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34 Abstract

35 Inositol pyrophosphates (PPx[1InsPs) are of key interest, since they are known to participate in
36 multiple physiological processes from lower eukaryotes to humans. However, limited

37  knowledge is available for their role in plants and especially in crops. In this study, two

38  diphosphoinositol pentakisphosphate kinase PPIP5K wheat homologs, TaVIH1 and TaVIH2

39  were identified and characterized for their spatio-temporal expression along with their

40  physiological functions. The biochemical assay demonstrated the presence of active VIH-

41  kinase domains as evident from the InsPs phosphorylation activity. The yeast complementation
42 assays showed differential function, where only TaVIH2-3B was capable of rescuing the

43 growth defects of yeast vipl4 genotype. Reporter assays with TaVIH2-promoter in Arabidopsis
44  displayed strong GUS expression in response to dehydration stress and Pi-starvation with

45  similar observations noted at the transcriptional level. In an attempt to identify VVIH2 function,
46  ayeast two hybrid screen of wheat library resulted in the identification of multiple interacting
47  proteins primarily associated with cell-wall. One such interactor of wheat VIH2-3B was

48 identified to be a Fasciclin-like arabinogalactan protein (FLAG) that was confirmed by pull-
49  down assay. Systematic analysis of transgenic Arabidopsis overexpressing TaVIH2-3B

50  protein showed robust growth and enhanced relative water content when compared to

51  controls. Biochemical analysis of their cell-wall components in the shoots resulted in

52 increased accumulation of polysaccharides such as cellulose, arabinogalactan and

53  arabinoxylan, whereas Atvih2-3 mutant showed decrease in some of these components.

54  Overall, our results provide novel insight into the functional role of inositol pyrophosphate
55  kinases that modulate cell-wall components so as to provide tolerance towards the

56  dehydration stress.

57

58

59  Keywords: Inositol pyrophosphate kinase, wheat, drought stress, phytic acid, dehydration,
60  Pi-starvation,
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I ntroduction

In plant seeds, the most abundant inositol polyphosphate referred as, Inositol
hexakisphosphate (Phytic acid, InsPs) is the primary source of stored phosphorus (P) which is
utilized by the plants to draw energy during the process of seed germination. Although in
cereal crops it is primarily considered as a major antinutrient because of its ability to chelate
major micronutrients (Fe, Zn) yet, InsPs plays diverse roles in plant development and other
signalling processes’. Cereal crops with lower levels of InsPg is considered as an important
trait, but it also acts as a precursor for the higher anionic derivatives referred as inositol
pyrophosphates (PP-InsPx). These diphospho-inositol polyphosphates including
diphosphoinositol pentakisphosphate (PP-InsPs) and bisdiphosphoinositol tetrakisphosphate
[(PP) 2InsP4] are the most recent members of the inositol phosphate family and have emerged
as distinct molecules possessing the most packed arrays of phosphates around an inositol
ring. The inositol pyrophosphates have been attributed a discrete property of being energy
rich molecules as the free energy of hydrolysis for the pyrophosphate moiety is similar to
high-energy bond found in ATP®. This structurally and functionally diverse class of inositol
phosphates are now well characterized in non-plant eukaryotes, yet their existence and
possible role in plants is meagre”.

The roles of high energy pyrophosphates such as InsP; and InsPg are largely
unexplored, but their functional studies in humans cell lines and yeast suggest their
involvement in regulating telomere length, aberrant DNA recombination, endocytic
trafficking, vacuolar morphology, phosphate homeostasis, gene expression, protein
phosphorylation and other cellular functions®®. Studies in Dictyostelium, yeast, humans and
plants suggested the presence of such highly charged anionic forms at a very low
concentration*®. These inositol pyrophosphates are predominantly synthesized by two different
classes of enzymes that exhibit catalytic activity towards different positions on the six-C
inositol ring. The first class InsPg- kinases (IP6Ks) place a phosphate group at 5™ position of

0119nd two isomers of

the fully phosphorylated ring of InsPg to form 5PP-InsPs ie 5-InsP;
InsPg: 1/3,5PP-InsPs and 5PPP-InsPs *2.The second lineage of enzymes: diphosphoinositol
pentakisphosphate kinases (PPIP5Ks) phosphorylate the 1% position of InsPg synthesizing 1PP-
InsPs*>***° These enzymes also catalyse the conversion of 5PP-InsPs to 1,5[PP],IP,ie InsPg
which was first demonstrated in mammalian cells®. The past two decades showed up the

discovery of three isoforms of InsPs-kinases: IP6K1, IP6K2 and IP6K3 in mammals and a
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100  single InsPg kinase in yeast called Kcs1 along with two PP-1Ps-kinases: PP-IP5K1 and PP-
101 IP5K2 in mammals and single in yeast called as VIP1'**,

102 Recently two plant genes encoding for inositol pyrophosphate kinases (PPIP5KSs)
103 were identified from Arabidopsis'®. Their work described the identification and expression
104  characterization of two kinases without providing evidence for the probable functions.

105  Subsequently, in the same year, functional characterization of AtVIH2 was performed

106  wherein, the authors proposed the role of VIH2 in plant defense that is dependent on the

107 levels of jasmonate®’. Studies demonstrate that VVIH proteins are conserved throughout the
108  eukaryotic taxa in having a dual domain structure with relevance to the inositol signalling
109 enzyme: a “rim-K” or ATP-grasp superfamily domain at the N-terminal and a C-terminal
110  histidine acid-phosphatase (HAPs) or phytase domain *°. Irrespective of highly conserved
111 domain architecture, the functions of inositol pyrophosphate kinases during plant growth and
112 stress adaptations remain unexplored. Various experiments have implicated the binding of
113 plant SPX domains to InsP6 and inositol pyrophosphates that throws light on possible

114 influence during phosphate homeostasis by PP-InsPs*®. Furthermore, inositol pyrophosphates
115  also influence inorganic polyphosphates (polyP) synthesis, which might act as a reservoir for
116  different inositol phosphates and buffering of cellular free phosphate (Pi) levels that are

117  ultimately necessary to generate ATP and inositol pyrophosphate 3%, A recent study has
118  confirmed the coordinated molecular interplay amongst inorganic polyP, ATP and Ins-PPs
119  which plays a critical role in regulating phosphate homeostasis in eukaryotic cells?!. Function
120  of the protein could also be studied in context to its interacting partners. In yeast, histone

121 H3/H4 chaperone Asflp is known to interact with the VIP1 (VIH) protein, thereby,

122 suggesting this interaction important for transcription elongation . Such comprehensive

123 interaction studies for VIH protein are missing in plants that could provide new insight into
124 their functional roles.

125 Previously, it was identified that that barley contains inositol phosphate molecules
126 more polar than InsPs2>. Wheat is an important source of nutrition in the developing

127  countries and has been a target crop for multiple trait enhancement. Therefore, it is

128  encouraging to investigate the functional importance of inositol pyrophosphate kinase

129  genes especially when the developing grains accumulate high amounts of InsPg that could
130  be one of the substrates for VIH protein activity. In the current study, we have cloned two
131 VIH genes from hexaploid wheat and detailed expression characterization was performed.
132 GUS-reporter based assays of wheat VIH promoters were performed in Arabidopsis that

133 indicate their function during dehydration and Pi-starvation. Our data suggest that wheat
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134  VIH proteins are catalytically active and VIH2-3B were able to complement the growth

135  defects associated with yeast vipl null mutation. At the protein level wheat VIH2-3B

136  interacts with Fasciclin-like arabinogalactan protein (FLAG) and other multiple cell-wall

137  related proteins. Overexpression studies of TaVIH2-3B in Arabidopsis showed better

138  relative water content in leaves and changes in the composition of plant cell-wall. A

139  significant change in the content of arabinogalactan, arabinoxylans and cellulose was

140  observed that was in contrast to the Atvih2-3 cell-wall composition. Taken together, our

141 study provides novel insight for the possible function of plant VIH protein in cell-wall

142 reinforcement.

143

144  Results

145

146 Conserved domain-architecture of plant VIH proteins

147  To identify the wheat VIH genes, previously reported Arabidopsis VIH sequences
148  (At3g01310, At5g10570) were used as a query that resulted in the identification of six
149  potential wheat VIH-like sequences. The identified transcripts included three homoeologs
150 each for TaVIH1 and TaVIH2 which were mapped on chromosome number 4 and 3
151  respectively. In-silico analysis of the peptide sequences show variation in amino acid length
152 that varied in 1000-1060 amino acids with TaVIH1-4B having the shortest length of 1012 aa
153 (Supplementary Table S1). The Kyte-Doolittle hydropathy plots indicated that wheat VIH
154  proteins do not contain any potential transmembrane regions (Supplementary Figure S1).

155 The analysis clustered plant VIH homologs together with TaVIH proteins close to

156  their Brachypodium counterparts in the monocot specific clade (Figure 1A). Amino acid

157  sequence alignment of wheat VVIH protein sequences suggested the presence of conserved

158  dual domain architecture of PPIP5K/Vipl family with typical N-terminal ATP-grasp kinase
159  domain that has the inositol pyrophosphate kinase activity and a C-terminal histidine acid

160  phosphatase domain (Figure 1B). The catalytic aspartic acid residue, a key residue required
161  for the kinase activity as well as the phosphorylated serine residue were found to be

162 conserved in both the wheat VIH proteins as suggested earlier'®. The amino acid sequences
163 exhibited 72% identity amongst two wheat VIH proteins, while TaVIH1 is closest wheat

164  ortholog of AtVIH proteins (78% identity). TaVIH2 have70% and 70.6% identity to AtVIH1
165 and AtVIH2 respectively. Both TaVIH proteins showed a percentage identity of 33% to yeast

166  VIP protein. The homoeologs of TaVIH1 were found to have different number of exons with
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TaVIHZ2 gene arising from different genomes having as many as 30 exons with a genome size
of 29-34 kb (Figure 1C).

Spatial-temporal expression characterization of VIH genesin wheat tissue

Transcript accumulation of TaVIH genes was studied in different tissues of a 14 DAA plant
including root, stem, leaf and flag leaf. The results showed similar expression profiles for
both genes with highest expression in leaf tissue followed by flag leaf, root and with least
expression in stem (Figure 2A&B). The transcript accumulation of TaVIH1 was 1.5-fold
higher than TaVIH2 in all the tissues investigated. These findings suggest that both VIH
genes are preferentially expressed in leaf. Highest expression of both VIH genes was
observed at the late stages of grain filling with maximum transcript accumulation at 28 DAA
stage (Figure 2C). Interestingly, the pattern of gene expression remained same, wherein
TaVIH1 showed 3-fold higher expression in comparison to TaVIH2 at all stages.

The expression profile in different grain tissues revealed a high expression of TaVIH
genes in the aleurone layer which is ~ 4-fold higher than in endosperm (Figure 2D). Our
results indicate almost similar levels of transcript accumulation in the remaining grain tissues
viz. embryo, glumes and rachis; suggesting a ubiquitous expression in these tissues. In
general, expression levels of TaVIH1 was more than TaVIH2 during all stages of wheat
development (Figure 2E). Overall, our expression analysis using ExpVIP database conducted
in different tissues showed high expression for TaVIH1 transcripts from B and D genomes.
TaVIH2 did not show any significant expression in majority of tissues, however a weak
expression was found in spikes (Supplementary Figure S2A). Expression of wheat VIH was
also studied in abiotic stress conditions wherein, they showed differential expression patterns.
Under phosphate (Pi) starvation, a strong induction of TaVIH2 transcripts was noted in roots
as well as shoots; whereas TaVIH1 was downregulated. Heat and drought stress seemed to
down regulate the expression of TaVIH1 in a time dependent manner (Supplementary Figure
S2B). Under biotic stress imposed by both stripe rust and powdery mildew pathogens, a late
stage of infection at 72 hrs showed significant increase in transcripts of both VIH genes
(Supplementary Figure S2C). Varying expression patterns displayed by TaVIH genes in

different conditions suggest their role in different development processes and stress response.

Wheat VIH proteins display kinase activity and complement yeast mutant differentially
The homology modelled structure for VIH proteins, based on hPPIP5K2 (PDB ID: 3T9C)

predicted two antiparallel 3-sheets to co-ordinate the nucleotide analog AMP-PNP (Figure
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3A). Additionally, like human and Arabidopsis homologs, wheat VIH proteins also appear to
use only arginine and lysine residues in the inositol phosphate binding pocket, with an
exception of a serine residue (Figure 3B). To explore the evolutionary conserved kinase
activity of wheat VIH proteins biochemical activity was checked using respective kinase
domain (VIH-KD) of wheat VIH1 and VIH2 proteins. The kinase activity was tested by
using two different concentrations of the InsPs (40 M and 80 uM). The relative
luminescence units (RLU) recorded for TaVIH1-KD at both InsPs concentrations showed >
6-fold higher activity with respect to control (Figure 3C). Similar results were obtained with
TaVIH2-KD, indicating the saturation of TaVIH-KD at 40 pM InsPg concentration as an
increase in substrate concentration did not bring any significant change in kinase activity.
However, lowering down the protein concentration by 1/5 brought 4-fold reduction in kinase
activity of both proteins. As a result of this luminescence-based kinase assay, we confirmed
that both TaVIH-KD proteins are functionally active and use InsPs as their substrate.

In order to carry out a yeast complementation assay for wheat VIH genes, the full
length ORF of both TaVIH was cloned into yeast expression vector pYES2. The growth assay
was performed on SD-Ura plates supplemented with 0, 2.5 and 5 mM 6-azuracil. The wild
type strain BY4741 showed an unrestricted growth phenotype under all three experimental
conditions tested. The viplA4 transformed with empty pYES2 vector showed growth
sensitivity at 2.5 and 5mM concentrations (Figure 3D). To our surprise, the mutant strain
transformed with pYES2-TaVIH1 could not revive growth on plates supplemented with 6-
Azauracil. Whereas, the one carrying pYES2-TaVIH2 expression cassette was able to rescue
the growth phenotype of viplA strain. The results suggested that TaVIH2 derived from the
B genome is capable of complementing the growth defects of viplA4 strain in synthetic media

supplemented with 6-Azauracil.

Wheat VIHs respond to dehydration stress and Pi starvation

In an attempt to understand the transcriptional regulation of wheat VIH genes, promoters of
wheat VIH1 and VIH2 were scanned for the presence of cis-elements. Promoters oaf ~1612
and ~1820r1 1bp region for TaVIH1 and TaVIH2 upstream of the start codon were cloned and
sequenced. Comparing these upstream promoters on PLANTCARE database revealed the
presence of various hormone and abiotic stress responsive cis elements (Figure 4A). Apart
from the information obtained from in silico search, few putative motifs responsible for
abiotic stress response were also identified. The hormone responsive cis acting elements
included WRKY710S, ABRELATED1 and MYC for ABA response, ACGTATERD1 for
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response to dehydration. The presence of these elements suggests that wheat VIH could be
regulated by the respective stresses. Additionally, the promoter of VIH2 contains a P1BS
motif (GNATATNC) and three PHOA4 binding sites in promoter regions of both TaVIH genes
(Supplementary Figure S3A).

To investigate the possible in-planta roles of wheat VIH genes, the VIH
promoters:GUS (pVIH1/2:GUS) fusion constructs were transformed in Arabidopsis (Col0).
The GUS expression was tested by subjecting the two weeks old seedlings to dehydration,
drought, ABA, GA; and Pi-starvation. To our surprise, none of these stresses were able to
induce the TaVIH1 promoter. In contrast, TaVIH2 promoter responds strongly only to
dehydration and Pi starvation (Figure 4B). Significant increase for GUS activity in
pVIH2: GUS lines indicates the ability of this promoter to drive GUS reporter gene
expression. A strong GUS expression was visualized along the midvein and leaf base of the
seedlings subjected to Pi-stress. A weak expression of VIH2 promoter was also observed in
presence of ABA and GA; (Figure 4B). Control (EmptyL vector-EV) transformants showed
no visible GUSL staining (data not shown) Based on our reporter assays, it is evident that
TaVIH2 may be involved during dehydration and Pi starvation responses.

To confirm the above observations, expression of wheat VIH genes were also
performed in root and shoot tissues of wheat seedlings subjected to Pi-starvation for the 5, 10,
15 and 20 days. As an experimental control, we confirmed positive expression of phosphate
starvation response related marker genes PHR1, IPS1 and phosphate transporters, validating
fidelity of phosphate starvation condition®*. The differential expression response was
observed in control plants at different time points, suggesting the role of wheat VIH genes in
growth time course. An obvious contrasting response was observed for both genes in Pi-
limiting condition. The expression profile of TaVIH1 under starvation portrayed down-
regulation of the gene in roots as well as shoots, except for 20-day shoots sample (Figure
5A). Whereas, TaVIH2 transcript showed enhanced expression in all four studied time points,
with maximum induction of 8-fold in roots at 20 days. In shoot tissues, the maximal
induction of 12-fold was obtained at 15 days. RNA-seq information from wheat seedlings
subjected to -Pi condition that was used for calculating the RPKM showed transcript
abundance of TaVIH2 in shoots as compared to roots under Pi stress (Supplementary Figure
S3B and Table S2). The level of transcript expression of TaVIH1 was notably down-regulated
by 2.5-fold in shoot tissues.

Expression studies were also performed for VIH genes subjected to dehydration

stress. No apparent increase in expression of VIH1 was observed in roots, but downregulation

8
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in shoots was noted. On the contrary, TaVIH2 showed a slight up-regulation in drought
treated shoots samples (Figure 5B). As inferred from the expression studies, the change in
VIH transcript levels confirms that expression of TaVIH2 is modulated by both drought

condition and Pi-starvation.

Y east two-hybrid screening identifies Fasciclin-like arabinogalactan protein (FLA) asa
VIH2 interactor

Previously, no functional clues have been provided for plant VVIH proteins except for their
involvement in the plant-pathogen interaction’. To investigate the additional role for plant
VIH proteins, yeast two-hybrid (Y2H) screening was performed using TaVIH2-3B as bait
against wheat cDNA library. Protein expression of bait (VIH2) in the yeast cells was
confirmed by Western blot analysis (Supplementary Figure S4A). Two pooled wheat cDNA
libraries were prepared for the screening process (Supplementary Figure S4B). Our screening
resulted in the identification of 89 putative yeast colonies with a mating efficiency of 3.8 %
(Supplementary Figure S4C and D). Subsequent stringent screening of the colonies lead to
the identification of ~52 putative interactors. Upon sequencing of the ORFs, clones
appearing more than twice were considered for further studies. A careful analysis lead to
shortlisting eleven strong potential interactors with predicted diverse function as listed in
Table 1. Interestingly, enrichment of multiple (3-6) independent cDNAs encoding for cell-
wall related proteins were observed. Amongst these 17 colonies represented genes encoding
for Fasciclin-like arabinogalactan protein, glycosyl-transferases and glycine-rich cell-wall
like structural proteins. This suggests that VIH2 primarily interacts with cell-wall related
proteins and could be involved in providing mechanical strength and related agronomical
traits.

One of the interacting clones that appeared quite frequently (six times), encoded for
Fasciclin-like arabinogalactan protein (FLA). The FLA proteins are known to respond against
different stress conditions and are involved in plant growth and development®. Therefore, to
confirm this interaction, full-length cloning of wheat cDNA (1.2 kb) for TaFLA6 was done in
pGADT?7. The growth of the co-transformed (TaFLA6:AD+TaVIH2:BD) yeast colonies on -
His/-Leu/-Trp (AbA) media confirmed the full-length interaction of these two proteins
(Figure 6A). To further validate the interaction, pull-down assays were performed and the
interaction was confirmed by performing immunoblotting. Thus, pull-down assay confirmed
that TaVIH2 and TaFLAG interacts at the protein level and hence, they might be involved in

similar molecular function (Figure 6B).
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L ocalization of FLAG6 and itsdifferential expression in wheat tissue

Localization experiments were performed using HA tagged FLAG in S. cerevisiae strains.
Based on the localization studies we concluded that FLA6 was present on the yeast plasma
membrane (Figure 6C). Similarly, localization of VIH2 was also performed in

the S cerevisiae strain using c-MYC tagged VIH2. The c-MYC tagged VIH2 showed
localization near the rim of the plasma membrane that was cytoplasmic. These evidences
point that the GPI anchored cytoplasmic domain of FLAG is responsible for its interaction
with the VIH2 protein. Wheat FLAG encodes a 367 aa protein containing FAS-like
arabinogalactan protein with presence of typical TMD and glycophosphatidyl-inositol (GPI)
domain. The protein hydropathy plot identified a hydrophobic region near GPI region at C-
termini (Figure 6D). GPI domain is important for the proper anchoring of the cell surface
targeted protein®®?’.

Transcript expression response for key components of cell-wall reinforcement that
includes TaFLAG6, TaGT and TaXatl was also carried out during drought condition. Our
results indicated TaFLAG, TaGT and TaXat1 are significantly upregulated in the shoot and
root tissue subjected to drought stress (Figure 7A). Similar observation was also obtained
through exVIP gene expression analysis (Supplementary S5). Differential expression pattern
for all the above genes was observed during grain development with significant increase in
transcript during the seed maturation (Figure 7B). Wheat FLAG transcript abundance
increases (~2-3 fold) during grain maturation. These data indicated that TaFLA6 and
TaGT/Xat show transcriptional changes during desiccation that is a prerequisite step for grain
maturation. Important interacting clones including TaGT and TaXat were also expressed in
other tissue including developing roots and grain (Figure 7C). Specifically, our data
suggested that wheat VIH2 and FLAG are co-expressed under dehydration stress and the

proteins interact physically.

Overexpression of TaVIH2-3B in Arabidopsis leads to structural changesin cedl-wall
Multiple interacting clones of the VIH2 were identified as cell-wall structural proteins
potentially involved in its biosynthesis or wall plasticity. One of the VIH interactors, GPI
anchored protein (FLA) was linked with the plant cell-wall composition and
morphogenesis®. This led to the speculation for the possible role of plant VIH proteins in
modulating the cell-wall structure development. Therefore, we developed Arabidopsis
overexpressing lines for TaVIH2-3B. After preliminary screening, the lines with the highest

expression for TaVIH2-3B in T3 and T4 lines were used in further analysis (Figure 8A).

10
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Transgenic Arabidopsis show robust growth and enhanced branching with an overall increase
in length of main shoot axis for all the transgenic lines (Figure 8B). Assays to measure
relative water content after dehydration of transgenic and non-transgenic plants suggested
significantly higher retention of moisture in overexpressed lines as compared to controls
plants. This retention of water was significant in leaves of transgenic plants subjected to 19-
and 24-days post dehydration stress.

To check if wheat VIH could influence cell-wall composition changes, the cell-wall
of wild type, transgenic lines overexpressing TaVIH2-3B were extracted using Na,CO3 and
NaOH (Supplementary Figure S6). This was done to generate fractions to use for the
extraction of arabinogalactans (AG: arabinose & galactose) and arabinoxylan (AX: arabinose
& xylans), whereas the unextracted fraction mainly contain cellulose. Gas chromatography-
mass spectrometry (GC-MS) analysis was performed to analyse the constituent
monosaccharide as alditol acetate derivative. Since such chemical analysis requires relatively
large amounts of samples, pools from 3-5 independent plants of the respective lines
expressing wheat VIH2 were used for chemical analysis. Extraction resulted in almost similar
amount of yields from control and transgenic plants. The biological replicates of transgenic
Arabidopsis showed maximum fold accumulation of cellulose that varied from 3.5 to 5.8-fold
increase as compared to control plants. Similarly, AX and AG content increased in range of
1.8- 2.2 and 1.47- 1.5-fold in overexpression lines as compared to controls (Supplementary
Figure S7 and Table S3). AtVIH2 is the closest homolog for wheat TaVIH2. Therefore, to
verify the involvement of AtVIH2 in cell composition the total AX, AG and cellulose content
was measured in the shoots of Atvih2-3 mutant line'”. Our analysis showed a significant
reduction of the AG and AX content in the mutant line, whereas no reduction was observed
for cellulose. (Figure 9). Surprisingly, a slight increase in the levels of cellulose was observed
in Atvih2-3 mutant as compared to Col-0. Altogether, our data demonstrate that
overexpression of plant VIH in Arabidopsis may provide mechanical strength by modulation

of the compositional change in the cell-wall biosynthesis related sugars.

Discussion

Most of the cereal plants contain high amount of InsPg that act as one of the substrates for
plant VIH proteins for the biosynthesis of higher forms of PP-InsPx. To offer the functional
clues of plant VIH proteins more in-depth studies need to be performed. In this work, we
showed that overexpression of TaVIH2 in Arabidopsis could enhance growth and provide

tolerance to the dehydration stress. This study also identified FLAG6 as one of the interactors
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of TaVIH2 as evident from our biochemical and localization studies. Utilizing analytical
chemistry-based approach, it was observed that overexpressing lines of Arabidopsis showed
changes in the composition of cell-wall polysaccharides especially in the levels of AG, AX
and cellulose. These evidences suggested that plant VIH2 is an important component for cell-
wall reinforcement to provide the overall mechanical support.

Until recently, two VIH (initially referred as VVIP) genes have been identified in
model plant Arabidopsis and subsequent characterization showed their role in plant defense
by modulating the jasmonate-dependent pathway'®'". Recently studies investigating inositol
pyrophosphates have gained much attention***, We identified two Vip-like homologs (VIH
genes) from wheat genome, which were studied for their evolutionary relationships and
detailed expression characterization. This study was planned to identify the functional role of
plant genes encoding for biosynthesis of PP-InsPx. Hexaploid bread wheat has one of the
most complex genomes comprising of three related sub-genomes that have originated from
three separate diploid ancestors thus forming an allohexaploid genome®**'. Therefore, to
consider the appropriate homoeolog-transcript for further studies, Wheat-Exp expression
database was used for checking VIH2 expression in different tissues and also during
developmental time course (Figure S2). VIH2 is known to be involved in defence response
via a jasmonate-dependent resistance in Arabidopsis’. We find late expression (72 hrs post
infection) of VIH genes upon infection with Stripe rust and powdery mildew (Figure S2).
Thus, the role of plant VIH genes during plant-microbe interaction was found to be
conserved.

We demonstrated that TaVIH kinase domain has the ability to catalyse the
phosphorylation of InsPgto form pyrophosphate species using ADP-GLO max assay (Figure
3C). This bioluminescence-based kinase assay has been demonstrated and validated as a high
throughput assay overcoming the challenges imposed by high ATP concentrations®. Hence,
our kinase assays revealed that wheat VIH proteins show InsPg kinase/Vipllike activity.
Similarly, yeast and human enzymes also demonstrated InsPg and InsP; kinase activity>*%3*.
Our TaVIH2-3B showed highest homology to AtVIH2 (70.6 %). In past, AtVIH genes have
been shown to be biochemically active for kinase activity that generates InsP;and InsPg*®’.
Our study lacked these biochemical evidences, yet complementation activity and homology
of wheat VIH2-3B to AtVIH2, indicates that it should also act in similar manner as AtVIH2.
Additionally, we exploited the sensitivity of vipl4 strain towards 6-Azauracil to validate

the function of TaVIH genes. Our growth assay experiments with two different
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concentrations of 6-azauracil substantiate that wheat homoeologous VIH2-3B was resistant
to 6-Azauracil as in case of AtVIH2 (Figure 3D)'"%*,

The presence of various cis-acting elements in the promoter regions play essential
roles in transcriptional regulation of genes in response to multiple environmental factors.
The transcriptional activity of TaVIH2 promoter and differential expression analysis link
TaVIH2 with Pi-starvation response (Figure S4, Figure 4). This function of inositol
pyrophosphate kinases in the regulation of Pi homeostasis seems to be evolutionarily
conserved®®. In general, various form of inositol phosphates reported previously have been
involved during low Pi responses®*®. Moreover, |PK1 mutants of Arabidospsis showed
enhanced sensitivity for Pi and also have increased mobilization of Pi from roots to
shoots®**’. Very recently in Arabidopsis, it was demonstrated that VVIH derived InsPg is
required to sense the cellular Pi status and also binds to the intracellular Pi sensor SPX1 to
control Pi homeostasis in plants®. Additional evidences also point towards that plant VIH
could modulation of cellular ATP concentration and thereby effects the PPInsP levels to
maintain the cellular Pi and its starvation responses®. Our VIH2promoter: GUS expression
under Pi-limiting stress and other accumulating evidences point the upcoming function for
VIH derived inositol pyrophosphate such as InsPg in Pi-homeostasis. Bound form of Pi in
plants referred to as InsPs accumulates in seeds of cereal crops as stored P, that is utilised
during the seed germination and development*’. Multiple reports have linked Ipa (low
InsPg) mutations with alterations in accumulation of inositol pyrophosphates'®**. Atmrp5
mutants with reduced amount of InsPg and higher levels of Pi tend to accumulate more
amount of InsP; and InsPg™®. The higher expression of VIH genes in low InsPs wheat RNAI
lines targeting TAABCC13 or Tal PK1 also support these observations (Supplementary
Figure S8). Similarly, expression analysis of Ipa-Glycine max also resulted in 1.9 fold
upregulation in seed-specific expression of GLYMA 18G255000 that is an orthologue of
VIH genes*2. The changes in expression of TaVIH genes in low InsP lines suggests
correlation between InsPg biosynthesis and altered accumulation of InsP7 and InsPg However,
a direct contribution of VIH genes in regulation of phosphate homeostasis is lacking and
needs detailed attention. These evidences suggest that, VIH proteins function in Pi
homeostasis like IPK1 (inositol pentakisphosphate kinase) and ITPKs (inositol tetraphosphate

kinase) although at different level**

. Our expression studies showed that wheat VIH levels
were increased under drought condition. These observations are supported by the previous
study wherein, the changes in cellular levels of InsP7 and InsPg have been attributed to guard

cell signalling and resistance to drought in maize nmrp5 mutants**®. Altogether, the RNA-seq
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profiling and qPCR-based expression studies of TaVIH genes showed induction of TaVIH2
transcript under drought stress.

Y2H study led to the identification of TaFLA6 and multiple cell-wall reinforcement
proteins as potential interactors of plant VIH proteins. Previously, it was shown that FLA
proteins were involved in cell-wall reinforcement, plasticity, cell to cell adhesion and
drought tolerance ***®, Cereal grains such as wheat are also rich in arabinogalactans such as
FLA, associated with the yield of flour in the milling®. Expression of wheat VIH genes are
highly abundant during late stage of grain maturation. Our gRT-PCR specifically indicates
that both; wheat VIH and FLAG are co-expressed under drought condition, suggesting that
they are involved in the similar pathway (Figure 7A). A strong TaVIH2promoter: GUS
expression during dehydration indicates enhancedtranscriptional response during stress.

Previously, multiple Arabidopsis FLAs were reported to be perturbed under drought

condition®*>*

. Recently, FLA-like protein was shown to be involved during the molecular
responses of Pi deficiency that is mediated by the induced root hair elongation®2. The domain
analysis of FLAG suggests it belonged to the category-IV of FLAs and show presence of all
the necessary domains (FLA, AGP and GPI anchor) that is typical of this gene family (Figure
6D). Our Co-localization data for FLA6 and VVIH2 in yeast points their interaction in the
cytoplasmic region near the membrane. Overall, our data supports the role of plant VIH
proteins during dehydration that could be concerted by FLA proteins in wheat. It is important
to notice that additional VVIH2 interacting clones encodes for glycosyltransferases, xylan-
arabinosyl transferase and glycine-rich cell-wall structural like-protein. Surprisingly, genes
encoding for glycosyltransferases, xylan-arabinosyl transferases are homoeologs (TaGT and
TaXat) and belong to the family of transferases. The glycosyl and xylan arabinosyl
transferases proteins are involved in the biosynthesis of polysaccharides for cell-wall
biosynthesis>>**. Similarly, glycine-rich cell-wall proteins are recognized for their role in
cell-wall reinforcement by callose deposition®. The high number of reoccurring clones
related to cell-wall biosynthesis suggest important role that VIH proteins may offer during
developmental stages. To confirm this, we constitutively expressed functionally active and
dehydration responsive TaVIH2-3B protein in Arabidopsis. The VIH2-3B overexpression
lines show robust growth and enhanced branching. The GC-MS profiling of TaVIH2-3B
overexpressing lines showed increased accumulation of AG, AX and cellulose (Figure 9).
These components are important for providing the overall mechanical strength to the plant
cell and thereby tolerance to stress condition. Ratio of AG/AX are the representation of the

quality of any given extraction procedure. Our extraction procedures for control plants show
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472  theratio of 1::1.2 to 1.5 for arabinose/galactose and arabinose/xylans. This ratio was

473 perturbed in TaVIH2 overexpressing lines and Atvih2-3 mutant lines. Previously it was

474  suggested that Atvih2-3 lacked mMRNA expression of VIH2 and have also have low levels of
475  InsPg'. The VIH2 mutant in Arabidopsis are more susceptible to infestation by caterpillar
476  (Pierisrapae) and thrips *’. Additionally, it was suggested that resistance against herbivore
477  pathogens such as P. rapae, could be gained by modulating the genes associated with cell-
478 wall modification®®. Arabidopsis VIH2 mutant lines showed compositional changes in the
479  cell-wall extracted polysaccharides especially in the AG levels (Figure 9). Therefore, the
480  decreased resistance in VIH2 mutants against herbivores could be accounted for the defect in
481  signalling pathway via COl1-dependent gene regulation and the contribution due to changes
482 in the structural composition of the cell-wall. Earlier, it was also proven that inositol

483  polyphosphate kinase activity of Kcs1p was required for adaptive changes in the yeast cell-
484 wall under stress condition®’. Protein-protein interaction-based studies are important to

485  provide associated functional clues. Earlier, it was shown that yeast Viplp interacts with
486  histone H3/H4 chaperone, Asflp. Viplp and Asplp counterparts in S. pombe functionally
487  regulate actin-related protein-2/3 complexes and thereby participate in the fate of cell

488  morphology®. Plant Kcs1 is still not known, yet it seems that as in case of yeast plant VIH
489  may influence cell-wall properties. Taken together it may be inferred that VIH2 protein can
490  causes changes in the plant cell-wall composition especially in the levels of important

491  polysaccharides. In summary, our work along with the previous functional reports suggested
492  anemerging novel roles of plant VVIH proteins in cell-wall maintenance and/or reinforcement
493  to provide resistance against dehydration or drought stress.

494

495 Methods

496

497  Plant materials and growth conditions

498  The experimentation in this study was conducted using Bread wheat (Triticumaestivum L.)
499  variety C306, a rain-fed cultivar which is well known for its better processing quality. For
500 collection of the tissue materials, the spikes were tagged at the first day after anthesis (DAA).
501  Samples were collected in the form of spikes at 7, 14, 21 and 28 DAA stages and various
502 tissues, including root, stem, leaf and flag leaf at 14 DAA stage respectively. To further

503  dissect the expression levels in spikelet’s, 14 DAA seed was used to separate different

504 tissues, including aleurone, endosperm, embryo, glumes and rachis as done previously®*.
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In order to perform stress related experiments, wheat seeds were surface sterilized
using 1.2% Sodium Hypochlorite solution in 10% ethanol for 5-7 mins with continuous
shaking followed by four washes with autoclaved MQ. The sterilized seeds were allowed to
germinate on Whatman filter paper soaked in water for 3-5 days. The germinated seedlings
with their residual endosperm excised, were transferred to Hoagland’s nutrient media in
phytaboxes with 10 seedlings in each box. For phosphate starvation experiment, 7-day old
seedlings were subjected to Pi-sufficient nutrient condition by supplementing them with 200
UM KH2PO4and Pi-deficient nutrient condition using 10 uM KH,PO,4 The root and shoot
samples were harvested at four different stages: 5, 10, 15 and 20 days of starvation®. For
drought stress experiment, the seedlings were allowed to grow in Hoagland’s media
containing 5% PEG-8000°° and samples collected 72 hrs after stress treatment. The
hydroponic culture was carried out in a growth chamber set at 22 + 1 °C, 50-70 % relative

humidity and a photon rate of 300 pmol photons m™ s™ with a 16 h light/8 h dark cycle.

Isolation of total RNA, cDNA synthesis and quantitative real time PCR analysis

The harvested tissue samples were snap frozen in liquid nitrogen and stored at -80°C for
subsequent RNA isolation. Total RNA from various tissues was extracted by manual method
using TRIzol® Reagent (Invitrogen™). The integrity of RNA and concentration was
measured using NanoDrop™ Lite Spectrophotometer (Thermo Fisher Scientific, United
States). The contamination of genomic DNA was removed by subjecting the RNA
samples to DNase treatment using TURBO™ DNase (Ambion, Life Technologies). 2ug
of total RNA was used for cDNA preparation using The Invitrogen SuperScript Il First-
Strand Synthesis System SuperMix (Thermo Fisher Scientific) as per the manufacturer’s
guidelines.

In order to quantify the gene expression, qRT-PCR was performed using the
QuantiTect SYBR Green RT-PCR Kit (Qiagen, Germany). The gene specific primers capable
of amplifying 150-250 bp region from all the three homoeologous of both TaVIH genes were
carefully designed using Oligocalc software. Four technical replicates for each set of primers
and minimum of 2 experimental replicates were used to validate the experiment. Gene
specific primer used in the study are listed in Table S4. ADP-ribosylation factor gene
(TaARF) was used as an internal control in all the expression studies. The Ct values obtained
after the run were normalized against the internal control and relative expression was
quantified using 27““r method™. For In-silico expression for TaVIH genes in different

tissues and stresses, wheat VIH RefSeq IDs were used to extract expression values as TPMs
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from expVIP database. For different tissues and stages, the expression values were used to
build a heatmap. In case of abiotic and biotic stress conditions, the expression values from the
control and stressed conditions were used to get fold change values, which were then used to

plot heatmaps using MeV software.

I dentification and cloning of two wheat VIH genes

Two Arabidopsis (AT5G15070.2 and AT3G01310.2) and the previously reported yeast VIP1
sequences were used to perform Blastx analysis against the IWGSC
(www.wheatgenome.org/) and wheat EST databases. The identified EST sequences were
checked for the presence of the typical dual domain structure. Further, screening of these
sequences resulted in the identification of two different genomic locations (Table S1).
Furthermore, the Pfam domain identifiers of the signature ATP-Grasp Kinase (PF08443) and
Histidine Acid Phosphatase (PF00328) domains were used to identify VIP proteins in
Ensembl database using BioMart application. The corresponding predicted homoelogous
transcripts were identified and compared to the other VIH sequences. DNA STAR Lasergene
11 Core Suite was used to perform the multiple sequence alignment and to calculate the
sequence similarity. Gene specific primers capable of amplifying the transcript from the
specific genome was designed after performing 5" and 3" -RACE to ascertain the completed
open reading frame (ORF). Subsequently, full length primers were designed to amplify the
VIH genes. The generated full-length sequence information was further used for gRT-PCR

related studies.

Homology modelling and hydropathy plot

Homology modelling was performed for VIH1-4D & VIH2-3B based on their ATP-grasp
domains (residues 7 to 332 for VIH1-4D and 12 to 339 for VIH2-3B), which share an identity
of ~57% with hPPIP5K2 (residues 41 to 366). In both cases, the align2d command in
MODELLER® was used to align TaVIHs against hPPIP5K2 and the 3D models with ANP,
IHP and 4 Mg®* ions fitted in were calculated using the automodel class. Best models were
selected based on the MODELLER objective function. The models were visualized using
UCSF Chimera®’. The hydropathy profile for proteins was calculated according to Kyte and
Doolittle., 1982. The positive values indicate hydrophobic domains and negative values

represent hydrophilic regions of the amino acid residues.
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In-vitrotranslation of TaVIH proteinsand kinase assay

In order to study the kinase activity of TaVIHs, the proteins for kinase domains were
synthesized using PUREXxpress In-Vitro Protein Synthesis Kit (NEB). The kinase assays were
performed using the ADP-Glo™ Max Assay kit (Promega) as described earlier (Wormald et
al., 2017). The kinase domains of TaVIHs [1-328aa for TaVIH1(4D) and 1-345aa for
TaVIH2(3B)] cloned into pET23a vector system were used as template for setting up the
reaction for protein synthesis as per manufacturer’s protocol. The desired protein bands were
further confirmed by running a western using HRP-conjugated T7 antibody against the T7 tag
present at the N-terminal of the recombinant protein. The kinase assays were performed using
the ADP-Glo™ Max Assay kit (Promega) as per the manufacturer’s protocol. Two different
substrate concentrations (40 and 80 pM) of InsPg (Calbiochem, Germany) were used. The
recorded luminescence gives the measure of ADP produced in the kinase reaction and hence

is proportional to the kinase activity.

Cloning of VIH promoters, analysisfor cis-element and construction of GUS fused
reporter

The sequence information of promoter regions of TaVIH genes was retrieved from Ensembl
database as mentioned earlier. About 1600-1800 bp fragments upstream of the start codon
were PCR amplified. From Genomic DNA of cv. C306 and cloned into pJET1.2 (Clonetech)
cloning vector. The cloned DNA fragments were sequenced confirmed and inserted into
pCAMBIA1391z, a promoter-less binary vector containing GUS reporter gene, using forward
and reverse primers with BamHI and Ncol sites respectively to form a TaVIHpromoter: GUS
fusion construct. The promoter sequences of TaVIH genes were analysed for the presence of
cis-regulatory elements using PLANTCARE database
(http://bioinformatics.psb.ugent.be/webtools/plantcare/). Apart from this, various cis-
elements involved in regulation of multiple abiotic and biotic stress conditions were curated
manually through literature survey. The VIHPromoter: GUS fusion constructs were
transformed into Agrobacterium tumefaciens GV3101 strain and introduced into
Arabidopsis plants using Agrobacterium mediated transformation by floral dip method®?.
Three to four weeks old plants grown at 22 + 1 °C, 16 h light/8 h dark cycle and a photon rate
of 100 umol photons m™2 s~ were used for transformation. The independent transformants
were screened on 0.5X MS media containing 30 mg/L hygromycin and 0.8% agar. The
transformed seedlings with long hypocotyls and green expanded leaves at 4-leaf stage were

separated out from the non-transformed seedlings and transferred to soil after about 3
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weeks®. In a similar manner T, and T, generation seeds were also selected and allowed to
grow till maturity. The transgenics were confirmed for the presence of recombinant cassette
using PCR based approach. The transgenic lines harbouring empty pPCAMBIA1391z vector
was used as a negative control. The PCR positive lines were further used for functional

characterization of promoter.

Abiotic stress treatments to VIHpromoter: GUS transgenic seedlings and histochemical
GUS assay

For promoter analysis, the seeds of PCR positive lines were surface sterilized and grown on
0.5X MS (Murashige and Skoog media) agar plates containing 30 mg/L Hygromycin B for
15 days before they were subjected to various abiotic stress and hormonal treatments®. For
dehydration stress, the seedlings were air dried by placing them on Whatman filter paper for
1hr. Heat treatment was given by incubating the seedlings at 37°C for 8hrs. Hormonal
treatment including ABA (100 uM), GA; (20 uM) and abiotic stress including salt (300 mM)
and drought (20% PEG) were given by placing the seedlings on filter paper impregnated with
0.5X MS solution containing the respective chemical. The treatment continued for 24 hrs
before subjecting them to histochemical staining. For subjecting the seedlings to low
phosphate stress conditions, they were allowed to grow on 0.5X MS agar plates without
KH,PO, for 96 hrs. The seedlings placed on filter paper dipped with MS solution without any
chemical served as a control and histochemical GUS staining carried out®. Two weeks old
seedlings after respective treatments were incubated overnight in GUS staining solution
containing 50 mM sodium phosphate buffer (pH 7.2), 2 mM potassium ferricyanide, 2 mM
potassium ferrocyanide, 20% (v/v) methanol, 0.2% (v/v) Triton-X100 and 2 mM X-Gluc
(HiMedia, India) at 37 °C in a 48-well microplate containing about 10 seedlings/well.
Chlorophyll was removed from tissues by dipping in 90% ethanol. The staining was
visualized and photographed under Leica DFC295 stereomicroscope (Wetzlar, Germany) at

magnification of 6.3X

Construct preparation for expression vector and yeast functional complementation
For complementation assays, pYES2, a galactose-inducible yeast expression vector was used.
The functional complementation of yeast by TaVIH proteins was studied using 6-azauracil
based assay *"?*. The wild type BY4741 (MATa; his3D1; leu2DO0; met15D0; ura3D0) and
vipl1 (BY4741; MATa; ura3A0; leu2A0; his3A1; met15A0; YLR410w::kanMX4) yeast strains
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were used for the growth assays. The CDS corresponding to the catalytic domain of ScVIP1 (1-
535 amino acids) cloned into pYES2 expression vector was used as a positive control.
TaVIH1/2 along with ScVIP1 and empty vector were transformed individually into wild type
and mutant strains by lithium acetate method with slight modifications. For growth assay, the
wild type and mutant S cerevisiae strains carrying different plasmids were allowed to grow
overnight in minimal media without uracil. The primary culture was used to re-inoculate fresh
media to an ODgo 0f 0.1 and allowed to grow till the culture attained an optical density of 0.6-
0.8. The cell cultures were then adjusted to O.D of 1 and further serially diluted to the final
concentrations of 1:10, 1:100 and 1:1000. 10 pl each of these cell suspensions were used for
spotting on SD(-Ura) plates containing 2% galactose, 1% raffinose and varying concentrations
of 6-azauracil (0, 2.5 and 5 mM). The colony plates were incubated at 30°C and pictures were

taken after 4 days.

Wheat cDNA Library construction, yeast two-hybrid screening and pull-down assays
The total RNA (~120 pg) samples were pooled from the vegetative tissues including shoots
and roots. From the isolated total RNA, mRNA purification was performed by using
(NucleoTrap mRNA mini kit, Macherey-Nagel, Germany). A total of 0.25 ug mRNA was
used to make the cDNA library (Make & Plate™ Library System, Clontech, USA). The
wheat cDNA library was prepared and purified using CHROMA SPIN+TE-400 columns. A
cDNA fragment sizes of <2kb was used for the library screening using TaVIH2 as a bait. The
library shows the titre value of ~0.8x10° cfu/ml. Yeast two-hybrid assays and screening were
performed by using GAL4-based screening system (Matchmaker Gold Yeast Two-hybrid
System, Takara Inc., USA). Most of the steps were followed as per manufacturer's
instructions unless mentioned. Briefly, putative positive interacting clones were obtained
when the competent yeast strain Y187 was co-transformed with cDNAlibrary+AD
(pGADT7-Rec vector) and Y2H-Gold containing BD vector (TaVIH2-3B: pGBKT7 bait
vector) respectively. Following stringent screening procedures, putative clones were obtained
and screened for their reporter assays (along with Aureobasidin A). Full length ORF was
cloned for the gene of interest and one-on-one interaction was also done to confirm its
interaction. Routine yeast transformation was done by using Yeastmaker Yeast
transformation System 2 (Clontech, USA).

For pull down assays respective yeast cultures were grown in SD media with
appropriate amino acid dropouts. The primary culture was grown for overnight at 30 °C until

a ODgop Of 1 was achieved. The secondary culture was incubated for 6 hrs and cells were
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washed and lysate was prepared by using glass bead in buffer (1% SDS, 100mM
NaCl,100mM Tris-Cl, ImM EDTA, 2% Triton and 1mM protease inhibitor (100X Halt
protease inhibitor, Thermofisher, USA). The protein concentration in lysate was calculated at
two dilutions. Equal amount of each lysate was taken and incubated with 100% of Protein-G
agarose beads as well as 2 ul of anti-c-Myc antibody for overnight at 4 °C. The lysate was
subsequently washed for three times with lysis buffer and centrifuged for 30 sec at 800 x g.
50 ul of loading dye was added to the washed beads and heated at 65 C for 10 min. After
SDS-PAGE run the proteins was transfer to PVDF membrane and was processed. Blot was
separated into two p arts to detect TaVIH2 and TaFLAG separately. Different primary
antibodies were used for probing (mouse Anti-c-myc and rabbit anti-HA with 1:2000
dilution). After washing the blots with TBST, they were treated with the secondary antibody
(Goat Anti-Mouse 1gG (H + L); and Goat Anti-Rabbit IgG (H + L) with 1:5000 dilution.
After subsequent washing with TBST the blot was developed by using BIO-RAD clarity

western ECL Substrate.

Protein localization

For the localization experiments TaFLA6 was cloned in pGADT?7 vector at EcoR1 and
BamH1 sites. TaVIH2 cDNA was cloned in pGBKT?7 vector using Smal and Not1 restriction
sites. The constructs were transformed in Y2H Gold yeast strain and selected on SD-Leu or
SD-Trp plates respectively. Yeast spheroplasts were prepared for localization as described
earlier (Severance et al., 2004). Mouse monoclonal Anti-HA (HA:FLA6-pGADTY): or rabbit
Anti-c-Myc (cMYC:VIH2-pGBKT?7) primary antibody (Invitrogen, USA) was used for the
respective preparations, at a ratio of 1:200 followed by 5 washing with blocking buffer. Yeast
cells were incubated with Goat Anti- Mouse 1gG (H+L) Alexa Flour Plus 488 or Goat Anti-
Rabbit 1gG (H+L) Alexa Flour Plus 647 (Invitrogen, USA) at a ratio of 1:500 for 4hr at room
temperature. Cells were washed with blocking buffer and mounted with Fluor mount (Sigma,
USA). Representative fluorescent images were taken using Zeiss fluorescence microscope

Axio Imager Z2 with an Axiocam MRm camera at 63X of magnification.

M easur ement of relative water content

Relative water content (RWC) was performed as mentioned earlier®®. The value for each
treatment were calculated by using the standard formula RWC (%) = [(FW-DW)/(TW-DW)]
X 100%" with FW is fresh weight, DW is dry weight and TW is turgor weight. For performing

the experiments, leaves of equal sizes were detached from transgenic lines and control
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708  Arabidopsis undergoing dehydration (at 12, 19 and 24 days) were collected and weighed
709  immediately (FW). The leaves were submerged in deionized water for 24 hrs. After
710  incubation the leaves were blotted dry and their weight was determined (TW). To measure
711 their DW, they were oven dried (at 65 °C) for 24 hrs. The experiments were performed with
712 at least three experimental replicates each consisting of five to six plants.

713

714  Extraction and GC-M S analysis of Arabidopsis cell-wall polysaccharides

715 Extraction of cell-wall components was performed as described earlier®®. Briefly, five grams
716  (fresh weight) of shoots from respective lines (~25 days old) was crushed to a fine powder in
717  liquid nitrogen. The power of the tissue was treated with 3% Na,CO; at 4 °C for 8 hrs
718  followed by centrifugation. Pellet was further used separately for extraction of Arabinoxylan
719  (AX) and Cellulose. The remaining supernatant was processed for extracting arabinogalactan
720  (AG) by neutralizing with glacial acetic acid and performing dialysis (20 L * 6 times) for
721  three days. Post dialysis samples were concentrated with rotary evaporator and then
722 lyophilized to measure AG. The pellet was treated with 5 M NaOH solution containing 5 mg
723 of NaBH,at 80°C for 2hr. The alkali extracted material was centrifuged. Pellet was washed
724  with deionized water 2-3 times and dried to obtain cellulose. Remaining supernatant was
725  neutralized with glacial acetic acid for AX. The respective neutralized extracts were dialyzed,
726  concentrated and precipitated with ethanol (3 vol.) and centrifuged. Precipitated residue was
727  finally lyophilized to prepare AX.

728 For compositional analysis the extracted AG, AX and Cellulose were determined by
729  preparing their alditol derivatives. Extracted AG and AX were separately hydrolysed with

730  2M trifluoroacetic acid at 110 °C for 2.5 hr. Hydrolysis of cellulose was done in two steps
731 that includes primary hydrolysis in 72 % H,SO4at 30 °C for 1 hr followed by sample dilution
732 upto 4 % H,SO,4 concentration and again subjected to secondary hydrolysis at 121 °C for 1
733 hr. The solution was neutralized with BaCO3 and further reduction was done with NaBH, (20
734  mg) followed by acetylated with mixture of acetic anhydride and pyridine (1:1) at 100°C for
735 1 hr to prepare alditol acetate derivatives. Derivatized monosaccharides were analysed with
736  GC instrument coupled to a mass spectrometer. 2ul sample was introduced in the split less
737  injection mode in DB-5 (60 m x 0.25 mm, 1 um film thickness, Agilent, CA) using helium as
738  acarrier gas. The alditiol acetate derivative were separated using the following temperature
739  gradient: 80 °C for 2 min, 80-170 °C at 30°C/min, 170-240 °C at 4°C/min, 240 °C held for 30
740  min and the samples were ionized by electrons impact at 70 eV.

741
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Legendsfor the Figures:

Figure 1. Neighbour hood-Joining phylogenetic tree and Evolutionary conservation of
VIH proteins across species. (A) Neighbourhood-Joining phylogenetic tree of VIP proteins.
The full-length amino acid sequences of VIH proteins from various taxonomic groups were
used for the construction of phylogeny using MEGA7.0. The numbers along the nodes
represent the percentage of bootstrap values from 1000 replications. Sequence included are
wheat VIH proteins along with multiple plant species, humans, Dictyostelium,
Chlamydomonas and yeast. across species (Homo sapiens, AAH57395; M. musculus,
NP_848910; Drosophila melanogaster, CG14616-PE; S. cerevisiae, NP_013514 and S,
pombe, SPCC1672.06¢. (B) Schematic representation of domain architecture of TaVIHs
deduced from CDD database: light gray rectangles indicate ATP Grasp/RimK Kinase domain
and dark gray coloured heaxgons correspond to Histidine Phosphatase superfamily.(B) A
multiple sequence alignment of VIP1 homologs from Triticum aestivum, Arabidopsis
thaliana, Homo sapiens and Saccharomyces cerevisae performed using MEGA7.0. The
conserved catalytic aspartic acid residue conserved in VIH (VIP) proteins is indicated by a
red star shape. The phosphorylated serine residues conserved among plant VIH proteins as
predicted by MUsite have been highlighted in box. The arrows indicate signature motifs of
histidine acid phosphatases, RHXXR and HD. (C) Exon-intron arrangement of TaVIH genes.
The gene structures were predicted using GSDS online tool. Exons are displayed as red
hexagons, Introns as lines and the blue boxes show the upstream/downstream regions. The
intron phases are represented in numbers 0, 1 and 2.

Figure 2. Gene expression analysis of wheat VIH transcript in different tissue and seed
development. Quantification of transcript accumulation of wheat VIH genes : (A) TaVIH1
and (B) TaVvIH2 in different tissues of a wheat plant. The cDNA prepared from 2ug of DNA
free-RNA isolated from root, stem, leaf and flag leaf tissues of a 14 DAA plant as template.
(C) Quantitative expression analysis of TaVIH genes at different seed maturation stages (7,
14, 21 and 28 days after anthesis). (D) Quantification of transcript accumulation of wheat
VIH genes in different tissues of 14 DAA seed (aleurone, Al; endosperm, En; embryo, Em;
glumes, Gl and and rachis, Ra. For gRT-PCR, cDNA was prepared from 2ug of DNA-free

RNA isolated from respective tissues. TaARF was used as an internal control for

29


https://doi.org/10.1101/743294

bioRxiv preprint doi: https://doi.org/10.1101/743294; this version posted August 27, 2019. The copyright holder for this preprint (which was not

971
972
973

974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

normalization of Ct values. Each bar represents the mean of 4 replicates along with standard
deviation of the mean. (E) Microarray based expression profiles of TaVIH genes. The data

was generated using GENEVESTIGATOR (https://www.genevestigator.com/gv/plant.jsp).

Figure 3. 3D structurefor TaVIH proteins based on homology modelling, in-vitro kinase
activity and yeast complementation assays. (A) TaVIH2-3B overall structure depicting the
AMP-PNP ligand accommodated by two anti-paralled beta-sheets. (B) hPPIP5K2, TaVIH1-
4D, and TaVIH2-3B depicting the conserved catalytic residues in the IP6/IHP binding
pocket. The key conserved residues are depicted using sticks and the green spheres represent
Mg®* ions. (C) The relative luminescence units for all reactions performed were recorded
using Spectramax optical reader. The kinase reactions were performed in 25u1:25u1:50p1
ratio using ADP Glo max assay kit. The experiments were repeated 3 times using 3 different
IVT reactions and similar response was obtained. (D) Yeast complementation assay for
TaVIH genes. Representative image of spotting assay performed on SD-Ura plates containing
1% raffinose, 2% galactose and supplemented with 0, 2.5 and 5mM of 6-azauracil. The wild
type BY4741 and vipl4 strains were transformed with respective constructs using Li-
acetate method. Representative images were taken 4 days after spotting assay was
performed. Similar results were obtained with three independent repeats.

Figure4. Analysisof VIH promotersfor their cis-elementsand their expression under
different stress conditions. (A) Schematic representation of promoter regions of TaVIH
genes. Putative cis regulatory elements responsible for hormonal as well as abiotic stress
response present in 1000 bp region upstream of ATG have been indicated in different shapes.
The positions of these motifs were deduced from sequence search by PLANTCARE
database. (B) Hormonal and abiotic stress response of TaVIH genes promoter. Representative
images for histochemical GUS assay performed against different stresses for
promTaVIH1:GUS and promTaVIH2:GUS transgenic lines raised in Arabidopsis thaliana
Col0 background. Two week old seedlings selected positive against hygromycin selection on
0.5XMS agar plates were subjected to respective treatments: 1hr air drying for dehydration,
heat stress at 37 °C for 8hrs, (-)Pi condition: 0.5XMS medias without KH,PO, for 96 hrs,
ABA (100uM), GA3 (20uM) and NaCl (300mM) and drought (20% PEG) for 24hrs.
Seedlings with or without treatment (control) were stained overnight in GUS staining solution
and photographed using Leica stereomicroscope at 6.3X magnification.

Figure5. gRT-PCR analysis of thewheat VIH transcripts under different stress

condition. (A) Relative quantification of TaVIH genes expression in Pi-limiting conditions.
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1004  The expression profiles of TaVIH1 and TaVIHZ2 in roots (Left panel) and shoots (Right panel)
1005  of wheat seedlings collected at 5, 10, 15 and 20 days of phosphate sufficient (P+) ie 200uM
1006 KH;POsand limiting (-P) conditions:10pM KH2PO,4. gRT-PCR was performed as mentioned
1007  earlier. (B) Effect of PEG-8000 treatment on expression profiles of TaVIH genes. Relative
1008  quantification of TaVIH1 and TaVIH2 transcripts in Roots and Shoots of wheat seedlings
1009  after 72 hrs of treatment with 5% PEG-8000. cDNA templates were prepared from 2 ug RNA
1010 isolated from samples of CR-Control root, RT-Root treatment with PEG, CS-Control shoot
1011  and ST-Shoot treatment with PEG. The experiment included four replicates, the mean of

1012  which along with standard deviation was plotted to study the gene expression. The Ct values
1013  were normalized against the reference gene TaARF.

1014 Figure 6. Interaction of TaVIH with TaFLAG as identified during Y2H screening using
1015 TaVIH2-3B as a bait. (A) Y2H assay for the FLA6 and VIH interaction as represented by
1016  GAL plates containing -L-T and without GAL plates containing -HLT. (B) Pull down assay
1017  and Western analysis of the wheat FLAG in the yeast strains. (C) Localization of FLA6 using
1018  HAtagged-TaFLAG and TaVIH2 using cMYC tag. Fluorescence was measured using a Zeiss
1019  fluorescence microscope (Axio Imager Z2) with an Axiocam MRm camera at 63X.
1020  Representative images are shown and similar observations were noted for 3-4 independent
1021  transformed colonies of yeast. (D) Protein domain arrangement and hydrophobic plot for
1022  FLAG6 domains with negative values represent hydrophilic regions.

1023  Figure 7. Expression analysis of TaFLAG6, TaGT and TaXat. (A) Differential expression of
1024  TaFLAG6, TaGT/TaXat under drought condition in roots and shoots of wheat seedlings. (B)
1025  Relative gene expression level during grain development (7, 14, 21 and 28 DAA). (C) Gene
1026  expression profiles for the of the indicated genes using wheat expression database. For A and
1027 B, 2 ug RNA isolated from the given tissue and after cDNA synthesis gene specific primers
1028  were employed for expression studies. The Ct values were normalized against the reference
1029  gene TaARF as mentioned earlier.

1030  Figure 8. Phenotypic analysis Arabidopsis transgenic lines and effect of water stress
1031  upon rehydration in leaves. (A) Western analysis of transgenic Arabidopsis lines

1032  overexpressing TaVIH2-3B -Line#2, Line#4, Line#5 and Line#6. (B) Phenotype of transgenic
1033  plants and length of the main shoot axis in mm. (C) Relative water content of Arabidopsis
1034  leaves during the drought treatment for period of 12, 19 and 24 days. Vertical bars represent
1035  the standard deviation. # on the bar indicates that the mean is significantly different at p <

1036  0.01 with respect to their respective control treatments.
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Figure 9. Polysaccharides composition of Arabidopsis shoots. For cell-wall composition
analysis wildtype Col-O, Arabidopsis overexpressing TaVIH2-3B (Line#3 and Line#4) and
Arabidopsis vih2-3 representing Arabidopsis mutant defective for the expression of AtVIH2
were used. Total AG: arabinogalactan, AX: arabinoxylan and Cellulose (in pug/g) was
measured as indicated in Methods. Analyses were made in triplicates with each experimental
replicate representing at least five plants for each genotype. Vertical bars represent the
standard deviation. # on the bar indicates that the mean is significantly different at p < 0.01 (*

at p<0.05) with respect to their respective control plants.

List of Tables:

Table 1: List of genes identified as an interacting partners of wheat VIH2-3B. The table
summarises the information of the predicted gene function (based on the ensemble-BLAST)
of the sequenced clones. All the enlist genes resulted in blue colony formation when the
screening was performed on the SD-GALa (-AHLT) plates. Respective TRIAE IDs (RefSeq
V1.0) are mentioned. Most of these genes show more than once occurrence of the yeast

colonies during screening except for S.No 1, 2,3 clones that appeared more than thrice.

S.No | Predicted Biological Annotation New TRIAE_ID

1. Fasciclin-like arabinogal actan protein (FLAG) TraesCS2A02G165600
(protein ID: ABI95396.1)

2. Glycosyl transferases (GT) TraesCS6B02G339100.1

3. Xylan arabinosyl transferase (Xat1) TraesCS6A02G309400.1

4. Glycine-rich cdl-wall structural protein-like TraesCS2B02G541900

5. Alpha-amylase/trypsin inhibitor CM1 TraesCS7B02G072000

6. NADH-ubiquinone reductase complex 1 MLRQ TraesCS7A02G238600
subunit;

7. Hypothetical protein TRIUR3_ 12806 TraesCS4A02G016700

8. ABC transporter B family member 25 A1-1 TraesCS5A02G392600
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9. Short chain dehydrogenase reductase TraesCS2B02G116700

10. | WW domain binding protein (containing PPGPPP TraesCS2A02G245500

motif)
11. | Ethylene-responsive e ement binding protein 1 TraesCS7B02G062200
(EREB1) mRNA, complete cds
12. | Triticum aestivum mRNA, clone: tplb0058f16, TraesCS2A02G558900
cultivar Chinese Soring
1055
1056
1057

Supporting information:

Supplementary Figure 1: Kyte-Doolittle Hydropathy plots for wheat VIH proteins.
Supplementary Figure S2: Expression patterns of TaVIH genes’ homoeologous in different
tissues and stress conditions. RNAseq datasets of (A) Tissues and developmental stages (B)
Abiotic (phosphate starvation, heat and drought stress) and (C) Biotic stress conditions were
used. The expression values were obtained from expVIP database in the form of TPM values
and ratios of stressed to control condition were used to generate heatmaps using MeV
software. Green and red colors represent down-regulation and up-regulation of the genes in
the specific stresses, as shown by the color bar.

Supplementary Figure S3: Expression of wheat VIH under Pi limiting condition. (A)
Positions of phosphate responsive cis-elements in TaVIH1 and TaVIH2 gene promoters. The
2 kb promoter sequences of TaVIH genes were analysed for the presence of PHO4 binding
site and P1BS element. (B) Bar plot depicting fold change levels for all homoeologs of
TaVIH1 and TaVIH2 in wheat root and shoot tissues upon phosphate deprivation. Expression
values were calculated and used to calculate fold change levels from RNA-seq based
transcriptomics data (Oono et al., 2013).

Supplementary Figure $4: Western blot analysis, cDONA preparation and screening of the
VIH interacting proteins (representative image). (A) Western analysis of ¢c-MYC fused

TaVIH1 or TaVIH2 proteins in the yeast strain. (B) Double strand cDNA preparation of
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wheat seedling library used for yeast two hybrid interaction studies. The cDNA library was
resolved on the 1.2 % agarose gel. Two different cDNA preparations (Repl and Rep2) was
performed and pooled together for the library preparation. (C) Representative yeast colony
map for calculating the mating efficiency (-LT1/1000). (D) Representative picture of the yeast
colonies with putative interacting clones obtained on the selection plates (-AHLT+aGal).
Each of the independent streaked colonies represent single putative interacting clone. Only
colonies showing strong-blue coloration were used further for further study.

Supplementary Figure S5: Expression of wheat Fasciclin-like arabinogalactan protein
(FLAG), TraesCS2A02G165600; glycosyl transferases (TaGT), TraesCS6B02G339100 and
Xylan arabinosyl transferase (TaXatl), TraesCS6A02G309400. (A) Bar plot depicting fold
change levels for TaFLAG, TaGT and TaXat under drought condition post 1 and 6 hrs of
stress. (B) Bar plot depicting fold change levels of wheat FLA6, TaGT and TaXatl in
different wheat tissue (grain, leaf, root, spike and stem). The plots were made using
https://wheat.pw.usda.gov/WheatExp/.

Supplementary Figure S6: Flow representation of the preparation and extraction of
polysaccharides (Arabinogalactans, Arabinoxylans and Cellulose) form the shoots of
Arabidopsis

Supplementary Figure S7: GC-MS profiling of arabinogalactans (AG-arabinose+galactose),
arabinoxylans (AX-arabinose+xylans) and cellulose in Arabidopsis overexpressing TaVIH2-
3B in two independent transgenic lines. Arabidopsis with empty vector (EV) was used as
control along with two confirmed homozygous lines referred as Line#4G and Line#5F. (A)
Profile indicates for quantification of AG. (B) Profile indicates for quantification of AX and
(C) Profile indicates for quantification of cellulose. The lines colour indicates the following: -
black: Col-O(EV); red: Line#4G; and green: Line#5F. Inositol (Retention time: 49.2) was
used for internal standard while performing GC-MS analysis

Supplementary Figure S8: Expression of TaVIH genesin low phytate wheat grains. The
expression profiles of both VIH genes was studied in seeds of (A) TalPK1-RNAIi (Aggarwal
et al., 2018) and (B) TaABCC13-RNAI transgenic lines (Bhati et al., 2016) and non-
transgenic wheat (C-306) as control. cDNA was prepared from DNase treated RNA extracted
from 14 DAA seeds of C306, S6-K6-10, S3-D-6-1, S16-D-9-5, S6-K-3-3, K4G3-5-1 and
K1B4-2-5 lines. The Ct values were normalised against TaARF control. Results indicate

mean of three-four technical replicates with standard deviation
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Supplementary Table S1: List of TaVIH genes with computed physical and chemical
parameters. The molecular weight and isoelectric point prediction were done using Expasy
ProtParam tool (https://web.expasy.org/protparam/). The sub-cellular localization prediction
was done using WoLF PSORT prediction tool (http://www.genscript.com/wolf-psort.html).
Supplementary Table S2: RPKM values of TaVIH genes’ transcripts for normal (0 day) and
phosphate starved (10 day) conditions in root and shoot tissues. The RNAseq data was used
from Oono et al., 2014.

Supplementary Table S3: GC-MS analysis in shoot of Arabidopsis overexpressing TaVIH2-
3B. Analysis was done for three biological replicates (independent extractions; Replicatel,
Replicate2 and Replicate 3, using 3-4 plants for respective lines). Inositol-derivative was used
as an internal control as mentioned in the Methods section. Two independent transgenic lines
(Line#4G and Line#5F) along with control plants (Col0-EV) and Arabidopsis mutant vih2-3
was used for analysis of Arabinogalactans (AG), Arabinoxylans (AX) and cellulose.

Supplementary Table $4: Primers used for this study.
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