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Response to stress represents a highly complex mechanism iplants involving a plethora
of genes and gene families. It has been established that plam use some common
set of genes and gene families for both biotic and abiotic séiss responses leading to
cross-talk phenomena. One such family, Meprin And TRAF Hontogy (MATH) domain
containing protein (MDCP), has been known to be involved inibtic stress response. In
this study, we present genome-wide identi cation of varios members of MDCP family
from both Arabidopsis and rice. A large number of members ideti ed in Arabidopsis
and rice indicate toward an expansion and diversi cation oMDCP family in both the
species. Chromosomal localization of MDCP genes in Arabigisis and rice reveals their
presence in a few speci c clusters on various chromosomes sah as, chromosome |ll
in Arabidopsis and chromosome X in rice. For the functionalralysis of MDCP genes,
we used information from publicly available data for plantrgwth and development as
well as biotic stresses and found differential expressionfavarious members of the family.
Further, we narrowed down 11 potential candidate genes in ¢ which showed high
expression in various tissues and development stages as wlas biotic stress conditions.
The expression analysis of these 11 genes in rice using qRTE&HR under drought and
salinity stress identi ed OsM4 and OsMB11 to be highly expressed in both the stress
conditions. Taken together, our data indicates thaDsM4 and OsMB11 can be used as
potential candidates for generating stress resilient crap

Keywords: abiotic stress, biotic stress, MATH domain, BTB do main, rice, Arabidopsis

INTRODUCTION

Abiotic stress is considered as one of the major factors angajrowth, biomass, and productivity
in plants Singh A. et al., 2015; Joshi et al., 201®anong several abiotic stresses, salinity and
drought are the key factors for the downfall of yield in theriagltural sector due to reduced
productivity in both irrigated and non-irrigated agricultal lands Gupta et al., 2025In plants,

a high degree of similarity has been reported in salinity amslight stress responses with respect
to their physiological, molecular and genetic e eclsghi et al., 20)4Elevated levels of salt in the
soil limits the water uptake because of low water potentigeby initiating drought stresg\(med
etal., 201} It has been well established that osmotic stress in plaigigers turgor loss, membrane
disorganization, protein denaturation and production of ctige oxygen speciesidshi et al.,
2014. This situation further causes inhibition of photosyntiesiamage of cellular organelles and
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metabolic dysfunction resulting in growth retardationdieced region of meprin A and B constitutes the MATH domain of
fertility, and premature senescence, thus causing sevetd yi MDCPs Sunnerhagen et al., 200Meprins are tissue-speci ¢
losses Joshi et al., 2019bPlants use common pathways andand membrane-associated oligomeric zinc endopeptidasés tha
components in response to these stressessiori and Foyer, belong to the Astacin family of Metzincin superfamily. These
2002. Hence, plants tolerant to salinity may also be tolerant taare the largest extracellular proteases in the animal systaohw
the drought stress or vice-versagrooq and Azam, 200.1 cleaves various peptides including growth factors, cytakared
Over the years, a number of attempts have been madextracellular matrix proteinsEroder and Becker-Pauly, 2013
to improve stress tolerance in crop plantSifgh B. et al., Tumor necrosis factor-Receptor Associated Factors (TRAFS)
2015. One of the strategies adopted worldwide for this purposéelong to the adaptor protein family, and are characterized
is the identi cation of genes that can assist tolerant plantdy a carboxy-terminal homology domain of about 180 amino
to survive under harsh conditions and using such genes tacids, forming 7-8 antiparallelsheets de ned as TRAF domain
engineer similar trait in stress sensitive genotyp&sinjar (TD) (Bradley and Pober, 2001; Zapata et al., 2007; Zhou
et al., 201p Though, remarkable progress has been made igt al., 201} They are the key factors of the Toll-Like Receptor
developing transgenic plants that can tolerate various stgess(TLR) family and Tumor Necrosis Factor (TNF) family, which
(Joshi et al., 201%4t has been well accepted that these toleranceegulate downstream signaling pathways and nally activate
mechanisms are synchronized by a complex signaling networkarious transcription factors related to cell survival antess
and orchestrated stress-regulated gene expressigmiert etal., responses{uang B. et al., 20)6It also triggers the downstream
2006; Sreenivasulu et al., 2007; Ramegowda et al.).20kbmponents of signaling pathways, controls the sub-cellular
Thus, identi cation and characterization of overlapping sign localization of the receptor-ligand complexes, and modi ke t
transduction pathways between both salt and drought steeisse response by controlling the degradation of proteids)fata et al.,
essential for getting a holistic view of the response. 2007. Recently, two redundant TRAF proteins were identi ed
One of the major food crops consumed by more thanwhich play a role in the turnover of the nucleotide-binding
half of the world's population is rice(ryza satival.; Bohra domain and leucine-rich repeat-containing (NLR) immune
et al., 201p Sensitivity toward abiotic stresses in rice varieseceptors SNC1 and RPS2u@ang S. et al., 20).6
with the growth stage, as young seedlings and reproductive Various other sets of protein domains such as peptidases,
stages are highly sensitive to salt and drought strBssi{ and RING and zinc nger, lamin and RIUA domains, BTB (Broad-
Roychoudhury, 2004 The sensitivity toward these stresses in ricecomplex, Tramtrack, and Bric a brac) domain, tripartite motif
also varies considerably across genotypes. ComparativesenalfTRIM) and astacin domains are known to be present in
of various genotypes in rice has been exploited as a successfahjunction with the MATH domain Zapata et al., 2007The
strategy to discover novel genes and proteins which contgibu number of MDCPs in Arabidopsis anBrassica rap&ave been
toward abiotic stress toleranc&¢han et al., 20)5Earlier, we found to be similar toC. eleganbut their role in plants is still
had employed comparative transcriptomics approach betweeamnknown (Oelmuiller etal., 2005; Zhao et al., 2DThese MATH
two contrasting rice genotypes to identify salinity toleranc domain containing proteins have been hypothesized for haging
related geneskumari et al., 200p By employing subtractive role in the regulation of protein processingdpata et al., 200.7
hybridization using two contrasting rice genotypes, Pokigdlt The MATH-BTB proteins have been in fact found to play a role
tolerant) and IR64 (salt sensitive), a total of 1194 ESTs (584 ABA signaling (echner et al., 20)1Further, MDCPs are
from IR64 and 610 from Pokkali) were identi ed. Analysis of reported to localize in various subcellular compartments such
these ESTs led to the identi cation of various novel genegipta  as endoplasmic reticulum, Golgi apparatus, cytosol, nucleus, an
a possible role in salt stress speci ¢ response. In fact, an E®Fganellar membranes, especially peroxisomes.
identi ed from this study led to the characterization of CIPC In the present study, we have identi ed and characterized
genes in Arabidopsis and ric&(shwaha et al., 2009; Singh et al. MDCP-encoding gene family members in Arabidopsis and rice.
2012. Another protein identi ed from the analysis of these ESTsA detailed comparison has been made in terms of phylogeny
is the MATH (Meprin And TRAF Homology) domain containing and their genome organization. Expression pro le for all the
protein (MDCP) which has been analyzed in the present study. MDCP family members in various tissues, developmental stages
Biotic stress is also reported to contribute to 50-80% yields well as biotic and abiotic stress conditions has beenetud
loss in the absence of control measurésyer et al., 2006 usingthe publicly available database. Further, eleveictstess-
Previously, available data on biotic stress along with tteenging  responsive MDCP encoding genes have been analyzed for their
climatic conditions project toward an increase in reprodueti expression under salt and drought stress by qRT-PCR. Based
potential and geographical expansion of dierent pathogeron the analysis presented here, we have highlighted the pessibl
strains with higher chances of plants encountering biotiestes role of MDCP-encoding gene family members in both biotic and
in future (Kissoudis et al., 20)4AMDCPs were earlier known abiotic stress response in plants.
for their role in the plant/microbe interaction. They are the
early responsive membrane bound receptor kinases reportqglATERlALS AND METHODS
in Arabidopsis, which gets transiently up-regulated duritg t
fungal interaction, and decrease thereafter when the amgon  ldenti cation of MDC Proteins
is establishedReskan-Berghofer et al., 2004; Shahollari et alThe MDC protein sequences were fetched and classied
2009. The TRAF-C domain of TRAF protein and C-terminal using Arabidopsis(TAIR release 10.0Berardini et al., 2005

Frontiers in Plant Science | www.frontiersin.org 2 June 2016 | Volume 7 | Article 923


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Kushwaha et al. MATH-Domain Family Role in Abiotic Stress

and Oryza sativa(TIGR release 7.0Kawahara et al., 2013 For Arabidopsis, 22K ATH1 genome array was chosen and
whole genome sequences. Proles unique to the MATHpre-existing microarray data of Arabidopsis was considered for
domain (accession no. PF00917) were obtained from Pfafurther analysis. In the case of rice, microarray datase®f51
database Kinn et al., 201y and were used to screen the K: Rice Genome 51K array were analyzed.

whole genome protein sequences of both Arabidopsis and Further, the same dataset was used for analysis under various
rice, using the HMMER software (version 3.0) deployingbiotic stresses i.e., various nematodes and insect pesisen r
default parameters Hddy, 1998 The protein sequences In Arabidopsis, various mutants were analyzed along withirthe
obtained from the prole search were manually checked foresponse to various bacterial elicitors. The expression of MDC
the presence of additional domains along with the MATH proteins in Arabidopsis was also analyzed in response to various
domain. We have assigned names to these protein sequendcterial and fungal infections.

following the domains observed in the individual protein

sequences, where “At" denot&rabidopsis thalianaand “Os” Plant Material and Stress Treatments

denote Oryza sativa This is followed by a number of times Seeds oDryza sativassp.indica cv. IR64 were surface sterilized
the MATH “M” or BTB “B” domains are present in the with bavistin solution (0.1%), rinsed with distilled water and

sequence. germinated hydroponically in half strength Yoshida medium a
) . described previouslyusta z et al., 201). Seedlings were grown
Analysis of MDC Proteins under 16 h/8 h photoperiod at 28 2 C with 70% humidity in

Further, the protein sequences identi ed were analyzed feirth the growth chamber (Panasonic, Japan). Ten day old seedlings
characteristics such as pl, molecular weight using TAIReést  were subjected to various stress treatments for 6T Hpéthi
10.0;Berardini et al., 20)5and TIGR (release 7.0{awahara et al., 201p For salinity stress, seedlings were supplemented
etal., 201pfor Arabidopsis and rice respectively. The subcellulawith half strength Yoshida medium containing 200 mM NacCl
localization of the MDC proteins of Arabidopsis was predictedand for drought stress, seedlings were air-dried betwelels fof
based on SUBA database (http://suba3.plantenergy.uwaugdu.atissue paper as describediigh V. K. et al., 20)5Untreated
while that of rice was predicted using subCELlular LOcaimat seedlings grown in half strength Yoshida medium were taken
predictor (CELLO v. 2.5: http://cello.life.nctu.edu.twh)(et al., as control. The shoot tissues were harvested and immegliatel
2009 and re-conrmed using WoLF PSORT, an advancedfrozen in liquid nitrogen and stored at 80 C for RNA
protein subcellular localization prediction tool (http://Www isolation.

genscript.com/wolf-psort.html) Horton et al., 2007; Nielsen,

2016. Quantitative Real-Time PCR Analysis

o Total RNA was isolated from shoot tissues using TRIzol
Chromosomal Localization of MDCP reagent (Thermo Fisher Scientic, USA) according to the
Encoding Genes and Phylogenetic Analysis manufacturers protocol. RNA quality and integrity was

In order to identify the localization of MDCP encoding genesdetermined using NanoDrop spectrophotometer and agarose
on various chromosomes we used publicly available inforomati gel electrophoresis. Total RNA was treated withn of DNase
resources, that is, TAIR for Arabidopsis and TIGR for riceeTh (Thermo Fisher Scienti c, USA) and reverse transcribed with
chromosomal positions were plotted using Dia diagram editoRevertAid® RNase H minus cDNA synthesis kit (Thermo Fisher
(Dia 0.97.2). The rooted ML tree was build using PhyML 3.G5cienti ¢, USA) according to the manufacturer's instruct
(Guindon et al., 201and the nal tree was plotted using FigTree Using Primer Express Software v3.0 (Applied Biosystems,
1.4.2 Rambaut, 2012 To build phylogenies, bootstrap analysisUSA), the primers for RT-PCR analysis were designed
was conducted using 1000 replicates. The sequence analyisign the FUTR region of the selected gene3able S5.
was performed using Seaview (version 4) multiple sequendéhe specicity of amplication was further conrmed by

alignment editor Gouy et al., 2010 Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-
N ] ) blast/). The gRT-PCR assay was performed in rd0 nal
In silico Gene Expression Analysis reaction mixture according to the instructions for Power

Expression pattern for each gene model of MATH domainSYBR® Green PCR Master Mix (Applied Biosystems, USA)
encoding genes were analyzed in dierent tissues (such assing 7500 Real-Time PCR system and software (Applied
callus, seedling, coleoptiles, root, in orescence, panggdikelet, Biosystems, USA). The reaction was performed using three
stamen, anther, pollen, stigma, ovary, caryopsis, embrybjological and three technical replicates as follows: C95
endosperm, culm, node, internode, stele, pith, parenchymdor 10 min followed by 40 cycles of 95 for 15s and
peduncle, leaf, blade, sheath, ag leaf, collar, rhizomengry 60 C for 1 min. Elongation factor & (eEf-la) was used
root, and root tip; Table S, at various developmental stagesas reference gene for normalizatiofiripathi et al., 201p
(such as, germination, seedling, tillering, stem elommggti Dissociation curve analysis and gel electrophoresis was
booting, heading, owering, milk, and doughtable S2, and carried out to check the speci city of ampli cation. Relative
under di erent abiotic stresses (such as, cold, drought,theachange in fold expression was calculated using comparative
and salinity; Table S3, and biotic stressesT@ble S§ were CT value (ivak and Schmittgen, 20)land two-tailed
obtained from A ymetrix GeneChip database using Respons&tudentst-test was used to analyze statistical signi cance
Viewer (https://www.genevestigator.comifir(iz et al., 2008  atp< 0.05.
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RESULTS TABLE 1 | Comparison of MDC protein members and their encoding
genes in Arabidopsis and rice.

Identi cation and Characterization of MDC

Proteins Arabidopsis Rice

To identify the MDC proteins in Arabidopsis and rice, the pro le Gene  Protein  Gene  Protein
of MATH domain (accession no. PF00917) was obtained from

the Pfam database using HMM-based method (see Materiafg9'e MATH domain 28 39 13 15
and Methods). The method used for the identi cation of MDC Single MATHC Single BTB domain 06 09 54 57
proteins remains same as used earlier for the identi catiod a TWo MATH domain 25 31 01 01
classi cation of various other gene families such as TESg¢ek Two MATHC Two BTB domain - - 01 01
etal., 2006; Singh A. et al., 2016DCP Kushwaha et al., 20p9 Three MATH domain 02 02 - -
glyoxalase | and llINlusta z et al., 201), cyclophilins Kumari ~ Four MATH domain 01 01 - -

et al., 2013 NCX (Singh A. K. et al., 20)5histone chaperones
(Tripathi et al., 201} and glyoxalase IllGhosh et al., 2036
Genome-wide analysis search of MDC proteins revealed thEhis analysis gave a comprehensive picture of MDC protein
presence of 62 MDC genes coding for 82 proteins in Arabidopsiglassi cation. The single MATH domain containing proteins
Similarly, in rice, 69 genes were found to be coding for 74AtM and OsM) were observed to be clustered in two groups
MDC proteins. Classi cation of these proteins was based ofiClade 2 and 4) and the other major clade (Clade 1) was
the presence of MATH domain either as a single domain obf proteins having one MATH domain along with one BTB
multiple domains or along with BTB domain (Accession No.domain (AtMB and OsMB). The third major clade was of the
PFO0651;Figure S). The POZ (POxvirus and Zinc nger) proteins having two MATH domains (At2M and Os2M). The
domain, renamed as BTB (Broad-Complex, Tramtrack, andnhree MATH domain containing proteins (At3M) formed a
Bric a brac) domain is evolutionarily conserved and plays &eparate cluster with the group of proteins having two MATH
role in the regulation of gene expression through protein-domain containing proteins. Further, proteins with two MATH
protein interactions Ahmad et al., 1998 The proteins having domains and two BTB domains of rice were found in the same
MATH domain have been named as “M” (for the single MATH clade as those of protein sequences with one MATH and one
domain), “2M” (for two MATH domains), “3M” (for three BTB domain. In addition, single-domain MDC proteins from
MATH domains), “4M" (for four MATH domains), “MB”  Arabidopsis (AtM2, AtM4, AtM5, and At4M1) were found in
(for single MATH and single BTB domain), and “2M2B” (for the same clade as two MATH domain containing proteins from
two MATH along with two BTB domains) followed by a Arabidopsis. Similarly, proteins containing two MATH domains
number which represents the sequence order in which thejn Arabidopsis (At2M17, At2M7, and At2M5) were found to be
were found in the search. Each name is preceded by the nameesent in the clade belonging to MDC proteins containing one
of the species in which they were identied such as, “At’"domain.
representing Arabidopsis and “Os” representi@gyza sativa
Further, the postscript alphabets were assigned like “a, “Sequence Analysis of MDC Proteins
etc for representing the alternative splice proteins in botk th Amino acid sequence analysis of the MDC proteins revealed
species. that single MATH domain containing protein OsM7 shared
In Arabidopsis, 39 single domain proteins were encoded by very low level of identity with other single MATH domain
28 genes, while in rice, 13 such genes code for 15 proteipsoteins in rice (ranging from 19 to 28%) while it was
(Table J). In the group of proteins having two MATH domains, found to be closer to the proteins with single MATH and
25 genes in Arabidopsis were found to code 31 proteins, while isingle BTB domain (28-32% identity). Interestingly, allgbn
rice, only a single such instance was observed. Only 2 pteinATH domain containing proteins from Arabidopsis showed
encoded by 2 genes in Arabidopsis were found to possess thr&igni cant identity (30—77%) with other members of their gip,
MATH domains and only 1 protein possessed 4 MATH domainsexcept for a few single MATH domain proteins from rice
However, in rice, no protein was identi ed having 3 or 4 MATH gych as, OsM3, OsM6, OsM8, OsM9, OsM10, and OsM11,
domains. which showed only 15-22% identityFigure S3. This was
The alternative splicing mechanism has been considered agso evident from the phylogenetic tree where these protein
the major source of diversity and complexity in various speciesequences were found to lie in the separate clade from other
(Brettetal., 2002; Ghosh etal., 2)16 Arabidopsis, 15 instances single MATH domain containing protein sequences. The amino
of alternative splicing have been observed generating 35 MD&cid sequences of MDCPs containing single MATH domain
proteins (Table 2 while in rice, 9 MDC proteins have been glong with single BTB domain (OsMB) were found to have
observed as a result of four alternative splicing everablg 3. 27-77% identity within their group. The two MATH domain
containing proteins were found to be sharing 26—41% identity
Phylogenetic Analysis of MDC Proteins within their group. The single MATH domain containing
To analyze the phylogenetic relationship between the MD@rotein AtM5 was found to possess 25-60% identity with the
proteins in both Arabidopsis and rice, a rooted tree waswo MATH domain containing members. Similarly, AtM28,
prepared by aligning full-length protein sequendeigure 1).  AtM2, and AtM4 shared 28-62% identity with the members
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TABLE 2 | MDC protein members of Arabidopsis.

Gene Proteins Locus Coordinate AA Subcellular MW (Da) pl
5030 localization

ONE MATH DOMAIN

AtM1 AtM1a AT1G04300.1 1,148,818-1,153,895 1074 NUC 119,653.9 6.3922
AtM1b AT1G04300.2 1,148,818-1,153,095 997 NUC 111,017.2 71375
AtM1c AT1G04300.3 1,148,818-1,153,895 1082 NUC 120,442.8 6.3267
AtM1d AT1G04300.4 1,148,818-1,153,895 1055 NUC 117,429.3 6.2591
AtM2 AtM2 AT1G65370.1 24,284,707-24,285,699 227 NUC 25,637.1 51422
AtM3 AtM3 AT1G31390.1 11,243,191-11,244,392 268 CYT 30,716.9 47923
AtM4 AtM4 AT1G69660.1 261,99,623-26,200,603 231 NUC 26,769.2 61501
AtM5 AtM5 AT1G65050.1 24,164,286-24,165,679 228 MIT 25,855.2 67984
AtM6 AtM6 AT2G01790.1 341,322-342,480 269 CHL 30,514.6 4.8414
AtM7 AtM7a AT2G42460.1 17,676,399-17,679,247 442 CYT 50,287.0 9.6502
AtM7b AT2G42460.2 17,678,018-17,679,247 299 CYT 34,203.4 9.8068
AtM8 AtM8 AT2G05420.1 1,983,901-1,985,341 297 CYT 33,642.5 9.965
AtM9 AtM9 AT2G05410.1 1,977,490-1,978,553 265 NUC 30,213.7 6.802
AtM10 AtM10a AT3G11910.1 3,761,758-3,770,290 1115 CYT 130,6479 5.2677
AtM10b AT3G11910.2 3,761,758-3,770,290 1114 CHL 130,5198 5.2677
AtM11 AtM11 AT3G58210.1 21,562,645-21,564,067 330 CYT 37,798.2 5.7367
AtM12 AtM12a AT3G58290.1 21,580,572 21,581,861 282 CYT 32,361.5 4.6457
AtM12b AT3G58290.3 21,580,572 21,581,861 264 CYT 30,236.2 4.8263
AtM13 AtM13a AT3G58220.1 21,565,173 21,566,435 351 NUC 40,883.1 4.7638
AtM13b AT3G58220.2 21,564,677 21,566,435 453 NUC 52,614.4 4.6927
AtM14 AtM14 AT3G58250.1 21,570,745 21,572,143 317 CHL 36,182.2 5.6895
AtM15 AtM15 AT3G44790.1 16,328,792 16,330,265 324 CHL 37,262.6 8.1007
AtM16 AtM16 AT3G58360.1 21,593,505 21,594,866 298 CHL 34,496.2 5.1936
AtM17 AtM17 AT3G58440.1 21,618,446 21,621,249 601 CHL 67,401.7 4.2072
AtM18 AtM18 AT3G58200.1 21,560,086 21,561,358 319 CHL 36,860.5 5.4114
AtM19 AtM19 AT3G58410.1 21,604,871 21,606,229 328 EXT 37,986.4 4.6825
AtM20 AtM20 AT3G29580.1 11,394,675 11,395,871 306 CYT 35,040.2 5.5592
AtM21 AtM21 AT3G58350.1 21,591,618 21,592,836 301 NUC 34,071.7 5.302
AtM22 AtM22 AT3G44800.1 16,343,333 16,346,027 564 CYT 63,853.6 8.6223
AtM23 AtM23 AT4G16045.1 9,089,906 9,091,860 382 NUC 44,311.3 5.2049
AtM24 AtM24a AT5G52330.1 21,247,596 21,249,732 397 CYT 46,773.6 7.5279
AtM24b AT5G52330.2 21,247,596 21,249,288 346 CYT 40,861.9 7.1561
AtM25 AtM25 AT5G26300.1 9,229,326 9,231,033 349 EXT 39,390.2 7.1582
AtM26 AtM26a AT5G43560.1 17,501,043 1,750,5526 1055 NUC 117,448.5 6.8912
AtM26b AT5G43560.2 17,501,043 1,750,5526 1055 NUC 117,448.5 6.8912
AtM27 AtM27a AT5G06600.1 2,020,682 2,027,834 1116 CYT 130,606.1 5.5325
AtM27b AT5G06600.2 2,019,545 2,027,834 1115 CYT 130,477.9 5.5325
AtM27c AT5G06600.3 2,020,682 2,027,834 985 CYT 115,150.8 5.4092
AtM28 AtM28 AT2G04170.5 1,417,660 1,419,156 369 MIT 38,976.4 10.1232
ONE MATH C ONE BTB DOMAIN
AtMB1 AtMB1la AT5G19000.1 6,342,563-6,344,641 407 CHL 44,728.7 7286
AtMB1b AT5G19000.2 6,342,563-6,344,641 442 CHL 48,583.3 77142
AtMB2 AtMB2 AT5G21010.1 7,136,062—7,138,374 410 CHL 45,190.9 65729
AtMB3 AtMB3a AT2G39760.1 16,583,213-16,585,983 408 NUC 44,8898 7.2209
AtMB3b AT2G39760.2 16,583,213-16,584,815 343 NUC 37,7187 5.1807
AtMB4 AtMB4 AT3G43700.1 15,601,944-15,603,499 415 CHL 45,747.3 7.3394
AtMB5 AtMB5a AT3G06190.1 1,874,577-1,876,575 406 NUC 45,158.2 7103
AtMB5b AT3G06190.2 1,874,577-1,876,575 295 NuUC 32,5335 82031
AtMB6 AtMB6 AT3G03740.1 937,106-939,807 465 CYT 50,997.5 4.9782
(Continued)
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TABLE 2 | Continued

Gene Proteins Locus Coordinate AA Subcellular MW (Da) pl
5030 localization

Two MATH Domain

At2M1 At2M1 AT1G69650.1 26,197,498-26,198,821 294 CHL 33,717.3 9.5888
At2M2 At2M2 AT1G58270.1 21,612,394-21,614,089 396 VAC 45,035.2 5.5264
At2M3 At2M3a AT1G65150.1 24,204,167-24,205,558 296 MIT 33,583.6 6.44
At2M3b AT1G65150.2 24,204,167-24,205,558 296 MIT 33,583.6 6.44
At2M4 At2M4 AT2G15710.1 6,842,648-6,845,103 365 NUC 42,558.1 5861
At2M5 At2M5 AT2G42470.1 17,679,887-17,685,187 898 CHL 103,0714 6.8265
At2M6 At2M6a AT2G04170.1 1,417,404-1,419,156 420 MIT 44,404.4 98464
At2M6b AT2G04170.2 1,417,404-1,419,156 420 MIT 44,404.4 98464
At2M6c AT2G04170.3 1,417,404-1,418,711 298 CYT 33,875.9 77519
At2M6d AT2G04170.4 1,417,404-1,418,711 298 CYT 33,875.9 77519
At2M7 At2M7 AT2G42480.1 17,685,805-17,689,851 743 NUC 86,420.6 5.0429
At2M8 At2M8 AT2G32880.1 13,948,953-13,950,505 318 NUC 36,728.1 9.1903
At2M9 At2M9 AT2G32870.1 13,944,968-13,946,776 416 CYT 48,326.1 9.9181
At2M10 At2M10 AT2G04190.1 1,427,594-1,430,230 411 CYS 44,418.2 659
At2M11 At2M11 AT3G17380.1 5,950,240-5,952,124 309 CYS 35,126.4 70092
At2M12 At2M12 AT3G28220.1 10,524,420-10,526,497 370 CYT 42,8865 8.8
At2M13 At2M13 AT3G20360.1 7,099,952-7,101,589 363 CHL 41,763.4 92958
At2M14 At2M14 AT3G46190.1 16,965,889 16,967,345 291 PER 33,425.1 4.3038
At2M15 At2M15 AT3G20370.1 7,105,481-7,107,079 379 CHL 43,448.8 65366
At2M16 At2M16 AT3G20380.1 7,108,183-7,109,770 375 CHL 43,157.6 89212
At2M17 At2M17 AT3G27040.1 9,974,912-9,977,927 358 NUC 41,264.8 93241
At2M18 At2M18 AT4G09780.1 6,159,538-6,161,378 427 CHL 49,656.1 92725
At2M19 At2M19a AT4G09770.1 6,154,534-6,155,859 297 CHL 34,199.7 7.7039
At2M19b AT4G09770.2 6,154,534-6,155,859 297 CHL 34,199.7 7.7039
At2M20 At2M20 AT4G00780.1 334,779-336,120 299 CYT 34,323.1 7.422
At2M21 At2M21 AT4G01390.1 570,242-571,595 300 CHL 34,272.0 8.15(6
At2M22 At2M22 AT5G26260.1 9,200,492-9,202,153 351 VAC 39,826.0 96237
At2M23 At2M23a AT5G26280.1 9,208,724-9,210,403 350 CHL 39,445.2 8.9246
At2M23b AT5G26280.2 9,208,724-9,210,403 327 CHL 36,874.4 8.576
At2M24 At2M24 AT5G26290.1 9,226,079-9,227,873 333 CHL 37,690.7 92797
At2M25 At2M25 AT5G26320.1 9,238,310-9,241,236 352 EXT 39,999.0 70751
THREE MATH DOMAIN
At3M1 At3M1 AT2G25330.1 10,788,946-10,791,331 693 NUC 78,068.1 4.8947
At3M2 At3M2 AT2G25320.1 10,781,951-10,788,065 1673 NUC 187,6743 5.3989
FOUR MATH DOMAIN
At4M1 At4M1 AT3G22080.1 7,777,818-7,781,718 648 CYS 74,469.1 8154

The genes and their respective proteins have been pre xed by “At.” The alteative spliced forms have been post xed with the alphabets like “a,” “b” and 8 on. The table shows their
predicted sub-cellular localization like (CHL), Chloroplast; (CYTQytoplasm; (NUC),Nucleus; (VAC), Vacuole; (MIT), Mitochondria; (EXT), Baédlular; (CYS), Cytoskeleton; or (PER),
Peroxisome; along with their (MW), molecular weight; in (Da), Ren; and pl value.

having two MATH domains Figure S3. The protein with in various protein sequences leading to low sequence igentit
two MATH domains along with two BTB domains in rice between the sequences.

(Os2M2B1) was observed to be having 34-56% homology with L .

the protein sequences having one MATH and one BTB domaifchromosomal Localization of MDC Protein

The two MATH domain containing proteins were observedEncoding Genes

to have 26—-46% identity within their grougigure S94. The The analysis of the localization of MDC protein encoding
four MATH domain containing protein in Arabidopsis, At4M1 genes on the chromosomes of Arabidopsis and rice reveals an
was found to be sharing 28-51% identity with the memberinteresting pattern. In Arabidopsis, the majority (28) of dimg
having two MATH domains. Analysis of alignment of all the MATH domain containing protein encoding genes were found
MATH domain protein sequences suggests large-scale ingerti@o be localized uniformly on all the chromosomédsdure 2A).
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TABLE 3 | MDC protein members of rice.

Gene Proteins Locus Coordinate AA Subcellular MW (Da) pl
5030 localization
ONE MATH DOMAIN
OsM1 OsM1la LOC_0s01g56800.1 32,784,325-32,773,565 1278 NUC 14,414 7.0917
OsM1b LOC_0s01g56800.2 32,783,710-32,773,479 1253 NUC 13,487 6.8639
OsMlc LOC_0s01g56800.3 32,783,710-32,773,565 1250 NUC 13,199 6.8639
OsM2 OsM2a LOC_0s01g56490.1 32,569,756-32,552,611 1111 NUC 13,097 5.4099
OsM3 OsM3a LOC_0s04g18830.1 10,474,689-10,475,396 236 NUC 25518.8 8.2291
OsM4 OsM4a LOC_0s05g43280.1 25,176,651-25,186,745 1262 NUC 13,463 6.5865
OsM5 OsMb5a LOC_0s07g06950.1 3,411,719-3,424,507 999 CYT 117,72 6.0369
OsM6 OsMé6a LOC_0s07g20130.1 11,627,408-11,628,385 223 CHL 24567.2 8.211
OsM7 OsM7a LOC_0s10g28130.1 14,607,689-14,606,812 214 CYT 22046.7 4.7678
OsM8 OsM8a LOC_0Os11g41360.1 24,812,851-24,813,612 224 CHL 25088.8 9.1168
OsM9 OsM9a LOC_0Os11g27030.1 15,564,541-15,565,050 170 CYT 1223.3 8.0773
OsM10 OsM10a LOC_0s11g41230.1 24,724,484-24,725,050 189 MIT 20316.4 6.6431
OsM11 OsM1lla LOC_0s11g41240.1 24,727,308-24,727,862 185 CHL 20177.4 7.1494
OsM12 OsM12a LOC_0s12g40520.1 25,069,598-25,077,639 1138 NUC 26,956 6.3151
OsM13 OsM13a LOC_0s12g30540.1 18,334,665-18,349,360 1126 NUC B1,937 5.6182
ONE MATH C ONE BTB DOMAIN
OsMB1 OsMB1 LOC_0s02g20690.1 12,192,602-12,191,631 324 NUC 36457.5 7.5467
OsMB2 OsMB2 LOC_0s02g20620.1 12,154,630-12,153,845 262 NUC 29073.4 8.1126
OsMB3 OsMB3 LOC_0s02g20720.1 12,218,391-12,219,563 391 CYT 43593.1 4.7974
OsMB4 OsMB4 LOC_0s02g20590.1 12,144,157-12,143,096 354 CHL 39558.4 7.1767
OsMB5 OsMB5a LOC_0s03g57854.1 32,957,898-32,964,626 432 NUC 46983.5 5.4251
OsMB5b LOC_0s03g57854.2 32,957,898-32,964,626 379 NUC 41390.4 5.3836
OsMB6 OsMB6 LOC_0s04g53410.1 31,812,018-31,813,118 367 CYT 40472.2 6.562
OsMB7 OsMB7 LOC_0s04¢g35310.1 21,474,453-21,472,975 369 CHL 40695.4 6.8411
OsMB8 OsMB8 LOC_0s06g45730.1 27,685,556-27,683,619 365 CHL 39446 6.5097
OsMB9 OsMB9 LOC_0s07g01140.1 85,934-82,397 396 CHL 43,753.6 6.68121
OsMB10 OsMB10a LOC_0s07g07270.1 3,614,403-3,610,786 425 CYT 46159.7 5.1953
OsMB10b LOC_0s07g07270.2 3,614,403-3,610,786 372 CYT 40474.5 5.1341
OsMB11 OsMB11 LOC_0Os07g46160.1 27,545,275-27,550,563 435 CHL 47093.8 6.7769
OsMB12 OsMB12 LOC_0s08g31430.1 19,442,644-19,441,238 402 CHL 44016.8 5.4363
OsMB13 OsMB13 LOC_0s08g12960.1 7,694,865-7,693,822 307 CYT 34,89.8 5.2765
OsMB14 OsMB14 LOC_0s08g31450.1 19,452,059-19,451,229 277 CYT 30753.6 6.0999
OsMB15 OsMB15 LOC_0s08g13180.1 7,834,796—7,835,950 385 CHL 42,610.7 6.509
OsMB16 OsMB16 LOC_0s08g13030.1 7,740,373-7,741,464 364 CHL 40,55.3 5.0818
OsMB17 OsMB17 LOC_0s08g03490.1 1,634,503-1,635,537 345 CHL 38,@14.7 9.4141
OsMB18 OsMB18 LOC_0s08g03470.1 1,628,504-1,631,173 371 CHL 41,78.9 5.0812
OsMB19 OsMB19 LOC_0s08g13000.1 7,718,114-7,719,211 366 CYT 40,43.1 4.974
OsMB20 OsMB20a LOC_0s10g29180.1 15,199,437-15,202,164 376 CYT 4,732.3 5.2703
OsMB20b LOC_0s10g29180.2 15,199,437-15,200,849 370 CHL 9,906.3 5.1365
OsMB21 OsMB21 LOC_0s10g29230.1 15,218,256-15,219,365 370 CHL 40959.7 5.1501
OsMB22 OsMB22 LOC_0s10g29310.1 15,245,005-15,246,475 364 MIT 40272.1 6.4353
OsMB23 OsMB23 LOC_0s10g29220.1 15,213,679-15,215,127 357 CHL 39791.7 7.8764
OsMB24 OsMB24 LOC_0s10g29050.1 15,138,447-15,140,147 363 CHL 40324.2 7.1538
OsMB25 OsMB25 LOC_0s10g29100.1 15,167,886-15,166,777 370 CHL 40985.6 6.3166
OsMB26 OsMB26 LOC_0s10g29020.1 15,124,391-15,125,458 313 CHL 34483.3 6.3492
OsMB27 OsMB27 LOC_0s10g29330.1 15,255,885-15,257,174 360 CHL 39869.1 4.7875
OsMB28 OsMB28 LOC_0s10g28860.1 15,044,042-15,045,403 373 CYT 40566.9 5.7543
OsMB29 OsMB29 LOC_0s10g29110.1 15,170,899-15,169,211 410 CHL 44731 8.0775
OsMB30 OsMB30 LOC_0s10g29380.1 15,268,591-15,269,703 371 CYT 41008.4 4.6732
(Continued)
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TABLE 3 | Continued

Gene Proteins Locus Coordinate AA Subcellular MW (Da) pl

5030 localization
OsMB31 OsMB31 LOC_0s10g29150.1 15,183,967-15,182,652 391 CHL 43209.9 5.6054
OsMB32 OsMB32 LOC_0s10g28990.1 15,110,429-15,111,589 387 CHL 43499.1 7.2487
OsMB33 OsMB33 LOC_0s10g28790.1 15,015,529-15,016,650 374 CYT 40251.5 7.1539
OsMB34 OsMB34 LOC_0s10g29750.1 15,468,056-15,466,956 367 CHL 40763.5 6.3456
OsMB35 OsMB35 LOC_0s10g29290.1 15,239,701-15,240,792 364 CHL 40122.8 6.2353
OsMB36 OsMB36 LOC_0s10g30360.1 15,774,570-15,775,465 254 NUC 28742.1 5.8616
OsMB37 OsMB37 LOC_0s10g29840.1 15,506,569-15,507,648 360 CHL 40329.2 6.6647
OsMB38 OsMB38 LOC_0s10g29740.1 15,462,806-15,463,918 371 CHL 40929.5 6.5608
OsMB39 OsMB39 LOC_0s10g29790.1 15,486,180-15,487,367 396 CYT 43715.9 4.7729
OsMB40 OsMB40 LOC_0s10g28760.1 15,003,427-15,004,575 383 CYT 42366.3 6.5094
OsMB41 OsMB41 LOC_0s10g28780.1 15,012,324-15,010,666 384 CYT 4247 6.3774
OsMB42 OsMB42 LOC_0s10g29410.1 15,281,164-15,279,959 402 CYT 43832.4 5.8263
OsMB43 OsMB43 LOC_0s10g29950.1 15,547,685-15,546,516 350 CYT 3833 4.6588
OsMB44 OsMB44 LOC_0s10g29850.1 15,519,165-15,514,718 356 CHL 39671.2 7.0526
OsMB45 OsMB45 LOC_0s10g29810.1 15,499,315-15,498,122 398 CHL 43691.5 5.357
OsMB46 OsMB46 LOC_0s10g29495.1 15,324,463-15,331,200 719 CHL 79001.7 7.2184
OsMB47 OsMB47 LOC_0s10g29340.1 15,259,550-15,260,554 306 CHL 34092.3 9.3761
OsMB48 OsMB48 LOC_0s10g28770.1 15,007,280-15,006,162 373 CYT 40976.7 6.5747
OsMB49 OsMB49 LOC_0s10g29120.1 15,171,570-15,173,056 323 CHL 35436.5 7.1534
OsMB50 OsMB50 LOC_0Os11g41310.1 24,758,712-24,759,854 381 CHL 4Q767.1 8.7039
OsMB51 OsMB51 LOC_0Os11g41350.1 24,810,818-24,809,640 393 CYT 42053.4 4.8638
OsMB52 OsMB52 LOC_0Os11g40680.1 24,280,165-24,278,622 371 CYT 40235.5 5.659
OsMB53 OsMB53 LOC_0s11g40220.1 23,994,340-23,993,291 343 CHL 37346.5 7.5005
OsMB54 OsMB54 LOC_0s11g45560.1 27,579,282-27,576,676 371 CHL 39994.9 9.9389
TWO MATH DOMAIN
Os2M1 Os2M1 LOC_0s10g33830.1 17,956,926-17,945,282 686 VAC 78376.8 9.6134
TWO MATH C TWO BTB DOMAIN
Os2M2B1 0Os2M2B1 LOC_0s11g41260.1 24,734,244-24,737,370 655 CYT 1,398.8 5.7745

The genes and their respective proteins have been pre xed by “OS” The alteative spliced forms have been post xed with the alphabets like “a,” “b” ando on. The table shows their
predicted sub-cellular localization like (CHL), Chloroplast; (CYQytoplasm; (NUC), Nucleus; (VAC), Vacuole; (MIT), Mitochondria; (EXT)tr&gellular; (CYS), Cytoskeleton; or (PER),
Peroxisome; along with their (MW), molecular weight in (Da), Ran and pl value.

Interestingly, maximum i.e., thirteen number of MDC proteins that out of 13 single domain containing genes, chromosome
encoding genes were found to be present on chromosome 11 iXI contained 4 genes (i.eQsM8, OsM9, OsM1@&nd OsM1),
Arabidopsis. Out of these, nine were forming a cluster. Feith chromosome 1, VII, and XII contained 2 genes each, while
ve single domain MDC protein encoding genes namelyi1l, chromosome IV, V, and IX contained only one single MATH
AtM2, AtM3, AtM4, and AtM5 were located on chromosome domain coding gene. However, chromosome I, lll, VI, and Ml
I. The chromosome Il and V were observed to contain fourdid not contain any single MATH domain protein encoding gene.
single domain MDC protein encoding genes. In Arabidopsis, 4urprisingly, in rice chromosome IX does not contain any MDC
genes encoding MDC proteins were duplicated in the genomearotein coding gene. Analysis of segmental duplications in MDC
The single domain MDC protein coding gen&M1, present on proteins revealed only two events of gene duplication in rice.
chromosome | was found to be duplicated on chromosome Vlhe rst instance where single-domain MDC protein encoding
as single domain MDC protein encoding geAgM26. Another  geneOsM1present on chromosome | was found to be duplicated
gene AtM10from chromosome Il was found to be duplicated asasOsM4present on chromosome V. The other duplicated gene
AtM27 on chromosome V. Among the group of MDC proteins was MDC protein with a BTB domainQsMB5 present on
having BTB domain AtMB4 present on chromosome Ill was chromosome Il was found duplicated on chromosome VIl as
found to be duplicated a&tMB2 on chromosome V. Another OsMB10
gene of the same grouMB1 from chromosome V was found In rice, genes coding for proteins having single MATH
to be duplicated wittAtMB5 on chromosome Il Figure 2A). domain along with single BTB domain were found in large
In rice, genes coding for one domain MDC were found tonumbers (54) unlikeArabidopsig6). In Arabidopsisgenes that
be scattered on various chromosomégyre 2B). It was found belong to this group were found on chromosome II, Ill, and
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FIGURE 1 | Rooted phylogenetic relationship tree of the MDC p  rotein members of both Arabidopsis and rice. The rooted tree shows the presence of MDC
proteins having single MATH domain (blue), MATH domain algwith BTB domain (Red), two MATH domains (pink), three MATHoanains (green), four MATH domains
(black), and two MATH and two BTB domains (black). The bootsap values are marked on the rooted tree.

V. Interestingly, the maximum number (3) of genes are present The genes encoding proteins having two MATH domains
on the chromosome Il namelyAtMB4, AtMB5,and AtMB6 in Arabidopsis (25) are found to be distributed between all
followed by two genes present on chromosome V namflyB1 ~ chromosomes while in rice, only one gene from this group is
andAtMB2 (Figure 2A). Inrice, striking observation was noticed located on chromosome X. Further, their distribution on the
with respect to these genes where most of the genes of the groapromosome in Arabidopsis also presents an interesting pattern
(30) are present on the chromosome X in a cluster within theA large number of such genes (total seven in number) weredoun
same region. Further, eight genes of the group were found ot be present on chromosome Il and Il and further four genes
chromosome VIl followed by ve on chromosome Xl, three on were present on chromosome IV and V while chromosome | was
chromosome VIl and two on chromosome IV. Chromosome Il observed to have three genes encoding for proteins having two
and VI contains only single gene each belonging to this groupdATH domains.

only. The chromosome Il was found to have genes (four in With only single instance of a protein having two MATH
number) from the group in a small clusteFigure 2B). domains along with two BTB domains (2M2B) in rice, the gene
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was found to be present on chromosome XI while none of the
protein of this group was present in Arabidopsis. However, in
Arabidopsis, two proteins having three MATH domains were 3
found and the genes encoding both these proteins were locat
together on chromosome |II. Further, only one protein that
too in Arabidopsis, having four MATH domains was observed
The gene encoding this protein was found to be localized o
chromosome llI.

40

M Rice W Arabidopsis

9%
o

30

25

=
NUmber of MDC proteins

N

S

Sub-Cellular Localization of MDC Proteins 10
Analysis of the sub-cellular localization of MDC proteins in
Arabidopsisand rice presented an interesting pattefigure 3).
Twenty-two MDC proteins inArabidopsisvere predicted to be 0
localized in the nucleus, 21 in the cytoplasm and 20 in the
chloroplast Table 2. In contrast, majority of the rice MDC | FIGURE 3| Bar diagram showing predicted sub-cellular local  ization of
proteins were predicted to be present in either the chloroplast the members of MDC proteins in Arabidopsis and rice.

(35) or in the cytoplasm (23)Table 3. Further analysis in

rice revealed that mostly single MDC proteins were predicted

to be localized in the nucleus. However, proteins Containindﬂ other tissues. This analysis indicated that in rice attleas
MATH domain along with the BTB domain were predicted to be 10 MDCP encoding genes were highly expressed throughout
localized in the cytoplasm and the chloroplastArabidopsissix ~ all tissues suggesting their possible role in the combinaitor
MDC proteins were predicted to be localized in the mitochondriatranscriptional regulation of a broad set of genes in various
in comparison to two in rice. The MDC proteins in Arabidopsis tissues.

were also predicted to be localized in other sub-cellular

locations such as, cytoskeleton, peroxisome, and extuémell At Various Developmental Stages

matrix. These were mainly one and two MATH domain To check the transcript levels of MDCPs encoding genes
containing proteins. Similarly, two MATH domain protein of at various developmental stages of Arabidopsis and rice,
rice (Os2M1) was speci cally predicted to be localized in theublicly available microarray data was analyzed. In Arapids

d. &

Nucleus  Cytoplasm Chloroplast Mitochondria Vacuole  Cy

vacuole. single-domain MDCPs encoding gen&sM1, AtM10, AtM26,

. . . and AtM27 were found to be up-regulated during all the
Expresgon AnaIySIS of MDC Protein developmental stages whiltM18 showed higher expression
Encoding Genes only during the senescence stag@(ire 5A, Table SJ. Further,

In Various Tissues AtM2 showed variable expression during various developmental

The expression analysis of MDCP encoding genes in Arabidopsisages except for senescence and germinating seed stage wher
using 22 K ATH1 genome array dataset showed that most dfs levels remained low. In rice, the single-dom&sM4showed

the MDCPs encoding genes showed transcript at low levekigni cantly high expression at di erent developmental stage

in various tissuesHigure 4A, Table S). The genes coding for The OsM1, OsM2, OsM5, OsMi1&hd OsM13also showed high
BTB domain containing MDCPs showed low or no expressiorexpression throughout all the developmental stageégure 5B,

in Arabidopsis exceptAtMB1, AtMB3, and AtMB5 which  Table S2. The genes encoding MDCPs with BTB domain showed
showed increased expression in the inorescence. Even icomparatively higher expression during all the developmental
rice such genes showed similar levels of expression, excegages in Arabidopsis. While in rice, only four genes @gMB5,

for OsMB5 OsMB9 OsMB10,and OsMB11which were up- OsMB9, OsMB1Gnd OsMB1l1showed high expression during
regulated in various tissue$ifure 4B Table S). Expression all the developmental stages. Rest of the other similar genes
analysis in calli showed increased level&dfiB1, AtMB3,and  showed relatively lower expression in all the developingiéissn
AtMB5 from Arabidopsis andOsMB9, OsMB10and OsMB11 rice except folOsMB22gene which showed variable expression.
from rice. In Arabidopsis, single-domain MDCP encoding The two domain MDCPs coding genes in Arabidopsis showed
genes showed low expression in various tissues, except fdirerential expressioninvarious tissues. TAM2gene showed
AtM1 and AtM2 which were found to be up-regulated in comparatively high expression in the young rosette and segdli
the inorescence. Another single-domain MDCP encodingstage of the plant while maintaining variable expression in
gene AtM10 was found to be up-regulated in callus but alsoother tissues. SimilarhAt2M15gene showed higher expression
maintained a minimum level of expression across variousluring seed germination and seedling stage, while maintgini
tissues. In rice, six of the single-domain MDCP encoding gendower levels in most of the other developing tissues. The
viz. OsM1, OsM2, OsM4, OsM5, OsMl&nd OsM13 were At2M20showed minimal to high expression in all the developing
found to be highly up-regulated in various tissues. The twdissues except for senescence and germinating seeds. Té® gen
MDCP encoding genest2M2 and At2M15 in Arabidopsis encoding two MATH domain MDC proteins in rices2Mland
showed high expression in roots. Furthekt2M23 showed Os2M2Blwere observed to be expressed at lower levels in all the
variability in expression in roots but remained at low levelsdevelopmental tissues.
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FIGURE 4 | Heatmap representation of the expression of MDC pro tein encoding genes in various tissues in Arabidopsis (A) an d rice (B). The expression
values were obtained from Affymetrix array databases usinGenevestigator Response Viewer (https://www.genevestigar.com). For Arabidopsis, 22 K ATH1 genome
array was chosen along with pre-existing microarray and inase of rice, microarray results of OS_51 K: Rice Genome 51 K grexisting microarrays were chosen. The
details of the libraries used in the current analysis are psented in Table S1.
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FIGURE 5 | Heatmap representation of the expression of MDC pro tein encoding genes at various developmental stages in (A) Ar abidopsis and (B) rice.
The expression values were obtained from Affymetrix arrayatebases using Genevestigator Response Viewer (https://ww.genevestigator.com). For Arabidopsis,

22 K ATH1 genome array was chosen along with pre-existing mioarray and in case of rice, microarray results of OS_51 K: & Genome 51 K pre-existing
microarrays were chosen. The conditions considered for arlgsis in Arabidopsis are: (SNS), senescence; (MSQ), matusdiques;(FAS), owers and siliques; (DFL),
developed ower; (YFL), young ower;(BLT), bolting;(DRT),aVeloped rosette; (YRT), young rosette; (SDL), seedlin@3KIS), germinated seeds. The conditions
considered for analysis in rice are: (DUG), dough stage; (Ml), milk stage; (FLW), owering stage; (HED), heading stagéBOT), booting stage; (ELN), stem elongation
stage; (TLR), tillering stage;(SDL), seedling; (GRM), genation. The details of the libraries used in the current atysis are presented inTable S2.

In Response to Various Abiotic Stress Conditions expression. Single domain MDC protein encoding genes such
In Arabidopsis, most of the MDCP-coding genes maintainas OsM1, OsM2, OsM4, OsM5, OsMEhd OsM13 showed
minimal expression under various abiotic stress conditjovisile  signi cant up-regulation in response to various biotic sges
in rice the expression of MDC protein coding genes gets downeonditions studied hereRigure 6B, Table S4. The genes coding
regulated Figure S5A,B Table S3. Interestingly, gene encoding for MDC proteins having BTB domain such as OsMB9, OsMB10,
two domain MDC proteinAt2M2, was found to be up-regulated and OsMB11 also showed high up-regulation under various
in both root and shoot tissues during the late phase of botlbiotic stress conditions. All the other MDC genes showedklitt
salinity and osmotic stress. Another geA2M12 showed high response toward the biotic stresses.

expression under drought stress condition in both early artd la

phase in shoots. SimilarlAt2M23 showed higher expression in JRT-PCR Based Expression Analysis of MDCP

shoots during the late phase of wounding. On the other handCoding Genes under Abiotic Stresses

in rice, gene encoding MATH-BTB domain containing proteinsExpression analysis of large gene family members through
i.e.,OsMB1andOsMB1Ishowed high expression under salinity the publicly available database and validation of selecess: g
as well as drought stress. However, slight up-regulation wasxpression pattern using gRT-PCR, is a useful approach, which
observed forOsMB12and OsMB5under salinity and drought provides primary information about the newly identi ed gene
stress and foOsMB19, OsMB20, OsMB2#hd OsMB46under  function (Singh et al., 20)3However, in few incidences, data
heat stress. Interestingly, all the MATH domain encodingegen retrieved through di erent resources may vary. Thus, to con

showed down-regulation under cold stress. the expression pro le of MDCP encoding genes, we chose 11
representative OsMDCP encoding genes which were reported
In Response to Various Biotic Stress Conditions to be highly up-regulated in di erent tissuesFigure 4B), at

Under the biotic stresses, all the genes encoding singti erent developmental stagesFigure 5B) as well as under
MDC proteins and also genes coding for proteins containingdi erent biotic stressesHigure 6B). The level of expression of
MATH with BTB domain showed very low expression in these selected 11 genes was further checked under abrets st
Arabidopsis Figure 6A, Table S4. However, only genes coding conditions such as salinity (200 mM NacCl) and drought (air
for two MATH domain containing proteins showed di erential dry) to study their cross-inducibility. Our gRT-PCR ressilinder
expression under biotic stresses. On the other hand, MDCEhese stresses corroborated with the expression patteringota
encoding genes in rice showed an interesting pattern dby publicly available microarray datk&igure S5B. For instance,
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FIGURE 6 | Heatmap representation of the expression of MDC pro  tein encoding genes in response to various biotic stresses i n (A) Arabidopsis and (B)
rice. The expression values were obtained from Affymetrix arrayatebases using Genevestigator Response Viewer (https://ww.genevestigator.com). For
Arabidopsis, 22 K ATH1 genome array was chosen along with prexisting microarray and in case of rice, microarray restof OS_51 K: Rice Genome 51K
pre-existing microarrays were chosen. The details of thebliaries used in the current analysis are presented iiable S4.

OsM4, OsMb5and OsM12expression was up-regulated after 6showed an inverse correlation between biotic and abiotiesst
h of salt and drought stress, whi@sM1and OsM2were up- response. These genes &sM1, OsM2, OsM13, OsMB&nd
regulated under drought stress onlizigure 7A). Similarly, an  OsMB21Qunder salinity stress whil®@sM13, OsMB&ndOsMB10
up-regulation inOsMB5, OsMB&nd OsMB11levels and down- under drought stress. Importantly, most of the genes OsM4,
regulation inOsMB9evels was observed under both salinity andOsM5, OsM12, OsMB5, OsMBthd OsMB11showed positive
drought stressKigure 7B). The levels oOsM13and OsMB10 correlation under all biotic and abiotic stress conditipmghile
could not detected in the gRT-PCR analysis. Our qRT-PCROsM13, OsMB%nd OsMB10showed an inverse correlation
results forOsM2, OsM12, OsMB5, OsMBthd OsMB1lunder among biotic and abiotic stress response.
salinity stress an®©sM12, OsMB5and OsMB9under drought
e ectively validate the expression prole obtained from the
publicly available database, thereby providing more auibentD|SCUSSION
expression picture of MDCP family members. However, the
transcript prole of OsM1, OsM4, OsM5, OsMB6, OsM13Using subtractive hybridization approach in two contrasting
and OsMB13under salinity stress, an@sM1, OsM2, OsM4, cultivars of rice, Pokkali (salt tolerant) and IR64 (salt Sitne)
OsM5, OsM13, OsMB@&nd OsMB10under drought stress did 1194 high-throughput ESTs (584 from IR64 and 610 from
not corroborate well with their respective microarray data.Pokkali) were obtained in our previous studiKymari et al.,
These di erences in expression levels in the publicly avalabl2009. These ESTs were believed to be playing a signi cant
microarray and gRT-PCR may be either due to genotypigole in salt stress tolerance in rice at the seedling stage. Th
di erences between the samples or due to di erences in the planMDC proteins were identi ed through this study as potential
developmental stages. candidates that may play a role in both abiotic and biotic stre
In addition, when we compare our qRT-PCR data with theresponse. Earlier, the MDC proteins have been reported and
biotic stress data from the publicly available database wedo analyzed for their role in plant-microbe interactio®élmuller
that most of the salt stress-responsive MDCP encoding genes$ al., 200p The analysis suggested that the MATH domain
namely,OsM4, OsM5, OsM12, OsMB5, OsMB6d OsMB11 containing protein located at the plasma membrane in roots
showed a positively correlated response to biotic stressleBiyn ~ of Arabidopsis perceives the rst signal for the presence of
most of the drought stress-responsive MDCP encoding gendmsidiomycetePiriformospora indicaShahollari et al., 2005
namely,OsM1, OsM2, OsM4, OsM5, OsM12, OsMB5, OsMBB the present analysis, we have identied and classi ed the
and OsMB11showed a positively correlated response to biotidATH domain containing proteins in Arabidopsis and rice
stress. This indicates toward a signi cant role of theseegein  and further, analyzed their potential role in the abiotic sse
both abiotic and biotic stress response. However, certairegie response. We have identi ed a total of 156 MDC proteins, with
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FIGURE 7 | gqRT-PCR con rms altered expression of selected bio tic stress responsive genes under abiotic stress condition s. Bar diagram depicting fold
change (log scale) in expression of selected single MATH domain contaimy genes (A) and single MATH along with single BTB domain containing gerse(B) under
salinity and drought stress conditions based on gRT-PCR arlgsis. For this analysis, 10 day old seedlings of IR64 varie(g moderately sensitive cultivar) of rice were
subjected to stress treatments for 6 h followed by RNA isolabn, rst strand cDNA synthesis and real-time PCR. Error barshow standard deviation.

62 genes encoding 82 MDC proteins in Arabidopsis and 69 gengsoteins having BTB domain. Previously, a phylogenetic aisly
encoding 74 MDC proteins in rice in comparison to an earlierin mosses, eudicots, and grasses has shown that the expansion
report by Oelmdiller et al. (2005)which identi ed 59 genes in in MATH-BTB gene family occurred largely due to local gene
Arabidopsis. Another previous study has reported the presenaduplications (urant and Dresselhaus, 2014The localization
of 6 MATH-BTB genes in Arabidopsis and 69 MATH-BTB genesof the MDC protein encoding genes in both Arabidopsis and
in rice while analyzing BTB superfamily in grassésrént and rice shows that the MDC genes lie in a cluster on various
Dresselhaus, 20).4Similar analysis betwedBrassicarice and chromosomes. Interestingly in rice, the maximum number)(30
Arabidopsis showed 90 genes encoding MATH-domain proteinsf genes coding for MDC proteins having BTB domains were
from B. rapg 63 genes in Arabidopsis and 36 genes in ritfea0  found to be clustered on the chromosome X. However, one of
et al., 201R Further, BTB superfamily has been characterizedhe earlier studies showed MATH domain proteins as part of the
in various dicots species and comprises protein members frorsyntenic region on chromosome VIlD(rant and Dresselhaus,
MATH-BTB family (Gingerich et al., 2007Analysis of domains 2014). However, these proteins possessed only the BTB domain
present in the MDCPs in both Arabidopsis and rice showed thén their sequence and lacked MATH domain. In contrast, a
presence of BTB domain along with the MATH domain. The BTBlarge number of genes (24) encoding MDC protein were found
domain (POZ domain) has been earlier known for its protein-clustered on the chromosome Il in Arabidopsis which is known
protein interaction modules with its ability to self-assate and for the presence of clustered gene famili€al@noubat et al.,
also to interact with other non-BTB proteinsS{ogios et al.,, 200Q. Thus, the clade-speci ¢ expansion in MATH-BTB gene
2005. As reported earlier, the BTB domain was also found at théamily occurred largely due to tandem or segmental duplicetio
carboxy-terminal in the MDC proteins in both Arabidopsis and (Jurant and Dresselhaus, 2014
rice. MDCP family members were earlier shown to mediate the Plants frequently encounter various biotic and abiotiestes
interaction of BTB/POZ-MATH (BPM) proteins with ethylene throughout their life cycle $ingh V. K. et al., 20)5 The
response factor/Apetala2 transcription factor family mensbertranscriptome analysis of the molecular response in plants
(Weber and Hellmann, 2009 toward multiple stresses (abiotic and biotic) has identied
In this study, we show that MDC proteins along with BTB several overlapping genes which are identied and proposed
domain are found in large number in rice than in Arabidopsis.to be responsible for generalized stress response or found
This large number of members in rice can be attributed to majoto be the points of cross-talk between signaling pathways
expansion and diversi cation events in monocots includinge;  (Atkinson and Urwin, 2012; Kissoudis et al., 2014; Foyer et al.
which have probably occurred after the split of monocot and201¢. MDCPs of BTB superfamily, function as substrate-
dicot (Gingerich et al., 2007 The low sequence conservation speci ¢ adaptors of CULLIN (CUL3)-based ubiquitin E3 ligase
within the group signies the evolution of monocots as ato target protein for ubiquitination (Veber et al., 2005
component of an innate immunity system owing to sophisticatedJbiquitin signi cantly aects physiology, development and
mechanisms developed by the pathogeBsi(jerich et al., 2005, homeostasis of all eukaryotes including embryogenesisyad,
2007). Phylogenetic relationship tree of the MDC proteinshormonal balance, photomorphogenesis, circadian rhythms,
in Arabidopsis and rice showed a distinct evolution of theseower development, self-incompatibility, ecological addjua,
proteins in plants. This shows that BTB domains in the MDCdisease resistance as well as cell de@thgerich et al., 2007;
proteins might have been evolving distinctly to the MATH Zapata et al., 2007; Qi et al., 2009; Zhao et al.,)20Ereover,
domain contributing to the overall distinctness to the MDC types of recognition motifs in BTB protein are mostly conserved
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between Arabidopsis and rice indicating that similar suatgs identi cation of MATH-domain family which has been earlier
exist in both the species3(ngerich et al., 2007; Jur@nand known for their role in the plant/microbe interaction. Apart
Dresselhaus, 20).4Therefore, to gain preliminary insight into from characterizing the family in both Arabidopsis and rices w
the potential function of plant MDCP genes during stresshave attempted to establish their role in overall plant growth
response and development, we have explored publicly availatdad development as well as abiotic and biotic stresses using th
microarray data for Arabidopsis and rice. Expression analyfsis high-throughput expression data available in the public damai
MDCP gene family members using rice microarray data revealeleurther, we narrowed down 11 potential candidate genes in
that all the 11 highly expressed genes under biotic stress alice which showed higher expression in all the developmental
showed high transcript levels in all the tissues as well abthiea stages, tissues, as well as biotic stresses in rice. Thesevgere
development stages in rice. These ndings highlight the fle further validated through gRT-PCR with drought and salinit
MDCP genes in overall plant growth and development. stress in rice. Combining the publicly available data and our
In order to analyze the correlated response under biotic andtudy, we identi edOsM4andOsMB11as the potential candidate
abiotic stress, MDC protein encoding genes which are highlgenes ubiquitously expressed in all the tissues, developimenta
up-regulated in all biotic stresses were analyzed for salt arstages, biotic as well as abiotic stresses. This needs to be
drought stress response. Interestingly, these selected MIDEsg comprehensively analyzed further for functional validatioh
showed positively correlated response for abiotic and bgitess  their speci ¢ roles in plant development and stress response in
which further signi es the coordinated response of varioesg increasing environmental resilience in crops.
families pertaining to various types of stress (abiotic ortibjo
Similarly, BTB/POZ protein ETO1 (ethylene overproducer l)AUTHOR CONTRIBUTIONS
was found to interact with ethylene biosynthesis protein ACS
and negatively a ects ethylene biosynthesiga(ig et al., 2004 51.S-P, AP conceived the idea and designed the experiments. RJ
In contrast, MATH-BTB proteins were also shown to directly gig the real time PCR work and its analysis. HK performed
interact with a class | homeodomain leucine zipper (HD-ZIP)the MPSS and microarray database analysis. RJ, HK wrote the

transcription factor ATHB6, which negatively regulates ABAmanuscript. SLS-P, AP edited the manuscript. All the authors
responses(echner etal., 20)JABA regulates di erent phases of approved the nal manuscript.

plant development including seed dormancy, germination, and

reproduction and also acts as a key factor in biotic and abioti

stress responses in plants, particularly salinity and dro¢@hn ACKNOWLEDGMENTS
et al., 2009; Raghavendra et al., 2010 was also reported
earlier that MDC proteins located on the plasma membran
primarily respond to fungal infection in Arabidopsis roots and
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domain in its amino-terminal region. In maize, MATH-BTB
genes were shown to be expressed in zygote and control spindle
length during meiosis as well as nuclei identity during pillen SUPPLEMENTARY MATERIAL
mitosis Jurant et al., 2012 An analysis suggested that some . . .
genes in the plants are universally stress responsive whads le Th? Suppleme_ntary Mater_lal _for this _artlcle an be found
to the evolution of e ective strategies toward understargithe online at: http://journal.frontiersin.org/article/10389/fpls.2016.
stress behavior in plants\@rsai et al., 20)3 Earlier, disease 00923
resistant pathway similar to the Arabidopsis NPR1 (AthRl)Figure S1 | Representative (unscaled) domain architecture o f the MDC

: . : : . proteins in Arabidopsis and rice.  All the MDC proteins in rice and Arabidopsis
WhICh, also ShOV\!Gd negf’itlve € ?CtS on viral InfeCtlonS’ Sh"bwewere found to consist of MATH domain (PF00917) while few MDCrpteins in both
negative regulatlor_1_of this genein plants under S’d_l|t anq Ql’llu Arabidopsis and rice were found to contain BTB domains (PFG&b1) also.
stress responsé&)(ilis et al., 2008 These observations indicate

. . Figure S2 | Multiple sequence alignment of full length sequenc es havin
toward possibly diverse roles of MDCP genes throughout th 9 ! pe sed 9 gt e 9

gngle MATH domain in Arabidopsis and rice. ~ The sequence analysis was

plant development and stress response in rice. performed using Seaview (version 4) multiple sequence aligent editor Gouy
et al., 2010).
Figure S3 | Multiple sequence alignment of full length sequenc es having
CONCLUS|ONS two MATH domains in Arabidopsis and rice. ~ The sequence analysis was
performed using Seaview (version 4) multiple sequence afigyent editor (Gouy
. . . . I, 2010).
The strategy of comparative genomics and transcriptomics had )

led to the discovery of manv novel genes and aene famili Figure S4 | Multiple sequence alignment of full length sequenc es having
y y 9 g9 ATH and BTB domains in Arabidopsis and rice. ~ The sequence analysis was

playing a role in various stress responses. One of the memb’%féformed using Seaview (version 4) multiple sequence afignent editor (Gouy
identi ed in such strategic analysis toward salt stresstethe et al, 2010).

Frontiers in Plant Science | www.frontiersin.org 16 June 2016 | Volume 7 | Article 923



Kushwaha et al.

MATH-Domain Family Role in Abiotic Stress

otein
uch as cold,

Figure S5 | Heatmap representation of the expression of MDC pr
encoding genes in response to various abiotic stresses (A) s
drought, genotoxic, heat, osmotic, oxidative, salinity and wound in
Arabidopsis and (B) salinity, heat, drought and cold in rice . The expression
values were obtained from Affymetrix array databases usinGenevestigator
Response Viewer (https://www.genevestigator.com). For Abidopsis, 22 K ATH1
genome array was chosen along with pre-existing microarragnd in case of rice,
microarray results of OS_51 K: Rice Genome 51 K pre-existingicroarrays were
chosen. The details of the libraries used in the current arerpsented inTable S3.

Table S1 | List of libraries of different tissues with their ab breviations used
in the expression analysis of MDC protein encoding genes in ( a) rice and
(b) Arabidopsis.
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