distinct impact of stresses

in combination underscores the importance of phenotyp-

ing plants under multiple stresses that frequently co-occur.

The differences in responses to individual versus com-

bined abiotic stresses are central to this study. For plant

biomass accumulation (plant shoot area and height), the

combination of heat and drought stress is generally the

most detrimental for B. distachyon (Figure 6; Figure S2).

B. distachyon accessions accumulated less biomass in

the combination of stress conditions compared to when

exposed to heat or drought stresses individually (Figure 6;

Figure S2). Plants in heat stress were also much smaller

than in drought stress and closer in size to plants in the

heat and drought combination, but on average were still

larger than in the combination stress treatment (Figure 6;

Figure S2). These results alone might indicate that the

combination of heat and drought stresses is more severe

than individual stresses. However, when considering all

results of this study, particularly tissue damage, B. distach-

yon responses to heat stress seem to be more detrimental

than those to the drought treatment applied or the combi-

nation of these two stresses for B. distachyon. Further,

when comparing all measured phenotypes in this study,

the drought stress is distinct from both heat-related stres-

ses, since more overlap in responses was observed

between the heat and heat-drought stresses (Figure 3). Var-

iance in phenotype explained by genotype, treatment, and

the genotype-treatment interaction shows the treatment

effect appearing earlier for the heat and heat-drought treat-

ments compared to the drought treatment (Figure 8). The

treatment effect is also larger for most traits in both heat-

related treatments than in the drought treatment (Figure 8),

suggesting that the heat treatments may have a stronger

effect than the drought treatment in this study.

Fitting with the variance explained data, estimated

plant tissue damage in B. distachyon was generally the

highest in response to heat stress alone, in comparison to

either drought alone or the combination of heat and

drought (Figure 4). This could, in part, be affected by the

control and drought treatments being done in one experi-

ment, and heat and the combined heat drought in another.

However, both the heat and heat-drought treatments were

conducted in the same experiment, so they can be directly

compared, and plants in the heat treatment overall had
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Figure 12. Manhattan plot of GWAS for plant height throughout the experimentsManhattan plot of GWAS results for height (difference between plant height in

stress treatment and in control) at four time points throughout the experiments. Time Point 1 is 22 days after planting (DAP), Time Point 2 is 28/29 DAP, Time

Point 3 is 36/37 DAP, and Time Point 4 is 44/45 DAP. Each point represents a SNP. The height of the SNP on the y-axis represents the strength of association

with plant height, expressed as �log10(P-value). Points are colored by chromosome. The green horizontal line represents the significance cutoff and is calcu-

lated by dividing 0.05 by the number of SNPs included in the GWAS: �log10
0:05
2, 977

� �
¼ 4:7748. Vertical dashed gray line indicates that an SNP is significantly asso-

ciated with plant height in more than one stress treatment.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), doi: 10.1111/tpj.16387
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much more damage than those in the combined stress,

which was a very unexpected result. Also, considering that

at the beginning of both experiments, there were no major

differences between the plants in the different experiments

(Figure 3), the magnitude of the difference in percent dam-

age in the heat treatment compared to drought is so large

(more than double), it seems highly unlikely that this is

only caused by differences between the two highly con-

trolled experiments.

Overall, though past studies suggest that the

responses to the combination of drought and heat stress

would generally be more severe than individual stresses

(Atkinson et al., 2013; Balfagón et al., 2020; Choudhury

et al., 2017; Mittler, 2006; Rasmussen et al., 2013; Rizhsky

et al., 2002, 2004), our data show that, when taking the plant

tissue damage trait into account, heat stress caused the

most detrimental response in B. distachyon under

the tested conditions. These results suggest that B. distach-

yon may have stress avoidance strategies to survive hot

and dry conditions by slowing growth and accumulating

less biomass under drought stress and the combined heat

and drought stress, while still maintaining healthy tissue.

Although B. distachyon can accumulate marginally more

biomass in heat than in the combination of heat and

drought, the high amount of estimated tissue damage sug-

gests that B. distachyon is not well-equipped to survive

under heat and well-watered conditions.

As previously mentioned, abiotic stresses like heat

and drought are often found to occur simultaneously in

nature, so it is possible that B. distachyon has adapted to

maintain healthy tissue under a combination of drought

and heat but not under heat alone. In fact, the native

growth region of B. distachyon is in the Mediterranean and

Middle East, regions of the world that are generally warm

or hot and very arid (Draper et al., 2001; Filiz et al., 2009;

Garvin et al., 2008). According to the most recent Köppen–
Geiger climate classification, the collection locations of the

B. distachyon accessions examined in this study are gener-

ally classified as arid or temperate, with dry summers (Peel

& Mahon, 2007). This is corroborated by the climate data

presented from WorldClim, which shows that the climates

of origin of these B. distachyon accessions are hot and dry,

or cool and wet, in different seasons (Figure S4), and over-

all receive relatively low amounts of precipitation annually.

This region is warm and typically does not receive much

precipitation, so B. distachyon would likely very rarely be

exposed to hot but well-watered conditions in its climates

of origin. Consequently, it may be that when B. distachyon

experiences heat stress, it is adapted to encounter drought

as well, and is therefore more susceptible to water stress

when well-watered in heat. Conversely, it could also be

that when B. distachyon is exposed to drought, as it often

is in its native climates, it is also adapted for heat stress,

so when well-watered it is not prepared to maintain

healthy tissue in heat. In this study, the heat and drought

treatments began on the same day for the plants experienc-

ing the combined heat and drought stress, however, the

heat stress takes effect earlier, since the temperature

increased within the span of a few hours, while it took days

for the pots to dry down and the plants to begin experienc-

ing the effects of the water-limitation. Therefore, it seems

reasonable to hypothesize that for the plants in the com-

bined stress treatment group, the heat primed them for

drought, which is why they were able to maintain healthy

shoot tissue throughout the experiment, in contrast to the

plants in the heat only treatment group, which were also

primed to experience drought but were then well-watered.

This could be due to differences in transpiration or water

use efficiency in response to the individual and combined

stresses, which is an important avenue to explore in

future studies to help elucidate the mechanisms by which

B. distachyon responds to different stresses and their

combinations.

While the climates of origin of these B. distachyon

accessions have similarities – generally dry and warm or

hot summers with cooler, wetter winters – the climate data

from WorldClim presented also show variation in these cli-

mates of origin (Figure 10). Analyses of these climate data

and B. distachyon phenotype under drought and heat

stresses revealed significant associations between the cli-

mate of origin and B. distachyon responses to these stres-

ses. This suggests that these accessions may be locally

adapted to their climate of origin, which is driving their

responses to these heat and drought stresses. Two acces-

sions, BdTR10E and BdTR5J, illustrate this possibility. Both

accessions are from Turkey, but from different geographic

regions with distinct climates, and have contrasting

responses to the drought and heat stresses in this study.

BdTR10E was one of the accessions identified as being

most tolerant to all three stress treatments, compared to

BdTR5J, which was identified as being one of the least tol-

erant to these stresses (Figure 7; Data S2). BdTR10E is from

the Southeastern Anatolia Region of Turkey (Filiz et al.,

2009), which is a relatively low-lying area of the country

(Figure 1; Data S1). The collection location of BdTR10E sits

at an elevation of 448 m above sea level and has a hot and

dry climate with low amounts of precipitation (Data S1). In

contrast, BdTR5J is from the Central Anatolia Region of

Turkey in the Köroğlu Mountains (Figure 1; Data S1) (Filiz

et al., 2009). It was collected at an elevation of 1556 m

above sea level, in a climate that is cooler overall, espe-

cially during the dry season and receives more precipita-

tion, even during the warmer season (Data S1). These data

show that BdTR10E was collected in an area with a much

hotter and drier climate than where BdTR5J originates

from. This is especially interesting considering that

BdTR10E performed well under drought and heat stress

conditions, and BdTR5J performed poorly under these

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), doi: 10.1111/tpj.16387
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stress treatments (Figure 5). This could suggest that these

accessions are locally adapted to their climates of origin.

However, reciprocal transplant experiments would be

required to test this hypothesis to see if there are higher

rates of survival and fitness for B. distachyon accessions in

their home environments.

As mentioned previously, a challenge in studying abi-

otic stress tolerance is the diverse ways in which these

stresses can be experimentally applied, and that acces-

sions are conflictingly described as tolerant or susceptible

in different studies. The data presented in this study is no

exception, as BdTR2C and Bis-1 were both identified as

accessions displaying resilient growth in the drought

stress applied (Data S2). However, both of these acces-

sions were identified as drought susceptible in the 2011

study done by Luo et al. (Luo et al., 2011). Similarly, in this

study, Bd21-3 and BdTR13E were found to be susceptible

to drought (Data S2), while Luo et al. identified these

accessions as moderately drought tolerant (Luo

et al., 2011). Des Marais et al. assessed B. distachyon

growth under similar conditions to this study – cool wet

(control), cool dry (drought), hot wet (heat), and hot dry

(heat and drought combined) – and found that accessions

grew best in the hot wet conditions (Des Marais

et al., 2017). Similar results were reported in studies from

2017 and 2019, in which Shaar-Moshe et al. assessed

Bd21-3 under drought, heat, and combined heat and

drought treatments, among others, and reported an

increase in plant biomass in their heat treatment (Shaar-

Moshe et al., 2017, 2019). Tconflictslict with the results pre-

sented in this study, where all plants in the heat treatment

were much smaller than in the control treatment (Figures 5

and 6; Figure S2). The results for the drought and combina-

tion heat-drought treatments were generally similar

between this study and Des Marais et al. and the two

Shaar Moshe et al. studies, with biomass reduced in these

two treatments compared to control (Figures 5 and 6;

Figure S2) (Des Marais et al., 2017; Shaar-Moshe et al.,

2017, 2019). These similarities and differences between

results from different studies highlight the challenges in

comparing abiotic stress studies, especially because the

stress treatments were applied in distinct ways, at different

stages of growth and for varying durations, and data were

collected using a range of techniques. This does, however,

indicate that the same or similar stresses can have con-

trasting effects at different stages in the B. distachyon life

cycle, and shows the need for future research into the

effects of abiotic stresses at different stages in plant vege-

tative and reproductive growth. These differences between

results from different studies on the same stresses also

highlight the need for platforms such as the phenotyping

system used in this study. Traits like biomass have histori-

cally only been possible to measure destructively in a one

time measurement, so it was impossible to get information

about an individual plant over time. Measurements like

height could at least be measured non-destructively, but it

can be very time- and labor-intensive to measure many

plants, and therefore not feasible to do frequently through-

out an experiment spanning multiple weeks with many

plants. There are also phenotypes such as plant health or

greenness, which have generally been measured with scor-

ing done by humans, which, as with height measurements,

can be time- and labor-intensive, and also very subjective

and therefore difficult to compare and reproduce. With

image analysis, it is possible to measure these traits more

accurately and precisely over the course of an entire exper-

iment, and results can be more reproducible.

This study found 19 genetic loci significantly associ-

ated with changes in B. distachyon height and percent dam-

age in response to the different abiotic stress treatments

compared to control conditions (Figure 12, Figures S5a, S6,

Data S4). These results could point to genes that regulate B.

distachyon’s responses to drought, heat, and the combina-

tion of drought and heat. While two SNPs were found to be

significantly associated with height in multiple stress treat-

ments, most significant SNPs were distinct between the dif-

ferent stress treatments, which suggests that the individual

stresses likely activate unique sets of stress pathways, but

also that the combined stress may activate different path-

ways compared to each stress individually (Figure 12;

Figure S5). This suggests that different genes are associated

with the responses to the tested abiotic stresses. Since heat

and drought often activate different mechanisms by which

plants respond to stresses (Atkinson & Urwin, 2012; Mit-

tler, 2006; Rizhsky et al., 2002, 2004), it would not be surpris-

ing to discover that different genes are involved in drought

tolerance compared to heat tolerance, as well as the combi-

nation of these two stresses.

18 SNPs were significantly associated with height at

different times during the experiment (Figure 12). Notable

candidate genes located near these SNPs significantly

associated with height that are known to be involved in

plant abiotic stress responses include a sugar transporter

(Gautam et al., 2019; Gupta & Kaur, 2005; Kaur et al.,

2021; Saddhe et al., 2021), a Replication Factor-A protein

(Chowdhury et al., 2021; Ishibashi et al., 2005; Nisa et al.,

2019), an autophagy (ATG) protein (Bassham et al., 2006;

Dokladny et al., 2013; Zhou et al., 2014), and a fasciclin 1

(FAS1) domain (Faik et al., 2006; MacMillan et al., 2010;

Pinski et al., 2019; Seifert, 2018) (Data S6). A particularly

interesting candidate gene, in this case, is the FAS1

domain-containing protein, which is in close proximity to

the SNP significantly associated with height in both heat

and the heat-drought treatments at Time Point 4 (Figure 12;

Data S6). Fasciclin domains are a cell adhesion domain

that is found in insects, animals, bacteria, fungi, and algae,

and is found as a large family of fasciclin-like arabinoga-

lactan proteins (FLAs) in higher plants (Faik et al., 2006;

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), doi: 10.1111/tpj.16387
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MacMillan et al., 2010). Some FLAs have been linked to

secondary cell wall synthesis in Arabidopsis stems, and

with wood formation in tree trunks and branches, which

suggests a role in the development of plant stems, and

research into this gene family has found that FAS domain

FLAs contribute to stem strength in plants by regulating

cellulose deposition and affecting the integrity of the cell-

wall matrix (MacMillan et al., 2010). Studies have shown

that FLA genes are involved in plant abiotic stress

response, including findings showing that some FLA genes

were up- or down-regulated in response to abiotic stress

including heat and dehydration in wheat (Triticum aesti-

vum) (Faik et al., 2006) and that rice (Oryza sativa L.) FLA

genes also displayed differential expression patterns

induced by abiotic stresses (Ma & Zhao, 2010). Besides

close genetic relatives of B. distachyon, a study examining

FLA transcript levels in response to temperature stress in

B. distachyon found that multiple FLA genes were upregu-

lated at high temperatures compared to the control (Pinski

et al., 2019). This candidate gene is especially noteworthy

considering the role that FLA genes play in cell wall devel-

opment and stem strength in plants and that this SNP is

significantly associated with height, which would be

impacted by stem strength and development.

One SNP was significantly associated with the percent

shoot damage in the heat stress condition (Figure S5a,

Data S4). One notable candidate gene located near this

SNP significantly associated with percent damage encodes

a spindle- and kinetochore-associated (Ska) protein 2

(Data S6). Ska proteins form a complex with at least three

parts, made of Ska1, Ska2, and Ska3, that are involved in

cell division (Gaitanos et al., 2009; Hanisch et al., 2006; Hel-

geson et al., 2018). The Ska complex associates with the

spindle and kinetochore during mitosis, and cells with

reduced Ska levels had much longer delays before transi-

tioning into anaphase from metaphase (Gaitanos

et al., 2009; Hanisch et al., 2006). Not much is known about

the involvement of the Ska complex in plant responses to

abiotic stresses, but the kinetochore structure in human

cells showed increased sensitivity to temperature stress in

the absence of Ska1 and Ska2 (Hanisch et al., 2006), and

plant Ska genes are homologous to those in animals

(Yamada & Goshima, 2017).

This work found interesting correlations between the

B. distachyon climate of origin and the responses to heat

and drought stresses, which need to be explored further in

future work. This study also identified potential causative

loci for heat and drought responses in B. distachyon and

contributes new sequencing data to the community. This

dataset can be leveraged for future studies into uncovering

the mechanism of heat and drought tolerance in B. distach-

yon, which may allow for genetic modifications or targeted

breeding efforts to improve abiotic stress tolerance of cur-

rent major food and biofuel crops.

EXPERIMENTAL PROCEDURES

Plant material

Diploid accessions of B. distachyon from the USDA and the Mur
Lab (University of Aberystwyth) were used in both phenotyping
experiments. The population of B. distachyon accessions used in
this project was collected throughout this model plant’s native
range in the Mediterranean and the Middle East (Draper
et al., 2001; Filiz et al., 2009; Garvin et al., 2008; Tyler et al., 2016).
The majority of accessions were collected in Turkey and Spain,
but the distribution of this population’s collection locations can be
seen in Figure 1. More detailed information regarding the collec-
tion locations of these accessions can be found in the Supporting
Information (Data S1). 137 accessions were included in the experi-
ment with drought and control conditions, and 144 accessions
were used in the experiment with heat and heat-drought condi-
tions. These were overlapping sets of B. distachyon accessions,
with 132 being included in both experiments. Approximately 4
replicate plants of each accession were included for every treatment.

Plant growth and application of stress treatments

The B. distachyon accessions in each experiment were split into
two groups and planted in plug trays on either day 1 or day 2 of
both experiments (control and drought; heat and heat-drought).
Splitting the accessions into two planting groups made it possible
to compare plants of the same age in images taken throughout
the experiment since plants were imaged every other day. Seeds
were planted in plug trays and allowed to germinate for 3 days.
After germinating, accessions were transplanted to prefilled pots
and allowed to grow for 10 days in a Conviron growth chamber.
The pots used were 4-inch diameter white/gray pots from Hum-
mert, prefilled with ∼ 473 ml of MetroMix360 soil premixed with
0.5 g of Osmocote Classic 14-14-14 fertilizer (Everris NA Inc., Dub-
lin, OH, USA). After 10 days of growth, pots were barcoded, then
returned to the Conviron growth chamber for an additional
2 days. Barcoded information included genotype identification,
water treatment group, and a unique pot identification number.
During the germination and pre-growth period for both experi-
ments, plants were grown under a 14-h photoperiod (14 h day/
10 h night) at 22°C day/18°C night, 50% relative humidity, and
light intensity of ∼ 200 μmol/m2/sec. At 15 days after planting
(DAP) the two groups of plants were loaded into the Conviron
growth chamber of the Bellwether Phenotyping Platform.

In both experiments, plants were grown under 14 h-
photoperiod (14 h day/10 h night) with a light intensity of
200 μmol/m2/sec and relative humidity at 50% on the Bellwether
Phenotyping Platform (Figure S1). In the control and drought
experiment, the temperature was 22°C during the day and 18°C at
night, and in the heat and heat-drought experiment it was 35°C
during the day and 30°C at night (Figure S1). The water treatments
were done by watering to a specific target weight for each treat-
ment. These target weights were calculated by using the method
described by Fahlgren et al. (2015). In short: pre-filled pots that
had been completely dried down were weighed, then fully satu-
rated with reverse osmosis water and weighed again after allow-
ing the water to absorb. This was classified as being watered to
100% and was used as the target weight for the well-watered
treatment. 20% of the water amount added to the 100% watering
treatment was used for the water-limited (drought) treatment. For
the first four days on the phenotyping platform, all plants (regard-
less of treatment) in both experiments were watered to 100%, with
the 20% water-limited treatment being imposed on the plants in
the drought and heat-drought treatment groups on the fifth day

� 2023 The Authors.
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on the platform. Plants were weighed three times daily and
watered (or not watered) to a specific weight.

Image processing and extraction of trait information

RGB (red, green, blue) images of all individual plants were cap-
tured every other day in the Bellwether Phenotyping Facility at the
Donald Danforth Plant Science Center (Fahlgren et al., 2015),
acquiring side-view images from four angular rotations (0°, 90°,
180°, 270°). The RGB camera on this system is a ⅔” progressive
scan CCD camera (Basler AG, Ahrensburg, Germany) with an
image resolution of 2454 × 2053 pixels. Due to the time it takes to
image all plants on the phenotyping platform, only half of the
plants could be imaged each day, so plants were imaged every
other day. Plant growth was staggered to account for this. Half of
the plants were assigned to be imaged on odd days, and the other
half on even days. To ensure the entire plant was included in each
image, the optical zoom was adjusted throughout the experiment
as the plants grew in size. In the experiment with heat and heat-
drought conditions, a power failure in the imaging system at 26
DAP caused imaging to be shifted by one day. For imaging after
this point, the DAP with corresponding images were combined (26
and 27, 28 and 29, etc) to allow for comparison between the two
experiments. The images taken in these experiments are publicly
available on CyVerse at: https://datacommons.cyverse.org/browse/
iplant/home/shared/danforth_center/Ludwig_et_al_Brachypodium.

Images were analyzed using the open-source image analysis
software PlantCV (Gehan et al., 2017). PlantCV v3.8 (Fahlgren
et al., 2020) was used to analyze each camera angle and zoom
level. To segment the plant from background, the RGB image
was converted to the HSV and LAB color spaces and the satura-
tion and blue-yellow channels were isolated. Thresholds were
applied to the saturation channel and the blue-yellow channels
and the two binary images were combined. The fill function of
PlantCV was used to fill in any noise (objects smaller than 50
pixels) that were left over after combining the two binary images.
The cleaned binary image was used to mask the original RGB
image so that the pot, carrier, and background were removed. A
Region of Interest (ROI) was set around the plant to further iso-
late it from the background, and only objects that overlapped the
ROI were kept for analysis. After segmentation of the target
object (plant) from the background, morphological characteris-
tics were extracted using the PlantCV ‘analyze_object’ function
(Gehan et al., 2017). Additionally, the PlantCV naı̈ve Bayes classi-
fier module (Abbasi & Fahlgren, 2016; Gehan et al., 2017) was
trained to label plant pixels as either ‘healthy’ or ‘unhealthy” to
determine what percentage of the plant in each image was
stressed or damaged by its growth conditions. The training was
done by choosing a representative set of 10 RGB images and
using the Pixel Inspection Tool in ImageJ (Abràmoff et al., 2004)
to gather color value training data for over 1000 pixels from each
of three categories: healthy plant tissue, unhealthy plant tissue,
and background. These classifications were based on color, with
pixels chosen from green, healthy-looking plant tissue for the
‘healthy” category, pixels from yellow or brown, unhealthy-
looking plant tissue for the ‘unhealthy’ category, and non-plant
pixels for the background. The pixel color data was then used in
PlantCV to train the naı̈ve Bayes classifier, which was included in
the Python scripts run over each image to assign the plant pixels
to the appropriate category of interest. The percentage of dam-
aged tissue was calculated by dividing the shoot area classified
as unhealthy by the total shoot area in R (R Core Team, 2020).
Representative images of a few of the outputs from PlantCV,

including the naı̈ve Bayes classifier, used in the analysis of this
data are shown in Figure S8.

To correct for the different zoom levels in the images, scaling
factors for both height and area were calculated in R (R Core
Team, 2020) using a reference object of known size as was done
in Fahlgren et al. (2015). The dimensions of the known object were
measured in centimeters and it was imaged with the same imag-
ing setup and at the same zoom levels used in the B. distachyon
phenotyping experiments. The height and area of the known
object were then measured in pixels, which allowed a conversion
factor to be calculated. This was used to convert pixel measure-
ments from PlantCV to centimeters or centimeters squared, which
allowed pixel heights and areas that represent plant phenotypes
to be compared across zoom levels in downstream analysis. It has
been well established in previous work that there is a strong cor-
relation between the plant area calculated from images and manu-
ally measured fresh weight of aboveground biomass (Chen
et al., 2014; Fahlgren et al., 2015; Honsdorf et al., 2014; Leister
et al., 1999; Rajendran et al., 2009), and the data collected in this
study are no exception. Fresh weight in grams was significantly
positively correlated with plant area from PlantCV (r = 0.98;
P < 2.2 × 10�16; Figure S9) on the final day of these experiments.

R analysis scripts and Python scripts for image analysis
and trait extraction done with PlantCV, and all other
analysis scripts and their required input files, are available in the
public GitHub repository at this link: https://github.com/
danforthcenter/brachypodium-heat-drought-paper.

High-resolution spatial climate data

The climate data used for the climate analysis in this study were
obtained from WorldClim V.2.1, a long-term global climate dataset
(Fick & Hijmans, 2017). WorldClim provides monthly high-
resolution spatial gridded data of 19 bioclimatic variables for a 30-
year reference period between 1970 and 2000 at a resolution of 30
arcseconds, which is approximately 1 km2 on the Earth’s surface
(Fick & Hijmans, 2017). These data are interpolated using in situ
observations at hydro-meteorological stations from various pro-
grams, data sources, and entities, including the global historical
Climatology Network (ghCN), the World Meteorological Organiza-
tion (WMO), and the International Center for Tropical Agriculture
(CIaT), among others (Fick & Hijmans, 2017). The Euclidean dis-
tance between each accession’s collection location and the World-
Clim data points were calculated to find the closest available climate
data for each accession’s climate of origin. Climate data from World-
Clim was adequately close (Euclidean distance <

p
2km) to 147 out

of the total 149 accessions examined in this study (Data S1). These
climate data were used to conduct a PCA in R.

Low-Coverage sequencing

Plant tissue was collected from each accession following the com-
pletion of the phenotyping experiments. Genomic DNA was
extracted using a Qiagen DNeasy 96 Plant kit (catalog number:
69181) and quantified using a Qubit dsDNA HS Assay Kit (catalog
number: Q32851) and Qubit 2.0 Fluorometer (Life Technologies,
Carlsbad,CA, USA). 200 ng of DNA for each accession were ali-
quoted in two 96-well plates and GBS libraries were constructed
using the protocol described in Huang et al. (Huang et al., 2014)
with PstI-HF and MspI restriction enzymes for 145 accessions of B.
distachyon used in this study. These libraries were sequenced by
the Genome Technology Access Center at Washington University
in St. Louis. GBS data for this population of B. distachyon is avail-
able at the Short Read Archive (SRA) PRJNA312869.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), doi: 10.1111/tpj.16387

Brachypodium responses to combined abiotic stress 19

 1365313x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16387 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [03/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://datacommons.cyverse.org/browse/iplant/home/shared/danforth_center/Ludwig_et_al_Brachypodium
https://datacommons.cyverse.org/browse/iplant/home/shared/danforth_center/Ludwig_et_al_Brachypodium
https://github.com/danforthcenter/brachypodium-heat-drought-paper
https://github.com/danforthcenter/brachypodium-heat-drought-paper
http://www.ncbi.nlm.nih.gov/bioproject/PRJNA312869


SNP calling and population structure estimation

To call SNPs (single-nucleotide polymorphisms) from the GBS
data collected in this experiment, the Burrows–Wheeler Aligner
(BWA) was first used to align all accession genomes to the B. dis-
tachyon reference genome (Li, 2013). BWA version 0.7.12-r1039
was used (Li, 2013). The most commonly used reference accession
for B. distachyon is Bd21-0, and the newest genome assembly and
annotation for this accession (version 3.2 from 2020) that can be
found on Phytozome was used for alignment (Goodstein et al.,
2012; Haas et al., 2003; Salamov & Solovyev, 2000; Smit et al.,
1996-2010; Yeh et al., 2001). Next, the SAMtools version 1.11 view
function was used to convert the SAM (Sequence Alignment/Map)
files output by BWA to BAM (Binary Alignment Map) files, which
are the binary equivalent of a SAM file (Danecek et al., 2021). The
BAM files were then sorted using the sort function from SAM-
tools, which sorts genome alignments by leftmost coordinates
(Danecek et al., 2021). These sorted BAM files were then used in
‘gstacks’, a Stacks program (Catchen et al., 2011, 2013), in the
reference-based mode, to call SNPs at each locus relative to
the reference genome, and genotype each individual at every SNP
identified (Catchen et al., 2011, 2013). Gstacks then phased these
SNPs into a set of haplotypes for each individual at every locus
(Catchen et al., 2011, 2013). SNPs called by gstacks and a popula-
tion map were then input into ‘populations’, another Stacks pro-
gram, to compute population genetics statistics (Catchen et al.,
2011, 2013). In ‘populations’, options used included -t set to 10 to
use 10 threads, �r set to 0.8 to set the minimum percentage of
individuals in the population required to process the locus, �min-
maf set to 0.05 to filter SNPs with a minor allele frequency less
than 0.05, �write-single-snp to restrict data analysis to only the
first SNP per locus, �plink to output genotypes in PLINK format,
�structure to output results in Structure format, and –vcf to output
SNPs and haplotypes in Variant Call Format (‘vcf”) (Catchen
et al., 2011, 2013). Stacks version 2.4 was used for both ‘gstacks’
and ‘populations’ (Catchen et al., 2011, 2013). After this, PLINK
v1.90b6.21 was used to do a principal component analysis (PCA)
on the output from populations, to find the population structure
of B. distachyon based on samples in this study (Chang et al.,
2015; Purcell et al., 2007). The –allow-extra-chr option was used in
addition to default parameters for the PLINK –pca function, to
allow the B. distachyon chromosome codes to be read (Chang
et al., 2015; Purcell et al., 2007).

Based on the clustering in the PCA to estimate population
structure, the B. distachyon population in this study was divided
into two main subpopulations (with some accessions falling out-
side these two main clusters). Using vcftools, the fixation index
(Fst) values between these subpopulations were obtained (Dane-
cek et al., 2011). Fst is a measure of the genetic variance contained
in a subpopulation (the S subscript) relative to the total genetic
variance (the T subscript) in a population-based on Wright’s F-
statistics (Wright, 1965). An Fst value of 0 indicates no genetic dif-
ferentiation between the subpopulations, while an Fst value of 1
indicates complete differentiation (Bird et al., 2017; Holsinger &
Weir, 2009). vcftools v0.1.14 was used with the option –weir-fst-
pop to calculate Fst estimates based on Weir & Cockerham’s, 1984
paper (Danecek et al., 2011; Weir & Cockerham, 1984). Scripts
are available at (https://github.com/danforthcenter/brachypodium-
heat-drought-paper).

Linkage disequilibrium decay estimation

The SNP catalog file in Variant Call Format (‘vcf’) was first sorted
and converted into bed format using Plink v1.90b6.17, and pairwise

linkage decay between markers on the same chromosome was cal-
culated (Chang et al., 2015; Purcell et al., 2007). Following this, a
bash script was used to extract the distances between the SNPs
and the corresponding r2 values. Using R, SNPs were categorized
into bins of 10 kbps, and means were calculated per bin to estimate
linkage disequilibrium decay for this population of B. distachyon.
Scripts are available in the public GitHub repository (https://github.
com/danforthcenter/brachypodium-heat-drought-paper).

Subselection of accessions used in data analysis

There were 137 B. distachyon accessions included in the experi-
ment with drought and control conditions, and 144 were included
in the experiment with heat and heat-drought conditions. Due to
differences in germination and seed availability, 132 accessions
were overlapping between both experiments, while the total num-
ber of B. distachyon accessions examined in either experiment is
149. The 132 accessions overlapping between the two experi-
ments were used in analyses requiring direct comparisons
between different treatments. For any analyses using the World-
Clim climate data, only accessions with climate data available
were used, which were 147 out of 149 included in the phenotyping
experiments. In all other analyses, including the GWAS, many
accessions that had complete data were included.

Statistical analysis on extracted trait information

All statistical analyses were done in R, using R version 4.0.1
(released June 6, 2020) (R Core Team, 2020). Additional packages
used include corrplot (Wei & Simko, 2017), and data.table (Dowle
& Srinivasan, 2020), dplyr (Wickham et al., 2021), factoextra (Kas-
sambara & Mundt, 2020), FactoMineR (Lê et al., 2008), GAPIT
(Wang & Zhang, 2021), ggplot2 (Wickham, 2016), gplots (Warnes
et al., 2020), lme4 (Bates et al., 2015), plyr (Wickham, 2011), raster
(Hijmans, 2020), readr (Wickham et al., 2022), reshape2 (Wickham,
2007), tidyr (Wickham, 2020), and WorldClimTiles (kapitzas, 2020).

A random effects model (or variance components model)
was used to calculate the variance explained by genotype, treat-
ment, and the genotype-treatment interaction in plant traits. The
model was fitted using the lmer function from the lme4 package
in R (Bates et al., 2015). In this model, a type 3 sum of squares
was measured for each plant trait. Those terms were normalized
to display a percentage of each plant trait’s total variance
explained by the design variables and their interactions.

The GWAS in this study was conducted by using the Farm-
CPU method implemented in GAPIT Version 3 in R (Liu et al.,
2016; Wang & Zhang, 2021). Past studies have established that
B. distachyon has a very strong population structure (Draper
et al., 2001; Filiz et al., 2009; Garvin et al., 2008; Tyler et al., 2016),
which was also seen in this study, so the FarmCPU method was
used to eliminate false positives due to population structure (Liu
et al., 2016). This method also can include additional covariates to
account for population structure or other associations that could
lead to false positive results (Liu et al., 2016). Therefore, FarmCPU
was first run with ‘Model.selection = TRUE’ so that forward model
selection using the Bayesian information criterion (BIC) was con-
ducted to determine the appropriate number of covariates
included in the GWAS model (Wang & Zhang, 2021). For all phe-
notype and treatment combinations, the optimal model included
zero covariates for both population structure and climate based
on the BIC values, so all FarmCPU runs were done without any
manually supplied covariates. A kinship matrix was created with
GAPIT using the default ‘VanRaden’ method to show genetic relat-
edness of these B. distachyon accessions (Figure S3) (VanRaden,
2008; Wang & Zhang, 2021).
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The inputs required to run GAPIT include a genotype file and
a phenotype file (Wang & Zhang, 2021). In this case, the pheno-
type file was created using the data output from PlantCV for three
traits: plant height, plant shoot area (to approximate biomass),
and the percent damage (to approximate plant stress). To create
this file, the average was found for all images taken of each acces-
sion at the chosen time point for a given trait, and then the differ-
ence between the average of the trait in the stress treatment and
the average under control conditions was used as the phenotype
value for that accession. This removes the genotype effect and
ensures that the ensuing results are due to the treatment effect
(GxE). A HapMap file was created by using TASSEL v5.0 (Bradbury
et al., 2007) to convert the file containing the genotype and SNP
information in variant call format (VCF) to HapMap format using a
custom HTCondor job file to input as the genotype file in GAPIT.
Since TASSEL requires the VCF file to be sorted by the position
column before it can be loaded and used, this sorting was done
by using the SortGenotypeFilePlugin in TASSEL v5.0 (Bradbury
et al., 2007), also with a custom HTCondor job file. Since there
was no complete overlap in the accessions used in the two experi-
ments and there were a few accessions that did not have complete
data at each time point in a particular treatment, not all accessions
could be included in the GWAS. For each time point, all acces-
sions that had genotype information and trait data for each treat-
ment were used (GWAS input files are available in the public
GitHub repository).

GAPIT was run with default options, with the addition of the
‘Multiple_analyses = TRUE’ option to output combined Manhattan
plots and quantile-quantile (Q-Q) plots for each run (Wang &
Zhang, 2021). All other outputs are standard from GAPIT.

The GWAS results were analyzed using ZBrowse (Ziegler
et al., 2015), an interactive GWAS viewer that runs on R (R Core
Team, 2020). The GWAS results from GAPIT were uploaded to
ZBrowse and aligned to the most recent B. distachyon reference
genome (version 3.2 from 2020) from Phytozome (Goodstein
et al., 2012). The two genes closest to each significant SNP (one
upstream and one downstream) from each GWAS were examined.

For more detail about the data analysis, scripts for all ana-
lyses done in R are provided in a public GitHub repository (https://
github.com/danforthcenter/brachypodium-heat-drought-paper).
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Figure S1. Daily temperature, percent relative humidity, and light
intensity measurements from the growth chamber in the pheno-
typing platform

Plots of measurements taken by sensors inside the Conviron
growth chamber that is part of the Bellwether Phenotyping Plat-
form where the plants in this study were grown throughout both
experiments. In the first column are measurements for daily tem-
perature, percent relative humidity, and light intensity from the
experiment at control temperatures, which included the control
and drought treatments. In the second column are measurements
for daily temperature, percent relative humidity, and light intensity
from the experiment at high temperatures which included the heat
and heat-drought treatments. The two sets of lines in the daily
temperature plot in this column represent the time before (dark
blue) and after (light blue) the temperature was raised to begin
the heat treatment after 5 days on the system. Other deviations
from the setpoint for temperature, relative humidity, and light
intensity in this experiment are due to a brief power failure of the
system during the experiment.

Figure S2. Heatmaps of plant area throughout the experiments.
Heatmaps of average plant area in the four experimental condi-
tions (from left to right: control, drought, heat, heat, and drought
combined). This was calculated by taking the mean area of all
plants of the same accession in the same treatment on each day
they were imaged. The x-axis of each heatmap shows days after
planting (DAP). On the y-axis are the accessions, sorted alphabeti-
cally in descending order. White boxes indicate missing data.
Common color key for all treatments in the top left; orange indi-
cates smaller plants, and blue indicates larger plants.

Figure S3. Heatmap and dendrogram of kinship matrix for the B.
distachyon accessions assessed. A heatmap and dendrogram of
kinship matrix illustrating the genetic relationship between 144 of
the 149 accessions of B. distachyon assessed in this study. Created
with GAPIT (Wang & Zhang, 2021), using the default ‘VanRaden’
method (VanRaden, 2008), based on 2977 high-quality SNPs with
MAF >5%. The histogram in the color key represents the number
of coefficient values within a corresponding color bar. X- and y-
axes are colored by the country of origin of these accessions.

Figure S4. Correlation plot of bioclimatic variables. The correlation
between variables used in the PCA of climates of origin. The cli-
mate data point from WorldClim that was closest to each acces-
sion’s collection location was used as its climate of origin. Larger,
darker circles represent stronger correlations between variables

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), doi: 10.1111/tpj.16387

Brachypodium responses to combined abiotic stress 21

 1365313x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16387 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [03/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://github.com/danforthcenter/brachypodium-heat-drought-paper
https://github.com/danforthcenter/brachypodium-heat-drought-paper


and smaller, lighter circles represent weaker correlations between
variables. The plot is ordered by ‘first principal component order’
(FPC) and was created with the corrplot package in R (Wei &
Simko, 2017).

Figure S5. Manhattan plot of GWAS for percent damage and plant
area throughout the experiments. Manhattan plot of GWAS results
for the change in (a) percent damage (b) and plant shoot area
under stress treatment in comparison to control conditions at four
time points throughout the experiments. Time Point 1 is 22 days
after planting (DAP), Time Point 2 is 28/29 DAP, Time Point 3 is 36/
37 DAP, and Time Point 4 is 44/45 DAP. Each point represents a
SNP. The height of the SNP on the y-axis represents the strength
of association with (a) percent damage or (b) plant area,
expressed as �log10(P-value). Points are colored by chromosome.
The green horizontal line represents the significance cutoff and is
calculated by dividing 0.05 by the number of SNPs included in the
GWAS: �log10

0:05
2, 977

� �
¼ 4:7748.

Figure S6. Quantile-quantile (Q-Q) plots for GWAS of plant height,
plant area, percent damage. Q-Q plots showing the comparison of
GWAS p-values for each SNP (y-axis) plotted against predicted p-
values based on a normal distribution (x-axis) for (a) height, (b)
area, and (c) percent damage. Time Point 1 is 22 days after plant-
ing (DAP), Time Point 2 is 28/29 DAP, Time Point 3 is 36/37 DAP,
and Time Point 4 is 44/45 DAP. The areas shaded in gray indicate
the 95% confidence interval. Each point represents an SNP and is
colored by treatment.

Figure S7. Plot of genome-wide linkage disequilibrium (LD) decay.
Plot representing genome-wide linkage disequilibrium (LD) decay
for this B. distachyon population based on 2977 high-quality sin-
gle nucleotide polymorphisms (SNPs). The x-axis represents the
distance apart in base pairs (bp), and the y-axis is LD, based on
the r2 value. Points represent the LD between pairs of SNPs, and
the line plots the average LD.

Figure S8. Example of input and output images from PlantCV.
Representative input and output images from PlantCV. (a) Exam-
ple of a side-view image captured during the experiments that
would be used as an input for the PlantCV image-analysis pipe-
line. (b) Example of the ‘height_above_reference’ output from
PlantCV. This measurement was used as the plant height. (c)
Example of the ‘area’ output from PlantCV. (d/e) Example of the
naı̈ve Bayes classifier categorizing plant pixels as either healthy
(blue) in panel d or unhealthy (orange) in panel e, which was used
to find the percentage of damaged tissue for each plant.

Figure S9. Correlation between PlantCV-calculated plant area and
manually measured plant fresh weight. Plant area calculated with
PlantCV compared with manually measured fresh weight at the
end of the experiment. The x-axis is measured fresh weight in
grams, the y-axis is plant area from PlantCV in cm2. Points are all
plants in the two phenotyping experiments. A regression line with
R = 0.98, P < 2.2 × 10�16, and standard error is plotted.

Data S1. Table of data from climate of origin

Table of all 149 accessions included in this study with collection
location and climate of origin data. Collection location information
(Country, Longitude, Latitude, Elevation) from original collectors
(Draper et al., 2001; Filiz et al., 2009; Garvin et al., 2008; Tyler
et al., 2016), and climate data from WorldClim v2.1 (Fick & Hij-
mans, 2017). The climate data point from WorldClim that was
closest to each accession’s collection location was used as its cli-
mate of origin.

Data S2. Tables of accessions ranked by performance in stress treat-
ments. Tables of accessions ranked in descending order of perfor-
mance in each treatment for the three main phenotypes assessed
(area, height, percent damage). The difference between the traits in the

stress treatments and control are included, as well as the normalized
values (z-scores) of these differences. The ranking is based on the final
column in each table ‘mean_z’, which is the mean of the z-scores for
the accessions’ responses to each treatment.

Data S3. Tables of values for percent variance explained by geno-
type, treatment, and genotype-treatment interaction at each time
point. Tables of the variance explained between all stress treat-
ments compared to control conditions. Includes variance
explained by genotype, treatment, interaction (between genotype
and treatment), and unexplained variance, by shape (PlantCV
trait). Organized by time point (Time Point 1 is 22 days after plant-
ing (DAP), Time Point 2 is 28/29 DAP, Time Point 3 is 36/37 DAP,
Time Point 4 is 44/45 DAP), and stress treatment.

Data S4. Tables of full results from GWAS for area, height, and
percent damage. Tables of results from GAPIT (Wang &
Zhang, 2021) for the GWAS done for area, height, and percent
damage at all four time points were used to make Manhattan plots
to visualize GWAS results. Time Point 1 is 22 days after planting
(DAP), Time Point 2 is 28/29 DAP, Time Point 3 is 36/37 DAP, and
Time Point 4 is 44/45 DAP.

Data S5. Table of linkage disequilibrium (LD) decay values. Table
of genome-wide linkage disequilibrium (LD) decay values calcu-
lated using genotype-by-sequencing (GBS) data for 144 of the 149
accessions of B. distachyon assessed in this study (missing GBS
data for the five accessions not included). This included 2977
high-quality single nucleotide polymorphisms (SNPs).

Data S6. Table of SNPs found to be significantly associated with
B. distachyon height, area, or percent damage under stress condi-
tions. Table of SNPs found by GWAS to be significantly associated
with height, area, or percent damage with information about
genes close to these SNPs. Includes information about SNPs,
genes closest to SNP on either side, and the potential function of
these genes.
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Gagné-Bourque, F., Mayer, B.F., Charron, J.-B., Vali, H., Bertrand, A. &

Jabaji, S. (2015) Accelerated growth rate and increased drought stress

resilience of the model grass Brachypodium distachyon colonized by

Bacillus subtilis B26. PLoS One, 10, e0130456. Available from: https://doi.

org/10.1371/journal.pone.0130456

Gaitanos, T.N., Santamaria, A., Jeyaprakash, A.A., Wang, B., Conti, E. &

Nigg, E.A. (2009) Stable kinetochore-microtubule interactions depend on

the Ska complex and its new component Ska3/C13Orf3. The EMBO Jour-

nal, 28, 1442–1452. Available from: https://doi.org/10.1038/emboj.2009.96

Gao, L., Lee, J.S., Hübner, S., Hulke, B.S., Qu, Y. & Rieseberg, L.H. (2019)

Genetic and phenotypic analyses indicate that resistance to flooding stress is

uncoupled from performance in cultivated sunflower. The New Phytologist,

223, 1657–1670. Available from: https://doi.org/10.1111/nph.15894

Garvin, D.F., Gu, Y.-Q., Hasterok, R., Hazen, S.P., Jenkins, G., Mockler, T.C.

et al. (2008) Development of genetic and genomic research resources

for, a new model system for grass crop research. Crop Science, 48, S–69.
Available from: https://www.crops.org/publications/cs/abstracts/48/

Supplement_1/S-69

Gautam, T., Saripalli, G., Gahlaut, V., Kumar, A., Sharma, P.K., Balyan, H.S.

et al. (2019) Further studies on sugar transporter (SWEET) genes in

wheat (Triticum aestivum L.). Molecular Biology Reports, 46, 2327–2353.
Available from: https://doi.org/10.1007/s11033-019-04691-0

Gehan, M.A., Fahlgren, N., Abbasi, A., Berry, J.C., Callen, S.T., Chavez, L.

et al. (2017) PlantCV v2: image analysis software for high-throughput

plant phenotyping. PeerJ, 5, e4088. Available from: https://doi.org/10.

7717/peerj.4088

Gomez, L.D., Bristow, J.K., Statham, E.R. & McQueen-Mason, S.J. (2008)

Analysis of saccharification in Brachypodium distachyon stems under

mild conditions of hydrolysis. Biotechnology for Biofuels, 1, 1–12. Avail-
able from: https://doi.org/10.1186/1754-6834-1-15

Goodstein, D.M., Shu, S., Howson, R., Neupane, R., Hayes, R.D., Fazo, J.

et al. (2012) Phytozome: a comparative platform for green plant geno-

mics. Nucleic Acids, 40, D1178–D1186. Available from: https://

phytozome-next.jgi.doe.gov/i

Granier, C., Aguirrezabal, L., Chenu, K., Cookson, S.J., Dauzat, M., Hamard,

P. et al. (2006) PHENOPSIS, an automated platform for reproducible phe-

notyping of plant responses to soil water deficit in Arabidopsis thaliana

permitted the identification of an accession with low sensitivity to soil

water deficit. The New Phytologist, 169, 623–635. Available from: https://

doi.org/10.1111/j.1469-8137.2005.01609.x

Gupta, A.K. & Kaur, N. (2005) Sugar signalling and gene expression in rela-

tion to carbohydrate metabolism under abiotic stresses in plants. Journal

of Biosciences, 30, 761–776. Available from: https://doi.org/10.1007/

BF02703574

Gupta, P.K., Kulwal, P.L. & Jaiswal, V. (2014) Association mapping in crop

plants: opportunities and challenges. Advances in Genetics, 85, 109–147.
Available from: https://doi.org/10.1016/B978-0-12-800271-1.00002-0

Gupta, P.K., Kulwal, P.L. & Jaiswal, V. (2019) Association mapping in plants

in the post-GWAS genomics era. Advances in Genetics, 104, 75–154.
Available from: https://doi.org/10.1016/bs.adgen.2018.12.001

Gur, A., Tzuri, G., Meir, A., Sa’ar, U., Portnoy, V., Katzir, N. et al. (2017)

Genome-wide linkage-disequilibrium mapping to the candidate gene

level in melon (Cucumis melo). Scientific Reports, 7, 9770. Available

from: https://doi.org/10.1038/s41598-017-09987-4

Haas, B.J., Delcher, A.L., Mount, S.M., Wortman, J.R., Smith, R.K., Jr., Han-

nick, L.I. et al. (2003) Improving the Arabidopsis genome annotation

using maximal transcript alignment assemblies. Nucleic Acids Research,

31, 5654–5666. Available from: https://doi.org/10.1093/nar/gkg770
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