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Abstract

Background Tea geometrid Ectropis grisescens (Geometridae: Lepidoptera), is one of the most destructive defoliators
in tea plantations in China. The MAPK cascade is known to be an evolutionarily conserved signaling module, acting
as pivotal cores of host-pathogen interactions. Although the chromosome-level reference genome of E. grisescens
was published, the whole MAPK cascade gene family has not been fully identified yet, especially the expression pat-
terns of MAPK cascade gene family members upon an ecological biopesticide, Metarhizium anisopliae, remains to be
understood.

Results In this study, we have identified 19 MAPK cascade gene family members in E. grisescens, including 5 MAPKs,
4 MAP2Ks, 8 MAP3Ks, and 2 MAP4Ks. The molecular evolution characteristics of the whole Eg-MAPK cascade gene
family, including gene structures, protein structural organization, chromosomal localization, orthologs construction
and gene duplication, were systematically investigated. Our results showed that the members of Eg-MAPK cascade
gene family were unevenly distributed in 13 chromosomes, and the clustered members in each group shared similar
structures of the genes and proteins. Gene expression data revealed that MAPK cascade genes were expressed in all
four developmental stages of E. grisescens and were fairly and evenly distributed in four different larva tissues. Impor-
tantly, most of the MAPK cascade genes were induced or constitutively expressed upon M. anisopliae infection.

Conclusions In summary, the present study was one of few studies on MAPK cascade gene in E. grisescens. The
characterization and expression profiles of Eg-MAPK cascades genes might help develop new ecofriendly biological
insecticides to protect tea trees.
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Background

Insects are one of the most speciose group of arthro-
pods on the planet, with approximately 1.5 million
species, which contains a large number of agricultural
pests consuming 5 to 20% of major grain crops [1, 2].
To survive, insects must continually evolve strate-
gies to resist infection and colonization by pathogenic
microbes that would invade and disrupt their tissues
[3, 4]. Typically, the mitogen activated protein kinase
(MAPK) cascade plays a crucial role in host—pathogen
interactions, from pathogen recognition to the trig-
gering of immune responses [5, 6]. MAPKs are serine-
threonine protein kinases involved in ancient signal
transduction pathways that regulate various cellular
processes, including growth and development, metabo-
lism, cell death and immune responses [7-9].

A typical MAPK signaling pathway functions as a
multi-tiered phosphorylation signaling cascade com-
posed of MAPK, MAPK kinase (MAP2K/MKK),
MAP2K kinase (MAP3K/MEKK) and MAP3K kinase
(MAP4K), and participate in multicellular processes
[10-12]. In mammals and plants, pathogen-associated
molecular patterns (PAMPs) and pattern recognition
receptors (PRRs) could activate MAPK signaling path-
way and then triggered innate and adaptive immune
responses by phosphorylating related downstream
components [5, 10, 13—15]. To date, the role of MAPKs
in anti-fungal and anti-bacterial pathogens has been
extensively studied and a wealth of information has
been obtained from many insects and nematodes,
including Caenorhabditis elegans, Drosophila mela-
nogaster, Anopheles gambiae and Plutella xylostella
[16-19]. For example, the Ras/MAPK pathway was
required for intrinsic suppression of immune deficiency
(IMD) signaling in cultured cells and all immune tis-
sues in the D. melanogaster, including hemocytes, fat
body and adult intestinal stem cells [17]. Furthermore,
Jun N-terminal kinase (JNK) activity is required for
Toll-induced cell death by promoting the production of
reactive oxygen species (ROS), which participates in the
melanization response during wound healing and kills
pathogens [20, 21]. Contrarily, treatment of cultured
D. melanogaster cells with the p38 inhibitor SB203580
enhanced lipopolysaccharide-induced  expression
of antimicrobial peptide genes, such as Attacin and
Cecropin, suggesting that p38 might act as a negative
regulator of immune responses [22, 23]. Recent stud-
ies carried out by Guo et al.(2020 and 2021) [6, 19]
linked the downregulation of ALP and two ABCC toxin
receptor genes with an MAPK signaling pathway in a
CrylAc-resistant strain of P xylostella, and confirmed
that the MAPK signaling cascade modulated by insect
hormone was involved in the differential expression
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of diverse midgut genes to cope with the insecticidal
action of CrylAc toxin.

Studies of host—pathogen interactions (HPI) have pro-
vided valuable insights into the highly aggressive coevo-
lution between entomopathogenic fungi (EPFs) and
their insect hosts, as well as improving the invasiveness
and toxicity of EPFs to insects. A numerous reports have
demonstrated that insect hosts can develop resistance to
biological control agents (BCAs), such as fungi and bac-
teria, in the same way that they developed resistance to
chemical pesticides [24, 25]. At least 27 species of insects
have developed resistance to the most used bio-pesticide
in the world, Bacillus thuringiensis [25—27]. For instance,
Dubovskiy et al. (2013) [24] reported that the larvae of
the 25" generation of the Greater wax moth, Galleria
mellonella, showed significantly enhanced resistance
under constant selective pressure from the insect patho-
genic fungus Beauveria bassiana. In another study, com-
pared to unselected control lines, D. melanogaster larvae
from the fungal-selected lines showed no increase in
resistance, but had higher survival rates in the presence
of Aspergillus nidulans, and exhibited a reduced sensitiv-
ity to sterigmatocystin, a toxin produced by this fungus.
However, the underlying mechanism for the increased
toxin and pathogen specific tolerance is unclear [28]. A
number of studies revealed MAP kinases such as JNK
and p38 were activated by pathogens in insect cells, and
appeared to mediate pathogen defense-related gene
expression [23, 29, 30]. For example, MKK4-JNK path-
way in response to microbial challenge is essential for
the release of normal antimicrobial peptides, and the
activation of this pathway triggered the translocation of
transcription factors, such as activator protein-1 (AP-
1) proteins to the nucleus, contributing to the produc-
tion of immune effectors, such as antimicrobial peptides
(AMPs) [31, 32]. Further, it has been well proved that the
TAK1/JNK/AP-1 signaling pathway and NF-kB signaling
are both required to activate antimicrobial peptide gene
expression during the immune response in the D. mela-
nogaster fat body [33].

Tea is one of the most important and non-alcohol
beverages with economic significance globally, which
is now grown in almost 60 countries [34—36]. Ectro-
pis grisescens (Geometridae, Lepidoptera), also called
the tea geometrid, is one of the most destructive leaf-
eating pest insects in tea plantations in China, caus-
ing significant losses to tea crops in terms of yield and
quality [37-40]. For many decades, spraying chemical
pesticides was the most efficient way to control out-
breaks of tea geometrids, which might cause food safety
problems and environmental issues [41, 42]. Biocontrol
was one of the most effective alternatives, in particu-
larly, biological plant protection with EPFs played a key



Wu et al. BMC Genomics (2023) 24:344

role in sustainable pest management program, because
of its advantages, including low costs, high efficiency,
safety for beneficial organisms, and reduction of envi-
ronmental residues [43-45]. For example, Metarhizium
anisopliae and B. bassiana were the most widely used
EPFs and develop as type of ecological biopesticides [46,
47]. Although the differences of immune gene expres-
sion levels in fat bodies and hemocytes of Ectropis obli-
qua have been detected after being infected by the EPFs,
the molecular mechanisms of tea geometrid defenses
against EPFs were still unclear [48].

In this study, we have systematically identified all
MAPK cascade gene family members from E. grisescens
genome and their evolutionary relationship in terms of
phylogenetic analysis, chromosomal localization and
gene duplication with other arthropods. The evolution-
ary analysis presented the conservation of the Eg-MAPK
cascade and, for the first time, identifies the evolutionary
origin of the complete set of Eg-MAPK cascade genes.
The expression patterns demonstrate differing roles for
Eg-MAPK cascade genes in response to EPFs, suggesting
a conserved MAPK architecture for immune signal trans-
duction pathway. Our characterization and expression
analysis of Eg-MAPK cascade genes lays the foundation
for further investigation on the functions of MAPK cas-
cade genes in entomopathogen resistance, might point
the way to develop biological insecticides to better con-
trol this pest.

Results and discussion

Identification of Eg-MAPK cascade genes from the E.
grisescens genome

A total of 19 MAPK cascade genes were identified in E.
grisescens, using Homo sapiens, D. melanogaster and
P xylostella (a Lepidoptera pest with the MAPK cas-
cade genes have been identified) MAPK cascade genes
as query sequences (Table 1). The predicted Eg-MAPK
cascade genes were named according to the homologs
in D. melanogaster and P. xylostella. The detailed gene
information for these Eg-MAPK cascade genes, such as
gene names, gene locations, peptide lengths, conserved
protein kinase domain, and parameters for the deduced
polypeptides, are listed in Table 1. Eg-MAPK cascade
genes varied markedly from 270 amino acids (EGERK-2)
to 1768 amino acids (EgMAP3K4), ranged in molecu-
lar mass from 30.6 kDa to 200.3 kDa, and the predicted
isoelectric points varied from 5.37 (EgMAP3K7) to 9.25
(EgMAP3K4), which were comparable with MAPKs from
other invertebrates species [16—18]. As shown in Table 1,
the phosphorylated sites prediction results showed that
almost all Eg-MAPK cascade genes, except EgTAO, con-
tained more than two phosphorylated sites, including
serine and threonine residue, which was consistent with
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the fact that MAPKs were a class of important signal
transducing serine/threonine-specific protein kinases
in cells [49, 50]. The prediction of subcellular localiza-
tion revealed that most of Eg-MAPK cascade genes were
located in the nucleus, cytoplasmic and plasma mem-
brane, demonstrating that the MAPK of such pathways
were the molecular link between the plasma membrane
sensors and the nuclear transcription factors [51]. The
19 identified Eg-MAPK cascade genes were unevenly dis-
tributed on 13 of the 31 chromosomes of E. grisescens,
in which, chromosome 15 contained the most Eg-MAPK
cascade genes (Fig. 1). From the distribution of MAPK
cascade orthologs among other arthropods and model
animals, it was obvious that the invertebrate species had
fewer MAPK cascade genes than the vertebrate species
(Fig. 2A), which was consistent with the precious reports
that vertebrates had significantly more MAPK family
members than invertebrates [52]. Given that MAPK and
MAPKK have much fewer members than MAPKKKs;
this suggested that the MAPK and MAPKK genes tend to
be more conserved in evolution than MAPKKKs, show-
ing incredible consistency in both animals and plants
[53, 54]. To explore the evolutionary relationships of Eg-
MAPK cascade genes, all Eg-MAPK cascade genes full-
length coding sequences (CDS) were used to construct an
unrooted tree (Fig. 2B). Based upon sequence homology,
Eg-MAPK cascade genes were clustered into four groups
(MAP4K, MAP3K, MAP2K and MAPK), were consistent
with the previous works in C. elegans, D. melanogaster,
A. gambiae and P. xylostella [6, 16—18]. However, EgTAO
and EgMAP3KI15 did not cluster together with other
MAP3K members and formed a single clade, indicating
that evident gene expansion or divergence occurred in
the MAP3K group of E. grisescens during evolution. Fur-
thermore, tea geometrid lacked the mos gene like other
Lepidoptera species but contained dual ERK and Raf
genes.

Structural divergence of Eg-MAPK cascade genes

Gene structure divergence plays an essential role in the
evolution of gene families and provides additional infor-
mation to evaluate possible structural evolutionary rela-
tionships among gene family members. Non-coding
sequences, such as introns, were regarded as an indicator
of genome complexity, providing insights into genome
evolution. Therefore, the gene structure, exon position
and phases of intron in Eg-MAPK cascade genes were
analyzed through comparing their coding sequence and
genomic sequence by GSGD online server [55]. In gen-
eral, the numbers of introns and exons were highly vari-
able in Eg-MAPK cascade genes, even in the same group
(MAP4K, MAP3K, MAP2K and MAPK), and ranged
from 3 to 28, suggesting that the MAPK cascade genes
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Table 1 Characterization of MAPK cascade genes in E. grisescens
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Genename Chr  ORF(bp) ExonNo Pepidelength PKD PI MW (kD) Predict phosphorylation Subcellular localization?
site (Exp.&string)
EgERK-2 chrio 813 4 270 3-194 685 306 S(85,196);T(68, 73,186,199,  mito: 13, nucl: 9.5, cyto: 9,
204,210, 254) extr: 4
EQERK-1 chr10 1095 8 364 28-316 587 420 S(6,205,314);T(97, cysk: 19, cyto: 9, pero: 5.8,
188,193,306) nucl:5.3
EgMAPK15 chr20 3141 23 1046 40-336 851 1203 S(2, 262,391,393, 420, 432) nucl: 20, cyto: 11
Egp38 chr05 1083 9 360 20-304 593 416 S(250,316);T(24, 176, 181) cyto: 15, mito: 8, nucl: 6, pero: 2
EgJNK chr03 1287 9 428 68-364 701 487 S(24,34,335);T(22,220,225,  mito: 23, pero: 3, cyto: 2.5,
230, 428) nucl: 2.5
EgMAP2K6  chr17 1008 3 335 51-310 666 379 S(2,158,198,204,335);T(32,  nucl: 13, cyto: 12, mito: 7
81,208,277)
EgMAP2K4  chr17 1233 8 410 109-370 885 463 S(2,80, 104, 130, 140, 262, cyto: 13.5, nucl: 8.5, pero: 5,
397,); T(103, 266, 338, 401) mito: 4
EgMAP2K7  chr15 1668 13 555 96-354 917 610 S(2,4,49,60, 245, 383,439, cyto: 15.5, nucl: 12.5, golg: 2
461,471,479,515,517,521,
525);T(64, 249, 387, 455)
EgMAP2K1 chr21 1296 9 431 89-368 863 476 S(2,5,34,110, 185,239,243,  cyto: 18, mito: 13
252,304, 311,429); T(25, 29,
36, 38,49, 247)
EgQMAP3K15  chr1i2 4122 25 1373 625-882 578 1555 S(217,351, 408,467,707, nucl: 16, cyto: 14
930, 953, 989, 990, 995, 1029,
1103,1145,1177,1238,1319,
1320, 1342); T(95, 173,723,
786,872,943,971,1027,
1172,1178,1221,1313,1347,
1350)
EgMAP3K4  chr06 5307 29 1768 1563-1750  9.25 2003 S(99, 114,137,140, 161,168,  nucl: 21, cyto: 7, plas: 2, golg: 2
216,279, 294, 299, 337,393,
405,415,441, 487,529, 533,
668, 1092, 1137,1188, 1202,
1362); T(360, 434, 537, 541,
552,555,621,817,939, 1095,
1200, 1364, 1452, 1645, 1656,
1748)
EgMAP3K7 chr03 2640 16 879 223-427 537 976 S(379,511, 578,630,659, 758, cyto: 13, nucl: 11, plas: 3, pero:
777,790); T(58,156,371,374, 3, extr:2
537,634,678)
EgMAP3K12  chrO1 1458 8 485 32-273 687 547 S(313); T(180) cyto: 13, nucl: 7, pero: 5, mito:
4, extr: 3
EgMAP3K10  chr18 3249 11 1082 96-372 836 1217 S(261, 507, 545, 853, 1047, nucl: 18.5, cyto: 8.5, plas: 4
1066); T(63, 246, 257, 265,
838,851, 1082)
EgRaf-1 chr15 2211 12 736 412-676 891 839 S(22,31,77,103,111, 312, plas: 13, nucl: 8.5, cyto: 6.5
342,345,346, 372,386,478,
687);T(30, 369, 443)
EgRaf-2 chr15 2214 12 737 413-677 891 84.0 S(22,31,77,103,111, 313, plas: 13, nucl: 8.5, cyto: 6.5
343,346, 347,373,387,479,
688); T(30, 370, 444)
EgTAO chri6 3153 21 1050 86-339 848 1218 NA nucl: 24, cyto: 4, plas: 3
EgMAP4K3 chr31 3366 22 1121 21-275 857 1257 T(516, 720, 747) nucl: 15.5, cyto: 11, pero: 3
EgMAP4K4  chr15 4041 22 1346 28-292 897 1492 S(12,145,232,384,430,431,  nucl: 22.5, cyto: 9.5

434,436,437,439, 537,560,
608, 702,717,828, 831, 835,
837,924,968,972,977, 1005,
1009, 1010, 1013, 1026, 1119,
1290); T(62, 123,165, 190,
194,357,427,454,462, 472,
580, 667,683,684, 758, 794,
877,938, 946,993, 1071)

2 cysk Cytoskeleton, cyto Cytoplasmic, extr Extracellular, golg Golgi complex, mito Mitochondrial, nucl Nuclear, pero Peroxysome, plas Plasma membrane
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Fig. 1 Chromosome distribution of MAPK cascade genes in E. grisescens. The chromosome numbers are indicated at the top of each chromosome
image. Gene duplication analysis of £g-MAPK cascade genes was also presented with dot lines

might have originated in different ancestors (Fig. 3). For
example, MAP2K genes showed significant differences in
the number of exons and introns (Fig. 3). The replication
events might be likely to have occurred in ancient times,
and the descendant genes evolved into diverse exon—
intron structures to perform different functions in the
E. grisescens genome [56]. In addition, the MAPK genes
belonging to the same clade had similar gene structure,
for example, EgINK and Egp38 shared similar exon—
intron structure. A certain degree of conservation could
be also observed in the Eg-MAP3K genes. For instance,
the paralogous gene pairs generally showed highly simi-
lar gene structure, such as EgMAP3KI10/EgMAP3KI2,
and EgRaf-1/EgRaf-2, suggesting that these MAPK par-
alogous gene might be derived from the same ancestral
gene, and might have functional redundancy [57].
Further, motif and domain analyses were performed
based on amino acid sequences, which can help us inves-
tigate their function. Generally, 20 conserved motifs
within Eg-MAPK cascade gene family members were
identified using online MEME tools (Fig. 4). Although
the gene structures were highly variable, we noted that
all Eg-MAPK cascade gene family members contained a
series of relatively conserved motifs. Four of the motifs
(motif 1, 2, 3 and 4) were shared by all Eg-MAPK cas-
cade gene family members. Almost all Eg-MAPK cascade
gene family members contained motif 5, except EGERK-2
and EgMAP3K4. Similarly, only EgMAP3K?7 did not have
motif 6. Meanwhile, the conserved domain structures

revealed similar motifs among each group. The motif
analysis results illustrated that conserved motif structures
within groups supported close evolutionary relation-
ships, and there might be functional divergences among
different groups. For example, motif 12 and 18 was only
present in EgERK-1, Egp38 and EgJNK, while most of this
group members did not contain motif 7. Interestingly,
motif 13 appeared to be distinctive in EEMAPKK group,
implying that this motif might perform unique functions
in the physiological behavior of EEMAPKK group mem-
bers. Further, the results showed that MAP3K exhib-
its higher diversity, not only in gene structure (Fig. 3)
but also in their protein sequences (Fig. 4), when com-
pared with MAP4K, MAP2K and MAPK. For example,
EgMAP3K15 showed obviously different among other
MAP3Ks, which contained motif 15 at the N-terminal
of the protein sequence, while EgMAP3K7 was lack of
motif 6 at the C-terminal of the protein kinase domain
(PKD). Subsequently, the protein structure of Eg-MAPK
cascade gene family members was predicted using
InterPro to analyze the conserved domains, following a
conserved protein kinase domain sequence alignment
analysis by clustalW (Figs. 4 and 5). Results showed that
all Eg-MAPK cascade gene family members identified in
our study possessed the PKD (IPR000719) flanked by N-
and C-terminal regions of different lengths, which was
considered to be the typical MAPK structure of phos-
phating downstream proteins [58]. Compared with the
results of MEME analysis, it can be found that the PKD
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Fig. 2 Distribution and evolutionary relationship of MAPK cascade genes. A Distribution of MAPK cascade genes among 19 animal species,
including 6 vertebrate and 13 invertebrate species. B Unrooted phylogenetic relationships among the Eg-MAPK cascade genes

of Eg-MAPK cascade gene family members mainly con-
sisted of motifs 1-11 as shown in Fig. 4. PKD contained
motif 5 and 2 as ATP binding site (IPR017441) and ser-
ine/threonine-protein kinase active site (IPR008271),
respectively. These results revealed that Eg-MAPK cas-
cade gene family members could use ATP as a phosphate
base source for target phosphorylation by transferring the
ATP’s gamma phosphate to amino acid residues (such as
serine and threonine) in the MAPK cascade signal trans-
duction pathways [59]. MAPKs themselves were reported

to be phosphorylated at residues in a region known as the
activation loop, where two key residues, a threonine and
a tyrosine residue, were separated by a single amino acid
(TXY motif) [59]. Similar to other species, EGERK1/2
contained the motif Thr-Glu-Tyr in its activation loop,
whereas EgJNK and Egp38 contained Thr-Pro-Tyr and
Thr-Gly-Tyr, respectively (Fig. 5) [60, 61]. The alignment
results showed that the PKD residue sequences were con-
served within the group members and diverged relatively
between the groups (Fig. 5).
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Phylogenetics and synteny analysis of Eg-MAPK cascade
genes

To explore the function and evolutionary relation-
ships of MAPK cascade genes between E. grisescens and
other arthropod species, phylogenetic trees were con-
structed from alignments of complete PKD sequences
of MAPK cascade genes using the Neighbor-Joining
(NJ) method by MEGA-X. The NJ phylogenetic distri-
bution indicated that the organization of MAPK cas-
cade genes could be divided into six groups including
MAPK, MAP2K, MEKK, TAO, Raf and MAP4K. In the
MAPK cascades, MAP3K exhibited higher diversity
compared with MAP4K, MAP2K and MAPK, which
was divided into three major clades. The Raf clade was
composed of MAP3K7, MAP3K10/11, MAP3K12/13,
mos and Raf members, while the MEKK clade contained
MAP3K4 and MAP3K15 (Fig. 6). TAOs functioned as
MAP3Ks in MAPK cascades which doubly phosphoryl-
ated and activated the MAP kinase kinases (MAP2Ks)
MEK3 and MEK6 [62, 63], but the sequence of TAO
was more closely related to MAP4K in the phylogenetic
tree (Fig. 6), which was consistent with previous reports
[6, 64]. All arthropod species contained four MAP2Ks
(MAP2K1, MAP2K3/6, MAP2K4 and MAP2K7), and
two MAP4Ks (MAP4K3 and MAP4K4), with each
MAP2K and MAP4K members clustered conservatively
in a single clade. The MAPK group contained four types
of MAPK (ERK, JNK, p38 and MAPK15), among which
the protein sequence similarity between MAPK15 and
other MAPKs was low, suggesting that MAPK15 may
not be a classical MAPK. The phylogenetic similarity
found in E. grisescens and other species in family Lepi-
doptera, suggesting that they may have evolved conserv-
atively, which was consistent with the synteny analysis
results between E. grisescens and B. mori (Fig. 7). Fur-
thermore, we compared the genomic structures of E.
grisescens with the model species of Lepidoptera, B.
mori. The results showed that 8687 collinear gene pairs
were found between E. grisescens and B. mori genome,
indicating that a large number of syntenic relationship
events existed between E. grisescens and B. mori. Among
these collinear genes, a result of 18 collinear MAPK cas-
cade gene pairs demonstrated that many consensuses in
MAPK cascade gene may have existed before the species
divergence between E. grisescens and B. mori, implying
that MAPK cascade was an ancient and highly evolu-
tionarily conserved signaling pathway [65-67].

Spatial and temporal expression profiles of Eg-MAPK
cascade genes

Expression profiling of gene families was the deter-
mination of the pattern of genes transcriptional level,
which could give a global picture of cellular function
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of gene families [68]. Previous findings have shown
that MAPK signaling pathways were activated in
response to various extracellular factors, resulting in
transcriptional activation of immediate early genes
that influenced many tissue and stage-specific bio-
logical activities, as cell proliferation, survival and dif-
ferentiation, which were essential for insect growth
and organ development, such as oocyte maturation,
pupariation, eclosion, wing growth, etc. [69-72]. For
instance, ERK pathway possibly regulated ecdysone
biosynthesis, while p38 pathway might be involved
in the germline stem cell development and differen-
tiation in the cabbage beetle [72]. Since no E. gris-
escens MAPK cascade genes have been previously
documented, and to investigate the potential func-
tions of MAPK cascade genes in E. grisescens growth
and organ development, we analyzed the expression
patterns of Eg-MAPK cascade genes in different tis-
sues and stages of E. grisescens. The result showed
that 19 MAPK cascade genes could be detected in all
tissues/organs of fifth instar larvae according to the
expression levels (Fig. 8A). Head had the highest num-
ber (14) of highest-level expressed genes among the
detected tissues or organs, while the hemolymph had
four genes, which was similar with the previous result
in P xylostella [6]. However, the expression level of
MAPK cascade genes was extremely low in the mid-
gut. In general, MAPK cascade genes were expressed
in all four developmental stages (egg, larva, pupa and
adult) of E. grisescens. The expression profile indi-
cated that most of MAPK cascade genes were highly
expressed in egg, first-instar larva and adult stages,
suggesting that they might be involved in the physi-
ological processes of organ and embryonic develop-
ment (Fig. 8B) [73]. Similarly, RNA-seq analysis of
MAPK cascade genes in P. xylostella showed that most
of the MAPK cascade genes had high expression levels
in both eggs and adults, which was consistent with the
expression profiles of Eg-MAPK cascade genes in this
study [6]. These data indicate that the MAPK cascade
genes might be involved not only in the organ growth
and development, but also in embryo development.

Expression profile of Eg-MAPK cascade genes

after infection with M. anisopliae

Accumulating evidence suggested that many insect
MAPK cascade genes had been considered to be involved
in the innate immune response against pathogens. For
example, the function of the D-p38 MAP kinases regu-
lating insect immunity was to reduce the expression of
antimicrobial peptide gene after exposure to lipopoly-
saccharide [23]. Guo et al. (2021) [6] reported that the
transcript levels of most of the MAPK cascade genes in
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Fig. 6 Neighbor-joining analyses of MAPK, MAP2K, MAP3K and MAP4K from E. grisescens and 11 other arthropod species. MAP3Ks include three
clades: Raf, MEKK and TAO. The solid red circle represents Eg-MAPK cascade gene members

P xylostella were up-regulated in the midgut tissues of
all CrylAc resistant strains compared to the susceptible
strain, as well as the protein expression and the phos-
phorylation levels, suggesting that MAPK signaling cas-
cade played as a general regulator in the diamondback
moth to cope with the entomopathogenic bacterium B.
thuringiensis. To discover the Eg-MAPK cascade genes
that are involved in immune response, the changes in
the expression level of Eg-MAPK cascade genes were

analyzed after infection with M. anisopliae, a widely
used EPE. We found that eleven Eg-MAPK cascade genes
were significantly (p<0.05) up-regulated or down-reg-
ulated with at least 2 folds in treatment group injected
with M. anisopliae conidial suspension (2 pL, 5x10’
conidia mL ™) after 48 h compared to the controls (2 L,
Tween 80 solution). In general, Eg-MAPK cascade genes
were strongly up-regulated 48 h after infection with M.
anisopliae compared with 24 h (Fig. 9). EgMAPKIS,
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the CIRCOS software. The size of chromosomes was consistent with the actual pseudo-chromosome size. Positions are in Mb

EgRaf-1 and EgMAP4K4 were significantly up-regu-
lated in conidial suspension concentrations (1x 10’ and
5% 107 conidia mL™') 48 h after infection, indicating
that these genes might contribute important function in
response to EPFs infection. EgMAP3K12, EgMAP3K15
and EgMAP4K3 were strongly down-regulated infection
with M. anisopliae, suggesting these genes might act as
negative regulators in immune response against patho-
gens (Fig. 9). Interestingly, the expression patterns of dual

EgERK (ERK-1 and ERK-2) and EgRaf (Raf-1 and Raf-2)
were similar after infection with M. anisopliae, as well as
in the spatial and temporal expression profiles, suggest-
ing these dual ERK and Raf genes might be functionally
redundant. These results also implied conservation of
gene function in the immune response during the evolu-
tion of MAPK cascade pathway; however, the function of
MAPKs in the regulation of insect immunity remained to
be studied in the future.



Wu et al. BMC Genomics (2023) 24:344

A B
EgERK-2
EgERK-1
EgMAPK15
Egp38
EgJNK
EgMAP2K6
EgMAP2K4
EgMAP2K7
EgMAP2K1
EgMAP3K15
EgMAP3K4
EgMAP3K7
EgMAP3K12
EgMAP3K10
EgRaf-1
EgRaf-2
EgTAO
EgMAP4K3
EgMAP4K4

g
.
(53
®
=
E
()

n gut 3 )
\\](“9 “\\69 ne? e9 \ aNa\\s
- |
-5 0 15

X

Page 12 of 17

AN N -2
[ 1 B |
N N T
e ] [ ]

EgERK-1
EgMAPK15
Egp38

I -

| B [

AR X N N ;425
B/ ] | | B [ ]
. . | | [ [ ]
[ e | | ]

EgMAP2K4
EgMAP2K7
EgMAP2K1

| EERE

[ ]

AN S N D N =
[ 1 B [ ]
B P
ANNNNNINN NN - rcro
AN N N N -
[ [ B L [
[ 7 P ] B

EgMAP3K7
EgMAP3K12

EgRaf-2
EgTAO

| EXE

| 1 ] [
N O I -1

\ja\'z“d\\awa\s‘d\\a(\la\b‘m\\a‘qa@\“\ QPP (qe® ke‘“")\e

25 0 2.5
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Prediction of interaction networks of Eg-MAPK cascade
genes

In general, each MAPK cascade consisted of at least
three-tier conserved protein kinase (MAP3Ks, MAP2Ks
and MAPKSs) [74, 75]. In this study, we constructed the
predicted interaction network containing 17 Eg-MAPK
cascade genes based on B. mori homologous genes using
STRING 11.0 software with the confidence parameter
set at a threshold of 0.7 (Fig. 10). Among these protein
kinases, 17 Eg-MAPK cascade genes formed a four-tier
interaction network (MAP4K, MAP3Ks, MAP2Ks and
MAPKs). For example, EgMAP4K4 was predicted to
interact with three EgMAP3Ks, including EgMAP3K7,
EgMAP3K10 and EgMAP3K15, which was consistent
with the previous result that MAP4K4 could activate
TNFa-induced JNK signaling transmission through the
kinases TAK1, MKK4 and MKK?7 [76]. Similarly, the
Raf/MEK/ERK pathway has different effects on growth,
prevention of apoptosis, cell cycle arrest and induction
of drug resistance in cells of various lineages in human,
which might also play critical roles in E. grisescens
[77, 78]. Furthermore, the interaction network among
EgMAP3K4-EgMAP2K1/EgMAP2K6-EgERK1/2 cas-
cade and EgMAP2K7-EgJNK cascade enriched signifi-
cantly GO term in immune response, including immune
response (GO:0006955) and immune system process
(GO:0002376) (Additional Table 1). The diagrammatic
predicted PPI network could reveal a deductive signaling

pathway of Eg-MAPK cascade genes, which provided
helpful information for further investigation of the func-
tions of Eg-MAPK cascade genes. However, the accurate
regulatory mechanisms among Eg-MAPK cascade genes
in immune response required further investigation.

Conclusions

In summary, we identified 19 E. grisescens MAP kinases
and systematically analyzed gene characterizations and
phylogenies, as well as expression profiles, to provide a
basis to explore the functions of MAPKs in immunity
signaling pathways in E. grisescens in response to EPFs.
Our study provides systematical study of MAPK sign-
aling cascades in E. grisescens, which were important
for signal transduction in entomopathogen resistance,
might point the way to develop biological insecticides
to better control this pest.

Methods

Identification and characterization analysis of Eg-MAPKs
All the E. grisescens chromosome-level genome
sequence data were obtained from Genbank (Access
No. PRJNA660825). The MAPK orthologs of H. sapi-
ens, D. melanogaster and P. xylostella were retrieved
from GenBank database (http://www.ncbi.nlm.nih.gov)
[6, 12]. To identify the MAPK cascade genes in E. gris-
escens, the H. sapiens, D. melanogaster and P. xylostella
MAPK sequences were used as queries to perform a
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BLASTP search against 18,332 sequences of the protein
database of E. grisescens with a cutoff e-value <e™'°,
The identified MAPK sequences were further screened
by manual editing to remove the redundancy. To verify
the reliability of the results, all putative non-redun-
dant MAPKs were assessed with UniProt (http://www.
uniprot.org/) and SMART (http://smart.embl-heide
lIberg.de/) online database, respectively. The theoreti-
cal isoelectric point and molecular weight were esti-
mated by pI/Mw tool (http://web.expasy.org/compu
te_pi), while WoLF PSORT predictor was used to pre-
dict the subcellular localization of Eg-MAPK cascade
genes (https://wolfpsort.hgc.jp). The conserved protein
kinase domains (PKD) of MAPKs were investigated by

multiple alignment analyses using ClustalW, and the
phylogenetic analysis for Eg-MAPK cascade genes and
11 other arthropod species MAPK cascade genes was
performed by using MEGA-X program by the neigh-
bor-joining method, with bootstrap value from 1,000
replicates indicated at each node with the following
parameters: p-distance and pairwise deletion.

Gene structure and chromosomal locations

The gene structure of Eg-MAPK cascade genes was dis-
played by comparing the coding sequences and cor-
responding genomic DNA sequences with the Gene
Structure Display Server tools (http://gsds.cbi.pku.edu.
cn/) [55]. The chromosomal locations of the Eg-MAPK
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cascade genes were determined according to the struc-
ture annotation file of the E. grisescens genome, and
mapped by using a TBtools toolkit [79]. The Multiple
Collinearity Scan toolkit (MCScanX) was used for the
synteny analysis, and the result is graphic by Circos soft-
ware (http://circos.ca/) [80, 81].

Protein structure and conserved motif analysis

The MEME program (http://meme-suite.org/) was used
to identify the conserved motifs of the Eg-MAPK cas-
cade genes with the following parameters: any number
of repetitions of a single motif, the maximum numbers
of different motifs up to 20 motifs, the minimum motif
width with 6 amino acids, the maximum motif width of a
motif with 80 amino acids [82]. Interpro database (http://
www.ebi.ac.uk/interpro) was used to identify conserved
domains and important sites in Eg-MAPK cascade genes
[83]. Subsequently, the TBtools toolkit was used to draw
the diagram [79].

Insect rearing and expression analysis

E. grisescens moths were acquired from the Tea Research
Institute, Chinese Academy of Agricultural Sciences,
Hangzhou, China. The larvae were reared on tea
leaves at 23+2 °C and 70-80% relative humidity with
a 16 h light/8 h dark photoperiod in the insect-rearing

laboratory. The larvae of E. grisescens were used for tis-
sue-specific expression analysis and infection treatments
according to previous work with some modifications
[48]. For tissue-specific expression analysis, fourth-instar
larvae were used to collect the head, cuticula, midgut
and hemolymph. Eggs, 1** to 5" instar larvae, pupae and
adults were collected to determinate the expression pat-
terns of MAPK cascade genes related to growth and
development. For infection treatments, fourth-instar
larvae were randomly selected and were injected with
M. anisopliae conidial suspension (2 pL, 1xand 5x 10’
conidia mL™") and Tween-80 solution (2 pL) using micro-
liter syringes (Shanghai GaoGe Co., Shanghai, China).
Samples were stored at— 80 °C after liquid nitrogen freez-
ing if not immediately used for RNA isolation and sub-
sequent analysis. Total RNA from 0.1 g per sample was
extracted by the TRIzol method and treated with DNasel
to eliminate any DNA contamination. First-strand cDNA
was synthesized according to the instructions for the
Hifair® II 1st Strand cDNA Synthesis SuperMix (Yeasen
Biotechnology Co., Ltd., Shanghai, China). The expres-
sion profiles of Eg-MAPK cascade genes were evaluated
upon the qPCR analysis using EgActin gene as an inter-
nal reference gene, and three biological replicates were
performed for each experiment. For spatial and temporal
expression pattern analysis, the average of total ACTvalue
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(ACT. average) was subtracted from all other ACT values
to obtain second normal standardization, according to
the previous method, using the formula: u=(ACT-ACT.
average)/o (in which, u is the value after normal stand-
ardization, and o is the standard deviation) [79, 84]. For
infection treatments analysis, the expression levels were
calculated from the —AACT value [-AACT =(CTcontrol.
gene — CTcontrol.actin) — (CTtreat.gene — CTtreat.actin)],
and a heatmap was generated by TBtools toolkit. Two
tailed Student’s t-test (P;,;) was used to determine the
significant difference of relative expression of individual
Eg-MAPK cascade genes between control and different
treatments (Microsoft Excel 2007). Fold-change greater
than 2 with p-value of<0.05 was defined as up-regulated
gene, while a fold change of 0.5 or less was used to define
down-regulated genes when the p-value of <0.05.

Predicted interaction network

The predicted protein—protein interaction (PPI) net-
work among Eg-MAPK cascade genes was generated by
STRING v11.5 software online (https://string-db.org/)
based on an B. mori association model. The parameters
were set as follows: meaning of network edges, confi-
dence; minimum required interaction score, 0.7.
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