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Mitogen-activated protein kinase (MAPK) cascades are highly conserved signal transduction model in animals, yeast and
plants. Plant MAPK cascades have been implicated in development and stress responses. Although MAPKKKs have been
investigated in several plant species including Arabidopsis and rice, no systematic analysis has been conducted in maize. In
this study, we performed a bioinformatics analysis of the entire maize genome and identified 74 MAPKKK genes.
Phylogenetic analyses of MAPKKKs from maize, rice and Arabidopsis have classified them into three subgroups, which
included Raf, ZIK and MEKK. Evolutionary relationships within subfamilies were also supported by exon-intron organizations
and the conserved protein motifs. Further expression analysis of the MAPKKKs in microarray databases revealed that
MAPKKKs were involved in important signaling pathways in maize different organs and developmental stages. Our
genomics analysis of maize MAPKKK genes provides important information for evolutionary and functional characterization
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Introduction

Mitogen-activated protein kinase (MAPK) cascades are con-
served signal transduction pathways to translate external stimuli
into cellular responses in all eukaryotes [1]. A typical MAPK
cascade consists of three sequentially activated kinases. Upstream
signals activate MAPK kinase kinases (MAPKKK or MEKK)
which in turn phosphorylate a MAPK kinase (MKK or MEK);
Subsequently, MKKSs activate a specific MAPK. The downstream
targets of MAPKs can be transcription factors or cytoskeletal
proteins [2-5]. In plants, different MAPK pathways can be
activated in various signaling pathways, including development,
cell division, hormone responses, plant innate immunity, and
abiotic stress [6-23].

The genome of Arabidopsis contains approximate 80
MAPKKKS, 10 MKKSs, and 20 MAPKs [2]. Completion of the
rice genome project has identified the existence of 75 MAPKKKSs,
8 MKKs and 17 MAPKSs [12,24]. MAPKKKSs act at the top of
MAPK cascades and show great sequence diversity. In plants,
MAPKKKS are divided into three groups according to their
sequence alignment: the MEKK-like family, Raf-like family and
ZIK-like family [2]. Compared with MAPKs and MKKs, plant
MAPKKKS contain long N- or C- terminal regions that might
function in scaffolding to recruit MKKs and MAPKs [20]. In
Arabidopsis, several MAPKKKs have been involved in defense,
ethylene signaling and plant development.
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MEKKI1-MKK4/5-MPK3/6-WRKY22/WRKY29 plays an
important role in plant innate immunity [25]. MEKKI1-MKK1/
MKK2-MPK4 has previously been shown to play important roles
in oxidative stress signaling, salt and cold stresses, whereas
negatively regulates plant innate immunity [26-29]. More
recently, Kong et al. (2012) and Zhang et al. (2012) identified
that SUMMI1 (MEKKZ2) functions as a positive regulator of the R
protein SUMM?2, and its activity is negatively regulated by the
MEKKI1-MKK1/2-MPK4 cascade [30,31]. Recent genetic evi-
dence has indicated that YDA-MKK4/MKK5-MPK3/MPK6
negatively regulates stomatal development through phosphoryla-
tion SPEECHLESS (SPCH) [17,32]. CTRI is able to inhibit
MKK9-MPK3/MPKG6 activation in ethylene signaling and
probably acts as an unconventional MAPKKK [33,34]. ANP2/
3-MKK6-MPK4/11/13 plays roles in the regulation of cytokinesis
[35-39]. In addition, Gao and Xiang (2008) reported that
Atlg73660 (AtRaf5) mutant exhibited an enhanced tolerance to
salt in Arabidopsis [40]. In rice, overexpression DSMI (Os-
MAPKEREDG) increased the tolerance to dehydration stress due to
ROS scavenging [41]. Another Raf-like MAPKKK ILAIl
(OsMAPKKE43) was identified involved in mechanical tissue
formation in the leaf lamina joint in rice [42].

Maize ({ea maps L.) is one of the oldest and most important
world-wide crops that are relied upon for human food, animal feed
and for starch ethanol production. So far, seven MAPKs and
4 MKKSs have been characterized in maize [43-51]. However, to
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our knowledge, the maize MAPKKK gene family has not been
characterized in detail. In this study, we performed a bioinfor-
matics analysis of the entire maize genome and identified 74
MAPKKK genes. In addition, we provide detailed information on
the genomic structures, chromosomal locations and phylogenetic
tree of maize MAPKKK genes. Subsequently, we investigated
their transcript profiles in different organs and developmental
stages using microarray data, which will help future studies for
elucidating the precise roles of MAPKKKSs in maize growth and
development.

Materials and Methods
Identification of MAPKKK Gene Family in Maize

The completed genome sequence of {ea mays was downloaded
from the maize sequence database (http://www.maizesequence.
org/index.html). For the identification of maize MAPKKK gene
family, Arabidopsis and rice MAPKKK protein sequences were
firstly used as query sequences to search against the maize genome
database and NCBI using BLASTP program. And self BLAST of
the sequences was carried out to remove the redundancy. The
Pfam (http://pfam.sanger.ac.uk/search) and SMART (http://
smart.embl-heidelberg.de/) databases were used to confirm each
predicted maize MAPKKK protein sequence.

Gene Structure Analysis of Maize MAPKKK Genes

The information of maize MAPKKK genes, including accession
number, chromosomal location, ORF length, exon-intron struc-
ture, were retrieved from the B73 maize sequencing database
(http://www.maizesequence.org/index.html).

Phylogenetic Analysis of Maize MAPKKK Proteins

Multiple alignments of MAPKKK proteins were carried out
using the Clustal X v1.83 program. The protein sequences of
Arabidopsis and rice MAPKKK were obtained from the TIGR
database and phylogenetic analysis was performed with MEGA5.0
program by neighbor-joining method and the bootstrap test was
carried out with 1000 replicates.

Chromosomal Locations and Gene Duplication of
MAPKKK Genes

Genes were mapped on chromosomes by identifying their
chromosomal position provided in the maize sequence database.
Gene duplication events of MAPKKK genes in maize B73 were
also investigated. We defined the gene duplication in accordance
with the criteria: 1) the alignment length covered >80% of the
longer gene; 2) the aligned region had an identity >80%; 3) only
one duplication event was counted for tightly linked genes. All of
the relevant genes identified in the maize genomes were aligned
using Clustal X v1.83 and calculated using MEGA v5.0.

Expression Analyses of the MAPKKK Genes

Microarray expression data from various datasets were obtained
making use of Genevestigator (https://www.genevestigator.com/
gv/) with the Maize Gene Chip platform. The maize MAPKKK
expression data was obtained through searching the Maize Gene
Chip using identified MAPKKK ID (Table 1).

Plant Materials and Growth Conditions

For maize inbred line Qi 319 (from Shandong Academy of
Agricultural Sciences), embryo of 25 days after pollination was
harvested from greenhouse-grown plants in sand under 16 h of
light (25°C) and 8 h of dark (20°C), and eight-week-old seedling
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tissues and organs were harvested for expression analysis. Samples
were collected and were immediately frozen in liquid N, for
further use. Two biological replicates were performed for each
sample.

RNA Isolation and Real-time Quantitative RT-PCR

Expression Analysis

Total RNAs were extracted according to the instructions of
Trizol reagent (Invitrogen, Carlsbad, CA, USA) from leaves of
maize seedlings with different treatments. The first strand cDNAs
were synthesized using First Strand ¢cDNA Synthesis kit (Fermen-
tas, USA).

Real-time quantification RT-PCR reactions were performed in
Bio-RAD MyiQ™" Real-time PCR Detection System (Bio-Rad,
USA) using the TransStart Top Green qPCR SuperMix
(TransGen, China) according to the manufacturer’s instructions.
Each PCR reaction (20 pl) contained 10 pl 2 xreal-time PCR Mix
(containing SYBR Green I), 0.5 pl of each primer, and appropri-
ately diluted cDNA. The thermal cycling conditions were 95°C for
30 s followed by 45 cycles of 95°C for 15 s, 55°C —60°C for 30 s,
and 72°C for 15 s. The Jmactin gene was used as internal reference
for all the qRT-PCR analysis. Each treatment was repeated three
times independently. Relative gene expression was calculated
according to the delta-delta Ct method of the system. The primers
used are described in Table S1 in File S1.

Results and Discussion

Genome-wide Identification of MAPKKK Family in Maize

Availability of complete maize genome sequences has made it
possible for the first time to identify all the MAPKKK family
members in this plant species. BLAST searches of the maize
sequences database and NCBI database were performed using 80
Arabidopsis and 75 rice MAPKKK sequences as query and this
analysis has identified 74 putative MAPKKK gene family
members in the complete maize genome, designated as
ZmMAPKKK1-ZmMAPKKK?74 according to their group, since
there was no standard nomenclature followed for MAPKKKs
neither in Arabidopsis nor in rice. All the 74 MAPKKKSs had
conserved protein kinase domains. Because there were alternative
splice variants in some genes of the family, the following analysis
was restricted to only a single variant for further analysis. The
detailed information of maize MAPKKK genes identified in the
present study, including accession numbers, number of amino
acids, molecular weight, and isoelectric point (pl), was listed in
Table 1. ImMAPKRKE ORF lengths ranged from 1062 bp
(KmMAPRRR57) to 4014 bp ({mMAPKEKK14) and the molecular
weights ranged from 39.8 kDa ({mMAPKRR57) to 148.1 kDa
(ZmMAPKKK14). Since the size of maize genome (~2300 Mb) is
much larger than the genomes of Arabidopsis (125 Mb) and rice
(389 Mb), MAPKKK genes in maize would be larger than that in
Arabidopsis and rice. However, according to the present study, the
number of maize MAPKKK genes was even smaller than that of
Arabidopsis and rice (Figure 1).

Comparative Phylogenetic Analysis of MAPKKK Gene in
Maize, Arabidopsis and Rice

To examine the evolutionary relationships between different
MAPKKK members in maize, Arabidopsis and rice, an unrooted
tree was constructed from alignments of the full MAPKKK amino
acid sequences using Neighbor-Joining (N]J) method by MEGA5.0
and phylogenetic analysis indicated that ZmMAPKKKSs can be
divided into three major groups: MEKK, Raf and ZIK. There
were 46 MAPKKKs from maize, 43 from rice and 48 from
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Table 1. Characteristics of MAPKKKs from maize. Table 1. Cont.
Amino Mw Amino Mw

Name ID Chr cDNA acid (kDa) pl Name ID Chr <DNA acid (kDa) pl

MAPKKKT ~ GRMZM2G140726- 10 2879 727 783 92 MAPKKK31 GRMZM2G481005- 9 4027 1265 1353 609
T01 T02

MAPKKK2 ~ GRMZM2G540772- 5 2173 600 69 956 MAPKKK32 GRMZM2G039106- 4 4018 1139 1262 549
TO1 T01

MAPKKK3  BT034005.1° 2 2234 604 656 917 MAPKKK33 GRMZM2G052658- 5 4087 1104 1225 560

MAPKKK4 ~GRMZM2G175504- 2 2081 887 %64 972 0
T01 MAPKKK34 GRMZM2G038982- 1 3411 1136 1229 687

MAPKKKS ~GRMZM2G093316- 4 3836 895 973 970 To1
T01 MAPKKK35 GRMZM2G175563- 9 3009 892 980 611

MAPKKK6 ~ AC2092083-FGT00T 5 2967 988 1076 970 L

MAPKKK? ~ GRMZM2G378479- 2 3014 742 814 955 MAPKKK36 ?gf"ZMZG‘m%g’ 4 3310 869 945 535
T01

MAPKKKE  GRMZM2GO34877. 5 2070 689 50 o MAPKKK37 $§1MZM26048243- 9 3915 1071 175 518
T01

I — a7 o039 MAPKKK38 GRMZM2G098187- 2 2757 762 825 802
T01 04

MAPKKKI0 GRMZM2G180555- 9 2374 599 651 631 URAGUE ?gs“"ZMZGOS%”' 5 2B Bl CATE
T01

MAPKKK11 GRMZM2G066120- 1 2327 600 654 637 MAPKKK40 ?gg"ZMZG”OWZ' T3 7 833 734
T01

MAPKKKI2 GRMZM2G130927- 5 2444 629 674 544 MR ?g{"'ZMZGmosy' 3 2 B 5 G
TO1

MAPKKKI3 GRMZM2G044557- 1 2443 633 679 523 MAPKKKa42 ?OR]MZMZGMSN} 4 2028 675 758 630
T01

MAPKKK14 GRMZM2GO17654- 2 4440 1337 1481 603 AGEEE $§1r\/|zmzeoo7ss4- 4 Zm SEAN L0
T01

MAPKKK15 GRMZM2G064613- 4 2703 689 756 576 MAPKKK44 $§3""ZM26163141' 8 3038 791 881 644
01

MAPKKK16 GRMZM2G098828- 2 2661 674 735 5093 IALEES ?g{"'ZMZGOSMQQ' RS2, 2 el BeR
T01

MAPKKK17 GRMZM2G439350- 8 1430 456 463 505 MAPKKK46 $§11\AZM26159034- 71845 440 491 6.73
T01

MAPKKK18 GRMZM2G305066- 8 1440 479 502 481 REHRKKS ?g{"'ZMZGO“S%G' 5 B S22
TO1

MAPKKKI9 GRMZM2G165099- 3 1707 475 500 520 MAPKKKa8 ?gg"'ZMSGSSZWS' 30124 514 375 953
T01

MAPKKK20 GRMZM2G476477- 6 1628 483 501 465 RLERRRASS $§2r\/|zmzeoo7466- 5 A 4 5 BEE
01

MAPKKK21 GRMZM2G173965- 8 1521 472 495 641 MAPKKKS0 $§1MZM261”269' 12364 378 46 819
01

MAPKKK22 GRMZM2G041774- 3 1636 514 543 658 MAGEST $§1MZMZG°19434' R g Al @R
T01

MAPKKK23 GRMZM2G116376- 4 1934 451 502 579 MAPKKKS2 ?g{"'ZMZGBmZQ' 11662 416 456 892
T01

MAPKKK24 GRMZMSGS78530- 5 2528 610 68.1 5.04 RUHRKICS %lezmzeomms- 5 = a2 He o Gm
T03

MAPKKK25 GRMZM2G084791- 4 2644 565 629 498 MAPKKK54 ?gg"'ZMZG%%S“' 8 1635 382 424 795
T01

MAPKKK26 GRMZM2G021416- 7 2398 566 619 560 REHRKCS ?g{"'ZMZGOSSZ%' 3 T & w3 7R
T02

MAPKKK27 GRMZM2G089150- 2 2715 703 790 558 MAPKKKS6 $§1MZM26°63°69' 8 W& 37 49 823
T01

MAPKKK28 GRMZM2G312070- 6 25690 570 641 492 ALESy $§;"'ZMZG165231' SANLEU 0B 7
T01

MAPKKK29 GRMZM2G011070- 0° 4285 1221 1351 544 MAPKKK>8 ?g{"'ZMSGW'g“' 72000 594 658 563
T01

MAPKKK30 GRMZM2G326472- 9 4064 1114 195 560 AACEEE %R]MZMZG“”SS“' 2 2B 3E @7 S8
T03
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Table 1. Cont.
Amino Mw

Name ID Chr cDNA acid (kDa) pl

MAPKKK60 GRMZM2G164242- 5 2082 569 63.7 6.11
T02

MAPKKK61 GRMZM2G160922- 7 2045 531 59.5 6.16
T02

MAPKKK62 GRMZM2G465833- 10 2263 529 58.0 5.25
T01

MAPKKK63 GRMZM2G152889- 3 1972 525 57.6 5.07
T01

MAPKKK64 GRMZM2G156013- 10 2015 415 46.0 7.2
TO1

MAPKKK65 GRMZM2G102088- 2 3265 415 46.1 6.67
TO1

MAPKKK66 GRMZM2G140612- 10 2151 423 46.5 6.64
TO1

MAPKKK67 GRMZM2G028604- 9 2145 396 44.8 9.27
TO1

MAPKKK68 GRMZM2G018280- 6 2508 404 45.2 9.30
T01

MAPKKK69 GRMZM2G171677- 3 2174 368 41.0 9.01
T01

MAPKKK70 GRMZM2G097878- 8 2668 561 63.5 9.59
TO1

MAPKKK71 GRMZM2G055334- 3 2896 574 64.3 9.46
TO1

MAPKKK72 GRMZM2G114093- 1 2898 598 66.1 9.17
TO1

MAPKKK73 GRMZM2G474546- 6 1913 593 66.1 9.61
T03

MAPKKK74 GRMZM2G104283- 8 2422 602 67.1 9.49
TO1

2GenBank accession numbers;

Punknown.

doi:10.1371/journal.pone.0057714.t001

Arabidopsis in Raf group. MEKK group contained 22 maize
MAPKKKSs, 22 rice MAPKKKSs and 21 Arabidopsis MAPKKKSs.
Only 6 MAPKKKs from maize, 10 from rice and 11 from
Arabidopsis were grouped into ZIK group (Figure 1).

The inspection of the phylogenetic tree indicated 19
ZmMAPKKR paralogous gene pairs and these gene pairs repre-
sented 52% of the maize MAPKKK genes family members
(Figure S1 in File S1), suggesting maize MAPKRR gene family may
have undergone multiple duplications during the evolution history.
Phylogenetic analysis also showed that there were 16 pairs of
maize/rice MAPKKK proteins in the same clade of the
phylogenetic tree (Figure 1).

Gene Structural Organization and Analysis of Conserved
Domain in MAPKKK Genes

Based on the predicted sequences, the maize MAPKKK gene
structures were determined. As shown in Figure 2, there were 8-17
exons in most maize MEKK group genes, whereas six genes
(XmMAPKRK17, {mMAPKEE18, {mMAPKRK19, ImMAPKKR20),
ZmMAPKRR21 and ZmMAPKRR2?2) only had one exon, and one
gene ({mMAPKKEEKT4) had 24 exons, which were consistent with
the exon numbers of their orthologs in Arabidopsis and rice. All
members from Raf and ZIK possessed 2—17 exons and 7-9 exons
respectively. This conserved exon numbers in each subgroup

PLOS ONE | www.plosone.org
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Figure 1. Phylogenetic tree of MAPKKKs from maize, rice and
Arabidopsis. Neighbor-joining tree was created using MEGAS5.0
program with 1,000 bootstrap using full length sequences of 74 maize,
75 rice, and 80 Arabidopsis MAPKKK proteins.
doi:10.1371/journal.pone.0057714.g001
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Figure 2. Exon-intron structures of maize MAPKKK genes. Boxes, exons; green boxes, open reading frames; lines, introns. A, MEKK; B, ZIK; C, Raf.
doi:10.1371/journal.pone.0057714.g002
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G(T/S)Px(W/F)MAPEV

ZMMAPKKK1 { EEVEIABIEMAKH T SSE. . . . AETRSFKGSBYWY IMNCKGYS. . . . LSVDIWSHECT 1 IEMATAR TS 523

ZMMAPKKK2 S VKUARE MAKH I TSL . . . . AE[HSLRGSBYWYNGEV IMNKNGYS . . . . FEVDINS lCTIIEMGTGRIP 361

ZMMAPKKK3 fNRe Ak 1SAY . . . . TSIKSEKGSBY IMNSNGYS. . . . LSVDIWSLL 393

ZmMAPKKK4 HAEMAKHINGQ. . . .HCPFSFKGSPYWS IKNSNGCN. . ..LVVDIWSI ! 610

ZMMAPKKKS ‘MAKHINGQ....QCPFSFKGSPY O8I0V TKNASGCN. . . . LAVDIWSLE 606

ZMMAPKKK 6 JEMAKHINGO. . . .QCPFSFKGSPYWWNSOVIKNASGCN. . . . LAVDIWSLE P 606

ZMMAPKKK 7 K GAY: eVMAKHLSTA. . . . APNLSLKGTPYWUNZMVOAT LMKDVGYDLAVDIWSLY ] : 582

ZmMMAPKKKS G MAKHLSAA, ., . .APNLSLKGTPY 5 | P 556

ZMMAPKKKY ANAEMAKHLSTA. . . .APNLSLKGTRY RATLDKSAGYDLAVDIWSIE 579

ZMMAPKKK10 8] AKEITKF . . . .NELKSCKGTVYWINS0VVNPQQTYG. . . . PARDIWSLE P 518

ZmMAPKKK11 AKEITKF. . . .NAVKSCKGTVYWl PKKT. . . . YGPARDIWSI{e P 520

ZIMMAPKKK12 . . . INMLRSCKGSVYWUNZVINPKKM. . . . YGPSADIWSLE 2 557

ZmMAPKKK1 3 . . . INMLRSCKGSVY WISV INPKKM. . . . YGPSADINSILE 561

ZmMAPKKK1 4 . . ADINTHSVVGTBY IEM.SGVC. . . . AASDIWSVE ] > 218

ZMMAPKKK15 SKQVEKL. ATATARKTMKGTEY IVG. SGHN. . . . CSADINSVE 321

ZIMMAPKKK1 6 SKQVAKL. ATVTAAKTMKGTRY W IVG.SGHS. ...FSADIWSW 310

ZmMAPKKK17 ARALSGSGSGSARRPIVGATRAEN ARG.EDQG. . .. PPADVWALI 209

ZMMAPKKK18 ARAA . AGGA . . DEGRPVGGTPA IWLRG . EGQG. - . . PABDVIWALL 206

ZMMAPKKK19 < e RAKIANISCARAVGS . . . . . . . ARG.EEQG. . . . PARDVWA; 201

ZMMAPKKK20 EDUE KA ARRA. . .ADDDAALPI.GGTPAFUNIVARA . EAQG. . . . PPADVIWAL 204

ZMMAPKKK21 ) J ARPAAA.GS. ... ARPFGGTPAFUINIIVARG . EGOG. . . . PARDVIA. 199

ZMMAPKKK22 GKINEN L ARPAG. .GS. . . . TRPVGGTRAFIUNRIVARGOEQG. . . - . AL ELAT 203
B GTPEFMAPE(L/V)( Y/F)

ZNMAPKKK23 KiDM VMOORKTOSI...Q. .. 'MAPEIRg 219

ZmMAPKKKZ2 4 IFERVNLEKR TKI TVMQTPRVRSV M- - AFEINY 203

ZIMAPKKK2S  PHVNL K TKNZAR® YL HR N : B\ TUMOTPRARSY. . . I. . [ HNaUNSI LY 201

ZmMAPKKKZ 6 FRAG. [ 5 TVARRR. . GSPHAARCV Y 207

ZmMAPKKK2 7 RUNTHAVE TLEGI \ AILRKSHAVHC. . . . .. Y 201

ZnMAPKKK28 KVDIRQLK CTLBGLEYL FOINU BRI VI[N (e EVFOREI [ [T TLDN . . ARGAHSTI. . . IOy 201

ZmMAPKKK23 255

ZIMAPKKK2 4 247

ZIMAPKKK25 245

ZIMAPKKK2 6 251

ZIMAPKKK27 245

ZrMAPKKK28 245

ZIMAPKKK29 [§ L VNLKDQSRPICKVGDFGLSKIKRNTLY . . . SGGVR. BELPWMEEBLLNGSSNKVS. .. . . . ERVDVFSEGIVMAE 1145

ZmMAPKKK30 WIELVNLRDPQRPICKVGDLGLSKVKCQTLI . . . SGGVR.GTLP AL LNGSSSLVS...... ERKVDVFSEGIVLWE 1040

ZNMAPKKK31 IFRLNSONLLVNIRY PORPTCKVGDLGLSKVKCQTLI . . . SGGVR. GTLOWMAR LNGSSSLVS. .. . . . FKVDVFSEGIVMAE 1189

ZrMAPKKK32  [BERTRCENLLVNMRDPQRPICKIGDLGLSKVEQHTLY . . . SGGVR. GELPWMARA LSGKNNMVS. . . . . . EKIDVYSEGIVMAE 1067

ZrMAPKKK33 ENLLVNMRDPQRPICKIGDLGLSKVKQHTLY . . . SGGVR. GTLEOWMNEALLSGKSNMVS . . . . . . CKIDVYSEGIVMWE 1032

ZuMAPKKK3S [SR) N . .KVCDFGLSRLKHSTFL. . ... VLRNEQSN........ EK 892

ZmMMAPKKK36 IR I\ . . KVSDFGMSRLKHHTFL. ... . YRV LENEPSN. .. ..... EKCDVYSEGVILWE 795

ZmMAPKKK37 (RS N . .KVCDFGLSRLKHSTFL. . . . . PNS0 T LRNERSD. . . ... .. EKCDVFSYGVILWE 987

ZUMAPKKK38 [l N . .KVGDFGLSRFKANTFI.. ... INS3F LRGEPSN. . ... ... EKCDVYSEGVILWE 689

ZmMAPKKK39 IRl . . KVCDFGLSRLKANTFL..... IRV LRDEPSN........ EKSDVYSEGVILWE 722

ZNMAPKKK40 SRl i . .KVADFGLSRLKRETFL. . ... WMNZ8VLRNEPSD. . . .. ... EKSDVYSYGVILWE 670

ZNMAPKKK41 [ ! W VLRNEESD. . ......EKSDVYSYGVILWE 670

ZMMAPKEK4Z  JRE « « KVADFGLSRLKLETFL.. ... N VLCNEPSD. . ¢ es s us EKSDVYSYGVILWE €28

ZHMAPKKKA3 SRR N . .KICDFGLSRVMSNSAM. . ... ISR I ENEPET. . ... .. EKCDIFSEGVIMAWE 721

ZMMAPKKK44 § . . KICDEGLSRLMIDSPM. ... . W INLIRNEEFT........ EKCDIFSLGVIMWNE 725

ZnMAPKKK4S |ER) N . .KICDFGLSRVMIDSPM. . . .. WMNSOI. TRNEPET. . . .. ... FKCDIFSLGVIMAE 726

ZIMAPKKK46  [ERISTK _ BUFKHRKY . . . . .. . . DKEVDIFSPAMILYE 362

ZmMAPKKK47  [HRIS N B INULENEEY . . . . ... . DTEVDVFSFALILOE 359

ZIMAPKKKS0 VR SER . . QRNLKTADFGVARVEAQNPKDM. . . . . BVL.DGKPY........ NEKCDVYSFGICLWE 287

ZTMMAPKKKS1 [RINVKTERMLLDTQRNLKIADEGVARVEAQNPKDM. . . . .. . VLEGKEM. . . . .. .. NRKCDVYSEGICLWE 279

ZrMAPKKKS2  FIRINVKAESMLTDRKRTLKIADFGVARVEAQSCEV. .. . . ... B8VLOGKDY. .. ... .. DHKCDVYSFGILLWE 321

ZUMAPKKKS3  [RINVEAHY ‘GVARVEAQSCEV. .0 v .w s N8 vLOGKPY. ... .. .. DHKCDVYSEGILLWE 348

ZMMAPKKKS4 | ) ....... BVLNGHAY........ NRKCDVYSEGICLWE 290

ZNMAPKKKSS — |HREVKTERMELDKTRTVKIADFGVARVEASNPSDM. . . . . . . VENGHAH. . . ..... NRKCDVYSEGICLWE 290

ZHMAPKKKS6 RN LNGNPY........NRKCDVYSEGICLWE 285

ZnMAPKKKST N 7 Y STVTLRHGEKKHYNHKVDVYSFAIVLWE 225

ZrMAPKKKS 8 NI LMDENGTV . . KVADEGVARVKAQSGV. . . . . : OVIEHKPYD........ CKADVFSEFGILMAE 500

ZmMAPKKKS59 I 4 . . KVADFGVARVKAQSGV..... ‘ PDVIEHKPYD........ HKADVFSFGILMWE 499

ZnMAPKKKG0  [SRY N . .KVADFGVARVKDQSGV. . . . . i BVIEHKPYD. . ...... HKADVFSFATVLWE 478

zmiAPKKK61  RHRLKTARIEMDDOY . V. . KVADEGVARVKDQSGV. . . . . MTAET . GTYRWMAGSVIEHLPYD. . . .. ... HRADVFSEGIVLWE 441

ZmMAPKKK62 ! N LLMDKDHVY. KVADFGVARFQDQGGV ..... MTAET . GTYRWMAGSVINHOPYD. . . .. ... NKADVFSFAIVIHWE 442

ZIMAPKKKG3 [SRINLKTANTLMDNDHAY . . KVADEGVAREQDQGGT. . . . . : IN20V INHQPYD. . . ... .. SKADVFSFAIVLHE 439

ZNMAPKKKES M LISGDKSI . . KIADEGV .ARIEVKTE. . . . . WMNERI I OHREYD. . ... ... QKVDVYSEGIVLWE 326

ZuMAPKKKES N BMIQHREYD. . ... ...CKVDVYSEGIVLWE 326

ZNMAPKKKG6 [SRILKSDWLLISGDKSI..KIADEGV.ARIEVKTE..... MIQHRPYN. ....... QKVDVYSFAIVLWE 334

ZNMAPKKKG7 : YA KVDVYSEGIVLWE 289

ZIMAPKKKES KVDVYSEGIVLWE 208

ZmMAPKKKEG 9 EVDVYSEGIVMWE 257

ZmMAPKKKT 0 KVDVYSEGLLLWE 456

ZIMAPKKKT1 KVDVYSEGLVMAE 471

ZmMAPKKK7 2 KVDVYSEGLILWE 482

ZmMAPKKKT3 KVDVYSFGLVLWE 474

ZIMAPKKKT 4 KVDVYSEGLLLWE 483

Figure 3. Alignment of MAPKKK family from maize. The highlighted part shows the conserved motif. A, MEKK; B, ZIK; C, Raf.
doi:10.1371/journal.pone.0057714.g003
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Figure 4. Chromosomal distributions of MAPKKK genes in the maize genome.

doi:10.1371/journal.pone.0057714.9g004

among all three species supported their close evolutionary
relationship and the introduced classification of subgroups.

Using Clustal X to analyze the full protein sequences of all
MAPKKK:S, we found that the most of the Raf group proteins had
a C-terminal kinase domain and extended N-terminal domains.
However, most of the ZIK group members had N-terminal kinase
domain whereas kinase domain of MEKK family protein were
located either at N- or C-terminal or central part of the protein,
which were consistent with their orthologs in Arabidopsis and rice
(data not shown) [24]. In addition, we also investigated the
conserved motif in their kinase domains. Among the three families
MEKK family is relatively well characterized. Most MEKK-like
proteins seem to participate in canonical MAP kinase cascades
that activate downstream MKKs. AtMEKKI1 and AtMEKK?2
were shown to play important roles in plant innate immunity
[28,30,52]. More recently, Hashimoto et al. (2012) reported that
NbMAPKKKa, NbMAPKKKf and NbMAPKKKY functioned
as positive regulators of PCD [53]. All the members of maize
MEKK family shared conserved motif G (T/S) Px (W/F)
MAPEV, which confirmed their association with MEKK family
[24] (Figure 3A). ZIK-like kinases also known as WNK (With No
lysine (K)), which have not been shown to phosphorylate MKKs in
plants, are involved in internal rhythm. AtWNK1 phosphorylated
the putative circadian clock component APRR3 i vitro and might
be involved in a signal transduction cascade regulating its
biological activity [54]. AtWNEK2/5/8 regulated flowering time
by modulating the photoperiod pathway [55]. Recently, OsWNKI
was found to respond differentially under various abiotic stresses

PLOS ONE | www.plosone.org

and also showed rhythmic expression profile under diurnal and
circadian conditions at the transcription level [56]. The conserved
motif of ZIK family proteins in maize were investigated using
Clustal X and as shown in Figure 3B, a conserved signature motif
GTPEFMAPE (L/V) (Y/F) was found in all members [24].
Compared with ZIK and MEKK like families, Raf family has
many more members. Two of the best-studied Arabidopsis Raf-
like MAPKKKs, CTR1 and EDRI1 are known to participate in
ethylene-mediated signaling and defense responses. However,
neither CTR1 nor EDR1 have been confirmed to participate in a
classic MAPK cascade. As shown in Figure 3C, all the members of
Raf family have the conserved motif GTXX (W/Y) MAPE except
ZmMAPKKK47, which strongly supported their identity as
members of Raf subfamily [24].

Genomic Distribution and Gene Duplication

The physical locations of the MAPKKK genes on maize
chromosomes were depicted in Figure 4. It was found that 73
LmMAPKRRs were mapped on all 10 chromosomes of maize and 1
MAPKKK ({mMAPKEKR29) was situated on unanchored contigs
(chromosome unknown). Ten were present on chromosomes 3 and
5; nine on chromosomes 1, 2, 4; four on chromosomes 6, 7, 10; In
addition, chromosome 8 had 8 MAPKKK members, whereas
chromosome 9 encoded 6 MAPKKKSs members.

Gene duplication events play a significant role in the
amplification of gene family members in the genome. Several
rounds of genome duplication events have been found in maize
genome [57]. The expansion mechanism of the maize MAPKKK
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gene family was analyzed to understand gene duplication events.
As shown in Figure 4, nineteen paralogs of the 74 maize
MAPKKKSs were identified, including 17 segmental duplication
events between chromosomes and the other 2 duplication events
within the same chromosome ({mMAPKKE30 and {mMAPKKE31,
KmMAPKRR50 and {mMAPRKRE5 ). Furthermore, these gene pairs
shared similar exon-intron structures. This result suggested the
duplication events play vital roles in MAPKKK genes expansion
in maize genome.

Expression Pattern of the Maize MAPKKK Genes in

Different Tissues and Developmental Stages

To observe expression profiles of the MAPKKK in maize
development, we analyzed the expression of the MAPKKK genes
under normal growth conditions by a Genevestigator analysis
(https://www.genevestigator.ethz.ch/) in 18 different tissues,
including the seedlings, coleoptiles, radicles, tassel, anther, ear,
silk, caryopsis, embryo, endosperm, pericarp, culm, internode,
foliar leaf, juvenile leaf, adult leaf, blade and primary root. Fifty
seven genes correspond to probes and there were 17 MAPKKK
genes whose corresponding probes were not found. Heatmap
representation of expression profile of 57 MAPKKK genes during
maize development was shown in Figure 5. Eight MAPKKKs
(XMMAPKRR25, ImMAPKER28, {mMAPKRER36, ZmMAPKKK43,
LmMMAPKRERS2, KmMMAPRRES3, KmMAPRKRR67 and
ZmMAPKEEK72) had higher expression in anther than that of in
other organs. Eight MAPKKKs (ImMAPKKKY, {mMAPKEEKY,
IMMAPKRER32, {mMAPKRER33, ImMAPKKE37, ZmMAPKRE46,
ZmMAPKRR6Y9 and mMAPKKK73) had higher expression in
embryo than that of in endosperm, whereas {mMAPKRR22,
IMMAPRRR29, ZmMAPKKR39 and ZmMAPKRE49 had the
opposite expression profiles in embryo and endosperm. In
addition, five MAPKKKs (ImMAPKKK18, ZmMAPKRR22,
IMMAPKRESS, ImMAPKERGS and mMAPKEEG2) were ex-
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pressed with high abundance in primary roots which was
consistent with their expression in radicle. Specifically,
IZmMAPREKI10 and JmMAPKEKK1] demonstrated a unique
expression pattern in silk. Furthermore, MAPKKK duplicated
gene pair expression patterns were also investigated, only seven

pairs (XmMAPKRK33 and JmMAPKKE32, {mMAPKEK44 and

ZmMAPKER45, KmMAPKRES2 and ZmMAPKRRS3,
ZmMAPKRR64  and  SmMAPRREGS, ZmMAPKRR63  and
LmMAPKEK62, LmMAPKER67 and LmMAPKEEK68,

ZmMAPRER70 and {mMAPKKEK71) shared the similar expression
patterns in nearly all the organs, whereas other paralogs were not
the case. These results showed that although the duplicated genes
had higher similarities in amino acid, they may not have similar
function or are involved in the same signaling pathway.

In addition, we also identified the expression profiles of
MAPKKK family genes under different developmental stages
through analysis of publicly available microarray data sets. All the
57 genes were expressed in at least one of developmental stages
(Figure 6). Nine MAPKKK genes (mMAPRRK10, ZmMAPKRK 1,
IMMAPKRK16, {mMAPKRR25, ImMAPKRR28, ZmMAPKKR30,
ImMAPKERRS6, ZmMAPKRK70, {mMAPKEKEK7 1) were expressed in
all developmental stages mentioned in the Figure 6 except for
inflorescence formation stage, whereas another nine MAPKKK
genes (KmMAPKRRK], LmMAPKKRY, LmMAPKER26,
IMMAPKRE33, {mMAPKREE45, ImMAPKKEK19, ZmMAPKRER6),
ZmMAPKRR6S, ZmMAPRRK735) had higher expression in inflores-
cence formation than that of in other developmental stages. In
addition, {mMAPKRKR37, {mMAPKEE46 and {mMAPKEKES58 had
higher expression in germination stage than other genes, whereas
IMMAPKRR43, {mMAPKEEG9 and {mMAPKEE71 had highest
expression in anthesis stage. Specifically, <mMAPKKR52 was
expressed with low abundance in all stages. Moreover, several
paralogs ({mMAPKKK15 and {mMAPKKK16, {mMAPKKEK71 and
LmMAPKKEK70, KmMMAPRERS2 and LmMMAPKEERS3,
IMMAPKRRG2  and  ZmMAPKRR63, {mMAPKKEK64  and
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Figure 5. The expression profile of 57 MAPKKK genes in maize different tissues. The deep and light red shading represents the relative high

or low expression levels, respectively.
doi:10.1371/journal.pone.0057714.g005
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Figure 6. The expression profile of 57 MAPKKK genes in maize developmental stages. The deep and light red shading represents the
relative high or low expression levels, respectively.
doi:10.1371/journal.pone.0057714.g006

ZmMAPKERR65) showed highly similar expression profiles, which Next, we used quantitative real-time RT-PCR to validate the
may indicate subfunctionalization in the course of evolution. expression patterns in different tissues resulting from microarray
However, other gene pairs showed quit different under the maize database.  Nine  genes ({mMAPKKK10, ZmMAPKRRII,
developmental stages. LmMAPKEK16, ZmMAPKRK18, ZmMAPKRR27, ZmMAPKRR47,
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Figure 7. Expression patterns of the 9 MAPKKK genes in various tissues by quantitative real-time RT-PCR analysis. Error bars indicate
standard deviations (n=3). 1, primary root; 2, pericarp; 3, internode; 4, adult leaf; 5, silk; 6, culm; 7, seedling; 8, endosperm; 9, embryo; 10, tassel.
doi:10.1371/journal.pone.0057714.g007
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KMMAPKRRS 1, {mMAPKKES5, and {mMAPRREG3) were selected
to confirm their expression in primary root, pericarp, internode,
adult leaf, silk, culm, seedling, endosperm, embryo and tassel.
Surprisingly, most our qRT-PCR data did not correspond with
microarray data (Figures 5 and 7). For example, our gRT-PCR
results showed that KmMAPKRR] 1, LmMAPKRK]8,
LmMAPKKR47 and {mMAPKRR)1 exhibited a highest expression
level in embryo (Figure 7), and the microarray data showed that
these four genes had higher expression in silk, root and coleoptiles
than that of in embryo (Figure 5). However, {mMAPKRR]I,
ImMMAPKRK18, ZmMAPKRE47 and {mMAPKRE) 1 showed higher
expression in dough stage (Figure 6), suggesting they may play
important roles in seed development and which was consistent
with our qRT-PCR data (Figure 7). The conflicting results
between our qRT-PCR and microarray database may be due to
the different plant materials and growth conditions, and different
experimental conditions. From these results, it is speculated that
most of MAPKKK genes with different expression levels in all the
maize detected organs might play key roles in plant development
and several MAPKKK genes may uniquely function in maize
developmental stages. However, more researches are needed to
determine the functions of the MAPKKK family by additional

biological experiments.

Conclusion
An increasing body of evidence has shown that the mitogen-
activated protein kinase (MAPK) cascades are involved in plant
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development and stress responses. So far, MAPKKKSs have been
investigated in several plant species including Arabidopsis and rice,
no systematic analysis has been conducted in maize. In this present
study, we performed a genome-wide survey and identified 74
MAPKKK genes from maize. Phylogenetic analysis of
MAPKKKSs from maize, rice and Arabidopsis has classified them
mto three subgroups. Members within each subgroup may have
recent common evolutionary origins since they shared conserved
protein motifs and exon-intron structures. Furthermore, micro-
array analysis showed that a number of maize MAPKKK genes
differentially expressed across different tissues and developmental
stages. In addition, quantitative real-time RT-PCR was performed
on nine selected MAPKKK genes to confirm their expression
patterns in different tissues. Our observations may lay the
foundation for future functional analysis of maize MAPKKK
genes to unravel their biological roles.

Supporting Information

File S1 Supporting Information file contains Figure S1 and
Table SI.
(DOC)

Author Contributions

Conceived and designed the experiments: XK DL. Performed the
experiments: XK DZ SJ. Analyzed the data: XK WL SZ. Contributed
reagents/materials/analysis tools: XK. Wrote the paper: XK DL.

16. Kong F, Wang J, Cheng L, Liu S, Wu J, et al. (2012) Genome-wide analysis of
the mitogen-activated protein kinase gene family in Solanum lycopersicum. Gene
499(1): 108-120.

17. Takahashi Y, Soyano T, Kosetsu K, Sasabe M, Machida Y (2010) HINKEL
kinesin, ANP MAPKKKs and MKK6/ANQ MAPKK, which phosphorylates
and activates MPK4 MAPK, constitute a pathway that is required for cytokinesis
in Arabidopsis thaliana. Plant Cell Physiol 51(10): 1766-1776.

18. Colcombet J, Hirt H (2008) Arabidopsis MAPKSs: a complex signalling network
involved in multiple biological processes. Biochem J 413(2): 217-226.

19. Lee JS, Huh KW, Bhargava A, Ellis BE (2008) Comprehensive analysis of
protein-protein interactions between Arabidopsis MAPKs and MAPK kinases
helps define potential MAPK signalling modules. Plant Signal Behav 3(12):
1037-1041.

20. Rodriguez MC, Petersen M, Mundy J (2010) Mitogen-activated protein kinase
signaling in plants. Annu Rev Plant Biol 61: 621-649.

21. Song D, Chen ], Song F, Zheng Z (2006) A novel rice MAPK gene, OsBIMK2,
is involved in disease-resistance responses. Plant Biol 8(5): 587-596.

22. Melech-Bonfil S, Sessa G (2010) Tomato MAPKKKepsilon is a positive
regulator of cell-death signaling networks associated with plant immunity. Plant J
64(3): 379-391.

23. Chen L, Hu W, Tan S, Wang M, Ma Z, et al. (2012) Genome-Wide
Identification and Analysis of MAPK and MAPKK Gene Families in
Brachypodium distachyon. PloS ONE 7(10): e46744.

24. Rao KP, Richa T, Kumar K, Raghuram B, Sinha AK (2010) I silico analysis
reveals 75 members of mitogen-activated protein kinase kinase kinase gene
family in rice. DNA Res 17(3): 139-153.

25. Asai T, Tena G, Plotnikova J, Willmann MR, Chiu WL, et al. (2002) MAP
kinase signalling cascade in Arabidopsis innate immunity. Nature 415(6875):
977-983.

26. Teige M, Scheikl E, Eulgem T, Doczi R, Ichimura K, et al. (2004) The MKK2
pathway mediates cold and salt stress signaling in Arabidopsis. Mol Cell 15(1):
141-152.

27. Ichimura K, Casais C, Peck SC, Shinozaki K, Shirasu K (2006) MEKKI is
required for MPK4 activation and regulates tissue-specific and temperature-
dependent cell death in Arabidopsis. J Biol Chem 281(48): 36969-36976.

28. Gao M, Liu J, Bi D, Zhang Z, Cheng I, et al. (2008) MEKK1, MKK1/MKK2
and MPK4 function together in a mitogen-activated protein kinase cascade to
regulate innate immunity in plants. Cell Res 18(12): 1190-1198.

29. Meszaros T, Helfer A, Hatzimasoura E, Magyar Z, Serazetdinova L, et al.
(2006) The Arabidopsis MAP kinase kinase MKKI participates in defence
responses to the bacterial elicitor flagellin. Plant J 48(4): 485-498.

30. Kong Q, Qu N, Gao M, Zhang Z, Ding X, et al. (2012) The MEKK1-MKK1/
MKK2-MPK4 kinase cascade negatively regulates immunity mediated by a
mitogen-activated protein kinase kinase kinase in Arabidopsis. Plant Cell 24(5):

2225-2236.

February 2013 | Volume 8 | Issue 2 | 57714



31.

32.

34.

36.

37.

40.

41.

42.

43.

Zhang 7, Wu Y, Gao M, Zhang ], Kong Q, et al. (2012) Disruption of PAMP-
induced MAP kinase cascade by a Pseudomonas syringae effector activates plant
immunity mediated by the NB-LRR protein SUMMZ2. Cell Host Microbe 11(3):
253-263.

Lampard GR, Lukowitz W, Ellis BE, Bergmann DC (2009) Novel and expanded
roles for MAPK signaling in Arabidopsis stomatal cell fate revealed by cell type-
specific manipulations. Plant Cell 21(11): 3506-3517.

Xu J, Li'Y, Wang Y, Liu H, Lei L, et al. (2008) Activation of MAPK kinase 9
induces ethylene and camalexin biosynthesis and enhances sensitivity to salt
stress in Arabidopsis. J Biol Chem 283(40): 26996-27006.

Yoo SD, Cho YH, Tena G, Xiong Y, Sheen J (2008) Dual control of nuclear
EIN3 by bifurcate MAPK cascades in C2H4 signalling. Nature 451(7180): 789~
795.

Sasabe M, Soyano T, Takahashi Y, Sonobe S, Igarashi H, et al. (2006)
Phosphorylation of NOIMAP65-1 by a MAP kinase down-regulates its activity of
microtubule bundling and stimulates progression of cytokinesis of tobacco cells.
Gene Dev 20(8): 1004-1014.

Beck M, Komis G, Muller J, Menzel D, Samaj J (2010) Arabidopsis homologs of
nucleus- and phragmoplast-localized kinase 2 and 3 and mitogen-activated
protein kinase 4 are essential for microtubule organization. Plant Cell 22(3):
755-771.

Beck M, Komis G, Ziemann A, Menzel D, Samaj J (2011) Mitogen-activated
protein kinase 4 is involved in the regulation of mitotic and cytokinetic
microtubule transitions in Arabidopsis thaliana. New Phytol 189(4): 1069-1083.
Soyano T, Nishihama R, Morikiyo K, Ishikawa M, Machida Y (2003) NQK1/
NtMEKI1 is a MAPKK that acts in the NPK1 MAPKKK-mediated MAPK
cascade and is required for plant cytokinesis. Gene Dev 17(8): 1055-1067.

. Zeng Q, Chen JG, Ellis BE (2011) AtMPK4 is required for male-specific meiotic

cytokinesis in Arabidopsis. Plant J 67(5): 895-906.

Gao L, Xiang CB (2008) The genetic locus Atlg73660 encodes a putative
MAPKKK and negatively regulates salt tolerance in Arabidopsis. Plant Mol Biol
67(1-2): 125-134.

Ning J, Li X, Hicks LM, Xiong L (2010) A Raf-like MAPKKK gene DSM1
mediates drought resistance through reactive oxygen species scavenging in rice.
Plant Physiol 152(2): 876-890.

Ning J, Zhang B, Wang N, Zhou Y, Xiong L (2012) Increased leaf anglel, a Raf-
like MAPKKK that interacts with a nuclear protein family, regulates mechanical
tissue formation in the Lamina joint of rice. Plant Cell 23(12): 4334-4347.
Berberich T, Sano H, Kusano T (1999) Involvement of a MAP kinase,
ZmMPK35, in senescence and recovery from low-temperature stress in maize.

Mol Gen Genet 262(3): 534-542.

PLOS ONE | www.plosone.org

1

44.

46.

47.

48.

49.

50.

54.

Characterization of Maize MAPKKK Gene Family

Lin F, Ding H, Wang J, Zhang H, Zhang A, et al. (2009) Positive feedback
regulation of maize NADPH oxidase by mitogen-activated protein kinase
cascade in abscisic acid signalling. J Exp Bot 60(11): 3221-3238.

. Kong X, Pan J, Zhang M, Xing X, Zhou Y, et al. (2011) ZmMKK#, a novel

group C mitogen-activated protein kinase kinase in maize ({ea mays), confers salt
and cold tolerance in transgenic Arabidopsis. Plant Cell Environ 34(8): 1291—
1303.

Kong X, Sun L, Zhou Y, Zhang M, Liu Y, et al. (2011) ZmMRR4 regulates
osmotic stress through reactive oxygen species scavenging in transgenic tobacco.
Plant Cell Rep 30(11): 2097-2104.

Wu T, Kong XP, Zong X]J, Li DP, Li DQ (2011) Expression analysis of five
maize MAP kinase genes in response to various abiotic stresses and signal
molecules. Mol Biol Rep 38(6): 3967-3975.

Liu Y, Zhou Y, Liu L, Sun L, Zhang M, et al. (2012) Maize ZmMEKI is a
single-copy gene. Mol Biol Rep 39(3): 2957-2966.

Pan J, Zhang M, Kong X, Xing X, Liu Y, et al. (2012) mMPK17, a novel maize
group D MAP kinase gene, is involved in multiple stress responses. Planta 235(4):
661-676.

Zhang M, Pan J, Kong X, Zhou Y, Liu Y, et al. (2012) ZmMAKEK3, a novel maize
group B mitogen-activated protein kinase kinase gene, mediates osmotic stress
and ABA signal responses. J Plant Physiol 169(15): 1501-1510.

. Zhou Y, Zhang D, Pan J, Kong X, Liu Y, et al. (2012) Overexpression of a

multiple stress-responsive gene, {mMPR4, enhances tolerance to low tempera-
ture in transgenic tobacco. Plant Physiol Biochem 58: 174-181.

. Pitzschke A, Djamei A, Bitton F, Hirt H (2009) A major role of the MEKK1-

MKK1/2-MPK4 pathway in ROS signalling. Mol Plant 2(1): 120-137.

. Hashimoto M, Komatsu K, Maejima K, Okano Y, Shiraishi T, et al. (2012)

Identification of three MAPKKKSs forming a linear signaling pathway leading to
programmed cell death in. BMC Plant Biol 12(1): 103.

Murakami-Kojima M, Nakamichi N, Yamashino T, Mizuno T (2002) The
APRR3 component of the clock-associated APRR1/TOC]1 quintet is phos-
phorylated by a novel protein kinase belonging to the WNK family, the gene for
which is also transcribed rhythmically in Arabidopsis thaliana. Plant Cell Physiol
43(6): 675-683.

. Wang Y, Liu K, Liao H, Zhuang C, Ma H, Yan X (2008) The plant WNK gene

family and regulation of flowering time in Arabidopsis. Plant Biol 10(5): 548
562.

. Kumar K, Rao KP, Biswas DK, Sinha AK (2011) Rice WNKI1 is regulated by

abiotic stress and involved in internal circadian rhythm. Plant Signal Behav 6(3):
316-320.

Schnable PS, Ware D, Fulton RS, Stein JC, Wei F, et al. (2009) The B73 maize
genome: complexity diversity and dynamics. Science 326(5956): 1112-1115.

February 2013 | Volume 8 | Issue 2 | 57714



