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Mitogen-activated protein kinase kinase kinases (MAPKKKs) are pivotal components of Mitogen-
. activated protein kinase (MAPK) cascades, which play a significant role in many biological processes.
. Although genome-wide analysis of MAPKKKs has been conducted in many species, extant results
in apple are scarce. In this study, a total of 72 putative MdMAPKKKs in Raf-like group, 11 in ZIK-like
group and 37 in MEEK were identified in apple firstly. Predicted MAMAPKKKs were located in 17
chromosomes with diverse densities, and there was a high-level of conservation in and among the
evolutionary groups. Encouragingly, transcripts of 12 selected MdAMAPKKKSs were expressed in at least
one of the tested tissues, indicating that MAMAPKKKs might participate in various physiological and
developmental processes in apple. Moreover, they were found to respond to drought stress in roots
and leaves, which suggested a possible conserved response to drought stress in different species.
Overexpression of MdRaf5 resulted in a hyposensitivity to drought stress, which was at least partially
. due to the regulation of stomatal closure and transpiration rates. To the best of our knowledge, this is
: the first genome-wide functional analysis of the MAMAPKKK genes in apple, and it provides valuable
- information for understanding MAMAPKKKs signals and their putative functions.

Protein kinases (PK), the most prominent superfamily in the elaborate matrix of signal transduction proteins,
. allow cells of eukaryotic organisms to grow and development in a coordinated manner'-’. Mitogen-activated
© protein kinase (MAPK) has formed a PK member, which is evolutionarily conserved and fundamental signal
. transduction pathways that plays roles downstream of various receptors/sensors that transduces extracellular
: stimuli into intracellular responses in eukaryotes®*. The signal transduction modules of MAPK play a significant
: role in the plant’s growth, development, and regulation of various abiotic and biotic stresses, such as drought, low
© temperature, high salt, mechanical damage, osmotic stress, oxidative stress and pathogen infection®-%.

To date, MAPK’s cascades have been identified in a variety of plants after the completion of the whole genome
sequence. A total of 20 MAPK, 10 MAPKK, and 80 MAPKKK genes have been reported in the Arabidopsis
thaliana genome, whereas the rice (Oryza sativa) genome contains 17 MAPK, 8 MAPKK, and 75 MAPKKK
genes®®. Recent studies demonstrate that 19 MAPK, 9 MAPKK, and 74 MAPKKK genes can be found in maize

. (Zea mays L), and the tomato (Lycopersicon esculentum Mill.) genome-sequencing project has discovered 16
© MAPKSs, 6 MAPKKSs and 89 MAPKKKs'*!!, 14 MAPKs, 6 MAPKKs and 59 MAPKKKs have recently been iden-
- tified in cucumber (Cucumis sativus L.); and 28 MAPKs, 11 MAPKKSs and 78 MAPKKKS are present in the cotton
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(Gossypium spp) genome'>1*. MAPKKKs activated MAPKKSs, themselves, by phosphorylating the conserved ser-
ine and/or threonine residues in their T-loop, MAPKKSs in turn activate a specific MAPK*!>!4, Compared to
MAPKs and MAPKKs, the MAPKKKs have more members and greater variety in primary structures and domain
composition'. They consist of long N- or C- terminal regions that can be subdivided into MEKK, Raf-like and
ZIK-like groups according to their sequence alignment”!®. Phylogenetic analysis of the MAPKKK genes in var-
ious species shows that the diversity exists in plants. There are 46 MAPKKKs from maize, 43 from rice, 27 from
grapevines, and 48 from Arabidopsis in the Raf group; the MEKK group consists of 22 maize, 22 rice, 9 grape-
vine, and 21 Arabidopsis MAPKKKSs; but only 6 MAPKKKSs from maize, 10 from rice, 9 from grapevines, and 11
from Arabidopsis are grouped into the ZIK group””!"'”. Structural domains of MAPKKKs in Arabidopsis, rice
and cucumber show that most Raf proteins have a C-terminal kinase domain and a long N-terminal regulatory
domain. In contrast, members of the ZIK group have the N-terminal kinase domain, whilst members of the
MEKK group have less conserved kinase domain which consist in either N- or C-terminals or lie in the central
part of the protein®!>18,

However, the scarcity of information regarding the MAPKKKSs in apple (Malus domestica) presents a bottle-
neck to investigating MAPK cascades in this economically important crop. The apple tree is one of the fruit trees
widely cultivated by farmers in China, and it is also the most important and economical woody plant throughout
the temperate zones". Genome-wide analysis of the RING finger gene family?’, DREB gene family?!, dehydrin
gene family??, Hsf gene family?’, MAPK and MAPKK genes** have been reported in apple. However, there is little
genome-wide information currently available on apple MAPKKK genes. The apple genome has been sequenced
in recent years, offering an excellent opportunity for the analysis of MAPKKK genes across the genome?®.

MAPKKKs play a significant role in distinct biological and physiological processes, and they have potential
applications for the development of stress-tolerant transgenic plants. The present study marks the first systematic
analysis of the apple MAMAPKKK genes. We predicted the chromosome location and gene structure of putative
MAPKKKs through genome-wide surveys of apple genomic sequences. Additionally, putative MAPKKKs were
subjected to phylogenetic analyses with their Arabidopsis counterparts to identify gene orthologues and clusters
of orthologous groups for further functional characterization. Furthermore, QRT-PCR was performed to deter-
mine expression patterns of selected MAMAPKKK genes. Moreover, we were interested in MAMAPKKK genes
related to drought stresses; thus, we identified drought-responsive genes using transgenic plants. To the best of
our knowledge, the current study is the first genome-wide analysis of the MAPKKK genes in apple. Information
gained through this study may contribute to our understanding of the classification and putative functions of
MdAMAPKKKSs in apple.

Results

Genome-wide identification of MAPKKK genes in apple. To identify members of the MAPKKK
genes in apple, we employed diverse bioinformatic methods to gather large amounts of bioinformation to analyze.
A total of 123 putative MAPKKK gene members were identified and measured in the complete apple genome. All
123 MAPKKKSs had conserved protein kinase domains, which was the backbone of the MAPKKKSs according to
domain analysis (Fig. S1). To date, 80, 75 and 74 MAPKKK members had been identified in Arabidopsis, rice and
maize, respectively”®!°. The total number of the MAPKKKSs in apple was approximately 1.5-fold higher than that
discovered in others, suggesting the possible expansion of MAPKKKSs in apple.

Specific information concerning apple MAPKKK genes was identified in the present study and listed in
Supplementary Table S1. The open reading frame (ORF) of MAMPKKK ranged from 1029 bp (MdRaf23) to
6114 bp (MdRaf37), with an average ORF length of 2022 bp. The length of measured MdMAPKKKSs ranged
from 342 (MdRaf23) to 2037 (MdRaf37) amino acids (aa), with an average of 673 aa. The molecular weight and
pls of MAMAPKKKSs ranged from 38,276.04 Da (MAMAPKKK17) to 225,516.9 Da (MdRaf37) and from 4.64
(MdMPKKK20/21) to 9.46 (MdRaf64), respectively. These results indicated that MAMAPKKKs acted as a highly
conserved and expanded members in the apple genome.

Phylogenetic analysis of MAPKKKs. To evaluate evolutionary relationships between MAPKKKs in apple
and Arabidopsis, full-length amino acid sequences of 123 MdAMAPKKKs and 80 AtMAPKKKSs were subjected
to multiple sequence alignment with the MEGA5 program. The multiple sequence alignment file was subse-
quently used to construct an unrooted phylogenetic tree using the neighbour-joining (NJ) method. As illustrated
in Fig. S1, the phylogenetic tree of Raf-like, ZIK-like and MEKK groups were constructed according to compre-
hensive analysis of previous study>**?”. There were 72, 37 and 11 MAPKKKSs in Raf-like, MEKK and ZIK-like
groups, respectively, whereas the number of genes in each group is similar to Arabidopsis, rice and maize but
quite different in apple (Supplementary Table S2). Then we designated 123 MdMAPKKKs firstly in apple based
on their major categories and location on the genome according to the previous study (Supplementary Table S1).

In addition, to examine evolutionary relationships of MAMAPKKKSs intuitively, a phylogenetic tree was
constructed from alignments of full MAMAPKKKSs amino acid sequences. The phylogenetic tree has forty
MdJMAPKKK paralogous gene pairs, which include 86 members; these gene pairs represent approximately 70%
of MAPKKK genes in apple (Fig. S2). In addition, thirty MAMAPKKK gene sister pairs were discovered; these
were marked in red, indicating strong bootstrap support (>90%). MEKK contained 10 pairs; Raf constituted the
largest clade, containing 18 sister pairs; and there were only two pairs in the ZIK groups (Fig. S2). Earlier studies
have shown that ZmMAPKKK paralogous gene pairs represent 52% of the MAPKKKSs in the phylogenetic tree
of maize, suggesting that the apple MAPKKKs which have forty MAMAPKKK paralogous gene pairs may have
undergone many more duplications than maize during its evolutionary history°.

To further analyse evolutionary relationships of MAPKKKSs in Rosaceae, MAPKKKs were identified from
peach, strawberry and pear using the same methods. Results indicated high similarity amongst Rosaceae
MAPKKKSs (Fig. S3). Furthermore, MAPKKK members showed higher similarity between apple and pear than
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Figure 1. Multiple sequence alignment of Raf-like group from apple. The highlighted part shows the
conservative motif.

between peach and strawberry (Fig. S3). The divergence between pear and apple occurred at approximately 5.4-
21.5 million years ago, whilst the divergence from strawberry and peach occurred 65-55 million years ago?.

Gene structure and conserved domain analysis in MAMAPKKKSs. The structural analysis yielded
valuable information concerning duplication events through interpretation of phylogenetic relationships in the
genes. Based on multiple alignments of MAPKKK genes, we derived the typical structural features amongst
MdAMAPKKKSs. In the MAMAPKKKSs, the number of exons changed from 1 to 24 (Fig. S2 and Supplementary
Table S1). There were 8-19 exons in most apple MEKKSs, whereas 10 MEKK genes had only one exon (Fig. S2¢).
All members of the Raf and ZIK groups possessed 1-24 exons and 1-13 exons, respectively (Fig. S2a,b and
Supplementary Table S1). The data also revealed that MdRaf57 has the largest number of exons in apple MAPKKK
genes, consistent with the exon number of its orthologue in Arabidopsis. Furthermore, MdMAPKKKI9,
MdAMAPKKK25 and MdMAPKKK26 had longer introns, similar to two ZIK genes (MdZIK1/3) and six members
of the Raf (MdRaf21/29/31/37/57/71) (Fig. S2b). Therefore, most members of the same groups shared a similar
exon/intron structure and length. Based on genome-wide analysis for other plants, we discovered that most maize
MEKKs have 8-17 exons, and all members of the Raf and ZIK groups possess 2-17 and 7-9 exons, respectively'.
The greater variety of exon number in each group in apple than in maize supported their possible complexity in
evolution.

Protein multiple sequence alignments for Arabidopsis and apple revealed the conserved amino acid residues
amongst MAPKKKSs. As shown in Fig. S1, all of the MAPKKKSs contained the kinase domain. Almost all Raf
members had extended N-terminal regulatory domains and a C-terminal kinase domain, and GTXX (W/Y)
MAPE as Raf-specific signature was carried out by multiple alignment of kinase domains (Figs 1 and Sla). In
contrast, a large number of ZIK members possessed an N-terminal kinase domain, and conserved signature
motif GTPEFMAPE (L/V) (Y/F) was discovered in all members (Figs 2a and S1b). However, MEKK members
possessed less conserved protein structures, with kinase domains that lay in either N- or C-terminal or the central
part of the proteins and G (T/S) PX (F/Y/W) MAPEV forms a conserved signature of this group (Figs 2b and Slc),
which is consistent with their orthologues in other plants®!.

The pattern of amino acid residues found in many domains was evolutionarily conserved amongst MAPKKKs.
Amongst the three groups, Raf MAPKKKSs had the most members and greatest variety in primary structures and
domain composition. Based on their evolutionary relationship and conserved motifs, we divided this groups
into six subgroups (A-F), and the clades of each subgroup were numbered (Fig. S1a). The members of subgroup
Raf-B contained a PB1 domain in the Fig. Sla, except for MdRaf2 and MdRaf15. The PB1 domain is required for
formation of various complexes in different biological process®. Six subgroup-C Raf sequences had an aspartoki-
nase, chorismate mutase, and TyrA (ACT) domain, which acted an important regulator of metabolic enzymes

SCIENTIFICREPORTS|7: 13511 | DOI:10.1038/s41598-017-13627-2 3


http://S3
http://S2
http://S1
http://S2c
http://S2a, b
http://S1
http://S2b
http://S1
http://S1a
http://S1b
http://S1c
http://S1a
http://S1a

YNVSIEN......... =xv=<z_.n_“m P..

TNVSTEN .zxv=<z..nn._m P.. o

. NKPHYNLCHMAYVP . . GETLFDAIRRRGGRLE] ><uo_.nm=o~<.’mr L

NXHHYNLCMAYVS. . GETLFDAIRRRGGPLE] >=—HM=OH<. GAE:
N

G _.ws:uonn\.u_u,:;o:.mzouc.,.Wr Y
LFDAL EEAVIQLYTHOIVOGHE VLY

MAVIAPKKK20 0 oﬂmu_ﬂomw:

MIVAPKKK2!  /QKEQCFLSKLGSP.

MAVAPKKK®  -QKEQCFLSKLGS
K28 JQREQCE

KLYECRTRSQITIVTGET. .
1S nw.am.;.;

KLVRCHIES ILVTGETA. .
IKS

MdVMAPKKK2S ~ .QKEQCFLSKL: $. . GETLFDAIRRRGGPLEEANIQLYTHQIVOGHRE YLEENKL! uwu ILXTEESA. .
18 QREQKIFSVLS: NKLVYNLLHX €TIIDAIRSRGGQVDESII] RGHVKGHD YLESLGLY IKGRUTLUGEDGP . . KCTAD
MdVAPKKK36  .QRI o—axucm +NKLHYNLLH3 €TIIDAIRSRGGLVDESHIRNYTRGIV! LS /! KG!

.GDVLYNLFLYAP. .
.GAVLYNLFLEYAP.

QKEXAI
MdVAPKKK23 ~ .QKEQTI
MdVAPKKK24 ~ QKEQTI
MdMAPKKKS ENEIRILRSLSSPHUUSYL
E\Euaﬁwm.mz ;Hxxm_hmmxuﬁn _

b

MdMAPKKK26 ~ .ENEIRIXRSLSSXHVVS!

€TISDAIRRQGGCLXE.

S

=
mmm o o

R )

MAVAPKKKT? ~ ENEVKILESXNSB) EGKCTNVFH3YHA. G mmo
MAVAPKKK? ~ INEKKVLHQIGSC] .GEKFFNLVLE . SENXVEVRETP PVED
MAVAPKKK33 ~ NEKQVLDQIGSC] . GEKFYNLVL €TL ADELKRNGGRL - SDNKVEVRETRL .v«me
MAVAPKKK34 ~ VEKQVLDQIGSC] GEKFYNL . GETLADELKRNGGRLPEF DV . SDNKVEVRETPL DNEYES.......C: -PVED

€5 INKYVQDHIGTHTESVVRSF TRHILSGIRAF LIS VI \ . . G&} RAAMQNSAAPDLALA'

VAVAPKKK2 . QEIKVERTEK EDHFYIYL Els
. QETRVLRTLRHENI . .DDHFYIVLSS S INKYVQDHIGVHTESVVRNE RAAMHNNADPDLALA PUS
- QEIKILRTLKHEN DNHFCIYL PEAIDKYVQDHIGANTESVVRNE - sNVSLRS| RTANQNNADPDLPLA

. .DDRFYI P&S IDKYVHEHCGATTEAVVRNF TRHILSGAYLEY VDS YGY . VIALADFEMAK e . HVGNLSL

G(T/S)Px(W/F)MAPE(V/S)

S QAENHKDSSSDLALA
DDRFFT €S INKYVHEHCGATTEAVVRNF TRHILSGAYLES b i 6 e . HVGNLSLKES
........ DDRFFIYLY €S INKYVHERCGA T TEAVVRNF TRHILSGRAYLES i .VILADF i . HVGNLSLKES
TDKLVHGYLYLYVCHYDETKLYIFLSLUT. . KESLANLYQKYL . . LRDSQUSVETVQILSGATYLR: NIL ( . FNDVKSC!
(IR ainsn DETKLYIFUSLVT. . KESLANLYQKYL . . LRDSQVSVFTUQILSGITYL 3 NTL . KATK. . FNDVKSCI
TDKLVHRYLYX. . . . YDETKLYIFLGLYT LANLYQKYH. . LRDSQVSGFTRQILSGATYLEGR ILY .VELADE , - FNDVSCKETA
THK. . -DETKLYIFLBLYT LVKLYONYN. . LEDSQUSGYTROILSGUTYL ) . LNELKSSKETA
TQK. .DESNLYIFLELVA. . KESLQKLYQTYH. . LTDSHVSEYTROIL Gk J NIL VLA - - INDIKSCQETA
TAREEDS LNILLS 1SSLLGKFG. SFPESVIRMYTKQLLLGREYL . INGAKSH|
TAREEDS . .00 ovvvenies LNT £SISSLLGKFG. SFPESVIRNYTKOLLLGHEVLY - INGARSHKETE
TAREEDS . ..\ vvennnnns LNILUSFVP . . GESISSLLGKFG. SFP SVIRMYTKOLLLGRE: - INGAKSHKET
TVREEDT .. LNTLLFVP . . GESISSLLGKFG. SFP AVIRTYINOLLLGE . ISGAKSH
SELG, o .EDALSVYL €5 1YKLLQEYG. AFNEPV IQNYTROIVSGH -CASHLSFKESH
SELGLLSTLACPF . . QGEDALSV SSIYKLLQEYG. AFNEPVIQNYTROIVSGE .CASHLSFKESR
SETV . .DDRLYIYLBYVS. . GESIYKLLQEYG. QFGEVATRS YTOQILSGRAYL -QSCPLSFNESP
- DDKLYIYLRIYVS. . GESIYKLLQDYG. QFGELAIRSYTKQILSGHAYL . QSCPLSF! m
o || MWAPKKKS  .QEIALLSRLRHENIVOYYGSESV............. GDRLYIYLSY €S IYKLLQDYG. QFGELATRSYTKQILSGHAY . QSCPLSFKESR
] Mize2
MdZK2

GTPEFMAPE(L/V)Y

© MdZKH

~
(%)
+~
s
o
Q.
(V]
—
)
=
+~
=
-
19}
wv
~
IS
(]
()
(V]
—
)
]
©
c
s
3
=

(b) MEKK groups from apple. The highlighted part

by sresponding to a wide range of amino acid concentrations®. Approximately 15 MAPKKKs in Raf-D had an
EDRI (enhanced disease resistance 1) domain (Fig. S1a). Previous work showed that in Arabidopsis, members

of the Raf, CTRI (constitutive triple response 1) and EDR1 acted as negative regulators in ethylene signalling
and protein-protein interaction®'. MEKK was divided into four subgroups (I-1V) (Fig. S1c). MAMAPKKK4 in

the MEKK IV subgroup had a TIR domain, which may suggest a further connection to plant defence-response

ANK (ankyrin repeat) domain in their N-terminal region, which was thought to function in protein recognition
signalling?®.

and in the response to powdery mildew attack?. In addition, as shown in Fig. S1a, all members of Raf-F had an

Figure 2. Multiple sequence alignment of (a) ZIK-like,

shows the conservative motif.
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Figure 3. Positions of MAPKKK members on the apple chromosomes. The number of the chromosome is
indicated on the top of each chromosome. Scale represents that the distance is 10 Mb. In order to simplify the
presentation, we named the putative MAPKKK genes on the basis of the categories and the gene’s order on the
chromosomes from Chrl to Chr17. The segmented and homologous blocks that were duplicated are showed
with a blue shadow. Sister paralogous pairs are showed by a red line.

Therefore, MAPKKKs members have similar gene structure and highly conserved motif among eukaryotes. It
is speculated that most regions conserved amongst apple, maize, Arabidopsis and other species may be essential
components that lay the foundation for gene functions. In contrast, other parts of the sequences may be formed
in the process of gradual evolution, leading to differences in their functions.

Chromosomal location and gene duplication of MAMAPKKKSs.  Analysis of chromosomal location
showed that 123 MAMAPKKK genes were mapped on all of 17 chromosomes in the apple with different densi-
ties. More than half were located on chromosomes 8 to 15 and dispersed throughout their respective genomes
(Fig. 3). However two MAPKKKs (MdMAPKKK37/MdRaf72) were situated on unanchored contigs (chromo-
some unknown). Twenty-seven sister pair MAMAPKKXKs and 4 clusters were tightly co-located in the apple
genome, and 10 pairs were located in the segmental duplication area (Fig. 3). Gene duplications play a significant
role in genomic rearrangement and expansion and have an important effect on diversification of gene function.
It has been reported that a recent GWD event occurred in apple 60-65 million years ago, resulting in expansion
of several gene classes that played vital roles in growth and development®. These include the Ring finger gene
family?, LBD gene family*?, DREB family*! and SBP gene family?. Therefore, we believe that duplications and
transposition of chromosomal segments may have contributed to MAMAPKKKSs expansion in apple.

Synteny analysis of MAMAPKKKSs between apple and Arabidopsis. Genomic comparison is a quick
and effective way to transfer genomic knowledge from one taxon, whose genomic structure, function and evo-
lution are well understood, to a less-studied taxon®. Thus, MAPKKK genes’ probable function in apple can be
deduced by comparison with orthologous genes in well-studied model plants Arabidopsis. In this study, synteny
analysis for blocks duplicated between apple and Arabidopsis genomes showed that at least 38 pairs of MAPKKK
genes from apple and Arabidopsis lay in syntenic genomic regions (Fig. 4). To elucidate the mechanisms of gene
divergence after duplication of the MAPKKK genes in apple, the ratio of non-synonymous substitution rates (Ka)
and synonymous substitution rates (Ks) was calculated. In this study, the values of Ka/Ks for the 38 duplicated
orthologous gene pairs were all lower than 1 (Supplementary Table S3), which indicated that the MAPKKK genes
from apple had mainly experienced purifying selection pressure after the segmental duplications as the previous
study?*. These results demonstrated that functions of the duplicated gene pairs in the MAMAPKKKs did not
diverge as much from each other during subsequent evolution. This analysis provides an important foundation
for the further functional dissection of the orthologous MAPKKKs in apple.

Tissue-specific MAMAPKKKs' expression pattern measured by qRT-PCR analysis. Increasing
evidence has shown that MAPKKK genes are widely involved in growth and development during the
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Figure 4. Synteny analysis of MAPKKK genes between apple and Arabidopsis. The positions of some related
MdAMAPKKK genes and AtMAPKKK genes are depicted in the apple’s and Arabidopsis’s chromosomes. The
colored lines connect two chromosomal regions, which show the syntenic regions between the apple’s and the
Arabidopsis’s chromosomes.

lifecycle of the plant?. To gain insight into temporal and spatial transcription patterns and putative functions
of MAMAPKKKSs in apple growth and development, twelve MAMAPKKK genes (ZIK1/MdMAPKKK4/MdRaf5/
MdAMAPKKK?7/MdRaf7/MdRaf9/MdRaf31/MdRaf41/MdRaf51/MdRaf57/MdRaf59/MdRaf64) were selected
through a combined survey of categories and partial RNA-sequencing data (Supplementary Table S4) to confirm
their expression using QRT-PCR in various tissues and stages, including the roots, spring shoots, spring leaves,
autumn shoots, autumn leaves, flowers, and fruits. As shown in Fig. 5, most MAMAPKKKs exhibited a broad
and constant expression pattern with transcripts detected in different developmental tissues. MdRaf57 showed
less expression in autumn shoots and fruits than in other tissues (Fig. 5j). MdRaf59 and MdRaf64, exhibited high
expression in all the above tissues, except for flowers and roots, respectively (Fig. 5k,1). MdZIK1/MdMAPKKK7/
MdRaf41 exhibited similar higher transcript abundance in flowers but lower levels in other tissues, even though
they were from various groups, respectively (Fig. 5a,d,h). In addition, expression levels of MdRaf31/MdRaf51 in
autumn shoots, autumn leaves, and flowers were higher than those in spring shoots and spring leaves (Fig. 5g,i).
MdRaf5/MdRaf9 in the same subgroup were highly expressed in most tissues, but they displayed very low expres-
sion in roots and fruits (Fig. 5¢,f). This findings suggested that the time when shoot growth occurs during the
growing season might influence induction of certain MAMAPKKKSs and their transcripts abundance. Most
MdJMAPKKKSs in the same subgroup share a highly conserved structure and similar expression patterns, suggest-
ing the potential intimate evolution relationship and functional redundancy exist between the duplicated genes.
To extract information about the relative abundance of transcripts of Arabidopsis and O. sativa MAPKKKs, we
conducted analyses in genevestigator (https://genevestigator.com/gv/). We found 73 genes at 10 developmental
stages of Arabidopsis and 71 genes at 9 developmental stages in rice that exhibited different expression levels in
many types of organs and tissues (Figs S4-S7). Therefore, MAMAPKKKSs may function principally in organ- or
tissue-specific development in apple as other plants.

Expression profiles of MAPKKK genes under drought in different species. MAPKKKSs have been
reported to play a vital role in various stresses tolerance in various species, including Arabidopsis, cotton, rice,
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Figure 5. Tissue-specific expression profiles for the MAMAPKKK genes. The expression levels of MAMAPKKK
genes (a) ZIK1, (b) MAMAPKKK4, (c) MdRaf5, (d) MAMAPKKK?7, (e) MdRaf7, (f) MdRaf9, (g) MdRaf31, (h)
MdRaf41, (i) MdRaf51, (j) MdRaf57, (k) MdRaf59, (1) MdRaf64 were examined by qRT-PCR in roots, spring
stems, spring leaves, autumn stems, autumn leaves, flowers and fruits in apple. The 18s rRNA was performed as
an internal control. Data are mean values of three biology repeats, and error bars indicate SD.

and maize**~3%. Amongst these stressors, drought is a major environmental factor limiting productivity and dis-
tribution of plants®. Previous studies have reported that MAPKKK members DSM1 (Drought Hypersensitive
Mutant 1) and MAPKKK18 mediate drought stress tolerance®”*. However, no one MAMAPKKKs correlated to
drought stress resistance is elucidated in apple. To identify effects of MAMAPKKK genes expression on drought
responses, apple seedlings were treated with 20% PEG for 3 h. We examined expression levels of 12 MdAMAPKKKs
in roots and leaves using qRT-PCR.

Expression patterns showed very interesting results: in all four apple species, all 12 MAPKKKs were highly
regulated by PEG in leaves but only slightly induced in roots (Fig. 6). In Malus hupehesis (Pamp.) Rehd. var. pin-
yiensis, all 12 MAPKKKSs were up-regulated at least 2-fold in leaves. MdRaf5 and MdRaf31 exhibited the highest
up-regulation, reaching approximately 10-fold in 3 h (Fig. 6a). In Malus hupehesis (Pamp.) Rehd. var. taishan-
ensis, all genes were dramatically up-regulated 3- to 7-fold in leaves (Fig. 6¢). In Malus baccata (L.) Borkn, six of
MAPKKK genes (MdZIK1/MdMAPKKK4/MdRaf5/MdRaf7/MdRaf9/MdRaf51) showed up-regulated transcript
levels, whilst other genes were reduced in leaves (Fig. 6¢). In Malus sieversii (Ledeb.) Roem, all 12 MAPKKK genes
were significantly up-regulated by PEG in leaves, and there was no significant change in roots (Fig. 6g,h). These
findings indicated a feasible role for MAMAPKKKs in drought resistance in leaves and expanded our understand-
ing of corresponding molecular mechanisms regulated by MAPK cascades in modulating abiotic stress responses
in apple.
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Figure 6. The expression profiles of the identified MAMAPKKKSs in roots and leaves of four species under
drought conditions by qRT-PCR analysis. (a) Expression profiles of the identified MAMAPKKKSs in the leaves
of Malus hupehesis (Pamp.) Rehd. var. pinyiensis, (b) Expression profiles of the identified MAMAPKKXKS in the
roots of Malus hupehesis (Pamp.) Rehd. var. pinyiensis, (c) Expression profiles of the identified MAMAPKKKs
in the leaves of Malus hupehesis (Pamp.) Rehd. var. taishanensis, (d) Expression profiles of the identified
MdJMAPKKKs in the roots of Malus hupehesis (Pamp.) Rehd. var. taishanensis, (e) Expression profiles of the
identified MAMAPKKKSs in the leaves of Malus baccata (L.) Borkn, (f) Expression profiles of the identified
MdAMAPKKK:Ss in the roots of Malus baccata (L.) Borkn, (g) Expression profiles of the identified MAMAPKKKs
in the leaves of Malus sieversii (Ledeb.) Roem, (h) Expression profiles of the identified MAMAPKKXKs in the
roots of Malus sieversii (Ledeb.) Roem. Data are mean values of three biology repeats, and error bars indicate

SD. Statistical significance between the PEG Oh and PEG 3h were determined by Student's t-test: *P < 0.05; **P
< 0.01; ¥**P < 0.001.

Overexpression of MdRaf5 enhances the drought stress tolerance in transgenic
Arabidopsis. MdRaf5, a function unknown Group C Raf-like MAPKKK, was significantly induced by PEG
treatment in all four apple species, prompting us to investigate whether the Group C Raf-like MAPKKK member
participated in drought stress. MdRaf5 overexpression transgenic Arabidopsis plants were generated and three
overexpression lines (OE1, OE3 and OE7) were used for drought tolerance assays (Fig. 7a). As shown in Fig. 7b,
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Figure 7. 35S:MdRaf5 transgenic plants show improved resistance to drought-stress in Arabidopsis. (a)
Semi-quantitative PCR showed that MdRaf5 was overexpressed and three lines (OE-1, -3, -7) were chosen for
drought stress treatment. (b) Drought-resistant phenotype of overexpressing MdRaf5 in Arabidopsis. 30 d

old Arabidopsis plants was withheld from water for 20 d and re-watered for 2 d. (c) Net photosynthetic rate,

(d) Transpiration rates, (e) Stomatal conductance, (f) Water loss measured with or without drought stress
treatment, (g) Stomatal changes observed with a microscope with or without ABA treatment, (h) Relative
stomatal aperture from leaves of the WT (Col-0) and 35S::MdRaf5 transgenic Arabidopsis with or without ABA
stress. Data are mean values of three biology repeats, and error bars indicate SD. Statistical significance between
the WT and the overexpression lines were determined by Student's ¢-test: *P < 0.05; **P < 0.01.
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almost no wild type plants survived with drought treatment, which consisted of withholding water for 20 d. In
contrast, most transgenic plants recovered after re-watering, suggesting that overaccumulation of MdRaf5 unam-
biguously enhanced drought stress tolerance in transgenic Arabidopsis.

Reduction of transpirational water loss is one of the main factors that contribute to drought tolerance. We
evaluated specific effects of drought stress on photosynthetic gas exchange parameters between different geno-
types in our study. As shown in Fig. 7c-e, there were no significant differences in photosynthetic gas exchange
parameters between transgenic and WT plants under standard conditions. Drought stress resulted in a marked
decrease in all parameters in both transgenic and WT plants. The net photosynthesis rates was maintained at a
higher level in OE lines than in WT under drought stress, whereas OE lines had dramatically lower transpira-
tion rates and stomatal conductance than WT plants (Fig. 7c—e). To measure the rate of water loss, fresh weight
changes in aerial parts from WT and OE lines were recorded over 5 h. Consistent with drought stress assay
results, OE line leaves showed much slower water loss than WT leaves (Fig. 7f). In addition, we observed that the
OE lines displayed faster ABA-induced stomatal closure than that of WT to reduce transpiration rates and water
loss (Fig. 7g,h). We speculate that different transpiration rates, water loss and stomatal aperture in leaves are likely
to be one of the main reasons for divergent drought stress tolerance observed in WT and OE plants. Therefore,
MdRaf5 likely exerted a regulatory role by accelerating stomatal closure and decreasing transpiration rates when
drought stress occurred.

Discussion

Plants possess integrated signalling networks that mediate responses to environmental stressors and transmit
extracellular signals to their intracellular targets. MAPKs are an important, evolutionarily conserved signal trans-
duction cascade that connects diverse membrane receptors/sensors to a wide range of cellular responses in mam-
mals, yeasts and plants, including various stress responses, hormone responses, cell division, and PAMP-triggered
immunity>#-4,

A MAPK cascade is composed of three kinases, MAPK, MAPKK, and MAPKKK!*, The three kinases form
the basic module of a MAPK cascade, MAPKKK-MAPKK-MAPK, which is activated via phosphorylation.
MAPKKKs are serine/threonine kinases that can phosphorylate two amino acids in the S/T-X;-5-S/T motif of
MAPKKs; MAPKKs are dual-specificity kinases that activate a MAPK by double phosphorylation of the T-X-Y
motif in the activation loop?’; and MAPKs are serine/threonine kinases that can phosphorylate various cytoplas-
mic or nuclear substrates, including other kinases and transcription factors*®.

The MAPKKKSs have more members than MAPK and MAPKK, and these members can be subdivided into
MEKK, ZIK-like and Raf-like groups'®. As important components of MAPK signal transduction modules,
MAPKKKSs have a significant regulatory effect on several biological processes in plants, such as the response
to various stressors, plant cytokinesis, ethylene signalling, innate immunity and defence responses*. Amongst
these three groups, the MEKK has been relatively well characterized. The NPK1 (Nicotiana tabacum protein
kinase 1) gene in tobacco may lead to cytokinesis by interacting with its activators and proteins such as kine-
sin¥’. OMTKI1 (oxidative stress-activated MAP triple-kinase 1), a MAPKKK gene from M. sativa, has been found
to participate in oxidative stress signalling. Further ANPs in Arabidopsis are shown to be participated in the
oxidative-stress-response and act as negative regulators of the auxin-response pathway®**. YODA, a MAPKKK
in Arabidopsis is involved in stomatal development by targeting downstream MAPKKs**. In addition, the
MAPK signalling cascade (MEKK1-MKK4/5-MPK3/6-FRK1/WRKY29) plays a decisive role in innate immu-
nity of plants*!. Moreover, stress-induced MEKK1 can activate MKK2 and its subsequent targets MPK4 and
MPKG. This pathway has been functionally implicated in signalling pathway related to oxidative, salt, and cold
stresses as well as in innate plant immunity'. In rice, OsMAPKKK28 and OsMAPKKKS, which belongs to the
MEKK, are involved in drought stress, whereas OsMAPKKK®63 is involved in cold stress’. Recently, a member
of the ZIK in Arabidopsis, WNK1 (At3g04910), has been implicated in control of flowering time and circadian
rhythms®2. Raf MAPKKKSs have the most members amongst the three groups. However, only a small fraction
of Raf-like MAPKKKSs have been identified and studied at the molecular and genetic levels to characterize their
biological functions, including Arabidopsis CTR1, EDRI, SIS8 (sugar insensitive 8) and MAP3K?d4 as well as rice
ERDI and DSM1. CTR1 and EDRI act as negative regulators in ethylene signalling and respond to salicylic acid
(SA)-inducible powdery mildew attack, respectively in Arabidopsis®. SIS8 is involved in salt stress and sugar
responses, whereas MAP3Kd4 has been shown to regulate growth and shoot branching®*°%. Nevertheless, the
detailed biological functions of most MAPKKKSs, especially Raf MAPKKKSs are unclear at present.

In this study, we first identified 123 MAPKKKs that contained full ORFs in apple using genome-wide
analysis (Supplementary Table S1). The number of MAPKKKs identified in apple was approximately 1.5-fold
higher than that discovered in Arabidopsis, rice and maize, which indicated that MAPKKKSs had expanded in
apple. Chromosomal location analyses indicated that the MAMAPKKK genes mapped to all 17 chromosomes
in apple, and there were expected gene duplications amongst those chromosomes (Fig. 3). Twenty-seven sister
pair MAMAPKKKSs and 4 clusters were tightly co-located in the apple genome, and 10 pairs were located in
the segmental duplication area (Fig. 3). Gene duplication plays a significant role in the genomic rearrangement
and expansion, which is the main contributor to evolutionary momentum?. Apple have the largest MAPKKKs
amongst the species mentioned above, suggesting that there are more complex evolutionary relationships
amongst MAPKKKSs in apple, and more genes are needed for complicated transcriptional regulations in this
woody perennial plant. Thus, the whole genome as well as duplications and transposition of chromosomal seg-
ments may have contributed to apple MAMAPKKKs expansion in evolution.

Phylogenetic analysis based upon the unrooted tree of MAPKKKs from apple and Arabidopsis has allowed
us to first classify these apple genes into MEKK, ZIK-like and Raf-like groups first and then further categorize
each subgroup (Figs S1 and S2). In addition, detailed information regarding apple MAPKKK genes, including
genomic position, ORF length, numbers of amino acids, molecular weight, and isoelectric points (pIs) were also
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predicted using web resources (Supplementary Table S1). The most closely linked members in the same sub-
groups shared a similar gene structure and conserved domain in apple, which suggested that they might have
closer phylogenetic relationships and similar functions, and the further studies needed to carry out. Results of
qRT-PCR showed that MAPKKKs were maximally expressed in all tissues (Fig. 5), but some exhibited variable
expression levels in different tissues, suggesting functional divergence amongst MAPKKKs during plant growth
and development. Drought stress treatments indicated that MAMAPKKKSs played important roles in regulating
drought stress signalling pathways (Fig. 6). MdRaf5, a biological function unknown Group C Raf-like MAPKKK,
dramatically induced by drought treatment in four various species (Fig. 6). Overexpression of MdRaf5 in trans-
genic Arabidopsis dramatically enhanced drought tolerance through reducing transpiration rates and stomatal
aperture, and the current study was the first investigation of its role (Fig. 7).

To the best of our knowledge, large numbers of MAPKKKSs have been implicated in drought stress in pre-
vious studies. DSM1, a Group B Raf-like MAPKKK in rice, and GhRaf19, a Group C Raf-like MAPKKK in
cotton, positively and negatively regulate resistance to drought stress through reactive oxygen species scaveng-
ing, respectively*>?’. Libraries made from rice roots under salinity and cold stress have shown maximum tran-
script abundance of OsMAPKKK64, a member of the ZIK, which is elevated under drought stress’. In addition,
OsMAPKKK28 and OsMAPKKKS have been implicated in drought stress through unknown pathways’. The
MAPK signalling cascade AMEKK1-AtMKK2-AtMPK4/AtMPK6 may activate RD29A through expression
of DREBI protein to increase abiotic stress including drought stress in plants®. YODA-MKK4/MKK5-MPK3/
MPKG6 cascade is as a key component of intercellular interactions to control stomatal development to respond
to drought stress®*>¢. Although significant progress has been made in discerning how plants respond to water
shortage, drought stress resistance associated canonical MAPKKKSs have not been established in apple. In our
study, the Raf C-like MdRaf5 overexpression phenotype demonstrated the positive role of MdRaf5 in respond-
ing to drought stress by regulating stomatal aperture and transpiration rate (Fig. 7). Therefore, it is possible that
MdRaf5 mainly exerted its regulatory roles via downstream MAPKK and MAPK to modulate stomatal closure
and drought stress as YODA does. Further screening of proteins interacting with MdRaf5 will provide new infor-
mation regarding mechanisms for the function of MdRaf5 in abiotic stress responses. Overall, the comprehensive
analysis of MAMAPKKKSs in the present study will serve the purpose of illuminating poorly characterized MAPK
kinase cascades in apple. Additionally, our study has laid a solid foundation for further functional investigation
into the molecular mechanisms of MAPKKKSs and, ultimately, MAPK kinase cascades in response to extracellular
stimuli as well as their central roles in various biological processes in apple.

Materials and Methods

Identification of MAMAPKKKs in apple. Searches of multiple databases were performed in order to iden-
tify members of the MAPKKKs. MAPKKKs sequences for Arabidopsis and rice were used as queries to perform
repetitive blast searches against the GDR database (Genome Database for Rosaceae: http://www.rosaceae.org/).
Additionally, all protein sequences of proteins were then used as queries to perform multiple database searches
against proteome and genome files downloaded from GDR. Stand-alone versions of BLASTP (Basic Local
Alignment Search Tool: http://blast.ncbi.nlm.nih.gov) and TBLASTN available from NCBI (National Center for
Biotechnology Information) were used with an e-value cutoff of 1 x 107%%°. Furthermore, predicted sequences for
the MAPKKKSs were downloaded in the Apple GFDB database (Apple Gene Function and Gene Family Database:
http://www.applegene.org/). All protein sequences derived from the candidate MAPKKK genes were collected
and examined with the domain analysis programs Pfam (Protein family: http://pfam.sanger.ac.uk/) and SMART
(Simple Modular Architecture Research Tool: http://smart.embl-heidelberg.de/) with default cutoff parameters®.
With the help of proteomics and sequence analysis tools available on the ExPASy Proteomics Server (http://
expasy.org/), isoelectric points and molecular weights of MAMAPKKKs were obtained*®.

The Chromosomal location and structure of MAMAPKKK genes. Chromosomal locations and gene
structures retrieved from apple genome data were downloaded from the GDR database. Other genes were sam-
pled and selected using a Perl-based program. Chromosomes were drawn with MapDraw™, and MAMAPKKKs
structures were generated with GSDS (Gene Structure Display Server: http://gsds.cbi.pku.edu.cn/).

Synteny analysis of MAMAPKKKs between apple and Arabidopsis. Synteny blocks of the apple
and Arabidopsis genomes were downloaded from the Plant Genome Duplication Database (http://chibba.agtec.
uga.edu/duplication), and those containing apple MAPKKK genes were additionally measured and analysed. The
diagram was finished with Circos®.

Sequence alignment and phylogenetic analysis. MdJdMAPKKK sequences were aligned with the pro-
gram ClustalX using BLOSUM3O0 as the protein weight matrix. The MUSCLE (Multiple Sequence Comparison
by Log-Expectation) program (version 3.52) was additionally used to perform multiple sequence alignments
to confirm ClustalX data output (http://www.clustal.org/). Phylogenetic trees based on MAMAPKKK protein
sequences were constructed with the NJ method of the program MEGA5 with p-distance and complete deletion
option parameters engaged. Reliability of the derived trees was tested using bootstrapping with 1,000 replicates.
Phylogenetic tree images were drawn with MEGAS.

Plant’s growth, treatments and tissues collection. Different tissues (root, spring stem, spring leaf,
autumn stem, autumn leaf, flower and fruit) of Malus hupehensis (Malus hupehesis (Pamp.) Rehd. var. pinyiensis,
the distinguished apple rootstock widely used for grafting in China) were used to quantify tissue-specific expres-
sion patterns of MAPKKK genes in apple. Malus hupehensis trees were 12 years old and had been planted in the
Experimental Orchard of Shandong Institute of Fruit Tree Science (Tai’an, China).
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We selected four wild varieties for drought stress testing, including Malus hupehesis (Pamp.) Rehd. var. pin-
yiensis, Malus hupehesis (Pamp.) Rehd. var. taishanensis, Malus baccata (L.) Borkn, and Malus sieversii (Ledeb.)
Roem. Seeds were stratified at 4 °C for 40 d, and the seedlings were transplanted into 50% Hoagland’s nutrient
solution under greenhouse conditions under 16/8 h light/dark cycles at 26+1 °C. After 30 d, uniformly developed
seedlings at the three- or four-leaf stage were selected for stress treatments. For drought treatments, seedlings
were cultured in 50% Hoagland’s nutrient solution containing 20% PEG 6000 for 0 and 3 h. Then, roots and leaves
were collected, rapidly frozen in liquid nitrogen, and stored at —80 °C. Each treatment was repeated three times.

RNA extraction, cDNA synthesis and qRT-PCR analysis. Total RNA was extracted using Plant
RNA Purification Reagent (Invitrogen, CA, USA) as described in previous research report and was treated with
RNase-free DNase I (Invitrogen, USA)®'. First-strand cDNA was synthesized using two micrograms of total
RNA with PrimeScript First Strand cDNA Synthesis Kit (Takara, China). MAMAPKKK genes transcript levels
were measured by qRT-PCR. qRT-PCR was performed using gene-specific primers and SYBR Green master mix
(Vazyme Biotech co.,ltd) on a Bio-Rad iCycler. The fold changes in gene expression were calculated by the 2744
comparative CT method. The 18s ribosomal RNA genes were used as internal normalisation controls. Each test of
gene expression was three replicates. Supplementary Table S5 lists relevant details of the primers.

Gene cloning and genetic transformation. ORFs of MdRaf5 were amplified from Malus hupehe-
sis (Pamp.) Rehd. var. pinyiensis cDNA using primer 5-GAATCCATGGCTATCGACGAGGACGTGG and
3’-GTCGACTCAGTGATTGCCCCATCTAAGT, and cloned into the binary vector pBI121 under control of the
original CaM V35S promoter. All plasmid linkages were confirmed by sequencing. The pBI121-MdRaf5 plasmid
was transformed into Arabidopsis ecotype Col-0 using Agrobacterium tumefaciens GV3101. All transgenic plants
were screened for kanamycin and hygromycin resistance and verified by PCR. T, generation plants were used for
the drought stress resistance test. Arabidopsis seeds were surface-sterilized with 20% bleach for 10 minutes and
rinsed four times in sterile deionized water. The sterilized seeds were grown vertically in 0.3% Phytagel medium
containing 50% Murashige and Skoog nutrients (PhytoTech) and 1% sucrose (pH=5.7) and kept at 4 °C for 3 d.
For drought stress analysis, Arabidopsis plants were grown in a growth room at 22 °C under a 16/8 h light/dark
cycle.

Drought-Stress Treatments for the transgenic Arabidopsis. The T, generation of transgenic
Arabidopsis was subjected to the drought stress resistance test in soil. All seeds were imbibed at 4 °C for 3 d and
tiled in 50% Murashige and Skoog solid medium. Five days after germination, seedlings were directly planted in
soil. Drought treatment was imposed for 20 d beginning 30 d after plants emerged. Plants were re-watered on day
51 (1 d after the 20 d drought treatment) and assessed for survival 2 d later.

Measurement of net photosynthesis rates, stomatal conductance, transpiration rates, water
Loss and stomatal aperture. Thirty-day-old plants from the WT and OE lines were held with or with-
out water for 10 d before the plant withered and died, and net photosynthetic rate, stomatal conductance and
transpiration rate were subsequently measured using a portable photosynthetic system (CIRAS-3, PP Systems,
Hitchin, UK) in the morning between 9:00-11:00. Photosynthesis was measured indoors. CO, concentration was
controlled at 380 ppm. Light intensity was controlled at 1000 pmolm~2s~! PPFD, and relative humidity ranged
from 60-70%. The temperature inside the leaf chamber was 25 °C. In another experiment, aboveground parts
of the 30-d-old plants which were grown under normal conditions were collected and weighed before and after
drying. For measurement of water loss, 30-d-old plants’ rosettes were cut off from the base and weighed at the
scheduled time.

Mature leaves from 3-week-old plants were exposed to light for 3 h after incubation in stomatal opening
solution (1 M MES, 1 M KCl, 100 mM CaCl,, H,0, pH 6.2) in the dark for 30 min. Then, the opening solution
was supplemented with ABA or not (final concentration 5 mM) and the stomatal aperture was observed at 2 h
after ABA treatment. Abaxial epidermal peels were peeled by the tweezers and then the epidermis was placed
on a slide. Stomatal aperture was analyzed under a confocal laser scanning microscope (LSM710; Carl Zeiss
AG, Oberkochen, Germany). Ten photos were taken for each epidermal peel, and used for measuring stomatal
aperture with the micrometer. The stomatal aperture was calculated by the mean ratio of width to length of 20
stomatal apertures. This experiment was repeated three times.
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