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Abstract

Walnut is a temperate deciduous tree and late-spring frost often causes serious damage to its growth and development. MAPK- MAPKK are
widespread in eukaryotes and play an important role in the stress response by regulating the expression of stress-related genes in response to
environmental changes. In this study, we screened for the MAPK-MAPKK gene family in the walnut genome database. We found 16 MAPKs, 8
MAPKKs members. Subsequently, we analyzed the structure of each member and performed a phylogenetic analysis. The two families of
MAPK-MAPKK were divided into four subgroups, and similar gene structures and conserved motifs were observed in each subgroup. Analysis
of the promoter sequences of each member showed that they contained abundant hormone and stress response elements. Transcriptome
sequencing showed that the expression of each family member was specific in different tissues and induced by chilling stress. Further, the
transcription level of each family member under chilling stress showed a significant correlation in the correlation analysis, and JIMAPK?2,
JrMAPK3, JrIMAPK10, and JrMAPK15 were directly related to COR1, COR4, and COR7 by qRT-PCR. Gene structure, genome evolution, and
expression analysis uncovered a relationship between the MAPK-MAPKK cascade in walnut, and that JIMAPKZ2, JrMAPK3, JrIMAPK10, and
JrMAPK15 genes might be pivotal for the walnut chilling response pathway. In this study, we systematically describe the MAPK, MAPKK
families in walnut for the first time, and understanding the cascade network of MAPK, MAPKK in plants will help lay a foundation for elucidating
their function in the walnut chilling stress response.

1. Introduction

Protein kinases, also known as protein phosphorylases, are a class of enzymes that catalyze protein phosphorylation by transferring the
phosphate group on ATP to the amino acid residues of the substrate protein[1]. The mitogen-activated protein kinase (MAPK) cascade is a
typical signal transduction pathway that responds to external stimuli, cascades signaling molecules, and amplifies biological signals. In plants,
this pathway is critical for the plant signal transduction network, gene expression regulation, cytoplasmic function, biological and abiotic stress
responses, hormone responses, cell differentiation, and developmental processes[2-3]. The basic composition of the MAPK signaling cascade
includes MAPK kinase (MAPKK), and MAPK, and this tertiary kinase pattern is conserved from yeast to humans. The MAPKKK activates
MAPKK, which, in turn, activates MAPK. The activation of MAPK, in turn, transmits upstream signals to downstream response molecules, which
jointly regulate cell growth, differentiation, stress adaptation to the environment, and other important physiological or pathological processes|4,
5].

MAPK is a group of serine-threonine protein kinases that can be activated by different extracellular stimuli. MAPK is one of the most important
protein kinases in signal transduction and is crucial in plant growth and environmental stress response[6]. The regulation of MAPK activity is
reversible[7]. MAPK phosphatase can be inactivated by the dephosphorylation of MAPK. MAPK can also enter the nucleus to activate
transcription factors and regulate gene expression[5]. MAPK was first found in Alfalfa (Medicago sativa Linn). So far, more than 50 kinds of
MAPK genes have been isolated from plants, including Arabidopsis[8], poplar[9], and rice[10]. According to the amino acid sequence
comparison of the conserved TXY gene sequence in MAPK, it can be divided into two subtypes, TEY and TDY, in which the former includes three
groups A, B, and C, and the latter includes group D[11]. There is no unique and specific docking domain of MAPK in each group of plants, and
the consensus of docking domain is group specific[12]. MAPK plays a key role in plant response, growth, and development. For instance,
AtMAPK3 is crucial for oxidative stress in Arabidopsis thaliana[13], and PsMAPK4 is involved in mechanical injury[14].

MAPKK is the pathway intermediate of the other two kinases. When plants are stimulated by external stress factors, they can form various
signaling pathways with the other two kinases. It connects various MAPK cascade reaction pathways in plants to form a network of aggregation
points[4]. Compared to the plant MAPK, MAPKK is a dual kinase that can directly act on T and Y of the T-X-Y motif of MAPK (T is Thr, Y is Tyr).
According to the amino acid sequence analysis of tomato[15], poplar[9], rice[11], and Arabidopsis[8], the MAPKK family can be divided into four
groups: A, B, C, and D.

In plant cells, the MAPK signaling is involved in almost all kinds of stress responses and development processes, forming complex
networks[17-20] to cope with various abiotic stresses (trauma, cold, high salt, ultraviolet (UV) radiation, ozone, reactive oxygen species,
drought, high and low osmotic pressure, heavy metals) and pathogens[21-24]. Different elicitors can evoke a common MAPK response, and
multiple functional pathways usually share the same MAPK cascade[25].

Holley et al.[26] studied the induction of three MAPK analogs and LeMAPK1-3in the suspension cells of Lycopersicon peruvianum under the
action of the peptide signal molecule systemin, oligosaccharides, and UVB. LeMAPK1/2 can be independently induced by the above three
elicitors, while LeMAPK3 can only be induced by UVB. Asa et al.[27] found that flg22-MEKK1-MKK4/5-MPK3/6-WRKY22/29 could promote
disease resistance gene expression using the Arabidopsis protoplast transient expression system. Mao et al.[28] found two MAPK cascades
involved in the disease resistance response of Arabidopsis thaliana. Infection with AvrPto/AvrPtoB or overexpression of LeMAPKKKa and
LeMKK?Z2 in tomatoes can activate LeMAPK1, LeMAPKZ2, and LeMAPK3, and in vivo and in vitro kinase tests show an upstream and downstream
relationship among them[29]. Stulemeijer et al.[30] found that the abundance of the pathogenic bacteria Xanthomonas campestris in LeMKK2
and LeMPK2-silenced tomato plants were significantly higher than that in the control. These results indicate that LeMAPKKKa-LeMKK2-
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LeMPK1/LeMPK2/LeMPK3 pathway is involved in disease resistance in tomatoes. Gang[31] showed that the overexpression of the

WMKK2/ VWMKK4/ VvMPK6 gene in Arabidopsis improved the plant’s ability to resist salt and drought stress. Yang et al.[32] reported that the
binding of Ca2*/CaM with CRLK1 upregulates CRLKT activity, thereby activating the downstream AtMEKK1 pathway to regulate chilling stress
response. CRLKT-MEKK1-MKK2-MPK4/ MPK®6 signaling pathway exists in A. thaliana to transmit chilling and salt stress signals and regulate
gene expression. Ichimura et al.[33] identified the first complete MAPK signaling pathway AtMEKK1-AtMKK1-AtMPK4 in A. thaliana by the yeast
two-hybrid test, and this pathway can transmit drought and mechanical damage signals. Hadiarto et al.[34] showed that AIMEKK1 was quickly
induced after injury treatment in A. thaliana and interacted with the downstream MKK1 and MKK2. These results indicate that the MEKK1-
MKK1/2-MPK4 signaling pathway exists in A. thaliana and is involved in drought and mechanical injury response. Luo et al.[35] showed that the
homologous gene GhMPK6 of AtMPK6 was also involved in abscisic acid-induced CAT1 activation and H,0, production in cotton. In A. thaliana,
the YODA-MKK4/5 (MKK7/9)-MPK3/MPK6 cascade pathway negatively regulates stomatal development[36]. Other studies have also shown
that MKK7/9, the upstream kinase of MPK3/6, participates in stomatal development[37].

Walnut (Juglans regiaL.), a thermophilic tree belonging to the genus Walnut of the Walnut family, is an important wood, ecological, economic,
and bioenergy tree [38]. Chillng stress affects the normal growth and development of walnut. As discussed earlier, the MAPK and MAPKK family
are extensively involved in plants’ response to abiotic stress [8, 13, 25], especially in regulating plant cold tolerance [32-33]. However, reports on
the relationship between the MAPK-MAPKK family members and walnut cold tolerance are scarce. Hence, in this study, we aimed to obtain the
MAPK and MAPKK family members in the walnut genome through bioinformatics. Subsequently, we analyzed the physical and chemical
properties, gene structure, conserved motif, evolutionary relationship, and promoter region binding sites of the family members. We also
analyzed the transcriptional expression of the family members in different tissues and under chilling stress, and the gene analysis of the MAPK-
MAPKK members in response to cold stress will lay a foundation for understanding this regulatory network and improve walnut stress
resistance through efficient breeding and molecular genetic strategies.

2. Materials and Methods

2.1. RNA-sequencing and quantitative reverse transcription PCR (qQRT-PCR) of
walnut tissues

We collected the leaves of 'Qingxiang' and 'Liaoning No.8' grafted on the same rootstock potted seedlings treated with chilling stress 0.5 °C for
0,4, 8,12,24,36,and 48 h. The leaves collected from the 0 and 48 h treatment groups were subjected to RNA-sequencing. The total RNA was
extracted and reverse transcribed. The gene-specific primers used for qRT-PCR were designed using NCBI (Table 1). The sequencing data were
stored in the National Genome Science Data Center (https://bigd.big.ac.cn/?lang=zh) with the project ID PRJCA006073.

The tissues of the roots, bud, and young stems, young leaves, and male flowers, female flowers, and mature leaves of 'Qingxiang' walnut were
collected from the herbarium of the Hebei Agricultural University. After subjecting the tissues to chilling stress 0.5 °C for 0, 4, 8, 12, 24, 36, and
48 h, they were sent to the Beijing Nuohe Zhiyuan Science and Technology Co., Ltd. (Beijing, China) for RNA sequencing. The kit used for RNA
extraction was from Tiangen, China (product number: DP441), and the kits for reverse transcription and real-time PCR were from Takara Bio,
Japan (product numbers: RR047A and RR403A, respectively).

The gRT-PCR experiments were performed on an FX96 Touch™ Real-Time PCR Detection System (Bio-Rad) using a TB Green® Fast gPCR Mix

(Takara Bio). JrActin was used as the reference gene to calculate the relative fold differences based on the comparative cycle threshold (2724CY).
The PCR solution (20 pL) contained 10 pL of SYBR-Green PCR Master Mix, 0.2 uM of each primer, 100 ng of cDNA template, and nuclease-free
water. The PCR conditions were as follows: 95°C for 5 min; 94°C for 10 s, 60°C for 30 s, and 72°C for 30 s (35 cycles); followed by a final
extension at 72°C for 3 min.
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Table 1
The primers of gRT-PCR.

Primer Name
JrMAPK2
JrMAPK3
JrMAPK10
JrMAPK15
JrCOR1
JrCOR4
JrCOR5
JrCOR7
JrCOR9

Forward Primer
ACAATCATTCGTTAGGGCTT
TTCGACTTTGAGCAAAAACC
ACAGTTACAGGGTACAACAG
CTGTGGAAGAGGTAGAGAGA
TGTACAAACTGACTCTGTGG
GGTCCAAAACTAATCAAGCG
AGCTGGTAACATTTCTCCTG
GGATATCGGACTTCCATCAC
ATCCTAACCTAAGCGAATGG

Reverse Primer
TTGTACTTGGCTGTAACCTC
GCAGACACACCAAAGTAATG
CCAAGATGTTGCCGAATATG
GCTATTTTCTTCATGGCGAC
TTAACACATCCATGCAGACA
CAGACCTTATCAGCTCACTC
ACGTTGTCCACAAAAAGAAC
TAGATGATCTCTGGCCTGTT
CACGTGTCAGTTATATCGGT

Gene ID
Table 2 -1
Table 2 -1
Table 2 -1
Table 2 -1
108984723
109010700
108998923
108995330
108984239

2.2. Statistical Analysis

The data were analyzed using the SPSS 17.0 software.

3. Results

3.1. Identification and analysis of the MAPK and MAPKK families in Juglans regia

genome

The MAPK and MAPKK families subfamily were identified using the protein sequence information from Arabidopsis, and a hidden Markov
model was constructed and the protein data were searched in the Pfam database. We obtained 16 MAPKs, 8 MAPKKs, which were numbered

according to their annotation information in walnut (Tables 2 - 1, 2-2).

The shortest and longest lengths among the MAPKs were 3132 bp and 20057 bp, respectively. The ORF lengths of these genes ranged between
993-1872 bp, and their protein lengths ranged between 330-623 amino acids. Further, the molecular weight (MW) of the proteins ranged
between 37.52 kDa (JrMAPK1) and 70.76 kDa (JrMAPKS5), and the isoelectric point (pl) ranged between pH 5.04 (JrMAPK16) and 9.19

(JrMAPK12), with 50% of proteins being weakly acidic (pl < 7) and 50% partially basic.
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Table 2
- 1. Information of MAPKs in Juglans regia.

Gene Transcript ID Locus ID Gene length  Protein length  ORF Pl
Name (bp) (AA) length
(bp)

JrMAPKT XM_018952042.1 LOC108980971 3957 330 993 8.56
JrMAPK2 XM_018956622.1 LOC108984609 5546 400 1203 5.44
JrMAPK3 XM_018963328.1 LOC108989647 5189 375 1128 5.59
JrMAPK4 XM_018965593.1 LOC108991370 3380 372 1119 6.67
JrMAPK5 XM_018968431.1 LOC108993499 8395 623 1872 9.17
JrMAPK6 XM_018968507.1 LOC108993546 3170 368 1107 8.51
JrMAPK7 XM_018970449.1 LOC108994997 7786 556 1671 8.57
JrMAPKS8 XM_018980337.1 LOC109002546 8489 603 1812 6.47
JrMAPK9 XM_018982649.1 LOC109004185 4534 379 1140 6.50
JrMAPK10 XM_018983827.1 LOC109005059 5826 390 1173 5.33
JrMAPK11  XM_018984996.1 LOC109005905 7113 562 1689 8.65
JMAPK12  XM_018993027.1 LOC109011723 6008 603 1812 9.19
JMAPK13  XM_018995980.1 LOC109013779 20057 520 1563 7.27
JrMAPK14  XM_019002985.1 LOC109020511 3132 368 1107 7.66
JrMAPK15 XM_019004886.1 LOC109022081 4479 374 1125 5.38
JMAPK16 ~ XM_019005092.1 LOC109022242 3897 371 1116 5.04

Among the MAPKKSs, the shortest and longest lengths were 1074 bp and 11789 bp, respectively. The ORF lengths of these genes ranged from
948 to 1569 bp, the protein lengths from 315 to 522 amino acids, and their MW from 35.5 (JrMAPKT1) to 58.02 kDa (JrMAPKS). Further, their pl

ranged from 5.32 (JrMAPK16) to 9.26 (JrMAPK12), with 50% of proteins being weakly acidic (pl < 7) and 50% partially basic.

Table 2
2. Information of MAPKKSs in Juglans regia.

Gene Transcript ID Locus ID Gene length  Proteinlength  ORF length Pl
Name (bp) (AA) (bp)

JrMAPKKT  XM_018954584.1 LOC108983062 1676 352 1059 9.26
JrMAPKK2 ~ XM_018968108.1 LOC108993253 1176 315 948 7.63
JrMAPKK3 ~ XM_018980752.1  LOC109002837 9865 354 1065 5.84
JrMAPKK4 ~ XM_018986827.1 LOC109007236 6286 522 1569 5.32
JrMAPKK5  XM_018989318.1 LOC109008993 11789 354 1065 5.74
JrMAPKK6 ~ XM_018997755.1  LOC109015276 1074 328 987 7.25
JrMAPKK7 ~ XM_019000840.1 LOC109018692 6880 354 1065 5.90
JrMAPKK8  XM_019001287.1  LOC109019062 1314 378 1137 8.51

The SignalP 3.0 Server and TMHMM method (a membrane protein topology prediction method based on a hidden Markov model) was used to
analyze protein signal peptide prediction and transmembrane structure (Tables 3 - 1, 3 - 2). Among the screened proteins, while JIMAPK1 and
JrMAPKKK11 had a signal peptide. ExPasy was used to predict the physicochemical properties of a protein, such as the gene instability index
and hydrophobicity. The instability coefficient of members of the signaling cascade with only JIMAPK14, JIMAPK®6, JIMAPK12, JrMAPKS,
JrMAPK?7, JIMAPK11, and JrMAPK4 being stable. All screened proteins were hydrophilic, and the average hydrophobicity of the proteins ranged
from approximately for 0.101 (JrMAPKK5). The ngLOC and Nuc-PLoc online software prediction results showed that these proteins were
located in the nucleus, chloroplast, cytoplasm, mitochondria, and PLA.
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We also analyzed the differences in the post-translational modifications of the MAPK-MAPKK members, which might be helpful in the
subsequent study of protein function. Using the Net NGlyc 1.0 and NetPhos 3.1 Server, we found that the member proteins contained multiple
phosphorylations, N-glycosylation, and O-glycosylation sites. However, there were differences in the number of serine, threonine, and tyrosine
phosphorylation sites among the proteins.

- 1. Information on the physical and ch:ntilii; properties of MAPKs in Juglans regia.
Protein Molecular Transmembrane  Signal Instability Hydropathicity = Subcellular  Number of Number of
weight(KDa)  structure Phosphorylation  Glycosylation

Name peptide index localization  sites sites

Ser Thr Tyr N- O-

Gly Gly
JrMAPK1 37.52 No NO 40.66 -0.435 Nucleus. 16 9 8 1 18
JrMAPK?2 45.62 No NO 40.8 -0.348 Nucleus. 14 8 9 2 4
JrMAPK3 43.49 No NO 41.23 -0.266 Nucleus. 7 10 5 2 6
JrMAPK4 42.57 No NO 39.83 -0.197 Nucleus. 14 8 7 0 6
JrMAPKS 70.76 No YES 35.33 -0.458 Nucleus. 29 20 9 3 20
JrMAPK6 42.16 No NO 33.38 -0.171 Nucleus. 7 12 6 0 2
JrMAPK?7 63.23 No NO 36.57 -0.478 Nucleus. 26 11 13 2 24
JrMAPKS 68.77 No NO 46.53 -0.531 Nucleus. 34 17 11 0 45
JrMAPK9 43.11 No NO 43.77 -0.308 Nucleus. 17 12 7 1 11
JrMAPK10  44.59 No NO 44.04 -0.265 Nucleus. 9 7 5 3 5
JrMAPK11  64.08 No NO 37.68 -0.483 Nucleus. 27 11 12 1 23
JrMAPK12  68.39 No NO 33.51 -0.410 Nucleus. 24 16 9 2 26
JrMAPK13  59.00 No NO 40.02 -0.541 Nucleus. 32 13 10 1 33
JrMAPK14  42.28 No NO 32.51 -0.284 Nucleus. 11 11 4 0 5
JIMAPK15  43.16 No NO 47.72 -0.278 Nucleus. 7 8 5 2 4
JIMAPK16  42.74 No NO 46.83 -0.323 Nucleus. 17 9 7 2 5
Table 3
- 2. Information on the physical and chemical properties of MAPKKSs in Juglans regia.
Protein Molecular Transmembrane Signal Instability Hydropathicity Subcellular  Number of Number of
weight(KDa)  structure index Phosphorylation  Glycosylation

Name peptide localization  sites sites

Ser Thr Tyr N- O-

Gly Gly

JrMAPKK1  39.30 No NO 63.71 -0.438 Nucleus. 22 8 2 1 15
JrMAPKK2  35.50 No NO 49.37 -0.271 Nucleus. 16 11 3 0 9
JrMAPKK3  40.02 No NO 47.58 -0.128 Nucleus. 22 8 3 0 14
JIMAPKK4  58.02 No NO 44.61 -0.180 Nucleus. 32 14 9 1 29
JIMAPKKS  39.32 No NO 41.44 -0.101 Nucleus. 21 10 2 1 9
JrIMAPKK6  37.05 No NO 57.30 -0.283 Nucleus. 9 12 2 0 7
JIMAPKK?7  39.82 No NO 46.24 -0.169 Nucleus. 24 7 3 0 13
JIMAPKK8  42.33 No NO 52.83 -0.243 Nucleus. 20 14 4 2 25

3.2. Phylogenetic tree construction

The amino acid sequences of MAPK and MAPKK family members of A. thaliana and walnut were downloaded from the TAIR and NCBI websites,
respectively. Based on the amino acid sequences of the member proteins, the phylogenetic tree was constructed by the neighbor-joining
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method using MEGA7.0 software. As shown in Fig. 1, the evolutionary relationship among the members of the MAPK and MAPKK families were
analyzed. Based on the classification of A. thaliana, the MAPK-MAPKK pathway in Juglans regia was divided into four subgroups—A, B, C, and D.
In the MAPK family, subgroups C and D had the highest number of members (six), while subgroup A had the least (three). In the MAPKK family,
subgroup D had the highest number of members (four) while subgroup B had the lowest (one).

3.3. Multiple sequence alignment, gene structure, and conserved motif analysis

Next, we performed the sequence alignment and motif analysis of the MAPK and MAPKK families in Juglans regia. We observed that in the
MAPK family (Fig. 2), the P-loop, C-loop, CD-domain, and activation-loop were highly conserved. Similarly, the S/TxxxxxS/T and the
G(T/S)Px(W/Y/F)MAPEV motifs were highly conserved in the MAPKK family and the MEKKK subfamily, respectively. These findings were
consistent with previous findings from other species, such as cucumber [38].

The conserved motif distribution of the sequence and structure of these proteins was analyzed using the MEME software (Fig. 3). A common
conserved motif distribution was found among the MAPK and MAPKK families and MEPKKK subfamily in Juglans regia. However, the Ham
subfamily lacked the corresponding conserved motif compared with the other members of the subfamily.

The results showed that some members did not contain introns but had similar gene structures in the same subgroup.

3.4. Analysis of promoter elements

The online analysis software PlantCare was used to predict the distribution of stress tolerance and hormone-related elements in the promoter
region of the MAPK and MAPKK families in Juglans regia. As shown in Table 4, the promoter region of the member genes was rich in hormone
signaling and stress response regulatory elements. Further, several members contained light response elements, which might be due to the
abiotic stress response.
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Table 4
Part of stress-related and hormone in the promoter region of MAPK, MAPKK famlies in Juglans regia.

Gene Abscisicacid SA MeJ Auxin Gibberellin Light Low- Drought-
name responsive responsive responsive responsive responsive temperature

element element element element element responsive  responsive Inducibility

element element element

JrMAPK2 v
JrMAPK3
JrMAPK4
JrMAPKS5 v
JrMAPK6 v v v

JrMAPK7 v

L L L L L

JrMAPKS8 v

JrMAPK9

JrMAPK10 v
JIMAPK11 v v
JrMAPK12

JIMAPK13 v

JrMAPK14 v v

L L L L L

JrMAPK15 v
JrMAPK16 v
JrMAPKK1 v v

JrMAPKKZ2 v

JrMAPKK3

JrMAPKK4

JrMAPKKS v

JrMAPKK6 v

JrMAPKK7

JrMAPKK8

3.5. Analysis of expression patterns and response patterns of the MAPK-MAPKK genes in different tissues and organs

The expression of 16 JIMAPK, 8 JIMAPKK genes in seven tissues was analyzed using the transcription data of ‘Qingxiang.’ The expression of
different genes in the same tissue was different, and the expression of the same gene in different tissues was also significantly different

(Fig. 5A). We observed the highest expression of JIMAPK9 in female flowers, JIMAPK3 in roots, JIMAPK? in old leaves, JrIMAPK11 in tender
stems, JIMAPKKG6 in young leaves, JIMAPKKT in male flowers, and JrMAPKK9 in buds. Notably, JIMAPK9 had a high expression level in female
flowers; JIMAPK3, JrIMAPK15, JIMAPKK7, and JrMAPKKS8 in roots; and JrMAPK7 in old leaves. Further, JIMAPKK1 had high expression in male
flowers but low expression in other tissues.

Further, we analyzed the expression patterns of the members of the MAPK and MAPKK families by RNA sequencing. The RPKM values were
converted into Log2P values, and the expression heat map of the MAPK and MAPKK families were drawn (Fig. 5B). The sequencing result
demonstrated that the expression of some JIMAPK, JIMAPKK genes responded to chilling stress. For instance, chilling stress of 4 h
significantly decreased the expression of JIMAPK10, JrMAPK12, and JrMAPK174. Under chilling stress of 8 h, JIMAPKK12 expression
significantly increased, while JIMAPKK9 expression significantly decreased. The expression of JIMAPK2 and JrMAPKK15 significantly
increased, and that of JIMAPKZ significantly decreased under a 12 h chilling stress. Under 24 h chilling stress, the expression of JIMAPKT and
JrMAPKK1 significantly increased, while JrMAPK16 expression decreased. Under chilling stress of 36 h, JIMAPK9 expression was significantly
downregulated. Finally, a 48 h chilling stress significantly increased the expression of JIMAPKS, JIMAPK3, JrMAPKK7, JrMAPKKS, and
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JrMAPKK®6 and significantly decreased JrMAPKK5 and JrMAPKKT 1 expression (Figure B). Further, as shown in Fig. 4B, the expression of
JrMAPK3 was the highest in roots. Thus, JIMAPK, JIMAPKK may be crucial in chilling stress responses.

3.6 Correlation. of expression profile of MAPK-MAPKK gene families in Juglans
regia under chilling stress

The expression profiles of JIMAPK, JIMAPKK were analyzed by the SPSS software under chilling stress. Correlation analysis of the MAPK-
MAPKK expression profile (Table 5) showed that JIMAPKT negatively correlated with JIMAPKKZ,JrMAPKZ expression negatively correlated
with JIMAPKK1, JIMAPKKS, and JrMAPKKZ2 Further, the expression of JrMAPK3 positively correlated with that of JIMAPKK1, JIMAPKK2, and
JrMAPKKS8 and negatively correlated with JIMAPKK4. JrMAPK4 expression negatively correlated with JrMAPKK3 expression and positively
correlated with JIMAPKK4 and JrMAPKKS. JrMAPK5 negatively correlated with JIMAPKK1, JIMAPKKZ, and JrMAPKK4 expression and
positively correlated with JIMAPKK3 expression. The above correlations were all statistically significant.

Table 5
of expression profile of MAPK-MAPKK gene families in chilling stress.

JrMapkk1  JrMapkk2 JrMapkk3 JrMapkk4 JrMapkk5 JrMapkk7  JrMapkk8
JrMapk1 ~ -0.374 0.624" 0.053 0.026 0.028 -0.178 -0.485
JMapk2 0 748%  -0.666" 0.123 0.267 0.082 -.038 .0.824™
JrMapk3 g 794** 0.777™ 0.097 0.614" -0.236 0.361 0.881™
JrMapk4 ~ 0.051 0.163 -0.813" 0.738™ 0.838™ 0577 0.033
JrMapk5 619 -0.599" 0657 -0.254 0.612" 0.172 -0.573
JrMapké ~ -0.152 0.331 -0.788"™ 0.829™ 0.816™ 0.718" -0.137
JrMapk7 -0.099 0.536 -0.289 0.290 0.437 -0.564 0.043
JrMapk8 g 779*  -0.414 -0.417 0.849" 0.461 -0.632" -0.745™
JrMapk9 ~ -0.188 0.347 0.607" 0.713™ 0.525 -0.798" -0.047
JrMapk10 791" 0691 -0.212 -0.214 0.199 0.120 0,822
JrMapk11  -0.496 -0.559 -0.226 0.492 0.376 -0.471 0.576"
JrMapk12 ~ -0.484 -0.428 0678 -0.464 -0.567 0.119 -0.318
JrMapk13  -0.356 -0.357 0.787" -0.581" 0.763™ 0.379 -0.245
JrMapk14  0.013 -0.109 0.242 -0.224 -0.133 -0.087 0.047
JrMapk15 -0.186 -0.223 0.003 -0.090 0.020 -0.260 -0.241
JrMapk16  -0.514 0.676" 0.231 -0.034 0.000 0.182 0.697"

3.7 Correlation of the relative expression of four MAPK genes with five cold-related (COR) genes in Juglans regia under chilling stress by qRT-
PCR

Next, we analyzed the correlation of the relative expression of the four MAPK genes with the five COR genes of the two Juglans regia varieties
under different chilling stress treatment times by qRT-PCR. The expression of JIMAPKZ2, JIMAPK3, JrMAPK15, JrCOR1, JrCOR4, and JrCOR9
were the highest in the ‘Liaoning No. 8' variety treated with chilling stress for 12 h (Fig. 6). The expression of JIMAPK2, JIMAPK3, JIMAPK15,
JrCOR1, and JrCOR4 initially decreased and then increased under chilling stress. JIMAPK3, JrCOR4, JrCORS5, and JrCOR7 expression was the
highest in the ‘Qingxiang’ variety treated with chilling stress for 48 h (Fig. 7).

The MAPK and COR genes in ‘Liaoning No. 8 were more active than those in ‘Qingxiang, which might indirectly explain why ‘Liaoning No. 8’ is
more resistant to cold stress than ‘Qingxiang.’ In ‘Liaoning No. 8, As shown in Table 7 and Table 8, JIMAPKZ expression significantly positively
correlated with JrCORT expression and J-MAPK3 and JrMAPK15 expression significantly positively correlated with JrCOR4, JrCOR5, JrCOR?,
and JrCOR9 expression. In ‘Qingxiang, the JIMAPK?2 expression significantly positively correlated with JrCOR7, JrCOR4, and JrCOR7
expression. JIMAPK3 expression significantly positively correlated with JrCOR4 and JrCOR1 expression. Further, JIMAPK10 expression
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significantly positively correlated with that of JrCOR9, and JrMAPK15 expression significantly positively correlated with JrCOR4, JrCOR7, and
JrCOR1 expression. Hence, these findings indicate that these four MAPK genes are involved in chilling stress responses.

Table 7
Correlation of the relative expression of four MAPK and five COR gene in ‘Qingxiang’ under different chilling stress time.

JIMAPK2  JrMAPK3  JrMAPK10  JrMAPK15  JrCOR1  JrCOR4  JrCOR5  JrCOR7  JrCOR9

JrMAPKZ2 1 -0.168 -0.285 -.191 0.886** -0.193 -0.168 -0.192 -0.189
JrMAPK3 ~ -0.168 1 -0.378 0.989** -0.314 0.989**  0.993**  0.980** 0.986**
JrMAPK10  -0.285 -0.378 1 -0.265 -0.130 -0.326 -0.294 -0.332 -0.255
JrMAPK15  -0.191 0.989** -0.265 1 -0.339 0.988**  0.995**  0.974**  (0.992**
JrCOR1 0.886%** -0.314 -0.130 -0.339 1 -0.286 -0.284 -0.254  -0.285
JrCOR4 -0.193 0.989** -0.326 0.988** -0.286 1 0.996**  0.997**  0.996**
JrCOR5 -0.168 0.993** -0.294 0.995%* -0.284 0.996** 1 0.989**  0.998**
JrCOR7 -0.192 0.980** -0.332 0.974% -0.254 0.997**  0.989** 1 0.9971**
JrCOR9 -0.189 0.986** -0.255 0.992** -0.285 0.996**  0.998**  0.991** 1
Table 8

Correlation of the relative expression of four MAPK and five COR gene in ‘Liaoning 8’ under different chilling stress time.
JIMAPK2  JrMAPK3  JrMAPK10  JrMAPK15 JrCOR1  JrCOR4 JrCOR5 JrCOR7  JrCOR9

JrMAPK2 1 0.886** -0.254 0.910** 0.992**  0.951* -0.120 0.778* -0.319
JrMAPK3 0.886** 1 -0.043 0.822* 0.874* 0.896**  -0.017 0.689 -0.038
JrMAPK10  -0.254 -0.043 1 -0.459 -0.269 -0.044 0.100 -0.253 0.903**
JrMAPK15  0.910%* 0.822* -0.459 1 0.868* 0.893**  0.078 0.910** -0.464
JrCOR1 0.992** 0.874* -0.269 0.868* 1 0.912* -0.170 0.706 -0.338
JrCOR4 0.951** 0.896** -0.044 0.893** 0.912** 1 0.024 0.863* -0.125
JrCOR5 -0.120 -0.017 .100 0.078 -0.170 0.024 1 0.357 0.146
JrCOR7 0.778* 0.689 -0.253 0.910** 0.706 0.863* 0.357 1 -0.341
JrCOR9 -0.319 -0.038 0.903** -0.464 -0.338 -0.125 0.146 -0.341 1

4. Discussion

The MAPK pathway is one of the most important pathways in the plant signaling network and is associated with plant growth, development, and
stress response. In recent years, research on the MAPK signal transduction pathway in plants has mainly focused on tobacco, Arabidopsis, and
other model plants and field crops. There are 21 MAPKs reported in Arabidopsis[8], 17 in rice[10], and 21 in poplar[9]. The group A MAPK is
involved in various biotic and abiotic stress and hormone responses. For instance, AtSIPK can be induced by injury, salt, osmotic pressure, and
pathogen-derived elicitors[11]. Studies on the group B MAPK pathway are scarce, but few studies have shown its involvement in environmental
stress response and cell division. For example, AtMPK4 of A. thaliana can participate in biotic and abiotic stress responses. Information on
groups C and D is limited, with only AtMPK7 expression known to control a 24 h circadian rhythm[5].

MAPKK is intermediate between MAPKKK and MAPK. MAPKK is not only the concentration point of the upstream signal but also the bifurcation
point of the downstream signal and thus plays a crucial regulatory function. Compared to MAPK and MAPK, the number of MAPKK genes
identified in plants is relatively small, such as 10 in Arabidopsis, 11 in rice, and 11 in poplar[38—41].

Research on MAPK genes in fruit trees is limited. To date, the published reports on MAPK in fruit trees mainly focus on apple[44], pear[42],
jujube[43], and grape[31]. Fruit trees are not evolutionary close to tobacco, Arabidopsis, and other model plants, and there are differences even
in their abiotic stress response. Therefore, studying the MAPK signaling pathway in fruit trees is necessary.

Genetic evidence suggests that cold stress activates MPK3 and MPK6 genes, which, in turn, activate the upstream of ICE1 to regulate the CBF-
dependent cold signaling pathway [45]. OsMAPK3 slows down the degradation of OsbHLH002/ OsICET mediated by OsHOST during low-
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temperature stress and enhances chilling tolerance in rice[46]. MYB15, an R2R3 type MYB transcription factor, directly binds to the MYB-binding
site in the CBF promoters, inhibiting the cold-induced expression of CBF[47].

In this study, we selected four JrIMAPKs according to their expression level in the transcriptome, which belonged to the homologous genes of
AtMAPK3/6. Through gRT-PCR, we found that for different exposure periods of chilling stress, JIMAPK expression positively correlated with
several CORs to various degrees. Our results were similar to rice[46] but opposite to those in Arabidopsis[47]. It may be because walnut is a
highly heterozygous genomic tree species and its response to cold stress is more complicated than that of Arabidopsis. However, the specific
mechanism of action needs to be further elucidated.

5. Conclusion

Members of 16 MAPKs and 8 MAPKKs in walnut(Juglans regia) were identified, and JIMAPK2, JrIMAPK3, JrIMAPK10, and JrMAPK15 may play
an important role in walnut response to chilling stress. We believe that the expression characteristics of the MAPK-MAPKK gene families under
chilling stress will provide a useful reference for the research of the MAPK family in fruit trees.

Abbreviations
gRT-PCR  Quantitative real-time PCR
MAPK Mitogen activated protein kinase
MAPKK Mitogen activated protein kinase kinase
MKP Mitogen activated protein kinase phosphatase
ZIK ZR1-interacting kinase
ORF The open reading frame
MW Molecular weights
PI Isoelectric point
NJ Neighbor-joining
DEGs Differentially expressed genes
FPKM The fragments per kilobase of transcript per million mapped reads
SA Salicylic acid
Med Methyl jasmonate
CBF C-repeat binding transcription factor
COR Cold-relate
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The phylogenetic tree of the MAPK, MAPKK famlies in Juglans regia and Arabidopsis thaliana. A: The phylogenetic tree of the MAPK gene
family in Juglans regia and Arabidopsis thaliana; B: The phylogenetic tree of the MAPKK gene family in Juglans regia and Arabidopsis thaliana;
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Figure 2

Sequence alignment and motif analysis of MAPK, MAPKK famlies and MEPKKK subfamily in Juglans regia. The key region is marked by a red
line. A: Sequence alignment and motif analysis of MAPK family in Juglans regia, P-loop, C-loop, CD-domain and activation-loop are marked by
red line; B: Sequence alignment and motif analysis of MAPK family in Juglans regia, S/TxxxxxS/T motif are marked by red line; C: Sequence

motif are marked by red line.
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Figure 3

Phylogenetic analysis and conserved motifs of (A)MAPK, (B)MAPKK family in walnut (Juglans regia). A-1, B-1 : Each motif is indicated with a
specific color.
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Phylogenetic analysis and gene structure of (A)MAPK, (B)MAPKK family in walnut (Juglans regia).
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Figure 5

A:The expression of JIMAPK,JrMAPKK and JrMAPKKK in different tissues. B: The expression of JIMAPK, JrMAPKK in chilling stress .

Note: CH: female flower; G: root; LY: matrue leaves; NJ: young stem; NY: young leaves; XH: male flower; Y: bud.
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Figure 6

The relative expression of four MAPK and five COR gene in ‘Liaoning 8’ under different chillingstress time.
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Figure 7

The relative expression of four MAPK and five COR gene in ‘Qingxiang’ under different chilling stress time.
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