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Proteasome and the Deleted-in-Split Hand/Split Foot 1 Protein SPDSS1 Participate in the
Modulation of Drought Stress Tolerance in Sweet Potato Leaves

Abstract

In recent year drought and soil salinization of cultivated lands under extreme climate severely
result in the unbalance between agricultural crop production and demand-provision systems.
Therefore, improvement of crop stress tolerance especially for drought is an important world-
wide issue. Ubiquitin-Proteasome System (UPS) widely exists in plants and plays a role in
association with abiotic salt stress tolerance in sweet potato. However, its physiological function
under drought stress is unclear. In sweet potato, drought promoted senescence and necrosis in
leaves. Significant morphological, biochemical and metabolic changes of senescence-associated
markers, including morphological yellowing/necrosis, reduction of chlorophyll and F./Fp
contents, decrease of antioxidant enzyme/activity levels, elevation of NO/H,O,/MDA amounts,
increase of mitogen-activated protein kinase/phosphorylation levels, and enhancement of
cysteine protease SPCP1 expression were observed in treated leaves on days 12 and 15 as
compared to the untreated control. Drought-mediated effects were all alleviated by the
proteasome inhibitor MG132, suggesting an association of proteasome activities in drought
stress tolerance. In our laboratory, a cloned full-length cDNA SPDSS1 from sweet potato leaves
encodes a putative deleted in split hand/split foot 1 (DSS1)-like protein, which is an acid protein
with 75 amino acids (228 nucleotides) and three conserved aspartic/glutamic acid-rich domains
in its open reading frame and is a candidate subunit of the 19S regulatory proteasome according
to the previous report in Arabidopsis. Drought enhanced SPDSS1 expression level earlier than
the induced leaf senescence. Exogenous SPDSS1 fusion protein accelerated drought-induced
senescence/necrosis and enhanced changes of senescence-associated markers on day 9 and 12 in
treated leaves, which could be inhibit and reversed by the proteasome inhibitor MG132. Based
on these results we conclude that proteasome inhibitor MG132 and the 19S regulatory
proteasome subunit deleted in split hand/split foot 1 (DSS1)-like protein SPDSS1 participate in
the modulation of drought stress tolerance in sweet potato leaves. A novel physiological role of

the Ubiquitin-Proteasome system in association with drought stress tolerance is also suggested.

Keywords: Drought Stress, Leaf Senescence, MG132, Proteasome, Sweet Potato SPDSS1
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Chapter 1. Introduction

1.1 Drought Stress and Leaf Senescence

Since the climate depend on global warming, it causes future anthropogenic emissions and
natural climate variability. It generate extreme rainfall and drought which resulting
environmental problem (Pratiwi et al., 2018). The extreme rainfall will increase flood and
landslide. On the other hand, the extreme drought has a potential for prolonged dry season is
relatively high (Mursidi A, 2017). In 2015/2016, Indonesia stricken a drought disaster causing
many environmental and economy problems (Lestari et al., 2018). While droughts have the
potential to affect an entire regional economy, the agricultural sector is particularly vulnerable
(Climate Change Science Program 2008; Walthall et al. 2012). Therefore, climate hazards
affected by drought could have an impact on agricultural production. Although researchers have
documented the effects of climate changes on agriculture at different scales, past studies did not
focus on adaptive changes to manage the impact of drought on crop yields (Troy et al., 2015).

In plants, drought stress induces a number of changes at the morphological, physiological
and biochemical levels in all it organs (Osmond et al., 1995). Plants have evolved several
strategies to cope with drought stress, including drought escape via a short life cycle or
developmental plasticity, drought avoidance via enhanced water uptake and reduced water loss,
as well as drought tolerance via osmotic adjustment, antioxidant capacity, and desiccation
tolerance (Zhang Q, 2007). In order to resist the conditions of drought and water shortage, many
plant species accumulate soluble organic compounds such as osmoregulators. This process is
known as osmotic adjustment and it is considered as an important tolerance-mechanism, which
allows the maintenance of cellular turgor and favors the absorption of water (White et al., 2000;
Chaves et al., 2003). In this process, the biosynthesis and accumulation of nontoxic molecules of
low-molecular weight in the vacuole and cytosol such as inorganic ions, soluble sugars, amino
acids, proline, and glycine-betaine contribute to keep the integrity of cellular membranes and
proteins, which are necessary for metabolic activities. Therefore, studies on the accumulation of
these molecules have been used as biochemical and physiological indicators in the evaluation of
drought tolerance in several species (Shao et al., 2006; Farooq et al., 2009).

In addition to these physio-biochemical changes mentioned above, plants also generates

various secondary signals such as mitogen-activated protein kinases (Tena et al., 2001), reactive
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oxygen species (ROS), calcium ions, and nitric oxide under drought stress, which may lead to
alter gene expression patterns and metabolic pathways such as antioxidant enzymes, including
superoxide dismutase, catalase, ascorbate-glutathione cycle-related enzymes (Noctor and Foyer,
1998; Willekens et al., 1997). Once the stress situation continues, it may finally result in altered
physiological status with adverse effects (Tuteja and Sopory, 2008). Therefore, flowering plants
under drought conditions altered turgor pressure and resulted in stomatal closure, reduced
photosynthetic efficiency, decreased biochemical reactions, and accelerated leaf senescence
(Rivero et al., 2007). In Z. mays L., drought induced reduction of chlorophyll content, relative
water content (RWC) and soil water content, increase of reaction oxygen species, severe cell
death and degradation of protein (Huang B et al., 2019 ). Saxena et al. (2016) clarified that
abiotic stress including drought, induced the H,O, generation which modulated hormone ABA
homeostasis, NADPH oxidase activity, MAPK phosphorylation, signal transduction, senescence-
associated gene expression, and final cell death/leaf senescence, suggesting an association of
H,O, with early stage signaling and late stage oxidative stress generation/damage under drought

stress.

1.2 Leaf Senescence

Senescence is a normal event in the life cycle of plants (Borras et al., 2003). It is a sequence
of complex degenerative processes that are initiated at full maturity and the final developmental
phase of a leaf which starts with nutrient salvage and ends with cell death (Jing et al., 2005; Tang
et al., 2005). Senescence in plants is defined as the age-dependent programmed degradation and
degeneration process of cells, organs or the entire organism, leading to death (Lim et al., 2007).
The process of leaf senescence can be triggered by different signals such as phytohormones and
environmental stresses, once the senescence program is initiated, as indicated by similar changes
in gene expression, similar processes of senescence execution will be launched to achieve
nutrient remobilization and ensure the completion of the life cycle of a plant (Guo & Gan, 2012;
Guo, 2013).

The most remarkable events in leaf senescence are the loss of chlorophyll and the
disassembly of the photosynthetic apparatus, which result in decreases in the photosynthetic
energy conversion capacity and efficiency (Falqueto et al., 2009). By contrast, plant senescence
at the organ level is manifested in the spectacular changes in leaf color and the subsequent death

of autumn leaves (Woo et al., 2013). The first visible event during senescence is leaf yellowing,
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which typically starts at the leaf margins and progresses to the interior of the leaf blade. The
protein and RNA degradation parallels a loss in photosynthetic activity and the majority of the

senescence processes have occurred by the time yellowing of the leaf can be seen (Buchanan-
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Wollaston et al., 2003). During the process of leaf senescence, macromolecule such as proteins,
lipids and polysaccharides are broken down into small mobile molecules which are translocated
through the vascular system to sink tissues including seeds (Li W et al., 2017).

1.3 MAPK Cascade

MAPK cascade consists of important signaling modules that convert signals generated from
the receptors/sensors to cellular responses (Mishra et al., 2006). Mitogen-activated protein
kinases (MAPKS) are one of the largest group of transferases, catalyzing phosphorylation of
appropriate protein substrates on serine or threonine residues (Jagodzik et al., 2018). There are
three signal molecules, MAPKKK, MAPKK, and MAPK associated with the MAPK cascade.
The first step of signal transduction in the MAPK cascade is phosphorylation of the MAPKKK
by the activated membrane receptors. Then, it in turn activates a downstream MAPKK by
phosphorylation of its two serine or threonine residues in the S/T-Xs-S/T (X' is any amino acid)
motif of its activation loop. Once activated, the MAPKK behaves as a kinase with dual-
specificity, which phosphorylates a MAPK on the threonine and tyrosine residues in the T-X-Y
motif of an activation loop located between subdomains VII and VI of its catalytic domain
(Hettenhausen et al., 2014). MAPKSs are serine/threonine protein kinases that activate various
downstream effector proteins in the cytoplasm or nucleus, including kinases, enzymes,
cytoskeletal proteins, or transcription factors (Rodriguez et al., 2010).

In plants, MAPKSs locate in the cytosol and nucleus, and play important roles in the
transduction of environmental cues and developmental signals leading to different cellular
processes (Wang Z. et al., 2015). By regulating MAPK cascades, cells are able to respond to a
range of environmental stresses such as high/low temperature, UV radiation, ozone, drought,

heavy metal, wounding, insect attack, and pathogen infection (Zelicourt et al., 2016). Therefore,

AS

Arabidopsis MPKG6 can be activated by drought and rapidly inactivated during rehydration in
seedlings (Xu & Chua, 2012). The mapkkk18 knockout mutants displayed hypersensitivity to
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enhanced drought stress tolerance (Li Y et al., 2017).
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1.4 Antioxidant-related Enzymes

Reactive oxygen species (ROS), once perceived as toxic by-products, were known to cause
oxidative damage in cells (Ozyigit et al, 2016). The exposure of plants to unfavorable
environmental - conditions increases the ROS production such as, singlet oxygen (‘02),
superoxide (027), hydrogen peroxide (H;0), and hydroxyl radical (OH") (Caverzan, et al.,
2012). Later, novel regulatory roles of these species were revealed in a wide range of biological
processes such as cell signaling, growth, development, programmed cell death, and plant
responses to various biotic/abiotic stress factors (Uzilday et al., 2014).

Enzymatic antioxidants comprise superoxide dismutase (SOD), ascorbate peroxidase (APX),
catalase (CAT), glutathione peroxidase (GPX) and peroxiredoxin (PrxR). These enzymes are
present in virtually all subcellular compartments. Usually, an organelle on the average is
equipped more than one enzyme capable to scavenge a single ROS (Scandalios JG, 2005). In
plant chloroplast, the main hydrogen peroxide-detoxification system is the ascorbate-glutathione
cycle with the key enzyme APX (Asada, 1992). APX utilizes AsA as specific electron donor to
reduce H,O, to water. The importance of APX and ascorbate-glutathione cycle is not only
restricted to chloroplasts but also in cytosol, mitochondria and peroxisomes (Noctor and Foyer,
1998; Shigeoka et al., 2002).

Expression of catalase isozymes exhibits development and tissue specificity in plants.
Various abiotic stress conditions are known to trigger the ROS production such as hydrogen
peroxide and the activation of its associated anti-oxidative defense reaction such as catalase.
Catalase, which is an important antioxidant enzyme, has excellent enzyme kinetics and plays a
key role in the removal of H,O, from cells. It occurs in peroxisomes, mitochondria, cytosol and
chloroplast (Ahmad P & Sharma I, 2014). The role and regulation of catalase activity as a
response of plants to abiotic stress is an area worthy of further investigations (Leung D, 2018).
1.5 Senescence-associated Cysteine Proteases

Leaf senescence is a form of programmed cell death, and is believed to involve preferential
expression of a specific set of “senescence-associated genes” (SAGs) (Gepstein et al., 2003).
Several genes up-regulated during senescence have been identified in various species (Dang et
al., 2000; Lee et al., 2001). These SAGs encode diverse proteins including RNases, proteases,
lipases, proteins involved in the mobilization of nutrients and minerals, transporters, transcription

factors, proteins related to translation, and antioxidant enzymes (Espinoza et al., 2007).
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Protein degradation associated with senescence requires a multitude of proteases. They
belong to five major classes: cysteine proteases (CPs), serine proteases (SPs), aspartate proteases

(APs), metalloproteases (MPs), and threonine proteases (TPs) (Guo et al., 2004). Their specific
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roles in protein breakdown during leaf senescence are not well-known. Expression of CPs,
however, is the class generally found in many plants during senescence (Poret et al., 2016).
Therefore, the papain-like cysteine protease SAG12 is a CP strongly induced in senescent leaves
of Brassica napus and Arabidopsis thaliana (Noh and Amasino, 1999a; b), especially in plants
cultivated under nitrogen limitation (Poret et al., 2016). In addition, high SAG12 protein levels
are also detected in senescing leaf tissues and in fallen leaves (Desclos-Théveniau et al., 2015).
There are different cysteine proteases identified in sweet potato leaves. For SPCPL, it is a
papain-like cysteine protease and exhibited a high amino acid sequence homology with
Arabidopsis thaliana SAG12. Its expression increased remarkably in senescent leaves (Chen et
al., 2009). For SPCP2, it is also a papain-like cysteine protease. Its expression was enhanced in
natural and ethephon-induced senescent leaves. Cysteine protease SPCP2 is also a functional
senescence-associated gene and causes altered developmental characteristics and stress responses
when ectopically expressed in transgenic Arabidopsis plants (Chen et al., 2010b). For SPCP3, it
belongs to a granulin-containing cysteine protease. It is a functional senescence-associated gene
and significantly induced in natural and ethephon-induced senescent leaves. Ectopical expression
of cysteine protease SPCP3 also causes altered developmental characteristics and stress
sensitivity in transgenic Arabidopsis plants (Chen et al., 2013a).
1.6 Proteasome

The Ubiquitin-Proteasome System (UPS) is one of the major protein degradation systems
found in all eukaryotic cells and regulate most cellular processes, including cell division, signal
transduction, and development (Finley, 2009). It is now clear that regulated protein degradation
by the UPS affects virtually every cellular process. The ubiquitin protein consists of 76 amino
acids. It functions likely beyond tagging proteins for degradation but acts as a versatile signaling
molecule. Tagging by mono-ubiquitin and ubiquitin chains have non-proteolytic roles and signal
in diverse pathways such as membrane transport, DNA repair, chromatin structure and

transcription. Most proteasome-degraded proteins form a poly-ubiquitin chain in a covalent
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manner with ubiquitin (Pickart and Fushman, 2004).
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The UPS is a huge protein complex with numerous components that act in a highly-regulated
manner. It generates a chain of events which result in substrate ubiquitination and their
subsequent degradation. Ubiquitination involves three types of enzymes: E1 ubiquitin-activating
enzyme, E2 ubiquitin-conjugating enzyme (also called ubiquitin-carrier protein), and E3
ubiquitin ligase (Finley, 2009). For ubiquitination, conjugation of ubiquitin (UB) begins with an
ATP-dependent activation of the C-terminal glycine residue of the E1 molecule. Ub is then
transferred as an activated moiety to an E2. The last step of substrate ubiquitination is carried out
by the formation of a complex consisting of Ub-loaded E2 and a specific E3 to which the
substrate protein is bound. It is then transferred from the E2 either directly to a lysine residue of
the substrate when the E3 is one of the RING-finger type, or to an internal cysteine residue in the
E3 when the enzyme is one of the HECT-domain type. Finally, it is conjugated to the substrate.
Additional ubiquitins are then added by the same cascade, creating Ub chain (Finley, 2009).
Furthermore, Ub chains can be also elongated by an additional type of ligase E4 (also termed the
“Ub-chain elongation factor”). The reaction is not recognized and degraded by the proteasome
until sufficient ubiquitin is attached to the target protein to form a poly-ubiquitin chain (Pickart
and Fushman, 2004). Different amounts of ubiquitin have different functions.

In proteasome studies, the 26S proteasome is the catalytically active proteasome and widely
exists in eukaryotes, archaea, and prokaryotic bacteria. They are mainly located in the cytoplasm
and nucleus of eukaryotic cells and are responsible for the degradation of damaged proteins
(Peters et al., 1994). It degrades the target proteins first into peptides containing 7-8 amino acids,
then, further decomposes them into amino acids by additional enzymes (Sadanandom et al.,
2012). The 26S proteasome has a high degree of similarity in eukaryotes, its structure is mainly
composed of the 20S proteasome (core particle) with chymotrypsin and trypsin-like activity and
the 19S proteasome (regulatory particle) with ub-dependent ATPase activity. The 19S
proteasome removes and accepts ubiquitin from the labeled protein and transfer the protein
portion to the 20S proteasome for degradation (Hanna and Finley, 2007).

Plant cells contain two different proteasome proteolysis mechanisms, ubiquitin-dependent and
ubiquitin-independent proteasomes. The proteasome consists of 2 subunits, the 20S and the 19S
subunits, in which one 20S core particle can form the 26S proteasome with two 19S regulatory

particles or exist as a separate subunit to perform the degradation.



-
o
3

-2
|
—
e
o

—
L ]
L=
=
an
-

Lid

19S RP

Base

Base

26S Proteasome
20S CP

19S RP

Lid

Figure 1. Schematic drawing of the proteasome subunit structure. CP, core particle (20S
proteasome); RP, 19S regulatory particle consisting of the base and lid sub-complexes
(adapted from Tanaka K, 2009).

1.7 Deleted in Split Hand/Split Foot 1 Protein (DSS1)

The DSS1 is a phylogenetically conserved, small acidic protein with ca. 70-90 amino acid
residues in length (depending on the species) in eukaryotes. The gene was originally linked to
split hand/split foot malformation (SHFM), an autosomal dominant limb developmental disorder,
characterized by missing digits and fusion of the remaining digits, and therefore named DSSL1 for
deletion of split hand/split foot 1 (Crackower MA et al., 1996; Ignatius J et al., 1996). Its
encoded protein DSS1 or its orthologs (e.g. Seml in Baker’s yeast) is now known to be involved
in many important biological and cellular processes (Pick et al., 2009), including genome
stability (Li J et al., 2006), homologous recombination and DNA repair (Liu et al., 2010),
cellular proliferation and neoplastic transformation (Wei et al., 2003), protein degradation (Wei
et al., 2008), histone modification (Qin et al., 2009), and mRNA splicing, metabolism, and
export (Ellisdon et al., 2012).

In Saccharomyces cerevisiae, its DSS1 orthologue has been associated with the 26S
proteasome. In fission yeast Schizosaccharomyces pombe, its DSS1 protein has been found in
association with the 19S regulatory particle of the 26S proteasome. In human, DSS1 is generally
associated with the tumor suppressor protein BRCAZ2, and is essential for the stability of BRCA2
(Josse L et al., 2006). Therefore, depletion of the DSS1 protein leads to the increase of the
BRCAZ2 protein degradation. In the brca2 mutant devoid of the DSS1-binding domain (DBD), its
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protein stability is unaffected by the depletion of DSS1 (Li J et al., 2006). These reports show
that the DSS1 protein is evolutionarily conserved and plays a novel regulatory role of the 26S
proteasome.

The DSS1 position map in proteasomes was recorded (Paraskevopoulos et al., 2014). In
yeast, formation of the 19S proteasome requires the participation of SEM1 (DSS1), which is
involved in the successful combination of all subunits together (Tomko and Hochstrasser, 2014).
The DSS1 protein contains a highly-conserved domain: EDDEFEEF with a high Asp and Glu
content (Asp-Glu acid rich region). When the conserved region is mutated, the DSS1 protein
loses its ability to link with other subunits and in turn affects the ability to interact with specific
proteins, such as the BRCA2 protein. The possible function of BRCA2 is likely involved in
DNA repair and cell cycle regulation, and has a great correlation with the occurrence of cancer
(Josse L et al., 2006). In addition, DSS1 is also involved in the degradation of tumor suppressor
proteins p53. Therefore, accumulation of p53 proteins could be observed in loses-of-function
mutant hsdss1 (Wei et al., 2008).

DSS1 can also perform modification of target proteins with the reaction of DSSylation.
When target proteins are under oxidative damage, the DSS1 proteins bind to the damaged
proteins and promote protein DSSylation first. The DSSylated proteins are modified further
through the poly-ubiquitination step and delivered to the 26S proteasome for degradation (Zhang
Y et al., 2014). Therefore, it may increase cell survival rate under oxidative damage. In sweet
potato, a DSS1 protein SPDSSL1 cloned from leaves exhibits high amino acid sequence homology
with Arabidopsis DSS1 protein ATDSS1 (GenBank Accession number NM_202361.1) (Wu,
2010). Exogenous application of SPDSS1 fusion proteins in detached leaves delayed leaf
senescence induced by ethylene and abiotic high salt stress (Chou, 2016). These data suggest that
26S proteasome and the putative 19S regulatory proteasome subunit SPDSS1 may also
participate in the modulation of plant responses to development and environmental stresses in

sweet potato.

1.8 Sweet Potato
Sweet potato is a grass dicotyledonous plant which belongs to the family Convolvulaceae
(Ali et al., 2015). Sweet potato is also one of the tuber plants that widely grown in the tropical

and subtropical parts of the world. Sweet potato has many different varieties with skin colors
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from almost white to brown with shades of pink, copper, magenta and purple. Even the flesh
colors vary from light yellow to pink, red and orange (Giango and Giango, 2017).

Sweet potato has been widely used for food and industrial application (Ji H et al., 2015). It is
one of the most important food crops in the world, ranking the seventh in annual production
worldwide (FAO, 2013). Sweet potato consists of many nutrients, including carotenoids,
carbohydrates, minerals (calcium, potassium, and iron), dietary fiber, protein, provitamin A, and
vitamin C (Wang H et al., 1997; Shih et al., 2007). In addition, sweet potato is widely used as a
useful source of starch, in animal feed, a staple food, and as a carbohydrate source for bioethanol
production (Kim HS et al, 2016).

Ipomoea batatas cv. Tainong 57 is one of the main varieties cultivated in Taiwan. The leaf
shape of the plant is a five-deep or three-deep-splitting trait. The color of the flesh is brownish-
yellow, the stem is green or yellow-green, and the veins are lavender. In previous studies, the
mechanisms of leaf senescence induced by ethylene, salt, and drought in sweet potato have been
known to a certain extent, and therefore have a good research value.

1.9 Related Research of Leaf Senescence in Sweet Potato

In sweet potato, leaf senescence can be promoted by ethephon, an ethylene-releasing
compound (Chen, et al., 2012a), salt stress (Chen et al., 2012b), and drought stress (Tsai T, 2016)
based on the changes of senescence-associated markers, including morphological leaf
yellowing, reduction of chlorophyll content and F,/F, level, elevation of NO/H,0,/
malondialdehyde (MDA) amounts, increase of membrane electrolyte leakage percentage, and
enhancement of senescence-associated gene expression (Chen et al., 2012a; Afiyanti, 2015; Tsai,
2016).

For signal-related components, application of MAPK cascade inhibitor PD98059 (Chang,
2016) or calmodulin inhibitor CPZ (Chen et al., 2012a) attenuated ethephon and salt stress-
induced leaf senescence. Exogenous SPMAPK (Chang, 2016) or SPCAM (Chen et al., 2012a)
fusion proteins also enhanced ethephon and salt stress-mediated leaf senescence, suggesting a
role of signal components SPMAPK and SPCAM in association with ethephon and salt stress-
induced leaf senescence in sweet potato.

For antioxidant enzymes such as catalase (Chen et al., 2011; 2012c), superoxide dismutase
and ascorbate-glutathione cycle-related enzymes (YYan, 2015), their gene expression was induced
by ethephon and abiotic salt and drought stress (Afiyanti, 2015; Yan P, 2015; Tsai, 2016) and
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reached the plateau at the middle stage of leaf senescence. Significant reduction of these
antioxidant-related enzymes was also observed in ethephon and abiotic salt and drought stress-
treated leaves at the late stage of leaf senescence (Chen et al., 2011; 2012c; Afiyanti, 2015; Yan,
2015; Tsai, 2016). Exogenous catalase SPCAT1 (Chen et al., 2012c) or ascorbate peroxidase
SPAPX (Liu, 2014; Xu, 2015) fusion proteins attenuated ethephon and salt stress-induced leaf
senescence in sweet potato, suggesting a role of antioxidant-related enzymes catalase SPCAT1
and ascorbate peroxidase SPAPX in association with ethephon and salt stress-induced leaf
senescence in sweet potato.

For senescence-associated cysteine protease, expression of cysteine proteases SPCP1 (Chen
et al., 2009), SPCP2 (Chen et al., 2010a), SPCP3 (Chen et al., 2006), and SPAE (Chen et al.,
2004) was enhanced in ethephon and NaCl stress-induced senescent leaves (Chen et al., 20123;
b). Ectopical expression of SPCP2 (Chen et al., 2010a), SPCP3 (Chen et al., 2013a), or SPAE
(Chen et al., 2008) in transgenic Arabidopsis plants altered developmental characteristics and
stress responses, including earlier flower, leaf senescence, silique development, drought stress
tolerance, and salt stress tolerance. These reports suggest a role of senescence-associated

cysteine proteases in association with development and stress responses in sweet potato leaves.

1.10 Specific Aims
In sweet potato, application of proteasome inhibitor MG132 or the putative 19S regulatory

proteasome subunit SPDSS1 fusion protein attenuate ethephon and salt stress-induced lead
senescence in sweet potato (Chou, 2016), suggesting a role of proteasomes and the putative 19S
regulatory proteasome subunit SPDSS1 in association with ethephon and salt stress-induced leaf
senescence in sweet potato. However, their possible physiological role in association with
drought stress tolerance in sweet potato is still unclear. In this study, modulation of drought
stress tolerance by proteasome inhibitor MG132 and the putative 19S regulatory proteasome
subunit SPDSS1 fusion protein are performed in order to unravel their possible physiological

role in drought stress tolerance. There are specific aims as below:

1. Whether proteasome inhibitor MG132 can modulate drought stress tolerance in sweet
potato detached leaves.
2. Whether the putative 19S regulatory proteasome subunit SPDSS1 fusion protein can

modulate drought stress tolerance in sweet potato detached leaves.

10
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Chapter 2. Materials and Methods

2.1 Experimental Flow Chart

Sweet potato mature leaves

!
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fusion protein
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Leaves collected at:
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Days 12 and 15, respectively.

Leaves collected at:
Days 9 and 12, respectively.
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mentioned above

measured for:

e Signal-related
component:
SPMAPK.

e Antioxidant enzyme:
CAT, APX.

e Proteasome sub-unit:
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associated gene:
SPCP1.
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associated markers:
Leaf morphology,
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2.2 Materials
2.2.1 Sweet Potato Leaves

Sprouts came out from sweet potato (Ipomoea batatas (L.) Lam. cv. Tainong 57) storage
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roots were planted in a pot and grown in an incubator with a 16 h/28°C day and 8 h/23°C night
cycle. The mature leaves of plantlets on the third to the seventh positions counted from the shoot
apical bud were collected and used for experiments (Chen et al., 2012a). Sweet potato leaves can
be divided into L1-L5 according to the degree of maturity. L3 represents the fully mature leaves

and are generally used in this research.

L1 L2 L3 L4 L5

L1: sweet potato leaves are new leaf buds, and the leaves are not yet stretched
L2: leaves have been stretched but not fully mature
L3: leaves are fully mature
L4: leaves are partially yellow
L5: leaves are completely yellow
2.2.2 Related Genes and Antibodies
There are different kinds of related genes from sweet potato leaves used in this study.

They are divided into signal-related components, antioxidant-related enzymes, senescence-

associated genes, and proteasome-related genes according their possible functions and shown as

below:

1. Signal-related components: mitogen-activated protein kinase SPMAPK and anti-SPMAPK
antibody (Shen, 2011; Chang, 2016).

2. Antioxidant-related enzymes: catalase SPCAT1 (Chen et al., 2012a)/ascorbate peroxidase
SPAPX (Liu C, 2014) and anti-SPCAT1 (Afiyanti and Chen, 2014)/anti-SPAPX (Xu, 2016)
antibodies.

3. Senescence-associated genes: cysteine protease SPCP1/anti-SPCP1 antibody (Chen et al.,
2009).

12



4. Proteasome-related genes: the putative 19S regulatory proteasome subunit deleted in split
hand/split foot 1 (DSS1)-like protein SPDSS1 (GU230148) (Wu, 2010; Chou, 2016).

2.2.3 Chemicals
The chemicals used in this research are list below:

Effector and Inhibitor e  Dimethyl sulfoxide/DMSO (Merck)
Treatments e 10x PBS pH. 7.4 (Biomate)
¢ MG132 (Sigma Aldrich)
e Tween-20
Induction and Purification of e Ni-NTA His*Bind Resins (Merck)
SPDSS1 Fusion Proteins e IPTG (Gene mark Bio)
e Kanamycin (Sigma Aldrich)
e Protein Assay Dye (Bio-Rad)
e Urea (Merck)
e Di-sodium hydrogen phosphate (Na,HPOy)
(Merck)
e Sodium dihydrogen phosphate Dihydrate
(NaH;PQOy4) (Merck)
e Glycerol (Applichem)
DAB Staining e 3,3'-Diaminobenzidine Tetrahydrochloride
(DAB) (Sigma Aldrich)
H,0O, Measurement e H,0;solution (Sigma Aldrich)
e Horseradish  Peroxidase (HRP)  (Sigma
Aldrich)
e Guaiacol (Sigma Aldrich)
Nitric Oxide Detection e N-(1-naphthyl) ethylenediamine
dihydrochloride (NED) (Merck)
e Tris-HCI (Merck)
e  Sulfanilamide (Merck)
MDA Content Assessment e  2-6-di-tert-butyl-4-methylphenol (BHT)
(Sigma Aldrich)
e 2-thiobarbituric acid (TBA) (Merck)
e Thiobarbituric acid (TEP) (Merck)
e  N-putanol (Merck)
Catalase Activity Assay o FeCl;, K3 [Fe (CN)g] (Merck)
e Glycerol (Applichem)
e [B-mercaptoethanol (Merck)
e Bromophenol blue (Merck)
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e Tris base (Merck)
Ascorbate Peroxidase Activity e EDTA (Merck)

Assay e Bovine Serum Albumin (Sigma Aldrich)
e L-ascorbic acid free acid (Calbiochem)
SDS-PAGE e Coomassie Blue R250

e TEMED (Sigma Aldrich)
e Glacial acid (Merck)
e SDS (Calbichem)
Western Blot Hybridization e PVDF membrane (Merck)
o BCIP/NBT substrat solution (Perkin Elmer)
e HRP Chemiluminescent substrat reagen kit
(Invitrogen)

2.3 Methods

2.3.1 Drought Treatment

For drought treatment, the basic method is according to the report of Tsai (2016). Fully-
expanded mature leaves (L3) of sweet potato were detached and placed on the surface of two dry
paper towels in a plastic tray, and then sealed with aluminum foil and placed in a growth
chamber at 16 h/28°C and 8 h/23°C under the dark. Samples were collected individually on days
0,1,3,6,9, 12 and 15 after treatment and analyzed for leaf morphology, chlorophyll content,
Fv/Fn, DAB staining, H,O,/NO/MDA contents, antioxidant-related enzyme activity/protein
amount (such as catalase and ascorbate peroxidase), signal-related mitogen-activated protein
kinase t-SPMAPK and p-SPMAPK amount, senescence-associated cysteine protease SPCP1
level, and the putative 19S regulatory proteasome subunit deleted in split hand/split foot 1
(DSS1)-like protein SPDSS1 amount. The methods were described in detail as below.

2.3.2 Effector and Inhibitor Treatments

In order to study further whether proteasomes are involved in the drought-induced leaf
senescence and necrosis in sweet potato, (1) the proteasome inhibitor MG132 pretreatment and
(2) the effector SPDSS1 fusion protein application were used. The method is basically according
to the report of Chou (2016) with a minor modification. For (1) MG132 pretreatment, the
petioles of detached mature leaves were immersed in a 5 uyl DMSO solution with or without 5
nmole proteasome inhibitor MG132 at room temperature for 2 h until complete uptake of the

DMSO solution. For (2) SPDSS1 fusion protein pretreatment, the petioles of detached mature
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leaves were immersed in a 25 ul PBSTgo10 Solution with or without 25 pug SPDSS1 fusion
protein at room temperature for 2 h until complete absorption of the PBSTg 19, Solution. Then,
the leaves were transferred onto the surface of two dry paper towels in a tray, and then sealed
with aluminum foil and placed in a growth chamber at 16 h/28°C and 8 h/23°C under the dark.
Drought alone treatment was also performed and used as the control. Samples were collected
individually (1) on days 0, 12, and 15 or (2) on days 0, 9 and 12 after treatment and analyzed for
leaf morphology, chlorophyll content, F.,/F,, DAB staining, H,O,/NO, antioxidant-related
enzyme activity/protein amount (such as catalase and ascorbate peroxidase), signal-related
mitogen-activated protein kinase t-SPMAPK and p-SPMAPK amount, and senescence-
associated cysteine protease SPCP1 level. The methods were described in detail as below.

For (3) reversion experiment, the petioles of detached mature leaves were immersed in a 25
ul DMSO/PBST 019 Solution containing 0, 5 nmole MG132, 25 ug SPDSS1 fusion protein, and
5 nmole MG132 plus 25 ug SPDSS1 fusion protein, respectively, at room temperature for 2 h
until complete uptake of the DMSO/ PBST 019, solution. Then, the leaves were transferred onto
the surface of two dry paper towels in a tray, and then sealed with aluminum foil and placed in a
growth chamber at 16 h/28°C and 8 h/23°C under the dark. Drought alone treatment was also
performed and used as the control. Samples were collected individually (3) on days 0 and 12
after treatment and analyzed for leaf morphology, chlorophyll content, F,/F,, antioxidant-related
enzyme activity/protein amount (such as catalase and ascorbate peroxidase), and senescence-

associated cysteine protease SPCP1 level. The methods were described in detail as below.

2.3.3 Induction and Purification of SPDSS1 Fusion Proteins

The recombinant pET30a vector containing the SPDSS1 insert DNA was retransformed
into BL21 (DE3) competent cells. After plating, one colony was selected from each plate for
protein induction. A single colony was inoculated in 3 ml LB medium plus 50 pg/ml kanamycin
and grown at 37°C at 150 rpm for 14 to 16 h. About 90 ul of the over-night cell culture was
added into 9 ml LB medium with kanamycin (100 x dilution) and incubated at 37°C and 150 rpm
for 3 h. When the value of ODgy nm reached between 0.6 and 1.0, the cell suspension was
induced with 1 mM IPTG for ca. 1, 3, and 5 h, respectively. Cells were collected from ca. 1.5 ml
bacterial cell culture after centrifugation at 16,440 xg at room temperature for 5 minutes. The

supernatant was poured off and the cell pellet was frozen quickly in liquid nitrogen and kept at -
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80 °C freezer until use or directly mixed with 200 ul SDS-containing PBS buffer for direct
extraction of fusion protein.

For extraction of fusion protein, the resuspended cell pellet in SDS-PBS buffer was
sonicated for 5 minutes (a brief break per 30 seconds), then mingled with 40 ul 2X SDS sample
buffer (0.92 gram SDS, 2 ml B-mercaptoethanol, 4 gram Glycerol, 0.3 gram “Tris” buffer, 2 ml
0.1% bromophenol blue), and boiled at 95°C for 3-5 minutes. The sample was centrifuged at
16,440 xg for 10 minutes, and the supernatant was used for SDS-PAGE. After electrophoresis,
the gel was stained with Coomassie Blue R250, and then de-stained with slow de-staining
solution (10% methanol, 10% glacial acid).

The crude extract from IPTG-induced cell pellet was used as the source of SPDSS1 fusion
protein purification via the His-tag sequence composed of 6-10 histidines. Since this amino acid
is negatively charged, therefore, it can bind to the positive Ni** ions packaged in an affinity
column for purification following the protocol supplied by the manufacture (Novagen). About 2
ml of buffer B (8 M urea, 0.1 M NaH,PQO,, 0.01 M Tris-HCI pH 8.0) was evenly mixed with the
cell pellet from ca. 60 ml cell culture, and frozen with liquid nitrogen, then rapidly raised the
temperature with water tank 35 °C for 5 minutes in order to rupture the bacterial cell. The cell
suspension was used for ultra-sonication ca. 45 minutes (a brief break per 30 seconds). After
that, the total volume was increased with buffer B to ca. 60 ml and was shaked at 37 °C 120 rpm
for 1 h. The sample was centrifuges at 16,440 xg at 4 °C for 10 minutes. The supernatant was
transferred to a new centrifuge tube, then filtered through a 0.45 um syringe filter, and finally
passed the filtrate through an affinity column packaged with Ni-NTA His*Bind Resins. After the
filtrate passed through, the column was washed with 50 ml each of buffer C (8 M urea, 0.1 M
NaH,PO,, 0.01 M Tris-HCI pH 6.3), then eluted first time with buffer D (8 M urea, 0.1 M
NaH,PO,4, 0.01 M Tris-HCI pH 5.9), and the second time with buffer E (8 M urea, 0.1 M
NaH,PQO4, 0.01 M Tris-HCI pH 4.5). Clean the column and collect individual filtrate. Eluents
from buffer D and E were mixed with acetone in a ratio (v:v) of 1:4, and allowed it to stand at
4°C for 45 minutes, then centrifuged at 16,440 xg at 4°C for 10 minutes, finally drained the
supernatant and obtained the pellet of SPDSS1 fusion protein. The pellet of purified SPDSS1
fusion protein was re-dissolved in PBSTg 19 solution for exogenous application and reversion

experiments with SPDSS1 fusion protein.
2.3.4 Leaf Morphology
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Leaves from treatments mentioned above were scanned with a scanner for morphological
record and comparison. Each experiment was repeated at least three times and a representative

one was shown (Chen et al., 2011).

2.3.5 Chlorophyll Content Quantification

Leaves from treatments mentioned above were measured and recorded directly with a
noninvasive CCM-200 Chlorophyll Content Meter. Each leaf sample was measured at least five
different leaf areas, and each treatment was repeated at least three times. The data were

expressed as mean + standard error (S.E.) (Chen et al., 2012a).

2.3.6 F,/Fy, Determination

Leaves from treatments mentioned above were directly measured with a noninvasive
WALZ JUNIOR-PAM Chlorophyll Fluorometer. Each leaf was measured on average at 10
different locations. Each treatment was repeated at least three times. The data were expressed as
mean = S.E. (Chen et al., 2010a).

2.3.7 DAB Staining

DAB staining method were used to qualitatively detect the H,O, generation in leaves after
treatments, and is basically according to our previous report (Chen et al., 2012a). Leaves from
treatments mentioned above were collected individually and immersed in 1 mg/ml DAB solution
(ca. 50 mg DAB in 45 ml sterile Mili-Q water with a pH 3.8 adjusted with 0.2 M HCI in order to
dissolve the DAB powder) in a tray covered with aluminium foil to prevent light (since DAB is
light-sensitive). The samples were gently shaking at 25°C for 90 minutes, and boiled in 95%
ethanol for 10 minutes, then cooled down to room temperature and photographed. Each

treatment was repeated at least three times, and a representative one was shown.

2.3.8 H,0O, Measurement

For quantitative measurement of H,O, amount, leaves from treatments mentioned above
were analyzed basically according to the method reported by Kuzniak et al. (1999). Ten leaf
discs (1 cm in diameter) with fresh weight measured were incubated in 2 mL reagent mixture (50
mM phosphate buffer pH 7.0, 0.05% guaiacol and horseradish peroxidase (2.5 U mL™) for 2 h
at room temperature in the dark. Four moles of H,O, are required in order to form 1 M of
tetraguaiacol, which has an extinction coefficient of ¢ = 26.6 em ™ mM™ at 470 nm. The

absorbance in the reaction mixture was measured immediately at 470 nm and expressed as pmole
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For quantitative measurement of NO amount, leaves from treatments mentioned above were
analyzed. Ten leaf discs (1 cm in diameter) with fresh weight determined were incubated in 2 ml
of 50 mM Tris buffer (pH 8.0) for 2 hr at room temperature in the dark. About 900 pl of the
reaction solution were transferred into a new tube, and mixed with 100 ul solution (1%
sulfanilamide and 0.1% N-1-napthylethylenediamine dihydrochloride (NED)), then held in the
dark for 30 minutes. The absorbance in the reaction mixture was measured immediately at 548

nm and the concentration was converted using a standard curve (Chou, 2016).

2.3.10 MDA Content Assessment

For the establishment of MDA standard curve, 100 pl of TEP standard solution with
different concentrations was mixed with 300 ul of 0.2% BHT solution and 1 ml of 0.4% TBA
coloring agent (the formula is as follows). After shaking for 1 minute, the reaction is carried out
as below. The solution was boiled at 90°C for 45 minutes, then transferred to an ice bath for 5
minutes, and followed by addition of an equivalent amount of n-butanol in total volume of 1,400
pl. The reaction mixture was centrifuged at 16,440 xg 4°C for 10 minutes, the supernatant
containing the MDA standard was used for absorbance measurement at 535 nm wavelength with
a spectrophotometer and a standard curve could be established.

TEP working standard solution preparation and MDA content estimation:

0.001% TEP standard solution (ml) 48 |24 | 12 | 06 | 03 | 0.15

0.01 N HCI (ml) 52 | 76 | 88 | 94 | 9.7 | 985

Estimated MDA concentration (uM) 20 10 5 25 | 1.25 | 0.625

Leaves from treatments mentioned above were weighed and ground in liquid nitrogen using

AS

a mortar and pestle to fine powder. The fine powder was transferred into a centrifuge tube and
mixed with 5 ml of 50 mM Tris-HCI (pH 7.5) solution for centrifugation at 16,440 xg 4°C for 10

IVERSIT

BRAWIJAYA

minutes. About 1 ml of the supernatant was transferred to a new centrifuge tube, and mixed with
300 ul of 0.2% BHT and 1 ml of 0.4% TBA coloring agent. After shaking for 1 minute, the

UN
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solution was reacted in a 90°C water bath for 45 minutes, then placed in an ice bath for 5
minutes, and mixed with an equal volume of n-butanol (2,300 ul) for the MDA-TBA complex
extraction, and finally centrifuged at 16,440 xg 4°C for 4 minutes to obtain the supernatant
(orange). About 1 ml of the supernatant was used for the absorbance measurement at 535 nm
wavelength with a spectrophotometer. The MDA contents in leaf samples were calculated
according to the MDA standard curve. Each treatment was repeated at least three times. The data

are expressed as mean £S.E (Chou, 2016).

2.3.11 Catalase Activity Assay

Sweet potato leaves collected from treatments described above were used for catalase
activity assay. Leaves were homogenized with mortar and pestle in liquid nitrogen into fine
powder and mingled with two-fold volumes (w/v) of the extraction buffer (200 mM Tris-HCI pH
8.0, 20% glycerol and 30 mM B-mercaptoethanol) for centrifugation at 16,440 xg 4°C for 30
minutes. After centrifugation, the supernatant was transferred into a new centrifuge tube for
protein content quantification according to the method of Bradford (1976).

For qualitative in-gel catalase activity assay with native PAGE, each sample containing ca.
20 pg total soluble proteins was mixed with 5% sample buffer without SDS (60 mM Tris-HCI pH
6.8, 50% glycerol, 28.8 mM [B-mercaptoethanol and 0.1% bromophenol blue), then individually
loaded into the 7.5% native-PAGE gels (0.375 M Tris-HCI pH 8.8) with a 4% stacking gel
(0.125 M Tris-HCI pH 6.8) at 4°C, 80 V for 3 h. Then, the in-gel catalase activity was analyzed
according to the report of Afiyanti and Chen (2014) with a slight modification. After
electrophoresis, the gels were first immersed in equilibration buffer (100 mM Tris-HCI buffer pH
8.0) for 15 minutes, then the gels were soaked in-0.01% H,O, solution for 10 minutes, and
washed twice with Mili-Q water, and finally incubated in a solution containing both 1% FeCl;
and 1% K;[Fe(CN)g] for 5 minutes. After staining, the gels were washed again with Mili-Q water
and recorded with a scanner.

For quantitative catalase activity assay, each sample containing 2 ug of total soluble protein
was used. Total catalase activity was monitored with spectrophotometry according to the report
of Chen et al (2011) by measuring the rate of H,O, decrease in absorbance at 240 nm wavelength
under room temperature. A 10 pL of supernatant sample was mixed with 990 uL of 50 mM
potassium phosphate buffer pH 8.0 and 100 pL of 100 mM H,0,. Changes of absorbance in the

reaction mixture at A4 nm Wavelength was monitored for 1 minutes and used to determine the
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scavenging rate of hydrogen peroxide by catalases (imole H,0, consumed min™ mg protein™).

Each treatment was repeated at least three times. The data were expressed as mean +S.E.

2.3.12 Ascorbate Peroxidase Activity Assay

Sweet potato leaves collected from treatments described above were used to determine the
ascorbate peroxidase activity. Leaves were ground with mortar and pestle in liquid nitrogen into
fine powder and mingled at 4 °C with 100 mM potassium phosphate buffer pH 7.0, containing 5
mM ascorbic acid (AsA) and 1 mM EDTA. After centrifugation at 16,440 xg 4 °C for 30
minutes, the supernatant was directly used for total ascorbate peroxidase activity assay. Protein
content was quantified according to the method of Bradford (1976) using bovine serum albumin
(BSA) as a standard.

For quantitative assay, total ascorbate peroxidase activity was determined according to the
report of Amako et al. (1994). About 10 pl of supernatant was mixed with 990 uL of 50 mM
potassium phosphate buffer pH 7.0 and 2.5 pL of 0.2 M ascorbic acid, and then measured the
absorbance at 290 nm wavelength. After the first measurement, about 2.5 pl of 100 mM H,0,
was added to the reaction mixture. The reaction was started by adding H,O, and the oxidation of
ascorbate was determined by the decrease in the absorbance at 290 nm wavelength with a
spectrophaotometry. One unit of ascorbate peroxidase activity is defined as the amount of enzyme
that oxidizes 1 pmole min™ ascorbate under the above assay conditions. Each treatment was

repeated at least three times. The data were expressed as mean +S.E.

2.3.13 SDS-PAGE
In this experiment, Mini-PROTEAN 3 system (Bio-Rad) was used. The separating gel and

the stacking gel were separately prepared (the formula is as follows):

Chemicals Cels | 1250 Running Gel | 4 % Stacking Gel
30% Acrylamide 4200 pl 650 ul
dH20 3300 pl 3050 pl

1.5 M Tris-HCI (pH 8.8) 2500 pl \
0.5 M Tris-HCI (pH 6.8) \ 1250 pl

10% SDS 100 pl 50 ul
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10% APS 50 ul 25 ul

TEMED S5ul 5 ul

Place gels into the electrophoresis tank of Mini-PROTEAN 3 system, then pour 1x running
buffer into the upper and lower tanks until it is flooded on the glass plate, and loaded the protein
sample that has been mixed with 5x sample buffer and boiled at 95 °C for 5 minutes. The
electrophoresis condition was set on 30 mA. After about 4 h, when the front edge of the
bromophenol blue (BPB) dye was about 1.5 c¢cm from the bottom of the glass frame, the
electrophoresis was stopped, and the gel was carefully removed and washed with Mili-Q water.
After adding 30 ml of Coomassie Blue R250 solution and shaked with 50 rpm at room
temperature for 30 to 60 minutes, it was washed with Mili-Q water and then de-stained with a
slow de-staining solution (10% methanol, 10% glacial acid) for overnight. The gel was briefly
rinsed with Mili-Q water and scanned the results with a scanner.

2.3.14 Western Blot Hybridization

Sweet potato leaves collected from treatments mentioned above were used for Western blot
hybridization according to the report of Chen et al. (2006). Leaves were homogenized with a
mortar and pestle in liquid nitrogen and mingled with two volumes (w/v) of extraction buffer
(100 mM Tris-HC1 pH 8.0, 20% glycerol and 30 mM [-mercaptoethanol) at 4 °C. After
centrifugation at 16,440 xg for 30 minutes at 4°C, the supernatant was transferred into a new
centrifuge tube for protein quantification according to the report of Bradford (1976). Western
blot hybridization was carried out according to the report of Chen et al. (2006). Protein samples
(20 pg) extracted from leaf samples were mixed with 5x SDS sample buffer and directly boiled
at 95°C for 5 minutes, except for SPDSS1 detection, prior to loading on 12.5% SDS-PAGE gel.
After electrophoresis, proteins in the SDS-PAGE gel were transferred onto the PVDF
membranes (Millipore) with the Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad). The PVDF
membrane after drying at 50°C for 2 h will be used for Western blot hybridization. For Western
blot hybridization with anti-SPDSS1 antibody, additional steps were also applied. After protein
transfer onto the PVDF membrane, it was first dried for about 45-60 minutes first and then fixed
with 0.02% (v/v) glutaraldehyde for 15-20 minutes, then let it dried again for 45 minutes. The
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PVDF membrane was washed briefly with Mili-Q water and immersed in methanol before
Western blot hybridization with the anti-SPDSS1 antibody (Li J et al., 2006).

For detection of catalase SPCAT1/ascorbate peroxidase SPAPX/cysteine protease SPCP1
with anti-SPCAT 1/anti-SPAPX/anti-SPCP1 antibodies, respectively, the substrates 4-nitro blue
tetrazolium chloride (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) were added and
reacted at 37°C for 15 minutes after the reaction of secondary Ab conjugated with alkaline
phosphatase (AP) at 37°C for 1 h. The reaction was stopped with replacement of Mili-Q water.
The results was finally scanned and recorded by an EPSON scanner.

For detection of mitogen-activated protein kinase SPMAPK/deleted-in-split hand/split foot
1 (DSS1)-like protein SPDSS1, the first antibody such as anti-t-SPMAPK Ab/anti-p-SPMAPK
Ab/anti-SPDSS1 Ab was individually incubated with the PVDF membrane at 37°C for 1 h. After
wash with PBST o5, the secondary antibody conjugated with the horse radish peroxidase (HRP)
was applied and incubated at 37°C for 1 h. Finally the membrane was washed again with with
PBSTpos0, and then immersed in phosphate buffer saline before incubation with the
chemiluminescence ECL substrate (NOVEX ECL Chemiluminescence Substrate) for 5-10
minutes. The chemiluminescence image of the PVDF membrane was finally recorded by the
chemiluminescence image detection machine (Gene Gnome Dedicated Chemiluminescence

Imaging System).

2.3.15 Statistical Analysis
Experimental data are given as mean * S.E. Student’s t-test was used for comparison of

two treatments. A difference was considered to be statistically significant when P< 0.05.
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Chapter 3. Results

3.1 Drought Promote Leaf Senescence
3.1.1 Drought Promotes Changes of Senescence-Associated Markers and Cell necrosis in
Leaves

Effects of drought stress on sweet potato leaf senescence/necrosis and senescence-associated
markers, including morphological, biochemical, and physiological changes within a period of 15
days were conducted and analyzed (Figure 1). For leaf morphology, leaf became curling from
day 6 (DR6) until day 12 (DR12) and turned gradually from dark green (DR6) into light green
(DR12). On day 15 (DR15), the leaf petiole became dry and the leaf blade exhibited partial
necrosis with more yellowing senescent region (Figure 1A). For chlorophyll content and F./Fp,
levels, a significant decrease of chlorophyll content was observed starting from DR9 (19.0) until
DR15 (13.9) as compared to the untreated DO control (21.8) (Figure 1B). Similar result for the
Fu/Fn level was also found. A remarkable decline beginning from DR9 (0.63), through DR12
(0.33), until DR15 (0.17) as compared to the untreated DO control (0.65) was also observed
(Figure 1C).

For DAB staining, significantly higher brown areas of treated leaves DR12 and DR15 could
be found as compared to the untreated DO control which showed no remarkable brown area
(Figure 2A). For H,O,/NO/MDA contents, the H,O, amount began to increase from day 6 (DR6;
32.6 pmole g* FW leaf) and reached the plateau on day 15 (DR15; 86.3 umole g* FW leaf)
compare to the untreated DO control (19.5 umole g™ FW leaf) (Figure 2B). Similar results were
also found for NO amount. It increased starting from DR6 (20.1 pumole g* FW leaf) and
gradually reached the plateau until DR15 (84.4 umole g’ FW leaf) as compare to the untreated
DO control (9.9 pumole g* FW leaf) (Figure 2C). However, MDA amount elevated beginning
from DR9 (10.9 uM g™ FW leaf) and gradually reached the plateau until DR15 (22.4 uM g™* FW
leaf) as compare to the untreated DO control (4.7 uM g* FW leaf) (Figure 2D). Therefore,
drought promotes leaf senescence/cell necrosis and changes of senescence-associated markers in
sweet potato.

3.1.2 Expression and Protein Phosphorylation of Mitogen-Activated Protein Kinase
SPMAPK Are Significantly Enhanced by Drought
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Effects of drought stress on mitogen-activated protein kinase SPMAPK expression and
protein phosphorylation in sweet potato leaves within a period of 15 days were conducted and
analyzed (Figure 3). Drought slightly enhanced mitogen-activated protein kinase SPMAPK
expression (Figure 3A) and protein phosphorylation (Figure 3B) at the early stage on DR1 and
DR3, and then decreased on DR6. After that, it started to increase again on DR9, and reach the
maximal level on DR12, and then reduced significantly to a much less undetectable level on
DR15 necrotic leaves (Figure 3). Rubisco L subunit was used as an internal control to indicate
the physiological status and the loaded protein amount. Therefore, drought enhances mitogen-
activated protein kinase SPMAPK expression and protein phosphorylation in sweet potato

leaves.

3.1.3 Antioxidant Protein and Enzymatic Activity Levels are Drastically Reduced in
Drought-Induced Necrotic Leaves

Effects of drought stress on antioxidant protein and enzymatic activity levels in sweet potato
leaves within a period of 15 days were conducted and analyzed (Figure 4). For catalase, its in-gel
activity was enhanced at the early stage on DR1 and DR3, and then started to decrease gradually
from DR6 until DR15 as compared to the untreated DO control (Figure 4A). Similar result was
also found for total catalase activity. It was enhanced significantly on DR1 (21.5) and DR3
(22.2), then gradually decreased starting from DR12 (11.6) until DR15 (7.7) as compared to the
untreated DO control (17.5) (Figure 4B). Western blot hybridization also showed that the catalase
SPCATL1 protein amount was slightly increased on DR1 and DR3, then started to decline
gradually from DR6 until DR15 as compared to the untreated DO control (Figure 4C). Rubisco L
subunit was used as an internal control to indicate the physiological status and the loaded protein
amount.

For ascorbate peroxidase, its total enzymatic activity was high at the early stage from DR1
until DR6 with no significant difference, then gradually decreased starting from DR9 (2.4) until
DR15 (1.7) as compared to the untreated DO control (3.6) (Figure 5B). Western blot
hybridization showed that the ascorbate peroxidase SPAPX protein amount was enhanced at the
early stage on DR1 and DR3, and then started to decline gradually from DR6 until DR15 as
compared to the untreated DO control (Figure 5B). Rubisco L subunit was used as an internal

control to indicate the physiological status and the loaded protein amount. Therefore, drought
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reduces antioxidant protein amount and enzymatic activity level at the late stage in sweet potato

leaves.

3.1.4 Expression of Senescence-Associated Cysteine Protease SPCP1 is Remarkably
Elevated in Drought-Induced Necrotic Leaves

Effects of drought stress on senescence-associated cysteine protease SPCP1 expression in
sweet potato leaves within a period of 15 days were conducted and analyzed (Figure 6). Western
blot hybridization showed that its protein amount significantly increased on DR15 with two
protein bands close to 35 kDa and 25 kDa, respectively (Figure 6). Rubisco L subunit was used
as an internal control to indicate the physiological status and the loaded protein amount.
Therefore, drought enhances senescence-associated cysteine protease SPCP1 expression level at

the late stage in sweet potato leaves.

3.2 Deleted-in-Split Hand/Split Foot 1 Protein SPDSS1 Accelerates Drought-

Mediated Leaf Senescence
3.2.1 Expression of Deleted-in-Split. Hand/Split Foot 1 (DSS1)-like Protein SPDSS1

Increases at the Early Stage of Drought Treatment

In our laboratory, a full-length cDNA SPDSS1 has been cloned form ethephon-treated
leaves. Its open reading frame encodes a putative deleted-in-split hand/split foot 1 (DSS1)-like
protein, which contains 3 conserved domains with high aspartic and glutamic acids. The
conserved Asp-Glu rich domains were shown in black in grey at the positions from amino acid
residues 15 - 22 (15EDDEFEEF22), 39 - 45 (39WEDNWDDA45), and 49 - 60 (49EDDFS-X-
QLR-XELG60; X is any-amino acid), respectively (Figure 7A) (Wu, 2010).

Effects of drought stress on sweet potato SPDSS1 expression in sweet potato leaves within a
period of 15 days were performed (Figure 7B). To analyze the effect of drought treatment on the
expression of deleted-in-split hand/split foot 1 (DSS1)-like protein SPDSS1, western blot
hybridization was conducted. The result showed that a protein band with molecular weight near
48 kDa was detected. There was significant difference in the performance from the 1% day to the
15" day after drought treatment. On the DR1, the expression of SPDSS1 was increase compare
to the untreated control (D0), but on the DR3 the expression start to gradually decreased and
significantly drop at DR15 after treatment (Figure 7B). Rubisco L subunit was used as an

internal control to indicate the physiological status and the loaded protein amount. Therefore,
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drought enhances Deleted-in-Split Hand/Split Foot 1 (DSS1)-like Protein SPDSS1 expression
level at the early stage in sweet potato leaves.

The full length cDNA SPDSS1 has been constructed with pET30a expression vector to form
a recombinant vector, and induced to express by IPTG in BL21 (DE3) cells for SPDSS1 fusion
protein (Figure 8). The purified SPDSS1 fusion protein was used for the following exogenous

application on drought-treated leaves.

3.2.2 Exogenous SPDSS1 Fusion Protein Enhances Drought-Mediated Changes of
Senescence-Associated Markers and Cell Necrosis in Leaves

Effects of SPDSS1 fusion proteins on drought-mediated leaf senescence/necrosis and
senescence-associated markers were performed on days 9 and 12 (Figure 9). The PBSTq 19 -
treated leaf samples were also performed at the same time for 9 days (PB9) and 12 days (PB12)
as an additional control except drought alone (DR). For leaf morphology, leaf became curling
and turned into light green on days 9 (DR9 and PB9) and 12 (DR12 and PB12) as compared to
the untreated DO control. No significant difference, whereas, was found between DR (drought
alone) and PB (PBSTo019) groups. Significant leaf yellowing and necrosis were found for the
SPDSS1 fusion protein-pretreated group on days 9 (DS9) and 12 (DS12) in a time-dependent
manner as compared to the control group (PB9 and PB12) (Figure 9A).

For chlorophyll content, a significant decrease was observed on days 9 (DR9 (11.0) and PB9
(10.4)) and 12 (DR12 (7.3) and PB12 (6.6)) as compared to the untreated DO (20.4) control. No
significant difference, whereas, was found between DR (drought alone) and PB (PBST01%)
groups. Significant reduction of chlorophyll content was found for the SPDSS1 fusion protein-
pretreated group on days 9 (DS9 (5.7)) and 12 (DS12 (1.7)) in a time-dependent manner as
compared to the control group (PB9 and PB12) (Figure 9B).

For F./Fn, level, a significant decrease was observed on days 9 (DR9 (0.59) and PB9 (0.50))
and 12 (DR12 (0.28) and PB12 (0.23)) as compared to the untreated DO (0.66) control. No
significant difference, whereas, was found between DR (drought alone) and PB (PBSTo.1%)
groups. Significant reduction of F,/Fy, level was found for the SPDSS1 fusion protein-pretreated
group on days 9 (DS9 (0.20)) and 12 (DS12 (0.07)) in a time-dependent manner as compared to
the control group (PB9 and PB12) (Figure 9C).

Similar results were also observed for H,O, and NO contents. For H,O, amount, a

significant increase was observed on days 9 (DR9 (57.0 umole g* FW leaf) and PB9 (65.7
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umole g FW leaf)) and 12 (DR12 (64.9 umole g FW leaf) and PB12 (73.4 umole g FW
leaf)) as compared to the untreated DO (14.5 9 pumole g* FW. leaf) control. No significant
difference, whereas, was found between DR (drought alone) and PB (PBSTo01%) groups.
Significant increase of H,O, amount content was found for the SPDSS1 fusion protein-pretreated
group on days 9 (DS9 (82.7 pmole g™ FW leaf)) and 12 (DS12 (115.1 pmole g™ FW leaf)) in a
time-dependent manner as compared to the control group (PB9 and PB12) (Figure 10A).

For NO content, a significant elevation was observed on days 9 (DR9 (47.6 umole g* FW
leaf) and PB9 (62.4 pmole g FW leaf)) and 12 (DR12 (79.3 umole g™* FW leaf) and PB12 (81.2
pmole gt FW leaf)) as compared to the untreated DO (12.2 umole gt FW. leaf) control. No
significant difference, whereas, was found between DR (drought alone) and PB (PBSTg1%)
groups. Significant enhancement of NO content was found for the SPDSS1 fusion protein-
pretreated group on days 9 (DS9 (90.9 pmole g* FW leaf)) and 12 (DS12 (140.5 umole g* FW
leaf)) in a time-dependent manner as compared to the control group (PB9 and PB12) (Figure
10B). Therefore, exogenous SPDSS1 fusion protein enhances drought-mediated changes of

senescence-associated markers and leaf senescence/necrosis in sweet potato.

3.2.3 Exogenous SPDSS1 Fusion Protein Accelerates Drought-Mediated Induction and
Protein Phosphorylation of Mitogen-Activated Protein Kinase SPMAPK

Effects of SPDSS1 fusion proteins on drought-mediated expression and protein
phosphorylation of mitogen-activated protein kinase SPMAPK were performed. The PBST,010 -
treated leaf samples were also performed at the same time as an additional control except
drought alone (DR). Its expression and protein phosphorylation levels was significantly
enhanced at the early stage on day 1 (DR1 and PB1), and then decreased on day 3 (DR3 and
PB3) as compared to the untreated DO control. Significant increase on day 1 (DS1) and decrease
on day 3 (DS3) were found for the SPDSS1 fusion protein-pretreated group as compared to the
control groups (DR1/PB1 and DR3/PB3) (Figure 11A). Its expression and protein
phosphorylation levels was also significantly enhanced at the late stage on day 9 (DR9 and PB9),
and then decreased on day 12 (DR12 and PB12) as compared to the untreated DO control.
Significant increase on day 9 (DS9) and decrease on day 12 (DS12) were found for the SPDSS1
fusion protein-pretreated group as compared to the control groups (DR9/PB9 and DR12/PB12)

(Figure 11B). Rubisco L subunit was used as an internal control to indicate the physiological
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status and the loaded protein amount. Therefore, exogenous SPDSS1 fusion protein accelerates
drought-mediated changes of mitogen-activated protein kinase SPMAPK expression pattern and

protein phosphorylation level during leaf senescence and necrosis.

3.24 Exogenous SPDSS1 Fusion Protein Enhances Drought-Mediated Decrease of
Antioxidant Protein and Enzymatic Activity Levels in Leaves

Effects of SPDSS1 fusion proteins on drought-mediated reduction of antioxidant protein and
enzymatic activity levels were performed on days 9 and 12 (Figure 12). The PBST 19 -treated
leaf samples were also performed at the same time for 9 days (PB9) and 12 days (PB12) as an
additional control except drought alone (DR). For catalase, its in-gel activity significantly
decreased on days 9 (DR9 and PB9) and 12 (DR12 and PB12) as compared to the untreated DO
control. No significant difference, whereas, was found between DR (drought alone) and PB
(PBSTo.01%) groups. Significant reduction of in-gel catalase activity was found for the SPDSS1
fusion protein-pretreated group on days 9 (DS9) and 12 (DS12) in a time-dependent manner as
compared to the control group (PB9 and PB12) (Figure 12A).

Similar result was also found for total catalase activity. It was significantly decreased on
days 9 (DR9 (11.0) and PB9 (11.1)) and 12 (DR12 (7.8) and PB12 (8.3)) as compared to the
untreated DO (25.4) control. No significant difference, whereas, was found between DR (drought
alone) and PB (PBSTg019) groups. Significant reduction of total catalase activity was found for
the SPDSS1 fusion protein-pretreated group on days 9 (DS9 (6.1)) and 12 (DS12 (4.5)) in a time-
dependent manner as compared to the control group (PB9 and PB12) (Figure 12B).

Western blot hybridization also showed that the catalase SPCAT1 protein amount was
slightly decreased on DR9 (DR9 and PB9) and much reduced on DR12 (DR12 and PB12) as
compared to the untreated DO control. No significant difference, whereas, was found between
DR (drought alone) and PB (PBST.010,) groups. Significant reduction of catalase protein level
was found for the SPDSS1 fusion protein-pretreated group on days 9 (DS9) and 12 (DS12) in a
time-dependent manner as compared to the control group (PB9 and PB12) (Figure 12C). Rubisco
L subunit was used as an internal control to indicate the physiological status and the loaded

protein amount.
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For ascorbate peroxidase, total enzymatic activity was gradually decreased on days 9 (DR9
(2.9) and PB9 (2.4)) and 12 (DR12 (1.4) and PB12 (1.4)) as compared to the untreated DO (4.1)
control. There is no significant difference, whereas, was found between DR (drought alone) and
PB (PBSTo.019) groups. Significant reduction of total ascorbate peroxidase activity was found for
the SPDSS1 fusion protein-pretreated group on days 9 (DS9 (1.4)) and 12 (DS12 (0.8)) in a time-
dependent manner as compared to the control group (PB9 and PB12) (Figure 13A). Western blot
hybridization also showed that the ascorbate peroxidase SPAPX protein amount was gradually
decreased from days 9 (DR9 and PB9) until DR12 (DR12 and PB12). Significant reduction of
ascorbate peroxidase SPAPX protein level was found for the SPDSS1 fusion protein-pretreated
group on days 9 (DS9) and 12 (DS12) in a time-dependent manner as compared to the control
group (PB9 and PB12) (Figure 13B). Rubisco L subunit was used as an internal control to
indicate the physiological status and the loaded protein amount. Therefore, exogenous SPDSS1
fusion protein enhances drought-mediated decrease of antioxidant protein and enzymatic activity
levels at the late stage in sweet potato.

3.2.5 Exogenous SPDSS1 Fusion Protein Promotes Drought-Mediated Induction of
Senescence-Associated Cysteine Protease SPCP1 in Leaves

Effects of SPDSS1 fusion proteins on drought-mediated enhancement of senescence-
associated cysteine protease SPCP1 expression level were performed on days 9 and 12 (Figure
14). The PBST 019 -treated leaf samples were also performed at the same time for 9 days (PB9)
and 12 days (PB12) as an additional control except drought alone (DR). Western blot
hybridization showed that senescence-associated cysteine protease SPCP1 expression level was
enhanced on days 9 (PB9) and 12 (PB12) as compared to the untreated DO control and the DR
(DR9 and DR12) control group. Significant enhancement of senescence-associated cysteine
protease SPCP1 expression level was found for the SPDSS1 fusion protein-pretreated group on
days 9 (DS9) and 12 (DS12) as compared to the control group (PB9 and PB12) (Figure 14).
Rubisco L subunit was used as an internal control to indicate the physiological status and the
loaded protein amount. Therefore, exogenous SPDSS1 fusion protein enhances drought-
mediated increase of senescence-associated cysteine protease SPCP1 expression level at the late

stage in sweet potato.
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3.3 Proteasome Inhibitor MG132 Alleviates Drought-Mediated Leaf

Senescence
3.3.1 Proteasome Inhibitor MG132 Alleviates Drought-Mediated Changes of Senescence
Associated Markers and Cell Necrosis in Leaves

Effects of proteasome inhibitor MG132 on drought-mediated leaf senescence/necrosis and
senescence-associated markers were performed on days 12 and 15 (Figure 15). The DMSO-
treated leaf samples were also performed at the same time for 12 days (DM12) and 15 days
(DM15) as an additional control except drought alone (DR). For leaf morphology, leaf became
curling and turned into light green on days 12 (DR12 and DM12) and became partial leaf
necrosis on day 15 (DR15 and DM15) as compared to the untreated DO control. NO significant
difference, whereas, was observed between DR (drought alone) and DM (DMSQ) groups.
Significant reduction of leaf yellowing and necrosis were found for the MG132-pretreated group
on days 12 (MG12) and 15 (MG15) as compared to the control group (PB9 and PB12) (Figure
15A).

For chlorophyll content, a significant decrease was observed on days 12 (DR12 (10.2) and
DM12 (10.1)) and 15 (DR15 (5.5) and DM15 (5.3)) as compared to the untreated DO (22.7)
control. No significant difference, whereas, was found between DR (drought alone) and DM
(DMSO) groups. Significant increase of chlorophyll content was found for the MG132-
pretreated group on days 12 (MG12 (14.6)) and 15 (MG15 (13.7)) as compared to the control
group (DM12 and DM15) (Figure 15B).

For F./Fp, level, a significant decrease was observed on days 12 (DR12 (0.99) and DM12
(0.44)) and 15 (DR15 (0.27) and DM15 (0.29)) as compared to the untreated DO (0.69) control.
No significant difference was found between DR (drought alone) and DM (DMSQO) groups.
Significant reduction of F,/Fy, level was found for the MG132-pretreated group on days 12
(MG12 (0.60)) and 15 (MG15 (0.58)) as compared to the control group (DM12 and DM15)
(Figure 15C).

Similar results were also observed for H,O, and NO contents. For H,O, amount, a
significant increase was observed on days 12 (DR12 (59.9 umole g* FW leaf) and DM12 (61.8
umole g* FW leaf)) and 15 (DR15 (77.0 umole g* FW leaf) and DM15 (78.4 umole g* FW
leaf)) as compared to the untreated DO (12.0) control. No significant difference, whereas, was
found between DR (drought alone) and DM (DMSO) groups. Significant reduction of H,0,
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amount content was found for the MG132-pretreated group on days 12 (MG12 (36.6 pmole g™
FW leaf)) and 15 (MG15 (39.6 umole g™ FW leaf)) as compared to the control group (DM12
and DM15) (Figure 16A).

For NO content, a significant elevation was observed on days 12 (DR12 (63.3 pmole g FW
leaf) and DM12 (69.9 umole g FW leaf)) and 15 (DR15 (77.0 umole g* FW leaf) and DM15
(78.4 umole g™ FW leaf)) as compared to the untreated DO (9.6 umole g™ FW leaf) control. No
significant difference, whereas, was found between DR (drought alone) and DM (DMSQO)
groups. Significant reduction of NO content was found for the MG132-pretreated group on days
12 (MG12 (38.0 umole g* FW leaf)) and 15 (MG15 (55.2 umole g FW leaf)) as compared to
the control group (DM12 and DM15) (Figure 16B). Therefore, proteasome inhibitor MG132
attenuates  drought-mediated changes of senescence-associated markers and leaf

senescence/necrosis in sweet potato.

3.3.2 Proteasome Inhibitor MG132 Mitigates Drought-Mediated Induction and Protein
Phosphorylation of Mitogen-Activated Protein Kinase SPMAPK

Effects of proteasome inhibitor MG132 on drought-mediated expression and protein
phosphorylation of mitogen-activated protein kinase SPMAPK were performed. The DMSO-
treated leaf samples were also performed at the same time for 12 days (DM12) and 15 days
(DM15) as an additional control except drought alone (DR). lts expression and protein
phosphorylation levels remained high at the late stage on day 12 (DR12 and DM12), and then
decreased on day 15 (DR152 and DM15) as compared to the untreated DO control. However,
significant reduction levels of mitogen-activated protein kinase SPMAPK expression and protein
phosphorylation on day 12 (MG12) and 15 (MG15) were found for the MG132-pretreated group
as compared to the control groups (DR12/DM12 and DR15/DM15) (Figure 17). Therefore,
proteasome inhibitor MG132 mitigates drought-mediated expression and protein phosphorylation
levels of mitogen-activated protein kinase SPMAPK at the late stage of leaf senescence in sweet

potato.

3.3.3 Proteasome Inhibitor MG132 Delays Drought-Mediated Decrease of Antioxidant
Protein and Enzymatic Activity Levels in Leaves
Effects of proteasome inhibitor MG132 on drought-mediated reduction of antioxidant

protein and enzymatic activity levels were performed on days 12 and 15 (Figure 18). The
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DMSO-treated leaf samples were also performed at the same time for 12 days (DM12) and 15
days (DM15) as an additional control except drought alone (DR). For catalase, its in-gel activity
significantly decreased on days 12 (DR12 and DM12) and 15 (DR15 and DM15) as compared to
the untreated DO control. Significantly higher in-gel catalase activity was found for the MG132-
pretreated group on days 12 (MG12) and 15 (MG15) as compared to the control group (DM12
and DM15) (Figure 18A).

Similar result was also found for total catalase activity. It was significantly decreased on
days 12 (DR12 (7.5) and DM12 (6.6)) and 15 (DR15 (5.6) and DM15 (4.4)) as compared to the
untreated DO (17.0) control. Significantly higher total catalase activity was found for the
MG132-pretreated group on days 12 (MG12 (11.8)) and 15 (MG15 (8.8)) as compared to the
control group (DM12 and DM15) (Figure 18B). Western blot hybridization also showed that the
catalase SPCAT1 protein amount gradually decreased from day 12 (DR12 and DM12) until day
15 (DR15 and DM15) as compared to the untreated DO control. Significantly higher catalase
SPCAT1 protein level was found for the MG132-pretreated group on days 12 (MG12) and 15
(MG15) as compared to the control group (DM12 and DM15) (Figure 18C). Rubisco L subunit
was used as an internal control to indicate the physiological status and the loaded protein
amount.

For ascorbate peroxidase, total enzymatic activity was gradually decreased on days 12
(DR12 (1.3) and DM12 (1.2)) and 15 (DR15 (1.2) and DM15 (1.1) as compared to the untreated
DO (4.2) control. Significant increase of total ascorbate peroxidase activity was found for the
MG132-pretreated group on days 12 (MG12 (2.1) and 15 (MG15 (1.8) as compared to the
control group (DM12 and DM15) (Figure 19A). Western blot hybridization also showed that the
ascorbate peroxidase SPAPX protein amount was gradually decreased from days 12 (DR12 and
DM12) until DR15 (DR15 and DM15). Significant higher ascorbate peroxidase SPAPX protein
level was found for the MG132-pretreated group on days 12 (MG12) and 15 (MG15) as
compared to the control group (DM12 and DM15) (Figure 19B). Rubisco L subunit was used as
an internal control to indicate the physiological status and the loaded protein amount. Therefore,
proteasome inhibitor MG132 delays drought-mediated decrease of antioxidant protein and

enzymatic activity levels at the late stage in sweet potato.

3.3.4 Proteasome Inhibitor MG132 Attenuates Drought-Mediated Induction of Senescence-
Associated Cysteine Protease SPCP1 in Leaves
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Effects of proteasome inhibitor MG132 on drought-mediated enhancement of senescence-
associated cysteine protease SPCP1 expression level were performed on days 12 and 15 (Figure
20). The DMSO-treated leaf samples were also performed at the same time for 12 days (DM12)
and 15 days (DM15) as an additional control except drought alone (DR). Western blot
hybridization showed that senescence-associated cysteine protease SPCP1 expression level was
significantly enhanced on day 15 (DR15 and DM15) as compared to the untreated DO control.
Significant reduction of senescence-associated cysteine protease SPCP1 expression level was
found for the MG132-pretreated group on day 15 (MG15) as compared to the control group
(DM15) (Figure 20). Rubisco L subunit was used as an internal control to indicate the
physiological status and the loaded protein amount. Therefore, proteasome inhibitor MG132
attenuates drought-mediated increase of senescence-associated cysteine protease SPCP1

expression level at the late stage in sweet potato.

3.4 Effects of SPDSS1 on Drought-Mediated Leaf Senescence Can be

attenuated by Proteasome Inhibitor MG132
3.4.1 Proteasome Inhibitor MG132 Alleviates SPDSS1 Fusion Protein Effects on Drought-

Mediated Changes of Senescence-Associated Markers and Cell Necrosis in Leaves

In order to investigate whether effects of the SPDSS1 fusion proteins on drought-mediated
leaf senescence and necrosis can be attenuated or reversed by the proteasome inhibitor MG132,
the following treatments such as DO, DR12, PB+DM12, DS12, MG12, and DS+MG12 were
performed and compared on day 12 after treatment. The (PB+DMSO)-treated leaf samples were
also performed at the same time for 12 day (PB+DM12) as an additional control except drought
alone (DR). For leaf morphology, leaf became curling and turned into light green on DR12 and
PB+DM12 as compared to the untreated DO control. For the SPDSS1 fusion protein-pretreated
sample, a further remarkable increase of leaf yellowing and necrosis levels was also observed on
DS12 as compared to the PB+DM12 control. For the MG132-pretreated sample, however,
significant reduction of leaf yellowing and necrosis levels was also observed on MG12 as
compared to the PB+DM12 control. For the SPDSS1 fusion protein plus MG132-pretreated
sample, an intermediate retention level of leaf yellowing and necrosis was found on DS+MG12

as compared to the DS12 and MG12 controls, respectively (Figure 21A).

33



L]
oI

b.ac

-

s |
—
jE—
o
—
L= ]
o
e
(=5 ]
j=—

For chlorophyll content, significant decrease was observed on DR12 (11.0) and PB+DM12
(10.7) as compared to the untreated DO (20.7) control. For the SPDSS1 fusion protein-pretreated
sample, a further remarkable decrease of chlorophyll content was also found on DS12 (6.2) as
compared to the PB+DM12 control. For the MG132-pretreated sample, however, significant
retention of higher chlorophyll content was observed on MG12 (17.8) as compared to the
PB+DM12 control. For the SPDSS1 fusion protein plus MG132-pretreated sample, an
intermediate retention level of chlorophyll content was found on DS+MG12 (19.1) as compared
to the DS12 and MG12 controls (Figure 21B).

For F./Fr, level, significant decrease was observed on DR12 (0.48) and PB+DM12 (0.48) as
compared to the untreated DO (0.68) control. For the SPDSS1 fusion protein-pretreated sample, a
further remarkable decrease of F./F, was also found on DS12 (0.2) as compared to the
PB+DM12 control. For the MG132-pretreated sample, however, significant retention of higher
F./Fm was observed on MG12 (0.62) as compared to the PB+DM12 control. For the SPDSS1
fusion protein plus MG132-pretreated sample, an intermediate retention level of F,/Fy, was found
on DS+MG12 (0.49) as compared to the DS12 and MG12 controls (Figure 21C). Therefore,
effects of SPDSS1 enhances drought-mediated changes of senescence-associated markers can be

attenuated by proteasome inhibitor MG132 in sweet potato.

3.4.2 Proteasome Inhibitor MG132 Delays SPDSS1 Fusion Protein Effects on Drought-

Mediated Decrease of Antioxidant Protein and Enzymatic Activity Levels in Leaves

In order to investigate whether effects of the SPDSS1 fusion proteins on drought-mediated
decrease of antioxidant protein and enzymatic activity levels can be attenuated or reversed by the
proteasome inhibitor MG132, the following treatments such as DO, DR12, PB+DM12, DS12,
MG12, and DS+MG12 were performed and compared on day 12 after treatment. The
(PB+DMSO)-treated leaf samples were also performed at the same time for 12 day (PB+DM12)
as an additional control except drought alone (DR). For catalase, in-gel activity was significantly
decreased on DR12 and PB+DM12 as compared to the untreated DO control. For the SPDSS1
fusion protein-pretreated sample, a further remarkable decrease of in-gel catalase activity was
also observed on DS12 as compared to the PB+DM12 control. For the MG132-pretreated
sample, however, significant retention of higher in-gel catalase activity was also observed on
MG12 as compared to the PB+DM12 control. For the SPDSS1 fusion protein plus MG132-
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pretreated sample, an intermediate retention level of in-gel catalase activity was found on
DS+MG12 as compared to the DS12 and MG12 controls, respectively (Figure 22A).

Western blot hybridization showed that the catalase SPCATL1 protein amount was
significantly decreased on DR12 and PB+DM12 as compared to the untreated DO control. For
the SPDSS1 fusion protein-pretreated sample, a further remarkable decrease of the catalase
SPCAT1 protein amount was also found on DS12 as compared to the PB+DM12 control. For the
MG132-pretreated sample, however, significant retention of higher catalase SPCAT1 protein
amount was observed on MG12 as compared to the PB+DM12 control. For the SPDSS1 fusion
protein plus MG132-pretreated sample, an intermediate retention level of the catalase SPCAT1
protein amount was found on DS+MG12 as compared to the DS12 and MG12 controls,
respectively (Figure 22B). Rubisco L subunit was used as an internal control to indicate the
physiological status and the loaded protein amount.

Western blot hybridization also showed that the ascorbate peroxidase SPAPX protein
amount was decrease on DR12 and PB+DM12 as compared to the untreated DO control. For the
SPDSS1 fusion protein-pretreated sample, a further remarkable decrease of the ascorbate
peroxidase SPAPX protein amount was also found on DS12 as compared to the PB+DM12
control. For the MG132-pretreated sample, however, significant retention of higher ascorbate
peroxidase SPAPX protein amount was observed on MG12 as compared to the PB+DM12
control. For the SPDSS1 fusion protein plus MG132-pretreated sample, an intermediate retention
level of the ascorbate peroxidase SPAPX protein amount was found on DS+MG12 as compared
to the DS12 and MG12 controls, respectively (Figure 22C). Rubisco L subunit was used as an
internal control to indicate the physiological status and the loaded protein amount. Therefore,
effects of SPDSS1 on drought-mediated reduction of antioxidant protein and enzymatic activity
levels at late stage of leaf senescence can be attenuated by proteasome inhibitor MG132 in sweet

potato.

3.4.3 Proteasome Inhibitor MG132 Attenuates SPDSS1 Fusion Protein Effects on Drought-
Mediated Induction of Senescence-Associated Cysteine Protease SPCP1 in Leaves

In order to investigate whether effects of the SPDSS1 fusion proteins on drought-mediated

increase of senescence-associated cysteine protease SPCP1 expression level can be attenuated or

reversed by the proteasome inhibitor MG132, the following treatments such as DO, DR12,

PB+DM12, DS12, MG12, and DS+MG12 were performed and compared on day 12 after
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and PB+DM12 as compared to the untreated DO control. For the SPDSS1 fusion protein-
pretreated sample, a further remarkable increase of the cysteine protease SPCP1 protein amount
was also found on DS12 as compared to the PB+DM12 control. For the MG132-pretreated
sample, however, significant reduction of cysteine protease SPCP1 protein amount was observed
on MG12 as compared to the PB+DM12 control. For the SPDSS1 fusion protein plus MG132-
pretreated sample, an intermediate expression level of the cysteine protease SPCP1 protein
amount was found on DS+MG12 as compared to the DS12 and MG12 controls, respectively
(Figure 23). Rubisco L subunit was used as an internal control to indicate the physiological status
and the loaded protein amount. Therefore, effects of SPDSS1 on drought-mediated elevation of
senescence-associated cysteine protease SPCP1 protein level at late stage of leaf senescence can
be attenuated by proteasome inhibitor MG132 in sweet potato.

BRAWIJAYA
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Chapter 4. Discussion

Leaf senescence is the final stage of plant developmental processes, which is stimulated by
many internal and external environmental factors such as ethylene, salt and drought. Drought
stress causes induces of numbers at morphological, biochemical, molecular, and physiological
levels, including plant dehydration, stomatal closure, protein degradation and limited gas
exchanges, followed by inhibition of metabolism and photosynthetic rate and finally plant death
(Jaleel et al, 2008; Juan et al, 2009; Wang X et al., 2016). Important events in leaf senescence are
the loss of chlorophyll and the demolition of photosynthetic equipment which affects the
decrease in energy conversion capacity and efficiency (Falqueto et al., 2009). Similar results
were also reported in sweet potato by Tsai (2016). In this study, drought also promotes changes
of senescence-associated markers and cell necrosis in sweet potato leaves, including decrease of
chlorophyll content and F,/F, (Figure 1), elevation of NO/H,0,/MDA amounts (Figure 2), and
promotion of leaf senescence and necrosis (Figure 1). Our data are consistent with these reports.

Mitogen-activated protein kinase (MAPK) cascade performs an integral role in signal
transduction from extracellular to intracellular compartments through protein phosphorylation of
downstream signaling components (Kim et al., 2016). These signaling cascades are highly
conserved in both animal and higher plants (Xu and Zhang, 2015). MAPK participates in diverse
signaling pathways induced by abiotic stresses such as drought, high salt, low temperature, and
pathogens (Zhang and Klessig, 2001; Asai et al., 2002; Droillard et al., 2004; Ding et al., 2009;
Pitzschke et al., 2009). Among the MAPKSs, Arabidopsis AtMPK3 and AtMPKG6 can be detected
by anti-pERK antibody in immunoblotting analysis (Lee and Ellis, 2007; Singh et al., 2012).
MPK3 and MPKG6 have also been shown to be associated with the stress-induced cell death in
plant (Lee and Ellis, 2007; Colcombet and Hirt, 2008). In this study, expression and protein
phosphorylation of mitogen-activated protein kinase SPMAPK are significantly enhanced by
drought (Figure 3). Exogenous SPDSS1 fusion protein accelerated drought-induced leaf
senescence/necrosis (Figures 9) and speed up the process of drought-mediated expression and
protein phosphorylation of mitogen-activated protein kinase SPMAPK (Figure 11). Our data are
consistent with these reports.

Water deficit interrupts normal cellular metabolism that results in the production of ROS

and oxidative stress. Plants have evolved diverse mechanisms to keep ROS homeostasis in cells,
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including antioxidative enzymes (e.g., ascorbate peroxidase and catalase) and small antioxidant
compounds (e.g., glutathione and ascorbate). Catalases functions as one of the key enzymes in
the scavenging of reactive oxygen species and affects the H,O, homeostasis in plants (Afiyanti
M and Chen HJ, 2014). Its isoforms were also detected in activity gels in Arabidopsis (Du et al.,
2008; Zimmermann et al., 2006), tobacco (Havir et al., 1996) and sweet potato (Chen et al.,
2011). In sweet potato leaves, antioxidant protein and enzymatic activity levels reduced in
drought-induced necrotic leaves, including catalase (Figure 4) and ascorbate peroxidase (Figure
5). These results are consistent with the report of Chakraborty and Pradhan (2012) that catalase
activity decreased in periods under drought stress. Similar results were also reported by Ye et al.
(2010) that decrease of ascorbate peroxidase activity during bolting time would lead to an
increase of H,O,, which might be used as a signal to promote leaf senescence.

A senescence-associated cysteine protease SPCP1 was isolated from senescing leaves and
inducible by ethephon in sweet potato (Chen et al., 2009). In this study, expression level of
senescence-associated cysteine protease SPCP1 was also enhanced significantly at the late stage
in drought-induced necrotic leaves (Figure 6). Exogenous SPDSS1 fusion protein enhanced
drought-induced leaf senescence/necrosis (Figure 9) and SPCP1 expression level (Figure 14).
However, proteasome inhibitor MG132 delay drought-induced leaf senescence/necrosis (Figure
15) and SPCP1 expression level (Figure 20). Many drought-inducible proteases in plants have
been reported, including ATP-dependent Clp protease in H. vulgare, cysteine proteinase in P.
vulgaris, zinc metallo protease in B. napus, and aspartic proteinase in Z. mays (Wang X et al.,
2016). In Arabidopsis, SAG12, an ortholog of SPCP1, also encodes a senescence-associated
cysteine protease and. participate in leaf senescence (James et al., 2018). In sweet potato,
senescence-associated cysteine proteases have also been reported to participate in leaf
senescence and stress tolerance (Chen et al., 2008; 2010b; 2013a). Our results are consistent with
these reports and suggest that senescence-associated cysteine protease SPCP1 likely participates
in drought stress-mediated leaf senescence and necrosis process.

Drought has also been shown to promote leaf senescence in sweet potato (Tsai, 2016).
However, the role of proteasome in drought-induced leaf senescence/necrosis is unclear.
Proteasome activity has been reported to be involved in the regulation of plant responses to many
developmental processes and environmental stimuli. The most common, relatively site-specific

inhibitors used in the field are epoxomicin (such as MG132) and lactacystin, all of which inhibit
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B-subunits of the 20S core (Raynes R et al., 2016). MG132, also called carbobenzoxy-L-leucyl-
L-leucyl-L-leucinal, Z-LLL-CHO, is a peptide aldehyde able to inhibit different types of
proteases, including serine and cysteine proteases. MG132 has also been shown to strongly
inhibit multiple peptidase activities of proteasomes (Tsubuki, 1996). MG132 pretreatments
attenuated drought-mediated leaf senescence/necrosis, changes of senescence-associated
markers, expression and protein phosphorylation of mitogen-activated protein kinase SPMAPK,
decrease of antioxidant enzyme protein amount and enzymatic activity level, and senescence-
associated cysteine protease SPCP1 expression (Figures 15 — 20), suggesting a role of
proteasome activity in association with drought-mediated leaf senescence and necrosis in sweet
potato. In tobacco, 26S proteasome is also involved in the modulation of poly-ubiquitination
proteins during plant development and environmental stress (Genschik et al., 1994). The use of
proteasome inhibitors in the experiments delayed senescence in Iris flower (Pak and van Doorn,
2005), and A. polyphaga cells (Price CT et al., 2011). Our data are consistent with the report.

In sweet potato, the deleted-in-split hand/split foot 1 protein SPDSS1, a putative 19S
regulatory proteasome subunit, exhibits a high amino acid sequence homology with Arabidopsis
AtDSS1 protein. Exogenous SPDSS1 fusion protein enhanced drought-mediated leaf
senescence/necrosis, changes of senescence-associated markers, expression and protein
phosphorylation of mitogen-activated protein kinase SPMAPK, decrease of antioxidant enzyme
protein amount and enzymatic activity level, and senescence-associated cysteine protease SPCP1
expression (Figures 9 - 14). However, pretreatments of proteasome inhibitor MG132 attenuated
drought-mediated effects as mentioned above (Figures 15 — 20). These results further support a
role of the proteasome and its subunit in association with drought-mediated leaf senescence and
necrosis in sweet potato. Proteasome activity has also been demonstrated to be involved in
salinity stress-induced leaf senescence in sweet potato (Chou, 2016). Proteomic studies also
revealed that some protein degradation-related proteins increased in response to drought stress,
including proteasomes, proteases, and peptidases. Previous studies have reported that some
components in the protein degradation pathway, such as ubiquitin/26S proteasomes, small
ubiquitin-like modifier (E3 SUMO) ligase, and proteases/peptidases were involved in plant
drought tolerance (Gao QF et al., 2008; Yao et al., 2012; Simova-Stoilova et al., 2010). For the
Ubiquitin-Proteasome System (UPS), 7 out of 11 20S proteasomes (the core regulatory particle

of 26S proteasome) were increased in leaves of P. vulgaris (Zadraznik et al., 2013), Hordeum
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vulgare (Ghabooli et al., 2013), B. napus (Koh et al., 2015), respectively. Importantly, the
phosphorylation level of E3 ubiquitin ligase, which is one of the key enzymes involved in
ubiquitination, exhibited significantly increased values in leaves under drought stress (Zhang et
al., 2014; Hu et al., 2015). Many studies have shown that E3 ubiquitin ligases were positively
related to plant drought tolerance (Seo et al., 2012; Kim et al., 2013). These findings indicate that
the enhancement of the Ubiquitin-Proteasome System is important for plants to cope with
drought. Our data are consistent with the report.

Zhang M et al. (2014) reported that DSS1 protein reacted with oxidized protein modulated
by an unidentified ATPase to form DSS1-protein adducts, which was targeted by ubiquitination
for Ubiquitin-Proteasome system (UPS) degradation. This process is called DSSylation, a novel
protein modification, in which DSS1 plays as a modifier, whose attachment may render target
proteins a signature leading to their subsequent ubiquitination, thereby recruits proteasome to
degrade them. In sweet potato, Western blot hybridization detected a protein band with
molecular weight near 48 kDa, which is much higher than the deduced MW (close to 8 to 10
kDa) (Figure 7B), suggesting a possible DSSylation of endogenous sweet potato SPDSS1 protein
with an unidentified putative target protein candidate. Similar results have also been reported for
human DSS1 in vitro (Zhang Y et al., 2014) and Arabidopsis AtDSS1 (Wei et al., 2008), such as
interactions of 19S proteasome subunits RPN3/S3/DSS1 with different target protein candidates
p53 tumor suppressor and BRCA2. These results suggest that sweet potato SPDSS1 may mediate

alternative pathways except UPS to modulate drought-induced leaf senescence in sweet potato.
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Chapter 5. Conclusion

Drought promotes leaf senescence and necrosis in sweet potato and enhances changes of
senescence-associated markers, including reduction of chlorophyll content and F./Fy level,
decrease of antioxidant protein amount and enzymatic activity level, elevation of
H.O,/NO/MDA contents, induction and protein phosphorylation of mitogen-activated protein
kinase SPMAPK, and enhancement of senescence-associated cysteine protease SPCP1
expression. Pretreatment of proteasome inhibitor MG132 attenuates drought-mediated effects as
mentioned above, suggesting a novel physiological role of proteasomes in association with
drought-mediated leaf senescence and necrosis. A putative 19S regulatory proteasome subunit,
deleted-in-split hand/split-foot 1 (DSS1)-like protein, has been cloned from senescent leaves and
is inducible by drought in senescing leaves of sweet potato. Exogenous SPDSS1 fusion protein
accelerated drought-mediated effects mentioned earlier, providing further support of proteasomes
with a novel physiological role in association with drought-mediated leaf senescence and
necrosis in sweet potato. These data conclude for the first time that proteasome inhibitor MG132
and the deleted-in-split hand/split foot 1 protein SPDSS1 modulate drought stress tolerance in

sweet potato leaves.
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Figure 1. Effects of drought stress on leaf senescence in sweet potato. A. Leaf
morphology; B. Chlorophyll content; C. F,/F,,. Drought treatment was performed
and analysed on days 1, 3, 6, 9, 12, and 15, respectively. D and DR represent

control and drought treatment, respectively. # (7P < 0.01; " P < 0.001)
represents statistically significant as compared to the DO control. The data were

repeated at least three times and shown as mean * standard error.
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Figure 2. Effects of drought stress on H,O,/NO/MDA amounts in senescing leaves
of sweet potato. A. DAB staining; B. H,O; level; C. NO amount; D. MDA content.
Drought treatment was performed and analysed on days 1, 3, 6, 9, 12, and 15,
respectively. D and DR represent control and drought treatment, respectively. +
(P < 0.05; 7P < 0.01; "7P < 0.001) represents statistically significant as
compared to the DO control. The data were repeated at least three times and shown
as mean * standard error.
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= A. Western Blot Hybridization —- SPMAPK
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Figure 3. Effects of drought stress on the expression and protein phosphorylation
of mitogen-activated protein kinase SPMAPK in senescing leaves of sweet potato.
A. t-SPMAPK; B. p-SPMAPK. Drought treatment was performed and analysed on
days 1, 3, 6,9, 12, and 15, respectively. D and DR represent control and drought
treatment, respectively. Rubisco L represents Rubisco large subunit. The t-
SPMAPK and p-SPMAPK represent SPMAPK total protein amount and protein
phosphorylation level, respectively. The data were repeated at least three times and
a representative one was shown.
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A. In Gel Catalase Activity
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Figure 4. Effects of drought stress on antioxidant protein amount and enzymatic
activity level in senescing leaves of sweet potato. A. In-gel catalase activity; B.
Total catalase activity; C. Western blot hybridization — SPCAT1. Drought
treatment was performed and analysed on days 1, 3, 6,9, 12, and 15, respectively.
D and DR represent control and drought treatment, respectively. Rubisco L
represents Rubisco large subunit. * (*P < 0.05; **P < 0.01) represents statistically
significant as compared to the DO control. The data were repeated at least three
times and shown as mean + standard error.
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A. Total Ascorbate Peroxidase Activity
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Figure 5. Effects of drought stress on antioxidant protein amount and enzymatic
activity level in senescing leaves of sweet potato. A. Total ascorbate peroxidase
activity; B. Western blot hybridization — SPAPX. Drought treatment was
performed and analysed on days 1, 3, 6, 9, 12, and 15, respectively. D and DR
represent control and drought treatment, respectively. Rubisco L represents
Rubisco large subunit. & (“P < 0.05; ““P < 0.01) represents statistically
significant as compared to the DO control. The data were repeated at least three
times and shown as mean + standard error.
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Figure 6. Effects of drought stress on the expression of senescence-associated
cysteine protease SPCP1 in senescing leaves of sweet potato. Drought treatment
was performed and analysed on days 1, 3, 6, 9, 12, and 15, respectively. D and DR
represent control and drought treatment, respectively. Rubisco L represents
Rubisco large subunit. The data were repeated at least three times and a
representative one was shown.
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Figure 7. Cloning and expression of sweet potato deleted-in-split hand/split foot 1
protein SPDSS1. A. SPDSSI nucleotide and amino acid sequences; B. SPDSSI1
expression under drought. The conserved aspartic/glutamic acid-rich domains of
sweet potato SPDSS1 were marked and shown in black in grey at amino acid
residue positions from 15 - 22 (15SEDDEFEEF22), 39 - 45 (39WEDNWDDA45),
and 49 - 60 (49EDDFS-X-QLR-XEL60; X is any amino acid), respectively
(Adapted from Wu, 2010). Drought treatment was performed and analysed on days
I, 3, 6, 9, 12, and 15, respectively. D and DR represent control and drought
treatment, respectively. Rubisco L represents Rubisco large subunit. The data were
repeated at least three times and a representative one was shown.
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Figure 8. Induction and purification of SPDSS1 fusion protein in E. coli BL21
(DE3) cells. A. IPTG induction; B. SPDSSI1 fusion protein purification. The
induced cells were harvested and analysed with 12.5% SDS-PAGE for SPDSS1
fusion protein amounts after induction for 1, 3, and 5 h, respectively. (+) and (-)
represent with or without 1 mM IPTG induction, respectively. The SPDSS1 fusion
protein was purified by Ni-NTA His*Bind Resins affinity column and was
analysed with 12.5% SDS-PAGE. SF: protein crude extract, P: Purified SPDSSI.
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Figure 9. Effects of SPDSSI fusion proteins on drought-induced leaf senescence
in sweet potato. A. Leaf morphology; B. Chlorophyll content; C. F,/F,. DO was
untreated mature leaves. DR, PB and DS were drought treatment, PBST ¢;0,, and
SPDSS1 fusion protein (25 pg) pretreatment for 9 days (DR9, PB9, DS9), and 12

days (DR12, PB12, DS12), respectively. * (¥**P <0.01; ***P < 0.001) and #
(P < 0.01; " P < 0.001) represent statistically significant as compared to the DO
control and PB control group, respectively. The data were repeated at least three
times and shown as mean + standard error.
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Figure 10. Effects of SPDSS1 fusion proteins on drought-induced H,O,/NO
amounts in senescing leaves of sweet potato. A. H,O, level; B. NO amount. D0
was untreated mature leaves. DR, PB and DS were drought treatment, PBST 19,
and SPDSS1 fusion protein (25 pg) pretreatment for 9 days (DR9, PB9, DS9), and

12 days (DR12, PB12, DS12), respectively. * (**P < 0.01; ***P < 0.001) and

# ("P<0.05;™P < 0.01) represent statistically significant as compared to the DO

control and PB control group, respectively. The data were repeated at least three
times and shown as mean + standard error.
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Figure 11. Effects of SPDSS1 fusion proteins on drought-induced expression and
protein phosphorylation of mitogen-activated protein kinase SPMAPK in
senescing leaves of sweet potato. DO was untreated mature leaves. DR, PB and DS
were drought treatment, PBST(%, and SPDSS1 fusion protein (25 pg)
pretreatment for 9 days (DR9, PB9, DS9), and 12 days (DR12, PB12, DS12),
respectively. Rubisco L represents Rubisco large subunit. The t-SPMAPK and p-
SPMAPK represent SPMAPK total protein amount and protein phosphorylation
level, respectively. The data were repeated at least three times and a representative
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A. In Gel Catalase Activity
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Figure 12. Effects of SPDSS1 fusion proteins on drought-induced antioxidant
protein amount and enzymatic activity level in senescing leaves of sweet potato.
A. In-gel catalase activity; B. Total catalase activity; C. Western blot hybridization
— SPCATI1. DO was untreated mature leaves. DR, PB and DS were drought
treatment, PBST( 019, and SPDSS1 fusion protein (25 pg) pretreatment for 9 days
(DR9, PB9, DS9), and 12 days (DR12, PB12, DS12), respectively. Rubisco L

represents Rubisco large subunit. * (***P <0.001) and # ("P < 0.05) represent

statistically significant as compared to the DO control and PB control group,
respectively. The data were repeated at least three times and shown as mean +
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A. Total Ascorbate Peroxidase Activity

5 4

APX activity
(umole ASA consumed min™* mg protein™)

-
o
<

-
=
—
T
o

=2
"y
o
f o 2
Qo
S

DO DR9 PB9 DS9 DR12 PB12 DS12

B. Western Blot Hybridization — SPAPX

kba DO DR9 PB9 DSS9 DR12 PB12 DS12

75
63

35

25

17

Rubisco L

Figure 13. Effects of SPDSS1 fusion proteins on drought-induced antioxidant
protein amount and enzymatic activity level in senescing leaves of sweet potato.
A. In-gel ascorbate peroxidase activity; B. Total ascorbate peroxidase activity; C.
Western blot hybridization — SPAPX. DO was untreated mature leaves. DR, PB and
DS were drought treatment, PBST( %, and SPDSS1 fusion protein (25 pg)
pretreatment for 9 days (DR9, PB9, DS9), and 12 days (DR12, PB12, DS12),

respectively. Rubisco L represents Rubisco large subunit. * (*P < 0.05) and #

(*P < 0.05) represent statistically significant as compared to the DO control and PB
control group, respectively. The data were repeated at least three times and shown
as mean * standard error.
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Figure 14. Effects of SPDSS1 fusion proteins on drought-induced senescence-
associated cysteine protease SPCP1 level in senescing leaves of sweet potato. DO
was untreated mature leaves. DR, PB and DS were drought treatment, PBSTy.0;%,
and SPDSS1 fusion protein (25 pg) pretreatment for 9 days (DR9, PB9, DS9), and
12 days (DR12, PB12, DS12), respectively. Rubisco L represents Rubisco large
subunit. The data were repeated at least three times and a representative one was
shown.
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A. Leaf Morphology
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Figure 15. Effects of proteasome inhibitor MG132 on drought-induced leaf
senescence in sweet potato. A. Leaf morphology; B. Chlorophyll content; C.
F,/F,. DO was untreated mature leaves. DR, DM and MG were drought treatment,
DMSO (5 pl), and MG132 (5 nmole) pretreatment for 12 days (DR12, DM12,

MG12), and 15 days (DR15, DM15, MG15), respectively. * (***P < 0.001) and

# ("P <0.05; "P < 0.01) represent statistically significant as compared to the D0
control and DM control group, respectively. The data were repeated at least three
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Figure 16. Effects of proteasome inhibitor MG132 on drought-induced H,O,/NO
amounts in senescing leaves of sweet potato. A. H,O, level; B. NO amount. D0
was untreated mature leaves. DR, DM and MG were drought treatment, DMSO (5
ul), and MG132 (5 nmole) pretreatment for 12 days (DR12, DM12, MG12), and
15 days (DR15, DM15, MG15), respectively. DR, DM and DS were drought
treatment, PBST 1%, and SPDSS1 fusion protein (25 pg) pretreatment for 9 days

(DR9, PBY, DS9), and 12 days (DR12, PB12, DS12), respectively. * (¥**P <

0.001) and # (‘P < 0.05; *P < 0.01; " P < 0.001)) represent statistically

significant as compared to the DO control and DM control group, respectively. The
data were repneated at least three times and shown as mean * standard error.
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A. Western Blot Hybridization — SPMAPK
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Figure 17. Effects of proteasome inhibitor MG132 on drought-induced expression
and protein phosphorylation of mitogen-activated protein kinase SPMAPK in
senescing leaves of sweet potato. DO was untreated mature leaves. DR, DM and
MG were drought treatment, DMSO (5 pl), and MG132 (5 nmole) pretreatment
for 12 days (DR12, DM12, MGI12), and 15 days (DR15, DM15, MGI15),
respectively. Rubisco L represents Rubisco large subunit. The t-SPMAPK and p-
SPMAPK represent SPMAPK total protein amount and protein phosphorylation
level, respectively. The data were repeated at least three times and a representative
one was shown.
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A. In Gel Catalase Activity
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Figure 18. Effects of proteasome inhibitor MG132 on drought-induced antioxidant
protein amount and enzymatic activity level in senescing leaves of sweet potato.
A. In-gel catalase activity; B. Total catalase activity; C. Western blot hybridization
— SPCAT1. DO was untreated mature leaves. DR, DM and MG were drought
treatment, DMSO (5 pl), and MG132 (5 nmole) pretreatment for 12 (DR12,
DM12, MGI12), and 15 days (DR15, DM15, MGL5), respectively. Rubisco L

represents Rubisco large subunit. + (P <0.05; "P <0.01 ; ""P <0.001) and
@ (“®P < 0.01) represent statistically significant as compared to the DO control
and DM control group, respectively. The data were repeated at least three times
and shown as mean + standard error.
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A. Total Ascorbate Peroxidase Activity
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Figure 19. Effects of proteasome inhibitor MG132 on drought-induced antioxidant
protein amount and enzymatic activity level in senescing leaves of sweet potato. A.
Total ascorbate peroxidase activity; B. Western blot hybridization — SPAPX. D0 was
untreated mature leaves. DR, DM and MG were drought treatment, DMSO (5 pl), and
MG132 (5 nmole) pretreatment for 12 (DR12, DM12, MG12), and 15 days (DR1S5,
DM15, MG15), respectively. Rubisco L represents Rubisco large subunit. * (*P <
0.05) and @ (““P < 0.01) represent statistically significant as compared to the DO
control and DM control group, respectively. The data were repeated at least three
times and shown as mean + standard error.
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Figure 20. Effects of proteasome inhibitor MGI132 on drought-induced
senescence-associated cysteine protease SPCPI1 expression level in senescing
leaves of sweet potato. DO was untreated mature leaves. DR, DM and MG were
drought treatment, DMSO (5 ul), and MG132 (5 nmole) pretreatment for 12 days
(DR12, DM12, MG12), and 15 days (DR15, DM15, MGL15), respectively. Rubisco
L represents Rubisco large subunit. The data were repeated at least three times and
a representative one was shown.
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A. Leaf Morphology
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Figure 21. Proteasome inhibitor MG132 reverses the SPDSS1 fusion protein-
mediated effects on drought-induced leaf senescence in sweet potato. A. Leaf
morphology; B. Chlorophyll content; C. F\/F,. DO was untreated mature leaves.
DR, PB+DM, DS, MG and DS+MG were drought treatment, PBST + DMSO,
SPDSSI fusion protein (25 pg), MG132 (5 nmole) and SPDSS1 fusion protein
(25 pg) + MG132 (5 nmole) pretreatment for 12 days (DR12, PB+DM12, DS12,

MG12, DS+MG12), respectively. * (***P <0.001), # ("P <0.05; P <0.01;
P <0.001)), and & (“P < 0.05; “*P < 0.01) represent statistically significant as
compared to the DO control, PB+DM and (DS12 or MG12) control groups,
respectively. The data were repeated at least three times and shown as mean +
standard error.
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A. In Gel Catalase Activity
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C. Western Blot Hybridization — SPAPX
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Figure 22. Proteasome inhibitor MG132 reverses the SPDSS1 fusion protein-
mediated effects on drought-induced antioxidant protein amount and enzymatic
activity level in senescing leaves of sweet potato. A. In-gel catalase activity; B.
Western blot hybridization — SPCAT1; C. Western blot hybridization — SPAPX.
DO was untreated mature leaves. DR, PB+DM, DS, MG and DS+MG were
drought treatment, PBST + DMSO, SPDSS1 fusion protein (25 pg), MG132 (5
nmole) and SPDSS1 fusion protein (25 pg) + MG132 (5 nmole) pretreatment for
12 days (DR12, PB+DM12, DS12, MG12, DS+MG12), respectively. Rubisco L
represents Rubisco large subunit. The data were repeated at least three times and a
representative one was shown.
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Figure 23. Proteasome inhibitor MG132 reverses the SPDSS1 fusion protein-
mediated effects on drought-induced senescence-associated cysteine protease
SPCP1 expression level by western blot hybridization. DO was untreated mature
leaves. DR, PB+DM, DS, MG and DS+MG were drought treatment, PBST +
DMSO, SPDSS1 fusion protein (25 pg), MG132 (5 nmole) and SPDSS1 fusion
protein (25 pg) + MG132 (5 nmole) pretreatment for 12 days (DR12, PB+DM12,
DS12, MG12, DS+MGI2), respectively. Rubisco L represents Rubisco large
subunit. The data were repeated at least three times and a representative one was
shown.
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