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Chapter 3

Effects of NO on soybean cystatin expression under salt conditions

3.1 Abstract

Studies on plant cystatins with respect to stress have displayed the stress-combating ability of
cystatins under in vitro experimentation. In soybean, a few groups of plant cystatins with
inhibitory activity against cysteine proteases (key regulators of programmed cell death) have
been identified and biological functions have been attributed to them. In this study, identification
and expression analysis of a novel soybean cystatin (Glyma20g08800) has identified that
alterations in NO content regulate the expression of this gene. Given that a number of
investigations concerning cystatin expression have mainly focused on seeds and no study has
been conducted to link expression of plant cystatins to responses to abiotic stress and NO, this
study investigated the respective role(s) of NO in Glyma20g08800 (a novel soybean cystatin
gene) expression in response to salt stress in soybean leaves, roots and nodules based on gene-
specific expression profiles established by semi-quantitative RT-PCR (semi-gRT-PCR). In
response to salt stress, with or without a NO donor (DETA/NO), variations in the expression of a
gene encoding Glyma20g08800 were observed. Visual inspection of semi-gRT-PCR amplicons
and densitometry analysis showed that salt stress caused a decline in the level of expression of
this cystatin while use of a nitric oxide generating compound (DETA/NO) caused an increase in
Glyma20g08800 expression under salinity stress. Because cystatins are the main inhibitors of
cysteine proteases, the increase observed for the expression of the cystatin (inhibitor of caspase-

like activity) Glyma20g08800 in NO-treated samples correlates with the decrease in caspase-like
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activity (main executers of PCD) observed in NO-treated samples (Chapter 2) in the presence of
salt. The suppression of the salt stress-mediated caspase-like activity and cell death in plants with
induced Glyma20g08800 implies that NO induces plant salt tolerance possibly by regulating salt
stress-responsive cysteine proteases or their inhibitors (plant cystatins). Increasing the level of
expression of cystatins may inhibit abiotic stress-induced caspase-like proteases and inhibit salt

stress-induced cell death.

3.2 Introduction

Recently, the involvement of plant cystatins in stress tolerance has been an object of much
research. Cystatins are widely distributed in plants, animals and microorganisms (Dubey et al.,
2004; Habib and Fazili, 2007; Rawlings et al., 2008) and have been characterized in both
monocots and dicots (Massonneau et al., 2005; Belenghi et al., 2003). They are inhibitors of
cysteine proteases and are involved in the regulation of protein turnover and play crucial roles in
pathogen and insect resistance as well as in abiotic stress responses and PCD. Several cystatins
are induced upon exposure to biotic (Leple et al., 1995) and abiotic stresses (Pernas et al., 2000)
and may protect plants against invasion by viruses, bacteria, insects, salt and drought as they can

inhibit the activity of cysteine proteases from a wide range of organisms.

Role (s) of plant cystatins in plant defense has been shown by transgenic plants overexpressing
plant cystatins (Grudkowska and Zagdanska, 2004; Massonneau et al., 2005; Benchabane, 2010).
The expression of two cystatins (AtCYSa and AtCYSh) from Arabidopsis was observed to be
induced by multiple abiotic stresses such as salt, drought, cold and regulated by abscisic acid

treatment (Zhang et al., 2008). Transgenic Arabidopsis plants overexpressing these two genes
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had increased tolerance to salt, drought, oxidative stress during seed germination and early
seedling development (Zhang et al., 2008). Moreover, overexpression of AtCYS1, an
Arabidopsis cysteine proteinase inhibitor gene, blocked cell death activated by either avirulent
pathogens or by oxidative and nitric oxide (NO) (Belenghi et al. 2003), while plants
overexpressing a rice cysteine proteinase inhibitor gene (Oryza cystatin 1) showed resistance
against two important potyviruses, tobacco etch virus (TEY) and potato virus (PYY) (Gutierrez-
Campos et al., 1999). Further evidence confirming the role of soybean cystatins in abiotic or
biotic stress responses comes from the fact that the closest homologues of these genes were
found to contain cis-regulatory elements known to regulate gene expression and confer tolerance
under abiotic stresses such as drought, salt, and cold stress (Chapter 3 and evidence from
Yamaguchi-Shinozaki and Shinozaki 1994; Thomashow 1999; Shinozaki and Yamaguchi-
Shinozaki 2000 in relation to the role of cystatins in plant stress responses). These soybean
cystatin genes can also be considered to be targeted by similar cis-elements or transcription

factors.

To date, there has been recurring amount of interest in the use of plant cystatins in transgenic
approaches for the improvement of crop tolerance to both biotic and abiotic stresses (Pernas et
al., 2000; Belenghi et al., 2003). However, very limited progress in overexpression of cystatins to
improve abiotic (salt or drought) tolerance has been achieved in crop plants. Recent approaches
for improving plant abiotic stress tolerance by modulating the expression of cystatins relies on
overexpression of the cystatins using the strong CaMV35S promoter, which results in
constitutive overexpression of the cystatins (Zhang et al 2008). However, constitutive and

continuous inhibition of cysteine proteases by cystatins could have undesired effects on
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development and may lead to abnormal growth since cysteine proteases also regulate plant
development (Benchabane et al 2010). Furthermore, impaired plant development is known to
result in several cases where the CaMV35S promoter is used for overexpression of genes in an
attempt to confer abiotic stress tolerance (Ashraf 2010). Therefore, use of inducible promoters
that will drive the expression of the cystatins only when the plant is exposed to abiotic stress,
rather than using a constitutively active promoter appears to be the best tool for use in

engineering plants for abiotic stress tolerance (Ashraf 2010, Mittler and Blumwald 2010).

On the other hand, it has been shown extensively that nitric oxide induces expression of a
number of genes in diverse plant species (Besson-Bard et al 2009). Importantly, elevation of
nitric oxide content in plants by using nitric oxide-generating compounds has been shown to
enhance plant tolerance to abiotic stresses such as salt and drought via up-regulation of genes
involved in the regulation of plant responses to salt and drought stress (Siddiqui et al 2010). On
this basis, this study evaluated the role of NO and salt stress on cystatin expression in soybean
leaves, nodules and roots. This was achieved by studying expression levels of a soybean cystatin

gene (Glyma20g08800) following NO treatment in salt-treated soybean plants.
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3.3 Materials and Methods

3.3.1 Chemicals and Reagents

Soybean seeds were provided by Pannar Seeds (Greytown, South Africa) and unless otherwise

stated, all chemicals used were purchased from Sigma-Aldrich and Bio-Rad.

3.3.2 Sterilization of seeds, Plant growth and treatment

Refer to chapter 2

3.3.4 Glyma20g08800 gene expression studies

Total RNA was extracted using the method described by Gasic et al (2004). Briefly, tissues were
ground to powder using a pestle and a mortar under liquid nitrogen and transferred to tubes
containing equal volumes of RNA extraction buffer (200 mM Tris—HCI, pH 9, 400 mM KClI, 200
mM sucrose, 35 mM MgCl,, 25 mM EGTA) and phenol/chloroform (24:1, pH 8) and vortexed
for 30 s, followed by incubation at 65°C for 10 min. The aqueous phase resulting from a 10 min
centrifugation at 16,000 g was re-extracted twice with chloroform /isoamylalcohol (24:1). After
precipitation with LiCl,, the RNA pellet was washed with 70 % ethanol, precipitated and
resuspended in RNAse-free water. The resulting total RNA was treated with RNAse-free DNase
for removal of contaminating genomic DNA and then subjected to 1 % agarose gel
electrophoresis, followed by image acquisition on the Alpha Image 2200 system (to determine
the quality of the isolated RNA). This was then followed by RNA quantification and 1% strand
DNA synthesis using reverse transcriptase on 0.1 mg of the total RNA from each sample with

the Revert Aid™ First Strand cDNA Synthesis Kit (Fermentas). The generated 1% strand cDNA

88



template (2 pl from each cDNA sample) was used for PCR amplification (RT-PCR) analysis

using the following oligonucleotides (10 pmol each):

Glyma20g08800 [forward primer: 5-AACAGCGTTGAGATCGATGCTC-3'; reverse primer:

5'-ACCTCCTTGAAGTTCAACCATGA-3']

B-tubulin [forward primer: 5°'- CTGCGAAAGCTTGCAGTGAACC-3""; reverse primer: 5'-
TCTTGCCTCTAAACATGGCTGAGG-3].

RT-PCR thermal cycling conditions included the following: 2 min at 95°C, followed by 25
cycles of 20 sec at 95°C, 20 sec at 62°C and 30 sec at 72°C and one cycle of 7 min at 72°C
catalysed by 1 U of Truestart™ HotStart Tag DNA Polymerase (Fermantas). Aliquots of the
PCR reaction were then subjected to 1 % agarose gel electrophoresis, followed by image
acquisition on an Alpha Image 2200 system. Densitometry analysis was then performed using
Spot Denso tool (AlphaEase FC imaging software, Alpha Innotech Corporation) and individual
gels were scored as relatively densitometry values of three independent gels used for expression

analysis.
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3.4 Results

3.4.1 NO induces Glyma20g08800 gene expression under salinity stress in soybean

A novel role for cystatins as regulators of proteolytic processes and abiotic stress-responses has
been proposed (Zhang et al., 2008) and several other studies support the hypothesis that plants
employ cysteine protease inhibitors to control cysteine protease activity and modulate the cell
death processes (Watanabe et al., 1991; Barrett et al., 1998; Solomon et al., 2009). On the other
hand, endogenously synthesized NO has been linked to cysteine-like protease activity in soybean
nodules (Leach et al., 2010). It was on this basis that the effects of NO on soybean cystatin gene

expression were investigated in response to salt stress.

Gene-specific expression profiles established by semi-quantitative RT-PCR were studied in the
leaves (A), roots (D) and nodules (G) of soybean plants submitted to salt stress (150 mM NaCl),
salt plus DETA (150 mM NaCl + 10 uM DETA) and salt plus NO donor (150 mM NaCl + 10
uM DETA/NO) for a period of two days. When soybean plants were subjected to salt stress, the
transcript levels of Glyma20g08800 significantly decreased in all indicated soybean tissues
[Figure 3.4.1 (A-1)] compared to control conditions. However, the decrease in Glyma20g08800
expression was reversed by a combination treatment with salt and NO. Both visual inspection of
the semi-RT-PCR amplicons and densitometry analyses displays that salt stress with or without
DETA suppresses the expression of Glyma20g08800 while use of exogenously applied NO
supplemented to the salt-treated plants up-regulates the expression of the gene when compared to
the expression observed in salt-treated plants or reverses the decline to levels similar to the

controls [Figure 3.4.1(A-1)]. In leaves, Glyma20g08800 gene expression was induced under

90



NaCl plus NO treatment compared to salt-treated samples. In roots and nodules, Glyma20g08800
expression was also induced compared to salt treated samples. Furthermore, -tubulin expression
levels remained unchanged in all samples irrespective of the treatments (Figure 3.4.1B, E and
H); hence B-tubulin was used as a reference gene to accurately analyze semi-qRT-PCR data for

gene expression studies.
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Figure 3.4.1 Expression of Glyma20g08800 cystatin in soybean plants subjected to NO and salt conditions. Total RNA
samples were extracted from leaves, roots and nodules grown in normal nutrient solution, followed by treatment with
150 mM NaCl, 150 mM NaCl plus 10 uM DETA and 150 mM NaCl plus uM DETA/NO for two days. Semi-
quantitative RT-PCR was performed on indicated tissues using Glyma20g08800 and B-tubulin gene-specific primers
described in section 4.3.4. Transcript levels for Glyma20g08800 and B-tubulin in leaves (A and B), roots (D and E)
and nodules (G and H) as displayed in agarose (1 %) gel images; (C, F and 1) relative transcript levels analyzed by

densitometry (cystatin relative to B-tubulin).
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3.5 Discussion

An increasing volume of research has focused on the involvement of cysteine proteases and
their inhibitors in plant responses to wounding and pathogen attack. However, investigations
aimed at evaluating the molecular basis and mechanisms of modification of proteolytic
activities in response to abiotic stresses such as salinity, drought and extreme temperatures has
not been extensively studied in plants in relation to how these are influenced by NO. Only a few
cystatins have been described and studied in great detail, mainly in Arabidopsis (Belenghi et al.,
2003) and rice (Kondo et al., 1991). Exposure to various environmental conditions leads to the
induction of several stress-related genes and accumulation of stress-response/tolerance-related
proteins meant to protect plants from damage induced by stress. Many plant cystatins show
differential expression when exposed to different abiotic stress conditions (Massonneaua et al.,

2005; Pernas et al., 2000).

A few studies have shown the possible involvement of some proteolytic enzymes and their
inhibitors in environmental stress responses (Huang et al., 2007; Zhang et al., 2008; Wang et al.,
2012). Huang et al. (2007) reported that overexpression of a proteinase inhibitor, Oryza sativa
chymotrypsin inhibitor-like 1 (OCPI1) improved plant tolerance to abiotic stresses and several
other studies have indicated improved resistance to various biotic and abiotic stresses due to
overexpression of various proteinase inhibitors (Pernas et al. 1998; Koiwa et al. 2000; Oppert et

al. 2003; Yang and Yeh 2005).

Regardless of much interest on the effects of abiotic stress on proteolytic protein expression and
involvement of NO in plant signaling pathways, no data on the regulation of cystatins by NO in
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salinity stress has been reported. This is the first study indicating that salt stress induces a
decline in the level of expression of a soybean cystatin in various major organs while use of
nitric oxide-generating compounds (DETA/NO) causes an increase in the level of expression of
the cystatin (Figure 3.4.1), thus leading to a decrease in caspase-like activity and cell death as
observed in Chapter 2. Glyma20g08800 transcripts were found to be induced in leaves, roots
and nodules of salt-treated soybean plants following NO treatment (Figure 3.4.1). This result is
consistent with the findings of Belenghi et al. (2003), who discovered that homologous AtCYS1
(homologous to Glyma20g08800) requires NOS activity and that the use of a NO generating
compound (SNP) regulates the expression of this AtCYSL. It is possible that the expression
pattern of genes in abiotic/biotic stress responses is related to the systemic signaling roles of NO
in plant defense. Such possibilities warrant further studies on the role(s) of NO in stress

tolerance.

Our findings constitute a new finding of the physiological function of NO, as results indicated
that Glyma20g08800 was responsive to NO in salt-treated leaves, roots and nodules (Figure
3.4.1). Therefore, it can be hypothesized that elevation of nitric oxide content in plants by using
nitric oxide-generating compounds induces the expression of cystatins at levels high enough to
inhibit abiotic stress-induced caspase-like proteases and thereby prevent salt stress-induced cell
death. Detailed mechanisms underlying the NO mediated cystatin gene expression in abiotic

stress tolerance will be the focus of upcoming studies.
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Chapter 4

Bioinformatics analysis for soybean cystatin genes

4.1 Introduction

Plants are immobile and are frequently exposed to adverse environmental conditions to which
they have to adapt and respond to, through not only physiological and biochemical processes
but also molecular and cellular processes. This involves different plant genes that can mitigate
the effects of stress and induce tolerance (Shinozaki & Shinozaki, 2005). These genes include
proteins which function in abiotic stress tolerance mechanisms, such as those involved in
protecting macromolecules, antioxidation, signal transduction and those that regulate the
expression of genes (Shinozaki & Yamaguchi-Shinozaki, 1997). In addition, abiotic stresses
such as high salinity, drought and cold have been indicated in regulation of different plant genes
(Thomashow, 1999; Bray et al., 2000; Shinozaki et al., 2003), leading to accumulation of a
number of cysteine proteases which constitutes a critical point in plant programmed cell death

(PCD) (Solomon et al., 1999; Grudkowska and Zagdan”ska 2004).

Cysteine proteases are involved in various functions like protein degradation and proteolytic
activation of specific proteins as a result of physical damage due to stress (Wisnniewski &
Zagdanska 2001; Grudkowska and Zagdan“ska, 2004). On the other hand, stress-induced cell
damage also leads to the synthesis of proteinase inhibitors known as cystatins, which regulate
the activity of cysteine proteinases (Yang and Yeh, 2005). The role of cystatins as cysteine
proteinase inhibitors has been implicated in plant defense against pathogens (Belinghi et al.

2003), abiotic stress responses and programmed cell death (PCD) (Solomon et al., 1999; Zhang
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et al., 2008). A few studies on the effects of overexpression of cystatins in plant defense have
been performed (Gutie rrez-Campos -Campos et al., 1999; Belinghi et al., 2003). However, the
mechanisms by which cystatins respond to abiotic stresses and the effect of their over-

expression by nitric oxide (NO) on stress-tolerance have not been executed.

One of the main challenges in molecular biology is the understanding of the underlying
mechanisms which regulate gene expression under adverse environmental conditions. One of
the promising strategies is to identify binding sites (motifs) for transcription factors in promoter
regions of the regulated proteins (Palmieri et al., 2008). The activation of stress induced
proteins is regulated by certain transcription factors (Hu et al., 2008) which can protect plants
from oxidative damage caused by osmotic stress, oxidative stress and ion toxicity amongst
many other stresses (Bartels, 2005). It is hypothesized that transcriptional co-regulation induces
co-expression of proteins which share some similarities in their regulatory mechanisms.
Therefore, co-expressed proteins might contain common motifs which are binding sites for
transcription factors involved in the expression of stress-responsive genes (Yamaguchi-

Shinozaki & Kazuo Shinozaki, 2005).

To date, several abiotic stress inducible proteins and their physiological functions have been
identified and characterized in plants (Kim et al., 2000; He et al., 2002; Lia et al., 2003). A
number of different sets of cis-acting elements and trans-acting factors associated with abiotic-
stress responses have also been identified. These include abscisic acid responsive element
(ABRE), myelocytomastosis oncogene (MYB/MYC), dehydration responsive elements
(DREBS), (Abe et al., 1997; Saibo et al., 2009; Nakashima et al., 2009), basic leucine zipper

(bZIP) and WRKY (YYamaguchi-Shinozaki and Shinozaki, 1994; Kizis and Pagés, 2002; Wang
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et al., 2007; Qiu & Yu 2009). These transcription factors play crucial roles in inducing multiple
stress tolerance generally in both an abscisic acid (ABA)-dependent and -independent manners
and through respective cis-acting elements and DNA binding domains (Nakashima et al., 2009;

Saibo et al., 2009).

These are present in several environmental stress-responsive gene promoters (Yamaguchi-
Shinozaki and Shinozaki, 1994; Baker et al., 1994; Stockinger et al., 1997; Liu et al., 1998) and
are essential in controlling the expression of several stress-related proteins under salt, drought
and extreme temperature stress. Nonetheless, several other transcriptional regulatory systems
that are important in regulating plant responses to different stresses have been reported (Bohnert

et al., 2001; Seki et al., 2001; Zhu et al., 2001; Agarwal et al., 2006).

Consequently, a precise understanding of gene networks involved in cystatin-induced stress
response and functional analysis of cis-acting elements within these proteins together with their
transcription factors can be targeted in abiotic-stress tolerance studies. More importantly,
identification and characterization of stress-responsive transcription factors and their cis-acting
elements might provide a promising tool for improving the tolerance of crop plants to abiotic
stress in general by identifying co-expressed gene that would be important for regulating plant

stress tolerance.

The aim of this study was to identify cis-acting elements involved in abiotic (salt) and nitric
oxide (NO)-mediated gene expression in the promoter regions of four soybean (Glycine max)
cystatin  genes namely; Glyma20g08800, Glymal3g04250, Glymal4g04250 and

Glymal8g12240. These regulatory elements are presumed to interact with transcription factors
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and act as molecular “switches” ensuring a proper response to environmental stress conditions.
The information gleamed from this study will help identify the interactions between signaling
pathways, along with novel cis-acting elements, in the promoters of soybean cystatin genes and

co-regulated proteins.

4.2 Methods

The protein sequences of all four soybean (Glycine max) cystatin genes were obtained by using
the protein sequence of AtCYS1 that is implicated in PCD and is known to be NO-inducible
(Belenghi et al., 2003) as a search query in the BLAST search in (Phytozome;

http://phytozome.net)

4.2.1 ldentification of protein functional binding proteins/partners

Protein coding sequences of the GmCYS1p626 and three of its homologues (Glyma20g08800,

Glymal4g04250 and Glymal8g12240) were used as a query in the Search Tool for the

Retrieval of Interacting Genes or proteins [STRING; http://string-db.org) version 9.0] to
identify known and putative protein interactions between soybean cystatin proteins and their
interacting proteins (Szklarczyk et al., 2011; Jensen et al ., 2009). A raw list of all proteins
available in the database which were mostly similar to the query sequences was identified. An
Arabidopsis thaliana (AtCYSb) gene was indicated to have the highest similarity to all query
sequences and was used to produce a gene networks using the following updated parameters:
confidence score of 0.700, depth of 4 and interactions of no more than 10. In addition, seven
parameters including neighborhood, gene fusion, co-occurrence, experiments, databases, co-

expression and text mining. The output results were presented as a graphical network consisting
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of the highest scoring interacting proteins. For each interacting protein, a popup window
containing important information (3D structure, domains and homology models) about the

protein was also provided (Szklarczyk et al., 2011).

4.2 .2 ldentification of functional domains

Upon obtaining protein-protein association networks, identified proteins were further analyzed
for conserved (functional) domains and related function(s) using the Conserved Domains

Database (CDD; http://ncbi.nlm.nih.gov/.../cdd_help.shtml) (Marchler-Bauer et al., 2011). CDD

resource consists of a compilation of well annotated multiple sequence models for domains and
full length proteins which are presented as position-specific score matrices for domain
identification in protein sequences via RPS-BLAST. On CDD’s web portal, the protein
sequences of the four soybean cystatin genes and their co-expressed proteins were used as a
query for conserved domain identification and to also provide accessory information imported
from other databases. Additionally, the CDD also includes NCBI-curated domains, which
utilizes 3D-protein structure information (Marchler-Bauer et al., 2005). This clearly defines
domain boundaries, thus providing insights into protein sequence, structure and function

relationships.

4.2.3 Promoter content analysis and functional annotation

For this analysis, the transcription factor binding site enrichment tool Arabidopsis thaliana

expression network analysis (http://bioinformatics2.wsu.edu/.../ATHENA/.../visualize_select.pl)

database was used to identify statistically over-represented transcription factor binding sites

occurring in promoter regions of the query proteins (O’Connor et al., 2005). Briefly, ten gene
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ids (AtCYSb and co-expressed proteins) were used as queries for promoter sequence analyses in
ATHENA'’s visualization tool promoter selection page. A compact display was selected for the
visualization of transcription factor binding sites, transcription start sites and predicted CpG
islands in the promoter regions of these proteins. The predicted transcription factor binding sites
were then shown by color-coded hash marks visible in each of the predicted gene. Furthermore,
compact display also provided a transcription factor site name with a link to accessory
information about each transcription factor site and sequence. The significance of each
transcription factor was provided with a calculated P-value and the number of proteins

containing each of the identified transcription factors was also presented for each gene id.

4.2.4 Motif discovery using MEME suite

In search for novel signals (motifs) in DNA or protein sequences of selected proteins and their
structural, regulatory or biological significance, a Multiple EM for Motif Elicitation (MEME;

HTTP://meme.nbcr.net) database was used. MEME allows for the identification of binding

sites for the shared transcription factors in the set of promoters or common protein-protein

binding domains in promoter sets of selected proteins or genes (Timothy et al., 2006; 2009).

Promoter sequences (200 bp upstream and 100 bp downstream) for AtCYb and co-expressed
proteins were extracted from phytozome.net and saved in the FASTA format. These promoter
regions were used as an input for motif analyses in MEME. The number of motifs to be
identified was set to ten and the sequences used were in DNA format. The MEME results were
visualized HTML format and displayed as block diagrams. Each block diagram showed the

relative positions of the motifs in each of the query sequences.
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The MEME HTML results allowed for access to motif alignment and comparison of motifs
discovered in the input sequences with databases of known motifs (Timothy et al., 2009). To
compare these motifs, MEME motifs were submitted directly to TOMTOM web tool.
TOMTOM searches databases of known motifs to discover matches to motifs discovered by
MEME (Gupta et al., 2007). The results are then displayed as LOGOS, together with numeric

score and statistical significance of each motif match.

Lastly, MEME also allowed for the search of the functional role of each DNA motif. For this
analysis, the GOMO tool was used. GOMO assesses gene ontology (GO) terms associated with
each gene by linking gene sequences and GO annotations through the sequence identifier

(Boden and Bailey, 2008).
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4.3 Results

4.3.1 Protein identification and functional co-expression networks

Cystatin genes are not well characterized in soybean; in this study, protein coding sequences of
soybean cystatin gene GmCYS1p626 and three of its homologues (Glyma20g08800,
Glymal4g04250 and Glymal8g12240) were used as a query to search for known and putative
protein-protein interactions between co-regulated proteins. The protein-protein interaction
associations are provided with a confidence score which allows for better coverage, accuracy

and accessory information such as protein domains and 3D structures.

An Arabidopsis thaliana gene (At3g12490) was identified as a closest homologue (90%
similarity) to all four soybean cystatin genes and was used as a driver gene to produce protein
interacting networks using STRING database (Figure 4.3.1.1). At3g12490 (commonly known
as AtCYS6 or AtCYSh) is a cysteine protease inhibitor which occurs as a single cystatin
domain-containing protein with no cysteine residues at the N-terminal region and has been
implicated in stress responses (Benchabane et al., 2010). STRING was used in order to uncover
and annotate functional interactions among proteins closely related with the protein of interest
based on direct (physical) and indirect (functional) associations (Mering et al., 2003; Szklarczyk
et al., 2011), ranked by estimated confidence. Ten proteins were identified and ranked as the
highest interacting partners to At39g12490 based on co-expression data (shown in Figure
4.3.1.1). Furthermore, a fully interactive network display allowed for navigation through the
combined functional associations and related molecular and biological function within co-

regulated proteins.
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AtCYS6 functional interaction proteins

Functional binding partners Gene full name Molecular/ Blologlcal Function
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*Restorescellular oxidative damage

[ sCatalytic reduction of MetS0 to Methionine

Sulfoxide Reductase

(Cysteine
protease
inhibitor \

ASE246 *Arabidopsis thaliana next

90 m to BRCA1 genel

*Translation initiation SUI1
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Figure 4.3.1.1 List of Arabidopsis thaliana co-regulated proteins with their corresponding functions obtained from
STRING database. These proteins were identified as the highest scoring interacting partners of soybean cystatin
genes. The identified co-regulated proteins were also searched for curated biological or molecular pathway

knowledge.

To further extrapolate the potential functions of the proteins under investigation, protein coding
sequences of soybean cystatin gene GmCYS1p626 and three of its homologues
(Glyma20g08800, Glymal4g04250 and Glymal8g12240), together with AtCYb and co-

expressed proteins were annotated for the presence as well as domain location. Domains are
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regarded as distinct functional or structural units of a protein which may exist in various
contexts (Marchler-Bauer et al., 2005). Importantly, what is found as an independently folding
unit of a polypeptide chain also carries specific functions (Marchler-Bauer et al., 2011). It was
then necessary to identify conserved domains within these proteins as an attempt toward

obtaining cellular or molecular function of the protein(s) in questions.

Several domains were identified within the four novel soybean cystatin proteins and co-
expressed proteins (Table 4.3.1.1). All four soybean cystatin proteins contained a conserved
cystatin-like domain which is implicated in plant regulatory processes and stress responses
(Diop 2004; Massonneau et al., 2005). Moreover, At3g12490 also contained two conserved
cystatin-like domains involved in the same processes with those present in soybean cystatin
proteins. In addition, most of the domains identified in co-regulated proteins have also been

indicated in responses to abiotic or biotic stimulus as indicated below (Table 4.3.1.1).
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Table 4.3.1.1 Functional domains within four novel soybean cystatins and interacting

proteins.
GENE POSITION CONSERVED Potential mechanisms of action
DOMAIN
» Essential for the regulatory and protective
Glyma20g08800 | 15-90 CY (cystatin-like) effects in plants (Megdiche et al., 2009).
. Indicated in plant stress responses,
At3912490 36-126 2CY pathogen defense and programmed cell
145-233 death (Belinghi et al., 2009)
» Highly conserved transcriptional co-
MBF1 activator (Liu et al., 2003).
(multi-protein
At2942680 85-135 bridging factor-1) . Augments the tolerance to heat and
osmotic stress (Suzuki et al., 2005)
* Highly induced in oxidative, temperature
USP_like and metabolic stresses, ensuring for survival
8-147 (universal stress under stressful conditions (Chen and
At3g17020 protein) Griffiths, 1999)
« One of the major regulators of stress-
UBA responsive transcription factors and other
At4g24690 8-94 (ubiquitin regulatory proteins (Lyzenga and Stone,
associated) 2011).
»  Involved in directing cellular responses to a
PKc diverse array of stimuli, such, osmotic
At3g500500 29-280 (Protein kinase) stress, heat shock and pro-inflammatory
cytokines.
* | Regulates proliferation, gene expression
and differentiation
* Also known as an oxidative stress repair
PMSR enzyme.
At5g07470 38-182 (peptide methionine * Referred to as the “last chance” defense
sulfoxide reductase) mechanism against ROS (Levine et al.,
1999; Moskovitz et al., 1998)
* Highly induced in response to high salinity,
2 CBS oxidative stress and heavy metal (Singh et
57-122 (cystathionine ) al., 2012).
132-189 . Involved in protein regulation, intracellular
At5g10860 ion strength, cytoplasmic targeting, etc
(Ignoul & Eggermont, 2005)
Transcription * Involved in DNA transcription and
factor subunit of synthesizes precursors of mMRNA (Kornberg,
At5¢g07470 SRB subcomplex of 1999; Sims et al., 2004).
RNA polymerase 11
* Implicated as a physiological target of salt
SUI1/elF1 toxicity in plants (Wyn Jones and Pollard,
(translation/eukary 1983).
25-106 otic initiation . Improves in vivo and in vitro protein
At4g27130 factor) synthesis under salt stress conditions.

(Rausell et al., 2003).
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4.3.2 Functional characterization of AtCYb and co-expressed proteins

In order to obtain a clear understanding of the functional relatedness of the four novel soybean
cystatin genes and co-expressed proteins, gene ontology (GO) annotation was used. GO terms
allowed for functional annotation and enrichment analysis of AtCYb and co-expressed proteins

in The Arabidopsis Information Resource (TAIR; http://arabidopsis.org) database (Seung et al.,

2003; Poole, 2007). GO takes a list of proteins or genes and identifies gene ontology terms
associated with the query proteins, allowing for annotation of gene products to GO terms at
varying levels of detail to query for gene products that are involved in similar processes,

functions and components.

GO annotations are separated into three groups: cellular component which describes where in
the cell a gene acts or what functional complex an enzyme is part of, biological process
(biological roles) and molecular function, which classify the function carried out by each gene
product (Figure 4.3.2.1). GO terms such as nucleus and other cytoplasmic components were
enriched in five proteins under the ontology cellular component, while under molecular
function; three GO terms such as transferase activity, kinase activity and other binding functions
were observed to be the most prevalent (not shown). Moreover, six proteins were identified to
be involved in biotic or abiotic stimulus (Figure 4.3.2.1). Using these ontologies, one can give

meaning to any known gene and define patterns assigned to each gene.
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Functional Categorization by annotation

(A)

nucleus: 27.273% ( raw value = & )

other cytoplasmic components: 22.727% ( raw value = 5 )
cytosol: 13.636% ( raw value = 3 )

other intracellular components: 13.636% ( raw value = 3 )
plasma membrane: 9.091% ( raw value = 2 )

EF: 4.545% ( raw wvalue = 1)

mitochondria: 4.545% ( raw value = 1)

extracellular: 4.545% ( raw value = 1)

other cellular processes: 22.667% ( raw value = 17 )
response to abiotic or biotic stimulus: 17.333% ( raw value
response to stress: 13.333% ( raw value = 10)
other metabolic processes: 10.667% ( raw value
cell organization and biogenesis: 8% ( raw value
transport: 6.667% ( raw value = S )

other biological processes: 6.667% ( raw value =S )
protein metabolism: S.333% ( raw value = 4)
transcription, DNA-dependent: 4% ( raw value = 3 )
electron transport or energy pathways: 2.667% ( raw value
developmental processes: 1.333% ( raw value = 1)

signal transduction: 1.333% ( raw value = 1)

8)
6)

Figure 4.3.2.1 GO term enrichment and functional annotation of AtCYb and co-expressed proteins under the
ontologies: celluar component (A) and biological process (B). The percentage represents the number of

annotations to terms in the GOslim category/ total number of annotations to terms in this ontology.
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4.3.3 ldentification of TFBSs present in promoters of co-expressed proteins

In response to abiotic stresses, several genes are activated at the transcriptional level, and their
products are contemplated to provide stress tolerance by the production of vital metabolic
proteins and also in regulating the downstream genes (Kavar et al., 2007). Therefore, to better
understand the regulatory networks which control gene expression, transcript profiling was a
significant tool for the characterization of stress-responsive genes (Palmieri et al., 2008). To
meet this challenge, ATHENA database was used to systemically analyze and visualize these
promoter regulatory sequences (O’Connor et al., 2005). ATHENA also allowed for the
identification of statistically over-represented TF sites occurring in selected subset of promoters
and displayed the distribution of TF binding site positions. A list of the TF binding sites
identified in the promoter regions of AtCYb and co-regulated proteins and the significance of
each TF binding site in the promoter sequences is shown in Table 4.3.3.1 The majority of the

identified TF binding sites have also been implicated in abiotic stress responses.
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Table.4.3.3.1 Predicated TFBM identified in AtCYSb and co-expressed proteins

Transcription factor/Motif name Prom’s bound in P-value
subset
MYB1AT 70% 7 0.746
TATA-BOX motif 60% 6 0.927
Ibox promoter motif 60% 6 0.070
W-box promoter motif 50% 5 0.079
CARGCWSGAT 40% 4 0.884
Evening element promoter motif 40% 4 0.002
DRE core motif 40% 4 0.095
ARF binging site motif 30% 3 0.636
MY B4 binding site motif 30% 3 0.994
AtMYC2 BS in RD22 30% 3 0.603
MYCATERD1 30% 3 0.603
BOXII promoter motif 30% 3 0.768
T-box promoter motif 30% 3 0.910
CDA1ATCAB2 20% 2 0.030
GAREAT 20% 2 0.984
ABRE-like binding site motif 20% 2 0.569
ATHB5ATCORE 10% 1 0.246
E2F binding site motif 10% 1 0.242
GADOWNAT 10% 1 0.649
TGAL1 binding site motif 10% 1 0.351
ATHB?2 binding site motif 10% 1 0.750
ACGTABREMOTIFA20SEM 10% 1 0.932
MYB2AT 10% 1 0.163
ATHBL1 binding site motif 10% 1 0.750
MYB1LEPR 10% 1 0.932
GCC-box promoter motif 10% 1 0.173
ATHBS6 binding site motif 10% 1 0.418
UPRMOTIFIAT 10% 1 0.297
CACCGTMOTIF 10% 1 0.259

Table 4.3.3.1 Enriched transcription factor (motif) binding sites in promoter sequences of selected proteins.
Column one represents the transcription factor name, column two shows the number of proteins containing at least
one instance of the TF binding site in the selected subset of proteins. Column three represents the occurrence of the
motif in the whole Arabidopsis genome and column four contains the P-value associated with the significance of

each motif in the promoter sequence (obtained using a hypergeometric probability distribution).
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4.3.4 Motif discovery and analyses

Motif analysis was done to determine binding sites for the shared transcription factors and
discover significant motifs in sets of DNA sequences from co-expressed proteins (Timothy et
al., 2006; 2009). Ten motifs were identified with MEME search tool and displayed as sequence
LOGOS (a visualization tool for motifs). The number identifying the motif and the statistical
significance of each motif (E-value) are presented in column one and two respectively. The
sequence motifs and the reverse complement strand of each motif are displayed in column three
and four. Each of the identified motifs may be present in some or all of a set of input sequences
from co-expressed proteins as shown in Figure 4.3.4.1A. The order and spacing of non-
overlapping matches of the identified motifs in each input sequence is displayed, with the height

of each letter indicative of the relative frequency at the given position in the motif.

The input motifs discovered with MEME were compared to databases of known motifs, to
determine similarity with known regulatory motifs using TOMTOM web tool. TOMTOM
searches databases of known motifs, for matches to motifs discovered by MEME and provide a
significant score for each motif match (Gupta et al.,, 2007). A list of proteins previously
identified to contain each of the query motifs is shown in Figure 4.3.4.1B, along with motif
logos and number of matches. The identified motifs were further analyzed for presumed
function using the motif-Gene Ontology (GO) term association tool (GOMO), which searches
for GO terms associated with proteins that each DNA motif regulates (Boden and Bailey,,
2008). The number of GO term predications, motif identifier and the top 5 specific predicted

GO terms associated with each motif are displayed in Figure 4.3.4.1C and are specified by the
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following abbreviations: BP for biological process, CC for cellular component and MF for

molecular function.

Seven of the ten identified motifs had comparable GO terms associated to them. Four motifs
contained common GO terms such as transcription factor activity or structural constituent of
ribosome under molecular function. Under cellular component, the GO terms such as nucleus
and mitochondrion were the most common. For the category biological process, only three
motifs were associated with the same GO term “translation”. The three remaining motifs have

no GO term(s) associated to them.
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Figure 4.3.4.4.1A List of motifs discovered by MEME in query sequences of co-expressed proteins. Column one
shows the motif name, column two shows the calculated E-value which is indicative of the statistical significance
of the motif, column three displays the motif “LOGOs” and column four displays the reverse complement strand of

the motif.
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Figure 4.3.4.1B List of motifs similar to motifs identified in MEME. Column one displays the motif number,
column two contains the motif LOGO, column three shows the number of motifs that match with atleast one of the

query motifs and column four displays the list of the matched motifs.
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Figure 4.3.4.1C Go terms associated with each motif of the query motifs. Column one displays the motif

number, column two contains the motif LOGO, column three shows the number of term predictions and

column four displays the top 5 predicted GO terms associated with each motif.
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4.4 Discussion

Plant cystatins have recently been implicated to be induced by multiple abiotic stresses such as
drought, salt, oxidative and cold stress and are hypothesized to improve tolerance to these
stresses (Gutie”rrez-Campos -Campos et al., 1999; Belinghi et al., 2003; Zhang et al., 2008). In
light of this, we considered the possibility that the four recently identified novel soybean
cystatin gene GmCYS1p626 and three of its homologues (Glyma20g08800, Glymal4g04250
and Glymal8g12240) might also play crucial roles in plant defense mechanisms under abiotic

stresses.

As an initial step towards understanding the molecular mechanisms regulating cystatin gene
expression in response to these stresses, a bioinformatics analysis of soybean cystatin cis-
regulatory elements and their roles in mediating abiotic stress responses was carried out. To
date, very limited stress-related data for soybean cystatin genes is available which would assist
in selection of stress-responsive regulatory elements for functional analysis studies. Therefore,
it was essential to identify previously characterized proteins that are (closely related) with the

soybean cystatin proteins as an attempt to glean information about these proteins.

Toward this goal, an online web tool (STRING) was used to obtain gene co-expression
networks to extract information on the group of proteins that are ‘functionally’ related or co-
regulated with the proteins of interest (Mering et al., 2003; Szklarczyk et al., 2011). AtCYSbh, a
cysteine proteinase inhibitor implicated in endogenous regulation of protein turnover and
defense mechanisms against insects, pathogens and cell death processes (Hwang et al., 2009)

was identified as a closest homologue to all four soybean cystatin proteins. Thus, it was used as
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a driver protein to perform protein-protein interaction networks. Ten Arabidopsis thaliana
proteins were identified as the highest ranked functional interacting partners to AtCYb based on
co-expression data (Figure 4.3.1.1). Most of the identified proteins have been indicated to be
involved in signal transduction, transcription and biotic or abiotic stress responses, including
salt, drought, oxidative and osmotic stresses (Chen and Griffins, 1999; Levine et al., 1999;
Suzuki et al., 2005; Singh et al., 2012). The fact that AtCYb contains two cystatin-like domains
(Benchabane et al., 2010) found in soybean cystatin proteins which are known to play a role in
plant stress responses and developmental processes, confirms that the identified co-regulated
proteins belong to the same group of plant cystatins and might therefore contain similar cis-

acting elements involved in abiotic (salt) and nitric oxide (NO) gene expression.

To screen these sets of co-regulated proteins for any common function(s), GO annotation and
enrichment analyses for the description of the biological process, molecular function and
cellular component of gene products was carried out (Poole, 2007). Similar GO terms shared
amongst these proteins were identified. GO annotation provided for each category revealed that
most of the identified co-regulated proteins were either localized in the nucleus, cytosol or other
cytoplasmic or intracellular components. A similar pattern in localization was observed for
multicystatins from potato (Solanum tuberosum) and tomato (Solanum lycopersicum) and rice
(Oryza sativa) (Madureira et al., 2006; Prins et al., 2008; Nissen et al., 2009), thus indicating
the similarity of these co-regulated proteins to well characterized plant cystatins. However, the
subcellular localization of most plant cystatins is still unknown. Furthermore, six of the co-
regulated proteins namely, (At2g42680, At3g12490, At3g17020, At3g515000, At3g07470 and

At5g10860) were indicated to be involved stress responses, either abiotic or biotic as indicated

119



in Table 4.3.1.1. This result confirms that these soybean cystatin genes also play crucial roles in
plant stress responses. However, the mechanisms underlying the activation of defense responses

by cystatins remain unclear.

A sensible approach to understand the regulatory networks which control gene expression under
abiotic stresses was to search for transcription factor binding motifs (TFBM) in promoter
regions of co-expressed proteins (Nakashima et al., 2007; 2009). Studies have demonstrated that
the expression of stress-induced proteins is mostly regulated by specific transcription factors.
These TFs greatly enhance tolerance to various abiotic stresses such as salinity, cold, osmotic,
light and drought (Dubouzet et al., 2003; Vannini et al., 2004; Nakashima et al., 2007; Xiang et

al., 2008; Hu et al., 2008; Song et al., 2011).

Given that these co-expressed proteins are presumed to share some similarities with the soybean
cystatins in their regulatory mechanisms, their promoter regions might contain common TFBM
as a result of co-ordinated action of transcription factors. This analysis identified thirty one
transcription factors (TFs), with fourteen TFs highly enriched (E-value <1) in the promoter
sequences of more than three of the co-expressed proteins (Table 4.3.3.1). These included
significant TFs which have been previously identified to be responsive to abiotic stresses such
as MYBLAT, W-box promoter motif, DRE core motif, MYB4 binding site motif, AtMYC2 BS
in RD22 and ABRE-like binding site motif (Abe et al., 1997; Saibo et al., 2009; Nakashima et

al., 2009).

Overexpression of these stress-inducible TFs is known to induce better tolerance to salt and

freezing. Taken together, these results suggest that the expression of these proteins in abiotic-

120



stress tolerance is regulated by the same or similar TFs. Since studies have indicated that
TFBMs are highly conserved among orthologous and co-regulated proteins (Shannan et al.,
2005; Nain et al., 2011) and given the fact that these proteins have been identified to be
involved in similar regulatory pathways with soybean cystatin proteins; it can be hypothesized
these TFs may be co-acting either directly through physical contact or indirectly through

additional factors in the regulation of soybean cystatin expression in stress tolerance.

These observations prompted the search for novel motifs and possible associated transcription
factors that can explain the co-regulation among these proteins and their significance in plants
with the integration of GO annotation and comparative sequence analysis. This was aimed at
identifying enriched motifs, some similarities between known regulatory motifs and their
functional roles. Ten highly conserved motifs were identified in DNA (promoter) sequences of
co-regulated proteins through MEME. GO term analysis revealed that seven of the ten motifs
carry structural, regulatory or biological significance. However, three motifs had no GO terms
associated to them, indicating that these might be de novo (novel) motifs. It is highly possible

that these motifs might be involved in similar regulatory and biological processes.

Finally, integration of stress responsive cis-motif(s) annotation and comparative sequence
analysis and GO annotations with Arabidopsis (co-regulated proteins) stress responsive TFs
allowed for the prediction of soybean cystatin TFs. This was based on the existence of major
stress responsive cis-elements and associated stress-responsive GO term(s) which have been
previously reported (Abe et al., 1997; Saibo et al., 2009; Nakashima et al., 2009). However,

more detailed functional studies on abiotic-stress-inducible TFs are necessary for a better
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understanding of the complex regulatory gene networks underlying plant cystatin stress

responses.
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Summary and Perspectives

Climate change has led to adverse environmental conditions such as prolonged drought,
flooding and temperature extremes, which have resulted in salinization (high salt levels caused
by either natural processes such as mineral weathering or artificial processes such as irrigation)
of soil and have severe negative impact on plant growth. The consequence of these unfavorable
conditions in plants is a drastic decrease in crop yield, posing a serious challenge for
agricultural production worldwide. This threatens to severely reduce food security for the
increasing world population and cause severe economic losses. Nonetheless, unraveling the
molecular, physiological and biochemical responses of plants to environmental stress conditions
and identification of the plant regulatory pathways responsible for stress adaptation or tolerance
still remains a challenge. To date, significant achievements have been made in understanding
gene function during abiotic and/or biotic stress conditions. However, current technologies for
combating the effects of stress on plants have had limited capacity to improve plant tolerance to
abiotic stress. Consequently, the focus should be on developing plant varieties with improved
tolerance against these abiotic stress factors and the use of genetic engineering to alter the level

of expression of plant genes that confer tolerance to abiotic stress.

In this study, a novel soybean cystatin gene Glyma20g08800 was shown to be up-regulated by
application of a chemical that releases nitric oxide (10 uM DETA/NO) into plant tissue but
down-regulated by salt stress (150 mM NacCl). This study has also shown elevated caspase-like
activity during salt stress which corresponds to suppressed expression of Glyma20g08800 and

elevated cell death. Thus, this raises the hypothesis that sufficient expression of
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Glyma20g08800 may prevent salt stress-induced cell death by blocking the caspase-like
activity. This is supported by the fact that the levels of expression of Glyma20g08800 return
towards those of unstressed plants if the stressed plants are supplemented with 10 uM
DETA/NO. The level of caspase-like activity and cell death in these DETA/NO supplemented
salt-stressed plants returns towards that of unstressed plants. Furthermore, integration of
sequence analysis, cis-regulatory motifs and GO annotations with the stress-responsive
Arabidopsis TFs allowed for prediction of the TFs present in a novel soybean cystatin gene
GMCYSP626 and three of its homologues (Glyma20g08800, Glymal4g04250 and
Glymal8g12240) based on co-expression analysis. Several well-known abiotic stress-
responsive regulatory elements were identified within co-expressed proteins and these were
predicted to be the main regulators of cystatin expression in response to abiotic stresses.
However, the predicted stress-responsive function of the identified TFs shall be confirmed by
experimental studies. More detailed studies on abiotic stress- and NO-inducible TFs within
promoter regions of plant cystatins are necessary for better understanding of the complex

regulatory gene networks underlying NO and plant cystatin stress responses.

Overall, these results indicate that overexpression of plant cystatins under salt stress conditions
may prevent salt stress-induced PCD by inhibiting the activity of caspase-like cysteine proteases
(main executers of salt stress-induced PCD), thus suggesting that it is the ratio of caspase-like
cysteine proteases ad cystatins which determines a plant response to salt stress. This study also
raises the possibility of using nitric oxide-generating compounds to up-regulate the expression
of plant cystatins to levels that are sufficient to inhibit salt stress-induced caspase-like activity,
which will inhibit salt stress-induced cell death and thus enhance the tolerance of the plant to

salt stress and possibly tolerance to drought stress as well.
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Figure 5.1 A simply model for nitric-oxide induced cystatin expression under salt stress conditions.

Nonetheless, use of genetic engineering to alter nitric oxide synthase and cystatin gene
expression whose gene products may confer salt tolerance in plants merits further studies. This
includes the use of abiotic stress-inducible promoters to up-regulate the expression of a nitric
oxide-synthesizing gene and nitric oxide-inducible promoters to up-regulate the expression of
cystatin genes, so that plants containing this genetic alteration produce higher levels of nitric
oxide in response to salt stress than plants that do not have the genetic enhancement. This would
lay a foundation for studying the salt tolerance of the transgenic plants and transferring this

technology to crop plants of importance worldwide.
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