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Abstract

Background: Multidrug and toxic compound extrusion (MATE) genes are a group of multidrug efflux transporters that widely exists in all
living organisms and play a major role in the detoxification of heavy metals, metalloids, exogenous xenobiotics and endogenous
secondary metabolites out of the cells. However, insilico analysis of MATE gene family in plant species is very limited and thus such
analysis need to be elucidated in wheat.

Results: We have identified forty-four MATE genes in wheat and categorized into seven families based on their phylogenetic

analysis. Further, 43 genes were found to exhibit protein-protein interaction at the protein level by using STRING software. We observed
that the maximum number of exons i.e., 14 was identified in genes TraesCS6A02G418800.1 and TraesCS6D02G407900.1. We employed
MEME software to find protein motifs associated with the MATE genes where maximum number of motifs were set to 22. Here, the
protein motifs among the families 1,2 and 3 were significantly different from the rest. We found that the majority of MATE genes were
showing expressions during biotic stress conditions due to disease infestations and the highest level of expression was shown by the
gene TraesCS5B02G326600.1 belonging to family 1 which got expressed during Fusarium head blight infestation by Fusarium
graminearum after 4 days of inoculation by using Wheat expression browser tool. A total of 39 ternary plots consisting of homoeologous
genes for 39 MATE genes, showing different level of expressions during biotic and abiotic stress conditions were composed, where we
found 44 % of the triads tend to show non balanced expressions (extreme values) due to their higher tissue- specificity and greater
intensity.

Conclusion: The results obtained from this study indicated that total 44 MATE genes were found to be directly involved in the metabolism
of wheat and were expressed during different biotic and abiotic stress conditions. So such genes can be further evaluated for their
interaction with heavy toxic metal elements and sequestration from the cells.

Background

Bread wheat (Triticum aestivum L.) is one of the three most essential cereal crops globally other than rice and maize, accounting for
about 35% of the world's staple food (Han et a/.,2019). It was the first domesticated crop and the youngest polyploid species amongst all
the field crops (Gill et a/,2004). The hexaploid wheat consists of A, B and D genomes, each comprising 7 chromosomes with 6 copies of
each chromosome (Han et al., 2019) which were derived from three diploid progenitor genomes viz., AA from T. urartu, BB from Ae.
speltoides, and DD from Ae. tauschii, and finally originated from hybridization between cultivated tetraploid emmer wheat (AABB, T.
dicoccoides) and diploid goat grass (DD, Aegilops tauschii) (Brenchley et al.,2012).

The complex wheat genome offers a unique opportunity to make variations in gene density and evolution within and between plant
chromosomes (Lazo et al,,2004). The hexaploid wheat genome comprises about 17 Gb genome size, which is five times larger than
human, approximately eight times larger than that of maize and forty fold larger than rice (Gill et a/,2004).

Plants have advanced detoxification mechanisms to survive against a large number of potentially toxic compounds, which include heavy
metals, metalloids, exogenous xenobiotics and endogenous metabolites, mainly secondary metabolites such as, alkaloids, flavonoids,
terpenoids, terpenoid-derived phytohormones, cuticle lipids, and mono lignols ( Shoji.,2014).

Such compounds get transported following enzymatic modification or synthesis inside the cell and get accumulated in apoplastic cell
walls or central vacuoles of the plant cells. Then the membrane transporters widely known as Multidrug and toxic compound extrusion
(MATE) proteins actively translocate these diverse range of compounds across various membranes within and outside the cells
(Shoji.,2014). MATE transporters belong to a family of cation antiporters and xenobiotic transmembrane transporters occurring in most
organisms from prokaryotes to eukaryotes. This family constitutes one of the largest transporter families in plants, with more than 50
identified MATE genes in the Arabidopsis (Takanashi et al.,2014). Furthermore, MATE transporters are involved in a wide variety of
physiological functions throughout plant development, transporting a broad range of substrates such as organic acids, plant hormones,
which aids in categorization of plant MATE transporters according to their physiological roles and summarizes their tissue specificity,
membrane localization, and transport substrates (Takanashi et al.,2014).

These MATE transporters were identified for the first time in Vibrio parahaemolyticus and Escherichia coli as multidrug efflux proteins
and were entitled MATE due to their lack of sequence homology with other transporters (Brown et al,,1999; Morita et al,1998). The first
plant MATE transporter, i.e, AtALF5 (Arabidopsis thaliana) was isolated in 2001 and found to be involved in multidrug resistance (Diener
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et al,2001). The recent reports suggest that the study of MATE gene family and their diverse roles extend to numerous other plant
species such as in rice and Arabidopsis (Wang et al.,2016), tomato (Santos et al,2017), soybean (Liu et al,2016), cotton (Lu et a/,2018),
Sorghum bicolor (Sivaguru et al,2013), blueberry (Chen et al,,2015), Camellia sinensis (Chen et al,,2020) etc. but in wheat the study of
MATE gene family needs to be elaborated.

Completion of wheat whole genome sequencing in 2018 has opened up the area of gene annotation especially in silico in order to
characterize the MATE gene family as well as their application in making gene based molecular markers for plant breeding purposes. In
the current study, MATE genes in wheat (Triticum aestivum L) were identified and interaction among the genes at protein level was
performed. In addition to this, the insilico expression analysis of MATE genes along with their homoeologous candidates in different
genomes for various biotic and abiotic stress conditions was studied as well as protein motifs were analyzed.

Result And Discussions
Selection of mate genes and their chromosomal location

The bread wheat genome comprises of approximately 107,891 coding genes and 12,853 non-coding genes (Appels et a/,2018), out of
which 44 MATE genes were identified with help of Uniprot and Uniprac databases and corresponding nucleotide and protein sequences
were obtained (Additional file 1 & 2). The details of the 44 MATE genes including genome and protein ID’s, size of the gene and protein,
number of exons in each gene sequence as well as their source were presented in the table 2. Three different diploid wheat parents viz., T.
urartu, Ae. speltoides, and Ae. tauschii (contributed A, B, and D genome, respectively) had contributed to the genomic evolution of modern
hexaploid wheat ( Liu et a/,2019). Out of the total MATE genes, 33 genes were displayed based on their descriptive chromosomal
locations (Fig. 1) as karyotype view, retrieved from Gramene server (https://ensembl.gramene.org/Triticum_aestivum/Location/Genome?
time=1600500223).

Phylogenetic analysis of mate genes in wheat

Studies have revealed that the phylogenetic analyses of membrane transporters were generally inaccurate to condemn specific
substrates (Santos et al,2017). However, phylogeny of the MATE family has been represented relatively useful to predict the affinities
with potential molecule groups, such as organic acids (citrate), alkaloids (nicotine), and flavonoids (anthocyanin, proanthocyanidin etc.)
(Santos et al,2017). Multiple sequence alignments of MATE protein sequences were generally carried out by using ClustalX 2.1 software
with its default settings (Peng et a/,2012). From that we employed Clustal-Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and
phylogeny.fr:TreeDyn (http://www.phylogeny.fr/one_task.cgi?task_type=treedyn) tools to construct a multiple sequence alignment of the
identified 44 full-length protein sequences. The complete multiple alignment profiles of protein and nucleotide sequences were used to
establish a phylogenetic tree. The Neighbour-joining (N-J) tree topography has been employed to study the MATE gene family (Fig. 2.).
Here, we have estimated seven major groups or families of MATE genes by increasing the scale of 0.1 to 0.12 and categorised the results
in Table 1.

From the earlier study by Liu et al,, in 2016, it was confirmed through the genome wide analysis of MATE genes in soybean that 117
MATE genes could be classified into four primary clades or families by using MEGA 6.0 tool and a maximum likelihood (ML) tree was
constructed. In maize, a total of 49 recognized ZmMATE genes were found and grouped into seven clusters in the form of Neighbour-
joining tree by using Mega5.0 software (Zhu et al,2016). Similarly, to study the comparative evolutionary history as well as relationship
of MATE gene family among two species of cotton and Arabidopsis, total 196 putative MATE genes were analysed, out of which 68
genes were of G. arboreum (GaMATE), 70 genes of G. raimondii (GrMATE) and 58 genes of Arabidopsis. Then, based on phylogenetic
classification, these MATE genes were categorised into three subfamilies by using NJ method of MEGA6.0 software, where M1 subfamily
was the largest one having 124 genes, followed by M2 having 48 genes M3 having 24 genes (Lu et a/,2018). From this, it may be
concluded that the classification implemented in this study could be accepted like prior findings.

Further, the multiple sequence alignment of 44 genes were represented where variation at the nucleotide level has been exhibited
(additional file 3). The nucleotide sequence alignment was performed by using Multalin database
(http://multalin.toulouse.inra.fr/multalin/) where 44 MATE genes have been displayed in three colours which were red, blue and black
signifying high consensus, low consensus and neutral colours respectively. Here, we noticed deletion regions at several places in the
nucleotide sequence alignments which were highlighted in the Fig. 3. These evolutinary footprints are of immense importance for
understanding the basic structure of wheat genes. Similarly, according to Ma et a/,2011, in rice and Arabidopsis, the multiple peptide
sequence alignment of the plastocyanin-like domains (PCLDs) determined the conserved amino acids involved in copper binding. In rice,
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all the MAPKKKs (Mitogen activated protein kinase kinase kinase) genes, exclusively involved in signal transduction pathways, were
classified under Raf, ZIK and MEKK subfamilies and thus the analysis of rice MAPKKKs along with that of Arabidopsis for all the Raf, ZIK
and MEKK subfamilies was carried out by creating multiple sequence alignments of kinase domains through Multalin program in order to
detect specific conserved signature sequences. It was revealed that in subfamily Raf, 43 MAPKKKs in rice and 48 in Arabidopsis, in
subfamily ZIK, about 10 MAPKKKs in rice were identified whereas in MEKK, 22 MAPKKKs from rice and 21 from Arabidopsis were found
to be conserved (Rao et a/,2010). Also, in blueberry (Vaccinium corymbosum), out of total 33 MATE genes, the multiple sequence
alignments of 08 novel VcMATE protein sequences along with the selected MATE transporter orthologs were analysed using ClustalX
software. Here, it was found that VCMATE 2 shared highest level of identity with the known flavonoid transporters while VEMATE 1 and
VCcMATE 4 exhibited lowest similarities to the MATE-type flavonoid transporters (Chen et al,,2015).

PROTEIN-PROTEIN INTERACTION

It has been documented that, the cells communicate with each other through protein-protein interactions and perform all the
physiological processes of life through interactions of various proteins (Szklarczyk et al,2017). We have constructed the association
network of protein interactions among 43 genes belonging to Triticum aestivum out of total 44 protein sequences (remaining 1 protein
sequence i.e, AOA3B6AXC7 comes under Triticum utaru and didn't participate in the interaction) by using STRING online program. The
primary interaction unit in STRING is mainly the ‘functional association’, and a link between two proteins that contribute mutually to a
specific biological function (Szklarczyk et al,2017). Here, the network (Fig. 4) has been stretched by an additional 20 proteins (through
MORE button in STRING Interface) so as to get an extra clear image of the interaction, and the confidence cut-off for screening
interaction links has been set to “medium confidence” at 0.4.

This (Fig. 5) determines the results retrieved after entering the set of 43 protein sequences projected to be involved in efflux of toxic
multidrug compounds from the cells and tissues of the wheat plant. The network statistics of the set of proteins identified in functional
subsystems revealed that number of nodes were 53 with average node degree being 1.55 and PPI enrichment p-value at 3.9e-12. Further,
we have also noticed that the protein sequences from the same phylogenetic group were interacted closely and clustered together in the
association network.

Similar studies using this approach was seen in Brassica rapa, where proteins involved in biosynthesis of camalexin (involved in
resistance against Botrytis cinerea and Alternaria brassicae) were found to be interacted through functional proteins association
networks and analysed using STRING database version 10.5. Here, a phytoalexin deficient 3 (PAD3) gene was identified as a key
functional node along with CYP71A12 gene as a potential functional partner with which all other multi proteins were found to be
associated (Gaur et al,2018). In case of in silico analysis of functional linkage among arsenic induced MATE genes in rice by Seth et
al,2019, it was found that 37 MATE genes were found to be interacting at the protein. Also, in rice (Oryza sativa ssp. japonica), around 30
genes were identified from AbS (Abiotic Stress) responsive gene family, involved in stress responsive signalling during various abiotic
conditions like drought, submergence, cold, salinity, metal toxicity etc., and out of these 30 seed —proteins, 22 genes were found to be
extensively involved in protein protein interaction network along with the extra 34 derived neighbours by using String software, showing
closely related functional modules and complexity of AbS (Muthuramalingam et a/.,2017).

STRUCTURAL ANALYSIS OF MATE GENES IN WHEAT

The phases and structures of exons / introns of the MATE genes was examined by using EnsemblPlant software
(https://plants.ensembl.org/Triticum_aestivum/Transcript/Summary). This analysis provides more insight into evolution of gene
structures in wheat which provides detailed information regarding the transcript and translation length, number of coding exons, amino
acids and the base pairs along with the transcript diagram. There were 44 exon intron transcripts that have been identified (Additional file
4).The maximum number of exons present in the following gene sequences were 14 which exist in genes TraesCS6A02G418800.1 and
TraesCS6D02G407900.1 while the least number of exons that is only 1 was available in the genes sequences viz.,
TraesCS1A02G188100.1.cds1,TraesCS5B02G562500.1.cds1, TraesCS6A02G256400.1.cds1 and TraesCS6D02G384300.1.cds1.

Fan et al,2014, suggested that on the basis of phylogenetic tree analysis, MATE genes were mainly grouped in to three subfamilies and
the intron-exon structures were subfamily-specific, indicating the cotton MATE genes were considerably conserved and functionally
diversified.

PROTEIN MOTIFS
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Generally protein structures have conserved elements called motifs, which have a sufficient influence on the function of proteins
(Conklin.,7995). The function of proteins usually imposes tight constraints on the evolution of specific regions of protein structure
residues directly or indirectly in a function and often clustered in a short sequence motif (signature, pattern, framework or fingerprint) that
is conserved across the various proteins sharing that function (Manning et a/,,1998).The online software Multiple EM for Motif Elicitation
(MEME) was employed to analyse the motifs in MATE proteins (Bailey et al., 2015). These conservative protein motifs in wheat MATE
protein gene sequences were identified and predicted using MEME tool where the maximum number of motifs was set at 22. These were
then arranged according to their four families. The motifs of wheat MATE protein were shown as coloured boxes, each motif represented
as a number in the coloured box. They were listed according to the families 1 to 7 from the phylogenetic tree (Additional file 5). Zhu et
al,2016, observed that, usually, it is perceived that most of the closely related members within the same family were having common
motif compositions, indicating their functional similarities. In this case, a total maximum of 22 conserved motifs were identified and
represented as the different coloured boxes as symbols for different motif consensus. The types and sequences of the protein motifs
among the families 1, 2 and 3 were significantly different from the rest. Further, we have noticed that the family 3 and 5 were having 19
and 14 number of protein motifs respectively while the rest have 22. Here, it may be concluded that the interacting MATE genes or protein
sequences within a family are also having similar protein motifs.

An early study had defined that motifs were the short DNA or protein sequence which contribute towards the biological functions of the
sequences in which they resides where they become one of the basic functional units of molecular evolution (Grant et a/,2011). Similar
work has been done by Liu et a/,2016, in genome-wide analysis of MATE transporters in soybean where they have analysed maximum 12
conserved motifs in which identical type of motif sequences were present in the first three families and significantly different were in the
fourth family with very less number of motifs by using MEME software.

IN SILICO EXPRESSION ANALYSIS AND THEIR HOMOEOLOGOUS CANDIDATES

Wheat is having MATE transporter proteins which are responsible for controlling different expressions and functions during vegetative
growth, reproductive development, senescence as well as resistance to biotic and abiotic stresses similar to the other plants. The possible
roles of 44 homologous MATE genes in plant growth and development in wheat has been constructed by heatmaps using wheat
expression browser (http://www.wheat-expression.com/). The MATE genes showed their highest level of transcript accumulation in
leaves, roots, shoots, flowers, grain, spikes etc. as shown in the Fig. 5 and thus indicated that they were involved in the development of all
tissues or organs under normal conditions. The heatmaps with constitutive gene expressions of 44 MATE genes as in Fig. 6.were
generated under different biotic and abiotic stress conditions taking into account such as-

. Phosphate starvation in roots and shoots

. Heat and drought stress time course in seedlings
. Spikes with water stress

. Fusarium head blight infected spikelets

. Stripe rust infected seedlings

. Septoria tritici infected seedlings

. Powdery mildew time course of infection in seedlings

o N o g b~ W N =

. PAMP inoculation of seedlings

e

. Time course of spikelets inoculated with Fusarium head blight/ABA/GA
10. Coleoptile infected with Fusarium pseudograminearum (crown rot)

11. Zymoseptoria triticiinfected seedlings

12. Seedlings with peg (polyethylene glycol) to manage stress

13. Shoots from NILs segregating for crown rot resistance

The degree of expressions of genes in the tissues at a particular stage was depicted by the extent of their intensities which was
expressed through expression units — tpm log2 (transcripts per million).

The heat maps of gene expressions of these 7 families were obtained where all the genes were displayed according to their phylogenetic
associations (Additional file 6). Family 1 contained two genes with constitutive, high expressions which were TraesCS5B02G326600.1
and TraesCS4A02G245300.1 with tpm values 6.99 and 5.4 out of 7 Logll (tpm) which were highly expressed in fifth leaf blade, spikes,
rachis, anthers for disease infestation such as Fusarium head blight and stripe rust respectively. While the genes

Page 5/32



TraesCS3B02G563400.1 and TraesCS5B02G245500.1 had lowest expression in the group as they were showing least or even no
expression in high as well as intermediate level of biotic and abiotic stress conditions. Similarly, the family 2 contains five genes showing
higher expressions in mainly reproductive stages at spikes, rachis and during Fusarium infestation. These were TraesCS2B02G296000.1,
TraesCS2D02G277400.1, TraesCS5D02G378200.1, TraesCS5D02G378300.1 and TraesCS2B02G296100.1 having tpm values 6.26, 6.35,
5.35, 6.45 and 5.13 respectively. The negligible expressions were displayed by the gene TraesCS5D02G413800.1. In family 4, two
members out of three were constitutively expressed, although at mid to low levels in most of the tissues such as grain, spike, leaves and
other shoot parts mainly at reproductive stage and during disease infestation except the gene TraesCS1A02G188100.1, showing no
expression at all. In family 5, only one gene (TraesCS5B02G562500.1) is present which shows maximum degree of expressions at 24
days after sowing during 10th day of phosphorus starvation and other abiotic stress particularly at roots. Here, in family 6, we can notice
that out of the two, only TraesCS4B02G244400.1 is highly expressive during reproductive stage at anthers and spikelets with maximum
tmp value of 4.52. Unlike other families, all the MATE gene members in family 3 and 7 were constitutively expressed with varying
transcriptional intensities with their tmp values ranging between 3 to 4 at both vegetative and reproductive stages in various tissues of
the plant during stress conditions.

As all these MATE genes were located in the integral part of the plasma membrane, they were exclusively involved in molecular functions
like solute - solute antiporter activity, xenobiotic transmembrane transporter activity and transmembrane transporter activity (Table 5).
The results obtained suggested that different MATE genes were showing expressions during various biotic and abiotic stress conditions
but majority of the genes were exhibiting expressions during biotic stress conditions due to disease infestations (Table 4), where the
overall highest level of expressions has been shown by gene TraesCS5B02G326600.1 belonging to family 1, expressing during disease
infestation of Fusarium head blight by Fusarium graminearum after 4 days of inoculation.

Lu et al, in 2018, had analysed the expression profiles of GaMATEs and GrMATEs genes belonging to two species of cotton viz., G.
arboreum and G. raimondii. The study was carried out in root tissues in order to examine the expressions levels of genes in roots tissues
under abiotic stress conditions of drought, salinity and Cd stress. Out of the total MATE genes, GrIMATE54, GrMATE53 and GaMATE21
were found to be highly expressed during these three abiotic stress conditions and were also involved in vacuolar sequestration and toxin
effluxers while GrMATE34 and GaMATE54 found significantly expressed during stress conditions were involved in ABA transporting.
Similarly, in Soybean, out of 117 MATE genes, expression profiles of 113 MATE genes were constructed through heatmap by using MeV
4.9 software, which were differentially expressed in nine tissues viz., leaf, stem, flower, pod, seed, root, root hair, nodule and shoot apical
meristem. These GMMATE genes exhibited tissue specific expressions such as GmMATE107 and GmMATE27 showed highest
expression level in roots, root hairs and nodules while least expressions in above ground tissues. Similarly, GmMATE44, GmMATES81 and
GmMATE36 showed high level of expressions in pods and developing seed while GmMATE62 and GmMATE7 were expressed in leaf
tissues (Liu et a/,2016). In Medicago truncatula, out of total all the MATE genes, UGT78G1, MaT4, MaT5, and MATE2 were found to be
expressed in various parts of the plant such as leaves, roots and flower but MATE2 gene had shown highest level expressions in flowers,
followed by roots, vegetative buds, leaves, and seeds and was associated with the transport of glycosylated flavonoids. It has been
reported that the gene was exclusively involved in the pigmentation of anthocyanin compound and thus lack of this pigment resulted in
discolouration in leaves and flowers (Zhao et al,2011). Tiwari et al,2014, had also revealed that in genome-wide expression analysis of
rice MATE genes, two arsenic responsive genes OsMATET and OsMATE2 were taken for functional study in transgenic lines of
Arabidopsis, where majority of the expressions were shown in leaf, seed and flower morphology, pattern of rosette arrangement and
flowering time. These OsMATEs were found to regulate plant growth and development in transgenic lines but their expressions were
showing more susceptibility to the biotic and abiotic stresses as compared to the wild types.

We know that wheat is an allopolyploid having two (tetraploid wheat with two homoeoalleles ) or three (hexaploid wheat with three
homoeoalleles ) homologous sub genomes. The homoeoalleles of a gene in polyploid wheat having higher affinity in DNA sequence and
function, makes the gene cloning and functional analysis a challenging task (Zhang et a/,2018). The polyploidy that arises from whole
genome interspecific hybridisation or duplication is present ubiquitously across the plant and fungal kingdom and thus the existence of
extremely related genes in polyploids known as homoeologs has promoted the domestication and adaptation of many major polyploidy
crops like hexaploid bread wheat (Triticum aestivum; AABBDD sub genome), cotton, coffee etc., (Gonzélez et al,,2018).

The factors showing probable reasons for the variation in gene density in wheat chromosomes within homologous and sets could be due
to the variation in genetic density or number of loci is the evolutionary history of the specific chromosome genomes, variation in
individual size of chromosome and the structural aberrations comprising unequal exchanges of genetic material within and among
chromosomes (Qi et a/,2004). By understanding in what way these homoeologous genes interactions effect the gene expressions, will
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ultimately help to build strategies so as to improve the crops by targeting and manipulating individual or multiple homoeologs to
quantitatively modulate trait responses (Borrill et a/,2015).

All the possible homologous genes for the 44 MATE genes were found with help of EnsemblPlant database and displayed in the form of
ternary plots through wheat expression browser software and listed in table 3. Here, we have found that the ternary plot shows two
homologous genes from different species like Azhumaya wheat (TraesCS1A02G188100.1) and Chinese spring wheat
(TraesCS1B02G195900.1) of Triticum aestivum (TraesCS1D02G188200.1) as shown in Fig. 7.and their level of expressions indicates
their transporting roles of alkaloids in tissues such as leaves, roots, rachis, spikes, coleoptiles etc. in different biotic and abiotic stress
conditions like stripe rust, powdery mildew, heat and cold stress etc.

Similarly, from Table 4 and Additional file 7, we can analyze that the homoeologous genes of the identified wheat MATE genes
TraesCS1A02G305200.1, TraesCS2B02G247700, TraesCS2D02G277400.1, TraesCS3B02G298700.1, TraesCS4B02G244400.1,
TraesCS5B02G326600.1 and TraesCS2B02G296000.1 were exhibiting low to medium level of expressions of Abiotic stress in case of
High level stress-disease, ranging from 20—50% where the maximum expression was displayed by the homoeologous gene
TraesCS3A02G265100.1 i.e., 63.62% of the MATE gene TraesCS3B02G298700.1, while the in case of biotic stress like disease under High
level stress-disease, the maximum expressions were shown by the gene TraesCS5D02G355500.1 among other homologous gene with
69.79 %.

Further, we have noticed the maximum level of expressions of genes i.e., 100% at stress disease condition. For example, the
homoeologous genes such as TraesCS1B02G315900.1, TraesCS7D02G488000.1, TraesCS2A02G222300, TraesCS2D02G277400.1,
TraesCS5B02G371200.1, TraesCS7D02G488000.Tand TraesCS2D02G277400 belonging to MATE genes TraesCS1A02G305200.1,
TraesCS7A02G500700.1, TraesCS2B02G247700, TraesCS2D02G277400.1, TraesCS5D02G378300.1, TraesCS7D02G488000.1 and
TraesCS2B02G296000.1 respectively were highly expressed during stripe rust mixture 6/14 days. In addition to this, some other
homologous genes such as TraesCS5B02G371200.1, TraesCST1A02G305200.1, TraesCS5D02G378200.1 and TraesCS3A02G499200 of
MATE genes TraesCS5D02G378300.1, TraesCS1A02G305200.1, TraesCS5D02G378200.1and TraesCS3B02G562400.1 were also
expressed during Zymoseptoria triticiinoculation 4 days, Septoria tritici 10 days, Stripe rust pathogen 87/66 9days and Flg22 500nM
respectively.

Moreover, in case of intermediate stress, the homologous genes have revealed higher level of expressions such as the homologous genes
TraesCS2B02G247700 of MATE gene TraesCS2B02G247700 exhibits 94.10 % expression level during stripe rust. Similarly, other
homologous genes TraesCS5B02G371200.1, TraesCS5D02G378200.1 and TraesCS5D02G378200.1 of MATE genes
TraesCS5D02G378300.1, TraesCS5D02G378300.1 and TraesCS6B02G383300 were expressed during intermediate stress at PAMP Chitin,
Fusarium pseudograminearum study 2 and cold 2 weeks by 99.24%, 96.39% and 97.98 % respectively. Whereas the maximum level of
expression at PAMP flg22 intermediate stress was shown by the homologous gene TraesCS3A02G499200 of MATE gene
TraesCS3B02G562400.1 with 100% value.

In this study, out of the total 44 MATE genes, 39 ternary plots consisting respective homologous genes were traced out showing relatively
different expression levels during biotic and abiotic stress for 39 genes where 56% triads (A, B and D homoeologs) show balanced
expressions and 44 % of triads exhibit nonbalanced expression, being more tissue specific as well as of greater expressivity towards
stress conditions. Here, each circular dot signifies a gene triad with an A, B, and D coordinates comprising relative contribution of each
homoeolog to the overall triad expression.

Similar type of work had been done by Medina et al,,2014, in Aspergillus flavus, where the effect of climate change was studied on
Aspergillus flavus and its aflatoxin B1 production by obtaining ternary plot diagrams. Besides this, according to the study of
transcriptional landscape of polyploid wheat, ternary plots were showing relative expression abundance of 16,746 syntenic triads for
50,238 genes in hexaploid wheat during combined analysis of 15 tissues from Chinese spring. Further, it has been noticed that 70% of
triads possessing A, B and D homoeologs showed balanced expressions among other homoeologs and were universally expressed and
30 % exhibited non balanced expressions and were more tissue specific (Gonzalez et a/,2018).

Conclusions

In the present investigation, we have concluded that a total 44 MATE genes of Triticum aestivum were analysed for phylogenetic
classification, protein-protein interaction among the genes, structural and functional analysis of genes, protein motifs as well as in silico
expression analysis. The 44 MATE genes were further classified into seven families and a representative phylogenetic tree was
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constructed using Clustal omega and Phylogeny.fr:TreeDyn tools. Out of these 44 genes, 43 genes were found to be interacting at the
protein level by using STRING software with a medium confidence value at the protein level indicating that these genes were moderately
interacted at the protein level. The maximum numbers of exons of 14 were found to be present in genes TraesCS6A02G418800.1 and
TraesCS6D02G407900.1. We employed MEME software to find protein motifs associated with the MATE genes and a total of 22
conserved motifs were identified where the protein motifs among the families 1, 2 and 3 are significantly different from the rest and also
family 3 and 5 were having 19 and 14 number of protein motifs respectively while the rest had 22. We found that the majority of MATE
genes were showing expressions during biotic stress conditions due to disease infestations and the highest level of expression was
shown by the gene TraesCS5B02G326600.1 belonging to family 1 which got expressed during Fusarium head blight infestation by
Fusarium graminearum after 4 days of inoculation by using Wheat expression browser tool. A total of 39 ternary plots consisting of
homoeologous genes for 39 MATE genes were constructed using Wheat expression browser tool showing different level of expressions
during biotic and abiotic stress conditions. We further found that 44 % of the triads tend to show non balanced expressions (extreme
values) due to their higher tissue- specificity and greater intensity.

Methods

Identification of MATE genes and their chromosomal location in wheat genome

The MATE nucleotide as well as protein sequences of wheat were obtained and downloaded from the UniProt and UniPrac databases (
https://www.uniprot.org/). The UniProt is a universal protein resource which is comprehensive, high-quality and freely accessible
database of protein sequence and functional information and UniPrac is a non-redundant database which stores each unique sequence
only once and provides a stable and unique identifier (ID), thus making it possible to identify the same protein from different database
sources (Apweiler et al,2004). The peptide sequences were converted to their corresponding nucleotide sequences by using EMBOSS
backtranseq tool (https://www.ebi.ac.uk/Tools/st/emboss_backtranseq/). The chromosomal position of the 33 MATE genes of wheat
were obtained and the karyotypic view displayed (fig.1) with relative distances from Gramene database (https://www.gramene.org/)
through genome browser of INGSC (Triticum aestivum).

Phylogenetic analysis and classification of MATE genes

The fullHength nucleotide and amino acid sequences of MATE genes (Additional file 1 & 2) were used for phylogenetic analysis. The
sequences were subjected to multiple sequence alignments by Clustal Omega software (https://www.ebi.ac.uk/Tools/msa/clustalo/)
with the default parameters, in order to retrieve the newick tree data format. An unrooted neighbour-joining phylogenetic tree was
constructed using TreeDyn-Phylogeny.fr tool (http://www.phylogeny.fr/one_task.cgi?task_type=treedyn) at a scale value of 0.12 with the
default parameters. The variation in nucleotide sequence was examined through multalin browser
(http://multalin.toulouse.inra.fr/multalin/) where the conserved nucleotide residues were displayed in red, blue and blaack colour
according to their degree of conservation (Additional file 3).

Protein — protein interaction

The protein —protein interactions are essential to each and every aspect of cellular functions and are characterised as transient or stable.
Therefore, a comprehensive knowledge of protein interactions is a crucial source of information to functionally interpret the proteins and
to understand the model cellular processes on a genome-wide level (Uhrig.,2006). The Information of functional interactions between the
expressed proteins of MATE genes in wheat is achieved by using STRING (Search tool for retrieval of interacting genes/proteins)
database which helps to collect and integrate the information by consolidating the already known as well as predicted protein—protein
link data for a large number of organisms. These interactions could be direct interactions as physical or as indirect functional
interactions (Szklarczyk et al, 2017). The network view of this database determines the network of predicted interaction for a specific
cluster of proteins where the nodes are indicated as proteins and the edges signify predicted functional connections The number of links
at each node is called its “degree” (Uhrig.,2006). Moreover, in evidence mode, an edge can be drawn with up to seven contrarily coloured
lines which symbolize the existence of seven types of evidence used in predicting the connections (Seth et a/,2019).The confidence
mode shows thickness of the indicated line as the degree of confidence prediction of the interaction while the action mode represents the
additional information about the prediction (Seth et a/,2019).In addition to this, the confidence score denotes the estimated probability
that a predicted link occurs between two enzymes in the same metabolic map in KEGG database. The lower score indicates more
interaction along with more false positives. Here, the interactions which are above the minimum required score are only included in the
predicted network while the maximum number of interactions can be chosen, however, the output limit has been set to the 10 best -
scoring hits by default (Seth et a/,2019).The analysis component gives information of the inferred network, such as the number of nodes
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and edges where the average node degree determines the number of interactions (at score threshold) that a protein has on average in the
network. Here, the clustering coefficient determines the measure of connected nodes in the network where the highly connected networks
show higher values.

Structural organisation and protein motifs

The exon-intron organisation of the wheat MATE family genes were retrieved based on their nucleotide transcript gene ID, and a diagram
was obtained using EnsemblPlant database (https://plants.ensembl.org/Triticum_aestivum/Transcript/Summary?
db=core;g=TraesCS1A02G305200;r=1A:497861545-497869619;t=TraesCS1A02G305200.1). The transcript determines number of exons,
number of domains and features, associated variant alleles and oligo probe maps.

The motifs of MATE proteins were retrieved by using the Multiple Expectation Maximization for Motif Elicitation (MEME) (http://meme-
suite.org/), and a representative diagram of protein motifs of each MATE protein was presented according to the default parameters, and
the maximum number of motifs was set at 22.The MEME Suite delivers a large number of proteomic and genomic sequence databases
for motif scanning and various motif databases for the motif comparison (Bailey et al,, 2015). It is composed of web - based integration
of tools and database sets for executing motif-based amino acid sequence analyses. Moreover, the Suite having unified web server
interface enables the users to implement four sorts of motif analysis viz. motif discovery, motif-motif database searching, motif-
sequence database searching and assignment of function.

In Silico Expression Analysis and their homoeologous candidates

The understanding of expression patterns in specific tissues and organs suggests the molecular clues for their role and support in
functionality of plants (Bhati et a/,,2015).

The widely accessible wheat RNA-Sequence datasets which are utilised for producing gene expression levels were obtained from the
Wheat Expression Browser software (http://www.wheat-expression.com). It is an expression database for polyploid wheat which helps us
to visualize identified MATE gene expression profiles in wheat. This tool is helpful to analyse and relate homologous-specific transcript
profiles across a wide range of tissues from different developmental stages in polyploid wheat which could be further queried by
Heatmap, BLAST or by searching for an identified gene of interest by name or functional domain (Borrill et a/,,2016).

Different studies taken into consideration that are based on parameters like study, tissues, high level tissues, age, high level age, stress -
disease, high level stress - disease, variety, high level variety, intermediate and intermediate stress. Here, the results were concised
according to high expression levels in tissues as grains, roots, leaves or shoots, rachis and spikes. The heat map was drawn in Log,
(tpm) expression values according to the standardization. Different levels of expressions involves low (0-3 tpm), medium (4 tpm), and
high (6-7 tpm) (Borrill et a/,2016)

The genome of hexaploid wheat (7. aestivum) is the result of multiple series of genome hybridization (containing three sub genomes i.e.
A, B and D, which come from three ancestral grasses (7. utaru, A. speltoids and A. tauschii respectively ), for which homoeologous gene
distribution and rearrangement can contribute to the understanding of evolution of hexaploid species (Zhou et a/.,2020).

The homoeologous genes of wheat MATE genes were identified by using EnsemblPlant and wheat expression browser software. The
EnsemblPlant database determines the target % id which signifies the percentage of the homoeologous sequence matching the source
sequence as well as query % id which signifies the percentage of the source sequence matching the homoeologous sequence of each
homologous gene (table 2), while wheat expression browser software is helpful for identifying ternary plots of homologous genes
associated with each MATE gene (Additional file 7). The comparative expressions of each homoeolog were determined by the triad’s
position in the ternary plot for the analysis of individual tissues as well as for different biotic and abiotic stress conditions.

Variation in homoeologs expressions across tissues (stable and dynamic triads)

The preference of variation in homoeologs expression in each ternary plot across the different tissues, was calculated and each
individual tissue in which the triad was measured is expressed (Gonzélez et a/,2018). The average of distances was defined as the “triad

mean distance” and the triads were ranked by their triad mean distance and the percentile was calculated by
rank {cmd;)

length ECMD}), where CMD is vector containing all the triad mean distance and the first and last deciles were
categorized as stable 10% and dynamic 10% triads, respectively (Gonzélez et a/,,2018).

pereentile; = truncate (
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Relative expression levels of the A, B, and D sub genome homoeologs across triads

The analysis is mainly focused exclusively on the triad which have a 1:1:1 correspondence across the three homoeologous sub genomes,
a triad can be defined as expressed when the summation of the A, B, and D sub genome homoeologs was > 0.5 TPM. For standardizing
the relative expression of each homoeolog across the ternary plot, the absolute TPM for each gene within the triad is normalised as
follows (Gonzalez et al,2018) -

TPM (A)
TPM (A} -+ TPM (B} + TPM (D)

expression y =

TPM (B)
TPM (A) + TPM (B) + TPM (D)

expression =

TPM (1)
TPM{A) + TPM (B) + TPM (D)

expression;; =

where A, B, and D represent the gene corresponding to the A, B, and D homoeologs in the triad and the normalized expression was
calculated for each one of the intermediate tissues and for the average across all expressed tissues (“combined analysis”). The values of
the comparative contributions of each sub genome per triad were used to plot the ternary diagrams using the R package ggtern (Hamilton
and Ferry., 2018).
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Table 1

List of 44 MATE genes belonging to different families

Sr.No.
1.

2.

3.

Family
MATE |

MATE Il

MATE Il

Number of Genes

17

13

5
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Available Genes

TraesCS3B02G562400.1
TraesCS3B02G563400.1
TraesCS1D02G030400.1
TraesCS1A02G029900.1
TraesCS5B02G326600.1
TraesCS2B02G247700.2
TraesCS6D02G384300.1
TraesCS2B02G612900.1
TraesCS4D02G068800.1
TraesCS4A02G245400.1
TraesCS4B02G070000.1
TraesCS4B02G070100.1
TraesCS4A02G245300.1
TraesCS3B02G336100.1
TraesCS5D02G355500.1
TraesCS5D02G150100.1
TraesCS5B02G245500.1
TraesCS3B02G298700.1
TraesCS2A02G202000.1
TraesCS7D02G541200.1
TraesCS7A02G554500.1
TraesCS7B02G479000.1
TraesCS2B02G296000.1
TraesCS2D02G277400.1
TraesCS5D02G378200.1
TraesCS5D02G378300.1
TraesCS2B02G296100.1
TraesCS7D02G488000.1
TraesCS7A02G500700.1
TraesCS5D02G413800.1
TraesCS6A02G350400.1
TraesCS2A02G139200.1
TraesCS1A02G032900.1
TraesCS2B02G280500.1
TraesCS2A02G261700.1




Table 2 Transcript IDs

Sr.No.

Family
MATE IV

MATE V
MATE VI

MATE VI

Number of Genes

3

3

Available Genes

TraesCS6A02G256400.1
TraesCS1A02G188100.1
TraesCS4A02G059200.1
TraesCS5B02G562500.1
TraesCS1A02G305200.1
TraesCS4B02G244400.1
TraesCS5B02G150400.2
TraesCS6A02G418800.1
TraesCS6D02G407900.1
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Sr.No.  Transcript ID Homoeologues genes
1 TraesCS1A02G305200.1 TraesCS1B02G315900
TraesCS1D02G304800
2 TraesCST1A02G188100.1.cds1  TraesCS1B02G195900
TraesCS1D02G188200
3 TraesCS1A02G032900.1 TraesCS1D02G034300
4 TraesCS1A02G029900.1 TraesCS1B02G037000
TraesCS1D02G030400
5 TraesCS1D02G030400.1 TraesCST1A02G029900
TraesCS1B02G037000
6 TraesCS2A02G261700.1 TraesCS2B02G280500
TraesCS2D02G262300
7 TraesCS2A02G202000.1 TraesCS2B02G229100
TraesCS2D02G214300
8 TraesCS2A02G139200.1 TraesCS2B02G163300
TraesCS2D02G142100
9 TraesCS2B02G296100.1 TraesCS2A02G278500
TraesCS2D02G277600
10 TraesCS2B02G280500.1 TraesCS2A02G261700
TraesCS2D02G262300
11 TraesCS2B02G612900.1
12 TraesCS2B02G247700.2 TraesCS2A02G222300
TraesCS2D02G228200
13 TraesCS2D02G277400.1 TraesCS2A02G278400
TraesCS2B02G296000
14 TraesCS3B02G563400.1 TraesCS3A02G500000
TraesCS3D02G506500
15 TraesCS3B02G298700.1 TraesCS3A02G265100
TraesCS3D02G265400
16 TraesCS4A02G245300.1 TraesCS4B02G070100
TraesCS4D02G068900
17 TraesCS4A02G245400.1 TraesCS4B02G070000
TraesCS4D02G068800
18 TraesCS4A02G059200.1 TraesCS4B02G234800
19 TraesCS4B02G244400.1 TraesCS4D02G236000
TraesCS4A02G066800
TraesCS4D02G245000

Expression levels of homoeologous genes in 39 MATE genes

Target %id

96.38%
98.99%
96.55%
96.55%
93.14%
94.74%
95.70%
95.52%
95.32%
98.37%
98.57%
98.56%
99.18%
92.77%
96.10%
97.88%
97.30%
98.37%
98.57%

98.99%
99.19%
98.33%
98.33%
96.78%
97.39%
97.93%
98.34%
97.04%
95.56%
97.24%
97.89%
95.16%

95.29%
98.37%

98.73%

Query %id
96.38%
98.99%
96.55%
96.55%
93.14%
94.74%
95.52%
95.70%
95.51%
98.37%
98.57%
93.55%
94.14%
93.15%
86.93%
94.87%
96.30%
98.37%
98.57%

98.99%
99.19%
98.33%
98.33%
96.39%
97.39%
97.93%
98.34%
97.04%
95.56%
96.42%
97.89%
95.61%

95.14%
98.37%

98.73%

Page 16/32




Sr. No.

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Transcript ID

TraesCS4B02G070000.1

TraesCS4B02G070100.1

TraesCS4D02G068800.1

TraesCS5B02G245500.1

TraesCS5B02G150400.2

TraesCS5B02G326600.1

TraesCS5B02G562500.1.cds1

TraesCS5D02G413800.1

TraesCS5D02G150100.1

TraesCS5D02G355500.1

TraesCS5D02G378300.1

TraesCS5D02G378200.1

TraesCS6A02G256400.1.cds1

TraesCS6A02G418800.1

TraesCS6A02G350400.1

TraesCS6D02G407900.1

TraesCS6D02G384300.1.cds1

TraesCS7A02G500700.1

TraesCS7A02G554500.1

Homoeologues genes

TraesCS4A02G245400
TraesCS4D02G068800
TraesCS4A02G245300
TraesCS4D02G068900
TraesCS4A02G245400
TraesCS4B02G070000
TraesCS5A02G247900
TraesCS5D02G254500
TraesCS5A02G151800
TraesCS5D02G157000
TraesCS5A02G326300
TraesCS5D02G332300
TraesCS4A02G316600
TraesCS5D02G566900
TraesCS5B02G408500
TraesCS5A02G142000
TraesCS5A02G349100
TraesCS5B02G350500
TraesCS5A02G368600
TraesCS5B02G371200
TraesCS5A02G368600
TraesCS5B02G371200
TraesCS6B02G269000
TraesCS6D02G237600
TraesCS4B02G322300
TraesCS6D02G407900
TraesCS6B02G383300
TraesCS6D02G332800
TraesCS4B02G322300
TraesCS6A02G418800
TraesCS6A02G400100
TraesCS6B02G440300
TraesCS7B02G407800
TraesCS7D02G488000
TraesCS7B02G477900

Expression levels of homoeologous genes in 39 MATE genes

Target %id

96.42%
97.05%
97.04%
97.04%
97.89%
97.88%
95.17%
98.06%
97.28%
96.75%
80.70%
98.82%
92.10%
93.88%
98.94%
98.81%
94.35%
95.15%
88.71%
88.57%
91.13%
90.12%
96.15%
97.03%
94.79%
81.34%
97.52%
92.58%
94.48%
86.58%
98.03%
96.43%
96.00%
96.63%
96.35%

Query %id
97.24%
97.88%
97.04%
97.04%
97.89%
97.05%
94.97%
63.52%
97.11%
96.75%
89.84%
98.24%
91.75%
94.24%
98.11%
98.81%
93.41%
94.01%
91.29%
94.81%
93.78%
96.47%
96.15%
97.03%
55.28%
86.58%
97.52%
92.96%
51.76%
81.34%
98.03%
95.86%
96.00%
96.63%
78.72%

Page 17/32




39

40

41

42

43

44

Sr. No.

Transcript ID

TraesCS7B02G479000.1

TraesCS7D02G488000.1

TraesCS7D02G541200.1

TraesCS2B02G296000.1

TraesCS3B02G562400.1

TraesCS3B02G336100.1

Homoeologues genes

TraesCS7B02G478700
TraesCS7B02G479000
TraesCS7D02G541800
TraesCS7A02G554500
TraesCS7D02G541200
TraesCS7D02G541800
TraesCS7A02G500700
TraesCS7B02G407800
TraesCS7B02G477900
TraesCS7B02G478700
TraesCS7B02G479000
TraesCS2A02G278400
TraesCS2D02G277400
TraesCS3A02G499200
TraesCS3D02G506100
TraesCS3A02G300400
TraesCS7D02G014200

Expression levels of homoeologous genes in 39 MATE genes

Target %id

94.47%
94.04%
95.32%
94.04%
94.47%
92.34%
96.63%
97.05%
96.88%
94.47%
94.47%
98.75%
98.33%
99.20%
98.80%
95.19%
97.06%

Query %id
94.47%
94.04%
95.32%
94.04%
94.47%
92.34%
96.63%
97.05%
79.15%
94.47%
94.47%
98.75%
98.33%
99.20%
98.80%
95.59%
97.06%

Table 3 List of homoeologous genes
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Sl.No.

Homologous Genes
(AB and D)

TraesCS1A02G305200.1

TraesCS1A02G305200.1
TraesCS1B02G315900.1
TraesCS1D02G304800.1
TraesCS1A02G188100.1

TraesCS1A02G188100.1
TraesCS1B02G195900.1
TraesCS1D02G188200.1
TraesCS1A02G032900.1
TraesCS1A02G032900.1

TraesCS1D02G034300.1
(no ternary plot)

TraesCS1A02G029900.1

TraesCS1A02G029900.1
TraesCS1B02G037000.1
TraesCS1D02G030400.1
TraesCS1D02G030400.1

TraesCS1A02G029900.1
TraesCS1B02G037000.1
TraesCS1D02G030400.1
TraesCS2A02G261700.1
TraesCS2A02G261700.1
TraesCS2B02G280500.1
TraesCS2D02G262300.1
TraesCS2A02G202000.1
TraesCS2A02G202000.1
TraesCS2B02G229100.1
TraesCS2D02G214300.1
TraesCS2A02G139200.1
TraesCS2A02G139200.1
TraesCS2B02G163300.1
TraesCS2D02G142100.1

Disease
11.92%
29.44%
58.63%
Disease
13.07%
24.04%
62.88%
Disease
46.68%
29.75%
23.57%

Stress Conditions

High level stress-
disease

Abiotic stress
16.36%
29.96%

53.69%

No expressions

No expressions

No expressions

77.88%
17.80%

Stress disease

Stripe rust Septoria
mixture tritici
6/14 days 10 days
0% 100%
100% 0%

0% 0%

Fusarium graminearum
inoculation 4 days

14.36%
74.86%
10.78%

Phosphorus starvation 10
days

4.32%
77.88%
17.80%

Phosphorus starvation 10
days

4.32%

Chitin(1g per L)

14.25%

disease

11.92%

Mock inoculation 50 hrs

6.72%
17.71%
75.57%

6hr of heat stress

93.53%
0.00%
6.47%
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Intermediate stress

Drought & heat

8.34%
24.92%
66.74%

No expressions

Fusarium
pseudograminearum

1.91%
64.07%
34.02%

Fusarium
pseudograminearum

1.91%
64.07%
34.02%
PAMP Chitin
14.25%
3.75%
82.00%
Unknown
9.68%
24.51%
65.81%
PEG 6000
84.02%
0.00%
15.98%



Sl.No.

10

11

12.

13.

14

15

16

17

18

Homologous Genes
(AB and D)

TraesCS2B02G296100.1
TraesCS2A02G278500.1
TraesCS2B02G296100.1
TraesCS2D02G277600.1
TraesCS2B02G280500.1
TraesCS2A02G261700.1
TraesCS2B02G280500.1
TraesCS2D02G262300.1

TraesCS2B02G612900.1
No homologous genes

TraesCS2B02G247700
TraesCS2A02G222300
TraesCS2B02G247700
TraesCS2D02G228200
TraesCS2D02G277400.1
TraesCS2A02G278400.2
TraesCS2B02G296000.1
TraesCS2D02G277400.1
TraesCS3B02G563400.1

TraesCS3A02G500000.1
TraesCS3B02G563400.1
TraesCS3D02G506500.1
TraesCS3B02G298700.1
TraesCS3A02G265100.1
TraesCS3B02G298700.1
TraesCS3D02G265400.1
TraesCS4A02G245300.1

TraesCS4A02G245300.1
TraesCS4B02G070100
TraesCS4D02G068900
TraesCS4A02G245400.1
TraesCS4A02G245400.1
TraesCS4B02G070000
TraesCS4D02G068800
TraesCS4A02G059200.1

Stress Conditions

Disease
56.41%
19.58%
24.01%
Disease
11.92%
29.44%
58.63%

Abiotic
22.06%
24.95%
52.99%
Abiotic
11.56%
27.32%
61.12%

No expressions

Abiotic
63.62%
31.39%
4.99%

Disease

32.79%
15.89%
51.32%
Disease
8.35%
49.65%
42.00%

Disease

Septoria tritici 13 days
76.15%

14.19%

9.66%

Chitin

14.25%

3.75%

82.00%

Stripe rust mixture 6/14 days
0.00%

100.00%

0.00%

Stripe rust mixture 6/14 days
0.00%

0.00%

100.00%

Fusarium pseudograminearum 5
days

5.35%

0.00%

94.65%

Stripe rust pathogen CYR31 72 hrs
93.20%

5.44%

1.36%

Zymoseptoria tritici inoculation 1
day

82.29%

8.12%

9.58%

Stripe rust pathogen 87/66 1 day
2.59%

87.38%

10.02%

Magnaporthe oryzae asymptomatic
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Zymoseptoria tritici
62.57%

18.26%

19.17%

PAMP chitin
14.25%

3.75%

82.00%

Stripe rust
2.34%

94.10%

3.56%

Cold two weeks
7.25%

7.35%

85.40%

Fusarium
pseudograminearum

8.36%

0.66%
90.98%
Stripe rust 2
91.39%
7.24%

1.37%

Cold 2 weeks

33.66%
6.96%
59.38%
PAMP flg22
2.14%
65.46%
32.40%
PAMP chitin



Sl.No.

19

20

21

22

23

24

25

26

Homologous Genes
(AB and D)

TraesCS4A02G059200.1
TraesCS4B02G234800

TraesCS4D02G236000.1
TraesCS4B02G244400.1

TraesCS4A02G066800
TraesCS4B02G244400.1
TraesCS4D02G245000
TraesCS4B02G070000.1
TraesCS4B02G070000.1
TraesCS4A02G245400
TraesCS4D02G068800
TraesCS4B02G070100.1

TraesCS4A02G245300
TraesCS4B02G070100.1
TraesCS4D02G068900

TraesCS4D02G068800.1
TraesCS4A02G245400
TraesCS4B02G070000
TraesCS4D02G068800.1
TraesCS5B02G245500.1
TraesCS5A02G247900
TraesCS5B02G245500.1
TraesCS5D02G254500
TraesCS5B02G150400.2
TraesCS5A02G151800
TraesCS5B02G150400
TraesCS5D02G157000
TraesCS5B02G326600.1

TraesCS5A02G326300.1
TraesCS5B02G326600.1
TraesCS5D02G332300

TraesCS5B02G562500.1.cds1

Stress Conditions

41.89%
31.78%
26.32%
Abiotic

28.77%
28.12%
43.10%
Disease
8.35%
49.65%
42.00%

Disease

32.79%
15.89%
51.32%

Disease
8.35%
49.65%
42.00%

No expressions

Disease
39.23%
24.74%
36.04%
Abiotic

0.95%
59.88%
39.18%

disease

69.48%
9.67%
20.86%

ti_co Fusarium pseudograminearum

study 2

71.28%

13.14%

15.58%

Stripe rust 1 day
2.59%

87.38%

10.02%

Zymoseptoria tritici inoculation 1
day

82.29%
8.12%

9.58%

Stripe rust pathogen 87/66 1 day
2.59%

87.38%

10.02%

No expressions

Fusarium 12 hr
21.26%
21.80%
56.93%

Mock inoculation 3 days

0.39%
16.77%
82.84%
Flg22 (500nM)
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67.43%
4.81%
27.76%

7.29%
62.07%
30.63%
PAMP flg22
2.14%
65.46%
32.40%

Cold 2 weeks

33.66%
6.96%
59.38%

PAMP flg22
2.14%
65.46%
32.40%

No expressions

Stripe rust 2
42.79%
25.18%
32.04%

Fusarium

pseudograminearum

0.53%
25.32%
74.15%
PAMP flg22



Sl.No.

27

28

29

30

31

32

33

34

Homologous Genes
(AB and D)

TraesCS4A02G316600
TraesCS5B02G562500.1
TraesCS5D02G566900
TraesCS5D02G413800.1
TraesCS5B02G408500
No ternary plot
TraesCS5D02G150100.1
TraesCS5A02G142000
No ternary plot
TraesCS5D02G355500.1

TraesCS5A02G349100
TraesCS5B02G350500
TraesCS5D02G355500.1
TraesCS5D02G378300.1

TraesCS5A02G368500.1
TraesCS5B02G371200.1
TraesCS5D02G378300.1
TraesCS5D02G378200.1

TraesCS5A02G368500.1
TraesCS5B02G371200.1
TraesCS5D02G378200.1
TraesCS6A02G256400.1
TraesCS6A02G256400.1
TraesCS6B02G269000
TraesCS6D02G237600
TraesCS6A02G418800.1
TraesCS6A02G418800.1
TraesCS4B02G322300
TraesCS6D02G407900
TraesCS6B02G383300
TraesCS6A02G350400.1
TraesCS6B02G383300

.cdst

.cds1
.cdst

31.11%
32.17%
36.72%

Disease

6.69%
23.52%
69.79%

Disease

0.18%
48.19%
51.63%

Disease

0.14%
39.77%
60.08%
Disease
37.96%
37.69%
24.35%
Disease
44.56%
19.33%
36.11%
Disease
36.37%
55.99%

Stress Conditions

29.43%
11.12%
59.45%

Stripe rust pathogen 86/66 11days

2.36%
4.48%
93.17%
Stripe rust mixture ~ Zymoseptoria
6/14 days tritici
inoculation
4 days
0.00% 0.00%
100.00% 100.00%
0.%00 0.00%

Stripe rust pathogen 87/66 9days

0.00%

0.00%

100.00%
Chitin(1g per L)
73.65%
14.34%
12.01%

Stripe rust pathogen 87/66 11days
71.19%

2.00%

26.80%

Cold 2 weeks
0.00%

97.98%
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29.43%
11.12%
59.45%

Fusarium
pseudograminearum
study 2

1.20%

15.93%

82.87%

PAMP chitin

0.11%
99.24%
0.65%
Fusarium
pseudograminearum
study 2
0.00%

3.61%
96.39%
PAMP chitin
73.65%
14.34%
12.01%
Stripe rust 2
56.56%
7.29%
36.15%

Cold 2 weeks
0.00%
97.98%



Sl.No.

35

36

37

38

39

40

41

42

43

Homologous Genes
(AB and D)

TraesCS6D02G332800

TraesCS6D02G407900.1
TraesCS6A02G418800.1
TraesCS6B02G470700.2
TraesCS6D02G407900.1
TraesCS6D02G384300.1

TraesCS6A02G400100
TraesCS6B02G440300
TraesCS6D02G384300.1
TraesCS7A02G500700.1
TraesCS7A02G500700.1
TraesCS7B02G407800.1
TraesCS7D02G488000.1
TraesCS7A02G554500.1
TraesCS7A02G554500.1
TraesCS7B02G477900
TraesCS7D02G541200.1
TraesCS7B02G479000.1
TraesCS7B02G479000.1
TraesCS7D02G541200
TraesCS7D02G541800
No ternary plot
TraesCS7D02G488000.1
TraesCS7A02G500700
TraesCS7B02G407800
TraesCS7D02G488000.1
TraesCS7D02G541200.1
TraesCS7A02G554500.1
TraesCS7B02G477900
TraesCS7D02G541200.1
TraesCS2B02G296000.1
TraesCS2A02G278400
TraesCS2B02G296000.1
TraesCS2D02G277400
TraesCS3B02G562400.1

.cds1

.cds1

Stress Conditions

7.64%
Disease
44.56%
19.33%
36.11%

No expressions

Disease
29.25%
1.73%
69.02%

No expressions

Disease
29.25%
1.73%
69.02%

No expressions

Abiotic
11.56%
27.32%
61.12%

No expressions

2.02%

Stripe rust pathogen 87/66 11days

71.19%
2.00%
26.80%

Mock inoculation 6h

88.21%

5.57%

6.22%

Stripe rust mixture 6/14 days
0.00%

0.00%

100.00%

Phosphorus starvation 10 days
1.00%

1.80%

97.21%

Stripe rust mixture 6/14 days
0.00%

0.00%

100.00%

Phosphorus starvation 10 days
1.00%

1.80%

97.21%

Stripe rust mixture 6/14 days
0.00%

0.00%

100.00%

Flg22 500nM
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2.02%
Stripe rust 2
56.56%
7.29%
36.15%

Fusarium

pseudograminearum

57.96%
22.63%
19.42%
PAMP flg22
10.45%
1.98%
87.57%

Not aavailable

PAMP flg22
10.45%
1.98%
87.57%

Not aavailable

Cold 2 weeks
7.25%

7.35%
85.40%
PAMP flg22



Sl.No.

44

Homologous Genes
(AB and D)

TraesCS3B02G562400.1
TraesCS3A02G499200
TraesCS3D02G506100
TraesCS3B02G336100.1
TraesCS3B02G336100.1
TraesCS3A02G300400
TraesCS7D02G014200

Stress Conditions

0.00%
100.00%
0.00%
Disease Zymoseptoria tritici 1 day
9.65% 0.36%
27.89% 7.67%
62.46% 91.96%

0.00%

100.00%

0.00%
Zymoseptoria tritici
1.95%

22.32%

75.73%

Table 4 Expression levels of homoeologous genes in 39 MATE genes
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SR.NO.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

GENE ID

TraesCS1A02G305200.1

TraesCS1A02G188100.1.cds1

TraesCS1A02G032900.1

TraesCS1A02G029900.1

TraesCS1D02G030400.1

TraesCS2A02G261700.1

TraesCS2A02G202000.1

TraesCS2A02G139200.1

TraesCS2B02G296100.1

TraesCS2B02G280500.1

TraesCS2B02G612900.1

TraesCS2B02G247700.2

TraesCS2D02G277400.1

TraesCS3B02G563400.1

TraesCS3B02G298700.1

TraesCS4A02G245300.1

TraesCS4A02G245400.1

TraesCS4A02G059200.1

TraesCS4B02G244400.1

TraesCS4B02G070000.1

TraesCS4B02G070100.1

TraesCS4D02G068800.1

TraesCS5B02G245500.1

TraesCS5B02G150400.2

LOCATION

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

FUNCTION

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity
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SOURCE

UniProtKB -
W4ZRS6

UniProtKB -
W4ZTW3

UniProtKB -
W4ZWM1

UniProtKB -
W4zZYL7

UniProtKB -
WS5ANP1

UniProtKB -
W5APY7

UniProtKB -
W5B067

UniProtKB -
W5B3C9

UniProtKB -
W5B6D4

UniProtKB -
W5BB68

UniProtKB -
W5BC47

UniProtKB -
W5BL55

UniProtKB -
W5C2A7

UniProtkB —
W5CS70

UniProtKB -
AOA077S2G0

UniProtKB -
W5DNN7

UniProtKB -
W5DUS3

UniProtKB -
W5DZZ77

UniProtKB -
W5E135

UniProtkKB —
W5EBO8

UniProtKB -
W5ECN1

UniProtKB -
W5ETZ0

UniProtkB —
W5F8N2

UniProtKB —
W5FAQ4




SR.NO.

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

GENE ID

TraesCS5B02G326600.1

TraesCS5B02G562500.1

TraesCS5D02G413800.1

TraesCS5D02G150100.1

TraesCS5D02G355500.1

TraesCS5D02G378300.1

TraesCS5D02G378200.1

TraesCS6A02G256400.1

TraesCS6A02G418800.1

TraesCS6A02G350400.1

TraesCS6D02G407900.1

TraesCS6D02G384300.1

TraesCS7A02G500700.1

TraesCS7A02G554500.1

TraesCS7B02G479000.1

TraesCS7D02G488000.1

TraesCS7D02G541200.1

TraesCS2B02G296000.1

TraesCS3B02G562400.1

TraesCS3B02G336100.1

.cdsT

.cdsT

.cds1

LOCATION

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

Transmembrane

FUNCTION

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Transmembrane transporter activity
Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

Solute:solute Antiporter Activity,
Xenobiotic transmembrane transporter activity

SOURCE

UniProtKB -
W5FBV9

UniProtKB -
W5FBY2

UniProtKB -
W5FQH5

UniProtkB —
AO0A341VVS7

UniProtKB -
W5FT30

UniProtKB -
W5FV95

UniProtKB -
W5FVV9

UniProtKB -
W5G6V1

UniProtKB -
W5G7Y4

UniProtKB -
W5GAI6

UniProtKB —
W5GZP8

UniProtKB -
W5GZR4

UniProtKB -
:AOA341Y439

UniProtKB -
W5HINS8

UniProtKB -
W5HKP8

UniProtKB -
W5HXX9

UniProtKB -
W5HZBS8

UniProtKB —
W5BHTS8

UniProtKB -
AO0A341SW85

UniProtKB -
AOAQ077RVF7

Table 5 Location and function of different MATE genes
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Sr.No

O 00 N o o b~ w N

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Transcript ID

TraesCS1A02G305200.1
TraesCST1A02G188100.1
TraesCS1A02G032900.1
TraesCS1A02G029900.1
TraesCS1D02G030400.1
TraesCS2A02G261700.1
TraesCS2A02G202000.1
TraesCS2A02G139200.1
TraesCS2B02G296100.1
TraesCS2B02G280500.1
TraesCS2B02G612900.1
TraesCS2B02G247700.2
TraesCS2D02G277400.1
TraesCS3B02G563400.1
TraesCS3B02G298700.1
TraesCS4A02G245300.1
TraesCS4A02G245400.1
TraesCS4A02G059200.1
TraesCS4B02G244400.1
TraesCS4B02G070000.1
TraesCS4B02G070100.1
TraesCS4D02G068800.1
TraesCS5B02G245500.1
TraesCS5B02G150400.2
TraesCS5B02G326600.1
TraesCS5B02G562500.1
TraesCS5D02G413800.1
TraesCS5D02G150100.1
TraesCS5D02G355500.1
TraesCS5D02G378300.1
TraesCS5D02G378200.1
TraesCS6A02G256400.1
TraesCS6A02G418800.1
TraesCS6A02G350400.1
TraesCS6D02G407900.1

TraesCS6D02G384300.1.cds1

.cds1

.cds1

.cds1

Exons

NOOOO\I(HLO\I\I\IS\I\I\IOO@\I—\

O© o0 =
SN

12

0 o0 00 W N =

—_

14
7
14
]

bp

1846
2379
1953
1963
1843
1976
2167
1673
1982
1778
1659
3009
1835
1431
1834
1797
1842
2555
2682
1997
1997
1928
1476
1560
2162
1566
1607
1768
2035
1827
1449
2095
2111
1971
2238
1524

Protein

497aa
551aa
481aa
515aa
512aa
491aa
512aa
482aa
487aa
491aa
480aa
493aa
480aa
447aa
483aa
473aa
475aa
638aa
553aa
471aa
473aa
475aa
477aa
519

512aa
521aa
476aa
505aa
501aa
482aa
482aa
572aa
559aa
483aa
595aa
507aa
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Protein ID

AOA2Z4GX53
W4ZTW3
W4ZWM1
WA4zYL7
WSANP1
AOATDS5T6R7
AOATDSTRE7
W5B3C9
AOATDSTDGT1
W5BB68
W5BC47
AOATDSUFCO
AOATD5TX06
AOATDSVBSS
AOA077S2G0
WSDNN7
W5DUS3
W5DZZ7
W5E135
AOATD6RZ03
W5ECNT1
W5ETZ0
AOA1D6D9HS5
AOA341VAI3
AOATDSZMF2
W5FBY2
WSFQH5
AOA1D5ZZU1
W5FT30
W5FV95
W5FVV9
W5G6V1
AOATD6ASI3
AOA2X0S2A9
AOA143DH78
W5GZR4

Source

UniProtKB - WAZRS6
UniProtKB - WAZTW3
UniProtKB - W4ZWM1
UniProtKB - W4ZYL7
UniProtKB - W5ANP1
UniProtKB - W5APY7
UniProtKB - W5B067
UniProtKB - W5B3C9
UniProtKB - W5B6D4
UniProtKB - W5BB68
UniProtKB - W5BC47
UniProtKB - W5BL55
UniProtKB - W5C2A7
UniProtkKB —W5CS70
UniProtKB - AOA077S2G0
UniProtKB - W5DNN7
UniProtKB - W5DUS3
UniProtKB - W5DZZ77
UniProtKB - W5E135
UniProtkKB —W5EB08
UniProtKB - W5ECN1
UniProtKB - W5ETZ0
UniProtKB — W5F8N2
UniProtKB — W5FAQ4
UniProtKB - W5FBV9
UniProtKB - W5FBY?2
UniProtKB - W5FQH5
UniProtkB —A0A341VVS7
UniProtKB - W5FT30
UniProtKB - W5FV95
UniProtKB - W5FVV9
UniProtKB - W5G6V1
UniProtKB - W5G7Y4
UniProtKB - W5GAI6
UniProtKB - W5GZP8
UniProtKB - W5GZR4




Sr.No Transcript ID Exons bp Protein  Protein ID Source
37 TraesCS7A02G500700.1 7 1651 475aa AOA1D6BJ61 UniProtKB - :A0A341Y439
38 TraesCS7A02G554500.1 8 2024 470aa W5HIONS UniProtKB - WSHIN8
39 TraesCS7B02G479000.1 8 1791  470aa W5HKP8 UniProtkKB - W5HKP8
40 TraesCS7D02G488000.1 7 1428 475aa W5HXX9 UniProtkKB - W5HXX9
41 TraesCS7D02G541200.1 8 2014 470aa W5HZBS8 UniProtKB - W5HZB8
42 TraesCS2B02G296000.1 9 1969 477aa AO0OA341QSM2  UniProtkKB — W5BHT8
43 TraesCS3B02G562400.1 7 2109 498aa AO0A341SW85 UniProtkKB - AOA341SW85
44 TraesCS3B02G336100.1 8 1716  476aa AOAQ77RVF7 UniProtKB - AOAO77RVF7
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Chromosomal locations of MATE genes under study

TraesCSIBIOGEIA001_WSCXER
TraesCSIBN2G5E3400.1_ADASBEGIFI
TrarCSIDIGII0H0 1_ADAZBSZNDS
TrassCSLANGO79900.1_ANATRSXTPL
TraesCSSBIDGI6001_ADASBELPWI
TraesCS2B02G247700
TrarsCSEDIGEE4300. 1 cds]_ADAIBSQFBT
TreesCS2BIGEL2900.L_ADASBECHS)
— TraesCHDING03800 1_ACASBRIDIZ
TresCSATIGE00.1_ADASBEHERS
TrassCS4BI2GOTO000.1_ANATBEIPLT
TreesCHBOGITOI00L_ADASBAIMGS

TeaesCSSINOGIS500.1_ADAZBEMWT?
_| EI:&SMMMMI_&U&M
TrassCSSBO2G245500.1_AOATBELLU
TransCSIBI2G235700.1_ADAOTTSCH
TraesCSTANGIHI000.1_ANATREALZ
TraesCSTD02G541200.1_ADASEATNGL
TraesCSTANAGES4500.|_ADASBERPE3
TraarCSTBINGATI000 1_ADAZBESCRT
TeaesCSTRINGIR000.1_ANATRGCSG
TrassCSIDNG2TI400.1_ADASBEDDYL

H TraeCSTINZGAS300.1_ADASBSTLIS
_Ermﬂ?m.uuumn
TraesCSEDI2GH13800.1_ADATBEMITH
TraesCSRAMDGISAMNLE_ADASBENWEL
TraesCSZAIRG133000 _AOAIBSATGS
TraesCS1ARIGII000.1_ADA3BSXVIL
TraesCSIB02GIR0E00.1_ADASBECSYD
TraesCRIAIRGIELTO0L_ADASBEANCT

TraesCSHANRG25540. Lodsl_ADAZBENQI
TraesCSIANIGIEE100. 1 cds]_ADAIBEREZHS
TraesCS4ADIGO5AR00.1_ADAIBEHFTT

TraesCSSBI2GIE2500 Leds1_ADATBALYSS

TraesCS4BIIG144400.1_ADATBEIVEL
TrassCSIADIGI00 _AIATESVIP]
TraesCSSBRIRGE150400 2 ADATEALIDE
TrasCSEINOGAITE00]_ADASBEO0R
TroasCSAANGAE00.1_ANASBENNT2

Figure 2

Neighbour-joining (N-J) Phylogenetic tree of the predicted nucleotide and protein sequences of the wheat multidrug and toxic compound
extrusion (MATE) under study.
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TraesCS1A02G305200,1
[TraesCS4B02G244400, 1
TraesCS5B02G150400,2
TraesCS6A02G418800,1
TraesCS60026407900, 1
TraesCS1A026188100,1
[TraesCS6A02G256400, 1
TraesC54A026059200, 1
TraesCS1A026032900, 1
TraesC52A02G139200, 1
TraesCS6A026350400, 1
Hraescszmzﬂ?ﬂﬂ. 1
raesC52B026280500, 1
TraesCS2A02G6202000,1
TraesCS3B02G298700,1
TraesC52B026296100, 1
HraesESEDOEGmmO. 1
raesC550026378200, 1
TraesC52002G6277400,1
TraesCS2B02G296000, 1
TraesC57A026554500, 1
[TraesC570026541200, 1
TraesCS7B026479000, 1
TraesCS50026413800, 1
TraesCS7A026500700,1
TraesC570026488000, 1
TraesCS1A026029900, 1
TraesCS1D02G030400,1
TraesCS5B02G326600,1
TraesCS3B02G562400,1
TraesCS2B02G247700, 2
TraesC53B026563400,1
[TraesCS5B02G245500, 1
TraesCS50026150100,1
TraesC550026355500, 1
TraesC52B026612900, 1
HraesCSEDOEGENHSOU. 1
raesC54A026245300,1
TraesCS4B02G070100,1
TraesCS4A02G245400, 1
TraesCS4D02G068800, 1
[TraesCS4BO2GO70000, 1
TraesCS53B02G336100,1
TraesCS5B026562500, 1
Consensus

Figure 3
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ATG----GACCT =CCTCGGCGTGTTCTTCCACGGCGCCACCCTCG---CC---TTCGAGAGGGACGA
GAGARGGCCGCCGAGGACGTGCCAGCCCCATCCGLC--CTCTCCGGCTG6----CCARG----GACCA ~CC--GGCATGTACCTCTTCGTGATGARCATCAGGTCCGTGTTCARGCTCGACGA
CAG--GGCCGCCG----C~-CGCCCTCACCCTCGCCC--CACACAGGAGGGTGCACCACGT-=-GCACAT=----=GCCATCCGGCAGGCCATGCCCATGCAGG TCCTCCGC--CGC-CCCARGGAGGRGGA
=====GGCCG6C-=======GCLRECECCGELGCLG--GCGCC-GGCATGEGCACCACCA--AGCCAAAC-=-=6GCCA-----=TCATCATCCCAGTGCTCGCCARGGACTTCAC-CAGGAGGAGGAGGA
CAGGTGGCCATCC----CTCTCCCTCTCCCTCTCCA--GGLTC~-GGCTCCGGCACCACCATCATCCCARCCCARGCCGAGAGGCTCCTCCTCCCACTCCCAGGCCTCCTCGACTT-CACCTCCAGGAGGA
GCCARCATCACCG--GCTACTCCGTGCTCTCCGGLCTCGCCTCCGGCATGGAGCCAGTGTGLGGCCAR==-===GCCGTGGECGCCARGARCCTCCCACTCGTGGECGCCACCAT-GCARAGGATGGTGL
GCCARCATCACCG--GCTACTCCGTGCTCTCCGGLCTCGCCATGGGCATGGAGCCAATCTGCGGCCAR------GCLTTCGGCGCCGGCCACTACGAGCTCCTCGGLGTGACCAT-GCARAGGACCGTGE
GCCARCATCACCG--GCTACTCCGTGCTCTCCGGLCTCGCCCTCGGCATGGAGCCACTCTGCGGCCAR------GCLTTCGGCGCCAGGAGGEGCARGCTCCTCGCLCTCGCCCT-CCACAGGACCGTGE
GCCACCGTGACCG--GCTACGCCTTCGTGACCGGCATGTCLGGCGCCATGGAGACCCTCTGCGGCCAR------GCCTACGGCGCCAGGATGTACAGGCTCCTCGGLCTCTACCT-CCARTCCTCCCTCA
GCCACCGTGACCG--GCTACGCCTTCGTGACCGGCATGTCLGGCGCCCTCGAGACCCTCTGCGGCCAR======GCCTGCGGCGCCCARCTCTACAGGATGC TCGGLCTCTACCT-CCARTCCTCCCTCA
GCCACCGTGACCG--GCTACGCCTTCGTGACCGGCATGTCLGGCGCCCTCGAGACCCTCTGCGGCCAR======GCCTACGGCGCCAGGCTCTACAGGATGC TCGGLCTCTACCT-CCARTCCTCCCTCA
GCCACCGTGACCG--GCATCGCCCTCATGACCGGLCTCTCCGGCTCCCTCGAGACCCTCTGCGGCCAR------GGCTACGGCGCCARGGTGTACAGGATGC TCGGLGTGTACCT-CCARGCCTCCATCA
GCCACCGTGACCG--GCATCGCCCTCATGACCGGLCTCTCCGGCTCCCTCGAGACCCTCTGCGGCCAR------GGCTACGGCGCCARGGTGTACAGGATGC TCGGLGTGTACCT-CCARGCCTCCATCA
ACCARCGTGTCCG--GCTTCTCCGTGCTCATCGGLCTCRCCTGCGCCCTCGAGACCATCTGCGGCCAR=-----GCCTACGGCGCCGAGCARTACCACRAGC TCTCCCTCTACAC-CTACAGGTCCATCA
GCCTCCGTGACCG=-GCTTCTCCCTCCTCATCGGCATGRCCTCCGCCCTCGAGACCCTCTGCGGCCAR======GCCTACGGCGCCAGGCARTACCACACCCTCRGLCTCCACAC-CTACAGGGCCATCG
GCCGGCGTGACCG=-GCTTCTCCCTCCTCGCCGGCATGGCCTCCTCCCTCGACACCCTCTGCGGCCAR======GCCTTCGGCGCCARGCARTACTACCTCCTCGGCATCTACAR-GCARAGGGCCATCC
GCCTCCGTGACCG=-GCTTCTCCCTCCTCTCCGGCATGGCCTCCTCCCTCGACACCCTCTGCGGCCAR======GCCTTCGGCGCCAGGCARTACCACCTCCTCGGCATCTACAR-GCARAGGGCCATGT
GCOGGCGTGACCG--GCTTCTCCCTCCTCTCCGGCATGRCCTCCTCCCTCGACACCCTCTGCGGCCARm=====GCCTTCGGCGCCARGAGGTACCACCTCCTCGGCATCTACAR-GCARAGGGCCATCC
GCOGGCGTGACCG==-GCTTCTCCCTCCTCGCCGGCATGTCCTCCTCCCTCGACACCCTCTGCGGCCARmmm===GCCTTCGGCGCCARGCARTACCACCTCCTCGGCATCTACAR-GCARAGGGCCATCC
GCCGGCGTGACCG==-GCTTCTCCCTCCTCGCCGGCATGTCCTCCTCCCTCGACACCCTCTGCGGCCARmm====GCCTTCGGCGCCARGCARTACCACCTCCTCRGCATCTACAR-GCARAGGGCCATCC
GCCGGCGTGACCG=-GCTTCTCCCTCCTCTCCGGCATGTCCTCCTCCCTCGACACCCTCTGCGGCCAR======GCCTTCGGCGCCARGCARCACCACCTCCTCGGCATCTACAR-GCARAGGGCCATCG
GCCGGCGTGACCG=-GCTTCTCCCTCCTCTCCGGCATGTCCTCCTCCCTCGACACCCTCTGCGGCCAR======GCLTTCGGCGCCARGCARCACCACCTCCTCGGCATCTACAR-GCARAGGGCCATCC
GCOGGCGTGACCG=-GCTTCTCCCTCCTCTCCGGCATGTCCTCCTCCCTCGACACCCTCTGCGGCCAR======GCCTTCGGCGCCARGCARCACCACCTCCTCGGCATCTACAR-GCARAGGGCCATCC
GCCARCGTGACCG==GCTTCTCCCTCCTCGCCGGCATGRCCTCCGCCCTCGACACCCTCTGCGGCCAR======GCCTTCGGCGCCAGGCARTACCACCTCCTCGGLGTGTACAR-GCARAGGGCCATGE
GCCARCGTGACCG=-GCTTCTCCCTCCTCRTGEGCATRTCLTCCGCCCTCGACACCCTCTGCGGLCAR======GCLTTCGGCGCCAGGCARTACCACCTCCTCRGLCTCTACAR-GCARAGGGCCATGG
GCCARCGTGACCG=-GCTTCTCCCTCCTCGTGGGCATGTCCTCCGCCCTCGACACCCTCTGCGGCCAR======GCCTTCGGCGCCAGGCARTACCACCTCCTCGGLCTCTACAR-GCARAGGGCCATGG
GTGCARATGTTCG--CCTACGGCCTCATGCTCGGCATGGEECTCCGCCGTGGAGACCCTCTGCGGCCAR======GCCTACGGCGCCTCCARGTTCGACATGC TCGGCATCTACAT-GCARAGGTCCATCG
GTGCARATGTTCG--CCTACGGCCTCATGCTCGGCATEGECTCCGCCGTGGAGACCCTCTGCGGCCAR===--=GCCTACGGCGCCTCCARGTTCGACATGC TCGGCATCTACAT-GCARAGGTCCACCG
ATCCARGTGTTCG--CCTACGGCCTCATGCTCGGCATEEECTCCGCCGTGGAGACCCTCTGCGGCCAR=====-GCCTACGGCGCCARCARGT TCGACATGC TCGGCATCTACAT-GCARAGGTCCACCG
GTGCARATGTTCG=-CCTACGGCCTCATGCTCGGCATEEELTCCGCCGTGEAGACCCTCTGCGGCCAR======GCCTACGGCGGCCACARGTACGACATGC TCRGLCACCTACCT-CCARAGRTCCGCCG
ATCCARGTGTTCG=-CCTACGGCCTCATGCTCGGCATGGECTCCGCCGTGGAGACCCTCTGCGGCCAR======GCCTACGGCGCCGAGARGTACGAGATGC TCGGLGTGTACCT-CCARAGGTCCACCG
GTGCARACCTTCG--CCTACGGCCTCATGCTCGGCATEGECTCCGCCGTGGAGACCCTCTGCGGCCAR===-=-~GCCTACGGCGCCCACARGTACGACATGCTCGGCATCTACCT-CCARAGGTCCGTGA
ATCTCCGGCTTCA--ACCTCGECTTCCTCCTCGGCATGGCCTCCGCCCTCGAGACCCTCTGCGGCCAR=----~GCCTACGGCGCCARGCARTACGCCATGC TCGGLGTGTACAT-GCARAGGTCCTGGE
CTCATGAGGTTCT--CCARCGGCATCCTCCTCGGCATGRCCTCCGCCCTCGAGACCCTCTGCGGCCAR======TCCTACGGCGCCARGCARTACCACATGATGGGCATCTACCT-CCARAGGTCCTGGA
CTCATGAGGTTCT--CCARCGGCATCCTCCTCGGCATGRCCTCCGCCCTCGAGACCCTCTGCGGCCAR======TCCTACGGCGCCARGCARTACCACATGATGGGCATCTCCCT-CCARAGRTCCTGGA
TTCTTCACCTGCT=-CCTTCGECTTCCTCCTCGGCATGGECTCCGCCCTCGAGACCCTCTGCGGCCAR======GCCTTCGGCGCCGGCCARGTGGCCATGCTCGGLGTGTACCT-CCARAGGTCCTGGA
GTGTCCARCTTCT--CCTTCGECTTCCTCCTCGGCATGGECTCCGCCCTCGAGACCCTCTGCGGCCAR===--~GCCTACGGCGCCGGCCARCTCGGCGCCCTCGGLGTGTACAT-GCARAGGTCCTGGA
ATCGAGGGCTTCG--CCTACGECGTGCTCCTCGGCATERECTCCGCCCTCGAGACCCTCTGCGGCCAR===--~GCCGTGGGCGCCGGCCARGTGGACATGC TCGGCATCTACAT-CCARAGGTCCTGGA
ATCGAGGGCTTCG--CCTACGGCGTGCTCCTCGGCATGEECTCCGCCCTCGAGACCCTCTGCGGCCAR======GCCGTGGGCGCCGGCCARGTGGACATGC TCGGCATCTACAT-CCARAGGTCCTGGA
GTGGAGGGCTTCG--CCTACGECGTGCTCCTCGGCATEEECTCCGCCCTCGAGACCCTCTGCGGCCAR======GCCGTGEGCGCCGGCCARGTGGACATGC TCGGCATCTACAT-CCARAGRTCCTGGA
ATCGAGGGCTTCG--CCTACGGCGTGCTCCTCGGCATGGECTCCGCCCTCGAGACCCTCTGLGECCAR======GCCGTGGECGCCGECCARGTGGACATGCTCGGCATCTACAT-CCARAGGTCCTGGA
ATCGAGGGCTTCG--CCTACGGCGTGCTCCTCGGCATGGECTCCGCCCTCGAGACCCTCTGLGGCCAR=-=-===GCCGTGGECGCCGGCCARGTGGACATGCTCGGCATCTACAT-CCARAGGTCCTGGA
ATCGAGGGCCTCG--GCTTCGGCCTCCTCCTCGGCATGGECTCCGLCCTCGAGACCCTCTGLGGCCAR=-=-===6GCCGTRGGCGCCGGCCARCTCCACACCCTCGGCGTGTACAT-GCARAGGTCCTGGA
GCCARCGCCACCG--GCTTCGCCGTGCTCACCGGLCTCTGCGGCGCCATGGACCCAATCTGLGGCCAA-=-=-=6GCCCACGGLGCCGGCARCGCCGCCCTCCTCAGGAGGACCCT-CCTCATGGCCACCE
gee,,cgt, ,clg gettlgel,Tecte,btCGGCatggeltecgeCeteGagaCleeTeTgeghClal gCCt,cG60GeC, , ,ca,bac, acatccTCggl betaCat ccaaaggtcca,ga

Deletion in the MATE gene structure

Traes_SBL_SAB4ED29D.1

A Traes_SDL_ACBEDFEZ.1es GAL Miaes_BAL_TEIEEZAED2
naes_:iDL‘_';znssqu i ﬂ . - '“5?.5_2‘ Gl
6 Traes_TAL_TFOBCAALR
ﬂTraes"?DLHMSIESSBEBI Qnaus_aﬁ_él?ﬁlliilz Traes 30 ',!.m;ﬁn“, £ mmﬁ]’.“s BAL_DESEIADCA. 1
Traes_4BS. ATTG0TFE4.1 Traes 145 DAGSEIIFE 1 i J ! / ! J I| Trans_ T
ﬂ n Traes_2AS 084756610 2wes_20L_BSSBEAMEF Les_TAL_2CTEDECDUL ﬁ
Q |
A S Trans_105_F3E Tribes_48L_D6FTEB2IC 1 O |
R L |
Traes 485 SDBRIAECL 2 Traes_LAS_6DSOBDZD8.1 L Trifs_581_S8B4853SC.1
- Traes_38_FHESAODO6.1
Traes_sALL 4TEDC2746.1 g E—— N
F Traes_IALZEDBSO0NEE 2 raey 1015 -BEASABRAF.L “‘\ﬂm’“
"/ F TN
Traes_TDL_S98489407.13 L P Traes_4AS_DISGECTABS.2 N
6 Traed 1AL AITOEBBZT.1 ﬁ
Traes_dAL_ETI0TAL16.2 — . Traes 6DS_DATSO
ﬂ I Tme&_zElL_?Im?t:aiTraes_]‘BL_lBCmBmﬂ.1
o y

E Traes 200 _F7I4CBEDFZ

ﬁl‘ra.es ADS_FEOOEF2C2.2 )

o
- Traes_SOL_SDFB259AB.21

§ Traes_SBL_4TEB0AD0A.L
Traes_2BL_FFA34DAS3L ) |

Trans_S0L_125E87TE53.1
Trags_ZAS_PEDAD031L 1 ﬁ

/ o
Traes_IB5_T381200% Traes_1AS_ID323RACY 195_G0L_CFTDMDTCAZ
Trats_18_JRIGAE0LC.2

Traes_2BL_058604514.2 W/ o
a # Traes_SBL_ZZACETZITL

Troes_SOL_BOABFDE52.1 Traes_SOL_27EBF2350.2 4 [

Traes_60L_DOZES5399.1 Trses_2AL_19C1560011
L Traes_7DL_107322570.1

Traes_7AL_GT0814850.1

A
L
L

Page 30/32



Figure 4

Representation of protein association network of 43 MATE genes using STRING software

© Viewers > (@ Legend >  %¥ Settings > - BB Exports > &% Clusters > @ More @ Less

Network Stats
number of nodes: 53 expected number of edges: 11
number of edges: 41 PPI enrichment p-value: 3.9e-12
average node degree: 1.55 your network has significantly more interactions
avg. local clustering coefficient: 0.405 than expected (what does that mean?)
Functional enrichments in your network Note: some enrichments may be expected here (why?)
PFAM Protein Domains
domain description count in gene set  false discovery rate
PF01554 MatE 43 of 226 2.63e-101
PF14667  Polysaccharide biosynthesis C-terminal domain 50f15 2.80e-12
PF03083 Sugar efflux transparter for intercellular exchange 20f 108 0.0054
PF14531 Kinase-like 20f136 0.0063
INTERPRO Protein Domains and Features
domain description count in gene set  false discovery rate
IPR0O02528 Multi antimicrobial extrusion protein 42 of 97 1.42e-111
IPRO15783 Serine/threonine-protein kinase HT1, plant 20f2 1.01e-05

Figure 5

Network and enrichment analysis of MATE genes through STRING software
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Figure 6

Heatmap representation of MATE genes expressing different degree of colour intensities across various tissues and developmental
stages during stress conditions by using wheat expression browser software. The bottom scale represents values obtained in log2 (tpm)
where 0, 4, 7 represent low, intermediate and high expression respectively.
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FEFTIEIBISE Stable Dynamic
[l roots, none, none, NA (n=3) B

spike, abiotic, drou, NA (n=61)
[l roots, abiotic, P-10d, NA (n=3
[l shoots, abietic, P-10d, P- (n=3)
[ 'eaf, disease, sré+d, NA (n=1)
second leaf, none, none, MA (n=4)
s_let, disease, fu50h, NA (n=15)
s_let, none, mo50h, NA (n=15)
M s_let, disease, fu30h, NA (n=15)
s_let, none, mo3on, NA (n=15)
leal, disease, pm72h, powdery mildew (n=3)
[ leaf, disease, pm48h, powdery mildew (n=3)
[ leal, disease, pm24h, powdery mildew (n=3)
Il 'eaf, none, none, No siress control (n=5)
Il 'ear, disease, sr72h, stripe rust 2 (n=3)
leaf, disease, sr48h, stripe rust 2 (1
Il leaf, disease, sr24h, stripe rust 2 (n=3)
[ '=af, abiotic, dhsEh, dh (n=2)
M leaf, abiotic, dhs1h, dh (n=2) A
[l leaf, abiotic, hs6h, heat stress (n=2)
leaf, abiotic, hs1h, heat stress (n=2)
[ leaf, abiotic, ds6h, drought stress (n=2)
1 leaf, abiotic, ds1h, drought stress (n=2)
M s_let, none, mosh, NA (n=6)
shoots, none, none, No stress control (n=6)
s_let, none, mo48h, NA (n=6)
, none, mo3h, NA (n=6)
, none, modeh, NA (n=6)
, none, mo24n, NA (n=6)
L, none, mo12h, NA (n=6)
, disease, fubh, NA (n=6)
, disease, fudsh, NA (n=§)
. disease, fudh, NA (n=6)
, disease, fudsh, NA (n=§)
s_let, disease, fu2dh, NA (n=6)
s_let, disease, fu12h, NA (n=6)
Il coleoptile, none, mo36h, No stress control (n=4)
W coleoptile, disease, fp36h, fus_2 (n=4)
W lear, disease, mo_s, NA (n=8)
leaf, disease, mo_a, NA (n=8)
W spikelets, disease, fuaba, NA (n=5)
B spikelets, disease, fuga, NA (n=5)
W spikelets, disease, fu24h, NA (n=4)
Il second leal, disease, zt1d, Zymoseploria tritici (n=3)
second leal, none, mo21d, No siress control (n=3)
[l second leaf, none, mo14d, No stress control (n=3)
[l second leaf, none, moSd, No stress control (n=3)
[ second leaf, none, mo4d, No stress control (n=3)
second leaf, none, mo1d, No stress control (n=3)
second leaf, disease, zt21d, Zymoseptoria fritici (n=3)
[ second leal, disease, 21144, Zymoseploria tritici (n=3)
Il second leaf, disease, z19d, Zymoseploria tritici (n=3)
Il second leal, disease, ztad, Zymoseploria tritici (n=3)

M shoots, disease, Ip5d, fus (n=12)

Il shoots, none, moSd, No stress control (n=12)

Il shoots, disease, p3d, fus (n=12)

shoots, none, mo3d, No stress control (n=12)

[l shoots, abiotic, cold 2 weeks (4C), cold 2 weeks (4C) (n=3)
Il 'eaf, none, control, No stress control (n=6)

B leaf, disease, srid, stripe rust (n=6)

Il leaf, disease, sr2d, stripe rust (n=6)

leaf, disease, sr3d, siripe rust (n=6)

W leaf, disease, sr5d, stripe rust (n=6)

[l 'eaf, disease, sr7d, stripe rust (n=3)

[ leaf, disease, srad, stripe rust (n=3)

leaf, disease, sri1d, stripe rust (n=3)

second leal, disease, stdd, Zymoseploria tritici (n=2)
Il second leal, disease, s10a, Zymoseptoria trtici (n=1)
Il second leal, disease, 51130, Zymoseptoria tritici (n=1)

Figure 7

Ternary plot showing homologous gene
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