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Abstract

Background

PR superfamily, pathogenesis related (PR) proteins divided into P1-PR17 subfamilies, is
involved in the defense mechanism of plants. Thaumatin-like proteins (TLPs) are part of PR-5
family that facilitates resistance against abiotic and biotic stress responses.

Results

In the present study, atotal of 26, 27, 39, 93 and 37 TLPs with conserved signature-motif were
identified in Brachypodium  distachyon, Oryza  sativa, Sorghum  bicolor, Triticum
aestivumand Zea mays, respectively. They were phylogenetically divided into 10 different
clades. Mgority of genes possessed one to three exons. Physicochemical analysis suggested
significant differences between small and long TLPs. Mgjority consisted of signal peptide and
localized in extracellular region. Evolutionary analyses suggested the role of duplication events
in the expansion of this gene family. Tissue-specific expression of certain genes suggested their
role in development, while differential expression revealed their putative roles in stress-response.
The occurrence of assorted set of cisregulatory elements further suggested their diverse
functions. Co-expression analysis depicted their interaction with several stress responsive genes.
Conclusons

The detailed characterization of TLP proteins in cereals depicted their importance in combating
various biotic and abiotic challenges. This study would be useful in further characterization of

individual TLP genesin each plant, and various crop improvement programs in future studies.
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Introduction

Plants have been facing numerous challenges over the course of evolutionary period. Various
features have been acquired by plants to tackle the challenging conditions such as climatic
change, pathogenic attacks, tissue injury, salinity etc. Growth and development of plants are
strongly affected by such stress conditions. Stress conditions including abiotic such as hest,
drought, salinity, cold etc. On the other hand, biotic stresses are caused by living organisms such
as bacteria, fungi, nematode etc. Plants are adapting and gaining ways of mechanisms to restrain
these stress causing agents. For example, production of phytoalexins, proline, sugars, late
embryogenesis abundant (LEA) proteins, Pathogenesis related (PR) proteins etc. [1, 2].

PR proteins are a superfamily of defense related proteins named due to their involvement in
pathogen stress responses. PR proteins superfamily includes PR1-PR17 sub families, classified
on the basis of their different roles and mechanisms|3].

PRS5, also known as thaumatin-like proteins (TLPs) family, is one of the important classes of PR
superfamily [3, 4]. These proteins were nomenclatured as TLPs due to their significant smilarity
with a ~23kDa sweset-tasting protein known as thaumatin [5]. Thaumatin protein was first
isolated from an African shrub known as Thaumatococcus daniéelli [6]. Over the period of time,
TLPs have been reported in adiverse group of organisms including insects, nematodes, fungi and
plants[7-13].

In plants, TLPs are found to be present in algae, bryophytes, gymnosperm, and angiosperm [12-
15]. The TLP proteins are grouped into two different forms, long TLPs and small TLPs, based on
their molecular weight (MW). Unlike to the cosmopolitan nature of long TLPs, the small TLPs
were found to be confined in gymnosperm and monocots only [12, 15, 16]. Furthermore, the
long TLPs have a molecular weight of ~21-26 kDa, while Small TLPs have MW of ~16-17 kDa.
A total of 16 and 10 conserved cysteine residues are present in long and Small TLPs,
respectively. These cysteine residues form eight disulfide linkages in L-type and five disulfide
linkages in S-type TLPs. These disulfide bonds provide resistance to TLPs against extreme pH,
heat and protease degradation [17, 18]. Moreover, structural properties revealed that TLPs have a
conserved REDDD motif and a thaumatin signature motif G-X-[GF]-X-C-X-T- [GA]-D-C-X-
(1,2)-G-X-(2,3)-C. The REDDD matif is known to be involved in receptor binding for their
antifungal action [12, 19]. TLPs are known for their diverse roles in abiotic and biotic stress

tolerance in plants. Various research groups have reported that overexpression of TLPs increases
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resistance against various fungus in both dicot and monocot plants including tobacco, soybean,
potato, grapes, rice, wheat etc. [20-25]. The mechanism of TLPs in fungal resistance is
ambiguous, however, these are assumed to work by degradation and permeabilization of the
fungal cell walls [26, 27]. In addition, TLPs are known to be involved in antifreeze action and
abiotic stress resistance in plants [21, 28-30]. Furthermore, TLPs are reported to be involved in
flowering, fruit ripening and seed germination [31-33].

TLP is an important gene family because of its diverse roles in plant development and defense
mechanisms. A detailed genome-wide analysis in crops including B. distachyon, S. bicolor and
T. aestivum has not been carried out till date. Furthermore, a detailed cis-regulatory,
physicochemical, expression and coexpression analysis of TLPs in O. sativa and Z. mays has
been carried out in this study, in addition to the previous work [13]. In the present study, we have
performed the comprehensive genomic analysis of the TLP protein family in five cropsincluding
B. distachyon, O. sativa, S bicolor, T. aestivum and Z. mays. TLPs were studied in detail to
explore their chromosomal distribution, phylogeny, physicochemical properties, gene duplication
events, cis-regulatory elements and structural configuration. Moreover, to decipher their putative
roles in plant development and under abiotic and biotic stresses, their expression and
coexpression analysis was performed using high throughput RNA-seq data. The study will
enhance the knowledge about the TLP protein family in five studied cereals. It will shed light on
the putative roles of TLPs in various stress and developmental processes, which eventually

provides a base for detailed functional studies and various crop improvement programs.

Results

I dentification and Chromosomal localization of TLP genes

An extensive genomic search of the TLPsin B. distachyon, O. sativa, S. bicolor, T. aestivum and
Z. mays resulted in the identification of 26, 27, 39, 93 and 37 TLP genes, respectively. All of the
identified genes were having a complete thaumatin signature motif (Additional file 1: Table S1).
The genes lacking or having incomplete thaumatin signature motifs were excluded from the
study. In this study, four TLPs were identified as small TLPs (STLPS) in each B. distachyon, O.
sativa and Z. mays. A total of 10 and 20 genes were categorized into STLPsin S, bicolor and T.
aestivum, respectively (Additional file 1: Table S1).
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96 The chromosomal localization analysis suggested the scattered distribution pattern of TLPs on
97  most of the chromosomes of the respective crops (Fig. 1). In B. distachyon, O. sativa, S bicolor,
98 T. aestivum and Z. mays, TLP genes were localized on 5/5, 11/12, 9/10, 21/21 and 9/10
99 chromosomes. In B. distachyon, chromosome number 4 possessed the highest 10 TLPs (both
100 long and small TLPs), while chromosome numbers 12, 8, and 1 were having the highest number
101 of TLPsin O. sativa, S bicolor and Z. mays, which were 6, 11 and 13, respectively. In case of T.
102 aestivum, the maximum number of TLPs (i.e. 13) were present on chromosome number 5A,
103  while the location of two genes were unknown. Unlike long TLP genes, sTLPs were localized
104  specifically on chromosome numbers 12, 8 and 1 in O. sativa, S bicolor and Z. mays,
105  respectively. In B. distachyon, STLPs were specifically present on chromosome numbers 1 and 4;
106  however, STLPs in T. aestivum were observed on all the chromosomes except chromosome
107  number 1.
108  Thenomenclatures of TLP genesin B. distachyon, O. sativa, S. bicolor and Z. mays were allotted
109  on the basis of their specific location on their respective chromosomes. In case of T. aestivum,
110  homeologous grouping resulted in 32 homeologous groups, which were named according to the
111 procedure described in methods.
112
113 Multiple sequence alignments and tertiary structure of TLPs
114  TLPshave various characteristic and conserved residues, which are important for their functional
115  activities. To explore these conserved regions and their similarity with thaumatin protein
116  (P02883.2[THM1 THADA), TLPs of these five ceredls along with thaumatin protein were
117  aigned and studied (Fig. 2; Additional file 2: Figure S1). It was found that most of the long
118  TLPs have 16, while all the small TLPs possessed 10 conserved cysteine residues in all the five
119  crops. In addition, 7-5 cysteine residues were predicted in some of the TLPs from O. sativa, S,
120  bicolor, T. aestivum and Z. mays. REDDD motif residues were conserved in most of the TLPs;
121 however, some of these residues were replaced by amino acids with equivalent or different
122 propertiesin afew TLPs. Thaumatin signature motif is a characteristic feature of thaumatin-like
123 proteins, which was well conserved in these TLPs. Some other regions like FF hydrophobic
124  motif and bottom of acidic cleft forming amino acids were found well conserved in most of the
125 TLPs.
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126 A comparative study of the structural configuration of one representative of each small TaTLPs
127  (TaTLP6-A) and long TaTLPs (TaTLP2-A) was carried out in the context of their secondary and
128  tertiary structures. Secondary structure analysis predicted the highest percentage of coil region
129  followed by B strands and o helices in both long and small TLPs. The tertiary structure revealed
130  thethree complete domains (I-111) in the long TLP, while small TLP protein was lacking a magjor
131 region of domain Il (Fig. 3a b). In TaTLP2-A, domain | was comprised of 9 3 strands and was
132 the largest one. Further, Domain Il was mainly consisted of three small and a large o helix
133 structure, while the domain 111 was the smallest one and constituted of two 3 strands and a long
134  loop region. In case of TaTLP6-A, sTLP, domain Il was comprised of only two o helices, while
135 domain | and Il configuration were found smilar in both small and long TLP. The cysteine
136  residues were conserved in both small and long TLP proteins. Moreover, eight and five disulfide
137  bonds were present in TaTLP2-A and TaTLP6-A, respectively. Furthermore, the bioinformatics-
138  based ligand prediction showed iodine, B-D glucose, dipicolinic acid, ascorbic acids, and meso-
139  tartaric acid as probable ligands for both TaTLPs.

140

141 Phylogenetic analysis

142 To decipher the evolutionary relationship of the TLP family among five cereals and A. thaliana,
143 a phylogenetic tree was built using full-length peptide sequences. These TLPs were clustered
144  into 10 different clades based on their phylogenetic relatedness, named as groups | to X (Fig. 4).
145  The highest number of TLPs were found in group X followed by group II, while group 1V was
146  smallest with only five genes. Interestingly, all the sTLPs were specific to group X only.
147  Furthermore, it was observed that groups |, 11, VII, VIII and IX consisted of TLPs from all the
148  fivecereals, while Group Il1, V and VI lack the members of one or more plant species. However,
149  group IV was composed of only three TaTLP and two AtTLP proteins. Additionally, it was
150  found that, with few exceptions, most of the TLPs of Group I, Il1, IV, IX and X were with 3, 1,
151 3, 2 and 1 exons, respectively. Moreover, the ranges of exon varied from 1-3, 2-3, 2-11, 2-4 and
152 1-4ingroupsll, V, VI, VII and VIII, respectively. The homeologous TLPs of T. aestivum were
153  found together in close proximity.

154

155

156


https://doi.org/10.1101/2020.09.24.311928

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.24.311928; this version posted September 25, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

157  Duplication eventsinvestigation

158  We have performed the duplication event (DE) analysis of TLPs of all five crops. DES were
159  studied to understand their roles in the evolution and expansion of TLP gene family. A total of
160  one, four, three, six and eight DEs were found in B. distachyon, O. sativa, S. bicolor, T. aestivum
161 and Z mays (Fig. 1; Additional file 3. Table S2). All the paralogous genes in B. distachyon
162  (BATLP1-BdTLP2), O. sativa (OSTLP5-OsTLP7, OsTLP22-OsTLP24, OsTLP23-OsTLP25,
163  OsTLP26-OsTLP27) and S bicolor (SOTLP28-SbTLP29, SHOTLP31-ShTLP34, SHTLP32-
164  SHTLP33) were due to the tandem duplication events. In the case of T. aestivum, five out of six
165  DEs were segmental (TaTLP1-A-TaTLP24-D, TaTLP1-B-TaTLP24-B, TaTLP12-B-TaTLP13-D,
166  TaTLP15-A-TaTLP18-B, TaTLP15-B2-TaTLP18-A) and one was tandem DE (TaTLP16-A-
167  TaTLP17-A). In Z. mays, seven segmental (ZmTLP1-ZmTLP35, ZmTLP2-ZmTLP34, ZmTLP3-
168  ZmTLP22, ZmTLP9-ZmTLP12, ZmTLP13-ZmTLP37, ZmTLP16-ZmTLP33, ZmTLP20-
169  ZmTLP25) and one tandem (ZMTLP6-ZmTLP7) DEs were found. In the context of paralogous
170  genes, it was observed that all the duplicated gene pairs of each cereal crop weretightly clustered
171  in the same clade, for instance, BATLP1 and BATLP2, OSTLP5 and OsTLP7, SbTLP28 and
172 SbTLP29, TaTLP1-B and TaTLP24-B, ZmTLP16 and ZmTLP33.

173

174 Ka/Ksand Tajima’srelativerate test

175  Over the course of evolution, various evolutionary forces and natural pressures affect the
176  duplicated genes [34]. To understand the evolutionary divergence between the paralogous gene
177  pairs of these five cereals, we carried out the Ka/Ks analysis. The value of more than one and
178  less than one of Ka/Ks ratio suggests the positive (Purifying) and negative (non-purifying)
179  selection pressure, respectively. All the paralogous genes showed the KalKs value lesser than
180  one, which suggested the negative or purifying selection on TLP duplicated genes (Table 1).
181  However, Ka/lKs anaysis for ZmTLP6 and ZmTLP7 was not performed due to their 100%
182  similarity. Additionally, the divergence time of DEs was also calculated using the Ks value and
183  previously described methods [35, 36]. The divergence time of duplicated genes was calculated
184  as 83 million years ago (MYA) in BATLPs, while the range varied from 52-108, 6-137, 63-99
185 and 1-63MYA in O. sativa, S bicolor, T. aestivum and Z. mays, respectively (Table 1).
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186  The Tgjima srelative rate test found the insignificant 2 value for all the duplicated gene pairs at
187 P > 0.05 (Table 2). The P value of more than 0.05 depicted their acceptance of the molecular
188  evolutionary clock hypothesis[37].

189

190  Gene architecture, domain and motif analyses

191  Gene structural organization analysis includes exon/intron arrangements and phase distribution
192  in TLPs. The number of exons varied from one to three in O. sativa, while one to four in B.
193  distachyon, S bicolor and T. aestivum. In case of Z. mays, most of the TLPs had a range of one
194  to three exons, while ZmTLP16, ZmTLP20, ZmTLP25 and ZmTLP33 consisted of eleven, seven,
195 eight and ten exons, respectively. A total of 98 out of 222 TLPs of five crops were intronless.
196  Intriguingly, except TaTLP-6A and TaTLP20-Al, all the STLPs were intronless. Furthermore, the
197  intron phase analysis revealed that the maximum number of introns were in phase 1, followed by
198  phase 2, while the least number of introns were in phase zero (Additional file 4: Figure S2).

199  Functional nature of a protein depends on the type of domains present in it. All of the TLPs from
200 thesefive cereals possess a thaumatin domain (PF00314). The average domain sizes of long TLP
201 in B. distachyon, O. sativa, S. bicolor, T. aestivum and Z. mays were approx. 217, 207, 216, 214
202  and 202 AA, respectively. On the other hand, average thaumatin domain sizes of STLPs were
203 154, 151, 147,134 and 148 amino acids (AA) in B. distachyon, O. sativa, S bicolor, T. aestivum
204  and Z. mays, respectively. In addition to the thaumatin domain, ZmTLP16, ZmTLP20, ZmTLP25
205 and ZmTLP33 also had a nuclear protein 96 (NUP96) domain. The NUP96 domain of size ~211
206  AA was present on the cytosolic terminal of these proteins (Additional file 5: Table S3).

207  Motif investigation revealed the 10 most conserved motifsin TLPs. Motifs 1-9 were the parts of
208  the thaumatin domain, while motif 10 was unknown. Furthermore, motifs 5, 6 and 8 were the
209 most conserved in TLP proteins. The thaumatin signature sequence was present in motif 8
210  (Additional file 4: Figure S2).

211

212 Physicochemical properties

213  Tounderstand their several important features, analysis of several physicochemical properties of
214  identified TLPs were studied. TLPs were analyzed for their MW, peptide length, pl, subcellular
215  localization, transmembrane helix and signal peptide (Additional file 6: Table $4). The average
216  peptide lengths of long TLPs were 299, 289, 294, 284 and 334 AA and of small TLPs were 185,
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217 178, 178, 177 and 175 AA in B. distachyon, O. sativa, S bicolor, T. aestivum and Z. mays,
218  respectively. The average MW were 30.8, 29.8, 30.0, 29.1 and 35 kDafor long TLPs, while 19.5,
219 181, 18.3,18.2 and 17.7 kDafor small TLPsin B. distachyon, O. sativa, S. bicolor, T. aestivum
220 and Z. mays, respectively. The average isoelectric points were 6.18, 6.95, 6.05, 6.18 and 5.89 for
221 long TLPs and 6.82, 6.06, 5.74, 6.17 and 4.90 for STLPs in B. distachyon, O. sativa, S. bicolor,
222 T.aestivumand Z. mays, respectively (Additional file 6: Table $4). The higher average MW and
223 peptide length of ZMTLPs with respect to other crops were due to the presence of four TLPs
224 (ZMTLP16, ZmTLP20, ZmTLP25 and ZmTLP33) with an additional domain.

225  Transmembrane (TM) helix analysis predicted the 21/26, 21/27, 29/39, 84/93 and 30/37 TLPs
226 were with no TM region, while 5/26, 5/27, 10/39, 7/93 and 7/37 TLPs consisted of single TM
227  region in B. distachyon, O. sativa, S bicolor, T. aestivum and Z. mays, respectively. However,
228  OsTLP18, TaTLP4-D and TaTLP5-D were comprised of two TM helices each (Additional file 6:
229 Table $4). The analysis of subcellular localization predicted that most of the TLPs were
230 localized in the extracedllular region, while three TLPs from O. sativa (OsTLP10, OsTLP15 and
231 OsTLP16) shown nuclear and BdTLP16, TaTLP21-A, ZmTLP20, ZmTLP25 and ZmTLP33
232 shown plasma membrane localization (Additional file 6: Table $4). Signal peptides were found
233 in 23/26, 21/27, 36/39, 86/93 and 33/37 TLPs of B. distachyon, O. sativa, and Z. mays,
234 respectively (Additional file 6: Table $4). All the sTLPs were devoid of the transmembrane
235  helix, and one signal peptide was predicted in all of them.

236

237  Promoter region analyses

238 Based on ther putative functions, the identified cis-regulatory elements were segregated into
239  four types including growth and development, light, hormone and stress-responsive elements
240  (Additiona file 7: Table S5). The promoter regions comprised of a number of growth-related
241  dements including TE2F2NTPCNA, EBOX, RYREPEAT4, RAV1AAT, POLLEN1LEAAT52
242  etc. In case of light-responsive elements, GTICONSENSUS, GATA box, GBOXLERBCS,
243  BOXII, IBOXCORE were some common cis-regulatory elements. However, under the hormonal
244  responsive category, DPBFCOREDCD3, ARFAT, ARR1, ERELEE4 and GARE100SREP1
245 were abscisic acid, auxin, cytokinin, ethylene and gibberellic acid responsive, respectively.
246 Moreover, various abiotic and biotic stress-responsive elements were also found in most of the
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247 studied TLPs, for instance, DRE2COREZMRAB17, ASFl, BIHD1, CBFHV, CGG-box,
248  GCCCORE, LTRECOREATCOR15, MYB, MYC, WRKY 1, W-box, T/G-box etc.

249

250 Expression profiling of TLP genesunder different tissues and developmental stages

251  Expression analysis of genes is a significant way to understand their involvement in various
252  developmental and physiological processes. TLP genes in plants are known to play roles in
253  various tissues and their development pathways. To decipher the role of TLPs in B. distachyon,
254  O. sativa, S bicolor, T. aestivum and Z. mays, an expression study was carried out using high
255  throughput RNA-seq data [38-40]. Expression of TLPs was very low, hence we have selected
256 only the genes with FPKM value > 0.2 in at least one of the tissue developmental stage for
257  further analysis. This filter criterion led to the selection of 23, 27, 37, 84 and 29 TLPs in B.
258  distachyon, O. sativa, S. bicolor, T. aestivum and Z. mays, respectively. In each plant species, the
259  genesin heat maps formed the different cluster groups on the basis of their expression patterns
260 (Fig. 5a-€). In case of B. distachyon, the genes were clustered into 1-3 groups. BATLPs of group
261 1 were highly expressed in early and emerging inflorescence stages, while BATLP9, BATLP12
262 and BATLP23, BATLP28 were upregulated in endosperm and embryo, respectively. Group 2
263  genes depicted upregulated expression in plant embryo, which was followed by early and
264  emerging inflorescence tissues. Moreover, group 2 genes showed their varied expression in leaf,
265  pigtil, embryo and endosperm tissues. The group 3 genes were maximum upregulated in 10 days
266  after pollination (DAP) of seeds, while BATLP8 and BdTLP18 showed their upregulated
267  expression in pistil tissue aswell (Fig. 5a). In B. distachyon, TLPs showed their expression in all
268  tissues and their stages, which suggested their involvement in vegetative and reproductive
269  growth and development. In O. sativa, TLPs were clustered into five groups (Fig. 5b). All of the
270 group 1 OsTLPs showed upregulated expression in seed except OsTLP27, which showed
271 upregulation in root tissue. The majority of group 2 OsTLPs showed high expression in callus.
272 Group 3 genes showed their maximum expression in the shoot; however, OsTLP14 and
273 OsTLP18 were also upregulated in the early inflorescence. OsTLPs belonging to group 4 showed
274  upregulation in early inflorescence, while OsTLP12 and OsSTLP19 were upregulated in carpel
275 tissue as well. The result depicted their roles in tissues including both vegetative and
276  reproductive. In S bicolor, four groups were formed, in which group 1 genes showed differential
277  expression in root tissues except TLPS, HTLP23 and SHTLP27, which were expressed highly

10
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278 in anther tissue. In group 2, most of the genes showed high expression in the pistil, while
279  DTLP4, SOTLP10 and SOTLP26 were differentially expressed in seed as well. Similarly,
280  SHTLP13, SHOTLP17, SbTLP38 and SbTLP39 were shown upregulation in plant embryo. SbTLP17
281  exhibited upregulated expression in all tissues except leaf and anther. In group 3, half of the
282  genes showed their highest expression in the endosperm, while another half showed in flower. In
283  case of group 4, the maximum genes were showing differential expression in leaf (Fig. 5¢). In Z.
284  mays, genes were clustered into four different groups (Fig. 5€). Most of the genes of group 1
285  showed significant expression in all stages of tissue development; however, half of the genes
286  were seen to be significantly upregulated in unpollinated silk while the other halves were
287 expressing in pericarp and aleurone layer. Majority of group 2 genes were specifically
288  upregulated to root tissues, while some genes also showed upregulation in internode tissue,
289  namely ZmTLP17, ZmTLP19 and ZmTLP28. Group 3 genes were mostly downregulated but
290  showed significant expression in the embryo. Group 4 genes showed upregulated expression in
291  most of the tissues, however, the maximum expression of these genes observed in leaf followed
292 by internodetissue.

293  In T. aestivum, the genes were high in number and were clustered into four large groups (Fig.
294  5d). Group 1 was the largest group and most of the genes showed differential expression in root
295 tissue followed by shoot. In addition, genes like TaTLP29-A, B, D and TaTLP4-D showed their
296  upregulated expression in spike tissue as well. Group 2 genes showed highest upregulation in
297  spike and grain; however, some genes such as TaTLP2-D1 and TaTLP1-A aso showed varied
298  expression in root tissue. In group 3, most of the genes exhibited upregulated expression in grain,
299  while TaTLP3-A, U, TaTLP13-D, TaTLP32-A, B, and D were highly expressing in leaf, followed
300 by root. Group 4 TaTLPs were expressing higher in grain, while TaTLP7-A, B, D and TaTLP30-
301 A were aso upregulated in spike. Overall TaTLPs were highly expressed in root, stem and grain
302  tissues, while some genes were also upregulated in spike and leaf.

303

304 Expresson profiling of TaTLP genesunder biotic and abiotic stress conditions

305 TLPs belong to defense-related protein family and are well known for their stress-responsive
306 behavior. The expression analysis of TaTLP genes using RNA-seq data was performed under
307  various biotic and abiotic stress conditions to understand their roles in stress resistance [41-43].
308 In biotic stress, RNA-seq data generated at 24, 48 and 72 h after infestation of two important
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309 funga pathogens, namely, Blumeria graminis f. sp. tritici (Bgt) and Puccinia striiformis f. sp.
310 tritici (Pst) was used for expression pattern analysis [41]. These fungal pathogens are causing
311  agent of powdery mildew and stripe rust diseases, respectively. In T. aestivum, a total of 50
312 genes were analyzed because of their differential expression in these stress conditions and
313  clustered into four different groups based on their expression pattern (Fig. 6a). In group 1, most
314  of the genes were expressed highly in Bgt infection, while these genes were downregulated or
315  showed mild expression after Pst infestation. However, TaTLP23-A was upregulated in all the
316  conditions. In groups 2 and 3, most of the genes were low expressing and showed their
317  expression mainly in Pst infection. However, TaTLP27-D showed upregulation under both Bgt
318 and Pst infection. The group 4 genes were upregulated at the 24 days after Pst infestation. In Bgt
319 infection, TaTLP3-A2, TaTLP12-A, TaTLP32-A were most differentially upregulated genes with
320 37,36 and 35 folds, respectively. However, in comparison to Bgt infection, under Pst infection, a
321 small number of genes, for instance, TaTLP10-A (51 fold up), TaTLP27-D (17 fold up) etc.
322 showed upregulated expression.

323  Abiotic stresses are another major threat to plants, which affect the various physiological and
324 biological processes of plants. To understand the putative role of TaTLPs in abiotic stress
325  conditions, expression analysis was carried out under drought (DS), heat (HS) and combined
326  stress of heat and drought (HD) stress using online available RNA-seq data [42]. A total of 52
327  TaTLPswere analyzed which formed four different clustersin the heatmap (Fig. 6b). Most of the
328 genesin group 1 were downregulated in DS, HS and HD stresses. However, TaTLP15-B3 and
329 TaTLP27-B exhibited significantly upregulated expression under HS and HD. In group 2, only
330 three genes namely, TaTLP5-D, TaTLP9-A and TaTLP9-D were highly expressing in all three
331  stresses. Most of the TaTLPs from group 3 exhibited higher expression a 6 h of DS, while few
332 genesof group 3 such as TaTLP14-Al, B1, TaTLP25-D etc., showed differential expressionin all
333  thestress conditions. In group 4, TaTLP7-D showed upregulated expression at 1 h of HS and HD
334  stress, while TaTLP28-A was upregulated at both 1 and 6 h after HS treatment.

335 Expression analysis of TaTLPs under salt stress was done using online available RNA-seq data
336 [43]. Out of 93 genes, 63 genes were found to be differentially expressing and used for further
337 expression analysis. These 63 genes were clustered into 4 groups, based on their expression
338  patterns (Fig. 6¢). In group 1, genes were downregulated in all the salt treatment conditions,
339  while group 2 genes showed similar expression as control conditions. However, TaTLP2-B
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340 exhibited 6 fold upregulated expression in initial hours of salt treatment. In group 3, TaTLPs
341  exhibited upregulated expression a 24 and 48 h of sat treatment. Precisedly, TaTLP3-U,
342  TaTLP14-Bland B5 showed upregulated expression at all the time intervals of salt stress with
343  most 18, 9 and 10 fold up change at salt 48 h, respectively. Group 4 genes were upregulated at 12
344  and 24 h and showed downregulation at 48 h of salt treatment.

345

346  Co-expresson networking of TLPs

347  Tounderstand the interacting network of TLP genes, a co-expression study was carried out under
348  various tissue developmental stages of each studied cereal (Fig. 7a-€). Additionally, in T.
349  aestivum, the co-expression study was also performed under a biotic and abiotic stress conditions
350 (Fig. 8a-c). In B. distachyon, a total of 64 transcripts were co-expressing with three BATLP
351  genes. Out of these three genes, BATLP17 exhibited co-expression with maximum 51 transcripts.
352 These co-expressed gene encode hydrolases, chitinases, kinases, defense-related, DNA binding,
353  etc. proteins (Fig. 7a; Additional file 8: Table S6). In the case of O. sativa, seven OsTLPs were
354  co-expressed with a total of 101 transcripts. OsTLP4 and OsTLP1 exhibited co-expression with
355 29 and 25 transcripts, respectively. Various proteins, for instance, PR-1, hydrolases, ion binding,
356  proteases, kinases etc. were encoded by these co-expressed transcripts (Fig. 7b; Additional file 8:
357 Table S6). In the S bicolor, nine SOTLPs showed co-expression with a total of 137 transcripts.
358  SHTLP15, ShTLP36 and SHOTLP5 showed maximum co-expression with 38, 32 and 29 transcripts,
359  respectively. Co-expressed transcripts included various proteins responsible for ion binding,
360 protein degradation, stress-related, development-related etc. (Fig. 7c; Additional file 8: Table
361  S6). In Z. mays, a total of four ZmTLPs exhibited co-expression with 97 transcripts. The
362  ZmTLP29 showed co-expression with 68 transcripts encoding responsive proteins for drought,
363  hormone, oxidative stress, biotic stress etc. (Fig. 7e; Additional file 8: Table S6).

364 In case of T. aestivum, under tissue and developmental stages, a total of 10 TaTLPs revealed
365 their co-expresson with 121 transcripts. Most co-expressed genes were TaTLP31-B and
366  TaTLP20-A6 with 53 and 51 transcripts, respectively. These co-expressed transcripts trandlate
367 different proteins, like the transporter, kinase, ATP synthase, ethylene-responsive etc. (Fig. 7d;
368  Additional file 8: Table S6). However, under biotic stress, most of the co-expressed genes were
369 interacted with TaTLP18-B and these interacted genes encode proteins related to signaling,
370  transport, DNA repair, disease resistance pathways (Fig. 8a; Additional file 9: Table S7).
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371  Moreover, in case of HD and salt, 15 and 35 TaTLPs were co-expressed with 109 and 102
372 transcripts, respectively. However, TaTLP14-B5 and TaTLP10-A exhibited co-expression with
373  most of the transcripts in HD and salt stress, respectively. Annotation revealed that co-expressed
374  transcripts encode various proteins for stress-resistant, hormone-responsive, kinase, transporters
375 etc. (Fig. 8b, c; Additional file 9: Table S7). Furthermore, gene ontology study of co-expressed
376  transcripts also predicted their involvement in antifungal response (GO:0009817), antibacterial
377  dtress response (GO:0042742), drought stress response (GO:0009414), salt stress response
378  (GO:0005634), oxidative stress response (GO:0006979), signaling transduction (GO:0007165),
379 calcium ion trangport activity (GO:0070588), metal ion binding activity (GO:0046872),
380 hydrolase activity (GO:0016787), peroxidase activity (GO:0005777), plant development
381 (GO:0009960) etc.

382

383  Compar ative expression profiling of TaTLP paralogous genes

384 To understand the functional relationship between the paralogous genes, a comparative
385  expression profiling of each paralogue pair was done. Generally, on the basis of their expression
386  pattern, duplicated genes could categorize into three different types; retention of function,
387  pseudo-functionalization and neo-functionalization. Out of six paralogous genes, three pairs
388 including TaTLP1-A-TaTLP24-D, TaTLP1-B-TaTLP24-B, TaTLP15-A-TaTLP18-B showed a
389 similar trend of expression, which suggested these as retention of function type (Fig. 9a-c).
390 However, two duplicated pairs of TaTLPs (TaTLP12-D-TaTLP13-D, TaTLP16-A-TaTLP17-A)
391  had ingignificant expression in one of the gene under most of the tissues, which kept these pairs
392  under pseudo-functional category (Fig. 9d, €). TaTLP15-B2 and TaTLP18-A lack the expression
393 data in most of the tissue; therefore, they were excluded for comparative analysis. Maximum
394 number of retention of function type and lack of neo-functionalization kind suggested the

395  conserved nature of TLPs during the evolution.

396

397 Discussion

398 TLPs are member of defense proteins and these are known to play pivota roles in both abiotic
399 and hiotic stresses [44-46]. Moreover, these proteins are also found to be involved in plant

400 development [31-33]. Therefore, we have studied TLPs in five major cereals including B.
401 distachyon, O. sativa, S bicolor, T. aestivum and Z. mays. In the present study, we have
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402  identified a total of 26, 27, 39, 93 and 37 TLPs in the genome of B. distachyon, O. sativa, S.
403  bicolor, T. aestivum and Z. mays, respectively. Previous studies reporting different numbers of
404 TLPsin Arabidopsis (24), false brome (26), field mustard (20), grape (33), poplar (49), rice (49),
405  sorghum (36), maize (49), moss (6) and white pine (10) [13-15, 47-49] suggests the presence of a
406  varied number of TLPsin different plants. The higher number of TLPsin T. aestivum as compare
407 to other species might be attributed to their complex allohexaploid genome configuration
408 (AABBDD) [50]. Furthermore, the different extent of expansion of TLPs among different plant
409  species might be attributed to the number of duplication events. The duplication events are
410 responsible for the expansion of gene families and these are the major forces to attain neo
411 functionality by causing genetic variability [51-53]. In DEs analysis, our results suggested that
412  tandem DEs are amagor factor in B. distachyon, O. sativa and S. bicolor and segmental DEsin T.
413  aedtivum and Z. mays behind the gene expansion of TLP family. The higher number of
414  paralogous genesin T. aestivum and Z. mays might be attributed to their larger genome size and
415  the presence of more transposable elements [53, 54]. In the year 2016, Cao et al., also found the
416 role of tandem and segmental types of duplication in the evolution of TLP gene family in
417  Arabidopsis, rice, poplar, and maize [13]. Furthermore, the divergence time of monocots from
418  eudicots was estimated as ~170-235 Mya, which were further diverged into grasses before ~77
419 Mya [54, 55]. Time calculation of paralogous gene formation in B. distachyon in our study
420  showed the occurrence of DE before the divergence of grasses. The main duplication incidence
421 in S bicolor and O. sativa genome was estimated around ~70 Mya [56]. Most of the paralogous
422  TLPsof O. sativa and S bicolor suggested their formation after the main DE occurrence, while
423  few pair showed their emergence before the grass divergence during the analysis. In Z. mays,
424  paralogous genes depicted their time of occurrence near to divergence time of maize from
425  sorghum which was predicted to be around 11-28 Mya [56]. However, two duplicated pairs,
426  having NUP 96 domain showed their recent incidence of DEs. In T. aestivum, paralogous genes
427  showed their occurrence much earlier than hybridization event of A, B and D sub genome [50].
428  Duplicated genes face various environmental forces and natural pressures during the process of
429  evolution [34]. In our study, al the paralogous gene pairs showed purifying selection as a mgjor
430 force of selection. The similar results were found in the evolutionary study of six plant species
431 and melon in which purifying selection of TLPs was reported, while the positive selection was

432  experienced by only few amino acid residues[13, 57]. However, in poplar, positive selection was
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433  also experienced in 10 TLPs, which suggested the varied natural selection procedure in TLPS
434  evolution [14]. Furthermore, Taimas relative test found the equal rate of evolution in
435  paralogous genes, which again suggested the conserved nature of TLP genes.

436  TLPs were found to be paraphyletic in nature and were supposed to be originated from 10
437  ancestral genes [11]. Similarly, in our study, phylogenetic analysis showed the clustering of
438  TLPsin 10 different clades. The uneven pattern of genesin different clades was observed, where
439  maximum genes were present in the group number 10. The high number of paralogous genesin
440 group 10 suggested a higher rate of expansion in this group. However, specific plant TLPs in
441  some groups suggested the species-specific expansion of these groups. Intron-exon numbers
442  were found to be egual in most of the members of the same clades, while half of the clades
443  showed varied intron-exon numbers amongst them. The intron-less nature of group 10 showed
444  their evolved nature, which was well supported by existence of all the sTLPs exclusively in this
445  group. The similar results with uneven distribution and paraphyletic nature of TLPs have aso
446  been reported by previous studies [13, 57]. The close clustering of paralogous genes and
447  homeologous groups further confirmed the grouping of TLPsin the phylogenetic tree.

448  The organization of introns and exons of TLPs have been reported to be in the range of oneto ten
449  exons[12, 13, 15, 49]. On smilar patterns, our results suggest comparable findings with one to
450  four exons in most of the TLPs. However, most of the monocots TLPs have intron-less nature,
451  which was also found in our analysis [13]. Additionally, our results with respect to the protein
452  lengths, molecular weights and isoelectric points of long and small TLP proteins, found in
453  accordance with previously studied TLPs[12, 13, 15]. Most of the TLPs have N-terminal signal
454  peptides and are localized to the secretory pathways [12, 13]. Similar results in respect to
455  |ocalization and signal peptide were obtained in our study. Furthermore, lack of transmembrane
456  helix in most of the TLPs, confirm their extracellular location and non-membranous nature. In
457  addition, the presence of thaumatin-like domain in all the TLP proteins, make our studies similar
458  to previoudly reported findings. However, four ZmTLPs (ZmTLP16, ZmTLP20, ZmTLP25, and
459  ZmTLP33) have an additional NUP 96 domain. The function of the NUP 96 domain was found
460  to beinvolved in plant development and stress resistance against fungal and bacterial pathogens,
461  which suggest the role of TLPsin signaling cascade [58, 59]. Most of the motifs were conserved
462 in al the TLPs, which again suggested their similar functional roles and conservation among

463 them. The presence of conserved residues and their similarity with thaumatin protein was
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464  explored with multiple sequence alignment. In multiple sequence alignment, all the 10 and 16
465  cysteine residues in most of the small and long TLPs were found to be conserved, respectively.
466  The REDDD, FF hydrophobic, thaumatin signature motifs were found to be conserved among
467 most of the TLPs, which suggested their functional and structural conserved nature with
468  previously studied TLPs from different plants[12, 14, 15, 48, 49, 57].

469 The secondary and tertiary structural modeling of TaTLP2-A and TaTLP6-A provided an
470  overview of the three-domain structural aspects of the TLPs. The three-domain structure of both
471 sTLPsand long TLPs showed significant differences in the domain architecture. Partial presence
472 of domain Il in TaTLP6-A might be important; however, it is yet unexplored. Further detailed
473  analysisis required to unveil the impact of the absence of domain Il in small TLPs. Conserved
474  disulfide bonds in both representatives of small and long TLPs might be responsible for the
475  structural integrity of the protein. In the year 2008, Ghosh and Chakrabarti reported the
476  involvement of conserved cysteine residues in the structural integrity of TLPs in tomato [17].
477  Furthermore, a thaumatin-like xylanase inhibitor of T. aestivum, TLX1, has been reported to
478  possess five disulfide bonds and three p sheets [16]. In addition, the presence of, three domains
479  pattern, a varied number of  sheets, alpha helices, and disulfide bonds have also been reported
480  intobacco, banana, tomato, grape and sodom apple TLPs [17, 60-63]. More than one ligand was
481  predicted in a bioinformatic based analysis of both TLP proteins. In a study, the binding
482 interactions of TLPs to carbohydrates like (1,3) 1B DI lglucans and their role in malting has
483  been reported in barley [26, 64]. One such predicted ligand, B-D glucose, may have similar roles
484 in the TaTLPs. The binding of ascorbic acid with TaTLPs suggested their possible roles in
485  oxidative stress tolerance. However, experimental functional analysis is required to explore the
486  possibilities.

487 Expression pattern of genes is important to depict their functional roles [65]. Expression
488  profiling of TLP genes in five cereals, suggested their involvement in various tissues and their
489  developmental stages. The expression results suggested the divergent expression of TLP genesin
490 various tissues including, root, shoot, leaf, inflorescence, endosperm, embryo etc. This
491  expression pattern depicted their roles in both vegetative and reproductive development. In T.
492  aestivum, expression profiling also suggested the divergent expression of TaTLPs in the root,
493 |eaf, stem, spike and grain, which depicted their functional involvement in these plant organs.

494  However, the upregulation of some genes under specific tissues hinted towards their role in the
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495 development of the tissues. Previoudy, a similar trend of TLP expression was reported in rice
496 [13]. Moreover, TLPs were also found to be involved in fruit ripening, seed germination, and
497  nodule specificity in different plants[33, 66, 67].

498 The expression studies of TaTLP genes under various abiotic stress conditions such as hest,
499  drought, combined heat and drought and salt stress showed their roles in these stress conditions.
500 Incaseof DS, most of the TaTLP genes were upregulated in initial hours; however, they showed
501  downregulation afterward. Under HS and HD stress, TaTLPs showed differential expression at
502 later stages of stress treatments. These results suggested the involvement of TaTLPs at different
503 timeintervals of these stresses. The salinity stress treatment unveiled the participation of a few
504 TaTLP genesin 48 and 72 hours of salt stress. Our results suggest possible roles of TLPs against
505 different abiotic stress conditions in T. aestivum. In a previous study, the role of TLPs as heat
506  shock protein was suggested in rice [13]. In another study upregulated expression of TLPs at
507 different hours of drought, salt and cold treatment in Brassica rapa was reported [48]. Moreover,
508 over-expression of TLPs was found to increase the resistance against various abiotic stresses in
509 tobacco, cotton, cynanchum, peanut, Arabidopsis etc. [20, 44, 45, 68, 69]. Furthermore, TLPs are
510  waell studied with respect to their antifungal properties. Expression profiling of TaTLPs depicted
511 their upregulated expression in response to Bgt and Pst infection. Half of the TaTLPs were
512  highly expressed upon Bgt infestation and showed their downregulated expression in Pst, while
513  other half showed a reverse expression pattern in Bgt and Pst. There are studies, which showed
514  theinvolvement of PR5 genes or specifically TLPs of T. aestivum in response to fungal attacks.
515  For instance, the induction of TaPR5 by stripe rust and TaLr35PR5 by leaf rust is reported [25,
516 46, 70]. Furthermore, various other studies also found the role of TLPs to increase the resistance
517  of wheat against Fusarium graminearum [71-73], Microdochium nivale [74] and Stagonospora
518 nodorum [75]. In addition to wheat, some other plants TLPs have aso been reported to be
519 involved against various funga pathogens, for instance, Alternaria sp. [76, 77], Colletotrichum
520 gloeosporioides [78], Fusarium sp. [79], Podosphaera xanthii [57], Rhizoctonia solani [45, 80],
521  Sclerotinia sclerotiorum [81], Verticillium dahliae [68] etc. The results of expression analysis of
522  studied five cereals suggest the putative roles of TLPs in various abiotic and biotic stress
523  conditions.

524  Promoter elements are known to be necessary for the regulation of gene expression under

525 different conditions. The presence of cis-regulatory elements responsible for various important
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526  functions suggests the possible involvement of TLPs in different processes. The expression of
527  TLP genes were reported to be regulated by various factors like hormones, wound, pathogens,
528 osmotic stress [5]. The expression profiling of TaTLPs revealed the significant upregulated
529 expression of TaTLP3-A2, TaTLP12-A and TaTLP32-A under biotic stress, which is well
530 supported by the occurrence of various diseases and wound responsive e ements such as W-box
531 elementsin these genes. Earlier, the involvement of W-box elements in fungal response has been
532  reported in arice TLP (Rtlpl) [82]. Similarly, the presence of drought, salt and cold (MYB,
533 MYC, DRE2COREZMRAB17, DRECRTCOREAT, LTRECOREATCORL15) responsive
534 eementsin TLPs confirm their involvement in abiotic stress tolerance. The promoter sequence
535 analysis has suggested that TLPs might be involved in the defense mechanism as well as the
536  developmental processes of plants.

537 During co-expression analysis, the majority of TLPs made an interaction network with
538  chitinases, kinases, hydrolases, transporters etc. These co-expressed proteins were earlier found
539  to beinvolved in disease resistance mechanisms [83-86]. Our study suggests the possible roles of
540 TLPsin signaling, transport, fugal cell wall lysis etc., which was well supported by the earlier
541  findings [13, 87]. However, to functionally validate the TLP genes in various stress conditions,

542  functional characterization of each candidate gene is needed to be done in future studies.
543

544 Conclusions

545  Thaumatin-like proteins (TLPs), a part of PR5 protein family, are known to be involved in
546  various biotic and abiotic stress conditions. The curiosity to unravel the various possibilities led
547  usto detailed in silico characterization of a total of 222 TLP genes in five cereals. Factors like
548  heat, drought, cold, pathogenic attacks, tissue injury have made a negative impact on the
549  worldwide production of cereals. Here in this study, we have analyzed the physical and chemical
550 characteristics of TLP proteins along with the analyses such as evolutionary, domain structure,
551  transmembrane, cis-regulatory element, multiple sequence alignments, sub-cellular localization,
552 and secondary and tertiary structure analysis. Furthermore, expression analysis has given us
553  strong indications about the important roles of TLPs in combating abiotic and biotic stresses
554 aong with playing roles in various plant development stages. The co-expression study has
555  provided us the prediction about the interaction of TLP genes with other stress related genes of

556  respective cereals. The detailed analysis will lay down a path for various crop improvement
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557 programs for important cereals including T. aestivum, O. sativa, Z. mays, S. bicolor, B.

558  distachyon.

559
560 Methods

561 Identification and nomenclature of TLP genes

562 Extensive BLAST searches were used to identify the TLP proteins in five different cereals
563 including B. distachyon, O. sativa, S bicolor, T. aestivum and Z. mays. Arabidopsis TLP
564  sequences were used as query sequences against the protein model sequences of each crop for
565  separate BLAST searches at Ensembl Plants [15, 87]. Presence of the thaumatin (PF00314)
566 domain was analyzed using Hidden Markov Model (HMM) and Pfam blast searches a e-value
567 10 Identified TLP sequences were further subjected to NCBI Conserved Domain Database
568 (CDD) BLAST for the confirmation of the presence of the thaumatin domain. In terms of splice
569 variants, only the longest transcripts were selected in each crop. TLP genes with complete
570 thaumatin family signature were selected for further analysis. Furthermore, TLPs having kinase
571  were also removed as they have already been characterized [87]. The sequences of crops were
572  named on the basis of their chromosomal distribution with the exception of T. aestivum. The
573  international rules for gene symbolization of T. aestivum
574  (http://wheat.pw.usda gov/ggpages/wgc/98/Intro.htm) were followed for the nomenclature of
575 TaTllLPs.

576  Chromosomal localization and duplication events

577  Plant Ensemble (http://plants.ensembl.org/) was used for gathering the chromosomal and sub-

578 genomic location of TLPs of al five crops. Furthermore, homeologous groups in T. aestivum
579  with >90% sequence similarity and their presence on the related chromosomes were predicted
580 using the best bidirectional blast hit approach. Maplnspect software was used for the mapping of
581 the TLP genes on their respective chromosomes (http://www.plantbreeding.wur

582  .nl/uk/software mapinspect.html.2012). Duplication events were identified using a bidirectional

583  blast hit approach with sequence similarity >80%. Duplication events (tandem and segmental)
584  were differentiated on the basis of distance as per the previous studies [88].

585  Multiple sequence alignments, phylogeny and structural analysis

586  Softwares including Muscle and Multalin were used for the multiple sequence alignments of all
587 the TLPs with a thaumatin protein (P02883.2[THM1 THADA) to find the conserved residues
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588 [89, 90]. Evolutionary analysis was done using MEGAX software [91]. Maximum likelihood
589  method with a bootstrap value of 1000 was used to build an evolutionary tree.

5900 Selected TLPs from T. aestivum were studied for their secondary and tertiary structure analysis
591 using lterative Threading ASSEmbly Refinement (I-TASSER) server. The probable ligands and
592  their binding sites were also predicted [92].

593 Ka/Ksand Tajima’sreativity test

594  The alignment of the protein and nucleotide sequences of the paralogous gene pairs was done
595 using ClustalOmega server (https.//www.ebi.ac.uk/Tools/msa/clustalo). Further, the synonymous

596  substitution per synonymous site (Ks) and non-synonymous substitution per non-synonymous
597 site(Ka), and the Ka/Ks ratio was calculated using PAL2NAL programme [93]. The calculation
598  of divergence time of each pair of duplicated genes was done using the formula T=K</2r, where
599 T represents the divergence time and r represents the divergence rate. The divergence rate was
600 assumed to be 6.5 x 10 for cereals [94]. Moreover, Tajima's reativity test was performed to
601  find out the evolutionary rate between paralogous genes [ 37].

602  Gene structure organization

603  The genomic and CDS sequences of identified TLPs were used for the analysis of gene structure
604  interms of exon-intron organization and intron phases. GSDS 2.0 server was used to prepare the
605  pictorial display of the exon-intron organization for the sequences of each crop [95].

606  Physicochemical propertiesof TLPs

607  Various characteristics including peptide length, molecular weight and isoelectric point of each
608  TLP wereanayzed using the ExPasy tool, which were further confirmed by Ensemble plants and
609  Seguence Manipulation Suite [96-98]. Moreover, tools including CELLO v.2.5, ngLOC,
610  ProtComp9 and WoLF PSORT were used for the prediction of subcelular localization of TLPs
611  [99-102]. Tools such as Phobius and DAS-Tmfilter were used for the prediction of
612  transmembrane regions in each TLP protein [103, 104]. Further, the signal peptides were
613  detected using the tool Phobius and SignalP [103, 105]. SMART server was used for the domain
614  analysis, whereas, motifs were analyzed usng MEME v.4.11.4 [106, 107].

615  Cisregulatory element analysis

616 To find out the promoters, 15 kb upstream sequence from initiation codon was selected in

617  genomic sequences of each cereal. These promoter region elements were analyzed using PLACE
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618  software [108]. Furthermore, the cis-regulatory elements were categorized on the bass of ther
619  functions.

620 Expression profiling

621  Expression analysisin various tissues of each crop was done using the high throughput RNA-seq
622 data retrieved from URGI database (wheaturgi.versaillesinrafr/filesRNASeqWheat/) and
623  Expression ATLAS [38-40]. In T. aestivum, the expression data generated in replicates for
624  various tissue developmental stages, under biotic (fungal pathogen) and abiotic (heat, drought
625 and salt) were used [41-43]. Data generated for three developmental stages of root, stem, leaf,
626  spike and grain was used to analyze the tissue-specific expression in wheat. Further, RNA-seq
627 data (PRINA243835) generated in triplicates after the 24, 48 and 72 hour (h) of inoculation of
628  Blumeria graminisf. sp. tritici (Bgt) and Puccinia striiformisf. sp.tritici (Pst) in seven days old
629  seedlings was used for the TaTLP expression analysis under biotic stress [41]. Under abiotic
630  stress conditions, duplicate RNA-seq data (SRP045409) for 1 and 6 hours treatments of heat (40°
631  C), drought (20% PEG 6000) and the combination of both heat and drought stresses was used to
632  study the TaTLP expression [42]. Furthermore, root RNA-seq data (SRP062745) available in
633  triplicates under the treatment of 150mM NaCl at 6, 12, 24 and 48 treatment were used to
634 analyze the expression of TaTLPs under salt stress [43]. The RNA-seq datasets were further
635 validated using the WheatExp server. Trinity package was used to calculate the expression value
636  interms of FPKM value [109]. Hierarchical Clustering Explorer 3.5 was used to generate heat
637 maps of differentially expressed genes, which were clustered using Euclidean distance method
638 [110].

639  Co-expresson and interactome analysis

640  Whole expression data of each crop were used to perform co-expression analysis of TLPs in all
641  the five cereals [38-40]. In addition, the co-expression analysis of TaTLPs under abiotic and
642  biotic stress was performed using complete expression data of T. aestivum. co-expression
643  analyses were done using the software CoExpress v.1.5 with the threshold value >0.9, correlation
644 power 1 with 100 bootstraps [111]. Further, Blast2GO software was used for the functional
645  annotation of co-expressed genes. The pictorial representation of interacting genes was made by
646  thetool Gephi 0.9.1[112].

647  Abbreviations

648  Bgt: Blumeria graminis
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1040 Figurelegends

1041 Fig. 1 Chromosomal distribution and paralogous gene analysis of TLPs in five cereal crops.
1042  Image depicts the scattered localization of TLP genes of (a) B. distachyon, (b) O. sativa, (c) S
1043  bicolor, (d) T. aestivum and (e) Z. mays on their respective chromosomes. Red lines and blue
1044  lines denote the tandem and segmental duplication events, respectively.

1045

1046  Fig. 2 Multiple sequence alignment of few randomly selected long and small TLPs of B.
1047  distachyon, O. sativa, S bicolor, T. aestivum and Z. mays with thaumatin protein sequence.
1048  Figure shows the alignment of long (OsTLP5, SbTLP2, BATLP13, ZmTLP13 and TaTLP1-A)
1049  and small (BATLP10, OsTLP25, ZmTLP6, SbTLP29 and TaTLP6-B) TLPs with a thaumatin
1050 (P02883.2[THM1 _THADA) protein sequence. The characteristic thaumatin signature motif is
1051  shown in sky blue box. All the conserved cysteine residues were marked with asterisk. The
1052 REDDD motif was marked with red circle. The FF hydrophobic motif and bottom of acidic cleft
1053  forming regions are marked with green triangle and brown box, respectively. The conserved
1054  regions of thaumatin domain are marked with black line.

1055

1056  Fig. 3 The comparative tertiary configuration analysis of asmall and along TLP of T. aestivum.
1057  The image shows the tertiary structure of a small (TaTLP2-A) and a long (TaTLP6-A) TaTLPs
1058 (&, b). Figure (a) illustrate the TaTLP2-A and shows the three complete domains, 13 § strands,
1059  four a helix and eight disulphide bonds. Figure (b) is of TaTLP6-A and shows the 11 [ strands,
1060  two a helix, five disulphide bond and deletion of domain II. The coails, a helices, f strands and
1061  disulphide bridges are coloured with green, red, yellow and blue colours, respectively. The
1062  ligand binding position are marked with the purple coloured sticks.

1063

1064  Fig. 4 Phylogenetic tree analysis of A. thaliana, B. distachyon, O. sativa. S bicolor, T. aestivum
1065 and Z. mays using full length peptide of TLPs. Figure shows the phylogenetic tree of TLPs, built
1066 by maximum likelihood approach with 1000 bootstrap values usng MEGAX software.
1067  Phylogenetic tree displays the clustering of TLPs of six plant species in [-X different groups,
1068  each group is colored differently. The TLPs from each plant are marked with different colour.
1069
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1070  Fig. 5 Expression analysis of TLP genes of B. distachyon (BdTLP), O. sativa (OsTLP). S hicolor
1071 (SOTLP), T. aestivum (TaTLP) and Z. mays (ZmTLP) under various tissue and developmental
1072  stages. Heatmaps (a-e) shows the clustering and expression profiling of TLP genes in B.
1073  distachyon, (b) O. sativa, (c) S bicolor, (d) T. aestivum and (€) Z. mays. The different clusters
1074  were formed on the basis of expression values of TLP genes in respective crop and represents
1075  with different colour. The colour bar depict the upregulated and downregulated expression with
1076  red and green colours, respectively.

1077

1078 Fig. 6 Expression profiling of TLP genes of T. aestivum under biotic and abiotic stress
1079  conditions. Heat maps (a-c) shows the clustering and expression profiling of TaTLP genes under
1080  (a) Blumeria graminis (Bgt) and Puccinia striiformis (Pst), (b) HS, DS and HD and (c) salt stress
1081  conditions. The clustering of TaTLP genesin each heat map is based on their expression pattern
1082 in respective stress condition. The colour bar shows the high and low expression with red and
1083  green colours, respectively.

1084

1085  Fig. 7 Co-expression network assembly of TLP genes under various tissue and their development
1086  stages. Figure (a-€) shows the co-expression web of (a) B. distachyon, (b) O. sativa, (c) S
1087  bicolor, (d) T. aestivum and (e) Z. mays TLPs with their interacting partners of respective
1088  genome.

1089

1090 Fig. 8 Co-expression analysis of TLP genes of T. aestivum under biotic and abiotic stress
1091  conditions. Figure (a-c) depict the interaction web of TaTLP genes under (a) biotic (b) HD and
1092  (c) salt stress with the other co-expressed transcripts.

1093

1094  Fig. 9 Comparative expression analysis of duplicated gene pairs in T. aestivum. Graphs (a-€)
1095  represents the comparative expression pattern of TaTLPs under various tissue and developmental
1096  stages. Based on their expression trend, TaTLPs categorized into retention of function (a-c) and
1097  pseudo functionalization types (d, €).

1098
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1102 sativa S bicolor, T. aestivum and Z. mays. The Red colour represents the sTLPs of
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1104 Additional file 2:

1105 Figure S1. Multiple sequence alignment of 222 TLPs of B. distachyon, O. sativa, S bicolor, T.

1106 aestivum and Z. mays. Conserved cysteine residues are marked with asterisk. Red dot
1107 denotes REDDD motif. The FF hydrophobic motif is highlighted with green triangle.
1108 The thaumatin signature motif, conserved domain, amino acids forming the bottom of
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1122 mays TLPs. (XLXS 33 kb)

1123 Additional file 7:

1124 Table S5. List of predicted cis-regulatory elements in the promoter region of TLP genes of B.
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1133
1134 Table 1 The Ka/Ksratio and divergence time of duplicated TLP gene pairs.
1135
GeneA GeneB Ka Ks Ka/Ks Selection T =Kg2r
pressure
BATLPK1 BATLPK2 0.1102 1.0810 0.1020 Purifying 83.2
OsTLP5 OsTLP7 0.1014 0.6788 0.1494 Purifying 52.2
OsTLP22 OsTLP24 0.0697 04134 0.3190 Purifying 27.7
OsTLP23 OsTLP25 0.1149 0.3603 0.31646 Purifying 29.4
OsTLP26 OsTLP27 0.1569 1.3980 0.1122 Purifying 107.6
SHTLP28 SHTLP29 0.0911 0.6808 0.1338 Purifying 52.4
SHOTLP31 SHOTLP34 0.1388 1.7816 0.0779 Purifying 137
SDHTLP32 SHTLP33 0.0055 0.0716 0.0771 Purifying 5.5
TaTLP1-A  TaTLP24-D 0.1224 0.8739 0.1401 Purifying 67.2
TaTLP1-B  TaTLP24-B 0.0937 0.8163 0.1148 Purifying 62.8
TaTLP12-B  TaTLP13-D 0.1193 1.1836 0.1008 Purifying 9
TaTLP15-A  TaTLP18-B 0.1368 0.9879 0.1384 Purifying 76
TaTLP15-B2 TaTLP18-A  0.1423 0.9582 0.1486 Purifying 73.7
TaTLP16-A TaTLP17-A 0.1456 1.2825 0.1135 Purifying 98.7
ZmTLP1 ZmTLP35 0.0955 0.3929 0.2431 Purifying 30.2
ZmTLP2 ZmTLP34 0.1044 0.8149 0.1281 Purifying 62.7
ZmTLP3 ZmTLP22 0.0495 0.3036 0.1630 Purifying 23.4
ZmTLP9 ZmTLP12 0.0767 0.3783 0.2027 Purifying 29.1
ZmTLP13 ZmTLP37 0.0523 0.3200 0.1634 Purifying 24.7
ZmTLP16 ZmTLP33 0.0133 0.0141 0.9483 Purifying 11
ZmTLP20 ZmTLP25 0.0797 0.0889 0.8965 Purifying 6.9
1136

1137 K a- non-synonymous substitutions per non-synonymous site, K's- synonymous substitutions
1138 per synonymous site, T- Divergence time
1139
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1141

1142 Table 2 Tgjima srelative rate test of paralogous genes.
1143
Group A Group B Out group Nt Na Nb v P
BdTLP1 BdTLP2 BdTLP11 403 47 42 0.28 0.59611
OsTLPS OsTLP7 OsTLP18 401 28 29 0.02 0.89463
OsTLP22 OsTLP24 OsTLP18 333 15 17 0.13 0.72367
OsTLP23 OsTLP25 OsTLP18 313 20 27 1.04 0.30723
OsTLP26 OsTLP27 OsTLP18 411 34 34 0 1
SHTLP28 SHOTLP29 STLPS 316 19 30 247 0.11608
SHTLP31 SHTLP34 SHOTLPS 312 27 32 0.42 0.51508
SHTLP32 SHOTLP33 STLPS 347 2 2 0 1
TaTLP1-A TaTLP24-D TaTLP4-D 483 37 30 0.73 0.39245
TaTLP1-B TaTLP24-B TaTLP4-D 486 36 31 0.37 0.5413
TaTLP12-B TaTLP13-D TaTLP4-D 321 24 33 142 0.23323
TaTLP15-A TaTLP18-B TaTLP4-D 391 36 38 0.05 0.81615
TaTLP15-B2 TaTLP18-A TaTLP4-D 260 28 27 0.02 0.89274
TaTLP16-A TaTLP17-A TaTLP4-D 291 36 31 0.37 0.5413
ZmTLP1 ZmTLP35 ZmTLP28 551 36 33 0.13 0.71798
ZmTLP2 ZmTLP34 ZmTLP28 M1 34 25 1.37 0.24132
ZmTLP3 ZmTLP22 ZmTLP28 560 11 14 0.36 0.54851
ZmTLP9 ZmTLP12 ZmTLP28 372 6 12 2 0.1573
ZmTLP13 ZmTLP37 ZmTLP28 464 19 22 0.22 0.63941
ZmTLP16 ZmTLP33 ZmTLP28 551 5 7 0.33 0.5637
ZmTLP20 ZmTLP25 ZmTLP28 525 17 23 0.9 0.34278

1144

1145 Nt- Identical sitesin all three sequences, Na-Unique differencesin Sequence A, Nb- Unique
1146 differencesin Sequence B

1147
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1148
1149 Table 3 Physicochemical properties of long and small TLP proteins.
1150
Properties Type Brachypodium Oryza Sorghum Triticum Zeamays
distachyon sativa bicolor aestivum
Average Long TLPs 299 289 294 284 334
Protein length  Small TLPs 185 178 178 177 175
Average Long TLPs 31 30 30 29 35
Molecular ~ Small TLPs 19.5 18.1 18.3 1822 17.7
weight (kDa)
Average Long TLPs 6.18 6.95 6.05 6.18 5.88
pl Small TLPs 6.82 6.06 5.74 6.17 4.9

1151
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