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Abiotic stresses, such as cold, heat, flood, drought, and salinity, are major limiting factors of
global crop and plant production. In the era of unpredictable climate fluctuations due to ongoing global
climate change, the abiotic stress extremes are getting more frequent over the years. Sessile plants
cannot avoid any extreme environmental factors, and over 90% of field crops experience abiotic stress.
Moreover, abiotic stress always occurs in combination in the field, and one abiotic stress can lead to
several secondary abiotic stresses. Even though the global climate is treading towards warmer periods,
it is not diminishing cold stress threats. For example, reports show that a warmer climate causes
extreme and unpredictable out of season cold stress, cold shock, localized frost, and freezing events.
Furthermore, reduced length of cold autumns or warm and short winters affect the cold acclimation,
vernalization, bud dormancy period in crop and tree plants. Therefore, understanding abiotic stress
response and developing sustainable stress tolerance methods are the critical steps towards assuring
global food security.

Elucidating how plants sense and respond to cold is essential for identifying genetic and
chemical methods that may improve plant performance under low-temperature conditions. However,
most studies that focus on cold stress are either under prolonged cold stress or cold acclimation
conditions. The molecular mechanisms involved in early cold perception and response are not clearly
understood yet. Plant proteins go through cascades of post-translational modifications and form
complex signaling pathways that regulate essential biological processes, including the external
environmental response. Protein phosphorylation is one of the most common and crucial post-
translational modifications, and nearly one-third of proteins are modified through phosphorylation.
Identification of differentially phosphorylated proteins in response to environmental factors has led to
the discovery of important components of signaling pathways. Mass spectrometry-based methods to
quantify phosphoproteome changes are a well-established system for identifying key phosphorylation

events involved in stress response. The plasma membrane and its adjacent extracellular and cytoplasmic



sites are the first checkpoints for sensing temperature changes and subsequent events such as signal
generation and solute transport. Here, I report a large-scale, comprehensive study on Arabidopsis
membrane phosphoproteomics during early cold response events. In this study, I focused on the
temporal change in microsomal membrane protein phosphorylation in response to a brief 5 to 60 min
cold exposure. Subsequently, using hydroxy acid-modified metal oxide chromatography (HAMMMOC)
phosphopeptide enrichment method coupled with a powerful state of the art mass spectrometer, I
detected around 1900 peptides. Gene ontology (GO) analysis of these phosphorylated proteins revealed
that cold exposures led to rapid phosphorylation of proteins involved in cellular ion homeostasis, solute
and protein transport, cytoskeleton organization, vesical trafficking, protein modification, and signal
transduction processes. Even under such a brief cold exposure, phosphorylation of ion channel or
transporter proteins such as Ca>" (hyperosmolality-gated Ca®" permeable channels/OSCAs, Ca®'-
ATPases/ACAs), K (potassium transporters/POTs), Na'/H  (Na'/H' exchanger/NHX), which are
involved in maintaining ionic homeostasis inside the cell, indicated that plant cell tries to maintain its
ionic balance in steady state under cold. Accumulation of cryoprotectants such as soluble sugar is a
crucial defense mechanism to survive under cold extremes. Activation of sugar and monosaccharide
transporters, sugar will eventually be exported transporterl2 (SWEET12), early responsive to
dehydration6/6 like (ERD6/6like) and transmembrane transporter 1/3 (TMT1/3), at such an early stage
indicate that plant starts to deploy its defense mechanism as soon as they sense the cold. With
phosphorylation motif analysis using the Motif-X algorithm, I identified 16 characteristic target motifs
of essential kinases such as receptor-like kinases (RLKs), mitogen-activated protein kinases (MAPKs),
Calcium/Calmodulin dependent protein kinases (CDPK/CaMK), casein kinases (CK), and
GSK3/shaggy-related protein kinase (GSK). Further, the kinase-substrate network revealed that the
kinases and substrates form a complex network of phosphorylation events even during a brief cold
exposure. Ca2+, phosphoinositide, abscisic acid (ABA), auxin, and brassinosteroid (BR) and reactive
oxygen species (ROS) mediated signaling pathways were also found to be involved in the early cold
response, which gives a further complex response from the plants during cold sensing. Phosphorylation
of microtubule-cytoskeleton related proteins (myosin-binding protein7 (MyoB7), myosin motor XI-K/C,
and 65-kDa microtubule-associated proteinl (MAP65-1) involved in cytoplasmic streaming and
cytoskeleton organization) and vesicle trafficking-related proteins (ARF guanine-nucleotide exchange
factor GNOM, Sorting nexin/SNX, vacuolar protein sorting-associated proteind1/VPS41,
Syntaxin/SYP121/132, and dynamin-related protein/DRP2A/B) gives a clear idea that these proteins
and their respective functions are an essential part of the early cold response mechanism.

Subsequently, besides understanding the molecular mechanisms of early cold response in
Arabidopsis, I focused on developing a cost-effective, time-, and labor-saving method to improve plant
performance against a range of abiotic stresses, including cold. Here I developed a seed treatment
method using an optimized level *OH generated from Fenton/Haber-Weiss reaction. I showed the
effects of a single/one-time application of this *OH to seeds on germination and growth in germinating
seedlings under optimum and sub-optimum conditions such as chilling, high temperature, heat, and
salinity. A one-time treatment of Arabidopsis seeds with *OH improved germination and early growth in
young seedlings. The treatment effect was also not limited to the germination and early growth stage,

and plants from the treated seeds showed an increased daily root growth and increased number of lateral



roots. More interestingly, the treatment effect became prominent under suboptimum conditions. I
observed a clear advancement in germination speed after the *OH treatment compared to water treated
and H, 0, treated seeds. Almost in all the abiotic stress conditions, the *OH seeds took significantly less
time to reach 50% germination. Moreover, the germinating seedlings showed faster radical and
hypocotyl elongation and cotyledon expansion and greening after the *OH treatment. Under different
abiotic stress conditions, such as cold, early germination and seedling survival are essential criteria for
assuring a better production.

The outcomes of this *OH treatment were surprising, and the superior effects of *OH treatment than its
precursor H202 led to the question of what molecular mechanisms are behind this better performance.
Even though H, 0O, is frequently used as a seed priming or treating agent that showed promising effects
in improving different abiotic stress tolerance, no study ever considered the possible conversion of
H,0, into *OH by endogenous Fenton/Haber-Weiss reaction. Therefore, to understand the molecular
mechanisms behind increased stress tolerance by *OH treated seeds and seedlings, I employed a mass
spectrometry-based proteomics method to study the change in seed proteins under chilling stress.
Surprisingly, GO analysis showed that proteins that were exclusively accumulated in *OH treated group
were mostly antioxidation-related (such as glutathione reductasel/GR1, dehydroascorbate
reductase/DHAR, and ascorbate peroxidase/APX), chaperones (such as heat-shock protein60/HSP60,
chaperonin 60 subunit betal/CPN60B1/LEN1, and calreticulin/CRT), late embryogenesis related (LEA)
proteins, and proteins involved stress response, toxin catabolism, embryo development. These results
indicate that the *OH enhanced the antioxidant properties of the treated seeds, which may be
contributed to maintain a basal ROS level in the embryo and germinating seeds. The treatment also
contributed to the maintenance of protein homeostasis, which is essential for cells to perform better
under abiotic stress. Overall findings from this study showed the positive sides of *OH in plant
performance.

To conclude, I revealed the early cold response events in plants with a first-ever large-scale
membrane phosphoproteomic study. The findings from this study will be a valuable resource for
scientists to narrow down target genes associated with the proteins for better functional genomic studies
in the future. Furthermore, the time and cost-efficient seed treatment with just a one-time application of
*OH can potentially solve emerging extreme abiotic stresses. This study also provides a first-ever view
of the positive sites of the deleterious reactive oxygen species, *OH. I expect both of my studies will

contribute to developing methods to improve stress-tolerant/resistant crop varieties.
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