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CELLULAR PROTECTION AND TOLERANCE MECHANISMS TO HEAT AND

DROUGHT STRESS IN TRITICUM AESTIVUM

Abstract

by Kathleen F. Hickey, Ph.D.
Washington State University
December 2023

Chair: Andrei Smertenko

This dissertation is dedicated to understanding cellular protection mechanism of
heat and drought stress resiliency in Triticum aestivum. Cellular protection mechanisms
include maintaining ROS homeostasis through scavenging ROS and using autophagy
to degrade damaged cellular components, were investigated as an adaptive drought
and heat tolerance strategy in wheat. Cellular protection mechanisms are underutilized
traits in breeding programs due to the complexity of cellular dynamics. Therefore, the
development of techniques to phenotype different aspects of cellular protection would
impact breeding for heat and drought resiliency. In this dissertation: (1) the growth and
development of genetically different wheat varieties through flowering time, root
architecture, and yield under drought stress were compared; (2) photosynthetic
parameters and ROS homeostasis activity under drought was examined; (3) molecular
markers for ROS homeostasis and regulators of peroxisome proliferation were
identified; and (4) molecular markers of autophagy were development and
characterized, and autophagy under heat and drought was phenotyped in a wheat
diversity population. PEX11C, CAT2, ATG8, ATG7, and NBR1 were identified as
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molecular markers for ROS homeostasis and autophagy in wheat. These markers can

be used to facilitate breeding heat and drought resilient wheat varieties.
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THESIS SUMMARY

This dissertation is dedicated to understanding cellular protection mechanism of
abiotic stress resiliency in wheat, Triticum aestivum. determining how ROS homeostasis
functions as adaptive drought and heat tolerance mechanisms in wheat. ROS
production and scavenging was measured in relation to peroxisome dynamics and
known physiological mechanisms including photoprotection and autophagy. During this
research, molecular markers for ROS homeostasis and autophagy were identified. This
study includes the following: (1) To compare the growth and development of genetically
different wheat varieties through flowering time and root architecture; (2) To analyse
photosynthetic and ROS activity under drought; (3) To identify molecular markers for
ROS homeostasis and regulators of peroxisome proliferation; and (4) To analyse
autophagy under heat and drought and identify molecular markers of autophagy.

Following the introduction in chapter 1, methods and plant growth conditions are
explained in chapter 2. Plant material used for all experiments will be spring wheat
varieties or lines from a nested association mapping population, which were provided to
this study from the WSU Spring Wheat Breeding Program and by Prof Michael
Pumphrey. Techniques used in this research include molecular, biochemical,
bioanalytical, and immunology. Chapter 2 will include details about techniques used to
measure physiological and morphological difference including root architecture and
photosynthesis. This provided information to study many different aspects of stress

responses in wheat.



Chapter 3 descriptions the experimental design to monitor root architecture in
wheat under drought stress. This chapter included detained description of differences in
growth and development between wheat varieties, in addition to effects of drought
stress. Classical drought strategies including drought escape and drought avoidance
were seen in varieties. A portion of this work was published in Hickey et al. 2022.

Chapter 4 describes phenotyping photosynthesis through chlorophyll
fluorescence and subsequently measuring ROS scavengers to understand the
metabolic modification under drought. 17 varieties were screened for photosynthetic
efficiency under drought, and 5 varieties were selected for detailed ROS scavenger
characterization. Additionally, 2 varieties with different photosynthetic efficiency, were
analysed for PSI kinetics revealing that one sustained oxidative damage to the
photosystems. Temporal differences in ROS scavenging and peroxisome abundance
between the varieties were found. A portion of this work was published in Hickey et al.
2022.

Chapter 5 builds upon chapter 4 through evaluating different genetic regulators of
ROS homeostasis and peroxisome proliferation. The ROS scavenging enzyme catalase
was characterized by measuring gene transcription. The production and use of a
catalase antibody for wheat is also discussed. Genes known to be involved in
peroxisome proliferation were measured. This chapter examines the progress made to
identify transcriptional regulators of catalase and peroxisome proliferation gene PEX11-
C. A portion of this work was published in Hickey et al. 2022.

Chapter 6 explores the cellular recycling protection mechanism of autophagy.

The production of 3 wheat specific autophagy related antibodies is discussed.



Phenotyping autophagy under heat and drought in a wheat diversity population was
done and discovered that ATG8 gene expression positively correlates with yield.
Identification of 3 molecular markers for autophagy activity was discovered.
Chapter 7 concludes discoveries regarding ROS homeostasis, peroxisome
abundance, autophagy, and heat and drought tolerance in wheat. Heat and drought
tolerance mechanisms were phenotyped in wheat using molecular, biochemical,

physiological, and morphological techniques.

During this dissertation, 3 manuscripts were published:

FIRST AUTHOR PUBLICATION: Hickey, K., Wood, M., Sexton, T., Sahin, Y., Nazarov,
T., Fisher, J., Sanguinet, K. A., Cousins, A., Kirchhoff, H., & Smertenko, A. 2022.
Drought Tolerance Strategies and Autophagy in Resilient Wheat Genotypes.
Cells, 11(11), 1765. https://doi.org/10.3390/cells11111765

CO-FIRST AUTHOR PUBLICATION: Hickey, K., Nazarov T., and Smertenko, A. 2023.
“‘Organellomic Gradients in the Fourth Dimension.” Plant Physiology 193 (1): 98—
111. https://doi.org/10.1093/plphys/kiad310

FIRST AUTHOR PUBLICATION: Hickey, K., Sahin, Y., Turner, G., Nazarov, T., Jitkov,
V., Pumphrey, M., Smertenko, A. 2023. Genotype-Specific Activation of
Autophagy during Heat Wave in Wheat. Submitted to Cells.



CHAPTER ONE: INTRODUCTION

Section 1: Wheat Production and Breeding for Stress Tolerance
Section 2: Drought and Heat Stress

Section 3: Consequences of Drought and Heat Stress

Section 4: Reactive Oxygen Species

Section 5: ROS as Signalling Molecules

Section 6: Peroxisome

Section 7: Development of Method to Measure Peroxisome Abundance with

Peroxisome-Specific Fluorescent Probe N-BODIPY

Section 8: Autophagy

Section 1: Wheat Production and Breeding for Stress Tolerance

Wheat is one of the most important crops globally. Wheat, Triticum aestivum, is
an essential source of protein and calories in our diet (Wheat Initiative, 2013). The
domestication of wheat in a Mediterranean environment made the crop well-adapted to
dryland environments and provides a potential resource for heat and drought tolerance
(Araus et al. 2006). In the US, 93% of wheat is grown without irrigation, using dryland
systems that relies on moisture acclimations in the soil throughout the year (USDA ERS,
2018). While domestication of wheat resulted in the selection of varieties for arid
climates (Araus et al. 2006), recent extreme weather patterns have exposed the
vulnerability of dryland farming to drought. Dryland farms are particularly vulnerable to
high temperatures and drought. For example, productivity of wheat farms in Washington
state dropped by 30-60% due to 30% lower precipitation in 2014 and 2015 (Washington

Association of Wheat Growers, 2018).



Climate change will bring higher temperatures, changes to weather patterns, and
more extreme weather events which affect plant growth and plant production (ICPP,
2022). Current climate change trends predict drought to be one of the key limiting
factors for wheat production globally (Leng & Hall, 2019; NASA Global Climate Change,
2019.). In addition, drought stress often occurs in combination to other stresses
including heat and disease, which can exacerbate the yield loss (Zandalinas et al. 2021,
Zhao et al. 2017). Breeding heat and drought tolerant varieties is essential to ensure
food security.

Complex drought and heat tolerance traits are challenging to breed for. Drought
and heat tolerance, in terms of maintaining yield, remains an elusive trait, even with the
advancement of physiological and genomic breeding. This is due to quantitative genetic
control with many small-contributing loci, inconsistent quantitative trait loci (QTL), strong
genotype x environment interactions, and low heritability (Sallam et al. 2019; Tricker et
al. 2018). Availability of the wheat genome sequencing data, QTL-mapping and
genomic-wide association studies (GWAS) can identify and map candidate genes to be
used as breeding markers with greater precision (Bilgrami et al. 2020; International
Wheat Genome Sequencing Consortium (IWGSC), 2014; Juliana et al. 2021; Verma et
al. 2020). Expanding the list of genetic markers for physiological, morphological, and
molecular survival mechanisms is essential for breeding drought resilient varieties.

With large and repetitive genome size occurring through multiple hybridization
steps, allohexaploid Triticum aestivum (2n=6x=AABBDD) is the species that accounts
for 95% of the wheat grown worldwide (International Wheat Genome Sequencing

Consortium (IWGSC) et al. 2018). The genome structure and size has made it difficult



to use modern genetic and molecule techniques for breeding impeding variety
improvement. In 2014, the first sequence for wheat came out mapping chromosome 3B
(International Wheat Genome Sequencing Consortium (IWGSC), 2014). In 2018, the
International Wheat Genome Sequencing Consortium released an annotated and
ordered reference sequence of wheat making it possible to access sequence-level
information in the genome impacting breeding efforts (International Wheat Genome
Sequencing Consortium (IWGSC) et al. 2018).

However, breeding efficiency relies on genetic diversity. CIMMYT and other
international germplasms collections contain approximately 850,000 accessions of
Triticum species, as well as wild wheat relatives (“Wheat Improvement,” 2022). This
germplasm provides an excellent source of novel drought tolerance genes for
introgression into elite breeding lines, providing new sources for stress tolerance, yield
potential, among others (Singh et al. 2018). As behavior of quantitative trait loci could
be inconsistent across different environments, identification of robust genetic markers
requires mapping populations with high genetic diversity such as wild relatives and
landraces (Dempewolf et al. 2017; Sukumaran et al. 2018).

The advancement of genomic sequencing, QTL-mapping, genome-wide
associations, and global databases with this information facilitate the mining of
tolerance traits (Wen et al. 2017; Blake et al. 2019). The use of nested-associated
mapping (NAM) populations aids in breeding efforts by combining the linkage analysis
and GWAS to discover novel QTLs and genetic makers that could be used as targets
for ingression into elite cultivars (Yu et al. 2007; Kitony, J.K, 2023). Successful

identification of the targets relies on sensitive phenotyping tools for the stress resistance



traits. Development of such tools requires information about plant responses to stress

on molecular, cellular, organ, and whole-plant levels.

Section 2: Drought and Heat Stress

There are three universal mechanisms of drought survival in plants (Basu et al.
2016). The first is escaping drought by accelerating time to flower (Shavrukov et al.
2017). The second mechanism is drought avoidance via water-use efficiency or
increasing soil moisture access through a larger root or stomata closure to reduce
transpiration (Basu et al. 2016). The third mechanism is drought tolerance, which
focuses on withstanding dehydration through the production of protective molecules
(Fang & Xiong, 2015) like preventing accumulation of reactive oxygen species (ROS)
and the oxidative damage (Foyer & Noctor, 2016; Voss et al. 2013).

Plants have two types of mechanisms to withstand heat stress: short-term
avoidance or long-term tolerance (Yadav et al. 2022). Short-term heat avoidance
mechanisms include leaf orientation, leaf rolling, and changes in lipid composition
(Higashi et al. 2015; Shiva et al. 2020; Xiang & Rathinasabapathi, 2022). Long-term
heat tolerance mechanism prevents extensive damage and include activation of ROS

scavenging and stress responsive proteins (Choudhury et al. 2017; J. Zhao et al. 2020).

Section 3: Consequences of drought and heat on wheat plants.
Both heat and drought stress cause morphological, physiological, and
biochemical changes. Drought stress causes reduction of plant growth and smaller leaf

area. One of the most common drought responses in plants is reducing transpiration



through stomatal closure. Although stomata closure conserves water, the CO2 uptake
becomes reduced leading to inhibition of the photosynthesis and increase in
photorespiration, ultimately, yield loss (Reddy et al. 2004; Z. Wang et al. 2018). Heat
stress can also lead to inhibition of photosynthesis through chlorophyll biosynthesis and
ultrastructure changes (Anderson et al. 2021; Hu et al. 2020). Heat stress decreases the
stability of proteins, membranes, and other cellular components and will inactive
enzymes essential to cellular function (Akter & Rafiqul Islam, 2017; Fahad et al. 2017,
Hasanuzzaman et al. 2013). Wheat is extremely susceptible to heat stress during
anthesis, when the cereal is most likely to encounter it, and can cause floret sterility,
decrease pollen variability, and reduce grain size (Jacott & Boden, 2020; Stone &
Nicolas, 1994).

Drought and heat stress frequently occur simultaneously compounding the
impact and damage. Commonly, heat and drought intensify the production of reactive
oxygen species (ROS) causing oxidative stress (Caverzan et al. 2016; Miller et al. 2010;
Mittler, 2017), which damage proteins, DNA, lipids, RNA, causing cell death and
ultimately contributing to overall loss of plant productivity and yield (Demidchik, 2015;

Fahad et al. 2017; Mgller et al. 2007; Sharma et al. 2012; Waszczak et al. 2018).

Section 4: Reactive Oxygen Species

Reactive oxygen species production. ROS are a product of chemical reactions
under normal environmental conditions (Held, 2015; Huang et al. 2019; Voss et al.
2013; Waszczak et al. 2018b), the production of ROS increases under stress (Caverzan

et al. 2016; Miller et al. 2010; Mittler, 2017). The main ROS are singlet oxygen (*02),



superoxide radical (O27), hydroxyl radical (HO-), and hydrogen peroxide (H202).
Accumulation of ROS causes oxidative damage to key biological molecules including
nucleic acids, lipids, and proteins (Demidchik, 2015; Mgller et al. 2007; Waszczak et al.
2018) collectively known as oxidative stress. Oxidative stress compromises stress
recovery and can trigger cell death (Choudhury et al. 2017; Demidchik, 2015; Mittler,
2002; You & Chan, 2015). As such, oxidative damage contributes to the overall loss of
plant productivity under all stresses including drought (Fahad et al. 2017; Sharma et al.

2012).

Section 5: ROS as signalling molecules.

Increased ROS levels often serve as initiation signals for multiple long distance
signalling pathways involved in stress responses and adaptations (Choudhury et al.
2017; Huang et al. 2019; Mittler et al. 2022). ROS, mainly hydrogen peroxide, causes
retrograde signalling into nucleus leading to altered gene expression under stress
(Exposito-Rodriguez et al. 2017; Maruta et al. 2012). Hydrogen peroxide has been
shown to produce spatial specific signals in Arabidopsis thaliana. Sewelam et al. 2014,
showed how Arabidopsis can integrate hydrogen peroxide signals from peroxisome and
chloroplasts to produce different cellular responses: hydrogen peroxide from the
peroxisome induces transcriptions involved in protein repair responses; while
chloroplast derived hydrogen peroxide induced early signalling responses, including
genes for defence and detoxification (Sewelam et al. 2014). The type of ROS can also
influence gene-expression changes, as shown in Arabidopsis having singlet oxygen and

hydrogen peroxide specific gene-expression changes (op den Camp, 2003). ROS can



initiate programmed cell death through signalling cascades if ROS accumulate (Petrov
et al. 2015; Ye et al. 2021). Cellular response to ROS are shown to be derived based on
the type, duration and dose of ROS signal, and the site of ROS generation.

One of the main sources of ROS under drought and high temperature is the
excess of captured light energy that is not utilized for carbon dioxide fixation. Singlet
oxygen can be generated by photosystem Il (PSIl) due to inefficient energy transfer
between chlorophyll and PSII (Foyer & Shigeoka, 2011; op den Camp, 2003; Wagner,
2004; You & Chan, 2015). Superoxide anion radical and hydrogen peroxide can both be
generated by the chloroplast electron transport chain (ETC). Superoxide radical can
also be generated at multiple sites including photosystem | (PSI) and PSII. Hydrogen
peroxide is predominantly produced during photosynthesis and photorespiration (Slesak
et al. 2007; Smirnoff & Arnaud, 2019) of which very high rates are in the peroxisome
(Foyer & Noctor, 2003; Smirnoff & Arnaud, 2019).

ROS are scavenged and detoxified. Plants prevent oxidative stress and ROS
accumulation using enzymatic ROS scavengers and non-enzymatic antioxidants (Das &
Roychoudhury, 2014; Mittler, 2017b; Sharma et al. 2012). Each cellular compartment
has a specific set of ROS scavengers (Mignolet-Spruyt et al. 2016; Mittler, 2017;
Smirnoff & Arnaud, 2019. Amongst the most common enzymatic scavengers are
superoxide dismutase (SOD), catalase (CAT), and peroxidases (Demidchik, 2015;
Mhamdi et al., 2012; Sharma et al., 2012; Sofo et al. 2015). The antioxidants group
includes carotenoids, tocopherols, flavonoids, polyamides, proline, monosaccharides,

ascorbate, and glutathione, amongst others (Agati et al. 2012; Caverzan et al. 2016;

10



Das & Roychoudhury, 2014; Demidchik, 2015; Hasanuzzaman et al. 2019; Slesak et al.,
2007; Waszczak et al. 2018).

Many studies demonstrate that activity of the ROS scavenging system increases
in response to environmental stresses. Superoxide dismutase, catalase, ascorbate
peroxidase and glutathione reductase become more active under drought stressed in
wheat (Caverzan et al. 2016; Nikolaeva et al. 2010; Tyagi et al. 2021; Wang et al.
2008). Enzymes of the Ascorbate-Glutathione cycle become upregulated in response to
drought and salinity in wheat (Hasanuzzaman et al. 2019; Lou et al. 2018; Sairam et al.
2002). Drought activates transcription and translation of genes encoding ROS
scavengers including catalase and superoxide dismutase (Ford et al., 2011). Activation
of ROS scavenging pathways has been shown to correlate with drought tolerance in
wheat (Bowne et al. 2012; Ebeed et al. 2018; Singh et al. 2012; G. Zhang et al. 2017),
sorghum (Guo et al. 2018; Nxele et al. 2017; Varoquaux et al. 2019), rice (Duan et al.
2012; Pieters & El Souki, 2005; Xiong et al. 2018; Yin et al. 2015), tomato (Zhou et al.
2019), and maize (Anjum et al. 2017; Chugh et al. 2011; Li et al. 2021; Zheng et al.
2020).

The reactive nature of ROS marks these molecules a serious threat to cell
integrity (Kneeshaw et al., 2017). Phenotyping ROS scavenging on a population level
remains impossible due to chemical complexity of both ROS and each scavenger (Held,
2015). Superoxide anion, hydrogen peroxide, and hydroxyl radical are produced in
almost every subcellular location, therefore there is an overlap between ROS
scavenging in the cell encompassing the blanket term “ROS homeostasis”. It is also

challenging to due to the extremely short lifetime of many ROS species, for example

1



superoxide turnover rate is in the range of milliseconds. Lastly, ROS could be entwined
into one biochemical pathway, e.g., superoxide is precursor to hydrogen peroxide
(Smirnoff & Arnaud, 2019). For this reason, genetic markers of ROS scavenging are
unavailable for utilization in breeding programs. Such markers could enable
identification of drought-tolerant varieties using genome-sequencing data. This in turn
will likely make breeding programs more specific, faster, and cost-efficient.

It has been shown that ROS production in peroxisomes under drought is
balanced by higher activity of peroxisomal ROS-scavenging enzymes including
catalase, ascorbate peroxidase, and superoxide dismutase (del Rio & Lopez-Huertas,
2016; Ebeed et al. 2018; Mhamdi et al. 2012; Sofo et al. 2015; Waszczak et al. 2018b).
Peroxisome abundance increases in response to environmental stresses including light
(Desai & Hu, 2000, 2008; Goto-Yamada et al. 2015; Schrader et al. 2012), ozone
(Oksanen et al. 2004), salt (Fahy et al. 2017; Mitsuya et al. 2010), jasmonic acid
(Castillo et al. 2008; Ulloa et al. 2002), heat (Hinojosa et al. 2019), drought (Sanad et al.
2019; Hickey et al. 2022), and heavy metals (McCarthy et al. 2001). Additionally,
greater peroxisome abundance correlates negatively with yield under drought in wheat
(Sanad et al. 2019) and quinoa (Hinojosa et al. 2019). Thus, maintaining steady ROS
levels (robust ROS homeostasis) is an essential drought tolerance trait. Activity of ROS
homeostasis could be assessed indirectly by measuring the abundance of peroxisomes

(Smertenko, 2017).
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Section 6: Peroxisome biogenesis and function.
The peroxisome is a small, single membrane-bound organelle. The peroxisome
is considered a microbody and lacks DNA therefore peroxisomal proteins are imported

(Figure 1). Peroxisomes can form de novo from the endoplasmic reticulum or
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Figure 1.1: Lifecycle of peroxisome. Peroxisomes proliferation
occurs mainly through tubulation of mature peroxisomes,
constriction with the help of PEX11 proteins and then division
by fission with DRP3 and FIS1 proteins. Peroxisomes can form
de novo from the ER by budding. Peroxisomal quality control
includes degrading and eliminating dysfunctional peroxisomes
via pexophagy. This figure was original published in Reumann
S, Bartel B. Plant peroxisomes: recent discoveries in functional
complexity, organelle homeostasis, and morphological
dynamics. Curr Opin Plant Biol. 2016 Dec;34:17-26. Copyright
Elsevier.

proliferate though fission from
existing peroxisomes (J. Hu,
2010; Hu et al. 2012; Koch et
al. 2010). The fission occurs in
three stages: elongation,
constriction, and fission (Koch
et al. 2004, Koch et al. 2010;
Schrader et al. 2012).
PEROXIN11 (PEX11) proteins
promote the fission through
peroxisome elongation-
tubulation (Lingard & Trelease,

2006; Orth et al. 2007). In

addition, DYNAMIN-RELATED PROTEIN3 (DRP3) and FISSION1 (FIS1) have been
shown to mediate the fission of peroxisomes (Zhang & Hu, 2008, 2009, 2010). Drought
(Sanad et al. 2019), heat (Hinojosa et al. 2019), salt stress (Cui et al. 2016; Fahy et al.
2017), hypoxia and biotic stresses (Li & Hu, 2015), wounding and H202 (Lopez-Huertas

et al. 2000) upregulate transcription of peroxisome fission genes in wheat (Sanad et al.
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2019), quinoa (Hinojosa et al. 2019), and Arabidopsis (Cui et al. 2016; Fahy et al.
2017; Li & Hu, 2015; Lopez-Huertas et al. 2000).

Regulation of peroxisome proliferation in response to environmental stresses
remains poorly understood with the exception of light pathway. The latter response is
mediated through photoreceptor phytochrome A: upon far-red light exposure, phyA
moves into nucleus activating transcription factor HYH (Elongated Hypocotyl 5
Homologue). HYH binds directly to Pex11 promotor and up-regulates its transcription
(Desai & Hu, 2008).

The peroxisome houses a variety of catabolic and biosynthetic reaction, including
reactions for the photorespiratory pathway; p-oxidization of fatty acids; synthesis of
hormones auxin, jasmonic acid, and salicylic acid (Kao et al. 2018). Peroxisomes
involvement in photorespiration produces large amounts of hydrogen peroxide through
the oxidation of glycolate to glyoxylate. Photorespiration derived hydrogen peroxide in
the peroxisome accounts for majority of the hydrogen peroxide produced in cells
(Queval et al. 2007; Smirnoff & Arnaud, 2019). Because of this, peroxisomes contain
ROS-scavenging enzymes including catalase, ascorbate peroxidase, and superoxide
dismutase (Waszczak et al. 2018).

Catalase is a key regulator of ROS homeostasis in plant cells. Peroxisomal
catalase is a principal ROS-scavenging enzymes in photosynthetic cells. There are
three classes of catalase: class | is mainly present in photosynthetic tissues, and its
regulation is light dependent; class Il is found in the vascular tissues; and class Il

occurs in young seedlings and reproductive tissues (Tyagi et al. 2021). Catalase is vital
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for protecting cells against oxidative damage as it turns hydrogen peroxide into water
and oxygen with a high turnover rate (Singh et al. 2018).

ROS accumulation and damaged catalase has been linked to a peroxisome
specific type of autophagy, pexophagy (Shibata et al. 2013; Yoshimoto et al. 2014).
Hackenberg et al. 2013 also found a link between ROS, catalase, autophagy, and
programmed cell death during plant immunity using Arabidopsis knockout mutants NO
CATALASE ACTIVITY 1 and cat2 (Hackenberg et al. 2013). Catalase function in
regulating ROS homeostasis during normal metabolism and under adverse
environmental conditions is essential.

During development, peroxisome transition from containing primary enzymes for
glyoxylate cycle and B-oxidation to peroxisome containing photorespiration machinery.
Peroxisomal protease LON2 plays an important role in the selective degradation of
peroxisomal-matrix proteins during the metabolic transition (Lingard and Bartel, 2009;
Farmer et al..2013). LON2 is important for the maintenance of peroxisome proteins
(Goto-Yamada et al. 2014). LON2 has been shown to inhibit pexophagy, as LON2
deficiency cases enhanced peroxisome degradation by autophagy (Goto-Yamada et al.

2014; Young and Bartel, 2016).

Section 7: Development of method to measure peroxisome abundance with
peroxisome-specific fluorescent probe N-BODIPY.

Quantifying the number of peroxisomes in a cell is laborious and technically
challenging. Peroxisomes can be detected with electron microscopy,

immunocytochemistry with peroxisomal protein antibodies, and live cell imaging with
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fluorescent fusion proteins of peroxisome-targeting signal protein. Counting
peroxisomes by live-cell imaging is complicated by the fast and constant movement of
peroxisomes. These techniques, in addition to being time and resource consuming, can
only measure peroxisomes in a limited number of cells and cannot be used in a high-
throughput manner. To overcome these limitations, a technique was developed using
the small fluorescence dye Nitro-BODIPY (N-BODIPY) that specifically label plant
peroxisomes in vivo (Landrum et al. 2010). This allows for fluorescence microscopy to
be used to image peroxisomes. Additionally, this fluorescence dye was used to develop
a technique to quantify peroxisomes in total cell extracts using spectrofluorimetry.
N-BODIPY was first shown to quantify the relative peroxisome abundance in
intact tobacco BY-2 suspension cells (Figure 2A; Fahy et al. 2017). BY-2 cells were

treated with N-BODIPY and imaged using excitation at 488nm and collecting the
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Figure 1.2: N-BODIPY Fluorescence Activation. A, incubated with N-BODIPY. Using total

Representative chart showing emission spectra of 5 uM

N-BODIPY incubated with: i. BY-2 cells (green); ii. total . . .

BY-2 protein extracts in water (blue); iii. water (red) at protein extracts from Arabidopsis, the
the excitation wavelength 490 nm. B Representative

chart showing emission spectra of total protein extract :
from Arabidopsis tissue culture cells incubated with 5 pM same fluorescence Slgnal was found

N-BODIPY (violet) or with water (green) at 490 nm
excitation. This figure was original published in Fahy et (Figure 2B)_ This demonstrated that N-

al. 2017, Scientific Reports. Copyright Springer Nature.
BODIPY is activated by the presence of peroxisome in both living cells and total protein
extracts. Furthermore, the fluorescence intensity of N-BODIPY was proportional to the

amount of total protein in the reaction, meaning that fluorescence values reflected the
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guantity of peroxisomes in the protein extracts. N-BODIPY does not produce
fluorescence until the probe binds yet unidentified peroxisomal protein. The technique
was then optimized for high-throughput analysis using 96-well plate format. In addition
to Arabidopsis, N-BODIPY has been successfully used to measure peroxisome
abundance in Brachypodium distachyon, rice, Setaria viridis, quinoa, grapes, and

wheat.

Section 8: Autophagy

Autophagy is an essential regulator of cellular homeostasis. Under environmental
stress conditions, the increase of ROS causes damage to cellular components, which
triggers a process to degrade and recycle these dysfunctional components called
autophagy. Autophagy occurs at basal levels during normal plant growth and
development, although is upregulated in response to multiple stresses including
oxidative stress/hydrogen peroxide/Methyl viologen (Shin et al. 2009; Xiong et al. 2007);
nutrient deficiencies and starvation (Xiong et al. 2005; Guiboileau, et al. 2012;
Merkulova et al. 2014); salinity (Lui et al., 2009; Shin et al., 2009); hypoxia (Lin et al.
2021); drought (Bao et al. 2020; Kuzuoglu-Ozturk et al. 2012; Liu et al. 2009; Sun et al.

2018; Wang et al. 2015; Yang et al. 2021); and heat (Zhai et al. 2016; Zhou et al. 2014).
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Figure 1.3: Autophagosome and Autophagy Pathway. Upon induction of autophagy, a double-membrane structure
called an autophagosome forms around a portion of the cytoplasm (cargo). The autophagosome then transports the
cargo to the vacuole. During the fusion process, the outer autophagosome membrane fuses with the vacuole
membrane, and the remaining single-membrane structure (termed an autophagic body) is delivered inside the vacuole.
The autophagic bodies are then broken down by vacuolar hydrolases, and the products are exported from the vacuole

to the cytoplasm for reuse.

Cells can ameliorate the impact of oxidative damage by recycling the damaged
cellular components through a highly conserved mechanism called macroautophagy
(hereafter referred to as autophagy). Autophagy occurs via the formation of a double
membrane vesical on the endoplasmic reticulum, called the autophagosome, which
encloses cytoplasmic components and then is trafficked to the vacuole (Figure 3; Liu
and Bassham, 2012). The autophagy pathway and machinery was first identified in
yeast (Matsuura et al. 1997), and several plant orthologs of AuTophaGy (ATG) genes
have been identified. There are over 40 autophagy-related genes in Arabidopsis, and
108 putative genes in bread wheat (Yue et al. 2018). Components of the autophagy
machinery could be classified into clusters based on their functions: (1) the ATG1-
ATG13 kinase complex initiates the formation of autophagosome precursor,
phagophore; (2) ATG9, ATG2, and ATG18 mediate lipids delivery for expanding the
phagophore; (3) the phosphatidylinositol 3-kinase complex drives vesicle nucleation,

autophagosome formation, and trafficking to vacuole; (4) ATG8 covalently bond to
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phosphatidylethanolamine (PE) contributes to phagophore membrane expansion and
cargo recruitment; (5) ATG5-ATG12-ATG16 complex together with ATG4, ATG7, and
ATG3 catalyze conjugation of ATG8 to phosphatidylethanolamine; and (6) ATG10 and
ATG7 contribute to assembly of ATG5-ATG12-ATG16 complex (reviewed by Liu and
Basshasm, 2012; Marshall and Vierstra, 2018; Liu et al. 2020).

Autophagy is an essential regulator of cellular homeostasis (Marshall and
Vierstra, 2018). Previous research has shown that autophagy increases tolerance to
oxidative stress/H202/Methyl viologen (Xiong et al. 2007; Shin et al. 2009); nutrient
deficiencies and starvation (Xiong et al. 2005; Guiboileau et al. 2012; Merkulova et al.
2014); salinity (Liu, Xiong, Bassham, 2009; Shin et al. 2009); hypoxia (Lin et al. 2021);
drought (Liu, Xiong, Bassham, 2009; Sun et al. 2018; Bao et al. 2020; Kuzuoglu-Ozturk
et al. 2021; Wang et al. 2015; Sun et al. 2018; Yang et al. 2021); and heat (Zhou et al.
2014; Zhai et al. 2016; Zhang et al. 2021). Overexpression of ATG8 has been shown to
increase yield under low nitrogen conditions in Arabidopsis (Chen et al. 2019).
Overexpression of ATG5 and ATG7 was shown to increase ATGS lipidation and
autophagic activity, leading to greater resistance to pathogens and oxidative stress in
Arabidopsis (Minina et al. 2018). Hence, autophagy pathway appears to be an important
breeding target for increasing plant stress resistance.

Amongst potential autophagy markers, ATGS is frequently used to assess the
overall activity and track specific stages of the autophagy pathway from the beginning of
phagophore formation to the final degradation steps in the vacuole (Figure 3; Bassham,
D., 2014). ATG8 provides a selective docking platform for autophagy receptors and

adapters. Such adapters were identified for plastids (Michaeli et al. 2014; Ishida et al.
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2008) and 26S proteasomes (Marshall et al. 2015). Evidence for selective autophagy in
plants has been shown for ER (Lui et al. 2012) and peroxisome (Xie et al. 2016; Oikawa
et al. 2022).

NBR1 (NEIGHBOR OF BRCA1,; also known as Joka2 in tobacco; Zientara-Rytter
et al. 2011) was the first selective autophagy receptor in plants identified through
domain organization and homology of two mammalian autophagic adapters
p26/SQSTM1 and NBR1 (Svenning et al. 2011). NBR1 plays a role in clearing stress-
induced protein aggregates (aggrephagy) and implicated in responses to multiple
stresses including heat, drought, and salinity (Zhou et al. 2013; Zhou et al. 2014; Jung
et al. 2020). Additionally, Arabidopsis nbrl mutants have been shown to accumulate
toxic protein aggregates and be hypersensitive to heat, drought, oxidative, and salt
stress and (Zhou et al. 2013). NBR1 contributes to stress tolerance through two
mechanisms: (i) the recognition and sorting of toxic protein aggregates and (ii) the
negative regulation of heat stress memory by mediating the clearance of heat shock
related chaperones (Zhou et al. 2013; Zhou et al. 2014; Thirumalaikurmar et al. 2021).
Recently, Arabidopsis NBR1 was found to function as a microautophagy receptor for
photodamaged chloroplasts exposed to high light independently of the ATG7-ATG8
pathway (Lee et al. 2023). Expression level of wheat TaNBR1 was shown to be induced
by drought stress (Chen et al. 2022). Thus, autophagy receptors can be used as
markers for isolation of genotypes with more efficient autophagy and identification of
corresponding genetic markers.

Peroxisome specific pexophagy autophagy protects cells from ROS derived

oxidative damages. Another process that controls peroxisome abundance is
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pexophagy. Pexophagy is a specific type of autophagy that is responsible for degrading
damaged or oxidized peroxisomes (Farmer et al. 2013; Shibata et al. 2013; Young &
Bartel, 2016). Autophagy could also contribute to drought tolerance (Bao et al. 2020; Liu
et al. 2009; Sun et al. 2018). ATGS8 proteins are used as a general marker of autophagy
and ATGS8 has been implicated in pexophagy (Calero-Mufioz et al., 2019; Shibata et al.,
2013).

Recently, the mechanism of pexophagy in Arabidopsis under high light stress
was elucidated. Oikawa et al. 2022, reports that under light, peroxisomes accumulate
ROS, impairing catalase function causing the initiation of selective pexophagy through
ATG18 recognition of phosphatidylinositol 3-phosphate on the peroxisome membrane.
This causes the classical autophagosome formation pathway and trafficking damaged
peroxisome to the vacuole for degradation. However, it remains not clear how ROS
generated in the peroxisome matrix induce pexophagy. In yeasts and mammalian
systems, pexophagy mechanisms have been demonstrated. Sensor proteins on the
peroxisomal membranes recognize ROS accumulation in the peroxisome matrix
inducing pexophagy, although orthologs to these proteins have not been identified in
plants. It has been postulated that oxidized lipids on the peroxisome membrane may
induce pexophagy by functioning as a marker of oxidized peroxisome (Oikawa et al.
2022). Although the exact mechanism of ROS oxidized pexophagy is not fully

elucidated, pexophagy is an important mechanism for ameliorating oxidative damage.
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CHAPTER 2: EXPERIMENTAL METHODS AND PROCEDURES

Section 1: Plant Growth Conditions
Section 2: Phenotyping

Section 3: Molecular Biology
Section 4: Biochemistry

Section 5: Buffers

Section 1: Plant Growth Conditions

Plants were grown until a specific Zadoks stage in greenhouse, growth chamber,
or in field conditions as specified for each experiment below (Zadoks, Chang & Konzak
1974). Drought stress was induced by withholding watering for greenhouse and growth
chamber experiments. The volumetric water content (VWC) was measured using
ProCheck Soil Moisture Probe with 5TC probe (Decagon now METER environment,
Pullman, WA, USA) or HH2 Soil Moisture Meter (Delta-T Devices, Cambridge, UK).
Once soil moisture reached below 0.2%, plant material was collected for biochemical

assays. Statistical analysis was done using Student T-tests and ANOVA.

The growth conditions following were used for the experiments in Chapter 3. The
greenhouse growth conditions were 60% humidity, 16/8hr light/dark cycle, 22°C during
the day and 18°C at night. Seeds were germinated on peat plugs for 2 weeks. The
seedlings were planted together with the peat plugs into 55 gallons U-line bins filled with
Sungro6 peat moss potting soil and watered daily. This type of soil provides the best

contrast for root imaging. Fertilizer was not used. The position of bins in the greenhouse
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was randomized. Each bin contained one root imaging tube and two soil moisture probe
tubes. Each bin was populated with five seedlings of the same genotype. Five bins were
setup per each genotype: 2 well-watered controls and 3 drought treatments. The bins
were watered for 1 week following transplanting the seedlings and then watering of the

drought-stress bins was stopped.

The growth conditions following were used for the experiments in Chapter 4 and
Chapter 5. The dynamic impact of drought on photosynthesis was measured in the
Phenomics Facility at Washington State University. Seeds were germinated on peat
plugs for 2 weeks and then transplanted into 54x38 cm trays filled with Sungro6
Sunshine Mix #1. Five trays were used for drought treatment and two trays were used
as watered control. Position of the trays was randomized. Each tray destined for
drought stress was populated with 15 seedlings and each watered control trays were
populated with 35 seedlings. Seedlings were acclimated in the phenomics chamber for
5 days with daily watering,16/8hr light/dark cycle, 22°C during the day and 18°C at
night, 60% humidity, and artificial illumination ~470 ymol/m?/s. The VWC in soil was
measured using Decagon Devices Em-50 soil moisture data-logger probes (Pullman
WA). One soil moisture probe connected to a data-logger was used per each tray. Soll
volumetric water content values were logged every 6 hours. Drought was induced by
withholding watering after seedlings were acclimated in the phenomics chamber for five
days. Every day of the drought stress treatment, leaf material was collected from one
plant per each drought stress tray making 5 biological replicates per genotype and five

randomly selected plants from the watered control. The bottom third part of each leaf
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was flash-frozen in liquid nitrogen and stored at -80°C for biochemical assays. The rest

of the plant was cut at the below-ground level using scissors and discarded.

The growth conditions following were used for the experiments in Chapter 4.
Seeds were planted in 1 gallon pots with Sungro6 Sunshine Mix #1 and grown in a
chamber at 16hr/8hr light/dark cycle, 22°C during the day and 18°C at night, 60%
humidity, and light intensity ~1000 ymol/m?/s. Each pot contained 3-4 seedlings. Once
plants reached tillering stage (Zadok stage 25), drought was induced by withholding
watering. Photosystem | measurements were performed on 4 biological replicates for

each genotype and treatment when the VWC in drought-stressed pots reached 0%.

The growth conditions following were used for the experiments in Chapter 6. The
16 spring wheat diversity panel lines (Jordan et al. 2018; Blake et al. 2019) were grown
in growth chambers in 16/8hr light/dark cycle, 22°C during the day and 18°C at night,
60% humidity, and artificial illumination ~1000 umol/m?/s conditions. To mimic the field
setting, 15 seeds were planted in a 1-gallon pot with Sungro6 Sunshine Mix #1 soil
supplemented fertilizer, with 2 replicates for well-watered control and 2 for heat+drought
stress. Drought stress was induced by withholding water. The volumetric water content
(VWC) was measured using ProCheck Soil Moisture Probe with 5TC probe (Decagon
now METER environment, Pullman, WA, USA). Once soil moisture reached below
0.2%, drought stressed plants were exposed to 40°C heat stress for 1-hour in a growth
chamber. Immediately after, plants were sampled for peroxisome abundance and

material was collected for biochemical assays to measure autophagy.
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Section 2: Phenotyping

Measuring Root dynamics and Plant Growth

Root images were recorded with a CI-600 In-Situ Root Imager (CID Bio-
Sciences, Camas, WA). The images were analyzed using RootSnap! image analysis
software (CID Bio-Sciences, Camas, WA). To assess the size of the root system, we
measured two parameters: total root length and total root count. Yield parameters
including tiller number, grain number, and total yield were collected at maturity. Soil
moisture values were recorded twice per week in both tubes at the bottom of the bin
(80cm) and 40 cm above the bottom using a PR2 Soil Moisture Profile Probe and HH2
Soil Moisture Meter (Delta-T Devices, Cambridge, UK). Three readings per each depth

and each tube were collected and averaged.
Measuring Chlorophyll Fluorescence using phenomics platform

Chlorophyll fluorescence images were collected once per night using combination
of 455 nm and 630 nm saturation light and 630 nm measurement pulse using the
Fluorcam XYZ system equipped with a Fluorcam 2701 LU camera (PSI Co., Drasoy,
Czech Republic). For these measurements’ plants were illuminated for 300 second with
actinic light of 200 °mol quanta m-2 s prior to taking the meassurments. The images were
processed by the Fluorcam 7 software (PSI Co., Drasov, Czech Republic) to derive the
following parameters: Fv/IFm (fluorescence quantum yield), ¢psi (quantum yield of
photosystem |l photochemistry) determined after the 300 second light period), non-

photochemical quenching (NPQ, determined after the 300 second light period), and NPQ
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components: energy dependent quenching qE, photoinhibition g/, and fraction of open

PSII centers gL (Nilkens et al. 2010; Ruban 2016).
Measuring Photosystem |

Analysis of photosystem | donor and acceptor sides were performed using a
custom-built flash-spectrophotometer (Tietz et al. 2015). Plants were adapted to actinic
light (300 pmol quanta-m=2-s~") for five minutes and then for 60 seconds to each of the
following light intensities 50, 100, 200, 300, 500, 800, 1600 pmol/m=2/s~'. The electron
flow through photosystem | was measured from saturating multiple turnover light pulse
(100 ms) induced redox changes of P700 (determined as the difference between the
810nm and 900nm absorbance change). Efficiency of ¢| was derived from Pm' - P
(Klughammer & Schreiber 2016), where P is P700" level for a given light intensity; Pm’,
P700* maximal level in the multiple turnover pulse; Pm, maximal P700* level for the dark-
adapted state (determined by a multiple turnover pulse of dark-adapted leaves); and Po,
fully reduced P700 determined in a 0.5-s dark interval followed directly after the multiple
turnover pulse. The non-photochemical loss due to oxidized donors and non-
photochemical loss due to reduced acceptors were derived using P-Po for donor side

limitations and Pm-Pm’ for acceptor limitations.

Section 3: Molecular Biology

Genetic Analysis

Homoeologs for catalase genes CAT7 and CAT2, and peroxisome biogenesis

gene PEX11-C were identified using BLAST with the wheat genome database IWGSC
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RefSeq v2.1. Homoeologs were classified according to relative homology scores. The 3
homoeologous genes were aligned, and gRT-PCR primers were designed for regions with
sufficient number of non-conserved base pairs for capturing specific homoeologs (Table

2.1; Sanad et al. 2019).

Homoeologs for ATG8 genes were identified using BLAST with the wheat
genome database IWGSC RefSeq v2.1 and clustered based on relative homology
scores. Subsequently, we aligned the eleven homoeologous ATG8 genes using Clustal
Omega (Siever et al. 2011) and designed qRT-PCR primers to either target individual

homeologs or conserved regions of several homoeologous genes (Table 2.1).

Total RNA was extracted using RNeasy plant kit (Qiagen) from leaf material. The
leaf material was sampled as described above. cDNA was synthesized using Maxima H
Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). The primers are listed
in Table 2.1. gRT-PCR reactions were performed using Fast SYBR™ GreenMaster Mix
(Thermo Fisher Scientific) in 96-wells plates on ViiA 7 Real-Time PCR System with
default ViiA™ 7 SYBR conditions. Reactions were replicated 3 times and analyzed in
QuantStudio™ Real-Time PCR Software v1.3., transcription levels were normalized to
housekeeping gene RNase L inhibitor-like protein (Giménez, Piston & Atienza 2011) or

ADP-ribosylation factor 2 (Paolacci et al. 2009).

Promoter sequences for PEX11C-7A and CAT2-6D were downloaded from the
wheat genome database IWGSC RefSeq v2.1. Primers were designed to amplify

~1,000 base pair regions upstream from the start codon (Table 2.1). A biotin-
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modification was added to the reverse primer for binding to the streptavidin-agarose

affinity chromatography resin (Thermo Scientific).
Phylogenetic analysis and structure prediction

Homoeologs for ATG8 were identified using BLAST with the wheat genome
database IWGSC RefSeq v2.1 and clustered based on relative homology scores. Amino
acid sequences were downloaded and aligned using ClustalX software package
(Thompson et al. 1997). The phylodendrograms were constructed in PAUP using
Jackknife method. Bootstrap values were calculated from 1000 iterations. Published
ATG8 genes from Arabidopsis thaliana and Oryza sativa were included for comparing

the ATGS clustering and Saccharomyces cerevisiae ATG8 was used as the out group.

Predicted structures of wheat ATG8 homeologs were constructed in AlphaFold
Protein Structure Database (Jumper et al. 2021). Amino acid sequences for ATG8c-2A
(uniport: Q7XY24), ATG8-6A (uniport: AOA3B6NXU7), ATG8I-6B (uniport:
AOA3B6PL31), and ATG8m-6D (uniport: AOA3B6QLC9) were blasted in Uniport and
imported in AphlaFold. Protein structures were visualized and superimposed using

ChimeraX software (Pettersen et al. 2021).

Section 4: Biochemistry

Measuring peroxisome abundance

Peroxisome abundance was measured using small fluorescent probe Nitro-
BODIPY using previously published procedure (Fahy et al. 2017). A 2-cm fragment of the

leaf basal part was transferred into deep 96-well plates immersed in a liquid nitrogen bath
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and ground to fine powder using a tissue grinder (TissuelLyser Il, Qiagen, Venlo,
Netherlands). Total leaf protein was extracted using 0.8 ml of the extraction buffer A (EBA;
20 mM Tris HCI, pH7.4, 500 mM NaCl, 7M Urea) by rotating the plates for 1 hour. The
debris was cleared by centrifugation at 3,000 g for 30 minutes. Then 20 ul of the extract
was added to 80 pl of freshly prepared 2 yM solution of N-BODIPY and 100 pl of water in
96-well plates and incubated for 10 min. The fluorescence intensity was measured at 490
nm excitation wavelength and 530 nm emission wavelength using Synergy Neo B
spectrofluorometer (Biotek Instrument, Inc). Five biological replicates (individual plants)
with three technical replicates were performed per genotype and treatment. The
background was measured as (i) 20 pl of each protein extract in 180 pl of water; and (ii)
20 ul of N-BODIPY supplemented with 180 ul of water per each 96-well plate. Both
background values were subtracted from the N-BODIPY fluorescence signal value. The
fluorescence intensity was normalized by the protein concentration measured with the
Bradford Reagent (Biorad Laboratories) using a calibration curve constructed with
solutions of known concentration of Bovine Serum Albumin. Fluorescence intensity was

calculated in arbitrary units per 1 mg of protein.
Measuring Activity of ROS Scavengers

A 2 cm long fragment at the flag leaf base from three individual plants were
sampled and mixed in one tube. One set of three plants constituted a biological replicate.
The leaf material was ground in liquid nitrogen using a mortar and pestle. Total protein
extract was prepared from 150 mg of the leaf powder in 0.05 M potassium phosphate

buffer (pH 7.8) supplemented with following protease inhibitors: 200 yM AEBSF, 100 uM
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PMSF, 10 uM leupeptin and 10 uM pepstatin. Protein concentration in the extract was
measured using Bradford Reagent (Biorad Laboratories). The enzymatic activity of

catalase (CAT) was measured by the rate of hydrogen peroxide decomposition at OD240.

Ascorbate peroxidase (APX) activity was quantified in total protein extract
prepared with buffer containing 0.05 M potassium phosphate buffer (pH 7.0), 5 mM EDTA,
and 17 mM ascorbic acid. The enzymatic activity was measured by the rate of oxidized
ascorbate production at OD290. Guaiacol peroxidase (GPX) activity was quantified by
homogenizing total protein extract with 0.05 M potassium phosphate buffer (pH 7.0)
containing 1% guaiacol solution. The enzymatic activity was quantified by the rate of
tetratguaiacol production at ODa470. Superoxide dismutase (SOD) activity was quantified
by homogenizing total protein extract in the buffer containing 0.154% (w/v) nitro-blue
tetrazolium chloride, 5.82% (w/v) methionine, and 0.0015% (w/v) riboflavin. The reaction
was initiated by illuminating the cuvettes with 15 W fluorescent light for ~12 minutes.

Absorbance was measured at ODsso0. One unit of the enzyme activity is equivalent to 50%

Hydrogen peroxide concentration was determined as an indicator of ROS
accumulation. 200 mg of tissue was ground under liquid nitrogen conditions using a
mortar and pestle. Leaf tissue powder was homogenized with 1% ammonium iron I
sulfate (weight/volume) in 0.5 M H2SO4. Then, 5% sulfosalicylic acid was added to initiate
reaction. Absorbance was measured at ODsso. Hydrogen peroxide concentration is

determined by a standard curve.
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Preparation of antibodies

A fragment of Catalase (GenBank: X94352.1; Table 2.1) corresponding to amino
acid residues 96 to 385 was amplified using PCR and cloned into pDONR207
(Invitrogen) entry vector using GateWay system. The fragment was verified by
sequencing. The fragment was cloned into pGAT4 destination vector and expressed as
a recombinant protein with N-terminal His-Tag in Escherichia coli stain Rosetta |l

(Novagen).

A fragment of NBR1 (GenBank: DQ211935.1; Table 2.1) corresponding to amino
acid residues 20 to 462 was amplified using PCR and cloned into pDONR207
(Invitrogen) entry vector using GateWay system. The fragment was verified by
sequencing and cloned into pGAT4 destination vector. The recombinant NBR1 protein

was produced with N-terminal His-Tag fusion in E. coli stain Rosetta || (Novagen).

A fragment of ATG7 (GenBank: AGW81787.1; Table 2.1) corresponding to amino
acid residues 31 to 960 was amplified using PCR and cloned into pDONR207
(Invitrogen) entry vector using GateWay system. The fragment was verified by
sequencing and cloned into pGAT4 destination vector. The recombinant ATG7 protein

was produced with N-terminal His-Tag fusion in E. coli stain Rosetta Il (Novagen).

A fragment of ATG8 (GenBank#AK457482.1; Table 2.1) corresponding to amino
acid residues 1 to 116 was amplified by PCR using forward and reverse primers
containing Nhe | and Xho | restriction sites respectively. The PCR fragment was cloned

in pGEM-T Easy (Promega, USA) and verified by sequencing. The fragment was
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released from the pGEM-T Easy by digesting with Nhe | and Xho [, and cloned into

expression vector pET28a cut with Ndel and Xhol.

Recombinant Catalase, NBR1, ATG7, and ATGS8 proteins were expressed as N-
terminal His-Tag fusions in E. coli stain Rosetta Il (Novagen). Total bacterial protein was
extracted using sonication. Recombinant proteins were purified under denaturing
conditions in urea buffers on a nickel-nitrilotriacetic acid agarose column (Qiagen).
Antibodies were prepared using our established procedure (Smertenko et al. 2004,
2008). Purified protein was dialyzed against PBS supplemented with 20% glycerol

overnight at 28°C.

For ATG7, protein concentration was adjusted to 1 mg/mL and 50 ug of
recombinant ATG7 were used per each boost. A total of 4 injections were administered
over 2 months in mice. The first boost was mixed 1:1 with Freund’s complete adjuvant,
and the subsequent boosts were mixed 1:1 with Freund’s incomplete adjuvant.

Antiserum was collected 10 days after final boost and evaluated by immunoblotting.

For catalase, NBR1, and ATG8, protein concentration was adjusted to 1 mg/mL
and 500 pg of recombinant protein was used per each boost. A total of 7 injections were
administered over 9 months in rabbits. For the first boost, recombinant protein was
mixed 1:1 with Freund’s compete adjuvant. 25 days after the initial boost was the 15t
boost, and antiserum was collected 10 days following the 15! boost. The subsequent six
boosts were mixed 1:1 with Freund’s incomplete adjuvant. Altogether seven bleeds
were collected. Antiserum was collected from all bleeds and evaluated by

immunoblotting.
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Affinity Purification of Antibody

ATG8 antibody was affinity purified using ATG8 bound to NHS-Activated Agarose
Resin (Pierce). Recombinant ATG8 protein was expressed and purified as above and
concentrated to 2mg/ml with a spin protein concentrator (Thermo Scientific). ATG8
protein was further purified using a size exclusion column Superdex 200 Increase
10/300GL column (Cytiva) on an AKTA-FPLC in 4M Guanidine-Hydrochloride buffered
by phosphate, pH 7.2. Fractions containing pure ATG8 were pooled together and
concentrated to 1mg/ml. 300mg of NHS-Activated agarose dry resin was rehydrated
with 0.1M sodium phosphate, 0.15M sodium chloride, pH 7.2 buffer, leading to a column
of ca. 2mL. 5ml of ATGS8 protein (1mg/ml) was then added to the resin and incubated at
30°C for 2 hours. Resin was then quenched using 1M Tris, pH 7.4 and washed in

100mM Tris, 500mM NaCl, pH 7.2.

The ATG8 antisera were pooled together, supplemented with 100 uM PMSF, 25
MM Leupeptin, 100 uM Pepstain A, 50mM Tris, 150mM NaCl, pH 7.4 and then incubated
with the ATG8-NHS resin column for 1 hour at 4°C. The resin was washed 3x with
50mM Tris and 150mM NaCl, pH 7.4, and bound anti-ATG8 was eluted from the column
in 100mM Glycine-HCI, pH 2.5 supplemented with a pH indicator phenol red at 0.5%
(w/v). The eluate was immediately mixed with 1M Tris, pH 9.0 to adjust pH to 7.5. Then
bovine serum albumin and sodium azide were added to final concentration of 5% and
0.05%, respectively. Purified Anti-ATG8 serum was concentrated with 10kD spin

concentrators, aliquoted, flash-frozen in liquid nitrogen, and stored in -80°C.
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Total Protein Extraction Techniques

For the western blotting, total protein was extracted from leaf by crushing the
tissue under liquid nitrogen conditions using a mortar and pestle and homogenizing in
an extraction buffer containing 50mM Tris (pH 7.2), 10mM EDTA, 10mM Mercaptoethaol
0.2% (v/v) Triton X-100 and proteinase inhibitors: 100 yM PMSF, 25 uM Leupeptin, 10
MM Pepstain A, 1 uM E10, and 1 uM MG132. Total protein extract supernatant was
mixed 1:1 with 2x SDS-PAGE buffer and boiled for 3 minutes. As an alternative protocol,
leaves were crushed in liquid nitrogen using a mortar and pestle, homogenized in 1:1

with 2x SDS-PAGE sample buffer, and boiled for 3 minutes.
Microsomal fractionation and delipidation

Leaves were ground under liquid nitrogen using a mortar and pestle, and
homogenizing with TNIP buffer (50mM Tris-HCI, pH 8.0, 150mM NaCl, 1TmM PMSF, and
10mM lodoacetamide). The homogenate was filtered through cheesecloth and
centrifuged at 2,000 x g for 5 minutes. Supernatant was collected and centrifuged at
100,000 x g for 1 hour. The pellet was resuspended in TNIP buffer or 2x SDS-PAGE

buffer.

For the delipidation, the microsomal fraction was resuspended in 0.5% triton X-
100 in TNIP buffer. Total protein was extracted using the above procedure. A 100l of
total protein extract was incubated with 250 unit/ml-! of Streptomyces chromofuscus
phospholipase D at 37°C for 1 hour. Reactions were then mixed with 2x SDS-PAGE
sample buffer, ran on a 15% SDS-PAGE gel, and transferred to PVDF membrane.

Membranes were probed with anti-ATG8 as described above.
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Western Blotting

Total protein was extracted from leaf by grinding the tissue in liquid nitrogen
using a mortar and pestle followed by homogenizing in an extraction buffer (50mM Tris,
pH 7.2, 10mM EDTA, 10mM Mercaptoethaol and proteinase inhibitors 100 uM PMSF,
25 uM Leupeptin, 100 yM Pepstain A, 1 uM E10, and 1 pM MG132). The debris were
removed by centrifugation at 13,000 x g for 5 minutes at +4°. The supernatant was
collected, mixed 1:1 with 2x SDS-PAGE buffer, and boiled for 3 minutes. The extracts
were separated on a 15% SDS-PAGE gel and transferred onto a Polyvinylidene

difluoride (PVDF) membrane (Sigma).

To prepare the immuno-depleted anti-ATG8, recombinant ATGS8 at final
concentration 10 pg/ml was incubated with the primary antibody diluted 1:100 in 1x
TBST supplemented with 5% (w/v) fat-free milk powder at room temperature for 30
minutes. Then PVDF membrane with recombinant ATG8 was cut into strips and washed
for 20 minutes in same milk-TBST. One strip was incubated with primary antibody
diluted 1:100 in the same buffer and another strip was incubated with the depleted
primary antibody for 1 hour at room temperature. Both strips were washed 3 times for
10 minutes in TBST and incubated with secondary anti-rabbit horseradish peroxidase
conjugates (Jackson ImmunoResearch) diluted to 1:2000 for 35 minutes. Unbound
secondary antibody was washed off in TBST three times 10 minutes each. The
membranes were developed by ECL reagent (GE Healthcare) and images captured

using G:BOX Chemi XT4 Gel Imaging System (Syngene, USA).
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The same procedure was used to generate immuno-depleted anti-ATG7 and
anti-NBR1. ATG7 or NBR1 recombinant protein was used, and the corresponding
antiserum was tested at 1:500 dilution. Anti-mouse horseradish peroxidase conjugate

(Jackson ImmunoResearch) diluted to 1:2000 was used as the secondary antibody.

Total protein from leaves of well-watered and heat+drought-stress treated wheat
plants was extracted as described above. After removing debris by centrifugation,
protein concentration in the extracts was measured using Bradford reagent (Bio-Rad)
and adjusted to Tmg/ml. Samples were then mixed 1:1 with 2x SDS-PAGE sample
buffer and boiled for 3 minutes. Each gel well was loaded with 25 ug of total protein.
The extracts were ran on a 15% SDS-PAGE gel and transferred onto a PVDF
membrane. The membrane was washed with 1x TBST supplemented with 5% (w/v) fat-
free milk powder for 20 minutes. The membrane was incubated with the primary
antibody, either anti-ATG8 diluted 1:100, anti-ATG7, or anti-NBR1 diluted 1:500 in
TBST-milk for 1 hr. Membrane was washed, then incubated with secondary antibody

(either rabbit-HPR or mouse-HRP) at 1:2000 dilution and imaged as described above.

The membrane was then washed with agitation 3 times for 10 minutes with
deionized water then total protein was stained with colloidal silver or amido black. Total
protein values on the colloidal silver-stained membrane or amido black and
luminescence values on the Western Blotting images were measured using Fiji ImagedJ
(Schindelin et al. 2012). The luminescence intensity values were normalized by the
protein content on the membrane. Statistical differences were analyzed using Student’s

T Test.
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Immunoprecipitation (IP-MS) using anti-ATG8

Affinity-purified anti-ATG8 was incubated with protein A agarose (Pierce) for
1.5hrs on ice, with shaking. The agarose resin was washed with NET-buffer (50mM Tris-
HCI, pH 7.5, 150mM NaCl, 1mM EDTA, 0.1% Nonidet P-40, 0.02% sodium azide) and
incubated with total protein extract from leaves prepared as described above, for 1.5
hours on ice. Resin was washed with NET-buffer and bound protein was eluted with
100mM Glycine-HCI, pH 2.7. Then, pH of the eluate was immediately adjusted to pH 7.5
with 1M Tris pH 9. The eluate was concentrated down to 100ul, mixed 1:1 with 2x
concentrated SDS-PAGE sample buffer, and boiled for 3 minutes. The extracts were run
on a 15% SDS-PAGE gel, transferred onto a PVDF membrane, and probed using the
protocol above with anti-ATG8. For identification of protein composition, the extracts
were separated on 15% SDS-PAGE gel and bands corresponding to specific weight
based on the protein ladder were excised. Mass spectrometry analysis was performed
by Southern Alberta Mass Spectrometry center (https://cumming.ucalgary.ca/cat/sams).
Peptides were identified using T. aestivum protein database. Predicted proteins were
then analyzed using Scaffold 5 software (Proteome Software, Inc., Portland, Oregon).

Resin without antibody was used as a negative control for non-specific interactors.

Affinity-purified anti-ATG8 antibody was incubated with protein A agarose (Pierce)
for 1.5hrs on ice, with shaking. The agarose resin was washed with NET-buffer (50mM
Tris-HCI pH 7.5, 150mM NaCl, 1mM EDTA, 0.1% Nonidet P-40, 0.02% sodium azide)
and incubated with total protein extract using extraction described above, for 1.5 hrs on

ice. Resin was washed with NET-buffer. Protein was eluted with 100mM Glycine-HCI pH
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2.7, and pH was immediately adjusted with 1M Tris pH 9. Elution was concentrated and
mixed with 2x concentrated SDS-PAGE sample buffer and boiled for 3 minutes. The
extracts were run on a 15% SDS-PAGE gel and transferred onto a PVDF membrane
and probed using the protocol above, with anti-ATG8 as the primary antibody. Protein
extracts were loaded on 15% SDS-PAGE gel. Bands corresponding to specific weight
based on the protein ladder were excised. Mass spectrometry analysis was performed
by Southern Alberta Mass Spectrometry center. Peptides were identified using Triticum
aestivum genome. Predicted proteins were then analyzed using Scaffold 5 software.

Resin without antibody incubation was used to identify non-specific interactors.
Nuclear Fractionation

Nuclei isolation protocol by Sikorskaite et al. 2013 was optimized for wheat leaves
and all steps where performed at +4°C. Briefly, wheat leaves were ground under liquid
nitrogen conditions using a mortar and pestle and homogenizing with NIB buffer (10mM
MES-KOH, pH 5.4, 10mM NaCl, 10mM KCI, 2.5mM EDTA, 250mM sucrose, 1mM DTT,
100 uM PMSF, 25 uM Leupeptin, 100 uM Pepstatin). The homogenates were filtered
through a 20 yM mesh. The leaf material was then homogenised again with NIB buffer
and refiltered. Both extracts where combined and filtered through a 10 uM mesh. Trition
X-100 was added to a final concentration of 0.5% and the extract was agitated for 20
minutes. Extract was centrifuged at 1000 x g for 15 minutes and the supernatant was
decanted. Pellet was resuspended in NIB buffer. Supernatant was then loaded on to a
2.5 M sucrose-60% Percoll gradient column. The column was centrifuged for 45 minutes

at 1200 x g. Nuclei were collected from the 60% Percoll layer and mixed with 5 volumes
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of NIB buffer. Nuclei were resuspended in NIB, centrifuged at 1000 x g for 10 minutes and
resuspended in NIB. To check the quality of the nuclei preparation, the material was

stained with DAPI and examined under fluorescence microscope.
Nuclear Protein Extraction with TRIzol

Extracted nuclei were homogenized by vertexing in 1 mL of TRIzol, incubated on
ice for 5 minutes, and centrifuged at 12,000 rmp at +4°C for 5 minutes in a table top
centrifuge, Supernatant was collected and mixed with chloroform, incubated on ice for 5
minutes, then centrifuged at 12,000 rmp at +4°C for 15 minutes. Aqueous phase was
removed. 300 pL of ethanol was added, mixed, and incubated at room temperature for
10 minutes. Extract was then centrifuged at 1000 x g at +4°C for 5 minutes. Supernatant
was transferred to a fresh tube and mixed with 1.5 mL isopropanol was added. The
mixture was incubated at room temperature for 10 minutes. Protein was pelleted by
mixing with 2 mL of 100% ethanol and incubating at room temperature for 20 minutes.
Then extract was centrifuged 12,000 x g at +4°C for 5 minutes. The pellet was washed
using ethanol and air dried. The pellet was resuspended in 1% SDS buffer (1% SDS,
10mM Tris, 150mM NaCl, 1mM EDTA) and incubated at 50°C till all protein was dissolved.

Solution was diluted to a final concentration of SDS 0.1%.
Streptavidin Affinity Chromatography

DNA-binding proteins were pulled down using Streptavidin Agarose resin (Pierce),
following the manufacturer’s instructions. Briefly, 100mg of Streptavidin Agarose resin
was transferred into a spin-down column. Column was equilibrated with binding buffer

(with 0.1M sodium phosphate, 0.15M sodium chloride, pH 7.2 buffer). 500 mL of promoter
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DNA was incubated with the resin for 1 hour at room temperature. Nuclear protein extract
was incubated with the column for 2 hours at room temperature. The resin was washed
with binding buffer. Proteins were eluted from the column in 8M Glycine-HCI (pH 1.5)
supplemented with a pH indicator phenol red and immediately mixed with 1M Tris (pH
9.0) to adjust pH to 7.5. Protein elution was concentrated with 10kD spin concentrators

and run on SDS-PAGE gel.

Section 5: Buffers

Peroxisome Abundance

Protein extraction buffer 200 mL of 1x Stock Solutions

20 mM Tris-HCI, pH 7.0 4 mL 1M Tris-HCI, pH 7.0
500 mM NaCl 20 mL 5M NacCl

7M Urea 84 g

2 uM N-Bodipy 10 nM N-Bodipy stock
ROS Scavenging Enzymes

Protein extraction buffer for

Enzymes 1L of 1x

0.05 M potassium phosphate- 7.45 g of potassium

pH 7.8 phosphate dibasic

986 mg of potassium
phosphate monobasic

1.5 mL of extraction

Added at use: buffer

200 uM AEBSF 15 uL 200 mM AEBSF stock
100 uM PMSF 10 uL 100 mM PMFS stock

10 uM leupeptin 25uL 25 mg/mL leupeptin stock
10 uM pepstatin 1 uL 10 mg/mL pepstain stock
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Solution for catalase,
ascorbate peroxidase and
guaiacol peroxidase

0.05 M potassium phosphate-
pH 7.0

Catalase Activity

0.05 M potassium phosphate-
pH 7.0

3% H202 solution

Ascorbate Peroxidase
Activity

0.05 M potassium phosphate-
pH 7.0

0.005 M EDTA

0.017 M ascorbic acid

3% H202 solution

Guaiacol Peroxidase
Activity

0.05 M potassium phosphate-
pH 7.0

1% guaiacol

H202

Superoxide Dismutase
Activity

0.154% nitro blue tetrazolium
chloride (NBT)

5.82% methionine solutions
0.0015% riboflavin

Hydrogen Peroxide Content
0.5 M H2S04

1% (w/v) ammonium iron (I1)
sulfate in 0.5M H2S04
1.67% sulfosalicylic acid
solution

1L of 1x

4.67 g of potassium
phosphate dibasic
3.15 g of potassium
phosphate monobasic

2.5 mL reaction
2.5mL

3 uL

2.5 mL reaction
2.5mL

50 pL

20 pL
5uL

3 mL reaction
2.5mL

600 pL

10 uL

3 mL reaction

1 mL

1 mL
1 mL

5 mL reaction

13.7 mL in 500 mL H20

1x per 200 mg tissue
5mL

1 mL of 5% (w/v)
sulfosalicylic acid
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Stock Solutions

30% H202 stock solution

Stock Solutions

5mM EDTA
17 mM ascorbic acid
30% H202

Stock Solutions

300/0 H202



Purification of HIS-Tagged Proteins

Protein extraction buffer
50 mM HEPES, pH 7.0
300 mM NaCl

20 mM Imidazole

20 mM B-Mercaptoethanol
8 M Urea

Washing buffer 20 mM
50 mM HEPES, pH 7.0
300 mM NaCl

20 mM Imidazole

6 M Urea

Washing buffer 40 mM
50 mM HEPES, pH 7.0
300 mM NaCl

40 mM Imidazole

4 M Urea

Washing buffer 60 mM
50 mM HEPES, pH 7.0
300 mM NaCl

60 mM Imidazole

4 M Urea

Washing buffer 80 mM
50 mM HEPES, pH 7.0
300 mM NaCl

80 mM Imidazole

2 M Urea

Elution buffer

50 mM HEPES, pH 7.0
300 mM NaCl

250 mM Imidazole

2 M Urea

Protein dialysis buffer for
Antibodies-pH 7.0

4 mM NazHPO4 X 12 H20
1.5 mM KH2PO4

130 mM NacCl

20% (v/v) glycerol

100 mL of 1x
5mL

6 mL

2mL

35 uL

48 g

100 mL of 1x
5mL
6 mL
2 mL
3649

5mL
6 mL
4mL
24 g

100 mL of 1x
5mL
6 mL
6 mL
18 ¢g

100 mL of 1x
5mL
6 mL
8 mL
12 g

100 mL of 1x
5mL

6 mL

25 mL

12 g

1L of 1x
1459
212 mg

8¢
200 mL

42

Stock Solution

1 M HEPES, pH 7.0
5 M NaCl

1 M Imidazole, pH 7.0

Stock Solution

1 M HEPES, pH 7.0
5 M NaCl

1 M Imidazole, pH 7.0

1 M HEPES, pH 7.0
5 M NaCl
1 M Imidazole, pH 7.0

Stock Solution

1 M HEPES, pH 7.0
5 M NaCl

1 M Imidazole, pH 7.0

Stock Solution

1 M HEPES, pH 7.0
5 M NaCl

1 M Imidazole, pH 7.0

Stock Solution

1 M HEPES, pH 7.0
5 M NaCl

1 M Imidazole, pH 7.0



SDS-PAGE loading buffer
ddH20

125 mM Tris-HCI, pH 6.8

4% (w/v) SDS

20% (v/v) glycerol

10% (v/v) B -mercaptoethanol
0.4% (w/v) Bromophenol Blue

Protein Extraction

50 mM Tris, pH 7.2

10 mM EDTA

10 mM B -mercaptoethanol
0.2% (v/v) Triton X-100
100 uM PMSF

25 UM leupeptin

10 uM pepstatin

1 uM E-10

1 uM MG-132

10% Ammonium persulfate
(APS)

ddH20

Ammonium persulfate
*Aliquots 500 pL and store at
-20°C. Do not freeze/thaw.

SDS-PAGE running buffer
25 mM Tris

0.19 M Glycine

0.1% SDS

SDS-PAGE resolving gel
0.75 M Tris-HCI, pH. 8.8
0.2% (w/v) SDS

SDS-PAGE stacking gel
0.25 M Tris-HCI, pH. 8.8
0.2% (w/v) SDS

100 mL of 2X
20 mL

50 mL
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20 mL

10 mL

20 mg (several crystals)

20 mL of 1 x
1mL

400 uL

14 uL

40 uL

10 uL

1 uL

10 uL

1 uL

1 yL

10 mL of 1x

10 mL
149

4 L of 10x
120 g Tris
576 g Glycine
40 g SDS

200 mL of 1x
18.17g Tris
400 mg SDS

200 mL of 1x

6.06 g Tris
400 mg SDS
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Stock Solution

250 mM Tris-HCI, pH 6.8

Stock Solution
1 M Tris-HCI, pH 7.2
500 mM ETDA

100 mM PMFS stock

25 mg/mL leupeptin stock
10 mg/mL pepstain stock
1 mM E-10

1 mM MG-132

*See Resolving Gel
Mixture Below

*See Stacking Gel Mixture
Below



Poly Acrylamide Resolving Gel Mixture

7.5% | 10% [12.5% | 15%
Total Volume (mL) 28 28 28 28
30% AA (mL) 5.2 8.4 11.6 14
0.75 M Tris (mL) 14 14 14 14
ddH20 (mL) 8.6 5.4 2.2 -
TEMED (uL) 12 12 12 12
10% APS (ulL) 240 | 240 240 300

Poly Acrylamide Stacking Gel Mixture

4%
Total Volume (mL) 10
30% AA (mL) 1.3
0.75 M Tris (mL) 5
ddH20 (mL) 3.6
TEMED (uL) 10
10% APS (ulL) 100

Colloidal Coomassie Blue

Stain
ddH20

1L of 1x
60 mL

10% (w/v) Ammonium Sulfate 100 g
0.1% (w/v) Coomassie G-250 1g
3% (v/v) Orthophosphoric

acid
20% (v/v) Ethanol

*Add each component in

order listed above

Slow Western Blotting
*Run at 12 amps for 12-16 hours/overnight

Transfer buffer
38 mM glycine
48 mM Tris
0.0037% SDS

20% (v/v) methanol

30 mL

200 mL

2L of 1x

58¢g

11649

0.74 g

Add to 1x at use:
200 mL
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*Dissolve fully in water
*Dissolve fully in water



Fast Western Blotting

*Run at 90 mV for 60-70 minutes

Transfer buffer
25 mM Tris
192 mM glycine

1% SDS, pH 8.3
20% methanol

TBST washing buffer
20mM Tris HCI, pH 7.4
300mM NaCl

0.1% Tween 20

5% milk-TBST Buffer
5% (wl/v) fat-free milk
powder

TBST

Amido Black Solution
1% Amidoblack
10% methanol

Colloidal Sliver Stain
ddH20

40% (w/v) Nas-citrate
20% (w/v) FeSOax7H20

20% (w/v) AgNOs3

*Only use ddH20 and clean falcon tubes to mix reagents.

Microsomal Fractionation
TNIP buffer

50 mM Tris, pH 8.0

150 mM NacCl

1 mM PMSF

10 mM lodoactaminde

Delipidation Buffer
0.5% (v/v) Triton X-100
TNIP

2 L of 5x

30.3 g Tris

1449 Glycine

Add to 1x at use:

5 mL 10x SDS, pH 8.3
200 mL

2.5 L of 5x
30.1 g Tris
215 g NaCl
12.5 mL of Tween 20

100 mL of 1x
59

100 mL

50 mL of 1x
0.5 g Amidoblack
5 mL of methanol

20 mL of 1x
18
1

0.8 mL

0.2mL

10 mL of 1x
1mL

5mL

100 pL

20 mg

5 mL of 1x
2.5 uL (v/v)
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*Recipe above

*Store at room
temperature.

*Store in 800 uL aliquots at
-20°C. Do not freeze/thaw.
*Store in 1 mL aliquots at -
20°C. Can freeze/thaw.

Stock solutions
500 mM Tris, pH 8.0
300 mM NaCl

100 mM PMSF

*Recipe above



Immunoprecipitation

NET buffer 20 mL of 1x
50 mM Tris-HCI, pH 7.5 1mL

150 mM NacCl 3 mL

1 mM EDTA 4 uL

0.1% Nonidet P-40 200 uL
0.02% NaNs3 10 uL
Immunoprecipitation

elution and

neutralization buffer 10 mL of 1x
100 mM Glycine-HCI, pH 75 mg

2.7

1 M Tris pH 9.0 1.21¢g

ATGS8 Purification

FPLC Running Buffer 1L of 1x

4M Guanidine- 382.16 g
Hydrochloride

100 mM Phosphate 100 mL
Coupling Buffer 100 mL of 1x
100 mM sodium 10 mL
phosphate, pH 7.2

150 mM NacCl 15 mL
*Buffer needs to be amine-free
Quenching Buffer 10 mL of 1x
1M Tris, pH 7.4 1219

Wash Buffer 100 mL of 1x
100 mM Tris-HCI, 7.2 10 mL

500 mM NaCl 50 mL
Antisera Wash Buffer 100 mL of 1x
50 mM Tris-HCI, 7.2 5mL

150 mM NacCl 15 mL
Elution and

Neutralization Buffers 100 mL of 1x
100 mM Glycine-HCI, pH 0.75¢

2.5 with 0.5% phenol red

1 M Tris pH 9.0 1211¢g
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Stock solutions

1 M Tris-HCI, pH 7.5

1 M NaCl

0.5 M EDTA

10% (v/v) Nonidet P-40
5% NaN3

Stock solutions

1 M sodium phosphate, pH
7.2

Stock solutions

1 M sodium phosphate, pH
7.2

1 M NaCl

Stock solutions
1 M Tris-HCI, pH 7.2
1 M NaCl

Stock solutions
1 M Tris-HCI, pH 7.2
1 M NaCl



Column Storage Buffer
100 mM Tris-HCI, 7.2
500 mM NaCl

Add at use 10 mL for 1x:
0.2% NaNs

Nuclear Fractionation
NIB buffer

10 mM MES-KOH, pH 5.4
10 mM NaCl

10 mM KCI

2.5 mM EDTA

250 mM Sucrose

Add at use:

1mMDTT

100 uM PMSF

10 uM leupeptin

10 uM pepstatin

Percoll Gradient
2.5 M Sucrose
60% percoll

1% SDS Nuclei Protein
Buffer

1% (v/v) SDS

10 mM Tris

150 mM NacCl

1 mM EDTA

100 mL of 1x
10 mL
50 mL

10 pL

100 mL of 1x
1mL

1mL

1mL

50 yL

2.5mL

100 pL
10 yL

25l
1L

10 mL gradient

5mL
5mL

10 mL of 1x
100 pL

100 pL

150 uL

2 uL

Streptavidin Affinity Chromatography

Binding and Wash Buffer
100 mM sodium
phosphate, pH 7.2

150 mM NacCl

Elution and
Neutralization Buffers

8M Glycine-HCI, pH 1.5
with 0.5% phenol red

1 M Tris pH 9.0

100 mL of 1x
10 mL

15 mL

10 mL of 1x
69

1219

47

Stock solutions
1 M Tris-HCI, pH 7.2
1 M NaCl

5% NaNs3

Stock solutions

1 M MES-KOH, pH 5.4
1 M NaCl

1 M KCI

0.5 M EDTA

2.5 M sucrose

100 mM DTT

100 mM PMFS stock

25 mg/mL leupeptin stock
10 mg/mL pepstain stock

*Dilute Percoll solution to
60% (v/v) and use for
gradient

Stock solutions
10% SDS solution
1 M Tris

1 M NaCl

0.5 M EDTA

Stock solutions

1 M sodium phosphate, pH
7.2

1 M NaCl



Gene Name Type 5' Mod Forward Reverse References
GGGGACAAGTTTGT GGGGACCACTTTGTA
ATGT Gateway ACAAAAAAGCAGGC CAAGAAAGCTGGGTC
Cloning TTCGACCTCCGCCG  AGATGCAATGGAGGC
ACTCAAGCTCGAC CAGTCC
ATGE Traditional éiﬁgﬁfééﬁ%cg ACTCGAGTCACCCAA  Hickey et al.
Cloning A ATGTCTTCTCGCTGC 2022
GGGGACAAGTTTGT GGGGACCACTTTGTA
NER1 Gateway ACAAAAAAGCAGGC CAAGAAAGCTGGGTC
Cloning TTCGATGTTGTTATG  TTATCGTGGTGACCT
CTGGATGATGAC CTCACTGTTATT
GGGGACAAGTTTGT GGGGACCACTTTGTA
Cotalace  ClEWAY ACAAAAAAGCAGGC CAAGAAAGCTGGGTC  Hickey et al.
Cloning TTCGAACGCATACCT TCACACATTTTGGAG 2022
GAACGTGTTGTTC CATTGACTG
Imfi{gi?jfl_';ke bR CGATTCAGAGCAGC AGTTGGTCGGGTCTC  Giménez et
: q GTATTGTTG TTCTAAATG al. 2011
Protein (RLI)
" :;Pg;ion bR TCTCATGGTTGGTCT GGATGGTGGTGACG  Paolacci et
y q CGATG ATCTCT al. 2009
Factor 2
ATGS bR GGAGATGGCCAAGA AGCCTTCTCAACGAT
Universal q CTTGCT CACCG
GGATTGCTCTAGATG ATCCTACGACGAGGC
ATG8b-2A  gPCR Seren PYTES
. CTTCTCCAGCTTCG  ACTTCATCCTCCTCC
ATG8i-5A qPCR CCATTGA TCGCT
\BR1 ooR AACGGAACGCACTT  GTCCTCGTCATCATC
q CACTTTG CAGCAT
CGCTAGGGGACGTG CAGCGCCGACAGCA  Sanad et al,
PEX11-A aPCR ACTAA ATC 2019
CAACCCGTTCTGCA  TTCCTATACCACCCA  Sanad et al,
PEX11-B 9PCR ACCAC GCCCA 2020
GAAGAACGCGATGC  TAAAAGGCAATCCTG  Sanad et al.
PEX11-C aPCR TGTCAA CCAAG 2021
GACCTGCGGAGACA GTTGGTCCTCTCGAA  Sanad et al,
DRP-3A aPCR ATGATAAC GATAGA 2022
TGGACGAGATACCG  CACTGAAAGGTTGTT Sanad et al,
DRP-3B qPCR CTTGAA GCTGC 2023
A ooR TCCAAGCAGACTGA TGGGCTGGTGGTTTT Sanad et al,
q TGATGTG ATCAAGA 2024
TCGATCGCAGGTTG  TTGATCCTCTTCCGC  Hickey etal.
ATG-8.2 qPCR GAGATG ACCAC 2022
CTGGAAAGGAGGCA TTGATCCTCTTCCGC  Hickey etal.
ATG-8.3 qPCR AGCTGA ACCAC 2022
TCTCGCCTCCTCCC  TTGAACGAGCTCTTC  Hickey et al.
ATG-8.4 qPCR TTTACT GCCAT 2022
GGCCGAATTACCTG  AAGTAGTCGACCTCC  Hickey et al.
CAT1-5A 9PCR CTGCT TCGTCG 2022
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GGACTATGAGGAGC GTTGTCGATGTTGCG  Hickey etal.
CATI4B  aPCR GGTTCG GTTC 2022
CAGGCTGACAAGTC  TTGGTACGTAATCCT  Hickey et al.
CAT1-4D 9PCR TCTCGG CGCCG 2022
TCAAGAGAGGAAGG GTAGTCCTCCAGCAA Hickey etal.
CATZ-6A qPCR ATGGAT GATCG 2022
CCAGCTTAGCTGAG CTCGTTGTCGTTCCA Hickey et al,
CATZ-6B 9PCR CTACTT CACG 2022
GGATGGATCGATCT  AGCAGCACAGTATGT  Hickey et al.
CATZ-6D qPCR GCCAT AATCGA 2022
CCAGCTTACTACACA TGTGACGGTGTCCAA Hickey et al.
PEX11-7A gPCR GGCA TGAG 2022
TAGCCAGCTTACAC CTCTGACGGTGTCCA Hickey et al.
PEX11-4A gPCR ACACAA CTGA 2022
CCATCCAATAGCCTG ATGCGAGCCATCACC  Hickey et al,
PEX11-7D  qPCR AT o ey &
CAT2-6D ooR CTAGCCGCTCGGAT  GCGAGGAAGCAACC
Promoter CTACAC TCTAC
PEX11-7A ooR TCAAGATCCGGTCG  GTCGACATTCTGTGC
Promoter GTTTTGGT AGG
Glutamine
synthetase 2 oo AGGGCCAAAAGTAC TCGCCGCTGCTTACT  Heetal.
(GS2) AGGCAG TACTT 2015
Promoter
CAT2-6D or Biot GCGAGGAAGCAACC
Promoter TCTAC
PEX11-7A L GTCGACATTCTGTGC
Promoter PCR Biotin AGG
Glutamine
synthetase 2 PCR Biotin TCGCCGCTGCTTACT He et al.
(GS2) TACTT 2015
Promoter
GCACAGCACGACGG GGTCACGACCATGGT  Liu etal.
TaZIM-A1 PCR CAAGCCATA TCTTCGACA 2018
GGGGACAAGTTTGT GGGGACCACTTTGTA
ziMAp  Caleway ACAAAAAAGCAGGC CAAGAAAGCTGGGTC  Liu etal.
Cloning TTCGCACAGCACGA GGTCACGACCATGGT 2019
CGGCAAGCCATA TCTTCGACA
GGGATGCCGGCCGT CCGGCGGCATGCCG  He et al.
TaNAC2-5A  PCR GAGGAGGAGG GCCCCGTTC 2015
GGGGACAAGTTTGT GGGGACCACTTTGTA
NAGo.5a  Caleway ACAAAAAAGCAGGC CAAGAAAGCTGGGTC — Heetal.
Cloning TTCGGGATGCCGGC CCGGCGGCATGCCG 2016
CGTGAGGAGGAGG GCCCCGTTC

Table 2.1: Sequences of all primers used.
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CHAPTER 3: CAPTURING DROUGHT RESPONSES THROUGH PHENOTYPING

ROOT ARCHITECTURE

| completed all the experiments under the guidance of Karen Sanguinet and Andrei
Smertenko. A portion of the figures and text was published in Cells.
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Section 1: Introduction and Rational

Section 2: Experimental Setup Overview

Section 3: Root Architecture based on In-Situ Root Imaging
Section 4: Peroxisome Phenotyping

Section 5: Plant Yield and Morphology

Section 6: Correlations of Yield under Drought

Section 7: Discussion and Conclusion

Section 1: Introduction and Rational

There are three universal mechanisms of drought survival in plants (Basu et al.
2016). The first is escaping drought by accelerating reproduction (Shavrukov et al.
2017). The second mechanism is drought avoidance via higher water-use efficiency or
increasing soil moisture access. Avoidance uses a range of mechanisms such as longer
root system to capture moisture at deeper soil levels or stomata closure to reduce
transpiration (Basu et al. 2016). The third mechanism is drought tolerance. This
mechanism focuses on withstanding dehydration through the production of protective
molecules (Fang & Xiong 2015) which, amongst other roles, contribute to preventing

accumulation of reactive oxygen species (ROS; Voss et al. 2013; Foyer & Noctor 2016).

In this chapter a high-throughput technique was used for phenotyping drought
avoidance in wheat. Avoidance mechanisms are based on the plant’s ability to reach
moisture at deep soil layers and offers many benefits in the Pacific Northwest (PNW)
where dryland farming practices are commonplace. Additionally, because root

phenotyping in large wheat populations is an expensive and time-consuming process,
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the use of the high-throughput phenotyping screen by peroxisome abundance was
done. We hypothesize that through the phenotyping peroxisome abundance, root
morphology traits can be identified and ultimately exploited for breeding more robust

varieties for dryland farming.

Section 2: Experimental Setup and Drought Description

Mining soil moisture using longer roots is a known drought avoidance strategy
(Manschadi et al. 2006; Fang & Xiong 2015). Roots of wheat plants can reach several
meters in depth, hindering the analysis of root architecture in the commonly used
greenhouse containers. Analysis of roots in the field situation can provide a more
complete approach. However, environments can be significantly different within field
locations, between different field locations, and during the growing season limiting the

broadness of this approach. mber 21, 2017

< ||| Tubes for

Septe 7

November 13, 201

e
O

Analysis of environmental factors
that affect root growth and

morophology could not be s
Root

identified in this situation , ;T;eg P

comprehensively.

Here we developed an

approach that would allow Figure 3.1: A representative photo of a bin set up before trans-
planting the seedlings and after 54 days.

comprehensive analysis of root

architecture under controllable growth conditions of a greenhouse using 55 gallons bins
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and each contained 2 soil moisture probes and one root imaging tube (Figure 3.1). The
soil moisture probes were used to monitor the VWC at multiple depths. The root imaging
tube allowed for continuous imaging of the roots through the soil profile. The root
imaging is a non-invasive technique allowing for comparison of environmental
conditions on root morphology within the u-bin container. The experimental setup
included 7 spring wheat genotypes split into two experimental stress treatments. The
first set consisted of genotypes Alpowa, Hollis, Drysdale, and Onas. The second trial
included Alpowa, Dharwar Dry, Louise and AUS28451. Alpowa was repeated in both

sets.

For the first set, five 2-week-old seedlings of each variety were planted per bin.
For the second set, 2-week-old seedlings were vernalized for 9 weeks before

transplanting into bins. Seedlings were watered normally until the beginning of tillering

40
}}--.\ c Week -4 —R —_Seeds Planted D- AL ‘Conlrol
a . X
g 30- 800 mm Week -2 — ] Transplanted: 716 v R )
ﬂE - Week -1 ——f—Drought Started: 718 M -
520 —- < 400mm Week 1 e e & 723
% 10. gpm Week 2 —F—r Z3
Holliis Weeks —4—% . 4 73
o! . . . _Onas Week 4 —3f— 9 738
0 2 4 6 8 10 Week -
Time (weeks) eeks —f—k L W 2z
B a5 Weeks ——f— | WP 74
Week 7 ——f— [ 750-7¢
& 30 800 mm *
g 25 Week § —p—
"’E 20 Weeko —3
(‘3' 15 400 mm Week 10 e S
% 10+ Weekﬂ____* : )
5/ Week 16 ——§—— Harvested for Yield
v
o . . . =S & Soil Moisture Measured Biweekly
o] 2 + 6 8 Root Images Collected
Time (weeks) ¥ Root Images Analyzed

Zadoks Scale (Zx)

Figure 3.2: Impact of Drought on Growth and Development. (A) Representative chart for watered control
bins. (B) Representative chart for non-watered bins. Watering was stopped at week 0. Error bars represent
standard deviation of the mean. Two bins per each genotype were measured for control and three bins were
measured for drought-stressed situations. (C) The experimental timeline. (D) Representative images of
genotypic difference to drought. Genotype Onas shows apparent signs of distress: wilting and yellowing of
leaves, whereas genotype Drysdale shows no discernible stress symptoms.
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stage (Zadoks scale 18-19) and then watering was withheld (Figure 3.2A). The soil
WVC was measured at 80 cm (bottom of the bin) and at the 40 cm depths. The moisture
declined gradually over the 8 weeks of drought treatment at both depths, however the
depletion rate was faster at the 40 cm level (Figure 3.2B). Overall, the decline of the
soil moisture was not significantly different between any of the containers, genotypes, or

the two sets.

Root images were taken once a week for 11 weeks, till the plants were in the
grain filling stage (Figure 3.2C). Representative images were taken during the growth to

show that plants were able to growth in the u-bins (Figure 3.2D).

Section 3: Root Architecture based on In-Situ Root Imaging

Root images were captured once a week over the course of drought experiment.
Figure 3.3 shows representative images of Alpowa over the course of experiment for both

well-water control conditions and drought conditions.

11/02117 10/09/17 10/18/17 10/25/17 11/02/17
11/08/17 11/2217 12/06/18

Figure 3.3: Representative root images of Alpowa grown under normal watering (A) or drought stress (B).
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As the drought progressed, the soil dried out, reducing the contrast between
roots and soil. Root systems were analysed on images taken at different soil moisture
values and developmental stages at week 3, 5 and 6 for set 1 and week 1, 2, 5 for set 2.
Representative images are shown in Figure 3.4A and examples of how roots images

were analysed as shown in Figure 3.4B.

At week 3 for set 1, the VWC values at the top section of the bin were 10-28%
(27-32% VWC in the watered controls); at week 5, the VWC values were 5-20%; and at
week six, the values were 2-10%. Decline of the VWC values at the top of the bin was
accompanied by the higher values at the bottom of the bean. Thus, deeper root system
in this growth set up provides access to additional water resources. Additionally, week 3

plants were in the vegetative growth
Drysdale Control  Hollis Control B Drysdale Control  Hollis Control

DrysdaleDrought _HolisDrought Drysdale Drought _Hollis Drought flowering stage (Ghimire et al. 2020)
Root images were used to
measure total root length, total root
count, total root volume, total root

November 2, 2017 November 2, 2017 area, and root diameter. Of these

phase. Weeks 5 and 6 were right
before or immediately after flowering.
Later stages were not analysed as

wheat roots cease growth past the

Figure 3.4: Analysis of root growth response to drought stress.
A, Representative images of roots in control and drought Measurements, the total root length
stress bins for Drysdale and Hollis for each of the 1 timepoints
analyzed. B, Representative images of root analysis using

RootSnap! Program for control and drought stress bins. and total root count were the most
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informative because tracking the root thickness in bins with WVC was not possible due
to lower image resolution (Figure 3.3). Total root length and total root count were used
to assess changes of root architecture under drought stress. Both parameters

correlated with each other at first, second, and third measurements with R?=0.92, 0.86,

and 0.94 respectively.

Genotype-specific patterns of root growth were observed under both drought and
unstressed conditions (Figure 3.5). There were three patterns of root response to
drought stress: (i) root growth was not affected by drought in Drysdale and Dharwar Dry;
(i) root growth was inhibited by drought in Hollis, Alpowa and Louise; and (iii) root

growth was reduced at the later stages of plant development in Onas and AUS28451.
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Figure 3.5: Impact of drought stress on total root count and total root length of seven genotypes. Alpowa was
measured in two independent experiments shown on separate charts.

Both sets of experiments, on average, had similar number of roots and length of
roots at the beginning of the drought stress. There was a proliferation of root growth
during the first two time points in all genotypes under both conditions, except for the
genotype Hollis. Alpowa was repeated in both sets and the control displayed similar

growth patterns, indicating that the conditions were similar. In set 2, under drought,
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Alpowa had fewer roots compared to the control, which could be due to the
vernalization of seedlings or due to the drought. Alpowa and AUS28451 displayed large
variation in root count and root length in unstressed condition, especially at the later
time point. This could be due to variation in plant growth, as some plants were entering
reproductive stage (Zadoks 35-40 for Alpowa, Zadoks 60 for Hollis). Onas, Drysdale,
and Dharwar Dry root growth was not affected by drought as severely as in case of
other genotypes. Onas maintained root growth until the last time point (under 8% VWC).
Drysdale did not have any significant differences in root count and root growth between
the control and the drought stress, indicating that Drysdale does not respond to drought
stress through altering root architecture. Although, the number of roots based on root
count is lower in Drysdale than other genotypes for the unstressed conditions. Dharwar
Dry was the only genotype to have more roots and longer roots under drought stress

compared to the unstressed conditions until the last point.

Hollis, under drought stress, showed increased root number (root count) and root
length, relative to the unstressed control. Louise also showed root growth under
drought, although lower than in Hollis, until the last time point of the drought stress.
Roots in Louise under control conditions continued growing in almost linear fashion,
whereas under drought the roots grow as in the control the VWC reached 8%.
Generally, the drought inhibited root growth in all genotypes between the last two time

points.
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Section 4: Peroxisome Phenotyping
During the drought stress leaf material was sampled for analysis of peroxisome
abundance. For set 1, the leaf material was sampled twice corresponding to weeks 6

and 7 (Figure 3.6). While collected, the material for the second appeared unreliable and

10000- was not included in the analysis.

- 8000 ?E The material for the second set
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Figure 3.6: Impact of drought on peroxisome abundance. peroxisome abundance for set 2
inaccurate as once the plants reach or finish anthesis, leaves start senescence (Xie et
al. 2016). Generally, drought stress caused higher peroxisome abundance in all
genotypes at least at one time point with exception of Drysdale. Statistically significant
differences were observed in Alpowa at 6 weeks and Hollis both time points. Hollis root

growth was inhibited by drought. Drysdale’s root growth and peroxisome abundance

was unaffected by drought stress.
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Section 5: Plant Yield and Morphology

We collected the following yield parameters at maturity: height, spike number per
plant, grain yield per spike, and total yield per plant (Figure 3.7). Total grain yield was
significantly reduced in all genotypes, whereas plant height was lower in genotypes with
exception of Dharwar Dry. In the first set, the number of spikes was counted per plant in
each pot (5 plants), while in the second set the number of spikes was counted per pot (2
pots for controls and 3 for drought) therefore the comparison for spikes will be within

each individual set.
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Figure 3.7: Impact of drought on yield. A, E, Plant height (cm). B, F, Yield (g). C, Number of spikes per plant. D,
H, Yield per spike (g). G, Number of spikes per bin.

In set 1, all genotypes had similar total yield (g) under unstressed conditions that
was reduced under drought. Hollis and Drysdale showed similar total yield (g) under

drought stress, higher than total yield (g) of Alpowa and Onas (Figure 3.7B). The
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number of spikes per plant in Drysdale was not affected by drought (Figure 3.7C),
whereas the number of spikes per plant was reduced in all other genotypes. Although,
Hollis and Drysdale had the highest yield per spikes under control conditions, Alpowa
and Onas had more spikes (Figure 3.7C-D). Hollis under drought conditions had a
higher grain yield per spike similar to that of Onas under control conditions. Drysdale
and Hollis sustained higher yield under drought stress relative to Alpowa and Onas;
however, the structure of the yield was different: the number of spikes per plant was
significantly lower in Hollis than in the Drysdale, whereas the grain weight per spike was
greater in Hollis. Hollis also had the highest yield per spike under control conditions in
both sets, meaning this genotype can increase the size and weight of the grain in each

spike or produce more seeds in each spike compared to the others.

In set 2, total yield and yield per spike were radically reduced in AUS28451
compared to other genotypes (Figure 3.7F, H). Louise total yield (g) under unstressed
conditions was variable due to unexplainable reduction of yield in one bin. Additionally,
Louise sustained the yield per bin while the yield per bind in other 3 genotypes was

significantly reduced.

Section 6: Correlation of Yield under Drought

The relationship between the experimental parameters was examined using
principal component analysis (Figure 3.8). Volumetric soil moisture content at all three
time points correlated positively with the yield (R?=0.66, 0.68, 0.79 respectively).

Interestingly, both Total Root Count and Total Root Length at time point 3 correlated
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negatively with yield (R?=0.49 and 0.61 respectively) under drought conditions. Under
normal watering we also observed negative correlation between these parameters
(R2=0.41 and 0.64). It indicates that a bigger root system at the later stages of plant

development imposes yield costs regardless of the soil moisture content.
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Figure 3.8: Principal component analysis of the relationships between yield, root parameters, and peroxisomes in
our experiments under drought conditions (A) or normal watering (B).

Peroxisome abundance in leaves was measured at two time points and root
architecture was measured at three time points. First peroxisomal measurement
(Peroxisome_1) coincided with the third root measurement (Total Root Lentgh_3 and
Root Count_3). At this time, there was a strong negative correlation between total root
length or total root count and peroxisome abundance values in drought-stressed plants
(R?=-0.54 and -0.48 respectively). We observed no correlation between the second
peroxisome measurement (Peroxisome_2) and root parameters, most likely because
these parameters were collected at different time points. There also was a strong

positive correlation between peroxisome abundance at the early stress point
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(Peroxisome_1) and yield (Grain Yield Per Spike; R?=0.75), but negative correlation
between peroxisome abundance at the later drought stress (Peroxisome_2) and stress
(R?2=-0.55). This is consistent with the fact that increase of peroxisome abundance
under drought is the consequence of oxidative stress, which causes oxidative damage
and lower yield. It also indicates that drought avoidance by increasing root architecture

may not be as efficient as tolerance through ROS scavenging.

Section 7: Discussion and Conclusions

Using large 55-gallon containers, in-situ soil cameras, and soil moisture probes,
morphological responses roots of wheat plants to reduction of soil moisture were
captured over the growth season. This set up resembles the field situation where
moisture can be accessed at a deeper soil level, which is a common drought avoidance
mechanism. Root growth was monitored in seven wheat genotypes under well-watering
and drought stressed conditions, revealing different root strategies to overcome the

drought stress.

Comparison of the wheat genotypes demonstrated different strategies for
drought tolerance. On the developmental level, Hollis relies on the drought escape to a
greater extent than the other genotypes. First, Hollis enters flowering stage one week
before Drysdale, and 3-4 weeks before Onas or Alpowa. Onas and Alpowa displayed
slower transition to flowering stage in comparison with Hollis and Drysdale, which could
explain the significant differences in yield. Many spikes in Onas under drought stress

did not form seeds. Reduction of grain yield due to reproductive defects including pollen

63



sterility, carbohydrate deprivation, and sucrose importation into the seeds has been
reported in other crops under drought stress (Al-Ghzawi et al. 2009; Anderson et al.
2002; Farooq et al. 2015). All genotypes displayed significant yield loses under drought
conditions, which is consistent with previous research on the effects of drought during

grain filling.

Second, vegetative growth was reduced in Hollis as evident from reduced size of
root system and lower tiller number. Onas and Alpowa exhibited the greatest decline in
vegetative growth under drought stress. Longer time to heading has been reported to
correlated with increased root proliferation (number of roots and root length; Ghimire et
al. 2020). This could explain the smaller root system in Hollis compared to Drysdale,
although time to heading was not included in the PCA analysis. Third, Hollis had larger
grains and more grains per spike than the other genotypes. The latter could be due to
greater grain sink strength and capacity, which is determined during the early stages of
grain development. In previous studies Drysdale was found to be a water usage efficient
variety (Condon et al. 2006) and showed that Drysdale had a constitutive advantage in
a range of environments for most yield components except single seed weight (Parent
et al. 2017). Alpowa and Onas in set 1, have higher vegetative growth under well-
watered conditions (based on plant height) than Hollis and Drysdale. Both genotypes
exhibited severe effects of reproduction as manifested by decline of total yield (g), spike

number per plant, and yield pre spike.

Classical drought escape traits include early flowering and high metabolic rates

(Basu et al. 2016; Shavrukov et al. 2017). Earlier transition to flowering may extend the
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period of grain filling. High metabolic rates facilitate rapid development and
accumulation of photoassimilates which could be used during grain filling stage. Grain
weight is largely determined by starch accumulation (Ji et al. 2010; Rivera-Amado et al.
2020). Grain sink strength may influence biomass allocation from vegetative growth
(roots) to reproductive (grain) (Schapendonk et al. 2007; Asseng et al. 2017; Rivera-
Amado et al. 2020). Larger grain size is known to correlate with drought tolerance in rice

(Uga et al. 2013) and wheat (Ji et al. 2010; Rivera-Amado et al. 2020).

Root system architecture is another source of drought resistance. Studies in rice
(Henry et al. 2011; Uga et al. 2013), maize (Lynch 2013; Burton et al. 2014; Sebastian
et al. 2016; Al-Naggar, Shafik & Elsheikh 2019), and wheat (Manschadi et al. 2006;
Manschadi et al. 2008; Saradadevi et al. 2015; Ghimire et al. 2020) indicate that longer
roots and sharper branching angle can reduce the yield loses by improving access to
both soil moisture and nutrients. In our study, root length and root number under
drought were significantly lower in Hollis than in the other genotypes. However,
Drysdale and Alpowa do not have any significant differences in root length or root count
under drought. This suggests Drysdale and Alpowa use drought avoidance mechanisms

to maintain access to soil moisture in deeper soil profiles.

Production of longer roots in response to reduction of the soil moisture content
contributes to drought avoidance by providing greater access to soil moisture. Root
growth under low water potential was reported as a drought avoidance trait in wheat
(Dalal et al. 2018), Arabidopsis (van der Weele et al. 2000), soybean (Yamaguchi et al.

2010; Yamaguchi & Sharp 2010; Song et al. 2016), and maize (Sharp, Silk & Hsiao
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1988; Lynch 2013; Al-Naggar et al. 2019). Consistent with these reports, Drysdale root
growth continues during period of drought. However, despite a larger root system, the
reduction in soil moisture content in containers with Drysdale was similar to that in
Hollis. This outcome is consistent with reductions in stomatal conductance in both
varieties. Furthermore, reduced stomatal conductance in Drysdale occurs even when
roots have access to soil moisture (Schoppach & Sadok 2012). It means, genotypes
with efficient water usage can take advantage of the bigger and deeper root system in

deep soils.

We found that under drought conditions, root system size correlated negatively
with peroxisome abundance at the later wheat development stages (after Zadoks stage
49). This means that: (i) plants with smaller root system exhibited higher peroxisome
abundance and plants with bigger root system exhibited lower peroxisome abundance;
and (ii) peroxisomes can inform on the size of root system under drought. We also
found that yield correlated negatively with the root system size. In terms of wheat
breeding practice, it means that longer and more branched root system does not
guarantee higher yield under drought. One explanation for this outcome is that smaller

root system could be more efficient in extracting soil moisture.

Phenotyping root architecture under different environmental conditions remains
challenging, which in turn limits the knowledge about desired root traits that could be
exploited for breeding new varieties with advanced performance in arid climates.
Phenotyping roots of wheat plants in field setting is complicated by the environmental

factors, and complexity of soil medium and profiles. Traditional greenhouse containers
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are too shallow to capture the full growth of wheat roots. Therefore, this experiment
looked to develop a better technique for phenotyping roots under greenhouse
conditions. Using in-situ cameras, we found that root count and root length are
indicators of drought tolerance mechanisms. Drought escape through arresting root
growth, drought avoidance through increasing root system size, and drought tolerance

through ROS scavenging have comparable contributions to sustaining the yield.
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CHAPTER 4: ANALYSIS OF PHOTOSYNTHESIS AND REACTIVE OXYGEN SPECIES

UNDER DROUGHT STRESS

A portion of the figures and text was published in Cells. Magnus Wood performed the
photosystem | analysis and helped with setting up the phenomic chamber used for
chlorophyll fluorescence measurements. Jessica Fisher aided in analysis of ROS
scavengers.
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Section 1: Introduction and Rational

Section 2: Wheat Variety Selection

Section 3: Environmental Profiling of Phenomic Chamber

Section 4: Photosynthetic and Biochemical Profiling of 5 wheat genotypes

Section 5: Discussion and Conclusions

Section 1: Introduction and Rationale

The goal of this project was to understand the effects of drought on
photosynthesis and ROS homeostasis. The project started with 17 genotypes of varying
drought-tolerance and 5 genotypes were ultimately selected for in-depth
characterization. The objectives of this project were: (1) to identify genotypes that
exhibit drought tolerance; (2) to understand how duration and severity of drought effects
photosynthesis, ROS homeostasis, and peroxisome dynamics; (3) to identify when
peroxisomes respond to water-deficiency; and (4) to understand how photosynthetic
and peroxisomal responses lead to difference in drought tolerance. The hypothesis is:
drought-tolerant genotypes will be able to maintain the same level of photosynthesis
under severe drought conditions. The level of peroxisomes will increase to stabilize
ROS homeostasis and ensure that the intracellular effects of drought do not overwhelm

the plant’s cells.

69



Section 2: Wheat Variety Selection

To accomplish these goals 17 genotypes were phenotyped using phenomic
platform: 3 reference lines (Alpowa, Berkut, and Onas); 10 AFRI grant lines (Agawam,
Drysdale, Dayn, Hollis, IDO686, Lolo, McNeal, Otis, Patwin515, and WA8910); and 4
landraces from a spring wheat genetic diversity panel (LDRCS5, 16, 33, 37; Jordan et al.
2019; Blake et al. 2019). These lines were exposed to a drought stress through
withholding watering and monitored for photosynthetic parameters using a phenomics
platform. The drought stress was monitored by collecting volumetric water content.
Peroxisome abundance was tested once the plants VWC decreased under 0.2%.
Chlorophyll fluorescence images were captured twice per day, once in the day and once
at night. The imaging data was used to measure the following photosynthetic
parameters: Fv/Fm (fluorescence quantum yield), ¢rsi (quantum yield of photosystem Il
photochemistry) determined after the 300 second light period), non-photochemical
quenching (NPQ, determined after the 300 second light period), and NPQ components:

energy dependent quenching qE, photoinhibition g/, and fraction of open PSII centers
qL.

The 17 genotypes were split into 2 groups for testing because of the limited room
size. The first group comprised Alpowa, Berkut, Onas, Agawam, Drysdale, Dayn, Hollis,
IDO686, Lolo, McNeal. The second set included: Alpowa, Berkut, Onas, Otis,
Patwin515, WA8910, LDRC 5, LDRC 16, LDRC 33, LDRC 37. Alpowa and Onas were
included in both sets as the reference controls to measure the difference between both

sets.
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Each genotype was transplanted after sprouting into two 21” x 15” trays with 8
replicates, and the trays were randomized in the chamber room. Every tray had a soll
moisture probe to monitor volumetric water content. One tray was watered regularly
through the experiment, the other tray was watered until the start of the drought stress.
Plants were left for 5 days to acclimate in the growth chamber before the drought stress.
Drought stress was induced by withholding the watering until the volumetric water
content was under 0.2% for most of the trays. The plants were between Zadok’s 22-24

stages and the drought stress lasted for 17 days.

On the last day of the drought stress (day 17), each genotype was sampled for
peroxisome abundance. The base of the flag leaf was collected. Peroxisome
abundance was assayed as described in the Method section. The chlorophyll

fluorescence images were collected during the night and analyzed manually.

Both rounds of phenomics experiments had variation in the drying time of the
trays. For trays in set 1, the dry down stage was reached after 14 to 17 days of drought.
For set 2, the dry down was reached after 11 to 17 days, though, majority of the trays
reached dry down point after 14 days to 17 days. The pattern of dry down was similar in
both sets, although faster in set 2 compared to set 1. The trays in set 2 started at a
higher soil moisture and lost soil moisture faster than set 1. In set 1, genotypes either

had minimal responses to the drought compared to the well-watered, or the
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photosynthetic responses declined
(Figure 4.1). Drysdale, Hollis,
IDO686, and Lolo showed decline of
the fluorescence quantum yield
(Figure 4.1A), ¢prsii (Quantum yield
of photosystem Il photochemistry;
Figure 4.1B) and non-
photochemical quenching (Figure
4.1C). Except for Drysdale, these
genotypes also lacked a
peroxisomal response to the drought
(Figure 4.1D). In set 2, the changes
in photosynthetic parameters were
not as pronounced. The quantum
yield of all the genotypes had an
insignificant decline. There was a
decline in photosynthetic
parameters under drought stress in

both sets (Figure 4.1).
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Figure 4.1: Impact of drought on the photosynthetic
parameters and peroxisome abundance in 17 genotypes.
A, The quantum efficiency of open photosystem Il centers
(Fv/Fm). B, Quantum yield of photosystem Il photochemistry
(¢psi). C, Non-photochemical quenching (NPQ). D
peroxisome abundance. The values represent the
meanzSD of 5 biological replicates for both control and
drought treatments.
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There were limitations in this experiment. First, the phenomics imaging platform
did not capture images every day of the drought due to mechanical failures. This did not
affect the overall results, as the mechanical issues were able to be fixed leading to one-
or two-day gaps during the middle drought stress. Second, the main limitation of this

experiment was the chamber environment. When the repeated genotypes (Alpowa and

. A =~ Onas Set 2 Control + Alpowa Set 2 Control

Onas) were analyzed, there was high ~ Onas Set 1 Coniol - Apovia Se 1 Coniol
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severe drought, the overall trend was a abundance. The values represent the mean+SD of 5
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Although the genotypes in the second

sharper decrease of VWC in the

second set than in the first, which occurred over a range of 14-17 days.

In addition to the variation in VWC, there were differences in photosynthetic

parameters. Decline of Fv/Fm (fluorescence quantum yield) in set 1 indicated severe
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inhibition of photosynthesis, whereas there were almost no changes of Fv/Fm due to
drought in set 2. Peroxisome abundance was sampled at the end of the 17 days, when
VWC reached >0.2% all the trays. No significant changes of peroxisome abundance

could be due the sampling was performed too late in the drought stress.

Section 3: Environmental Profiling of Phenomic Chamber

This variability between the two sets indicated that the room environment was a
significant factor that affected the dynamics of response to the drought stress in all
genotypes. To test the role of environment in the different kinetics of drought, the
following experiment examined regions in the room subjected to the highest
environmental fluctuations. Once identified, that region could be avoided or controlled
during subsequent experiments. For this experiment, 6 genotypes were selected from
the original 18: Agawam, Drysdale, Hollis, Lolo, Onas, and Patwin515. These genotypes
were selected based in the photosynthetic parameters of Fv/Fm (fluorescence quantum
yield), ¢psi (quantum yield of photosystem Il photochemistry), and non-photochemical
quenching (NPQ). Using yield under drought as a criterion, we selected three high-
yielding genotypes (Agawam, Drysdale, and Hollis) and two low-yielding genotypes
(Patwin 515 and IDO686). Onas was included in both sets for normalization.
Furthermore, Onas displayed low proliferation of peroxisomes to drought which could

provide a baseline in this experiment.

The 6 genotypes were then germinated and transplanted in 21” x 15” trays. Each

tray contained one plant for each genotype located in the place of every tray. Ten trays
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were used as watered controls, and 10 trays were exposed to drought stress. The trays
were oriented in the same direction in the chamber and randomized to reduce the
variation between the replicates. All drought trays and 5 well-watered trays (15 trays in
total) were monitored with soil moisture loggers. 5 well-watered trays were monitored
manually with a soil moisture probe every day to ensure the soil moisture was
maintained. The drought stress was imposed by withholding water. Drought stress
lasted 11 days, then the watering was resumed to analyse plant responses during the
recovery phase. Fluorescence images were acquired once during the day and during
the night. The images collected during the night were analysed for photosynthetic
parameters described above. Leaf material for peroxisome abundance was collected
when the VWC reached ca. 0.2% for all trays under drought. All leaf material was

collected during the same sampling period.

We found some variability of the photosynthetic parameters in different room
locations (Figure 4.3). Most of the variation was in the first two days of drought.
Patwin515 had a steady Fv/Fm even at the end of the drought treatment, with small
variation meaning that the drought stress was not as severe as in previous experiments
(Figure 4.3A). All genotypes had a decline in ¢psi that the plants experienced drought
stress ((Figure 4.3B). Lolo and Patwin515 also had similar patterns. Patwin515 and
Drysdale showing higher NPQ under severe drought compared to Lolo and Hollis
(Figure 4.3C) which indicated Hollis and Drysdale had similar patterns for all
photosynthetic parameters with exception of NPQ. Peroxisome abundance was
assayed following the procedure described above. Three genotypes, Agawam, Hollis,

and Lolo showed a significant decline of peroxisome abundance whereas Drysdale,
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Patwin515, and Onas had no significant difference between stressed and well-watered
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Figure 4.3: Impact of location on photosynthetic parameters and peroxisome
abundance in phenomic chamber. Charts are depicting drought responses
only. A, The quantum efficiency of open photosystem Il centers (Fv/Fm). The
right Y-axis shows volumetric water content (VWC) at the corresponding time
points. B, Quantum vyield of photosystem Il photochemistry (¢psi) C, Non-
photochemical quenching (NPQ). D, peroxisome abundance. The values
represent the mean+SD of 8 biological replicates for and drought treatments.

samples (Figure 4.3D). Taken
together, the drought
responses in the first set of
experiments were weak due
to the mild drought stress
caused by tray position in the
room. In the second set of
experiments the stress
response was more
consistent though timing
peroxisome abundance could

be better optimized.

Section 4: Photosynthetic and Biochemical Profiling of 5 wheat genotypes

Based on the previous experiments, 5 genotypes with different drought tolerance

in the field and photosynthetic dynamics under drought were selected. Two drought

tolerant genotypes based on Washington State University Wheat and Small Grains

Variety Selection and Testing database (http://variety.wsu.edu/2013/index.htm) were

selected: Drysdale and Hollis. Drysdale is a hard white spring wheat that was bred for

water use efficiency under drought conditions (Condon, Richards, Rebetzke & Farquhar

2004). Hollis is a hard red spring wheat (Kidwell et al. 2004) selected for maintaining

high yield (29 bushels per acre) in locations with annual precipitation below 12"
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(http://smallgrains.wsu.edu/variety/). The 3 other genotypes have low yield under
drought and are Lolo (Souza E, Guttieri M and McLean R, 2003), IDO686, and
Patwin515. For this experiment, the 5 genotypes were split into 2 groups (Drysdale,
Hollis, and Patwin515; Lolo and IDO686) and exposed to a nine-day drought or an

eleven-day drought, respectively.

The experimental design reproduced the previous round with the major change
being in the number of seedlings per tray. Five trays destined for drought stress were
populated with 15 seedlings each and two trays for watered control trays were
populated with 35 seedlings each. The growth conditions and drought treatment were
as described above. After the onset of drought, leaf material was collected daily from
one plant per each drought stress tray making 5 biological replicates per genotype and
five randomly selected plants from the watered control. The bottom third part of each
leaf was flash-frozen in liquid nitrogen and stored at -80°C for biochemical assays. The

rest of the plant was cut at the below-ground level using scissors and discarded.

The drought stress caused a decline in photosynthesis in all genotypes, which
was assessed by measuring chlorophyll fluorescence. These measurements revealed
that photosynthesis is unaffected until the VWC decreases below 1%. The Fv/Fm
(quantum yield) and ¢psi declined in all genotypes with exception of Drysdale where the
decline was mild (Figure 4.4). All chlorophyll fluorescence values decline significantly
for Lolo and IDO686 when the VWC dropped below 1%. Lolo and IDO686 both exhibit
stable NPQ values under drought compared to the well-watered control but had a higher

high-energy quenching (qE) values throughout the drought stress, which could be the
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mechanism that both genotypes use to overcome the drought stress pressure on

photosynthesis (Figure 4.4). The NPQ values were significantly lower at all time points

in Hollis and in particular at VWC values below 1% (Figure 4.4). Analysis of two NPQ

components, high-energy quenching (qE) and photoinhibitory-dependent quenching (ql)

Fluorescence Quantum Yield B oPSlI

Set 2
Ends

Non-Photochemical Quenching D qE
5
0.5 : 0.6 Setl:  Set2
Set1 Ends!  Ends
Ends 0.4 :

0.04

-0.54

Relative Change (AV)"™ Relative Change (AV) © Relative Change (AV)

Days Days

Figure 4.4: Impact of drought on photosynthetic parameters. A, Quantum
yield of photosystem Il photochemistry (¢psi). The right Y-axis shows
volumetric water content (VWC) at the corresponding time points. B, The
quantum efficiency of open photosystem Il centers (Fv/Fm). C, Non-
photochemical quenching (NPQ). D, Energy-dependent quenching (qE).
E, Photoinhibitory quenching (ql). F, Open photosystem Il centers (qL).
The values represent the mean+SD of 5 biological replicates for both
control and drought treatments.

showed similar gE for all
genotypes in set 1, but
significantly higher gl values
in Drysdale (Figure 4.4).
Patwin515 had a similar
response as Drysdale
compared to Hollis, although
Patwin515 showed a steady

decline for all the parameters.

There were two
genotypes that had different
photosynthetic responses
within one set, Drysdale and
Hollis. The two genotypes had
similar Fv/Fm and ¢psii until

VWC decreased below 1%,

when Hollis both parameters declined significantly indicating damages of photosystem |l

(Figure 4.4). Lower ¢psii values in Hollis under these conditions denote lower linear

electron transport rate. However, the fraction of photosystem Il centers in open
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(oxidized) state (qL) remained similar in both varieties under drought. Thus, the electron

pressure on photosystem |l in Hollis and Drysdale was similar.
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Figure 4.5: Photochemical analysis of photosystem I. A, Y(NA), non-photochemical loss due to reduced
acceptors. B, Y(ND), non-photochemical loss due to oxidized donors. C, Y(l), photoefficiency of
photosystem I. The values represent the mean values +SEM of 5 biological replicates for both control
and drought conditions. This figure was original published in Hickey et al. 2022, Cells

To further compare the electron flow in Hollis and Drysdale, we analysed
photosystem | under 1% VWC (Figure 4.5). The quantum yield of photosystem |
photochemistry (¢psi) values were significantly lower in Hollis under normal watering
and further decreased under drought. We examined the reason for this difference by
measuring the non-photochemical loss due to oxidized electron donors and reduced
electron acceptors. According to this analysis, reduction of ¢psi in Hollis under drought is
mostly caused by the donor site limitation rather than the acceptor site limitation,
whereas ¢ps| in Drysdale was not affected. This implies that electron transport between
photosystem | and Il is limited to a greater extend in Hollis than in Drysdale in line with

the more reduced primary quinone, QA of PSII (lower qL parameter).
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Complexity of the reactions responsible for maintenance for ROS homeostasis

can be assessed using peroxisome abundance (Smertenko 2017). All 5 genotypes were
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Figure 4.6: Relative Peroxisome
abundance and hydrogen peroxide
content. The charts show fold change of
the peroxisome abundance and hydrogen
peroxide in the drought-stressed samples
relatively to the control. A, Peroxisome
abundance. B, hydrogen peroxide content.

assayed for the peroxisome abundance at
different time points of the drought stress (Figure
4.6A). We found that there was a general increase
in peroxisome abundance in all genotypes for at
least one time point, but Hollis and Lolo showed
higher values when the VWC decreased below 4%
and remained high relatively to control until the
last day of the treatment (Figure 4.6A).
Peroxisomes abundance in Drysdale and
Patwin515 was not significantly affected
throughout the drought time course. IDO686
peroxisome abundance was not affected till the

VWC decreased below 2%.

Next, all genotypes were assayed for

hydrogen peroxide content. Lolo and IDO686 did not have any change in hydrogen

peroxide content throughout the stress (Figure17B). Patwin515 had no significant

increase compared to the control even during severe drought. Hollis and Drysdale both

had peaks of hydrogen peroxide content, which coincided with the increase of

peroxisome abundance. Therefore, Hollis and Drysdale were used to measure activity

of ROS scavengers.
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Analysis of ROS scavenging activity in leaf material collected during drought
stress time course was used to measure superoxide dismutase (SOD), catalase (CAT),

guaiacol peroxidase (GPX) and ascorbate peroxidase (APX) activity (Figure 4.7). SOD
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Figure 4.7: Relative activity of ROS scavenging enzymes during drought stress. ~ during later stages of
The charts show fold change of the enzyme activity in the drought-stressed

samples relatively to the control for genotypes Hollis and Drysdale. The right Y- ;

axis shows volumetric water content (VWC) at the corresponding time points. drought in both

A, Superoxide dismutase. B, Catalase. C, Guaiacol peroxidase. D, Ascorbate

peroxidase. This figure was original published in Hickey et al. 2022, Cells. genotypes (Figure

4.7B, C). Activity of ascorbate peroxidase in Drysdale was higher in the middle of the
stress whereas in Hollis the activity was higher toward the later drought stages (Figure
4.7D). These results demonstrate that both genotypes use different components of the

hydrogen peroxide scavenging throughout the drought stress in a dynamic fashion.
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Section 5: Discussion and Conclusions

This study profiled photosynthetic efficiency under drought stress by measuring
chlorophyll fluorescence in a time-dependent manner. This approach has been applied
to many crops including barley, bean, and rice. Maintaining photosynthetic efficiency
was shown to be an essential drought tolerance mechanism in all plants examined thus
far including rice, maize, wheat, and barley (Guo et al. 2008; Murchie & Lawson 2013;
Eisenhut et al. 2017). Seventeen genotypes of varying drought tolerance were selected
to identify how photosynthesis and ROS homeostasis contribute to drought tolerance.
Subsequently, 5 genotypes were selected for in-depth profiling of ROS metabolism and
peroxisome response. Out of these 5 genotypes, Drysdale and Hollis were selected for
a more detailed profiling of photosynthetic parameters including PS1 kinetics and

activity of ROS scavenging system.

One of the biggest limitations of this study was the environmental variability in
different parts of the phenomics chamber. Uneven dry down within the same experiment
and between experimental sets, made interpretation of the data challenging. To
overcome this problem, photosynthetic changes and ROS responses were compared
based on the soil VWC and not on the number of days. It was found that majority of
drought responses can be seen when soil VWC declined below 2%, and significant
responses are seen when VWC was below 1%, indicating that selected genotypes have
a robust general response to drought stress. This outcome suggests that domestication

of wheat in arid climates involved mechanisms of robust ROS homeostasis.
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Out of the 5 genotypes, Drysdale and Hollis are classified as high yielding in
climate zones with very rainfall (drought tolerant) and the other 3, Lolo, IDO686, and
Patwin515 are classified as low yielding under water limiting conditions (drought
sensitive). In our experiment, all genotypes maintained Fv/Fm and ¢PSII at the VWC
above 1%. The decline in F/Fm at severe drought in Hollis and IDO686 provides
evidence for a photooxidative damage to photosystem Il (Figure 15). Consequently, the
decrease in linear electron transport rates (indicated by ¢PSlII, seen in both genotypes)
could be the consequence of a slower electron injection by PSII into the electron

transfer chain (Long et al. 1994; Murata et al, 2007).

Slower electron injection could lead to excess of energy which can be dissipated
through NPQ. Higher NPQ were reported in drought tolerant tomato (Mishra et al.
2012), maize (Efeoglu et al. 2009), rice (Pieters & El Souki 2005; Faseela et al. 2020)
and barley (Li, Guo, Michael, Stefania & Salvatore 2006; Guo et al. 2008). Consistent
with these findings, we observed similar NPQ values in all genotypes at VWC>1%.
However, there were differences in NPQ between the two sets, and Drysdale, Hollis,

and Patwin515 exhibited decline in NPQ values below 1% (Figure 4.4).

Analysis of two NPQ components demonstrates similar patterns for fast relaxing
component of the NPQ, gE, in both sets (set 2 is higher than set 1) but lower slower-
relaxing component of NPQ, ql, under drought in all genotypes (Figure 4.4). Lolo and
IDO686 showed significant photoinhibition at VWC values below 1%. A part of the
slower-relaxing component could be zeaxanthin-dependent quenching (Nilkens et al.

2010).
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The observed increase in NPQ in Drysdale relative to Hollis under severe
drought is likely to be responsible for reducing the photodamage to photosystem Il and
maintaining higher Fv/Fm. Whereas Fv/Fm decline in Hollis is indicative of
photodamage to photosystem Il. Although, another reason for reduced Fv/Fm and ¢PSII
in response to drought could be limitations of the electron flux through PSI (Tietz et al.
2015; Klughammer & Schreiber 2016). The $¢PSI values were significantly lower in
Hollis under normal watering and further decreased under drought (Figure 4.5C). This
suggests that drought causes reduction of the photosystem | donor sites (Figure 4.5B)
ultimately leading to reduction of electron transport between photosystem Il and I. This
limitation could be caused by damage of the cytochrome bsf complex by ROS
(Kohzuma et al. 2009; Baniulis et al. 2013; Hura et al. 2018; Wada et al.2019) and

indicates that Hollis is more likely to experience oxidative stress.

Accumulation of ROS in the chloroplast under drought inhibits photosynthesis by
causing peroxidation of lipids and oxidative damages to the components of electron
transfer chain (Foyer & Noctor 2000, 2003; Miller et al. 2010). Plants ameliorate
oxidative damages by upregulating transcription of genes encoding ROS scavenging
enzymes SOD, CAT, and peroxidases (Luna et al. 2005; Wang et al. 2008; Nikolaeva et
al. 2010; Caverzan et al. 2016; Tyagi et al. 2021). Activity of ROS scavengers including
catalase, SOD, ascorbate peroxidase, and glutathione reductase is upregulated in
wheat leaves under drought stress (Sairam et al. 2002; Luna et al. 2004; Wang et al.
2008; Nikolaeva et al. 2010; Lou et al. 2018; Hasanuzzaman et al. 2019; Tyagi et al.

2021).
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ROS homeostasis could be assessed indirectly by measuring the abundance of
peroxisomes (Smertenko 2017). It has been shown that ROS production in peroxisomes
under drought is balanced by higher activity of peroxisomal ROS-scavenging enzymes
including catalase, ascorbate peroxidase, and superoxide dismutase (Mhamdi et al.
2012; Sofo et al. 2015; del Rio & Lopez-Huertas 2016; Waszczak et al. 2018; Ebeed et
al. 2018). Patwin515, Hollis, and Lolo showed higher peroxisome abundance under
drought. IDO686 and Drysdale marinated a steady level of peroxisomes under drought
suggesting that these genotypes maintain ROS homeostasis using different

mechanisms.

Hydrogen peroxide content in leaves was measured in all genotypes (Figure
4.6A). Drysdale and Hollis showed peaks of hydrogen peroxide content at about 1%
VWC. Patwin515 had high hydrogen peroxide content in the beginning and maintaining
lower content during the drought. However, Lolo and IDO686 did not show any changes
in hydrogen peroxide content indicating: (1) the technical assay for hydrogen peroxide is
not sensitive; (2) well-watered control was experiencing stress, therefore producing
hydrogen peroxide at the same rates as the drought stressed plants; or (3) these

genotypes are capable of decomposing the hydrogen peroxide at fast rate.

As Hollis and Drysdale displayed peaks of hydrogen peroxide content, both were
expected to up-regulate ROS scavenging enzymes. Additionally, differences in the NPQ,
Fv/Fm, and ¢psi taken together with different electron flux through PSI indicate different
strategies for handling the excess of ROS production. Therefore, these two genotypes

were selected for a characterization of ROS scavengers. We found that Hollis mostly
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relies on ROS scavenging to prevent oxidative damages, whereas Drysdale combines

efficient NPQ and ROS scavenging.

Drysdale showed two peaks of catalase activity at the beginning and the end of
the drought (Figure 4.7B). While Hollis catalase activity coincided with the peroxisome
abundance peak towards the end of drought treatment. SOD activity increased in both
genotypes, but to a greater degree in Hollis. SOD activity in Drysdale peaked during the
middle of the drought (Figure 4.7A). Early activity of SOD could be a result of ROS
production during photosynthesis. Reduction of SOD activity during early stages of
drought stress in Hollis could leave the photosystems vulnerable to oxidative damages.

This could explain the decline in Fv/Fm and ¢psii discussed above.

Although, the overall activity of the ROS scavenging system was consistently
elevated under drought stress in Hollis relative to Drysdale, activity of individual
enzymes varied amongst independent experiments. For example, SOD activity was
greater in Drysdale than in Hollis under VWC 0-1% (Figure 4.7A), whereas under
comparable drought conditions SOD activity was somewhat higher in Drysdale than in
Hollis. This variability reflects the non-linear nature of drought responses and some
functional redundancy amongst the individual components of the redox system. Hence,
measuring activity of ROS scavenging system with a limited set of enzymatic assays is
prone to misinterpretation. Introducing integrative parameters, such as peroxisome
abundance, provides more accurate means of assessing the status of the ROS

scavenging system under drought stress.
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Drysdale relies more on NPQ mechanisms for maintaining high photosynthetic
rates under drought. Dynamic responses of ROS scavengers were found in both varieties.
Hollis, though, exploits peroxisome abundance to combat stress-derived ROS and
oxidative damages more efficiently than Drysdale. Peroxisomes appear to be an essential

component of drought adaptation.
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CHAPTER 5: GENETIC REGULATORS OF ROS HOMEOSTASIS AND PEROXISOME

PROLIFERATION

A portion of the figures and text was published in Cells. Dr. Andrei Smertenko did the
imaging of peroxisome staining in leaves. The RNA-Seq Analysis was done in
collaboration with Dr. Yunus Sahin. gqRT-PCR for PEX11C and CAT homoeologs was
performed by Dr. Taras Nazarov.

Hickey, K., Sexton, T., Wood, M., Sahin, Y., Nazarov, T., Fisher, J., Sanguinet, K.,
Kichhoff, H., Cousins, A., Smertenko, A. 2022. Drought tolerance strategies and
autophagy in resilient wheat genotypes. Cells, 11, 1765.
doi.org/10.3390/cells11111765.

Individual author contributions for the original Cells manuscript are listed below:

Conceptualization, A.S., H.K. and K.A.S.; methodology K.A.S.; formal analysis, K.H. and
M.W.; investigation, K.H., T.S., T.N., M\W., Y.S. and J.F.; writing—original draft
preparation, K.H.; writing—review and editing, T.S., M\W., Y.S., T.N., KA.S., HK,, A.C.
and A.S.; supervision, A.S., H.K., K.A.S. and A.C.; funding acquisition, A.S., H.K., KA.S.
and A.C. All authors have read and agreed to the published version of the manuscript.
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Section 1: Introduction and Rational

Section 2: Brief Overview of Methods

Section 3: Peroxisome Proliferation Gene Expression
Section 4: Catalase Dynamics

Section 5: Peroxisome Genetic Regulators

Section 6: Discussion and Future Direction

Section 1: Introduction and Rational

Cellular protection mechanisms including ROS scavenging and peroxisome
proliferation provide a source of novel traits for advancing plant resilience. However, as
measuring ROS homeostasis is challenging these traits remain underutilized in the
breeding programs. Experiments described in Chapter 4 show that peroxisome
abundance can be used as a proxy for the activity of ROS scavenging system. This
chapter described analysis of genes responsible for peroxisome proliferation and the
production of antibody and characterization of ROS-scavenging enzyme catalase.
Additionally, the progress towards identifying genetic regulators of peroxisome
proliferation will be discussed. Identification of genetic markers of peroxisome

proliferation is essential for breeding wheat with greater stress resiliency.

Section 2: Brief Overview of Methods
This chapter will focus on using the same wheat varieties and material collected

and described in Chapter 4. The techniques used in this chapter include peroxisome
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abundance quantification, gqRT-PCR of peroxisome fission and autophagy genes,
protein quantification by western blotting using anti-ATG8 and anti-catalase, in silico
RNA-seq analysis of peroxisome fission genes, DNA-affinity chromatography using
nuclear proteins. Detailed description of the methods used in this chapter can be found

in Chapter 2.

Section 3: Peroxisome Proliferation Gene Expression

As reported in Chapter 4, Hollis was found to increase peroxisome abundance in
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Figure 5.1: Peroxisome imaging in
L ) ) ) leaves. A, Representative images of
significantly higher in drought-stressed Hollis leaves  peroxisomes in leaf epidermis cells of
watered and drought-stressed
Drysdale and Hollis plants. Scale bar,
5 mm. B, Average density of
peroxisomes per 100 mm? of leaf
differences in leaves in Drysdale under drought stress surface in leaf epidermis cells. This

figure was original published in Hickey
et al. 2022. Cells.
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peroxisomes. The average density of peroxisome was

(p=0.0144), whereas there were no significant

(Figure 5.1B).

Peroxisome abundance depends on the balance of peroxisome
proliferation/biogenesis and degradation. Peroxisomes can proliferate through fission
driven by PEX11, FIS1A, DRP3A, DRP3B, and DRP5B. There are three PEX11 genes
in the wheat genome: PEX11A, PEX11B, PEX11C. We analyzed gene transcription of

these genes by gqRT-PCR in leaves from day 7 of the drought stress time course for
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Hollis and Drysdale. We found that out of the 7 peroxisome fission genes, only PEX11C
was up-regulated by drought in both genotypes (Figure 5.2A). Although peroxisome
abundance under drought stress was greater in Hollis than in Drysdale, transcription of
PEX11C was equally up-regulated in both genotypes. Wheat genome has three PEX11-
C homoeologs on chromosomes 7A, 7D, and 4A (Ma et al. 2013; Zhou et al. 2020).
gRT-PCR analysis demonstrated that only PEX711C-7A was expressed under both
control and stress conditions, whereas PCR with primers for the other two homoeologs
did not yield a fragment. Transcription of PEX711C-7A was upregulated in responses to
drought in Hollis but not in Drysdale (Figure 5.2B). The difference between the generic
and homoeologs-specific primers suggests that the generic PEX11C primers could have

off-targets.

To find out why peroxisome abundance was different in these genotypes, we
assessed the activity of the pexophagy pathway that is responsible for peroxisome
degradation. As a type of autophagy, the activity of pexophagy depends on the
autophagic flux, which could be determined by the transcription level of ATG8 (Ustun et
al. 2018). The wheat genome contains 13 putative ATG8 genes, and six ATG8 genes

were shown to respond to heat and drought stress (Yue et al. 2018).
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Figure 5.2: Drought response of peroxisome biogenesis and autophagy markers. A, B, C, Transcription level of
peroxisome fission genes, peroxisome fission gene PEX11-C homoeologs from chromosome 7A and autophagy
flux marker ATG8. qRT-PCR transcription levels were normalized to housekeeping gene RNase L inhibitor-like
protein (Giménez, Pistén & Atienza 2011). D, Western blotting with ATG8 antibody or following immunodepletion
of the antibody with the ATG8 protein. Pre-incubation of the antibody with the antigen abrogates recognition of
ATG8 in leaf total protein extract. E, Western blotting with anti-ATG8 of total protein extracts from leaves of control
and drought stressed Drysdale and Hollis plants. Bars and number indicate position and corresponding size of
molecular weight markers. F, Colloidal Silver staining of the corresponding western blotting membrane showing
total protein. Bars and number indicate position and corresponding size of molecular weight markers. G,
Quantification of ATG8 protein abundance on the western blotting membranes. P-values represent student T-Test
results of three technical replicates of extracts from three biological replicates (individual plants). H, The ratio of
ATGS protein in extracts from drought-stressed leaves to that in control leaves. P-values represent student T-Test
results of three technical replicates of extracts from three biological replicates (individual plants). This figure was
original published in Hickey et al. 2022, Cells.

Our pilot tests demonstrated that of these six genes, transcription of three genes
was upregulated under our drought stress conditions. We found only ATG8.4 was
significantly upregulated in Hollis in response to drought (Figure 5.2C). The
transcriptional analysis was complemented by measuring the ATG8 protein abundance
under normal and stress conditions using Western blotting with anti-ATG8. The

specificity of the antibody was verified using an immuno-depletion assay (Figure 5.2D).
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ATG8 abundance under drought decreased in both genotypes relative to the watered

control (Figure 5.2G), though the decrease of ATG8 abundance was somewhat greater

in Hollis than in Drysdale (Figure 5.2H).

Peroxisomes are known to contain ca. 300 different proteins (Reumann et al.

2007; Bussell et al. 2013). Plausibly, other peroxisome biogenesis genes could be
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Figure 5.3: Expression of peroxisome biogenesis genes in response to
drought stress. A-D, Heatmaps of peroxisome fission genes that are
differentially expressed in response to drought stress in Z. mays (A), O.
sativa (B), S. bicolor (C), A. thaliana (D). The figure was generated with
the R pheatmap package using VarianceStabilizedTransformation -vst()
function- built in DESEq2 package. Vst values were represented based
on the z-score transformation. Samples were clustered according to
Pearson correlation analysis. Loci name of orthologs that were mapped
to peroxisome fission genes are included next to the gene names. This
figure was original published in Hickey et al. 2022, Cells.

transcriptionally up regulated
in response to drought. Dr.
Yunus Sahin, in collaboration
with our laboratory, analyzed
transcription of all annotated
peroxisomal genes in
response to drought using 19
published RNA-Seq datasets
from Zea mays, Oryza
sativa, Sorghum bicolor, and
Arabidopsis thaliana. To
verify the impact of stress on
global gene transcription, we
compared the GO term

enrichment in the stressed

versus control datasets. Genes involved in response to abiotic stimuli including drought

and stress-induced regulation of gene expression were enriched in the all RNA-Seq
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datasets for the stress samples relatively to control. Hence, drought treatment in all

experiments induced a stress response.

Analysis of the peroxisome genes in these datasets showed that 75 to 120 genes
encoding peroxisome proteins were differentially expressed across the species.
However, only catalase (CAT) and PEX11 were upregulated in all experiments (Figure
5.3). Interestingly, some members of CAT and PEX11 gene families were
downregulated in response to drought. It means there is functional specialization

amongst these gene families under stress.

Section 4: Catalase Dynamics

We verified outcomes of the RNA-Seq analysis by measuring transcription of
CAT genes in leaves on the 7th day of drought. CAT1 is mostly expressed in leaves,
CAT2 is expressed in vascular tissues, and CAT3 is expressed in reproductive tissues
and roots (Mhamdi et al. 2012; Tyagi et al. 2021). Based on this information, we
analyzed transcription of CAT1 and CAT2. CAT1 homoeologs are located on
chromosomes 5A, 4B, and 4D (Ma et al. 2013; Zhou et al. 2020) and CAT2 homoeologs
locate on chromosomes 6A, 6B, and 6D. Transcription of all three CAT7 homoeologs
under drought was higher in Drysdale than in Hollis, whereas transcription of all three
CAT2 homoeologs was higher under drought in Hollis than in Drysdale with the greatest

upregulation of CAT2-6D (Figure 5.4A-B).
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As transcription of CAT genes was unregulated under drought in both genotypes,
we measured abundance of catalase using western blotting. Anti-catalase was
produced in mice as described in the Chapter 2 Methods. Specificity of the anti-catalase
antibody was verified using immuno-depletion assay (Figure 5.4C). Analysis of the

extracts from control and drought-stressed plants demonstrated greater catalase protein
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Figure 5.4: Characterization of Catalase in response to drought stress. A, Transcription of CAT1
homoeologs in leaves of control and drought-stressed Hollis and Drysdale plants. P-values were
calculated using student T-Test (n=3). B, Transcription of CAT2 homoeologs in leaves of control and
drought-stressed Hollis and Drysdale plants. P-values were calculated using student T-Test (n=3).
C, Western blotting with catalase antibody or following immunodepletion of the antibody with the
catalase protein. D, Western blotting of total protein extracts from leaves of control and drought
stressed Drysdale and Hollis plants. E, Colloidal silver staining of the western blotting membrane
showing total protein in the corresponding extracts. Bars and number indicate position and
corresponding size of molecular weight markers. F, Quantification of CAT protein levels on the
western blotting membranes. P-values represent student T-Test results of three technical replicates
of extracts from three biological replicates (individual plants). This figure was original published in
Hickey et al. 2022, Cells.

95



abundance under drought relative to the watered control (Figure 5.4D). The average
signal was greater in Hollis than in Drysdale indicating higher abundance of catalase

enzyme in the former genotype (Figure 5.4F).

Section 5: Peroxisome Genetic Regulators

Peroxisome abundance increases and peroxisome biogenesis genes are
upregulated in response to drought stress. Peroxisome proliferation in response to light
stress has been elucidated. Upon limitation in Arabidopsis, the transcription factor HYH
binds to the promoter of PEX11B, significantly upregulating AtPEX11B expression and
increasing the number of peroxisomes within 4-hours (Desai and Hu, 2008). During
drought stress, TaPEX11B is not upregulated, suggesting a different mechanism of
transcriptional regulation. It is currently unknown how peroxisome proliferate in
response to stresses, including drought stress. To elucidate the molecular mechanism
for the upregulation of peroxisome proliferation, a DNA-protein affinity chromatography
approach was taken. This section will discuss the progress made towards performing

the affinity chromatography pull-down, however, is project was not completed.

As transcriptional up-regulation of PEX11C-7A and CAT2-6D in response to
drought stress coincided with higher peroxisome abundance in Hollis, we assumed that
promoters of these genes interact with transcriptional factors that drive peroxisome
fission. Therefore, promoters of PEX11C-7A and CAT2-6D were used as the “DNA bait”
in the affinity chromatography experiment to identify transcription factors that regulate

peroxisome abundance under drought stress. First, a fragment of wheat genomic
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sequence located ~3,000 base pairs upstream of the start codon of each gene was
downloaded from the wheat genome database IWGSC RefSeq v2.1. This region of the
PEX11C-7A promotor sequence was not sequenced completely and therefore we
selected a region within the sequenced part of this regions which was 1,000 base pairs

upstream of the start codon (Figure 5.5A-B).

3000 bp
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AAA

Figure 5.5: PEX11C-7A and CAT2-6D promoter amplification. A, 2339 bp fragment upstream of PEX11C-7A was
used for primer design to amplify PEX11C-7A promotor region. Two forward primers were used corresponding to
2336 bp upstream (based on N=bp) and a 1561 bp fragment after the missing fragment. B, Agarose gel image of
PEX11C-7A promotor regions amplification. Line 1 is 1561 bp fragment corresponding the sequence amplified
below the missing section of the promotor. Line 2 is 3000 bp fragment corresponding to an amplified section of
2239, meaning the sequenced region contains at least 1000 bp. C, Agarose gel image of PEX11C-7A and CAT2-
6D promotor regions amplification with biotin-tagged primers. A 1561bp fragment corresponding to 1564-3bp
upstream of the start codon corresponding to PEX11C-7A and 1081 bp fragment corresponding to CAT2-6D 1189-
46bp upstream of the start codon

Primers were designed for each sequence and a biotin-modification was added
to the reverse primer for binding to the streptavidin-agarose affinity chromatography
resin (Thermo Scientific). Promoter regions of PEX11C-7A and CAT2-6D were amplified
with un-biotinylated primers. Fragments were visualized by agarose gel. Unmodified

promotor fragments were cloned into pGEM-T Easy Vector (Promega). Promoter
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fragments are GC-rich fragments making the PCR challenging. Cloning fragments into

vectors aided the subsequent modification PCR.

pGEM-t vectors containing promoter fragments were used as a template for

biotinylation using an unmodified forward primer and a biotinylated reverse primer.
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Figure 5.6: Expression of TaNAC2-5A protein and biotin amplification of promotor region of TaGS2-2A. A, SDS-
PAGE gel of TaNAC2-5A transcription factor protein after recombinant protein expression and purification.
NAC2-5Ais ~38kD. B, Western blot with anti-HISTAG of TaNAC2-5A recombinant protein. C, SDS-PAGE gel of
TaNAC2-5A dilution. NAC2-5A protein was eluted off nickel-column in 2M urea buffer and subsequently diluted
20x, 40x, and 50x. Dilution of 40x was selected for downstream applications, denoted with red box. D,
Amplification and biotinylation of TaGS2-2A promotor, 865 bp fragment upstream of the start codon. Bars and

number indicate position and corresponding size of molecular weight markers.

Biotinylated fragments were visualized by agarose gel, pooled and gel purified (Figure

5.5C). Pooled fragments were loaded to an agarose gel and excised based on

molecular weight. Fragments were gel purified using a PCR clean up kit (Qiagen).

Promotor DNA was then purified and pooled for subsequent assays.

For exclusion of unspecific interactors during the affinity chromatography, a

known wheat specific gene and binding transcription factor was needed that was known

to not be involved in drought stress. Two different genes and their transcription factors

were identified in the literature: TaNAC2-5A and the promoter of gene TaGS2-2A (He et
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al. 2012), and TaZIM-A1 and the promoter of gene TaCO-A17 (Lui et al. 2018). The
genes encoding both transcription factors were amplified, however the promoter regions
could not be amplified. To overcome this problem, we synthesized genes encoding both
transcription factors with a His-Tag was added to the N-terminus of each gene for
subsequent purification by metal-affinity chromatography. TaNAC2-5 and TaZIM-A1
were expressed in E.coli, however TaZIM-A1 could not be expressed under our
laboratory conditions. Therefore TaNAC2-5A and promoter of TaGS2-2A were selected

as the control for the affinity chromatography experiment (Figure 5.6).

To increase specification of the DNA-affinity chromatography, nuclear proteins
were isolated. Published protocol for isolation of nuclei (Sikorskaite et al. 2013) was
optimized for wheat leaves. The optimization for wheat included the use of different
inhibitors, no treatment using diethyl ether, increasing the first centrifugation step from
10 minutes to 15 minutes at 1000 x g, increasing the step centrifugation step in the
percoll gradient from 30 minutes to 45 minutes. The nuclear proteins were then

extracted using TRIzol method.

Each promoter DNA was bound to the streptavidin resin following the
manufacturer’s instructions. However, during optimization, it was found that TaNAC2-5A
transcription factor could bind to both promoter region of TaGS2-2A, and the promoter
region of CAT2-6D. TaNAC2-5A was shown to be nitrate inducible and could bind to
promoter regions of three wheat genes: TaNRT2.1-6B, TaNPF7.1-6D, and TaGS2-2A
(He et al. 2015). TaNAC2-5A functions in multiple tissue types including roots, old

leaves, and flag leaves (He et, 2015). The promiscuous behavior of TaNAC2-5A
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complicates use of TaNAC2-5A as a control of our affinity-chromatography assay. The
NAC transcription factor family is known to be involved in both biotic and abiotic stress
responses, including drought stress (Nuruzzaman et al. 2013; Vranic et al. 2022).
Therefore, TaNAC2-5A is not suitable as a use of a negative control protein. Hence, this

project ended without the identification of genetic regulators of peroxisome proliferation.

Section 6: Discussion and Future Direction

We observed a significant increase of peroxisome abundance under drought only
in Hollis. This suggests that both genotypes maintain ROS homeostasis using different
mechanisms; one of which is an increase of peroxisome abundance. Peroxisomal
proliferation is driven by a set of genes including PEX11 (Orth et al. 2007; Koch et al.
2010). Of three wheat PEX11 genes, transcription of only PEX711C was upregulated
under drought in both genotypes under our experimental conditions (Figure 5.2A).
Analysis of RNA-Seq data from rice, maize, sorghum, and Arabidopsis revealed that a
member of PEX11 gene family was upregulated under drought stress in all species.
Interestingly, some members of PEX71 gene families were downregulated in response
to drought as PEX11A and PEX11B in this work. In Arabidopsis, PEX11A was implicated
in formation of peroxisome extensions known as peroxules under cadmium stress
(Rodriguez-Serrano et al. 2016), while PEX11B is involved in light-induced peroxisome
proliferation (Desai & Hu 2000). This indicates differences in peroxisome proliferation
process under drought and in other situations.

Dysfunctional peroxisomes are degraded through pexophagy (Voitsekhovskaja et

al.2014; Young & Bartel 2016; Calero-Mufoz et al. 2019). Activity of autophagy (the
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autophagic flux) can be assessed by measuring transcription level ATG8 (Bassham
2015; Ustun et al. 2018). One of three wheat ATG8 measured, ATG8.4 was upregulated
in both genotypes (Figure 5.2C). The average level of ATG8.4 transcription was 3-folds
higher in Hollis than in Drysdale. Another characteristic of the elevated autophagic flux
is degradation of ATGS8 protein (Klionsky et al. 2021). We compared relative abundance
of ATG8 in total leaf protein extracts from control and drought stressed plants. This
showed reduced protein content in both genotypes indicating activation of autophagy
(Figure 5.2G). However, higher transcription level of ATG8 accompanied by somewhat
lower ATG8 protein abundance in Hollis relative to Drysdale suggests greater
autophagic flux under drought stress in Hollis. ROS could modulate or act as a regulator
of autophagic responses during abiotic stress (Zhou et al. 2014; Signorelli et. 2019; Su
et al. 2020).

RNA-seq analysis demonstrated that of all peroxisomal genes only PEX11 and
CAT were upregulated in response to drought. Of two CAT1 and CATZ2 genes, CAT1
transcription in response to drought was upregulated by 2 folds in both Drysdale and
Hollis, whereas CAT2 expression was 5-fold higher in Drysdale under drought (Figure
5.4A-B). CAT2 has been identified as the enzyme responsible for detoxifying
photorespiratory-derived hydrogen peroxide (Mhamdi et al. 2012). Overall, both CAT
transcription and CAT protein appear to be good markers of peroxisome abundance.

Recently, it has been reported that CAT3 can be transnitrosylated and targeted
for selective autophagy (Sandalio et al. 2019; Chen et al. 2020). Ubiquitinated CAT
accumulates in a pexophagy adaptor mutant nbr-1 in A. thaliana (Zhou et al. 2013). CAT

has also been shown to co-localize with ATG8 and NBR1 in the electron dense
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peroxisomal core in response to cadmium stress (Calero-Mufioz et al. 2019). It is
plausible that catalase functions as a pexophagy receptor and higher protein level of
catalase in Hollis is linked to greater rejuvenation of the peroxisome population in the
stressed cells through pexophagy.

Peroxisome abundance and catalase activity patterns overlap in Hollis under
drought. This is consistent with higher transcription of CAT1, CAT2 and PEX11C. Higher
catalase activity and up-regulation of CAT1, CAT2, and PEX11B transcription in
Drysdale is accompanied by a relatively steady peroxisome abundance. Both varieties
had significant increase in CAT protein. Catalase undergoes multiple post-translational
modification including carbonylation, S-nitrosylation, and phosphorylation (reviewed by
Sandalio et al. 2019). PEX11 is also a target of post-translational modifications including
phosphorylation, acetylation, and S-nitrosylation (Sandalio et al. 2019). Post-
translational modifications could be responsible for fine-tuning the activity of peroxisome
fission and degradation processes.

PEX11C-7A and CAT2-6D were identified as peroxisomal drought responsive
genes. To identify the genetic regulation of stress induced peroxisome proliferation, we
performed a Streptavidin Affinity Chromatography pull down. This project was not
completed, and interactions were not identified. The methods and experimental setup
was optimized in promoter cloning and amplification, nuclear protein extraction, and
streptavidin resin column usage.

Completion of DNA-affinity chromatography would facilitate the discovery of
regulations of peroxisome proliferation. To complete this assay, the first step would be

identification of a suitable control transcription factor. The cloning of a secondary
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characterized transcription factor has been complete (TaZIM-A1). The expression of
TaZIM-A1 protein would need to be optimized through optimization of expression timing
and temperature. Another approach would be to identify a different characterized wheat-
specific transcription factor to be used. The steps for collection of nuclear proteins and
the optimization of the chromatography technique have been done. Once the DNA-
affinity chromatography is complete, the next steps would be proteomics and
identification of potential regulators. Characterization of potential regulations would
include localization and confirming interactors through techniques such as biomolecular
florescence complementation.

Peroxisomes appear to be an essential component of drought adaptation.
Peroxisome abundance increases in response to drought stress. CAT and PEX11 gene
families are upregulated under drought stress. Identification of genetic regulators of CAT
and PEX11 gene would provide targets for increasing cellular protection under stress.
Future identification and characterization of genetic markers of peroxisome proliferation

is essential for breeding wheat with greater stress resiliency.
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CHAPTER 6: ROLE OF AUTOPHAGY UNDER HEAT AND DROUGHT STRESS

The figures and text of this Chapter were submitted for publication at Cells with co-
authors Yunus Sahin, Glenn Turner, Taras Nazarov, Vadim Jitkov, Mike Pumphery, and
Andrei Smertenko titled Genotype-Specific Activation of Autophagy during Heat Wave in
Wheat. The RNA-Seq Analysis was done by Dr. Yunus Sahin, Dr. Glenn Turner
processed the material for microscopy, Andrei Smertenko performed the microscopy

imaging. Taras Nazarov and Vadim Jitkov coordinated the field experiments.
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Section 1: Introduction and Rational

Section 2: Overview of methods

Section 3: Characterization of ATG8 protein heterogeneity

Section 4: Impact of heat and drought on ATG8 protein and transcription
Section 5: Impact of drought stress on transcription of all autophagy genes
Section 6: Impact of heat and drought on NBR1 activity

Section 7: Relationship of autophagy markers and yield

Section 8: Discussion and conclusions

Section 1: Introduction and Rational

Recycling of dysfunctional cellular components plays a key role in both
development and stress (Marshall and Viestra, 2018; Tang and Bassham, 2018; Wang
et al. 2021). Therefore, cellular mechanisms of adaptation to harsh environmental
conditions rely on autophagy. Autophagy occurs via the formation of a double
membrane vesicle on the endoplasmic reticulum, called the autophagosome, which
encloses cytoplasmic components and then delivers them to the vacuole (Lui and

Bassham, 2012).

Autophagy plays a role in tolerance to many stresses including oxidative
stress/H202/Methyl viologen (Xiong et al. 2007; Shin et al. 2009); nutrient deficiencies
and starvation (Xiong, et al. 2005; Guiboileau et al. 2012; Merkulova et al. 2014);
salinity (Liu, Xiong, Bassham, 2009; Shin et al. 2009); hypoxia (Lin et al. 2021); drought

(Liu, Xiong, Bassham, 2009; Sun et al. 2018; Bao et al. 2020; Kuzuoglu-Ozturk et al.
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2021; Wang et al. 2015; Sun et al. 2018; Yang et al. 2021); and heat (Zhou et al. 2014;
Zhai et al. 2016; Zhang, et al. 2021). We have previously shown that reduction of ATG8
abundance in two tolerant spring wheat genotypes under drought stress was
accompanied by up-regulation of ATG8 genes (Hickey et al. 2022). Hence, autophagy

pathway appears to be an important breeding target for advancing stress resilience.

ATGS8 is frequently used as a marker for assessing the overall activity and
tracking progression of the autophagy pathway (Bassham, D., 2014). ATGS8 provides a
selective docking platform for autophagy receptors and adapters. NBR1 (NEIGHBOR
OF BRCAT1; also known as JokaZ2 in tobacco; Zientara-Rytter et al. 2011) was the first
selective autophagy receptor in plants identified through domain organization and
homology of two mammalian autophagic adapters p26/SQSTM1 and NBR1 (Svenning
et al. 2011). NBR1 plays a role in clearing stress-induced protein aggregates
(aggrephagy) and implicated in responses to multiple stresses including heat, drought,
and salinity (Zhou et al. 2013; Zhou et al. 2014; Jung et al. 2020). Thus, autophagy
receptors can be used as markers for isolation of genotypes with active autophagy and

identification of corresponding genetic markers.

This Chapter aims at developing phenotyping tools and assessing the activity of
autophagy in response to heat and drought stress across a panel of 16 phylogenetically
distant wheat genotypes adapted to different geographical regions. The stress was
applied under greenhouse conditions. As the output of autophagic activity we measured
protein and transcript abundance for three makers: ATG8, ATG7, and NBR1. The

response of these markers was correlated with yield collected in the field trials under
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heat and drought stress. We found that all three markers were affected by the stress
and changes of ATG8 and NBR1 protein abundance correlated negatively with yield,
and changes of ATG8 gene transcription correlated positively with yield. Thus, ATGS,
ATG7, and NBR1 informs on the heat and drought stress resiliency and can be

exploited for developing varieties for arid and hot environments.

Section 2: Overview of methods

This chapter characterizes 3 wheat specific autophagy markers: ATG8, ATG7,
and NBR1. The antibodies for the autophagy markers were developed and used to
phenotype autophagy under heat and drought stress in a wheat diversity panel. The
yield data is collected from field trails located in Lind and Othello, WA. Plant material for
technical assays was collected from 2 sets of heat and drought experiments in the
greenhouse. Techniques used in this Chapter include ATG8 antibody affinity purification,
western blotting with anti-ATG8, anti-ATG7, and anti-NBR1, gRT-PCR, in silico RNA-seq

analysis of autophagy genes. Detailed descriptions of the methods are in Chapter 2.
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Section 3: Characterization of ATG8 protein heterogeneity

Probing the total leaf extract from the spring wheat variety Berkut grown under
normal conditions with polyclonal anti-ATG8 resulted in detecting two bands of
molecular weight 12 and 14 kD (Figure 6.1A). In addition, multiple bands of higher
molecular weight were observed in seven bleeds from two rabbits. To examine the
nature of these bands, we performed an immuno-depletion assay. The ATG8 antigen
was incubated with the antibody prior to probing the membrane with total protein
extract. Although the immunodepleted serum failed to recognize the lower molecular
weight bands, the higher molecular weight bands persisted (Figure 6.1A). This outcome

demonstrates that the anti-serum in addition to ATG8 recognizes other proteins.
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Figure 6.1: Characterization of anti-ATG8. A, Western blotting images and corresponding densitometric scans
of the total leaf extract from Berkut with anti-ATG8 or immunodepleted anti-ATG8. Pre-incubation of the serum
with ATG8 protein depletes only some bands. In this experiment bleed 5 was used. B, SDS-PAGE gel of
recombinant ATG8 protein expressed in E. coli after purification by Ni-affinity chromatography. C, Elution profile
of ATG8 from the size-exclusion column in 4M Guanidine-HCI buffer. D, SDS-PAGE gel of fractions 11-16
corresponding to the peaks on the elution profile in panel C. E, Western blotting images and corresponding
densitometric scans of total leaf extract from Berkut probed with purified ATG8 antibody or with the
immunodepleted antibody. Immunodepleted with ATG8 abrogates the signal.

To eliminate the non-specific reactivity of the antiserum we isolated anti-ATG8 by
immuno-affinity chromatography. First, ATG8 recombinant protein was purified using
nickel affinity chromatography, followed by a second purification step on a gel-filtration

column (Figure 6.1B-D). Purified ATG8 protein was covalently bound to the NHS-
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agarose resin and the resin was used for isolation of anti-ATG8. The purified antibody
cross-reacted with the lower-molecular weight bands and still recognized several
higher-molecular weight bands. The specificity of the purified antibody was tested using
the immuno-depletion assay. This time, all bands disappeared following the immuno-
depletion (Figure 6.1B-D). Thus, all bands detected with anti-ATG8 contain ATG8
antigen. This outcome demonstrates heterogeneity of ATG8 proteins under normal

growth conditions.

Next, we examined the probability that ATG8 heterogeneity originates from cross-
reactivity of anti-ATG8 with paralogs or proteins harboring ATG8-like motifs. Wheat
genome has 12 putative ATGS8 proteins and no proteins contained ATG8-like motifs
longer than seven amino-acids. Phylogenetic analysis under stringent conditions
(clades were retained in the phylodendrogram if the bootstrap value was above 70%)
produce only on clade containing wheat, rice, and Arabidopsis proteins (Figure 25A).
Two wheat paralogs ATG8-6A and ATG8m-6D form a distinct clade. Other genes remain
unclustered. At a lower stringency more clades could be identified. Next, wheat ATG8
proteins were analyzed for conserved regions. Only one 7-amino acid long peptide was
conserved in 10 of the 12 TaATG8 proteins and no other protein in the NCBI gene bank
contained this motif. Thus additional bans could result from antibody recognizing ATG8

paralogs, but not from cross-reactivity with other proteins.

109



Sequences of ATG8-6A and ATG8m-6D showed conservation with ATG8-6B but

lacked the highly conserved ubiquitin-like fold. We visualized the predicted protein
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Figure 6.2: Phylogeny and predicted structure of ATGS8 in
wheat. A, Phylogenetic tree of ATG8 proteins from T.
aestivum (Ta), A. thaliana (At), O.sativa (Os). S. cerevisiae
ATG8 was used as the outgroup. B, Structure of ATG8c-
2A (uniport: Q7XY24) based on Alphafold prediction. C-E,
Alphafold predicted structures of ATG8 homeologs on
chromosome 6 superimposed with ATG8c-2A (pink). (C)
ATG8-6A (uniport: AOA3SBENXU7). (D) ATG8I-6B (uniport:
AOA3B6PL31). (E) ATG8m-6D (uniport: AOA3B6QLCY).

structures for all TaATG8 homoeologs on
chromosome 6 (Figure 6.2C-E) and
superimposed each of them over
predicted structure of ATG8c-2A (Figure
6.2B). The alignment demonstrated
structural difference in the predicted
ubiquitin fold meaning that ATG8-6A and
ATG8m-6D are not canonical ATG8. The
predicted size of these proteins ranges
between 22 and 26 kD, whereas other
predicted size of other ATG8 proteins is

~12 kD.

To test conservation of ATG8
heterogeneity in other monocot species,

we performed Western blotting with total

protein extracts from Arabidopsis thaliana, Brachypodium distachyon, and Oryza sativa

grown under normal conditions (Figure 6.3A). The 17 and 90 kD species were detected

in all species, 12, 14, and 27 kDa species occurred in all monocots, and other bands

were not conserved.
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Conservation of ATG8 heterogeneity in different species prompted us to get a
deeper insight into the nature of high-molecular weight bands. It was possible to
immunoprecipitate ATG8 bands from total leaf extract of variety Berkut (Figure 6.3B).
We analyzed the presence of ATGS8 in gel slices corresponding to different ATG8
species by proteomics analysis. The excised gel slices correspond to areas highlighted
by red boxes in Figure 6.3B. ATG8 was found in gel slices corresponding to size 10-

17kD, 30-38kD, and 65-85kD. But not in the slice corresponding to 95-110kD.
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Figure 6.3: Characterization of ATG8 heterogeneity. A, Western blot of total protein extract from Triticum aestivum,
Arabidopsis thaliana, Brachypodium distachyon, and Oryza sativa using anti-ATG8. B, Western blot of proteins
that were immunoprecipitated from total protein extract of Berkut probed with anti-ATG8. Red boxes indicate gel
slices that were excised and sent for proteomics analysis. Asterisks (*) denote slices in which ATG8 was detected.
C-D, Delipidation assay of ATG8. Western blotting and corresponding desitometric plots of total protein extracts
(C) or microsomal fractions (D) from leaves of var. Berkut before and after incubation with Phospholipase D with
anti-ATG8. Arrows point peaks that disappear after the delipidation. Bars and numbers indicate position and
corresponding size of molecular weight markers.

It has been shown that lipidation with phosphatidylethanolamine contributes to
ATG8 heterogeneity (Yoshimoto et al. 2004). To examine this possibility, we incubated
the total protein extract and microsomal fraction with Phospholipase D. After the
delipidation reaction, the intensity of two bands was significantly reduced in both
samples (Figure 6.3C,D). Thus, immuno-affinity purified ATG8 antibody captures

heterogeneity of ATG8 states some of which is generated through lipidation.
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Section 4: Impact of heat and drought on ATG8 protein levels
Autophagic responses to heat and drought stress were measured in sixteen
genotypes from the spring wheat diversity panel “Elite” of 30 genotypes (Figure 6.4;

Blake et al., 2019). The lines were selected according to their yield in field trials during

Landrace 23, China

Landrace 99, Bolivia 2023 growth season. The trials

Landrace 43, Mozambique
Landrace 5, Croatia

Landrace 3, Russian Federation were performed at the WSU L|nd
PBW343
Berkut .
Dharwar Dry Dryland Research Station located

Landrace 65, Jordan
Landrace 10, Saudi Arabia . . .

Landrace 48, Egypt in Lind, Washington where the
Landrace 89, Algeria
Landrace 74, Afghanistan
Landrace 53, Turkmenistan
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Landrace 28, lsrael = season was 0.006” and the

Landrace 2, Philippines
Landrace 16, Uzbekistan

average precipitation in the 2023

100

Landrace 42, Ethiopia
160 Landrace 15, Irag average temperature was
o Landrace 81, Japan
vida _ 86°F/30°C (Figure 6.A). The trials
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Landrace 37, Portugal

Landrace 19, Uruguay

Landrace 60, Greece Irrigated Agricultural Research
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Figure 6.4: Phylogenetic analysis of wheat varieties and origin of

varieties from the spring wheat diversity panel “Elite. and Extension Center located in

Othello, Washington where the average precipitation in the 2023 season was 0.009”
and the average temperature was 84°F/29°C (Figure 6.5B). Using yield as criteria, we
selected low-yielding genotypes LDRC2, LDRC10, LDRC33, LDRC42, and LDRCG65;
medium yielding LDRC5, LDRC15, LDRC16, LDRC81, and Berkut; and high-yielding
LDRCY9, LDRC19, LDRC37, LDRC43, LDRCA48, and LDRC74. Selected lines were
subjected to heat and drought stress under greenhouse conditions. The experiment was
repeated twice. In each experiment we collected leaf material from two different plants

and all subsequent experiments were performed with this leaf material.
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Figure 6.5: Field trials weather patterns and yield. Temperature and precipitation accumulation in Lind,
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WA (A), Othello, WA (B) and the average of both sites (C) during May-July, 2023. Yield of lines from the
spring wheat genetic diversity panel, grown in Lind, WA (D)and Othello, WA (E), and the average from

both sites (F) during May-July, 2023.



Probing total extracts from control and heat+drought stressed plants with anti-

ATG8 revealed genotype-specific patterns of ATG8 bands that were seemingly different
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Figure 6.6: Response to ATG8 to heat and drought. A-F,
Representative images of western blotting with anti-ATG8 and
corresponding densitometric scans of total protein extracts from
leaves of control and heat + drought stressed (H+D) Berkut plants
(A), LDRC2 (B), LDRC9 (C), LDRC10 (D), LDRC16 (E), LDRC43 (F).
Bars and numbers indicate position and size of molecular weight
markers. G, Fold change of cumulative ATG8 bands intensity in
extracts from heat and drought stress material relative to the control.
P-values represent statical differences for Student’s T-Test at 95%
confidence.
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under stress treatment (Figure
6.6A-F). Quantification of the
cumulative intensity of all bands
in each lane of the heat+drought
stress extracts relative to the
control revealed 3 patterns
(Figure 6.6G): (1) no change of
relative ATG8 abundance
(Berkut, LDRC2, LDRC19,
LDRC37, LDRC42); (2)
increase of ATG8 abundance
(LDRC9, LDRC16, LDRCA48,
LDRC65); and (3) decrease of
ATG8 abundance (LDRC 5,
LDRC10, LDRC15, LDRC33,
LDRC43, LDRC74, LDRC81).
The intensity of Rubisco band
was used for normalization of

protein loading.



Next, we measured abundance of 12-15 kD ATG8 band under control and heat
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Figure 6.7: Impact of heat and drought stress on abundance of ATGS.
A-F, Western blotting with anti-ATG8 of total protein extracts from
leaves of control and heat + drought stressed (H+D) plants of Berkut
(A), LDRC9 (B), LDRC 19 (C), LDRC 43 (D), LDRC 48 (F), LDRC 65
(F). Bars and number indicate position and corresponding size of
molecular weight markers. Amido black staining of the corresponding
western blotting membrane showing Rubisco protein. G, Fold change
of ATG8 protein abundance in response to heat and drought stress
relative to the control. P-values represent statistical differences
between control and stress treatments for Student’'s T-Test at 95%
confidence (n=4, two different plants in two independent
experiments). H, Representative images showing immunostaining of
ATGS8 in control or heat and drought treated leaves of LDRC48. Each
image is a single 1 mm thick optical section. Scale bar, 10 mm. I,
Average florescence signal per ym?in control or heat and drought
treated leaves.
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and drought stress (Figure 6.7A-F). Generally, there were three types of responses

(Figure 6.7G): (1) increase of
relative ATG8 abundance
(Berkut, LDRC2, LDRCS9,
LDRC16, LDRC48, LDRC74);
(2) decrease of relative ATG8
abundance (LDRC 43); (3) no
change (LDRC10, LDRC42,
LDRC81). In LDRCS5, LDRC15,
LDRC19, LDRC33, LDRC37,
LDRCB65 the response was
inconsistent. To test the
correlation between ATG8
abundance and formation of
autophagosome, we stained
autophagosomes on the
transverse sections through leaf
of LDRC48 under control and
heat and drought stress with
anti-ATG8 (Figure 6.7H). Under

heat and drought stress,



LDRC48 had a significant (p<0.0001) increase in autophagosome (Figure 6.71).
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Figure 6.8: Impact of heat and drought stress on different ATG8 bands. A, A representative western blot
membrane of total protein extract from leaves of control and stressed LDRC16 with anti-ATG8. The
intensity of bands corresponding to approximately 15kD, 30kD, and 50kD denoted by the rectangles were
used for quantification in panels B-D. Bars and numbers indicate position and corresponding size of
molecular weight markers. B-D, Fold change of 15 kD (B), 30 kD (C), or 50 kD (D) ATG8 bands
abundance in the heat + drought stressed plants relative to the control. P-values represent statical
differences for Student's T-Test at 95% confidence. (n=4, two different plants in two independent
experiments).

As ATGS8 protein was also detected in the gel slices corresponding to ~30kD, and
~50kD bands, we compared impact of heat stress on the abundance of these bands
with the abundance of 15 kDa band (Figure 6.8). The regions used for measuring the
intensity of bands are shown in Figure 6.8A. In most genotypes the response of the
bands was synchronous. The intensity of all bands increased or was not affected in

LDRC9, LDRC37, LDRC42, LDRC48, LDRC65, and LDRC81. In other group of
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varieties, the intensity of all bands decreased: LDRC5, LDRC10, LDRC15, LDRC19,

LDRC33, and LDRC74. In four
varieties, Berkut, LDRC2, LDRC16,
and LDRC43 the changes of bands
varied. For example, in LDRC16 the
intensity of the 15 and 30 kD bands
increased whereas the intensity of
the 50 kD decreased. We found that
variability of the 30kD band between
biological replicates was lower than
variability of the 15kD and 50kD
bands. The 30kD band was on
average lower in intensity in the
population compared to 15kD and

50kD.

To measure impact of heat
and drought stress on transcription of
ATG8 genes we designed a pair of
universal primers capable of
simultaneous amplification of ATG8ad-
2B, ATG8c-2A, ATG8f-2D, and
ATG8I-6B2 and two pairs of

homoeolog-specific primers for
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Figure 6.9: Impact of heat and drought stress on ATGS8
transcription. A, Fold change of cumulative transcription level of
ATG8c-2A, ATG8f-2D, ATG8d-2B, and ATG8I-6B in response to
heat and drought stress relative to control. Student’s T-Test at
95% confidence. (n=4, two different plants in two independent
experiments). B,C, Fold change of ATG8b-2A (B) or ATG8i-5A
(C) transcription level in response to heat and drought stress
relative to control. ADP-ribosylation factor 2 was used as a
housekeeping gene for normalization of the transcript level
(Genebank: XM_044502292.1; Paolacci et al. 2009). (n=4, two
different plants in two independent experiments). Student’s T-
Test at 95% confidence. (n=4, two different plants in two
independent experiments).
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ATG8b-2A and ATG8i-5A. At least one of the ATG8 transcripts was up regulated in
response to heat and drought stress relative to the control in genotypes LDRCS,
LDRC15, LDRC19, LDRC65, LDRC74, and LDRC81. The rest of the genotypes

maintained steady transcription level for all ATGS8 primer pairs (Figure 6.9).

Section 5: Impact of drought stress on transcription of all autophagy genes

To evaluate conservation of autophagic responses to stress, Dr. Yunus Sahin in
collaboration with our laboratory performed transcriptomic analyses using published
RNA-seq datasets from other plant species (Figure 6.10). We analyzed drought stress
because it was the most represented stress in the Gene Expression Omnibus (GEO)
repository for a broad range of species. Eleven GEO datasets were selected for
Arabidopsis thaliana, Oryza sativa, Zea mays, Sorghum bicolor, Solanum tuberosum,
and Solanum lycopersicum. Drought caused up-regulation of ATG8 family members in
both dicot and monocot species, ATG3 and ATG7 were upregulated mostly in
monocots, and ATG4 and ATG 18 were upregulated mostly in dicots. Hence, ATG3 and

ATG7 could be markers of autophagic activity in wheat.
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Figure 6.10: Heatmaps of autophagy-related genes that are differentially expressed in response to drought
stress in Z. mays, O. sativa, S. Bicolor, S. tuberosum, S. lycopersicum and A. thaliana. Loci name of
orthologs that were mapped to autophagy-related genes indicated beside gene names. This figure was
produced by Dr. Yunus Sahin.
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As both ATG3 and ATG7 function together in the pathway responsible for
lipidation of ATG8, we only examined response of ATG7 to heat and drought stress. A
polyclonal antibody against wheat ATG7 was produced in mice. An immuno-depletion
assay with ATG7 antigen confirmed that antibody specifically recognizes ATG7 band
corresponding to ca. 90 kD (Figure 6.11A). The impact of heat and drought stress on
ATG7 protein abundance was measured in 16 genotypes (Figure 6.11B-D). In all
genotypes anti-ATG7 cross-reacted with a single band. Overall, heat and drought stress
caused higher ATG7 abundance in all genotypes with the exception of Berkut, where
the abundance of ATG7 was reduced (Figure 6.11E). A significant increase of ATG7

abundance was found in LDRC5, LDRC16, and LDRC43.
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Figure 6.11: Impact of heat and drought on ATG7. A, Western blotting images of the total leaf extract from Berkut
probed with anti-ATG7 or immunodepleted anti-ATG7. Pre-incubation of the serum with ATG7 protein abrogates the
signal. B-D, Western blotting with anti-ATG7 of total protein extracts from leaves of control and heat + drought
stressed (H+D) Berkut (B), LDRC5 (C), LDRC43 (D). Bars and number indicate position and corresponding size of
molecular weight markers. Corresponding membrane stained with amidoblack shows Rubisco protein in each lane.
Intensity of Rubisco band was used for normalization of the signal on the western blotting. E, Fold change of ATG7
protein abundance in response to heat and drought stress relative to the control. P-values represent statistical
differences between control and stress treatments for Student’s T-Test at 95% confidence (n=4, two different plants
in two independent experiments).
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Section 6: Impact of heat and drought on NBR1 activity
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Figure 6.12: Impact of heat and drought stress on NBR1. A, Western blotting images of the total leaf extract from
Berkut probed with anti-NBR1 or immunodepleted anti-NBR1. Pre-incubation of the serum with NBR1 protein
abrogates the signal. B-G, Western blotting with anti-NBR1 of total protein extracts from leaves of well-watered
(control) and heat + drought stressed (H+D) from Berkut (B), LDRC10 (C), LDRC19 (D), LDRC43 (E), LDRC48
(F), LDRC74 (H), LDRC81 (G). Bars and number indicate position and corresponding size of molecular weight
markers. Amidoblack staining of the corresponding western blotting membrane shows Rubisco protein. H, Fold
change of NBR1 protein abundance in response to heat and drought stress relative to the control. P-values
represent statistical differences between control and stress treatments for Student’'s T-Test at 95% confidence
(n=4, two different plants in two independent experiments). I, Fold change of NBR1 transcript abundance in
response to heat and drought stress relative to the control. ADP-ribosylation factor 2 (Genebank:
XM_044502292.1; Paolacci et al. 2009) was used as a housekeeping gene for normalization of RT-gPCR values.
P-values represent statistical differences between control and stress treatments for Student’s T-Test at 95%
confidence (n=4, two different plants in two independent experiments).

Heat stress causes misfolding and damaging of proteins, which could cause
cytotoxicity. The selective autophagy receptor NBR1 plays a role in specific targeting of

protein aggregates for autophagy (Zhou et al. 2013; Zhou et al. 2014). NBR1 interacts
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with ATG8 and degrades together with the autophagosome in the vacuole. Therefore,
activation of autophagy is expected to increase NBR1 turnover. We examine NBR1
protein level in seven varieties that showed different response of ATGS8 to the stress.
Polyclonal anti-NBR1 was generated in mice (Figure 6.12A). In some genotypes the
antibody cross-reacted with one band and in others with a doublet (Figure 6.12B-H).
Heat and drought stress did not affect the band pattern and caused an increase of
NBR1 abundance only in Berkut and LDRC81 (Figure 6.12l). The wheat genome has
three homeologs of NBR1. We designed a pair of primers that targets all three of them
and measured impact of heat and drought stress on transcription of NBR1 by RT-qPCR.
Transcription of NBR1 was up regulated in Berkut, LDRC19, LDRC43, and LDRC74 and

downregulated in LDRCA48 (Figure 6.12J).

Section 7: Relationship of autophagy markers and yield

We examined correlation between changes of autophagy markers and yield in
both field trials individually and the average yield values. None of four measurements of
ATG8-relatd bands (15 kD, 30 kD, 50 kD from one membrane and 15 kD measured
individually) and ATG7 correlated with yield parameters in the population of 16
genotypes (Figure 6.13A-B). However, the ratios of 15kd/30kD and 30kD/50kD bands
of ATG8 correlated negatively with yield (R?=-0.5395 and -0.4423 respectively).
Interestingly, all values derived from quantification of ATG8 bands showed a strong

positive correlation (Figure 6.13B).
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Amongst seven genotypes selected for analysis of NBR1 transcript and NBR1
protein abundance, both ATG8i and ATG8b correlated positively with yield in Lind trial
(R?=0.5898 and 0.6598 respectively; Figure 6.13C-D). NBR1 abundance correlated
negatively with yield in both Lind and Othello trials (R?=-0.5677 and -0.7354
respectively) whereas NBR1 correlated positively with abundance of all ATG8
transcriptions (R?=0.7966, 0.4916, and 0.5571 respectively). ATG8b and ATGS8i
abundance correlated positively with each other (R?=0.9898). As in case of the whole
set of genotypes, the ratios of 15kD/50kD and 30kD/50kD ATG8 bands correlated
negatively with yield. Thus, the ratios between ATG8 bands and abundance of NBR1

can be used for identification of autophagy markers associated with higher yield.

Section 8: Discussion and conclusions

Recycling of dysfunctional cellular components plays a key role in both
development and stress (Marshall and Viestra, 2018; Tang and Bassham, 2018; Wang et
al. 2021). Therefore, cellular mechanisms of adaptation to harsh environmental conditions
rely on autophagy. We have previously shown that reduction of ATG8 abundance in two
tolerant spring wheat genotypes under drought stress was accompanied by up-regulation
of ATG8 genes (Hickey et al. 2022). Here we analyzed heat and drought responses of
autophagic markers ATG8, ATG7, and NBR1 in a diverse panel of tolerant and susceptible

wheat genotypes.

It has been shown that lipidation of ATG8 generates an additional isoform that on

the SDS-PAGE gels runs at ~15kD (Yoshimoto et al. 2004; Fujioka et al. 2008). However,
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in addition to nascent ATG8 and ATG8-PE isoforms, antibodies against ATG8 cross react
with multiple bands running below ~15kD in Arabidopsis (Yoshimoto et al. 2004;
Thompson et al. 2005; Philips et al. 2008; Chung et al. 2009; Chung et al. 2010). Our
immunoaffinity purified antibody against wheat ATG8 cross-reacts with multiple bands
ranging between 12 and 90 kD. A similar range of ATG8 bands was detected with anti-
ATGS8 in rice and Brachypodium. The fact that proteomics analysis identified ATG8 in all
but ~90 kD band suggests that higher molecular weight isoforms represent ATG8 species
or ATG8-conjugates. The reason for the absence of ATG8 in the ~90 kD band could be
explained by low abundance of ATG8 in this material. A wider size range of bands was
detected in total protein extracts from Arabidopsis using commercially available ATG8
antibodies (Jasieniecka-Gazarkiewicz et al. 2021) and also with our immuno-affinity
purified antibodies. Thus, ATG8 protein comprises heterogeneous isoforms in both

monocot and dicot species.

Size heterogeneity of ATG8 bands could have multiple origins. As mentioned
above, one reason is lipidation. Consistent with this hypothesis, some heterogeneity of
ATG8 was lost following treatment with lipase. However, even after delipidation reaction
the pattern of ATG8 bands remained complex. Other posttranslational modifications could
also contribute to changing size of nascent ATG8, e.g. ATG8 undergoes phosphorylation,
ubiquitination, and acetylation in mammalian cells (Reid et al. 2022; Nieto-Torres et al.

2023).

Second, sequence diversity of ATG8 paralogs. Hexaploid wheat genome contains

12 ATGS8 paralogs of which nine are evolutionarily conserved. Three ATG8 homoeologs
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on chromosome 6 contain unique intrinsically disordered regions. Based on the
phylogenetic tree analysis, these homoeologs are wheat-specific with predicted
molecular weight of 28 kD. Hence, the ~30 kD bands on the western blotting in Figure

6.3A could correspond to these paralogs.

Third, interaction with other proteins or oligomerization. For example, it has been
shown that ATG8 can dimerize in yeast cells (Nakatogawa et al. 2007). ATG8-ATG3
conjugates in Arabidopsis run on a SDS-PAGE gel between ~75 and ~50kD (Yoshimoto
et al. 2004; Fujioka et al. 2008). Recently, ATG8 was shown to interact with CLATHRIN
LIGHT CHAIN 2 (CLC2) during Golgi remodeling after heat stress in Arabidopsis (Zhou
et al. 2023). Two Arabidopsis paralogs ATG8a and ATGS8i interact with the ESCRT
component FREE1 to regulate autophagosome closure (Zeng et al. 2023). Some of these
interactions could be covalent or withstand conditions of SDS-PAGE. As ATGS8 plays a
role of an autophagy receptor, ATG8-ation of ligands could contribute to a greater

specificity of the autophagy process.

Interestingly, the pattern of ATG8 bands changes in response to stress. This fact
suggests that each of the above mechanisms responsible for ATG8 heterogeneity would
not only alter the size but also generate ATG8 forms with specialized functions.
Functional diversity and different localization were shown for two ATG8 subfamilies in
mammalian cells: MAP1LC3 (microtubule-associated protein 1 light chain 3—hereafter
referred as to LC3) and GABARAP (y-aminobutyric acid receptor-associated protein).
The LC3 subfamily primary functions in autophagore elongation, whereas GABARAP

functions in autophagsome-lysosome fusion (Varga et al. 2022). Additionally, some
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mammalian ATG8 paralogs participate in other processes besides autophagy. For
example, LC3C is involved in COPIl-dependent ER export (Stadel et al. 2015) and

GATE-16 (GABARAPL2/ATGS) functions in intra-Golgi trafficking (Sagiv et al. 2000).

Plant ATG8 paralogs show different capacity of post-translational modifications.
For example, all Arabidopsis ATG8 with exception of ATG8h and ATGS8i are cleaved by
ATG4 (Yoshimoto et al. 2004). Analysis of ATG8 transcription patterns provides further
support to the hypothesis of functional specialization. Zhou et al. 2023, reported that all
ATG8 isoforms (ATg8a-ATG8i) are expressed in Arabidopsis roots/leaves. GUS-reporter
assays demonstrated that out of 5 ATG8 family members (ATG8a, ATG8c, ATG8f, ATGS8e,
and ATG8h) only ATG8a and ATG8h were up-regulated in response to sugar starvation
(Slavikova et al. 2005). The five maize ATGS8 are expressed in multiple tissues including
shoot apex, seedling leaves (L4, L3, and L2 order of appearance), nonpollinated ears,
and tassels (Chung et al. 2009). However, the expression level was different, for example,
ZmATG8c had higher expression in shoot apex, while ZmATG8d was expressed in older

leaves (Chung et al. 2009).

Analysis of other proteins revealed lack of heterogeneity in case of ATG7 and
genotype-specific heterogeneity in case of NBR1. Of seven genotypes analyzed, two
showed distinguishable NBR1 double bands in all biological replicates under both heat
and drought stress conditions (Figure 6.12). The upper band may represent a
ubiquitylation post-translationally modified form of NBR1, as suggested by two studies in
Arabidopsis (Kim et al. 2013; Jung et al. 2020). While heterogeneity of ATG8 was affected

by the heat and drought stress, the pattern of NBR1 bands remained similar under all
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growth conditions. Determining functional significance of NBR1 heterogeneity needs

further analysis.

As autophagy encompasses turnover of proteins that associate with the
autophagosomes, higher autophagic activity should be accompanied by reduced or
constant ATG8 protein abundance. Sustaining ATG8 production under higher autophagic
activity would require higher transcription of ATG8. Many publications show
transcriptional up-regulation of ATG8 and other autophagic proteins in response to stress.
ATG1, ATG4, ATGS, ATG8a, and ATG18b were upregulated, while ATG8g was
downregulated, during drought stress in Medicago truncatula (Yang et al. 2021). In
tomato, eighteen autophagy genes including ATG1, ATG3, ATG7, ATG8, ATG9, were
upregulated by drought stress (Wang et al. 2015) and ATGS5, ATG7, and NBR1 were
upregulated by 45°C heat stress (Zhou et al. 2014). ATG8 was upregulated in both roots
and leaves during osmotic stress in T. dicoccoides (Kuzuoglu-Ozturk et al. 2012). It was
shown that ethylene response factor, ERF5, induced by drought stress binds directly to
ATG8d in tomato to increase both gene transcription and autophagic activity (Zhu et al.

2018).

Using publicly available RNA-seq datasets, we found that drought stress causes
up-regulation of ATG8 transcript in both dicots and monocots whereas ATG3, ATG7,
ATG9, and ATG101 were consistently upregulated in three monocots species, O. sativa,
Z. mays, and S bicolor, but not in dicot species A. thaliana, S. tuberosum, and S.
lycopersicum (Figure 6.10). Analysis of ATG8 transcription in the genetic diversity panel

using three pairs of primers revealed that level of at least one ATG8 transcript was up-

128



regulated in eight of sixteen genotypes (Figure 6.7). Only one genotype, LDRC74,
showed upregulation of all tested ATG8 in response to heat and drought stress. ATG8
transcription was reduced or not affected in the remaining eight genotypes. ATGS8 total
protein level was reduced or remained constant in LDRC19, LDRC43, LDRC74, and
LDRC81. This outcome is consistent with up-regulation of autophagy in four of sixteen
genotypes. Providing that both ATG8 transcripts and ATG8 protein level were measured
accurately under our experimental conditions, and both parameters could be considered
as a reliable marker of autophagic activity, our data demonstrates that activation of

autophagy may not be the default response to heat and drought in wheat.

Heat and drought stress altered ATG8 heterogeneity in the genotype-specific
manner. Reduction of total ATG8 protein abundance in LDRC19, LDRC43, LDRC74, and
LDRC81 was accompanied by reduction of the 30 kD band (Figure 6.5). However,
abundance of 15 kD bands in LDRC74 increased in response to heat and drought stress.
Abundance of 30kD and 50kD bands increased in LDRC9 and LDRC37, while the
abundance of 50kD band increased only in LDRC43 and LDRCG65 and decreased in
LDRC10. These data indicate that ATG8 isoforms play different roles in the stress

response.

The patterning of 30kD and 50kD bands also showed genotype- and treatment-
specific variability. However, the stress-induced changes in these bands were not
consistent amongst biological replicates and treatments. For example, two bands at 30kD
were detected in Berkut, LDRC10, LDRC19, LDRC65, and LDRC74 under both control

and stress treatments. Furthermore, two 50kD bands were detected in LDRC10 under
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both conditions, whereas in Berkut, LDRC16, LDRC33, LDRCG65, and LDRC81, the 50kD
doublet appeared only in control. Under heat and drought stress there were three or one
50kD bands in Berkut and three or two bands in LDRC9. Three 50kD bands in LDRC2
persisted under heat and drought stress but at lower abundance. It means that ATG8
isoforms perform different functions. This conclusion is supported by the fact that majority
of ATG8 proteins remained unclustered in the high-stringency phylogenetic analysis
(Figure 6.2). Functional conservation would lead to more clades. Furthermore,
heterogeneity of the 30kD and 50kD reflects contribution of autophagy to the interactions

between genotype and environment.

Multiple evidence highlights the contribution of autophagy to stress tolerance. For
example, overexpression of ATG10 in apples enhances salt stress tolerance (Huo et al.
2020), overexpression of ATG3b in Arabidopsis leads to both salt and osmotic stress
tolerance (Wang et al. 2017), and overexpression of ATG5 or ATG7 in Arabidopsis
promotes ATGS lipidation, autophagosome formation, and autophagic activity (Minina et
al. 2018). The latter transgenic lines are more resistant to oxidative stress (treatment with
methyl viologen) and necrotrophic pathogens. ATG2 and ATG7 also contribute to salt
stress tolerance in wheat through suppression of salt-induced programmed cell death
(Yue, 2021). ATG10 was shown to play a role in salt tolerance and resistance to methyl
viologen in rice (Shin e al, 2009), whereas ATG6 contributes to heat, cold, and drought

stress responses in rice (Rana et al. 2012).

Analysis of sixteen diverse genotypes in our work demonstrated poor correlation

between relative abundance of total ATG7, ATG8, or the ~15kD ATG8 species and yield
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under heat and drought stress (-0.106<R?<0.267; Figure 6.13). However, parameters
derived from the heterogeneity of ATG8 were more sensitive in the principal component
analysis. In particular, the ratios between ~15kd and ~30kD, and ~30kD and ~50kD bands

correlated negatively with yield. Thus, these ratios could be used to

Heat stress is known to cause protein misfolding and aggregation (Zhou et al.
2013), which are recycled through a specific type of autophagy known as aggrephagy
(Zhou et al. 2014; Jung et al. 2020). NBR1 acts as a cargo receptor for protein aggregates
and becomes recruited to the autophagosome through interaction with ATG8 (Zhou et al.
2013). The importance of NBR1 for stress tolerance is supported by several studies. First,
Arabidopsis nbr1 mutants are hypersensitive to heat stress and oxidative stress (methyl
viologen; Zhou et al. 2013). Second, overexpression of NBR1 results in greater UV-B and
heat stress tolerance in Arabidopsis (Zhang and Ling, 2023), and in lower abundance of
reactive oxygen species under salt stress, higher transcription of ATGS8, greater
autophagosome abundance, and reduced accumulation of insoluble proteins under salt

stress in poplar (Su et al. 2021).

As an autophagosome cargo receptor, NBR1 degrades in the vacuole together
with ATG8 and the autophagosome. Hence, higher autophagic activity should be
accompanied by up-regulation of NBR1 transcription and constant or lower NBR1 protein
levels. Four out of seven genotypes show this type of response: up-regulation of NBR1
transcription was accompanied by constant protein abundance in LDRC19, LDRC43, and
LDRC74; constant transcription level of NBR1 was accompanied by reduced protein

abundance in LDRC48 (Figure 6.12). Changes of NBR1 protein abundance negatively
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correlated with yield under heat and drought stress in both locations (Figure 6.13). These
data demonstrate that NBR1 could be used as a marker of heat and drought stress

resilience.

Many published data points out an enormous potential of autophagy trait for
improving resilience of crops to abiotic and biotic stress factors. Exploiting autophagy in
breeding programs is hindered by the lack of corresponding phenotyping tools. Robust
phenotyping would enable identification of genetic markers for autophagy that could be
used in genomic selection. Application of three common markers for assessing
autophagic activity, ATG7, ATG8, and NBR1, under heat and drought stress in genetically

diverse wheat genotypes led to the following conclusions.

1. Changes of ATG8 and NBR1 protein and transcript abundance in response to
heat and drought stress in LDRC19, LDRC43, and LDRC74 is consistent with up-
regulation of autophagy. These genotypes belong to distant phylogenetic clades and
originate from different regions: LDRC19 from Uruguay, LDRC43 from Mozambique, and
LDRC74 from Afghanistan (Figure 6.4). All three genotypes were in the high-yielding
group. This outcome means that autophagy trait was selected independently by several
breeding programs in different geographical locations most likely due to better
performance. These genotypes are suitable for identification of genetic markers for

autophagic activity.

2. Relative changes of ATG8 isoforms and NBR1 abundance negatively correlate
with yield. These parameters show a strong positive correlation with each other. Thus,

abundance of ATG8 isoforms and NBR1 could be used as markers of autophagic
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response to stress. Simultaneous measuring NBR1 and ATGS8 increases accuracy of the
phenotyping. Abundance of ATG7 shows limited variability and poor correlation with yield.

This parameter needs further development before using in phenotyping autophagy.

3. Changes of ATG8 parameters under heat and drought stress in several
genotypes suggested no up-regulation or even failure of autophagy. For example,
accumulation of ATG8 protein in LDRC9 and LDRC48 was accompanied by no changes
of ATG8 gene transcription. Increase of ATG8 abundance accompanied by similar or
lower level of ATG8 transcription indicates slower ATG8 degradation and relatively low
autophagic activity. In LDRC10, ATG8 protein abundance remained constant after the
stress and ATGS8 transcripts as detected by all 3 pairs of primers were downregulated.
Genotypes LDRC2, LDRC33, and LDRC37 lack changes of both ATG8 protein and ATG8
transcript abundance in response to stress. Constant abundance of ATG8 was
accompanied by down-regulation of at least one ATGS8 transcript in Berkut, LDRC9,
LDRC16, LDRC42, LDRC48, and LDRC65. Yet LDRC48 and LDRC9 were among the
high-yielding genotypes. It means that lower autophagic activity could be dispensable for

the stress tolerance.

It could be that suppression of autophagy and accumulation of autophagy markers
under stress is a common outcome. For example, accumulation of autophagosomes and
downregulation of ATG8c under heat stress was reported in pepper (Zhai et al. 2016),
and accumulation of autophagosomes correlated with accumulation of LC3-1l1 (ATG8)
response to aggregation-prone proteins mHTT and alpha-synuclein in mammalian cells

(Button et al. 2017). One explanation for the low frequency of autophagy trait in the
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population is negatively selected during in some geographical locations due to the
pressure from another environmental factor e.g. pathogens. This possibility also seems
unlikely considering importance of autophagy for all processes related to plant health
including immunity. Another possibility could be sensitivity of autophagy pathway to heat
stress. In this case other mechanisms compensate for the lack of autophagy in sustaining
the yield. As the selection of landraces was likely based on yield and end-user qualities,
the tolerance traits were selected randomly. Testing this prediction would require
developing varieties with efficient autophagy using phenotyping tools developed in our

work and examining their genotype by environment interactions.
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CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS

This dissertation is dedicated to understanding cellular protection mechanisms of
heat and drought stress resiliency in wheat. Cellular protection mechanisms include
maintaining ROS homeostasis through scavenging ROS and using autophagy to degrade
damaged cellular components. The main goal of this dissertation was to understand ROS
homeostasis contributed to heat and drought tolerance in the context of well characterized
mechanisms including root architecture and chlorophyll fluorescence. During this
research, molecular markers for ROS homeostasis and autophagy were identified. In this
dissertation: (1) Chapter 3 compared the growth and development of genetically different
wheat varieties through flowering time and root architecture; (2) Chapter 4 analysed
photosynthetic and ROS activity under drought; (3) Chapter 5 identified molecular
markers for ROS homeostasis and regulators of peroxisome proliferation; and (4) Chapter
6 analysed autophagy under heat and drought identifying molecular markers of
autophagy. We found that resilient genotypes exploit multiple strategies to overcome the
stress. Furthermore, each genotype did not possess all strategies analysed. It means
there is potential to increase crop resiliency by combining more resiliency mechanisms in
one genotype.

During this dissertation PEX11C, CAT2, ATG8, ATG7, and NBR1 were identified
as molecular markers for ROS homeostasis and autophagy. Four polyclonal antibodies
were developed for wheat proteins: catalase, ATG8, ATG7, and NBR1. All polyclonal
antibodies were first produced in mice and catalase, ATG8, and NBR1 were subsequently

produced in rabbits. Anti-ATG7 could be produced in rabbits in the future. Anti-ATG8 was
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affinity purified. Anti-catalase and anti-NBR1 will need to be affinity purified in the future
using the same method. Additionally, these antibodies can be used to develope high-
throughput phenotyping techniques to screen large wheat breeding populations for
responses of ROS homeostasis and autophagy. Development phenotyping techniques
like ELISA would facilitate integrating underutilized heat and drought resilient

mechanisms in the future.

Affinity purified anti-ATG8 captured multiple isoforms of ATG8 during western
blotting. Discovering the origin of ATG8 heterogeneity is another direction for work in the
future. This heterogeneity could be due to sequence diversity of ATG8 paralogs,
interaction with other proteins or oligomerization, or post-translational modifications. To
determine origins of the heterogeneity methods including size-exclusion chromatography
and developing transgenic wheat plants to visualize in planta could be used. The ATG8
heterogeneity is an exciting discovery that presents numerous opportunities to

characterize autophagy and ATG8 behavior in wheat and other species.

Additionally, NBR1 protein bands present genotype-specific heterogeneity. This
heterogeneity may be to NBR1 paralogs or post-translational modifications. Determining
the origin of genotype specific NBR1 heterogeneity through techniques including
immunoprecipitation-mass spectroscopy or developing transgenic wheat plants to
visualize in planta and use antibodies for the post-translational modifications could
facilitate the discovery of genotype specific differences and unraveling functional

significance of these differences. Determining the functional significance of NBR1
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heterogeneity would advance our understanding of autophagy under normal and stress

conditions.

Identification of genetic regulators of CAT and PEX11 gene would provide targets
for increasing cellular protection under stress. To identify the genetic regulation of stress
induced peroxisome proliferation, we developed materials to perform a Streptavidin
Affinity Chromatography. The methods and experimental setup were optimized in
promoter cloning and amplification, nuclear protein extraction, and streptavidin resin
column usage. Once the DNA-protein affinity chromatography is complete, identification
and characterization of protein interactors would take place. Protein interactors would
have to be confirmed through techniques like bimolecular fluorescence. Once protein
interactors are confirmed, the fundamental understanding regulation of peroxisome
proliferation under stress would increase and these proteins could provide targets to

increase ROS homeostasis during breeding.

Overall, this dissertation demonstrates the importance of cellular protection
mechanisms to sustain yield under stress. Stress resiliency strategies combine
developmental, physiological, cellular, and molecular mechanisms. During this
dissertation, it was found that stress resilient wheat genotypes combined numerous
strategies to combat heat and drought stress. Genotype-specific responses included
morphology of root architecture, development timeline (e.g. flowering timing), responses
and regulation in the photosystems, and cellular responses of ROS scavengers,
peroxisomes, and autophagy. Further development of techniques to analyze ROS

homeostasis, peroxisome dynamics, and autophagy are essential to breeding resilient
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wheat. PEX11C, CAT2, ATG8, ATG7, and NBR1 were identified as molecular markers for
ROS homeostasis and autophagy and these markers can be exploited in the future.
Additionally, mechanisms for resiliency including root architecture and photosynthetic
traits establish that combining multiple protection mechanisms is a promising strategy to
advance crop resiliency through introgression of several methods. Future identification
and characterization of genetic markers for cellular protection mechanisms such as ROS
homeostasis, peroxisome proliferation and autophagy is crucial for breeding wheat with

greater stress resiliency.
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