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SUMMARY

Reversibly oxidized cysteine sulfhydryl groups serve as redox sensors or targets of redox sensing
that are important in different physiological processes. Little is known, however, about redox
sensitive proteins in guard cells and how they function in stomatal signaling. In this study,
Brassica napus guard cell proteins altered by redox in response to abscisic acid (ABA) or methyl
jasmonate (MeJA) were identified by complementary proteomics approaches, saturation
differential in-gel electrophoresis (DIGE) and isotope-coded affinity tag (ICAT). In total, 65 and
118 potential redox responsive proteins were identified in ABA and MeJA treated guard cells,
respectively. All the proteins contain at least one cysteine, and over half of them are predicted to
form intra-molecular disulfide bonds. Most of the proteins fall into the functional groups of
energy, stress and defense, and metabolism. Based on the peptide sequences identified by mass
spectrometry, 30 proteins were common to ABA and MeJA treated samples. A total of 44
cysteines was mapped in all the identified proteins, and their levels of redox sensitivity were
quantified. Two of the proteins, a SNRK2 kinase and an isopropylmalate dehydrogenase were
confirmed to be redox regulated and involved in stomatal movement. This study creates an
inventory of potential redox switches, and highlights a protein redox regulatory mechanism in
guard cell ABA and MeJA signal transduction.
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INTRODUCTION

Guard cells are highly specialized epidermal cells that border tiny pores called stomata.
Guard cells rapidly change volume and shape, enabling stomatal pores to open or close in
response to environmental signals, and thus regulating CO, uptake and water loss. Stomatal
function is essential for plant growth, yield, and interaction with the environment. In
response to drought, the phytohormone abscisic acid (ABA) triggers guard cell responses
that inhibit stomatal opening and promote stomatal closure to minimize water loss
(Assmann, 1993; Schroeder et al., 2001; Fedoroff, 2002; Li et al., 2006). Forward and
reverse genetic screens, and recent proteomic analyses have revealed many components
participating in guard cell ABA signaling, and the information has been synthesized into
network models (Li et al., 2006; Wang and Song, 2008; Zhu et al., 2012a; Jin et al., 2013).
H»0, and nitric oxide (NO) have been recognized as central components in this network
(Neill et al., 2002; Saito et al., 2009; Zhu et al., 2012a). The elevation of H,O, and NO has
also been observed in methyl jasmonate (MeJA)-triggered stomatal closure (Munemasa et
al., 2007; Saito et al., 2009). The generation of these weak oxidants could lead to mild
oxidative stress in guard cells. Cysteines are particularly susceptible to oxidative insults due
to the nucleophilic property of the sulfhydryl groups (Di Simplicio et al., 2003).
Modification of the cysteine thiol by redox is an important signaling mechanism for
conveying cellular responses (Finkel, 2003; Tonks, 2005).

In mammals, many signaling proteins have been shown to be redox regulated, including
Ca%*-ATPase, Ras-related GTPase, EGF growth factor, phosphorylase  kinase and voltage-
dependent anion channel protein (Yuan et al., 1994; Matsunaga et al., 2003; Heo and
Campbell, 2005; Aram et al., 2010; Cuddihy et al., 2011). In plants, reduction of specific
cysteine residues activates Calvin cycle enzymes such as fructose-1,6-bisphosphatase and
phosphoribulokinase (Jacquot et al., 2002). In guard cells, the activities of protein
phosphatase ABI1 and ABI2 are sensitive to redox state (Meinhard and Grill, 2001;
Meinhard et al., 2002). In addition, stomata of the ethylene receptor mutant etr1 did not
close in response to H,O,, and mutation of a specific cysteine residue in ETR1 disrupted
H,0,-induced stomatal closure (Desikan et al., 2005). However, direct evidence for thiol-
based redox regulation in guard cells and a link between protein redox change and stomatal
aperture change remain to be demonstrated.

Two complementary proteomics approaches, saturation differential in-gel electrophoresis
(DIGE) and isotope-coded affinity tag (ICAT), can be employed to analyze thiol-based
redox proteins (Fu et al., 2008; Lindahl et al., 2011). The principle underlying the
approaches is that, after experimental treatment and protein extraction, free thiols (-SH
groups) are irreversibly alkylated by iodoacetamide (IAM), leading to
carbamidomethylation (CAM), whereas other sulfurs (e.g., those in S-S bonds) remain
unmodified. The latter are then reduced, specifically labeled by fluorescent dyes, and then
differentiated by two-dimensional gel electrophoresis (2-DE) followed by fluorescent
imaging. Alternatively, these unblocked sulfhydryl groups can be tagged by ICAT reagents
and identified by liquid chromatography tandem mass spectrometry (LC-MS/MS) (Figure
1). Comparison of results from hormone-treated versus control samples then allows
identification of peptides harboring cysteines that exhibit hormone-modulated changes in
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redox status. In the case of the ICAT approach, the specific redox-sensitive cysteines within
the peptide can also be identified. Here we demonstrate an application of these redox
proteomics technologies toward the investigation of potential thiol-based redox proteins in
guard cell hormone signaling. In total, 65 and 118 potential redox sensitive proteins were
identified in ABA and MeJA treated guard cells, respectively, among which 30 were
common. Forty-four redox sensitive cysteines in the proteins were mapped and their
sensitivity levels were quantified. This study creates an inventory of potential redox
switches and highlights interaction between ABA and MeJA signaling pathways in guard
cells. Using biochemical approaches, two interesting proteins (a SNRK2-type kinase and an
isopropylmalate dehydrogenase (IPMDH)) were demonstrated to be redox regulated. In
addition, stomatal movements of two ipmdh mutants showed hyposensitivity to ABA.

Guard cells redox proteomic approaches

ABA and MeJA can induce stomatal closure and elevation of stomatal ROS levels (Desikan
et al., 2004; Islam et al., 2009; Zhu et al., 2010; Zhu et al., 2012b). In addition, the resultant
ROS production and stomatal closure can be reversed by ROS scavengers (Zhu et al., 2010;
Zhu et al., 2012b) and protein kinase inhibitors (Figure S1). These results suggest that the
guard cell redox state and phosphorylation events are important in the ABA and MeJA
signaling processes. To investigate redox sensitive proteins, we used the reverse labeling
strategy as described in the introduction (Figure 1). The observed increase of signal intensity
in ABA and MeJA treated samples relative to control samples indicates the presence of
oxidized cysteines; these cysteines are then candidate targets of hormonally-stimulated
oxidation (Figures 1-3). Compared to a forward strategy in which the samples are labeled
directly without the initial alkylation and reduction steps, the reverse labeling strategy
maintains the initial redox state of the proteins by the blocking step, which prevents further
modification during sample processing. In addition, this protocol renders cysteines buried
inside the proteins easily accessible to the DIGE or ICAT tags (Fu et al., 2008).

As previously noted, identification of redox proteins can be complicated by protein level
changes (Alvarez et al., 2009; Fu et al., 2009). This problem can be partially resolved by
comparing the redox proteomics data to iTRAQ data that report abundance changes for the
same proteins (Alvarez et al., 2009; Fu et al., 2009; Zhu et al., 2010; Zhu et al., 2012b;
Tables S1 and S2). For example, a chloroplast chlorophyll a/b binding protein was identified
as a possible redox protein with a DIGE intensity change of 1.64 fold in ABA treated guard
cells (Table S1). However, the iTRAQ data revealed an abundance change of 1.77 fold.
Thus the DIGE fold change is likely due to the expression increase rather than to cysteine
redox response. In contrast, a ribulose-5-phosphate kinase was determined to be redox
responsive because it was captured in the DIGE experiment without significant protein level
changes (Table 1). However, such assessment becomes difficult if the corresponding protein
was not identified or quantified in the iTRAQ experiments (Tables S1 and S2). In this
report, we have included such proteins as potential redox proteins but have excluded those
deemed not to be redox responsive based on comparison with iTRAQ data (Tables 1 and 2).
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Guard cell redox responsive proteins in ABA signaling

A total of 65 potential redox proteins were identified in guard cells under ABA treatment, of
which 21 and 49 were identified from ICAT and saturation DIGE, respectively (Table 1).
Five proteins were identified using both methods (Figure 4). These proteins largely fell into
the groups of energy, metabolism, cell structure, photosynthesis, and stress and defense
(Figure 5A). Interestingly, a large number of guard cell proteins belonging to the energy
group were also found to exhibit altered expression levels, mostly up-regulated under ABA
treatment (Table S1) (Zhu et al., 2010). This is consistent with the high energy requirements
of stomatal movement (Schwartz and Zeiger, 1984; Parvathi and Raghavendra, 1997). The
identified redox proteins in this group include ATP synthase subunits, fructose-bisphosphate
aldolase, glyceraldehyde-3-phosphate dehydrogenase, malate dehydrogenase,
phosphoglycerate kinase 1 and succinyl-CoA synthetase, most of which have been identified
as thioredoxin targets (Table 1; Table S1) (Buchanan and Balmer, 2005; Montrichard et al.,
2009). Identified redox proteins in photosynthesis include RuBisCO large and small
subunits, photosystem Il 44 kD reaction center protein, phosphoribulokinase, ferredoxin and
sedoheptulose-bisphosphatase (Table 1). RuBisCO subunits are known thioredoxin targets
(Motohashi et al., 2001; Lemaire et al., 2004). Both phosphoribulokinase and ferredoxin
have the conserved cysteine residues necessary for thioredoxin-dependent regulation
(Walters and Johnson, 2004; Michels et al., 2005), and the enzyme sedoheptulose-
bisphosphatase has redox active cysteines responsible for the regulation of its catalytic
activity by light (Raines et al., 1999).

Cell respiration and photosynthesis involve a suite of redox reactions and thus represent
highly redox regulated processes (Jacquot et al., 2002; Rouhier et al., 2002; Giraud et al.,
2011). Several proteins in respiration and photosynthesis have been reported to be redox
regulated, e.g., fructose bisphosphatase, NADP-malate dehydrogenase, and NADP-
glyceraldehyde 3-phosphate dehydrogenase (Ocheretina and Scheibe, 1994; Carr et al.,
1999; Chiadmi et al., 1999). Our data have not only confirmed these identified thiol redox
proteins, but also revealed some redox responsive proteins that had not been reported before
(e.g., photosystem 11 44 kDa reaction center protein, de-etiolated V-ATPase, and putative
fructose bisphosphate aldolase).

Proteins involved in metabolism constitute another large group to show changes in redox
status upon ABA treatment (Table 1). Several proteins have been reported as thioredoxin
targets, including glutamine synthetase, adenosine kinase 1, and threonine synthase
(Buchanan and Balmer, 2005; Montrichard et al., 2009). A few enzymes, such as glutamine
synthetase and oxalic acid oxidase, have thiol groups in their active sites (Chiriboga, 1966;
Ericson and Brunn, 1985). These findings imply that amino acid metabolism may be
sensitive to oxidative stress through cysteine modifications.

Other interesting proteins that showed ABA-induced alteration in redox status fell into stress
and defense, cell structure, and signal transduction categories. Senescence-associated
cysteine proteases, with cysteine residues at the active site, have been extensively studied as
they appear to play a central role in a wide range of proteolytic functions from embryo
development to programmed cell death (Tajima et al., 2011). One of the proteases identified
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here was reported to be redox regulated in pea by ascorbate and thiols during root nodule
senescence (Groten et al., 2006). We identified enolase LOS2 as altered by redox in the
guard cell ABA response (Table 1), and it was also reported to be involved in cold-
responsive gene transcription (Lee et al., 2002). We also found an allene oxide cyclase
(ERD12) to be redox regulated (Table 1). ERD12 catalyzes an essential step in jasmonic
acid biosynthesis, thus our observation suggests ERD12 is a common component in ABA
and MeJA signaling in guard cells. Interestingly, allene oxide cyclase was identified to be S-
nitrosylated in A. thaliana hypersensitive response (Romero-Puertas et al., 2008). In
addition, our data suggest that guard cell redox status may affect myrosinase activities to
regulate glucosinolate degradation (Table 1) (YYan and Chen 2007). A myrosinase mutant
tggl exhibited hyposensitivtiy to ABA inhibition of guard cell inward K* channels and
stomatal opening (Zhao et al., 2008). Recent work by the Murata laboratory suggests that
myrosinases TGG1 and TGG2 function downstream of ROS production and upstream of
cytosolic Ca2* elevation in ABA and MeJA signaling in guard cells (Islam et al., 2009).
There is also evidence showing that glucosinolate degradation products such as
isothiocyanate can induce stomatal closure (Zhao et al., 2008; Khokon et al., 2011).
Furthermore, we identified an ascorbate peroxidase (APX) as redox responsive to ABA
treatment (Table 1). APX is an enzyme that detoxifies peroxides such as H,O, using
ascorbate as a substrate (Noctor and Foyer, 1998). It has been reported that cysteine
oxidation is involved in the inactivation of APXs, and that glutathione protects APX from
irreversible oxidation of the cysteine (Kitajima et al., 2007).

Cytoskeleton reorganization is an important event in stomatal closure (Li et al., 2006). Actin
and tubulin reorganization in Arabidopsis guard cells was observed in the process of ABA-
induced stomatal closure (Lemichez et al., 2001). Here we have revealed actin, tubulins,
extensin-like protein, stomatin domain containing protein and plastid-lipid associated
proteins (PAP) as potential redox proteins under ABA treatment. Extensins are important for
cell growth (Everdeen et al., 1988). Stomatin is a 32 kD membrane protein which is a
component of a membrane-bound proteolytic process (Green et al., 2004). Although the
Arabidopsis homolog (At4g27585) was found to have unique zinc binding property (Tan et
al., 2010), this protein has rarely been studied in plants. Accumulation of PAP in plastids
was found to be enhanced by various stresses (Murphy, 2004). How redox regulation may
play a role in guard cell cytoskeleton reorganization in response to ABA is an intriguing
question.

Interestingly, we found several redox responsive signaling proteins, e.g., 14-3-3 protein,
osmotic stress-activated protein kinase and calmodulin-binding protein. Cysteine2® of the
14-3-3 protein was found to be S-nitrosylated (Greco et al., 2006). Redox regulation of
calmodulin-binding proteins, kinases and phosphatases has rarely been reported. The
identification of these redox responsive proteins highlights the importance of guard cell
redox state changes and redox modification of signaling proteins. Previous proteomic
analyses of leaves have identified some of the proteins reported here to be thioredoxin
targets, e.g., elongation factor Tu, eukaryotic initiation factor 4A, cell division protein FtsH,
proliferating cell nuclear antigen, and GTP-binding nuclear protein RAN1 (Table S1)
(Buchanan and Balmer, 2005; Montrichard et al., 2009). Our identification of these
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thioredoxin targets in guard cells suggests that thioredoxin plays an important role in guard
cell signaling and stomatal movement.

Redox responsive proteins in MeJA signaling

A total of 118 potential redox proteins were identified under MeJA treatment, of which 16
and 107 were identified from ICAT and saturation DIGE, respectively. Five proteins were
identified using both methods (Table 2; Figure 4). Functional classification of the proteins
revealed a similar pattern as the ABA result (Figure 5B). Proteins related to energy,
metabolism, stress and defense, protein folding, transport and degradation, and
photosynthesis are dominant, followed by minor groups such as protein synthesis and cell
structure. Thirty-six proteins belong to the group of metabolism, constituting the largest
group of the redox responsive proteins in guard cells under MeJA treatment. Seventeen of
the proteins, e.g., leucine aminopeptidase, cysteine synthase, triosephosphate isomerase, 3-
isopropylmalate dehydrogenase, dihydrolipoamide dehydrogenase, dihydrolipoamide S-
acetyltransferase, and serine hydroxymethytransferase have been listed as thioredoxin
targets in leaves (Table S2) (Buchanan and Balmer, 2005; Montrichard et al., 2009).

Proteins involved in respiration constitute the second dominant group. More than half of
these proteins (11 out of 20) were also identified in the redox-modulated proteomes of ABA
treated guard cells (Tables 1 and 2). The proteins identified in the MeJA experiments
include NADH-ubiquinone oxidoreductase, isocitrate dehydrogenase, pyruvate
dehydrogenase E1, and succinyl-CoA ligase. Several proteins in photosynthesis also were
found to be redox responsive. RuBisCO activase contains numerous cysteines and it was
identified as a thioredoxin target (Buchanan and Balmer, 2005). Incubation of RuBisCO
activase with DTT and thioredoxin f increased its activity, whereas DTT or thioredoxin m
alone had no effect (Zhang and Portis, 1999; Zhang et al., 2002). Ferredoxin-NADP(+)-
oxidoreductase (FNR) is the last enzyme catalyzing the step from photosystem | to NADPH
in the photoelectron transport chain (Talts et al., 2007). Two cysteines in the spinach FNR
are essential for the enzyme activity in the ferredoxin-dependent reaction (Aliverti et al.,
1993). However, redox modification of the cysteines has not been characterized. These
results are consistent with the previous findings that mitochondrial respiration and
chloroplast photosynthesis are highly redox regulated.

Ten proteins involved in stress and defense were identified in the MeJA treated guard cells
(Table 2). Heat shock proteins have been reported to contain redox sensitive cysteines
(Nardai et al., 2000). Other proteins, 2-Cys peroxiredoxin, germin-like protein, ascorbate
peroxidase, MnSOD, and heat shock protein HSC70 were found to be thioredoxin targets in
leaves (Buchanan and Balmer, 2005). Since both ABA and MeJA trigger stomatal closure
involving cytoskeletal reorganization, it is not surprising to find overlap between the two
data sets in the cell structure group, including actin, tubulins and extensin-like protein
(Tables 1 and 2). Other redox responsive proteins worthy of note include phospholipase D
alpha 1 (PLDal), mitogen-activated protein kinase 12 (MPK12), and a homolog of
potassium channel protein, all of which are known to function in ABA signaling in
Arabidopsis guard cells (Zhang et al., 2004; Li et al., 2006; Jammes et al., 2009).
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Common proteins in ABA and MeJA signaling pathways

Based on peptide identification from MS/MS sequencing, a total of 30 proteins were found
to be common in the ABA and MeJA redox-responsive proteomes (Tables 1 and 2; Figure
4). About one third (11/30) of the proteins were identified using ICAT and two thirds
(24/30) using DIGE. In our previous studies, we have identified many guard cell proteins
showing expression level changes in response to ABA and MeJA (Zhu et al., 2010; Zhu et
al., 2012b). Taken together, these results highlight that the interaction between ABA and
MeJA signaling pathways involves redox changes, which rarely have been studied, as well
as protein abundance changes.

Among the shared proteins, 11 fall into the energy group. Guard cells contain abundant
mitochondria and display a high respiratory rate. Oxidative phosphorylation is an important
source of ATP to fuel the guard cell machinery for stomatal movement, and this process is
known to be redox regulated (Schwartz and Zeiger 1984; Parvathi and Raghavendra, 1997;
Giraud et al., 2011). Four of the shared proteins are involved in amino acid and
carbohydrate metabolism. In addition, a few cell structure proteins were shared between the
two datasets, implicating cytoskeletal reorganization in both ABA- and MeJA-induced
stomatal closure. Furthermore, three shared proteins in the stress and defense group were
identified, supporting the long-standing notion of cross-tolerance in plants (Sabehat et al .,
1998; Capiati et al., 2006). Other overlapping proteins fell into groups of protein synthesis,
folding and degradation, cell division, differentiation and fate. These results have provided
new evidence at the posttranslational level for interaction between ABA and MeJA
pathways in guard cells (Gehring et al., 1997; Evans, 2003; Suhita et al., 2003; Suhita et al.,
2004; Munemasa et al., 2007; Saito et al., 2009) and have enhanced the depth and scope of
previous knowledge of hormone signaling and interaction in guard cells (Acharya and
Assmann 2009; Wang et al., 2011; Jin et al., 2013).

Redox responsive cysteines in ABA and MeJA signaling

The sequence of each identified protein was submitted for intra-molecular disulfide
prediction (http://clavius.bc.edu/~clotelab/DIANNA/). Thirty-six out of 65 ABA responsive
proteins were predicted to form intra-molecular disulfide bonds (Table S3). Although redox
DIGE is robust in identifying potential redox-regulated proteins, identifying the specific
CyDye-labeled cysteines has not been successful due to the loss of the CyDye tags during
the MS/MS sequencing process. With the ICAT approach, 27 cysteines were found to be
redox responsive and quantified (Table 1; Figure S2). Six of the cysteines (Cys**? in
ribulose-1,5-bisphosphate carboxylase/oxygenase, Cys®’® in endoplasmic reticulum
ATPase, Cys136 in reversibly glycosylated polypeptide-1, Cys1#4 in ubiquitin extension
protein (UBQ5), Cys325 in extensin family protein, and Cys87 in unnamed protein product)
correlate with the cysteines predicted to form disulfide bonds (Table S3). It should be noted
that dithiol-disulfide exchange represents only one possible modification on the thiol group.
Other types of thiol modifications include sulfenic acid, sulfinic acid, and sulfonic acid
formation, and S-nitrosylation (Depuydt et al., 2011). The procedure employed in our
proteomic analyses will not only identify the cysteines involved in disulfide bond formation
but also those undergoing reversible and irreversible thiol modifications (Aracena-Parks et
al., 2006; Wang et al., 2009). Some mapped redox responsive cysteines from previously
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identified thioredoxin targets include cysteine2’® in vacuolar ATP synthase subunit A,
cysteine’” in succinate dehydrogenase flavoprotein alpha subunit, and cysteinel88 in
mitochondrial elongation factor Tu (Table 1). Some proteins with redox sensitive cysteines
that have not been reported before include glyceraldehyde-3-phosphate dehydrogenase C
subunit, transitional endoplasmic reticulum ATPase, cytosolic triosephosphatisomerase,
initiation factor 5A-4, 60S ribosomal protein L2, ubiquitin extension protein, and extensin-
like protein (Table 1).

Regarding the MeJA results, 61 of the 118 potential redox proteins reported in this study are
predicted to form intra-molecular disulfide bond(s) (Table S4). With the ICAT approach, we
were able to map 21 redox responsive cysteines (Table 2; Figure S3). Eight of the cysteines
(Cys*22 in ADP-glucose pyrophosphorylase small subunit, Cys!®2 in aldehyde
dehydrogenase, Cys'%® in 3-isopropylmalate dehydratase-like protein, Cys325 in extensin
family protein, Cys!4? in Rab GTPase, Cys222 in myrosinase, Cys224 in hypothetical protein,
and Cys218 in an unknown protein) correlate to the cysteines predicted to form disulfide
bonds (Table S4). The responsiveness of the 21 mapped cysteines to redox changes was
quantified. For example, a cysteine-containing peptide from the mitochondrial malate
dehydrogenase showed a one fold intensity increase under MeJA treatment (Figure 3). This
protein has been reported as a thioredoxin target (Montrichard et al., 2009); however, the
redox responsive cysteine residues have not been reported. In our study, detailed cysteine
residue information is provided for some known redox-regulated proteins, such as RuBisCO
large and small subunits, and newly identified redox proteins, e.g., homocysteine S-
methyltransferase and multicatalytic endopeptidase complex (Table 2). The identification of
the redox responsive proteins and mapping of redox sensitive cysteines set the stage for
further characterization of the potential redox regulated proteins in guard cell hormone
signaling.

Redox regulation of proteins involved in stomatal movement

An osmotic stress-activated protein kinase (BnSnRK2) was identified in the proteomic
analysis of ABA treated B. napus guard cells (Table 1). This protein is most similar to
Arabidopsis SnRK2.4, a known serine/threonine protein kinase rapidly activated by different
stress stimuli (Kulik et al., 2011). To test if redox changes affect BhnSnRK2 phosphorylation
activity, recombinant BnSnRK2 was treated with different concentrations of H,O, followed
by a kinase activity assay. As shown in Figure 6, H,O, treatment significantly reduced
BnSnRK2 kinase activity. Another oxidant, oxidized glutathione (GSSG) showed a similar
inhibitory effect on the kinase activity (Figure 6). We also tested the effect of a
physiological NO donor S-nitrosoglutathione (GSNO) (Zhang and Hogg, 2004). GSNO
inhibited the BnSnRK2 activity in a dose-dependent manner. Overall, high levels of ROS,
RNS and GSSG can perturb cellular redox state, e.g., by overwhelming the antioxidant
system. Oxidation caused the decrease and even loss of BnSnRK2 activity. The most
commonly used reducing reagent, DTT, recovered and enhanced the kinase activity that had
been inhibited by H,0,, GSNO or GSSG (Figure 6). These results demonstrate sensitive and
reversible response of the BnSnRK2 activity to redox condition changes.

Plant J. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Zhu et al.

Page 9

The cDNA of another potential redox protein, an isopropylmalate dehydrogenase
(BnIPMDH) in B. napus var. Global was cloned (Table 2). BnIPMDH was clearly
responsive to oxidants (H,O, and CuCl,) and reductants (DTT and thioredoxin m (BnTRX
m)), and these redox reagents regulate the exchange between the oxidized and reduced forms
in a dose-dependent manner as previously observed for the Arabidopsis homolog (He et al.,
2009). In addition, the redox status correlated with the BnIPMDH activity (Figure 7).
Interestingly, Arabidopsis ipmdhl/ipmdhl single mutant and ipmdhl/ipmdhl ipmdh2/
IPMDH2 ipmdh3/ipmdh3 mutant showed similar hyposensitivity to ABA inhibition of
stomatal opening and ABA promotion of stomatal closure (Figure 8). Homozygous ipmdh2/
impdh2 ipmdh3/ipmdh3 is lethal (He et al., 2011). In summary, these data from two
representative proteins demonstrate the utility of redox proteomics in discovering
uncharacterized redox proteins and their involment in stomatal movement.

DISCUSSION

Hormonal signaling and protein redox modification in guard cells

Several plant hormones have been shown to regulate stomatal movement, among which
ABA and MeJA are the most intensively studied (Acharya and Assmann 2009; Zhu et al.,
2012a). The synthesis of ABA and MeJA is stress inducible (Evans, 2003; Desikan et al.,
2004). Both ABA and MeJA promote stomatal closure and their signaling pathways interact
and form an intricate signaling network in guard cells (Munemasa et al., 2007; Saito et al.,
2009). However, the molecular details, including the regulatory mechanisms, are
incomplete. A recent transcriptomic analysis revealed 696 ABA induced and 477 repressed
genes in Arabidopsis guard cells (Wang et al., 2011). Compared to the defined marker genes
regulated by each hormone (Nemhauser et al., 2006), 51 and 21 genes from the ABA
induced and repressed genes overlapped with MeJA-regulated genes, respectively (Wang et
al., 2011). At the posttranscriptional level, proteomic analysis using isobaric tagging and
mass spectrometry identified 104 and 84 proteins with significant abundance changes in
response to ABA and MeJA, respectively. Ten shared proteins were found in the two data
sets (Zhu et al., 2010; Zhu et al., 2012b). These lines of evidence suggest that interaction
between ABA and MeJA pathways is supported by data at the physiological, transcriptional,
and posttranscriptional levels. Here we have revealed a total of 153 potential redox
responsive proteins and 44 redox responsive cysteines in guard cells under ABA and MeJA
treatments (Tables 1 and 2; Figure 4). The 30 overlapping proteins between these two
datasets represent a large portion of potential redox responsive proteins in each hormone
treatment, implying pathway interconnection of the two hormone responses at the
posttranslational level.

Redox proteins are among the missing components in guard cell signaling

Elevation of ROS and RNS levels is an early signaling event common to ABA and MeJA
signaling pathways, where these oxidants serve as secondary messengers and/or alter the
microenvironmental redox status in guard cells. Particularly in the ABA signaling pathway,
the plasma membrane NADPH oxidases (AtrbohD and AtrbohF) produce ROS in the cell
wall space. They are phosphorylated by an upstream kinase OPEN STOMATA 1 (OST1,
SnRK2.6), which is activated by the ABA receptor complexes formed by PYR/RCAR and
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PP2C isoforms (Sirichandra et al., 2009; Hubbard et al., 2010). Although redox regulation in
plants has been widely studied in the context of photosynthesis and plastid antioxidant
defense under stress conditions (Jacquot et al., 2002; Rouhier et al., 2002), redox responsive
proteins and regulatory mechanisms in guard cells have been largely unresolved. Here two
complementary proteomics approaches, ICAT and saturation DIGE, resulted in the
identification of 65 and 118 potential redox responsive proteins under ABA and MeJA
treatment, respectively (Tables 1 and 2; Figure 4). Many of the proteins are predicted to
form intra-molecular disulfide bonds (Tables S3 and S4). Additionally, a great percentage of
the proteins have been identified as thioredoxin targets in other tissues (Tables S1 and S2).
Functional classification of ABA and MeJA responsive proteins in guard cells showed
similar patterns (Figure 5). Proteins involved in energy production, metabolism, stress and
defense, and cell structure were dominant. These findings provide additional evidence for
the notion that common proteins and signaling events exist between ABA and MeJA
signaling pathways in guard cells. For example, the redox regulation of several proteins in
respiration (Tables 1 and 2; Figure 5) may adjust the enzyme activities to fuel stomatal
movement. Another example is the activation of ROS scavenging systems to maintain redox
homeostasis in response to ABA and MeJA (Tables 1 and 2). Many proteins highlighted in
bold in Tables 1 and 2 and their mapped cysteines have not been previously reported to be
potentially redox responsive.

No proteomics technologies can achieve 100% proteome coverage. Absence of protein
quantification information for many of the proteins identified here clearly compromises the
ability to designate the proteins and their cysteines as redox-responsive. Here we report both
tentative and likely redox proteins and cysteines (Tables 1 and 2) so that more hypothesis-
testing experiments, as shown for BnSnRK2 and BnIPMDH (Figures 6-8), can be
performed. As to the apparent differences between the DIGE and ICAT results, one should
note that the DIGE results show overall protein level redox status (sum of levels of all
cysteines), while ICAT results show individual peptide level redox status. Despite these
challenges, our results clearly show that these technologies are capable of capturing a large
number of potential thiol redox proteins and cysteines. With the development of multiplex
cysteine isotope tags, mapping the redox proteome in a temporal manner can be expected in
the near future (Parker et al., 2012).

Linking redox status to kinase activity and glucosinolate metabolism

Phosphorylation is another common type of post-translational modification, and mediates a
spectrum of signal transduction events, including guard cell hormone signaling. The most
studied A. thaliana SnRK2 mutant, ost1 exhibits impaired capability to limit transpiration
upon drought, resulting in withering and death. Additionally, the ABA induction of stomatal
closure and ABA inhibition of light-induced stomatal opening were disrupted in the mutant.
However, stomatal regulation by light, CO,, or MeJA were not affected, suggesting that
OST1 is specifically involved in ABA signaling (Mustilli et al., 2002; Suhita et al., 2004;
Hubbard et al., 2010). Protein kinases participate in guard cell redox signaling based on the
observation that ROS production and stomatal closure can be reversed by protein kinase
inhibitors (Hubbard et al., 2010) (Figure S1). However, the connection between
phosphorylation events and redox regulation is not clear. A few kinases in animals have
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been shown to be redox regulated. For example, Janus kinase activity is nitric oxide and
thiol redox regulated (Duhé et al., 1998). In contrast, redox regulated kinases rarely have
been reported in plants. An S-locus receptor kinase from B. oleracea was found to be
inhibited by thioredoxin (Cabrillac et al., 2001). A protein kinase involved in the regulatory
phosphorylation of maize phosphoenolpyruvate carboxylase could be activated by
thioredoxin-mediated reduction and inhibited by oxidized glutathione (Saze et al., 2001). To
the best of our knowledge, these two kinases represent the only cases of redox-regulated
protein kinases in plants. Here we show that a guard cell expressed serine/threonine protein
kinase is sensitive to redox modulation. ROS and RNS, such as H,O, and GSNO, can
inhibit the kinase activity, and this inhibitory effect could be alleviated by reduction (Figure
6). The reversible redox response implies that the activity of the kinase is responsive to
microenvironmental changes in redox status.

Isopropylmalate dehydrogenase (IPMDH) catalyzes the oxidative decarboxylation step in
both leucine biosynthesis (primary metabolism) and methionine chain elongation of
glucosinolates (specialized metabolism) (He et al., 2009). Although the link between
glucosinolate biosynthesis and stomatal movement has not been elucidated, the enzymes that
degrade glucosinolates (myrosinases) and one type of degradation product (isothiocyanates)
have been shown to be important in stomatal movement (Zhao et al, 2008; Khokon et al.,
2011). Here we identified and charcterized a B. napus IPMDH to be redox responsive (Table
2; Figure 7). These results are consistent with the finding that the activity of isopropylmalate
dehydrogenases is redox regulated (He et al., 2009). There are three IPMDH genes in A.
thaliana. The ipmdhl/ipmdhl mutant and ipmdhl/ipmdhl ipmdh2/|PMDH2 ipmdh3/ipmdh3
mutant showed significantly altered glucosinolate profiles (He et al., 2009; He et al., 2011,
He et al., 2013). Interestingly, the two mutants exhibited similar hyposensitivity in both
ABA promotion of stomatal closure and ABA inhibition of opening (Figure 8), raising the
possibility that IPMDH1 plays the major role in this ABA response. This result constitutes
the first evidence for the involvement of aliphatic glucosinolate biosynthesis in stomatal
movement. Additionally, myrosinase was identified as a redox sensitive protein in guard
cells under ABA and MeJA treatment (Tables 1 and 2). Myrosinases TGG1 and TGG2 have
been discovered to function downstream of ROS production and upstream of cytosolic Ca2*
elevation in guard cell ABA and MeJA signaling (Zhao et al., 2008; Islam et al., 2009). Our
data indicate that key enzymes in glucosinolate biosynthesis and degradation (e.g., IPMDH
and myrosinase) are redox-regulated during hormone-induced stomatal movement.

CONCLUSION

This work provides an in-depth report of thiol-based redox proteins responsive to the
phytohormones ABA and MeJA in guard cells, a specialized cell type. The two
complementary proteomics approaches employed here can be extended to other systems for
investigation of other redox proteomes. The identification of the ABA- and MeJA-
responsive proteins highlights a redox switching mechanism in guard cell hormone
signaling. The common components provide additional evidence for the hypothesis that
stomatal hormone signaling pathways intersect at different levels, from physiological to
transcriptional, translational, and post-translational. The results from the proteomic analyses
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constitute an inventory of candidates worthy of further investigation towards the ultimate
goal of improving plant water usage efficiency, stress tolerance and yield.

EXPERIMENTAL PROCEDURES

Plant growth, guard cell protoplast preparation, and hormone treatment

Plant growth and guard cell protoplast isolation were conducted as previously described
(Zhu et al., 2009). ABA was added to the second enzyme digestion at a final concentration
of 100 uM. The treatment time was 2 hours. MeJA treatment was conducted in the same
way except at a final concentration of 50 uM. These concentrations are sufficient to induce
stomatal closure (Zhu et al., 2010; Zhu et al., 2012b). Three replicate experiments were
conducted for each treatment, i.e., three controls and three treated samples were used for
proteomics analyses.

Protein extraction and ICAT labeling

A solution of 10% trichloroacetic acid in acetone was used to precipitate protein for two
hours on ice. The protein pellet was collected by centrifugation at 20,0009 for 15 min at
4°C. Protein samples were washed with 80% acetone once and 100% acetone twice. The
pellets were dissolved in ReadyPrep™ Sequential Extraction Reagent 3 (Bio-Rad Inc.,
USA). Samples were quantified using a CB-X™ protein assay kit (G Biosciences Inc.,
USA). A protein aliquot of 100 pg was alkylated with 100 mM iodoacetamide (IAM) at
75°C for 5 min followed by 37°C for 1 hour. The sample was then precipitated in 100% cold
acetone overnight. The pellet was dissolved in 80 puL ICAT denaturing buffer from the ICAT
kit (AB Sciex Inc., USA). Reduction, labeling and trypsin digestion were performed
according to the manufacturer’s manual (AB Sciex Inc., USA). Tryptic peptides were
fractionated on an Agilent HPLC system 1100 using a Luna® HILIC column (150 x 2 mm, 3
pm, 200 A, Phenomenex, USA) and ten fractions were collected. The peptides in each
fraction were purified using an avidin affinity cartridge provided in the kit, dried, and
suspended in trifluoroacetic acid at 37°C for 2 h to release the peptides (Zhu et al., 2012).
The peptides were lyophilized and dissolved in a loading solvent (3% acetonitrile v/v, 0.1%
acetic acid v/v) for mass spectrometry analysis.

Saturation DIGE labeling, 2-DE and protein digestion

Control and treated protein samples were mixed equally to generate an internal standard.
The DIGE labeling procedure was adapted from the manufacturer’s protocol (GE
Healthcare, USA). Cy3 maleimide (Cy3m) was used to label six equal aliquots (10 pg each)
of the internal standard. Cy5 maleimide (Cy5m) was used to label three control or three
hormone treated samples (10 ug each). The amount of tris-2-carboxyethyl-phosphine and Cy
dye was adjusted to 3 nmol and 6 nmol, respectively. Samples were loaded onto 24 cm IPG
strips (pH 4-7, GE Healthcare, USA) in rehydration buffer (8 M urea, 2% CHAPS, 1% DTT,
and 1% ampholytes 4-7) and rehydrated for 12 h. The samples were focused in an Ettan™
IPGphor™ 3 IEF system (GE Healthcare, USA) for 80,000 V-hr, at a maximum voltage of
10,000 V and a current limit of 50 mA/strip. Proteins were then separated in the second
dimension on 24 cm 8-16% gradient Tris-HCI gels (Jule Biotechnologies Inc., USA) using
an Ettan™ DALTsix gel box (GE Healthcare, USA) (Yang et al., 2012). After

Plant J. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Zhu et al.

Page 13

electrophoresis, the gels were scanned on a Typhoon™ 9400 imager (GE Healthcare, USA)
with 100 um resolution and appropriate photomultiplier voltages to avoid spot saturation.
DeCyder™ software (v5.0, GE Healthcare, USA) was used to analyze the gel images.
Protein spots with at least 1.5 fold change and p-values less than 0.05 were matched across
gels. In-gel trypsin digestion and peptide extraction were conducted as previously described
(Chen, 2006).

Reverse phase HPLC, tandem mass spectrometry and protein identification

ICAT fractions and peptides from DIGE spots were dissolved in 10 uL loading solvent and
loaded onto a C18 PepMap™ nanoliter-flow column (75 pm I.D., 3 pm, 100 A, LC
Packings, USA). The elution gradient started at 97% solvent A (0.1% v/v acetic acid, 3% v/v
acetonitrile)/3% solvent B (0.1% v/v acetic acid, 96.9% v/v acetonitrile) and completed at
40% solvent A/60% solvent B within 1 h for ICAT samples and 20 min for DIGE samples.
Tandem MS analysis was carried out on a quadrupole-time of flight mass spectrometer
(QSTAR® Elite, AB Sciex Inc., USA) (Zhu et al., 2012b). The analysis of the MS data for
ICAT was performed using ProteinPilot™ 3.0 (AB Sciex Inc., USA) searching a target-
decoy concatenated NCBI FASTA database for green plants (5,222,402 entries). For the
DIGE experiment, the MS spectra for each spot were searched against the same database
using Mascot software (http://www.matrixscience.com). The following parameters were
selected: tryptic peptides with no more than 1 missed cleavage site, mass tolerance of
precursor ion and MS/MS ion of 0.3 Da and variable methionine oxidation, and ICAT or
DIGE modifications of cysteines. At least 2 peptides identified or 1 peptide with at least 6
continuous ions in the MS/MS spectrum with significant ion score (p <0.05) and number
one ranking were accepted as unambiguous identification (Figures S4-S7).

Data analysis

For ICAT experiments, the following criteria were used for the identification of the redox
sensitive cysteine-containing proteins: 1) contain at least one ICAT modified cysteine; 2) at
least 20% increase or decrease in ICAT MS ion intensity under treatment (Figure S8); 3)
peptide confidence over 95%; 4) peptide present in at least two out of the three replicates,
and 5) each peptide assigned to only one protein without redundancy. Among the 27
peptides showing redox responsiveness to ABA, 20 have replicate variance within the
average variance (0.089) of all three ABA-ICAT replicates (Table S1), whereas 19 out of
the 20 MeJA responsive peptides have replicate variance within the average variance (0.039)
of all three MeJA-ICAT replicates (Table S2). This indicates statistical significance of the
ICAT data using the above criteria. Identifications from DIGE experiments were screened
by the protein sequences. The identified proteins were compared to iTRAQ protein level
results (Zhu et al., 2010; Zhu et al., 2012b). Proteins with changes in the ICAT and/or DIGE
experiments that could be attributable to protein expression/turnover differences were
excluded from the redox sensitive protein list. A fold cutoff of 1.5 between the redox and
abundance changes was used to determine potential redox proteins. The redox sensitive
proteins were classified according to their molecular functions as designated by Bevan et al.
(Bevan et al., 1998). Entire protein sequences were analyzed by DiANNA (http://
clavius.bc.edu/~clotelab/DIANNAV) for intra-disulfide bond prediction using a neural
network-based approach (Ferre and Clote, 2005).
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Recombinant protein expression and purification

RNA was extracted from B. napus leaves using an RNeasy® plant mini kit according to
manufacturer’s instructions (Qiagen, USA). cDNA was synthesized from 1 ug RNA using a
SuperScript® 11 kit with oligo(dT) according to manufacturer’s protocol (Invitrogen, USA).
The BnShRK2 cDNA (HM563040) was cloned into a pET28a expression vector (Novagen,
USA) using primers SnRK2-F (5 CGGATCCATGGAGAAGTACGAGCTGG 3") and
SnRK2-R (5" CAAGCTTTCACACTTCTCCACTTGCG 3”). The constructs were
transformed into E. coli strain BL21 (DE3). E coli was grown in LB medium (1% w/v
tryptone, 0.5% wi/v yeast extract, 1% w/v NaCl) at 37°C to an absorbance of 0.6, and then
protein expression was induced with 1 mM isopropyl-beta-D-thiogalactopyranoside (IPTG)
for 4 h. BnSnRK2 was purified as His-tagged protein using a PrepEase® kit (Affymetrix/
USB, USA). The protein preparation was concentrated by ultra-filtration using a 3 kD cut-
off membrane (Millipore, USA) at 4°C. The cDNA of BnIPMDH was cloned using primers
BnIPMDH-F (5 CGGATCCATGGCGGCAGCTTTACAAACG 3’) and BnIPMDH-R (5
CCCTCGAGAACAGTAGCTGTAACTTTGG 3") and expressed using the same procedure
as described above.

In-solution kinase assay and IPMDH activity analysis

The reaction buffer for BnSnRK2 phosphorylation contained 50 mM Tris-HCI pH 7.5, 10
mM MnCly, 2 nM cold ATP and 2 pCi [y-32P] ATP (PerkinElmer Inc., USA). One
microgram BnSnRK2 was added to initiate the reaction unless otherwise stated. After
incubation at 30°C for 30 min, the reaction was stopped by adding Laemeli sample buffer.
Proteins were separated on 12% SDS gels. Phosphorylated proteins were visualized by
autoradiography after the gel was washed with a buffer containing 5% trichloroacetic acid
and 1% sodium pyrophosphate. Redox regulation of BnIPMDH was characterized as
previously described (He et al., 2009). One unit of activity was defined as the amount of
enzyme that reduces one pmol of NAD™ per minute. The specific activity is defined as
activity units per mg protein.

Stomatal movement assays

For ABA-inhibition of light-induced stomatal opening, leaves from 4-5 week old plants
were excised and floated in a solution (10 mM KCI, 1 mM CaCl,, 10 mM MES-KOH, pH
6.15) with adaxial epidermis upward. After incubation in the dark for 3 h to ensure stomatal
closure, leaves were rinsed briefly with water and transferred to opening solution (10 mM
KCI, 0.1 mM CacCly, 10 mM MES-KOH, pH 6.15). ABA or the same volume of ethanol
(0.1% v/v) was added into the solution and the petri dishes were exposed to 175 + 25 pmol
m~2 s~1 white light to induce stomatal opening. For ABA-induced stomatal closure, excised
leaves were the first placed in opening solution and kept under light for 3 h to promote
stomatal opening. ABA or the solvent control was then added into the solution. For both
experiments, the abaxial epidermis was peeled at the indicated time points and imaged at
x400 magnification. Stomatal apertures were measured by Image J (NIH, MD, USA)
analysis of the digital images.
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Simplified diagram showing complementary approaches of saturation DIGE and ICAT used
to identify redox sensitive proteins. Proteins from control and hormone-treated guard cells
were first alkylated to block remaining free -SH groups, then the cysteines oxidized were
reduced and labeled with Cy dyes or ICAT reagents, followed by DIGE and LC-MS/MS.
IAM, iodoacetamide; CAM, carbamidomethylation; TCEP, tris(2-carboxyethyl)phosphine.
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Figure 2.
Example of redox protein identification using the DIGE approach. (a) DIGE image of

control guard cell proteins. (b) DIGE image of ABA treated guard cell proteins. (c) A
protein spot from control sample. (d) The same protein spot from ABA-treated sample
showing its redox regulation. (e) 3D view of (c). (f) 3D view of (d). (g) Quantitative changes
of the spot across replicate samples. The protein spot was identified as myrosinase Myr2
(gi414103).
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Figure 3.

Example of redox protein identification and cysteine mapping using the ICAT approach. (a)
MS spectrum showing relative quantitation of a peptide derived from mitochondrial malate
dehydrogenase (gi899226). (b) Peptide MS/MS spectrum with continuous series of b and y
ions for confident identification.
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Saturation
DIGE
44

Figure 4.
Venn diagram of guard cell thiol proteins responsive to ABA and MeJA identified using

ICAT and saturation DIGE. The circled area is proportional to the number of proteins
identified for each treatment using a single method. The overlapping region is labeled with
the number of identical proteins. (a) Twenty-one and 49 proteins were identified to be redox
responsive to ABA treatment by ICAT and DIGE, respectively. Five proteins were
identified by both methods. (b) Sixteen and 107 proteins were identified to be redox
responsive to MeJA by ICAT and DIGE, respectively. Five proteins were identified by both
methods. (c) A total of 30 proteins were common between ABA and MeJA treated guard
cells.
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Functional classification of redox sensitive proteins in guard cells under ABA (a) and MeJA
(b) treatment. The pie charts show the percentage distribution of the proteins into their

functional categories according to Bevan et al. (1998).
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Figure 6.
Redox regulation of the phosphorylation activity of BnSnRK2. (a) Oxidants H,O,, GSNO,

and GSSG inhibited autophosphorylation activity in a dose-dependent manner. (b) Reversal
of the inhibitory effects shown in (a) by DTT. Control sample does not have any oxidants or
reductants.
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Redox regulation of B. napus isopropylmalate dehydrogenase (BnIPMDH). (a) Pattern
changes between reduced (re) and oxidized forms (0x) in response to DTT, BnTRX m,
H»0,, and CuCl,, as visualized by SDS-PAGE and Coomassie staining. (b) Activity
changes associated with the redox status of BnIPMDH.
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Figure 8.

Stomatal movement phenotype of WT, ipmdhl/ipmdhl and ipmdhl/ipmdhl ipmdh2/
IPMDH2 ipmdh3/ipmdh3 mutants in response to 50 uM ABA.. (a) Hyposensitivity of
stomatal closure in ipmdh mutants. (b) Hyposensitivity of stomatal opening in ipmdh
mutants. Mutant1 and mutant? represent ipmdhl/ipmdhl and ipmdhl/ipmdhl ipmdh2/
IPMDH2 ipmdh3/ipmdh3 genotypes, respectively. Each experiment was repeated four times
with 105 £ 5 stomata measured for each sample. Each data point represents average stomatal
aperture + standard error. Asterisks indicate that the data point was significantly different
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between genotypes under the same treatment at the same time point (Student’s t test, p <
0.01).

Plant J. Author manuscript; available in PMC 2015 May 01.



Page 29

Zhu et al.

2T 18'T/€22T 6ET 0'9/65 (\gqns [BLIPUOYOOHW ‘e HUNQNS SBUIUAS d 1V
sn9T'T 90°€/9102 98 g'8/ee T.869..L aseusboapAyBp eyelew [elIPUOYIOHIN
sNC60 vl YOLVISAT13A441ADdVSO 'y 1'6/06 9//¢€esT ased 1V wninanas olwsejdopus [euomisues |
sNPS'T 05'0/€T6T €zt £'6/Ge Tastrand 8SBUI{0JoNJ} BAIFRINd
sNT0'T L9'T/TS02 C) g'8/ee 990952¢€ aseuafoapAyap ayefew juspuadap-avN 1se1dolojyDsg
9 0/vST 8z1 es/ey
S8'T/9%ST 44" v'SIEy
L8'T/SYST ST 0's/EY
9v'0/245T 91z oy
02'2/0SST 8€Z 8'G/EY
sne0'T 05°0/T8ST Tve vviey OVLYEEYT ase[op|e syeydsoydsig-as01oniy
s¢60 §2'0/9222 81T T MINDONASOOAI 2Ll v'slle FARANTAY) aseJawosiyeydsoydasoLi} 91j0s0}AD
sNCET 2N/29LT €6 G'9/EY OV LYEEYT ase|opye ajeydsoydsiq asolon.y aAEINd
sn80'T S8'T/9%ST 0€T v's/ey ZYYT6E8T O UuUNQns ased L V-A ‘€ PeYe|ona-9Qs
GLLIENE]
dioN 78T 4OSAd1AIOVIIVVATIAAAAAADIINIOIDAdLIL €0C 8'€/0T 0866TT uixope e
sNL6°0 9€'0/€60T 181 8e'T YAAIOHITIIIADLIM 65’8 z'8/02 258LT uuNgns |[ews 09sIgNY:g
s09°0 SLT/L9LT 802 zosey ¥678225T (3svdas) ssereydsoydsig-ssojmdayopass
SL°0 MNWIIDLOVLIVYNIAHD
110 PENTELRRERLIN
62T MMAIDVYV13dSM
ST AVYOAIVITIVA
T AVI4013IDAADIIHAD
sLv'0 vS'T NdMILIOT1dYD 18°/¢C 2929 L969¥€T urey afire| asejAxoged ayeydsoydsiq asonqiyy
SNC60 G8'T/9VST GeT 8'S/GY 6€812 aseuly ajeydsoyd-G-aso|nqry
s02T 9€°0/€60T 0€T L'9/€9 G8ZTET J83u8d uonoeal B v |1 WalsAseloyd
9) SISeyiuAsoloyd
ones Ovdl!  8bueyd plod/oNlods  (391Q) 8400510058 (LvD1) sbueyd plod4 (Lvol)spndad  (LwOl) 84005 pasnun  [d/(e@¥) 4N (16) uoissadoy aweN

NIH-PA Author Manuscript

T alqel

NIH-PA Author Manuscript

e’luswieal] gy Japun s|92 pJenb sndeu g ul paijinuapl suisloid aanisuodsal xopay

NIH-PA Author Manuscript

Plant J. Author manuscript; available in PMC 2015 May 01.



Page 30

Zhu et al.

ai oN €21 UNAHAAQDNHSSAAIQI T 10T 9'6//T T.222ST 7-V§ Jojoej uoleniuly
sn96'0 8e'T MNNTIIATSAADAD 90y 29/6Y 0229€esT N1 10joe} UONHEBUO|S [BLIPUOYIONIA
sN80'T 150 YADAHHIANDIAAYOAAIS 00T 6°0T/82 ¥G6.22ST Z71 utsr0.d [ewosoqis S09
G) SISSUIUAS U18101d
28T MNAHIdHIDdADYd LIV

dl oN 06T UM TINVADLAOAS S7'6 1'6/2¢ 12798909 85ePIX0 PIoe O1[EXOr
dl ON 99°0 M4SOLHSIOOH 8e'C T'L/85 €2.€€TST aseyiufs suluos 1y
dloN 2N/9012 vl 9'v/EE 0000£0T uwio.d 11Red AX0g.e0 unolg
dl oN SLT/L9LT 95 T'8/Ey SYYEVTT aseuabopAupp [oyoore [Aeuutd
dl ON 05°0/€T6T 0L 0'9/5€ 0£790v8T asejonpa. ajeul|oo1dipo.pAyia
sN98°0 9€°0/€60T €8 '9/29 0£69969 aselayuAs sulwein|o
s8T'T 2N/29LT 65 €'6/6€ €9/2€2ST (TXQV) T 9seup| 8UISOUBPY5
snT6°0 ov'T YAdAATINA44d1SdDTIN €L 95Ty 59825251 T-spndadAjod pare|Asodk|B Ajqisionats
sN8L'0 oN/29LT 8 §'6/5€ 218T05¢ asepIxo 83e|09A|9
sn80'T 90°€/9102 19 6'8/€€E 50866 ase1onpad [utsroad-Jsaaed-|Ae]-|Aoug
sNOT'T JYEITEVT 25 0'8/1S ¥1808. 1 8seyiuAs utso.d astiaed |Aoe-1A0e019)-Ey
sNCT'T 10°2/TTTC 85 (A1 EY8Y6YC aseA| suolyrein|Blhoioe
(1) wstoqesin
(odeo)
ON 62T MV 1dVTONLLOSYNSAIQ1AS 70’8 9'9/L€ T€26225T Hungns O aseusBo ipAuap areydsoyd-g-opAusp e BIK D5
dl oN 18'T/€2eT 0T 0'G/¥S Y0706 asereydsoyd!) ausouspy
s020 Sv'2/€99 €Le 8G'TT HIDDOAAAAVASNSA 10'9 8'7/69 ¥€26TZST (V-VHA) V Hunans aseyjuAs 41V Jejondeps
SIET 7' 0/vrST €LT £'6/Ey G6S0ECST (TX9d) T aseuns| ayes0A|Boydsoydsg

20°T/ETLT 11T 8'7/9€
$99°0 SZ'0/96LT oz T°9/9¢ 12.6T25T 91100140 *aseuabioipAuyap arefein
SNOV'T €5°0/v6L 26T 9,0 MLIDVLINADOHISIOIVY vy 6'6/69 G/00%2ST utajoidonely aseuaBiolpAyap ajeu1dons
SLET T¥°0/SL6T 99 080 NSVA4dT13LILSOAASIIAAAIADNTD ze0T 8'8/9¢ 922668 [eLpUOYd0NW ‘sseusBoipAyap alefein,
1sejdotojya
sGL°0 0G°0/18ST 02z 9'5/SY Tz9Tg  ‘4osinoaid g aseusboipAysp areydsoyd-g-apAyspleladk|Dsy
sNT6°0 ON/VELT 48 T'9/€€ G6080.G 1sejdouojyo ‘ureyd ewwed sseyuAs d1v
$690 62°0/L0TT 0z 9'G/LY L59v8€95 nunans eydje ased 1v-Td
ones Ovdl!  8bueyd plod/oNlods  (391Q) 8400510058 (LvD1) sbueyd plod (Lvol)epndad  (LwDl) 84005 pasnun  [d/(e@¥) N (16) uoissaooy aweN

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Plant J. Author manuscript; available in PMC 2015 May 01.



Page 31

Zhu et al.

dl ON €51 Md103ISVdI 00T §'9/28 8995€TST ul0.d a1 |-UIsueIXg
dl oN 9r'0/LLST GL 2'6/95 6006971 UeLLOp UIFeLoss / pueq Buiufeiuocd ‘upio.d aAreind
dl ON §5'2/92re S 8'7/5C 0548Y2rT Zdvd upio.d pareloosse pidi|-plise|ds
ON oN/LETT LT 8'7/€9 ZLYTYeST (raNL)ureyo y-eeq uinan Ly

02'2/0SST €61 8'G/Ey

05°0/T85T 0z Sy/EY
sN09'T G8'T/9YST 86C v'SIEY Y9Z6ETY UnIVzg
[OEZIGEINES]
dl oN 99'2/9v5¢ G9 6'7/1C €09272ST umw10.d Buipuig-uinpow D
ai ON 68'2/0£92 15 €'S/6T 9//89%STT (02dd) Oz sesereydsoyd auluoayipuLeS
sN98°0 10°2/111C 8y 8'7/62 #S500T Bojowoy utaoud g-g-4T
sn66°0 ON/TGET €9 9'G/LY 86089561 aseuy u1ajoad paleAloe-ssauls J110WsO
) Uondnpsueay [eudis
sN66'0 19T YTHNVdSddOVAdT493IdDIHIOSLAA 08'C T'L/8€ TLYE609Y asepixo.ad 81eqodse [ewons

€5°0/76L 06 §'6/SL

L2°0/008 6 9'6/SL

€€°0/v08 G9T L'S/SL

08'2/6.6 66T T'9/5L
s8T'T 95°0/688 692 0'6/SL €0TYTY ase|oJpAyoan|B ap1soan|BoiL ‘aseulsoIAN;
svL0 62T MNL4dATa0I3100dN 20z £'6/62 0LL6¥8.ST (¢T@y3) uoneipAyap 03 asuodsal Alre3
(esom)
sn00'T 18°T/€22T 12T 5'5/8Y 186/22ST T sauab aAIsuodsal A][e2110WSO JO UOISSaIAXd MO
sn6T'T GG'2/9¢ve 26 9'v/S2 T82TVT8T aseajoud au191sAa [P31eId0SSe-30UB0S8UsS s
G) 9Suajap pue Ssaa1s
dl ON ¥9'0 MNOAAALTOD ST 8'6/8T GT/822ST (sdan) uwoud uosuee uninbigN
dl ON 60°€/vEVT 01T 8'6/5¢ €89Z5ETY Hungns Tekq SOz awosesio.d aeind
sNL6'0 L9'T/T90C 15 '6/82 0880TS aseajold onredse aAnEINd
sn86°0 JN/TSET 18 6'S/LY 0608TZST 1ungns eydye asepndad Buissso0ad [BIIPUOYI0N N
() Uorepeabsp pue bunaodsuely "BuIp|o} UIs}oid
dl ON ON/TSET 6 6'S/LY 90S0LTT -V 10108} UoIR U1 OB0A NS
ai oN 19°0/T2vT L L'9/85 9EVT08LYT urewop (T43) Butureluod ‘upiold reoneYIOdAH
ones OvyL! 9bueyd pjo4/oNlods  (391Q) 8403510058 (LvDI) abueyd plod (Lwol) epndad  (LvOl) 21008 pasnun  1d/(ea@) 4N (16) Uoissadoy aweN

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Plant J. Author manuscript; available in PMC 2015 May 01.



Page 32

Zhu et al.

‘uolreaiyiuenb ou ‘ON ‘UoIRIIIIUAPI OU ‘@l ON ‘uomeaiyiuenb juediyubis ‘s ‘uonealyuenb jueayubis-uou ‘SN :,01el OWY L1, (196 [023u02 Ul Jods anbiun ‘Qn ‘awnjoa jods Jo abueyd pjos pue Jaquinu jods 391Q ‘,ab6ueyd pjo4/-0N 10ds, ‘uiod 911399130s! ‘|d ‘ssew
Jejnasjow ‘4 “sjuawiadxa OWYL1 8y} Ul paljizuenb Jo paiiuspl Jou a1am Ing sabueyd Xopas pamoys SJlfel Ul asoy} pue ‘pareinfial xopal Ajfenusiod se paijiauapl Ajmau aJe pjog ul SaWeu Ulsiold °, %, YA pajage] aJe g 8jqeL Ul UMOYS S)Nsal /8N Yim suiaiold mc_%m:mSOm

580 9T HdAVSODIIT 6TC 8'9/¢S 8GGELTVET 1onpoud utsload psweuun
(T)umousiun

aioN 2N/9012 29 9vIEe Tvi66vZ (VNOd) usBiue sesjonu jpd Buirese}ljods

dl oN 10°2/TT1C 9L 2'9/62 11185 TN uwloud Jesjonu Buipuig-d19

sIST 6.0 MOLDdOATTIID AR 'G/SL €€€BETST Hs}d utajoud UOISIAIP 19D

(€) 378} pUE UOIENUSISHIP "UOISIAIP (130

dl ON S¥'L/€99 6% 21126 €TTEEL29 anireind ‘upo.d uosodsueio ey

T) uondridsued |

ones Ovdl!  8bueyd plod/oNlods  (391Q) 840051005t (LvD1) sbueyd pjod4 (LvOl)epndad  (LwDl) 84005 pasnun  [d/(e@¥) N (16) uoissaooy aweN

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Plant J. Author manuscript; available in PMC 2015 May 01.



Page 33

Zhu et al.

sN9T'T 09°0/278 seL 0'5/S9 129997 ased LV JejondeA Buipulg-epnosjonN
s95'T €0°€/506 769 T'SIvS €2aSv.8 uungns ejaq aseyuAs d1v
SNLT'T v0'7/vSET L So/Ey OvLYEErT ase|op[e ajeydsoydsiq as03oniy
sne0'T 69'T/099T 981 S'8/ey 12199102 aseuaBopAyap aefew 1sejdosoydy
ZLTIvLST vGe 9v/LE
SNLT'T 99°T/€LGT 09€ 9v/LE G/902T 911050340 ‘aseuaBopAyap ayeydsoyd-g-apAyap|etsdk| Oy
sC6T vO'PIvSET G6T 7'S/EY Tr16€8T 2 UuUNQns 8sed L V-A ‘€ Pere|ons-aQs
snE6'0 0L'T/6T9T 66 0'L/G€E 20,9971 Hungns v aseusbospAysp sreydsoyd-¢ spAysplesa0h|9
02) Ab1su3
dloN 95°0/2822 GeT 8'9/8¢2 €ETTT 11 wesAsoloyd Jo xe|auiod Bunjons-usliAxO
dloN SE'0/9TL2 vET 9Lre 79990781 ugplo.d e GT [euawin| pioiejAyL
LG'T/0ZST 821 6'v/LE
sNET'T 65T/695T 01€ 8v/LE LYEELTT asejeydsoydsig-/ 'T-as0|mdayopasss
sne0'T 0L'T/TeLT 99 §'8/TY €6./€2¢ST T 9Se10NP3I0PIX0-(+)dAVN-UIX0PaLId
(mungns jrews Oos1gNy)
s€0'C €T MIAOVYSALID41d 60'8 28/02 2687  Josinoaud 1sejdouolya ‘ureyo |fews asejAxoqued areydsoydsiq asoIngidyy
€0°€/S06 gee Sv/ES
s97°0 SS'T/9T6 125 vL0 MNWITILOVLYNTAHD 980T 87/€S 1255728 aseuabAxoyaselAxoqued areydsoydsig-5'T-as0InNqidy
sN10'T 66'T/€L0C 85T 6'S/S€ 20G8Y.S x8|dwod Buinjons usbAxo sy} Jo Hungns eax €€
TLT/LSST 18T €'6/5e
05'0/652T L2z 0'S/1S
T8'T/E6TT 052 0'§/eS
sNIC'T €5°0/8LET e v'6/2s SYTSOPST (v0u) aseAnoe 0osigny
sNG8'C 16'T/0022 L €6/le GE658GY uajoud Butpuig g/v [1Aydooyd Bunsansey b
s\v0'T LS'T/02ST 81T 8'9/vy G2z1€25T 9€T 9ousdsalonyy [|Aydololyd ybiH
6L'T/66TC 09 L'vIse
sN9S'Y 1S'0/STET G9 T'9/€C 86668607 utaload Butpuiq gye j1Aydosolyo
TT) SISsyuAsoloyd
ones Ovdl!  8bueyd plod/oNlods  (391Q) 84005 100seN  (LvD1) 8bueyd plod4 (Lvol) spndsd  (LwQl) 84008 pasnun  |d/(eax) 4N (16) uoissaoay aweN

NIH-PA Author Manuscript

¢ ?olqel

NIH-PA Author Manuscript

g’luswieal) W8\ Japun s|190 prenf sndeu g ui paiynuspl sutslold sANISUSS Xopay

NIH-PA Author Manuscript

Plant J. Author manuscript; available in PMC 2015 May 01.



Page 34

Zhu et al.

dl ON ¥S'T/SSS vS 25169 6,855 ungns e@ 02 8sedV isejdouol
dl oN z9'0/eee et 6'G/T8 IARTAAR [e1JpUOYO01 LU “HUNGNS Y G/ 85819NP8 Jop X0 auounbign-HAvN
T MMIIVVIdALSNAINSIANATYHADA
w1 MTOVAVAIVOVAVASTLYSONOV
sNIT'T vS'0/LELT 141 VT MSV44dTILILSOAASDIAAAIADNTD v0'8 8'8/9¢ 922668 [eLpuoyd0W ‘aseusboipAyap alefeiny
v0'7/VGET 09T §'9/Sk
s9v'T 99°0/.62T 453 §'6/9% €G€52ZST [e1IpUOYI0}W ‘UTeyd-e1aq (Buliioj-dao) esebl| wod-|Au1dons
28°T/28YT 141 L'G/6€
sNSO'T €5°0/8LET €2 AT 8.¥02S uungns e3aq T3 aseuaboipAysp syeaniAd
G5°0/20TT 10T S/9y
sNOT'T Ly'0/0vTT 0€T SvI9y 6988T25T aseuaboIpAyap syeo0s|
sNC0'T T'2/886 €89 §'6/8Y 0€€L65VE ase|ous
05°0/65¢T 9T 0'S/vry
TG T/vZET €€z LviEy
SNGS'T 87°0/68TT 165 0'9/7y GTLTE2ST ase|opye djeydsoydsig-asolonis
0L°T/6T9T A4 6'7/9€
99'T/ELGT 88T 9'7/9€
sNOT'T G6'T/60ST 8¢ee L'S/9€ TCL6TCST 911050140 ‘aseuafiolpAyap slefeiNy
95°0/.8¢2¢ 19T 8'7/SC
82°€/507C €97 9'v/02
€5T/1€22 8.1 L'vISe
88'T/L¥CT 8T L'vIST
sn76°0 TS T/vZET [4:74 LvIEy S650€2ST (T19d) T aseuny areseok|Boydsoydss
sN00'T 8°0/68TT 102 9'5/sh 06£95E nungns g aseusbiolpAysp areydsoyd-g apAysplesaok| s
LS'T/0ZST 8.1 0'G/LE
79°0/80. e 8'G/SS
SNBT'T §G'0/2TL 8re 7'6/SS
19°0/€5L [ast4 €'9/55
1S°T/66L 129 Z'S/S5 €OVvTT [etipuoyd0NW ‘eydfe 1UNANS aseyluAs d1v:
sL6'T €0'€/506 69 Sv/E9 6v86€6.T HUNQNS €13 9SBUIUAS d LV T [2HPUOYIONIN
95'T/.68 244 €'7/S9
onel Oyl abueyd plod/oNlods  (3D1Q) 84005 303seIN  (LvDI) 3Bueyd plod (Lvol)spndad  (LwQl) 1035 pasnun  1d/(e@) AN (1B) uolssaody aweN

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Plant J. Author manuscript; available in PMC 2015 May 01.



Page 35

Zhu et al.

SNOE'T 0L°T/900T 281 99T YAVALIAAQYONTILATIIVOISIDS e 6'9/LG 6608892 uungns |ews asejAioydsoydo.Ad asoonib-dav
s9EC €ST MIAALNDDVY VDT 10T 1'9/SS 188022ST aseuaBolpAyap apAysplv
09°0/£6€ vie 6'G/28
SNEB'0 S9°0/vLE 08¢ 8'G/z8 G8962€L utaloid ax1|-asejojadsuel L
sNSV'T S9°0/T00T 9 €'8/0S €961885 asesajsuel|A1a0e- apiweodijoipAyig
snTO'T 8v°0/68TT 112 7'9/1S 72821eST aseInwouwe-T z-apAyaplelwss-T-ajewen|9
s\PT'T €5°0/8LET 8L 8's/Ty 0195526 z-3pndadAjod paye|AsooA|B Alqisianady
T aseuaboipAysp
sNE60 19°0/€5L T 0'LI¥S Y¥0TZ2ST aplweodi|/[elipuoydo)w ‘T aseusboipAysp apiweodijoipAyiq
sn08'T 18°T/806T 88 L'Sivy T08.5.6 aseuaboipAyap arerew|Adoidosi-g
sG'8T A MAHIdHIOdADVLIVY LY T'6/TC 1298909 SEPIXO PIJE J[EXO
sN09'T 66'T/€L0C 00T LLIgE 926208y aseJaLLos| ajeydsoydasoniL
sNCT'T S9'1/828 29 L'S/SS 76€9T asepndadourwe aurona-
sNC0'T VL T/TELT 902 8'G/L€ €8LETTT uiajosd TIyL
T6'T/8STT GL zsi8y
€5°0/8LET evl zs/6e
sNEO'T v0'7IvSET YT €'6/Sk €9.2€2ST (TXQV) T 9seupy| aUISOU3PY-
sN90'T vS'0/LELT ort L'SIvE 0TLLOYST (Y3/S4N) sseronpal-sseawida/aseyiuAs asouurey-apriosjonN
snT8°0 €7°0/98€ 80T 0'9/8L 1208€6 asejauIuAs ajejAxoqued-g-autjoalAd-Teyaa
75°0/186 86 7'9/15
sN00'T G9°0/T00T 6.8 G9/1S ¥1808/ 1 8seyiuAs utsoad astiaed [Aoe-1A0e019)-Ey
sN9S'T 650/0LE €9 ¥'S/e8 6YYTL9L urer0.d ax1j-v asepndadobilo
sNET'T G5°0/20TT 20T 0'8/Ly 87992251 (TNNS) esereapAy syetewny
SN9ET VL TITELT [413 VACTED) 71G€22ST a5BJONP3J SUOABIOS|
sn80'T 99'T/2v8 [414 L'SIvS 8€80TLT ase|0apAy ausisoowoy-T1-1Asouspe-s
sNOT'T §5'0/2TL [4%4 9'9/29 €9/G€2ST urero4d Ajiwey ssepndadoulue [0s01AD
sN60'T 0zT MdUSAADAINDINAD TTY T'9/78 9898£25T aseaajsueyjAylow-s ausisAoowoH
s\PT'T £7°0/625C 06 8.0 HOVHISSISOIOTHALHATVISOVYI3S 00T 0'v/12 889/G268 aseapAyap/ase|okd saokwordents
sNETT G6'T/60ST 66 6'G/6€ 2959251 aselayuAs sulweln|o
(9¢) wistoqeIsin
onel Oyl abueyd plod/oNlods  (3D1Q) 84005 303seIN  (LvDI) 3Bueyd plod (Lvol)spndad  (LwQl) 1035 pasnun  1d/(e@) AN (1B) uolssaody aweN

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Plant J. Author manuscript; available in PMC 2015 May 01.



Page 36

Zhu et al.

(€T) Uonepeidap pue buniodsuel] BUIpjoj Uta1oid

€T HNOOIDVAAITIAAAI

ON T6'T/8STT 90T L0 NAAQYHOIDAAHVAH 00'G 8'6/eS 6S0LEZST ased 19 qey
dl ON LS'T/0Zre 81T 6'6/TC 75055 917 uRlo.d [ewosoq Ry
al oN 66'T/T€8T A4 €'8/ce 185516 6 1ungns € J0joe} UOIE Ul Lo SURL
sNIT'T Ly'0/0vTT GST £'S/LY 7¥8€0€ V7 1010€} uoly OnoAiednIy
sN90'T T8'T/E6TT 6L zares 1927672 onse|douo|yd ‘n Jojoey uopebuol3
870 26'T/E0TT 66T 76105 68156 eydye-T Jojoey uonebuo|3
A 05'0/652¢T [4k4 T'S/SY 97€2690€ TS uIgjoud [ewosoqry

19°0/509¢ 0T L'SILT
sNT9'0 €7'0/625¢ 012 L'SILT LLTS0807 \/G-10108) UOeNIU UoITR[sURL) ON0AIe’NT:,
SNV8'T 19°0/5092 82T 0'6/8T 76762.9 2171 uisjoud [ewosogi S09
sNC8'0 66'T/TEST ST 9vILT GGT8G.6 €S ura30.d [ewosoqu SOy
0OT) SISSUIUAS uls)0id
dl oN G6'T/60ST 16 L'S/9€ 9TL.€25T VAON U10.d BUIUeILOD-UBOp H)

€5°T/TS0T 61T iy

§5°0/20TT evl Svily
sNCT'T L7'0/0vTT 95T S/9Y G865.LE asealpy YNY
¢) uonduosued |
ON Ly'0/0vTT 89T §'6/9% LT258¢EL T ssepyIufs dov-foeos-epg
ON 2L MIAISTVOA ST 89/ 2L16€25T 2dsy sseejsuUe.jou e S1elredsy
ON Si°0/€8€ 8T 0'9/38 GIT9/9/5¢ UPRIOP SIN 1D Yym Ujod paureuun
dloN 09'0/78€2 GL 76182 T72¢TeST (rO0V) v 3se[0fo BpIX0 LB | IV
dl ON 16°0/85T 6L 1’6166 9G8TGET o1use|doiko ‘sserepAy areliuooy
ai ON 09°0/S7€ Ly 9'S/YS 27S2€9S6T T 8seojsue|As0on |B-0-UuBoID
dl ON 6€'T MNVOVVYOTINdVYHI €5'T v'9/le 809TEZST (3ungns |fews) ukio.d a1|-esere.pAuep axefew Adodos-¢
ai oN G5'0/26 €5 9'2/59 ZTv6.5v8  aseusbAxo1p plousio reoxods-s10-6
al oN 69'T/099T 8Tl §'G/LE L¥90€5€TT aAreInd ‘eseonps . 0RX-0p Y
dl oN 95°0/.8¢¢ GetT 6'v/€C 0616612 UTeWop aSe JaLIOS | sUOURAR|1-8U0D [eyd BulureIuoo ‘uieloud peureuun
dl ON 19°0/¥5L 09 §'G/SS 2T2yor8T  (QvN) aseusBopAusp apAusp rejeseusio jpAusp apAuep e 1A|reo.o uo-g
sNICT €0°€/506 86T 1'8/85 GY/GETST (TIWHS) T asesajsuenfuyrawAxoipAy autes
onel Oyl abueyd plod/oNlods  (3D1Q) 84005 303seIN  (LvDI) 3Bueyd plod (Lvol)spndad  (LwQl) 1035 pasnun  1d/(e@) AN (1B) uolssaody aweN

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Plant J. Author manuscript; available in PMC 2015 May 01.



Page 37

Zhu et al.

19°0/58¢ 9 8'v/SL
€9°0/5€€ 687 8'v/8L
sNCST 29'0/9€€ 985 8'v/8L STTTYeST g uoieapAyap 01 aalsuodsal-Alre3
0T) 9SU3Jap pue SSans
urewop (uwioid
ON 0S'T/L9.T 245 7'6/2€ 8T68E9€CC B111ed [elipuoyoow) £STOOWe) Buiurelucd ‘upiod paweuun
sNG6'0 1G°0/8ST 69 SOWTT G20965T usjoad 1| — utel0ad-d
sNGT'T YLTITLLT 29 z8/L€ STYE90T ursjoad [suueyd wnisselod
(€)110dsueny pue aueaquisiN
L7'0/812 19 9'G/L6
dl ON 09°0/€ST 19 9v/L6 987297651 4how Buipuig wnoed Buiureud ‘urjo.d pIpRId
s97'0 18°T/E6TT €T z9les 0T20690€ 2T 9seun| dvIN
65°0/€LC 124 7'6/26
sN06'0 99°0/22€ 0.2 AT YryreIeT (Ta7d) 1 eydpe @ ssedijoydsoyd
(¢) uononpsuel; [eubis
dl ON 1§°0/25€C LL 7'6/52 8LLY6TET 9dd|0 1ungns onA|osio.d esesioud d|0 Jepusdep-d LY sAreId
€9°0/5€€ 0€T 8'v/8L
SNEBO 29°0/c€€ GeT L'vi8L 66.TEETT (e-T IMIT-1ad) €-TT1AdLY
s6S'T §G'0/2TL 68T 979 62,222ST (909NdD) ®19q 09 utuoadeyd
sNeT'T 19'1/222C 91T 8'8/8¢ TETSOY (€-02dAD) uliydojoAd
sNCT'T 65°0/€LC 16 8'8/66 TETS0TY aseajoud 0d|D
sNPO'T L8'T/v6T eve 0'G/TE 0£899T awiosesl0.d
SNBET LG°0/STET 19 L'7I9T L80TZYE T3vd Hungns swosesjold 50z
SNEO'T 99'2/6TT2 6.1 L'9/0€ 8/GT15C asepndadopus onAfereannw Hunqgns eleq swosesiold S0z
sN8C'T ¥7°0/68€ 7g 0'6/08 S8YYST8E 2-060dsH auouadey JejnasjoN
¥9°0/0STT LT S/9y
Ly'0/0vTT 0L S7/9y
sn86°0 GG5°0/20TT 208 SY/lY 0608T2ST 1ungns eydje asepndad Buissao0ad [eIIPUOYI0N N
sN86°0 0S'T/8VLT 8y £'8/82 0880TS aseajold onredsy,
sNGE'T 99'T/€LGT 9T 1'6/87 €2T2ETST (8edAD) 8¢ unydopAo
sn88°0 62T YOAAANALIOLI 10T €'6/5e 6885€25T nungns ejaq asepidadopus anAjereanniy
ones Ovdl!  8bueyd plod/oNlods  (39D1Q) 840951005t (LvD1) sbueyd pjod4 (Lvol) spndad  (LwQl) 84008 pasnun  |d/(eax) 4N (16) uoissaddy aweN

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Plant J. Author manuscript; available in PMC 2015 May 01.



Page 38

uonedyuenb ou ‘BN ‘uonedluapI ou ‘gl ON ‘uonearyuenb juediyiubis ‘s ‘uonealynuenb juealyubis-uou ‘SN :.01el OWYH L1, 186 1013U0d Ui Jods anbiun ‘O ‘awnjoA Jods Jo abueyd pjoy pue Jaqwinu jods 391Q ‘,86ueyD plo4/ 0N 10ds, uiod o1398]30s! ‘|d ‘ssew
Jejnaajow U sluswiliadxa QWY.L 8yl Ul paiyiuenb Jo palyiauapl 1ou a1am Ing sabueyd Xopas Pamoys Ssalfel Ul asoyl pue ‘parejnbal xopas Ajferuslod se paijuapl A|Mau ae pjog ul SaWeu ulalold *,%®, UM pajage] aJe T a]geL Ul Umoys S)nsal gy yum suiaioid buiddepssng

Zhu et al.

q

di ON 09'0/5¥€ SS 8'8/28 CETBBLLYT upiold feaneylodAH
sNEL'O ¥9'0 MATODTIAAIVO] 00¢C §'6/0€ T¥696€8T ursyoad umouxun
sN6T'T veT HOVOVATANIZTOON 20C 9'L/6Y G¥5522ST utgroad [eanayrodAH
sNECT 29'0/655¢ S0¢ T'6/€C ¥8¢8€ZST utgload Bulurejuod-urewop sg0
(¥) umounun

T8'T/306T ¥0T 9'v/8¢
s98°¢ 0,°'T/9G8T 92¢ 9'v/62 262801 uabnue reajonu 1130 Bunelajl|Oids
(T) 318§ pue UOIENUIISHIP UOSIAIP [[8D

LS'T/66L CLT ¢'5/0S
di ON 99'T/L68 [0]°14 6'7/0S 6ECEELYE ureyo y-eydfe/z-eydre uiingni aareInd
snT16°0 GS'T/916 L2y 8'7/0S CLYTYEST (ureyo p-e19q UIINANY) AN Lyp
sN6L'0 99°0/L6¢T PAZS] e'a/ey LT€Z806 unov-s
sNSO'T 0zT Ad10JISVdI 00¢ §'9/28 899G£2GT u13304d 3)1|-UISUIXTsp
sNOV'T 6L T/66TC 19 8'v/SE 055872yt 2dvd ute104d parerdosse pidi|-pselds

() =anpnaas j8)
HAT@DALYHY TIONHVYAIADILSSNODADHHI LAAINSD

sn08'0 1.0 M401avAaM4aoiido 0z'81 €'9/29 €0TYTY 9SeUISOIAIN 5

sS6'T 09°'0/78€2 €8 §'8/G2 TYSv269T aseInwisIp apixoJadns asaurbuew aAeINg

SNEB'0 85°0/vLeC 6L 8'9/5¢ ¥GTSSLT usl0.d II-UIWIRD

sNT6°0 79°0/6.€ 657 T'S/TL 0275592 0L0SH uta10id 81eubod 3o0ys 1eaH
0L°T/958T €6 §'v/0€

sN00'T 0S'T/L9LT 8T¢ 9viee 2002896T¢ T2ay sseslold sulRIsAd U0 Iery

sn68°0 5G°0/20TT e 5'5/8Y 186/22ST (S0 T sauab anlsuodsal A|[ea10WSO JO UOISSaIdXs MO T

sN86'0 87°0/68TT oty 8'G/LY 2ESYILYT 85BJONPa. 3180100SE0IPAUBPOLOIA

urewop

s€0'T 29°0/655¢2 8.T 0'6/22 v69/velze  (Anurey uxopalixosad) €002 Bulureuod Jonpoid uisjod paweuun

aro/seLe 002
sNSO'T 9r'0/STLC vee 9'G/9T 6T8.T ursioad Buipulg WNY UYoH-8UIA|D
ones Ovdl!  8bueyd plod/oNlods  (39D1Q) 840951005t (LvD1) sbueyd pjod4 (Lvol) spndad  (LwQl) 84008 pasnun  |d/(eax) 4N (16) uoissaddy aweN

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Plant J. Author manuscript; available in PMC 2015 May 01.



