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Abstract 
 

A cool temperature is preferred for lettuce cultivation, while high temperatures can cause premature bolting. To investigate the 

function of the lettuce LsMAPK4 gene in bolting at high temperature, multiple bioinformatics tools were employed and real-

time fluorescence quantitative PCR was applied to analyze expression patterns. The full-length LsMAPK4 gene sequence was 

cloned from the lettuce strain GB-30. Sequence analysis showed that the full-length sequence was 1641 bp and the open 

reading frame was 1134 bp; the latter encoded 379 amino acids and had conserved mitogen-activated protein kinase domains. 

qRT-PCR analysis revealed that the expression of LsMAPK4 in stems was significantly higher than in root and leaf. The 

expression of this gene in stem under high temperature treatment was significantly higher than that of control group. 

LsMAPK4 may be intimately associated with high-temperature bolting in lettuce crop. © 2019 Friends Science Publishers 
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Introduction 
 

Lettuce (Lactuca sativa L.) originates from the 

Mediterranean coast (Han et al., 2013) and its leaves are 

consumed as food. Lettuce has a crispy texture and is rich in 

nutrients, including protein (Santamaria, 2006), fiber, iron, 

folic acid, and vitamin C (Kim et al., 2016). Therefore, 

it is popular with consumers. Lettuce grows best under 

cool temperature conditions in the range of 7-24°C. 

Growing crop above this range decreases quality and 

yield, which results in economically important 

physiological disorders such as tipburn, rib 

discoloration, premature bolting, and ribbiness (Jenni et 

al., 2013). A solution to this problem is urgently needed 

to improve annual production of lettuce. Currently, the 

relevant mechanisms of high-temperature lettuce bolting are 

unclear. Therefore, examining these molecular mechanisms 

is important to formulate scientific and reasonable measures 

to prevent high-temperature bolting. 
Similar to ubiquitination, methylation, and acetylation, 

protein phosphorylation is a protein post-translational 
modification process that is widespread in biological 
organisms (Yao and Xu, 2017). This process acts as a 
molecular switch during regulation of enzyme activity and 
cellular signaling and is a crucial aspect of prokaryotic and 
eukaryotic metabolism (Bentem and Hirt, 2007). Protein 
phosphorylation is achieved by the transfer of phosphate 

moieties of ATP to specific sites on proteins, such as 
threonine, serine, and tyrosine residues, by protein 
kinases. In prokaryotes, histidine, glutamate, and 
aspartic acid residues have also been found to be 
phosphorylated (Engholm-Keller and Larsen, 2013). 
Plant protein kinases participate in the regulation of 
many processes, such as metabolism (Polge and 
Thomas, 2007; Kempa et al., 2007), cell cycle (Inze and 
Veylder, 2006), cytokinesis (Sasabe and Machida, 2006), 
stomatal closure and development (Mori et al., 2006; Wang 
et al., 2007), and stress and hormonal responses (Harper and 
Harmon, 2005; Nakagami et al., 2005; Belkhadir and 
Chory, 2006; Kempa et al., 2007; Takahashi et al., 2007; 
Wrzaczek et al., 2007). 

Members of the mitogen-activated protein kinase 

(MAPK) family are integral protein kinases in cellular 

signaling, as they participate in many signal transduction 

pathways by phosphorylating transcription factors to 

regulate the expression of multiple genes. MAPK signal 

transduction pathways play important roles in mediating 

growth factors, hormonal responses, cellular proliferation 

and differentiation, extracellular environmental stress, and 

the regulation of intracellular stress responses (Meskiene et 

al., 2003). MAPK cascades include three integral protein 

kinases MAPKKK, MAPKK, and MAPK, which respond to 

external stimuli through phosphorylation and signal 

amplification to activate specific genes in the cell nucleus. 
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The physiological responses mediated by MAPK cascade 

pathways consist of two major types. The first type 

comprises signals in response to growth factors and 

hormones, which lead to cellular proliferation and 

differentiation. The second type comprises extracellular 

environmental stress signals that induce intracellular 

stress responses. Arabidopsis MAPK3, 4, and 6 are 

currently the most studied plant MAPKs. The results of 

previous studies have demonstrated that AtMAPK3/6 not 

only participates in disease resistance and stress 

resistance in plants, but also play crucial roles in pollen 

and ovule development (Wang et al., 2008; Meng et al., 

2013; Guan et al., 2014). In addition, AtMAPK3/6 also 

participates in the regulation of responses to ethylene, 

abscisic acid, and other plant hormones (Gudesblat et al., 

2007; Yoo and Sheen, 2008). Arabidopsis MAPK4 

participates in the cellular division of male gametophytes 

and many resistance and stress responses (Brodersen et al., 

2006; Kosetsu et al., 2010; Zeng et al., 2011). 

Previously differential proteomics study in lettuce 

during high-temperature bolting revealed significant 

differences in the levels of MAPK4 protein (unpublished 

data). However, the effector mechanisms of the MAPK4 

gene in lettuce and its relationship with lettuce bolting are 

still unclear. Therefore, we cloned the LsMAPK4 gene and 

carried out bioinformatics analysis, while real-time 

quantitative PCR was used to analyze the relative 

expression status of LsMAPK4 gene under different 

temperatures and time points, in order to provide a basis for 

further studies on the LsMAPK4 effector mechanisms 

involved in lettuce bolting. 
 

Materials and Methods 
 

Plant Material and Growth Conditions 
 

The easy bolting leaf lettuce variety GB-30 was stored in 

our laboratory, sown in a sand/soil/peat (1:1:1 v/v) mixture, 

and grown in an experimental station in Beijing under 

standard greenhouse conditions (14 h light; 20 ± 2°C during 

the day; 13 ± 2°C at night; 10 h dark; and 50–70% relative 

humidity). The seedlings were transplanted into 10 cm pots 

at the trefoil stage. Lettuce plants at sixth true leaf stage 

were moved to a growth chamber under temperatures of 

20/13°C (day/night), a 14/10 h photoperiod, and 60% 

relative humidity for two days of acclimatization. After 

domestication and culture, 15 plants were selected for their 

roots, stems, and leaves, frozen in liquid nitrogen, and 

stored at -80°C. Next, the remaining plants were divided 

into two groups: the control group was kept under the 

standard greenhouse conditions, as described above; the 

other group was moved to another growth chamber and 

treated with high temperatures of 33 and 25°C during the 

day and night, respectively. Immediately, and then the 3
rd

, 

6
th
, 12

th
, 24

th
, and 48

th
 h and the 8

th
, 16

th
, 24

th
 and 32

nd
 days 

of treatment, the stems were taken as experimental materials 

and were stored at -80°C. In a preliminary experiment, the 

lettuce strain GB30 began to bolt on the 8
th
 day of high 

temperature treatment. Therefore, sampling was performed 

at time points before and after bolting. At each time point, 

three stems were harvested and immediately frozen in liquid 

nitrogen. Three biological replicates were performed for 

each treatment. All samples were stored at 80°C prior to the 

extraction of RNA. 
 

Methods 
 

Total RNA extraction and cDNA first strand synthesis: 

A Spin Column Plant Total RNA Purification Kit (Songon 

Biotech, Shanghai, China) was used to extract the total 

RNA of lettuce, and then a TransScript First-Strand cDNA 

Synthesis SuperMix (TransGen Biotech, Beijing, China) 

was used to reverse transcribe the RNA to cDNA. All 

cDNA strands obtained were stored at –20°C for use as a 

template for cloning the LsMAPK4 gene and further used 

for qRT-PCR. 
 

Cloning of LsMAPK4 Gene 
 

Primer Premier 5 software was used to design the primers 

needed for cloning the full-length LsMAPK4 gene and 

Coding sequence (CDS), according to the sequence 

information obtained in the pre-transcriptome sequencing in 

the laboratory. The primer sequences are shown in Table 1. 

Primers were prepared by Sangon Biotech (Shanghai) Co., 

Ltd. cDNA from lettuce stems was used as a template for 

cloning the full-length LsMAPK4 gene. The reaction 

conditions used were as follows: pre-denaturation at 98°C 

for 5 min; 35 cycles of denaturation at 98°C for 10 s, 

annealing at 56°C for 15 s, and extension at 72°C for 2 

min; followed by a final extension of 72°C for 8 min. 

The PCR products were stored at 4°C. cDNA from 

lettuce stems was used as a template for cloning CDS 

according to the LsMAPK4 gene. The reaction 

conditions used were as follows: pre-denaturation at 

98°C for 5 min; 35 cycles of denaturation at 98°C for 10 

s, annealing at 51°C for 15 s, and extension at 72°C for 1 

min; followed by a final extension of 72°C for 8 min. The 

PCR products were stored at 4°C. 

Agarose gel electrophoresis was carried out on the 

PCR products, and an EasyPure Quick Gel Extraction Kit 

(TransGen Biotech, Beijing, China) was used to recover the 

target band, which was then ligated to the pTOPO-Blunt 

vector (Aidlab Biotechnologies Co., Ltd, Beijing, China). 

The ligated vector was then transformed into Escherichia 

coli DH5α competent cells (Bao Biological Engineering 

Co., Ltd, Dalian, China), and the bacterial culture was 

sequenced by Sangon Biotech (Shanghai) Co., Ltd. 
 

Sequences and Phylogenetic Analyses 
 

ProtParam (Walker, 2005) 

(http://web.expasy.org/protparam) was used for online 

analysis of protein parameters. The conserved domains of 
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LsMAPK4 were obtained using the Conserved Domain 

Search Service. NCBI Protein BLAST 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used for the 

online search of homologous sequences of the LsMAPK4 

amino acid sequence. DNAMAN 7.0 software was used for 

the sequence alignment of MAPK4 amino acid sequences 

from lettuce, sunflower, parsley, papaya, and chili. The 

neighbor-joining algorithm of the MEGA 6.0 program 

(Tamura et al., 2003) was used to construct a phylogenetic 

tree with Poisson correction and pair-wise deletion 

parameters, and all other parameters were set to default. A 

total of 1000 bootstrap replicates were performed. The 

subcellular localization of the deduced polypeptides was 

predicted by Cell-PLoc 2.0 

(http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/) (Chou 

and Shen, 2008, 2010a, b). 

 

Quantitative Real-time PCR 

 

The fluorescence dye method was employed for real-time 

fluorescent quantitative expression analysis. According to 

the sequence information of gene LsMAPK4, fluorescent 

quantitative PCR primers were designed as follows: 

qLsMAPK4-F: 5′-TTCTTACACATGGCGGTCGTTA-

CG-3′ and qLsMAPK4-R: 5′-

CAACAGGTCTGATCGGAGGAACATAC-3′. The leaf 

lettuce 18S rRNA gene (GenBank accession number 

HM047292.1) was used as an internal reference gene. 

The reaction system (10 μL) contained 2 × SYBR 

qPCR Mix (5 μL), cDNA template (1 μL), 10 μM forward 

primer (0.5 μL), 10 μM reverse primer (0.5 μL), and ddH2O 

(3 μL). The reaction procedure was as follows: 3 min of pre-

denaturation at 95°C, 10 s at 94°C, 30 s at 55°C, 20 s at 

72°C, 40 cycles, and 5 min of extension at 72°C (Weng, 

2017). The 2-
ΔΔCT

 relative quantitation method was used to 

calculate the relative expression of the LsMAPK4 gene 

(Livak and Schmittgen, 2001). Each experiment was 

repeated at least three times. 

 

Statistical Analysis 

 

Microsoft Office Excel 2016 was used for data processing, 

SPSS 20.0 software was used for the analysis of variance 

and determination of significance of the data. OriginPro 9.0 

software was used to plot the graphs. 

Results 

 

Cloning of the LsMAPK4 Gene in Leaf Lettuce 
 

The complete sequence of the MAPK gene was cloned from 

lettuce leaves by RT-PCR. The gene had the highest 

homology with Helianthus annuus mitogen-activated 

protein kinase (MAPK4, XP_021969289). Concordance at 

the nucleotide and amino acid levels was 88% and 95%, 

respectively. The gene was named LsMAPK4 and cDNA 

was 1641 bp in length (Fig. 1A). The coding region was 

1134 bp in length (Fig. 1B) and encoded a protein of 378 

amino acids (Fig. 2). 
 

Sequence Analysis of LsMAPK4 
 

The deduced molecular weight of LsMAPK4 was 43.46 

kDa and the theoretical isoelectric point (pI) was 6.32. The 

leucine and arginine content was 10.1% and 7.4%, 

respectively, there were 49 (Asp + Glu) negative residues 

and 44 (Arg + Lys) positive residues, which were unstable 

(with an instability index of 42.96). LsMAPK4 is a labile 

protein with a mean hydrophilicity of -0.388, predicted to be 

a hydrophilic protein. The estimated half-life is more than 

20 h in yeast, in vivo and more than 10 h in Escherichia coli, 

in vivo. Moreover, the protein did not contain a signal 

peptide or transmembrane domain, and was not a secreted 

protein. The results also indicated that LsMAPK4 mainly 

localized in cytoplasm Golgi apparatus. 
 

Analysis of Conserved Domains in Lettuce LsMAPK4 

and Multiple Sequence Alignment 
 

LsMAPK4 was found to contain a plant TEY subtype 

MAPK domain (Fig. 3). The kinase activity sites of this 

protein include an ATP-binding site and a substrate binding 

site. In addition, the protein also contains a kinase 

interaction motif (KIM) docking site and an activating loop 

(A loop), also known as a regulatory T-loop. 

LsMAPK4 has a high degree of similarity to the 

MAPK4 proteins of other species (Fig. 4). The C terminal is 

more highly conserved than the N terminal, as the latter 

contains multiple variable sequences. LsMAPK4 contains 

11 conserved protein kinase domains, which are located 

at the VII and VIIII domains in the catalytic core, including 

a “TEY” threonine and tyrosine phosphorylation site. 

Table 1: Primer sequences 

 

Name of primer Sequence of primer (5′-3′) purpose 

LsMAPK4Q-F TTTTGAGGAGGGTAAACTCTCGCTT  full-length  

LsMAPK4Q-R CGAACACAAAAAGCACTATACAAAA  full-length 
LsMAPK4-F ATGTCTGTGGTGGAGTCAAGCTC CDS 

LsMAPK4-R GTGATTT GGATGGTCAG GATTG  CDS 

qLsMAPK4-F TTCTTACACATGGCGGTCGTTACG  qRT-PCR  
qLsMAPK4-R CAACAGGTCTGATCGGAGGAACATAC  qRT-PCR 

Ls18S-F GTGAGTGAAGAAGGGCAATG  qRT-PCR  

Ls18S-R CACTTTCAACCCGATTCACC  qRT-PCR  

 

https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
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This site is required for MAPK kinase activity and is a 

classical characteristic of MAPKs. It is concluded that 

the cDNA sequence cloned in this study is the full-

length cDNA sequence of the lettuce MAPK gene 

(LsMAPK4). 

The secondary structure of the LsMAPK4 protein was 

predicted by SOPMA, within the NPS server, and found to 

be composed of alpha helices, random curls, extended 

chains, and beta corners, with contents of 43.12, 35.45, 

15.61 and 5.82% respectively (Fig. 5). The three-

dimensional structure of LsMAPK4 was predicted by 

applying SWISS-MODEL software (Fig. 6). 

Phylogenetic Analysis of LsMAPK4 Protein in Leaf 

Lettuce 
 

The LsMAPK4 amino acid sequence obtained was aligned 

with MAPK4 sequences. LsMAPK4 was found to have a 

high degree of homology with the MAPK4 protein from 9 

types of plants, including Helianthus annuus, Petroselinum 

crispum, Carica papaya, and Capsicum chinense. Lettuce 

and Helianthus annuus are both crops from the family 

Asteraceae, with a closer degree of homology, followed by 

Capsicum chinense and Arabidopsis (Fig. 7). 

 

Analysis of LsMAPK4 Gene Expression 

 

The relative expression of the LsMAPK4 gene in the roots 

and leaves are similar. In the stem, the expression was 

significantly higher than in the roots and leaves, suggesting 

that the gene may function in the stem (Fig. 8). 

 
 

Fig. 1: The amplification of LsMAPK4 gene in lettuce 

 

 
 

Fig. 2: Nucleotide and amino acid sequence of LsMAPK4 

 
 

Fig. 3: Conserved domain of the LsMAPK4 protein 

 

 
 
Fig. 4: Alignment and analysis of the amino acid sequence of 

LsMAPK4 
Roman numerals I to XI represent eleven conserved catalytic domains. 
TEY" represents the 

threonine and tyrosine phosphorylation site 
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The expression of the LsMAPK4 gene in lettuce leaves 

changed significantly under high temperature, and its 

expression was up-regulated in the high temperature 

group during the early stage of treatment (48 h). 

However, from the 8th day of treatment, the expression 

of LsMAPK4 gene was down-regulated under high 

temperature conditions (Fig. 9). 
 

Discussion 
 

Since the 1990s, more MAPK family members have been 

found in plants than in animals and yeasts (Mizoguchi et al., 

1997). MAPK is the most downstream member of the 

MAPK signal cascade and has many substrates for 

phosphorylation, including protein kinases, transcription 

factors, and cytoskeletal binding proteins, (Rodriguez et al., 

2010). MAPK phosphorylates substrates to regulate the 

expression of specific genes, which ultimately initiates the 

corresponding physiological responses in organisms (Tena 

et al., 2001; Zhang et al., 2006). Plant MAPK signaling 

pathways play a crucial role in plant growth and 

development and various responses to stress and hormones 

(Zhang and Klessig, 2001; Nakagami et al., 2005; Yoo and 

Sheen, 2008; Pitzschke et al., 2009; Meng and Zhang, 

2013). One study showed that in alfalfa plants, MMK3 is 

associated with cell division and is localized to 

phragmoplast (Bogre et al., 1997). A study revealed that 

AtMAPK4 in Arabidopsis is associated with cell 

division and is necessary for formation of the cell plate 

(Kosetsu et al., 2010). In addition, the MAPK3/6 protein 

of Arabidopsis has been shown to regulate pollen 

development by phosphorylating WRKY transcription 

factors (Guan et al., 2014). 

In this study, a newly identified gene in lettuce, 

containing a mitogen-activated protein kinases domain was 

cloned and named LsMAPK4. Phylogenetic tree analysis 

suggested that LsMAPK4 clustered with the Helianthus 

annuus MAPK4 protein, which is highly conserved in many 

plant species and its subcellular localization was predicted 

to be in the Golgi bodies. From the results of expression 

analysis of LsMAPK4 in various organs, we hypothesize 

that this gene may elicit its effects in lettuce stem. 

Quantitative PCR revealed that temperature also affects the 

expression of LsMAPK4 while causing bolting in lettuce 

(Fig. 9). LsMAPK4 expression in the group that was 

exposed to high temperature for 48 h was higher than that in 

the control environment. However, from the 8
th
 day after 

treatment, the expression level in the high-temperature 

treatment group was lower than that in the control group. 

The results of our previous study indicated that after 8 days 

of high-temperature treatment, lettuce flower buds start to 

differentiate, and bolting begins. Thus, we hypothesize that 

the LsMAPK4 gene may elicit its function during high-

temperature bolting in lettuce. In addition, this occurs 

through increased expression levels of LsMAPK4 in the first 

8 days of high-temperature treatment, which leads to the 

phosphorylation of other substrates and results in the 

regulation of cell division and hormonal levels to promote 

lettuce bolting. On the 8th day of high-temperature 

treatment, when lettuce starts to bolt, the expression level of 

the LsMAPK4 gene starts to become relatively stable, 

having achieved its function. Studies have shown that the 

expression of MAPK in oat aleurone cells (Huttly and 

Phillips, 1995) and peas (Marcote and Carbonell, 2000) is 

regulated by gibberellin (GA). Later, a study found that 

gibberellins play an important role in the bolting of lettuce 

(Fukuda et al., 2012). However, the mechanism behind 

gibberellin regulating high temperature bolting in lettuce has 

not been fully revealed. A study in 2016 showed that 

MAPK11 might be related to the gibberellin signaling 

pathway in cotton (Wang et al., 2016). We have reason to 

speculate that MAPK may affect lettuce bolting by 

regulating the gibberellin signaling pathway. 

 
 

Fig. 5: The model of the secondary structure of the LsMAPK4 

protein  
(h: α-Helix; e: Extended strand; t: β corner; c: Random coil) 

 

 
 

Fig. 6: The tertiary structure prediction of LsMAPK4 

 

 
 

Fig. 7: Phylogenetic analysis of LsMAPK4 



 

Cloning and Expression of MAPK4 in Lettuce / Intl. J. Agric. Biol., Vol. 21, No. 1, 2019 

 59 

Previous studies have shown that MAPK4 participates 

in cellular division in male gametophytes and plant hormone 

signaling pathways (Brodersen et al., 2006; Kosetsu et al., 

2010; Zeng et al., 2011). In this study, we analyzed the 

protein structure of LsMAPK4 and its mode of gene 

expression under high-temperature treatment to provide a 

foundation to examine the biological functions of this gene 

during high-temperature bolting in lettuce and the molecular 

mechanisms behind high-temperature bolting. 

 

Conclusion 

 

In this study, the full-length LsMAPK4 gene sequence was 

cloned from lettuce strain GB-30. This gene encoded 379 

amino acids, which harbored the conserved domains of 

mitogen-activated protein kinases. qRT-PCR analysis 

showed that the expression of LsMAPK4 in stems was 

significantly higher than in the roots and leaves. Under high 

temperature treatment, the expression of this gene was 

significantly higher than that of the control group. These 

results suggest that LsMAPK4 might be a bolting-related 

gene in lettuce. 
 

Acknowledgments 

 

This work was financially supported by the Fund of the 

National Natural Science Foundation of China (31372057), 

the 2017 Beijing Natural Science Foundation- the joint 

funding project of the Municipal Education 

Commission, the 2018 Joint Funding Project of Beijing 

Natural Science Foundation-the Municipal Education 

Commission (KZ201810020027), 2017 Research Fund 

for Academic Degree & Graduate Education of Beijing 

University of Agriculture, and the Innovation Team 

Construction of Leafy Vegetables of Beijing (blvt-02). 

 

References 
 

Belkhadir, Y. and J. Chory, 2006. Brassinosteroid signaling: a paradigm for 

steroid hormone signaling from the cell surface, Science, 5804: 

1410‒1411 
Bentem, S.D.L.F.V. and H. Hirt, 2007. Using phosphoproteomics to reveal 

signalling dynamics in plants. Trends Plant Sci., 9: 404‒411 

Bogre, L., W. Ligterink, I. Meskiene, P.J. Barker and E. Heberle-Bors, 
1997. Wounding Induces the Rapid and Transient Activation of a 

Specific MAP Kinase Pathway. Plant Cell, 1: 75‒83 

Brodersen, P., M. Petersen, H.B. Nielsen, S. Zhu, M.A. Newman, K.M. 
Shokat, S. Rietz, J. Parker and J. Mundy, 2006. Arabidopsis MAP 

kinase 4 regulates salicylic acid- and jasmonic acid /ethylene-

dependent responses via EDS1 and PAD4. Plant J., 4: 532‒546 
Chou, K.C. and H.B. Shen, 2010a. Plant-mPLoc: a top-down strategy to 

augment the power for predicting plant protein subcellular 

localization. PloS One, 6: e11335 
Chou, K.C. and H.B. Shen, 2010b. Large-scale plant protein subcellular 

location prediction, J. Cell. Biochem., 3: 665‒678 

Chou, K.C. and H.B. Shen, 2008. Cell-PLoc: a package of Web servers for 
predicting subcellular localization of proteins in various organisms, 

Nat. Protoc., 2: 153‒162 

Engholm-Keller, K. and M.R. Larsen, 2013. Technologies and challenges in 
large-scale phosphoproteomics. Proteomics, 6: 910‒931 

Fukuda, M., S. Matsuo, K. Kikuchi, W. Mitsuhashi, T. Toyomasu and I. 

Honda, 2012. Gibberellin metabolism during stem elongation 
stimulated by high temperature in lettuce. In: XXVII International 

Horticultural Congress on Science and Horticulture for people 

(IHC2010): International Symposium on plant 932, pp: 259–264, 
22 August, 2010 

Guan, Y., X. Meng, R. Khanna, E. LaMontagne, Y. Liu and S. Zhang, 

2014. Phosphorylation of a WＲKY transcription factor by MAPKs 

is required for pollen development and function in Arabidopsis. 

PLoS Genet., 15: e1004384 
Gudesblat, G.E., N.D. Iusem and P.C. Morris, 2007. Guard cell-specific 

inhibition of Arabidopsis MPK3 expression causes abnormal 

stomatal responses to abscisic acid and hydrogen peroxide. New 
Phytol., 4: 713‒721 

Han, Y.Y., S.X. Fan, Q. Zhang and Y.N. Wang, 2013. Effect of heat stress 

on the MDA, proline and soluble sugar content in leaf lettuce 
seedlings. Agric. Sci., 5: 112‒115 

Harper, J.F. and A. Harmon, 2005. Plants, symbiosis and parasites: a 

calcium signalling connection. Nat. Rev. Mol. Cell Biol., 7: 555 
Huttly, A.K. and A.L. Phillips, 1995. Gibberellin-regulated expression in 

oat aleurone cells of two kinases that show homology to MAP kinase 

and a ribosomal protein kinase, Plant Mol. Biol., 5: 1043‒1052 
Inze, D. and L.D. Veylder, 2006. Cell cycle regulation in plant 

development. Annu. Rev. Genet., 1: 77‒105 

Jenni, S., M.J. Truco and R.W. Michelmore, 2013. Quantitative trait loci 
associated with tipburn, heat stress-induced physiological disorders, 

and maturity traits in crisphead lettuce. Theor. Appl. Genet., 12: 

3065‒3079 
 

 
 
Fig. 8: Relative expression of LsMAPK4 gene in different organs 
Identical superscript letters indicate that the difference is not significant, 

whereas different superscript letters imply a significant difference. P﹤0.05 

 

 
 
Fig. 9: Relative expression analysis of LsMAPK4 under 20/13°C 

(Control) and 33/25°C (High temperature) of lettuce 

* P ﹤0.05 

http://xueshu.baidu.com/s?wd=author:(Barker%20PJ)%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight=person
http://xueshu.baidu.com/s?wd=author:(Heberle-Bors%20E)%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight=person


 

Wang et al. / Intl. J. Agric. Biol., Vol. 21, No. 1, 2019 

 60 

Kempa, S., W. Rozhon, J. Samaj, A. Erban, F. Baluska, T. Becker, J. 

Haselmayer, E. Schleiff, J. Kopka, H. Hirt and C. Jonak, 2007. A 
plastid-localized glycogen synthase kinase 3 modulates stress 

tolerance and carbohydrate metabolism. Plant J., 49: 1076‒1090 

Kim, M.J., Y. Moon, J.C. Tou, B. Mou and N.L. Waterland, 2016. 
Nutritional value, bioactive compounds and health benefits of lettuce 

(Lactuca sativa L.). J. Food Compos. Anal., 49: 19‒34 

Kosetsu, K., S. Matsunaga, H. Nakagami, J. Colcombet, M. Sasabe, T. 
Soyano, Y. Takahashi, H. Hirt and Y. Machida, 2010. The MAP 

kinase MPK4 is required for cytokinesis in Arabidopsis thaliana. 

Plant Cell, 11: 3778‒3790 
Livak, K.J. and T.D. Schmittgen, 2001. Analysis of relative gene expression 

data using real-time quantitative PCR and the 2−ΔΔCT method. 

Methods, 4: 402‒408 
Marcote, M.J. and J. Carbonell, 2000. Transient expression of a pea MAP 

kinase gene induced by gibberellic acid and 6-benzyladenine in 

unpollinated pea ovaries. Plant Mol. Biol., 2: 177‒186 
Meng, X. and S. Zhang, 2013. MAPK cascades in plant disease resistance 

signaling. Annu. Rev. Phytopathol., 1: 245‒266 

Meng, X., J. Xu, Y. He, K.Y. Yang, B. Mordorski, Y. Liu and S. Zhang, 

2013. Phosphorylation of an ERF transcription factor by Arabidopsis 

MPK3 /MPK6 regulates plant defense gene induction and fungal 

resistance. Plant Cell, 3: 1126‒1142 
Meskiene, I., E. Baudouin, A. Schweighofer, A. Liwosz, C. Jonak, P.L. 

Rodriguez, H. Jelinek and H. Hirt, 2003. Stress-induced protein 

phosphatase 2C is a negative regulator of a mitogen-activated protein 
kinase. J. Biol. Chem., 21: 18945‒18952 

Mizoguchi, T., K. Ichimura and K. Shinozaki, 1997. Environmental stress 
response in plants: the role of mitogen-activated protein kinases. 

Trends Biotechnol., 1: 15‒19 

Mori, I.C.,Y. Murata, Y. Yang, S. Munemasa, Y.F. Wang, S. Andreoli, H. 
Tiriac. J.M. Alonso, J.F. Harper, J.R. Ecker, J.M. Kwak and J.I. 

Schroeder, 2006. CDPKs CPK6 and CPK3 function in ABA 

regulation of guard cell S-type anion- and Ca2+-permeable channels 
and stomatal closure. PLoS Biol., 10: e327 

Nakagami, H., A. Pitzschke and H. Hirt, 2005. Emerging MAP kinase 

pathways in plant stress signalling. Trends Plant Sci., 7: 339‒346 
Pitzschke, A., A. Schikora and H. Hirt, 2009. MAPK cascade signalling 

networks in plant defence. Curr. Opin. Plant Biol., 4: 421‒426 

Polge, C. and M. Thomas, 2007. SNF1/AMPK/SnRK1 kinases, global 
regulators at the heart of energy control. Trends Plant Sci., 1: 20‒28 

Rodriguez, M.C.S., M. Petersen and J. Mundy, 2010. Mitogen-activated 

protein kinase signaling in plants. Annu. Rev. Plant Biol., 1: 
621‒649 

Santamaria, P., 2006. Nitrate in vegetables: toxicity, content, intake and EC 

regulation. J. Sci. Food Agric., 1: 10‒17 

Sasabe, M. and Y. Machida, 2006. MAP65: a bridge linking a MAP kinase 

to microtubule turnover. Curr. Opin. Plant Biol., 6: 563‒570 
Takahashi, F., R. Yoshida, K. Ichimura, T. Mizoguchi and S. Seo, 2007. 

The mitogen-activated protein kinase cascade MKK3-MPK6 is an 

important part of the jasmonate signal transduction pathway in 
Arabidopsis. Plant Cell, 3: 805‒818 

Tamura, K., D. Peterson, N. Peterson, G. Stecher, M. Nei and S. Kumar, 

2003. MEGA5: molecular evolutionary genetics analysis using maxi-
mum likelihood, evolutionary distance, and maximum parsi-mony 

methods. Mol. Biol. Evol., 28: 2731‒2739 

Tena, G., T. Asai, W.L. Chiu and J. Sheen, 2001. Plant mitogen-activated 
protein kinase signaling cascades. Curr. Opin. Plant Biol., 5: 392‒400 

Walker, J.M., 2005. The Proteomics Protocols Handbook, 1th edition, 

Humana Press, Hatfield, UK 
Wang, F., C. Wang, Y. Yan, H. Jia and X. Guo, 2016. Overexpression of 

Cotton GhMPK11 Decreases Disease Resistance through the 

Gibberellin Signaling Pathway in Transgenic Nicotiana 
benthamiana. Front. Plant Sci., 7: 689 

Wang, H., Y. Liu, K. Bruffett, J. Lee, G. Hause, J.C. Walker and S. Zhang, 

2008. Haplo-insufficiency of MPK3 in MPK6 mutant background 

uncovers a novel function of these two MAPKs in Arabidopsis ovule 

development. Plant Cell, 3: 602‒613 

Wang, H., N. Ngwenyama, Y. Liu, J.C. Walker and S. Zhang, 2007. 
Stomatal development and patterning are regulated by 

environmentally responsive mitogen-activated protein kinases in 

Arabidopsis. Plant Cell, 1: 63‒73 
Weng, Q.Y., J.H. Song, H.L. Ma, J.C. Yuan, Y.M. Zhao, Y. Zhao and Y.H. 

Liu, 2017. Cloning and expression analysis of ZmABI3 gene in Zea 
mays. Turk. J. Biochem., 3: 279‒285 

Wrzaczek, M., W. Rozhon and C. Jonak, 2007. A Proteasome-regulated 

glycogen synthase kinase-3 modulates disease response in plants. J. 
Biol. Chem., 8: 5249‒5255 

Yao, Q. and D. Xu, 2017. Bioinformatics Analysis of Protein 

Phosphorylation in Plant Systems Biology Using P3DB. Methods 
Mol. Biol., 1558: 127‒138 

Yoo, S.D. and J. Sheen, 2008. MAPK signaling in plant hormone ethylene 

signal transduction. Plant Signal. Behav., 10: 848‒849 
Zeng, Q., J.G. Chen and B.E. Ellis, 2011. AtMPK4 is required for male-

specific meiotic cytokinesis in Arabidopsis. Plant J., 5: 895‒906 

Zhang, S. and D.F. Klessig, 2001. MAPK cascades in plant defense 
signaling, Trends Plant Sci., 11: 520‒527 

Zhang, T., Y. Liu, T. Yang, L. Zhang and S. Xu, 2006. Diverse signals 

converge at MAPK cascades in plant. Plant Physiol. Biochem., 5: 
274‒283 

 

(Received 11 April 2018; Accepted 18 July 2018) 

 

http://xueshu.baidu.com/s?wd=author:(Rozhon%20W)%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight=person
http://xueshu.baidu.com/s?wd=author:(Samaj%20J)%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight=person
http://xueshu.baidu.com/s?wd=author:(Erban%20A)%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight=person
http://xueshu.baidu.com/s?wd=author:(Baluska%20F)%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight=person
http://europepmc.org/search?query=AUTH:
http://europepmc.org/search?query=AUTH:
http://europepmc.org/search?query=AUTH:
http://europepmc.org/search?query=AUTH:
http://europepmc.org/search?query=AUTH:
http://xueshu.baidu.com/s?wd=author:(Yoshiyuki%20Murata)%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight=person

