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Abstract
Background  Litchi, an important tropical fruit, is severely affected by anthracnose disease. However, the mechanism 
of its disease resistance response remains unknown, and resistant accession genetic resources and resistance-related 
genes have not yet been identified.

Results  In this study, 82 accessions of litchi were evaluated for resistance to Colletotrichum gloeosporioides, and 
the accessions ‘Haiken 5’ and ‘Nongmei 5 hao’ were identified as resistant and susceptible, respectively. Leaves from 
these two accessions were inoculated with C. gloeosporioides and collected at 6 and 24 h for use as materials for 
transcriptome analysis. Analyses of the differentially expressed genes (DEGs) between the accessions and their 
controls, which were inoculated with potato dextrose agar medium, revealed that the resistant accession presented 
more DEGs with smaller changes in magnitude, whereas the susceptible accession presented fewer DEGs with 
greater changes in magnitude. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
analyses were performed, and phenylpropanoid biosynthesis, amino sugar and nucleotide sugar metabolism, and 
plant–pathogen interactions were identified as common pathways. Chitinase activity, oxidoreductase activity, 
aminoglycan and glucosamine-containing compounds, and cell wall metabolic processes also participated in the 
defence reaction. Salicylic acid signalling in litchi leaves contributed to resistance to C. gloeosporioides. Short Time-
series Expression Miner (STEM) and weighted correlation network analysis (WGCNA) were also employed to evaluate 
the gene expression trends and identify highly correlated genes.

Conclusion  Litchi accessions presented different resistance responses to anthracnose disease. Small changes in 
the expression levels of critical resistance-related genes were sufficient to produce the defence reaction. Calcium 
ion regulatory mechanisms and transcription factors have been preliminarily identified as contributors to disease 
resistance. Multiple pathways and molecular processes participate in the defence response. These results identify 
candidate genes and pathways involved in litchi plant defence against anthracnose.
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Introduction
Colletotrichum causes typical anthracnose symptoms, 
such as black spots on leaves and sunken necrotic lesions 
on fruit. This fungus affects a wide range of host plants 
worldwide, and it is one of the most destructive diseases 
in commercial fruit production [1–4]. Litchi (Litchi chi-
nensis Sonn.) is an important tropical fruit that origi-
nated in southern China and is known as ‘the queen of 
fruit’ [5]. Colletotrichum species are among the most 
serious pathogens of litchi; the symptoms caused by these 
fungi occur throughout the whole growth cycle [6–8]. 
The most severe damage is caused by C. gloeosporioides 
[7], which attacks leaves, stems, and fresh and posthar-
vest fruit, resulting in a decrease in photosynthesis and 
fruit pericarp browning and rot [8]. C. gloeosporioides 
colonize the pericarp surface at the young litchi fruit 
stage. The pathogen proliferates following fruit develop-
ment, at which stage the fruits are asymptomatic. Out-
breaks can occur during storage and transportation in a 
humid environment.

As C. gloeosporioides can be eliminated by fungicide 
application to litchi, physical sterilization, biological 
control [10], and cultural techniques are often not taken 
seriously. Fungicide application is not expensive but it 
affects the environment and ecosystem health. Wang et 
al. reported that 100% of litchi fruits contained at least 1 
pesticide residue [9]. Resistant phenotype screening and 
mechanistic research are effective strategies for breeding 
resistant accessions.

Plants have evolved a multilayered immune system to 
resist pathogens. The cell wall is an important barrier to 
pathogen invasion and is reinforced by pathogen stimu-
lation. Pattern-triggered immunity (PTI) is the primary 
type of immunity in plants. Pattern-recognition recep-
tors (PRRs) recognize pathogen-associated molecular 
patterns (PAMPs) to induce mitogen-activated protein 
kinases, calcium signals, transcription factors (TFs), 
hormone signals, and other types of defence signalling. 
The second type of plant immunity is effector–trigger 
immunity (ETI). Nucleotide-binding leucine-rich repeat 
proteins can be specifically activated by effectors, trigger-
ing immunity to inhibit pathogen infection and growth. 
These two types of immune signalling are synergistic; PTI 
is promoted by ETI via PTI signalling, and mitogen-acti-
vated protein kinases (MAPKs) and NADPH oxidase can 
effectively ensure ETI [11].

Screening to identify resistant accessions and ana-
lysing resistance mechanisms are reliable methods for 
controlling pathogen invasion. High-throughput RNA 
sequencing (RNA-seq) is an important approach because 
it provides a comprehensive transcriptome profile in 
plants to elucidate plant infection and defence mecha-
nisms [12, 13]. Genes associated with resistance can be 
identified by comparing the transcriptomes of resistant 

and susceptible accessions after infection with pathogens 
and can serve as critical genetic resources in resistance 
breeding. However, few studies have investigated resis-
tance mechanisms and genes related to the regulation of 
litchi–pathogen interactions.

In this study, litchi accession resources were evalu-
ated for resistance to C. gloeosporioides, and resistant 
and susceptible accessions were studied further via 
high-throughput RNA-seq to explore the differentially 
expressed genes (DEGs) induced in response to pathogen 
infection. Genes and metabolic pathways with important 
functions in the response to C. gloeosporioides infection 
were identified. These results provide a foundation for 
better understanding the molecular defence response of 
litchi and enabling resistance breeding.

Results
Evaluation of litchi accession resources for C. 
gloeosporioides resistance
Eighty-two litchi accessions were screened for resistance 
to C. gloeosporioides in three tests, which were per-
formed in September 2021, March 2022 and July 2022 
(Supplementary Materials Table S1). Brown disease spots 
were observed, and the spot area was measured at 72 h 
postinoculation (hpi). The spot areas of the 82 accessions 
presented a continuous distribution, but the incidence 
rates and spot areas of the resources were not consistent 
across the three replications (Fig.  1a), with averages of 
20.84, 21.10, and 37.58 mm2. One resource, ‘Cangdao 5’, 
exhibited immunity to C. gloeosporioides at the first eval-
uation timepoint after inoculation, and three resources, 
‘Cuirou’, ‘A13’, and ‘Haiken 18’, exhibited immunity to C. 
gloeosporioides at the second evaluation timepoint. How-
ever, no resources showed immunity to C. gloeosporioides 
at the third evaluation timepoint. For resources, ‘Haiken 
5’, ‘Haiken 2 hao’, and ‘Zili’, presented high disease resis-
tance with smaller lesion areas, and ‘Nongmei 5 hao’, 
‘Ruhong 7’, and ‘13Y04’ presented low disease resistance 
with larger lesion areas and severe symptoms.

Compared with the ‘Nongmei 5 hao’ accession, the 
‘Haiken 5’ accession was more tolerant to C. gloeospo-
rioides. Therefore, these accessions were selected as the 
materials for further analysis. To confirm the results of 
the screen, the incidence and spot areas of these acces-
sions were measured in more detail. Anthracnose lesions 
were observed at 24 hpi (Fig.  1b, c), and typical disease 
spots were observed on the susceptible (S) accession but 
not on the resistant (R) accession. The anthracnose lesion 
areas increased with time after inoculation. A signifi-
cant difference in spot area between the accessions was 
observed beginning at 24 hpi (Fig. 1c).
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Analysis of differential gene expression in response to 
anthracnose infection via transcriptome sequencing
For DEG identification, transcriptome sequencing of the 
two accessions was performed, with ‘Haiken 5’ as the R 
accession and ‘Nongmei 5 hao’ as the S accession. Both 
accessions were inoculated with C. gloeosporioides, and 
the leaves were sampled for transcriptome sequencing. 
On the basis of the phenotypic analyses, 0, 6, and 24 hpi 
were selected as the leaf collection timepoints because 
they represented no infection, early-stage infection and 
late-stage infection, respectively. The leaves were mock 
inoculated with ddH2O as the control. In total, 13,119,300 
raw data reads were generated from 30 samples, and 
12,824,400 clean data reads were obtained. Together, the 
samples generated a total of 192.39 Gb of clean data. The 
average Q20 (reads with a mean error rate < 1%) and Q30 
(reads with a mean error rate < 0.1%) values were 96.23 
and 90.46%, respectively. Clean reads from the samples 
were mapped to the litchi genome ​(​​​h​t​t​p​:​/​/​w​w​w​.​s​a​p​i​n​d​a​c​e​
a​e​.​c​o​m​/​​​​​)​. The mapping rate ranged from 80.64 to 85.48% 
(Table S2). Principal component analysis (PCA) was also 
performed for each accession and treatment (Fig. S2).

Upregulated and downregulated DEGs were identified 
through transcriptome analysis of both the infected and 
mock-inoculated samples. To characterize the resistance 
mechanisms involved in the response to C. gloeosporioi-
des, we first identified the DEGs between anthracnose-
infected leaves and mock-inoculated leaves at 6 and 24 
hpi. The transcriptional responses of the R and S acces-
sions to C. gloeosporioides were distinct. Compared with 
the uninfected leaves, including the noninoculated leaves 
(at 0 h) and mock-inoculated leaves at 6 and 24 hpi, the 
R accession exhibited 400 and 571 DEGs, respectively, 
and the S accession exhibited 363 and 439 DEGs at 6 and 
24 hpi, respectively. A Venn diagram was constructed to 
show the overlapping DEGs between the R and S acces-
sions (Fig. 2a and b). Overall, 135 and 177 DEGs in the 
two accessions were involved in the response to C. 

gloeosporioides at 6 and 24 hpi, respectively (Fig. 1a and 
b). An analysis of 135 common DEGs at 6 hpi revealed 99 
upregulated DEGs and 36 downregulated DEGs in the R 
and S accessions, respectively, compared with the mock-
inoculated control (Fig. 2c and e). Among the 177 com-
mon DEGs at 24 hpi, 164 were upregulated and 13 were 
downregulated in the R accession in response to C. gloeo-
sporioides. In the S accession, 163 DEGs were upregu-
lated, and 14 were downregulated (Fig.  2d and f ). The 
expression of EP1-like glycoprotein 2 (LITCHI012883.
m1) was consistently upregulated in the R accession but 
not in the S accession. A total of 265 and 394 DEGs were 
identified in the R accession, and 228 and 262 DEGs were 
identified in the S accession at 6 and 24 hpi, respectively. 
The DEGs in the R accession were primarily hormone 
signalling-related genes and cytochrome P450s and 
enzymes, such as serine/threonine-protein kinases, lac-
cases, and transferases.

Compared with the S accession, the R accession pre-
sented more DEGs at 6 and 24 hpi. DEGs between the 
infected and mock-inoculated samples were clearly illus-
trated via heatmap cluster analysis; two and three clus-
ters were detected at 6 and 24 hpi, respectively (Fig. 2e, 
f ). The number of downregulated genes was greater than 
that of upregulated genes.

Functional enrichment evaluation was performed for 
the DEGs via Gene Ontology (GO) and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway annotation. 
For the 400 DEGs in the R accession at 6 hpi, 328 GO 
terms were identified, of which 38, comprising 8 molec-
ular function (MF) terms and 30 biological process (BP) 
terms, were identified as significantly enriched (Fig.  3a, 
Table S3). A total of 332 GO pathways were specifically 
enriched among the 571 DEGs in the R accession, and 43 
GO terms were significantly enriched, including 1 cellu-
lar component (CC), 28 MF, and 14 BP terms, at 24 hpi 
(Fig.  3b, Table S4). Among the 242 enriched GO path-
ways, 34 pathways, including 7 MF and 27 BP terms and 

Fig. 1  Disease area and phenotype of litchi leaves inoculated with Colletotrichum gloeosporioides. (a) Disease area of 82 litchi accessions at 72 h after in-
oculation with C. gloeosporioides. (b) Changes in disease area in ‘Haiken 5’ and ‘Nongmei 5 hao’ leaves from 0-72 h after inoculation. The data are expressed 
as the means ± standard deviations. Asterisks indicate that values are significantly different between ‘Haiken 5’ and ‘Nongmei 5 hao’ according to Student’s 
t test (* P<0.05, ** P < 0.01). (c) Phenotypes of ‘Haiken 5’ and ‘Nongmei 5 hao’ leaves at 0, 6, and 24 h after inoculation. Scale bar = 10 mm
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Fig. 2  Analysis of differentially expressed genes (DEGs) in litchi leaves in response to Colletotrichum gloeosporioides inoculation at 6 and 24 h postinocula-
tion (hpi). (a, b) Venn diagrams of DEGs in ‘Haiken 5’ (R) and ‘Nongmei 5 hao’ (S) at 6 and 24 hpi, respectively; (c, d) Analysis of upregulated and downregu-
lated DEGs after infection with C. gloeosporioides at 6 and 24 hpi for the R and S accessions, respectively. (e) Heatmap analysis of 135 DEGs common to the 
R and S accessions at 6 hpi (partial). (f) Heatmap analysis of 177 DEGs common to the R and S accessions at 24 hpi (partial)
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comprising 363 DEGs, were significantly enriched in the 
S accession at 6 hpi (Fig.  3c, Table S5). Among the 439 
DEGs in the S accession, 382 GO pathways were identi-
fied in both accessions at 24 hpi, of which 16 pathways, 
including 10 CC and 6 MF terms, were significantly 
enriched (Fig.  3d, Table S6). No CC terms were signifi-
cantly enriched at 6 hpi in either the R or S accession. 
More GO terms were enriched in the R accession than 
in the S accession at 6 hpi, and many GO terms, such as 
peroxidase activity, aminoglycan catabolic and metabolic 
process, and cell wall macromolecule catabolic and meta-
bolic process, were enriched among the DEGs in the R 

accession at 6 and 24 hpi. There were 26 common GO 
terms significantly enriched between the R and S acces-
sions at 6 hpi; the R accession had 12 unique GO terms, 
and the S accession had 8. At 24 hpi, there were 39 GO 
terms unique to the S accession, 12 GO terms unique 
to the S accession, and 4 GO terms common to both 
accessions.

From the 400 DEGs in the R accession, 54 KEGG path-
ways were identified at 6 hpi, with 6 pathways identi-
fied as significantly enriched (Fig. 4a, Table S7). In the R 
accession, 60 KEGG pathways were enriched among the 
571 DEGs at 24 hpi, including 5 significantly enriched 

Fig. 3  Gene Ontology (GO) enrichment of differentially expressed genes (DEGs) in ‘Haiken5’ (R) and ‘Nongmei 5 hao’ (S) in response to Colletotrichum 
gloeosporioides inoculation. (a, b) GO enrichment of the R accession DEGs at 6 (a) and 24 hpi (b). (c, d) GO enrichment of the S accession DEGs at 6 (c) 
and 24 hpi (d)
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pathways (Fig.  4b, Table S8). Phenylpropanoid biosyn-
thesis and plant–pathogen interactions were significantly 
enriched at both 6 and 24 hpi. For the 363 DEGs in the 
S accession, 42 KEGG pathways were enriched at 6 hpi, 
including 4 pathways that were significantly enriched 
(Fig.  4c, Table S9). At 24 hpi, 59 KEGG pathways were 
enriched among the 439 DEGs in the S accession, of 
which 4 pathways were significantly enriched (Fig.  4d, 
Table S10). Phenylpropanoid biosynthesis, amino sugar 
and nucleotide sugar metabolism, and plant–pathogen 
interactions were common significantly enriched path-
ways at 6 hpi. Phenylpropanoid biosynthesis, linoleic acid 

metabolism, and alpha-linolenic acid metabolism were 
significantly enriched at 24 hpi after C. gloeosporioides 
infection. More pathways were enriched in the R acces-
sion than in the S accession. Pathways such as the MAPK 
signalling pathway and flavone and flavonol biosynthesis 
were specifically significantly enriched in the R accession.

STEM analysis identified the expression profiles of DEGs in 
response to anthracnose infection
DEGs from R and S accessions at different evaluation 
timepoints were clustered according to their expression 
values via short time series expression miner (STEM). 

Fig. 4  Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment of differentially expressed genes (DEGs) from ‘Haiken 5’ (R) and ‘Nongmei 
5 hao’ (S) in response to Colletotrichum gloeosporioides inoculation. (a, b) KEGG enrichment of the R accession DEGs at 6 (a) and 24 hpi (b). (c, d) KEGG 
enrichment of the S accession DEGs at 6 (c) and 24 hpi (d)
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The DEGs were divided into 9 profiles according to their 
expression trends (Fig. 5, Tables S11 and S12). The gene 
expression trend profiles were similar for the R and S 
accessions. A total of 5 significantly different clusters 
were obtained after inoculation of the R accession, and 
6 were obtained for the S accession. The DEGs in pro-
files 2, 4, and 5 of the R accession and profiles 1 and 4 
of the S accession gradually increased in expression over 
time. The number of DEGs in profiles 3 and 6 of the R 
accession and profiles 2 and 3 of the S accession gradu-
ally decreased. The DEGs in profile 1 of the R accession 
and profiles 5 and 6 of the S accession showed fluctuat-
ing trends. The upregulated DEGs in profile 4 (248) of the 
R accession and profile 1 (245) of the S accession repre-
sented the largest number of genes. The KEGG pathways 
enriched among the 5 profiles comprising upregulated 
DEGs were similar in the R and S accessions (Figs. S2 
and S3), namely, phenylpropanoid biosynthesis, taurine 
and hypotaurine metabolism, amino sugar and nucleo-
tide sugar metabolism, and plant–pathogen interactions. 
Phenylpropanoid biosynthesis was the only pathway 
enriched in all 5 profiles. The GO terms chitinase activ-
ity, oxidoreductase activity, glycosaminoglycan catabolic 
process, cell wall macromolecule catabolic process, drug 
catabolic process, and protein ubiquitination were also 
enriched in these profiles. The downregulated DEGs in 
profiles 3 and 6 of the R accession and profiles 2 and 3 of 
the S accession comprised the second largest clusters, but 
there were no commonly enriched GO terms or KEGG 
pathways. The term photosynthesis-related was enriched 
in the S accession, and the terms oxidoreductase activ-
ity and nucleotide catabolic process were enriched in the 
R accession. Profile 1 of the R accession and profile 6 of 
the S accession tended to increase but then decreased 
in response to C. gloeosporioides infection. These genes 
were commonly significantly enriched in the following 
GO terms: cell recognition, pollination, pollen–pistil 

interaction, multicellular organism process, recognition 
of pollen, reproduction, reproductive process, multior-
ganism process, and multicellular organismal process.

Identification of coexpressed modules and hub genes
To identify the highly correlated genes and hub genes 
that respond to C. gloeosporioides inoculation, weighted 
correlation network analysis (WGCNA) was performed 
(​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​S​h​a​w​​n​W​​x​2​0​​1​9​/​​W​G​C​N​​A​-​​s​h​i​n​y​A​
p​p). By combining the RNA-seq and phenotypic data, 
6000 genes were identified and used to construct 18 
modules with consistent expression patterns (Fig.  6a). 
Among the 18 coexpression modules, 2 were signifi-
cantly correlated with disease resistance-related traits 
(Fig.  6b): the greenyellow module was positively corre-
lated with inoculation of the R accession at 24 hpi (cor-
relation coefficient of 0.76), and the turquoise module 
was significantly positively correlated with inoculation 
of the S accession at 24 hpi (correlation coefficient of 
0.90). The different gene expression modules involved 
in pathogenic interactions were subjected to GO and 
KEGG enrichment analyses (Tables S13 to S6). GO 
enrichment analysis revealed that the genes in the tur-
quoise module were significantly enriched in 22 path-
ways, such as the aminoglycan catabolic process, chitin 
metabolic process, cell wall macromolecule catabolic 
process, glucosamine-containing compound meta-
bolic process, and carbohydrate derivative catabolic 
process (Table S13). The KEGG pathways associated 
with amino sugar and nucleotide sugar metabolism, 
plant‒pathogen interactions, glutathione metabolism 
and alpha‒linolenic acid metabolism were significantly 
enriched in the turquoise module (Table S14). The GO 
terms enriched among the genes in the greenyellow 
module were enriched in cellular amino acid metabolic 
processes, cysteine metabolic processes, cysteine bio-
synthetic processes from serine, etc. (Table S15). The 

Fig. 5  Short time series expression miner (STEM) analysis of the differentially expressed genes (DEGs) from ‘Haiken 5’ (R) and ‘Nongmei 5 hao’ (S) in re-
sponse to Colletotrichum gloeosporioides inoculation

 

https://github.com/ShawnWx2019/WGCNA-shinyApp
https://github.com/ShawnWx2019/WGCNA-shinyApp


Page 8 of 15Li et al. BMC Plant Biology          (2025) 25:384 

enriched KEGG pathways among greenyellow modules 
included alanine, aspartate and glutamate metabo-
lism; biotin metabolism; porphyrin and chlorophyll 
metabolism; and aminoacyl-tRNA biosynthesis (Table 
S16). Gene coexpression networks were constructed 
using Cytoscape software [14], and the hub genes with 
the largest number of network interactions were high-
lighted. The hub genes were associated primarily with 
enzymes. These genes, such as enoyl-CoA delta isomer-
ase 3 (LITCHI015365.m1, ECI1), LRR receptor-like ser-
ine/threonine-protein kinase RKF3 (LITCHI003864.m1, 

LRR-RKF3), LRR receptor-like serine/threonine-protein 
kinase GSO1 (LITCHI031193.m1,GSO1), Golgin candi-
date 6 (LITCHI020614.m1, GC6), E3 ubiquitin-protein 
ligase RGLG2 (LITCHI029848.m1, RGLG2), caffeic acid 
3-O-methyltransferase (LITCHI021780.m1, CAOMT), 
ACD11 homolog protein (LITCHI005513.m1, ACD11), 
Thaumatin-like protein 1 (LITCHI018696.m1, TLP), 
DNA-directed RNA polymerase 1, and mitochondrial 
(LITCHI026096.m1, Pol1), might play important roles 
in resistance to C. gloeosporioides. Moreover, the results 

Fig. 6  Weighted gene coexpression network analysis (WGCNA) of litchi infection with Colletotrichum gloeosporioides. (a) Gene coexpression modules 
identified by gene expression and sample. Eighteen modules of coexpressed genes were identified; different colours indicate different modules. (b) Heat 
map of correlations between sample traits and modules. The colour of the bar represents the level of correlation. (c, d) Gene-gene interaction network 
analysis to identify the hub genes from the greenyellow (c) and turquoise (d) modules
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showed that protein ubiquitination was associated with 
ETI signalling.

Effects of C. gloeosporioides infection on transcription 
factor expression
TFs regulate gene expression in response to stress. The 
AP2/ERF, bHLH, bZIP, MYB, NAC, P450, and WRKY 
families are the TFs most closely related to plant immu-
nity. In this study, 251 TF genes representing 95 families 
were identified from the DEGs as modulating a cascade 
of resistance reactions at 6 hpi. Among these genes, 
the AP2/ERF, MYB, bHLH, WRKY, P450, and Pkinase 
genes were further analysed, and their expression levels 
were significantly induced or inhibited (Fig. 7). In the R 
accession, 27 TFs were upregulated, and 26 were down-
regulated. In contrast, in the S accession, 24 TFs were 
upregulated, and 28 were downregulated. Most of the TF 
genes presented greater degrees of change in expression 

in response to C. gloeosporioides inoculation in the S 
accession than in the R accession.

Validation of RNA-Seq data by RT‒qPCR analysis
To confirm the relative gene expression observed in the 
RNA-seq data, RT‒qPCR was performed for eight DEGs. 
Eight genes were selected based on comprehensive evalu-
ation of expression levels and involvement in metabolic 
pathways following C. gloeosporioides infection in both R 
and S accessions (Fig. 8, Table S17). These genes included 
calcium uptake protein, mitochondrial (LITCHI019758.
m1, MCU); patatin-like protein 2 (LITCHI011067.m1, 
PLP2); WRKY transcription factor 72 (LITCHI005126.
m1, WRKY 72); calcium-binding allergen Bet v 3 
(LITCHI019645.m1, CML42); plant cysteine oxidase 1 
(LITCHI003402.m1, PCO1); aldehyde dehydrogenase 
family 2 member B4, mitochondrial (LITCHI004973.
m1, ALDH2); ABC transporter G family member 24 

Fig. 7  Heatmap of transcription factor (TF) expression in ‘Haiken 5’ (R) and ‘Nongmei 5 hao’ (S) in response to Colletotrichum gloeosporioides infection. The 
expression levels are represented by the colour bar. I: inoculated with C. gloeosporioides
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(LITCHI027843.m1, ABC1); and sigma factor binding 
protein 1 (LITCHI019832.m1, SIB1). The relative gene 
expression in the R and S accessions was consistent with 
the expression patterns in the RNA-seq data, validating 
its accuracy. The MCU gene exhibited differential expres-
sion only at 6 hpi in the R accession. The other seven 
genes were differentially expressed in both accessions fol-
lowing inoculation with C. gloeosporioides, with greater 
expression changes observed in the S accession than in 
the R accession.

Discussion
Anthracnose is one of the most destructive agricultural 
diseases, occurring in nearly all crops. Accession screen-
ing and defence mechanism analysis are the major strat-
egies for resistance breeding and loss reduction [15, 
16]. Litchi is affected by multiple diseases; however, its 
response mechanisms have not been reported, and the 
breeding of resistant accessions has been limited. In 
this study, we assessed the resistance of accessions in 
response to C. gloeosporioides inoculation and identified 
representative R and S accessions. Through further analy-
ses of these accessions, resistance genes, response mod-
ules, and pathways were revealed.

Disease resistance capacity is affected by various fac-
tors, including tree and leaf age, the temperature and 
humidity of the environment, fertility, illumination, anti-
biotic application, and cultivation management [17–22]. 
In this study, three evaluations were performed to test 
disease resistance under different seasonal climate pat-
terns. In Hainan, the temperature in September and July 
is higher than that in March, and litchi is in a period of 
rapid growth; thus, the average lesion areas were larger at 
these times. Resistance evaluations were performed with 
mycelial agar disks because litchi leaf postures vary such 

that C. gloeosporioides spore suspensions will flow off the 
surfaces of most leaf blades, even with the addition of a 
surfactant.

Gene expression levels were determined via transcrip-
tome analysis, and DEGs were identified on the basis 
of their expression at different times after inoculation. 
Compared with the S accession, the R accession pre-
sented more DEGs that participated in the response to 
C. gloeosporioides inoculation, and their involvement in 
the disease response increased over time (Fig. 2a and b). 
However, the changes in the magnitude of gene expres-
sion were much smaller in the R accession than in the 
S accession (Fig.  2e and f ). This phenomenon has also 
been observed in tea [23]. The DEGs of the R accession 
presented more enriched pathways than those of the S 
accession did (Figs. 3 and 4). These findings revealed that 
more DEGs and pathways were activated in response to 
pathogen infection in the R accession than in the S acces-
sion and that greater changes in gene expression were not 
effective in controlling C. gloeosporioides infection in the 
S accession.

The KEGG pathways enriched in response to patho-
gens nearly always include phenylpropanoid biosynthesis 
[23–25], plant–pathogen interaction [26], the flavonoid 
biosynthesis pathway [27], and plant hormone signals 
[28]. In this study, the KEGG pathways enriched among 
the DEGs were different for the R and S accessions. Path-
ways associated with disease resistance were enriched, 
and amino sugar and nucleotide sugar metabolism and 
glycolysis/gluconeogenesis pathways were significantly 
enriched, indicating that a glucometabolic response is 
also involved in litchi resistance to the pathogen. The 
amino sugar and nucleotide sugar metabolism pathway is 
related to stress [29] and is relevant to cell wall synthe-
sis and repair in the resistance response [30]. Multiple 

Fig. 8  Gene expression level validation by qRT-PCR analysis in ‘Haiken 5’ (R) and ‘Nongmei 5 hao’ (S) after Colletotrichum gloeosporioides infection. Asterisks 
indicate that values are significantly different between plants inoculated with C. gloeosporioides and the control via Student’s t test (* P<0.05, ** P<0.01)
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sucrose metabolism pathways, including fructose and 
mannose metabolism and glucosinolate biosynthesis, also 
participate in the response to C. gloeosporioides infection 
(Fig. 4, Tables S7–S10). The flavone and flavonol biosyn-
thesis pathway was significantly enriched in the R acces-
sion at 6 hpi but enriched only in the S accession at 24 
hpi. Flavonoid metabolism is affected by pathogen infec-
tion [27]. Flavone and flavonol biosynthesis and metabo-
lism induce the accumulation of resistant substances to 
increase antioxidant activity and disease resistance [31]. 
The R accession initiates a disease response at the early 
stage [32]; the enrichment of flavone and flavonol biosyn-
thesis and metabolism pathways at this early timepoint 
may explain its resistance to pathogen infection. Some 
pathways, including tyrosine metabolism, were signifi-
cantly enriched, specifically at the late stage of C. gloeo-
sporioides infection. Tyrosine is the precursor of several 
natural compounds, such as phenylalanine and trypto-
phan [33, 34]. The tyrosine metabolism pathway was sig-
nificantly enriched among the DEGs in the S accession at 
24 hpi, indicating the activation of secondary metabolic 
synthesis to resist the pathogen.

A greater number of GO terms were enriched in the 
R accession than in the S accession, especially at 24 hpi. 
No CC terms were enriched at 6 hpi in either accession, 
but they were the most enriched in the S accession at 24 
hpi, with terms including photosystem II, photosystem II 
oxygen evolving complex, and oxidoreductase complex. 
These findings indicate that C. gloeosporioides infection 
disrupted photosynthesis in the leaves of the S acces-
sion and that this process was prevented or delayed in 
the R accession via porphyrin-containing compound 
biosynthesis [35] and iron ion binding [36]. Moreover, 
many GO terms were enriched specifically in the S acces-
sion. Ubiquitin-protein transferase activity was the GO 
term enriched specifically in the S accession at 6 and 
24 hpi. The ubiquitin proteasome system is the major 
protein degradation pathway in plants and is related to 
biotic and abiotic stress tolerance [37–39]. The ubiq-
uitin (Ub) extension protein (UEP) gene NbUEP1 can 
modulate disease resistance and cell death; RNAi of this 
gene increases resistance to oomycetes and viruses [40]. 
OsPUB41, an E3 ubiquitin ligase, is induced by PAMPs, 
and its overexpression in rice increased plant resistance 
to Xanthomonas oryzae pv. oryzae [41]. There were 
fewer significantly enriched GO terms in the S accession 
than in the R accession; no BP terms were significantly 
enriched, indicating that the invasion and colonization by 
pathogenic bacteria were complete. In the S accession, 10 
CC terms and 6 MF terms, including those related to the 
cell wall, apoplast, and thylakoid membrane, were sig-
nificantly enriched at 24 hpi. In the R accession, only the 
extracellular region was enriched, suggesting that the C. 
gloeosporioides infection had not entered the cell.

The STEM data revealed that DEG expression changed 
with time. Profiles with similar trends in R and S acces-
sions were obtained, except for profile 5 of the S acces-
sion, whose expression was downregulated at 6 hpi and 
upregulated at 24 hpi in response to C. gloeosporioi-
des infection. The fewest DEGs were observed in pro-
file 5 of accession S (41); these DEGs were significantly 
enriched in the oxidoreductase activity and dioxygenase 
activity terms and the flavone and flavonol biosynthesis 
and tyrosine metabolism pathways. The DEGs included 
anthocyanidin 3-O-glucosyltransferase 2, flavonoid 
3’-monooxygenase, and homogentisate 1,2-dioxygenase. 
Anthocyanidin-3-O-glucosyltransferases (UFGTs) play 
key roles in anthocyanin biosynthesis and glycosylation 
[42]. The expression levels of these genes are related to 
the levels of anthocyanins [43, 44], which are key sub-
stances involved in the abiotic stress response [45, 46]. 
UFGTs (LITCHI016343.m1) are key genes in the flavone 
and flavonol biosynthesis pathway. The expression of 
these genes was downregulated at 6 hpi and then upregu-
lated at 24 hpi in the S accession but downregulated con-
tinuously in the R accession. Furthermore, 3 of the 12 
UFGT genes were downregulated and then upregulated 
in the S accession but were not substantially changed or 
were continuously downregulated in the R accession. This 
trend towards increased expression may be related to 
the ability of the pathogen to colonize plant cells. Addi-
tionally, in the R accessions, a subset of genes exhibited 
expression changes only at 6 hpi or 24 hpi, correspond-
ing to profile 3 and profile 4. The genes in profile 3 are 
predominantly involved in oxidoreductase activity and 
iron ion binding (Fig. 5, S11). This oxidoreductase activ-
ity contributes to defence against pathogens by activat-
ing signalling pathways and regulating ion channels and 
iron reduction, which play crucial roles in plant immune 
responses [47]. Moreover, genes in C4 are associated with 
various receptor activities and channel activities. These 
channel activities are critical for immune responses, as 
they modulate the flow of calcium ions, triggering down-
stream calcium-dependent signalling cascades and thus 
playing a key role in plant immune responses [48]. These 
channels not only are involved in the rapid response to 
pathogen aggression but also may regulate internal sig-
nalling pathways, which are essential for coordinating 
long-term defence strategies in plants.

The metabolism of plant hormone signals, such as 
auxin, gibberellic acid, abscisic acid, ethylene, salicylic 
acid (SA), and jasmonic acid (JA), is a vital metabolic 
pathway involved in the response to anthracnose infec-
tion [51]. Resistance to biotrophic and hemibiotrophic 
pathogens relies mainly on the SA-dependent pathway, 
and the response to necrotrophic pathogens involves JA 
and ethylene signalling [50–54]. In this study, the expres-
sion of eight related genes (one SARU40 gene, two SARU 
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50 genes, one GH3.1 gene, two DMR6 genes, and one 
PYL6 gene) changed in response to C. gloeosporioides 
infection. No changes in the expression levels of JA sig-
nal-related genes were detected. Thus, it can be inferred 
that ethylene and auxin are the main hormones involved 
in resistance to C. gloeosporioides in litchi leaves. In addi-
tion, multiple pathogenesis-related protein (PR) genes, 
especially PR1, PR3, PR4B, PRP1, and PTI5, exhibited 
increased expression with increasing time after C. gloeo-
sporioides infection, and the R accession presented a 
greater advantage. It can be concluded that ethylene sig-
nalling, SA signalling, and PR gene expression in litchi 
induce systemic acquired resistance, resulting in a hyper-
sensitive response in leaves [55]. The resistance reaction 
in litchi does not involve the JA signal.

WGCNA can be used to classify coexpression mod-
ules and select hub genes across all genes. In this study, 
2 modules, including 9 hub genes, were identified. The 
greenyellow module was positively correlated with the R 
accession at 24 hpi, and its hub genes were related to LRR 
receptor-like serine/threonine-protein kinase, enoyl-CoA 
delta isomerase 3, and the E3 ubiquitin-protein ligase 
RGLG2. Enoyl-CoA delta isomerase participates in lin-
oleic acid metabolism [54] and fatty acid degradation 
[55]; it is involved in the salt and drought stress response 
in Arabidopsis thaliana [56] and in seed germination 
[57]. However, there have been no reports on its expres-
sion associated with pathogen resistance. The receptor 
protein PEX5, a peroxisome component, negatively regu-
lates resistance to the blast fungus Magnaporthe oryzae 
in rice. PEX5 is ubiquitinated by APIP6 and degraded via 
the 26  S proteasome pathway [58]. Our results suggest 
that enoyl-CoA delta isomerase is located in the peroxi-
some and that its strong connection with the E3 ubiq-
uitin-protein ligase RGLG2 and the LRR receptor-like 
serine/threonine-protein kinase suggest that enoyl-CoA 
delta isomerase 3 may be involved in pathogen resistance. 
This interaction should be evaluated in further experi-
ments. Notably, the maximum network interaction was 
observed between the hub genes of the purple and black 
modules, which also implied associations among kinases, 
RNA methyltransferases, and ligases.

The primary objective of plant transcriptome sequenc-
ing is to elucidate gene expression patterns and regula-
tory mechanisms comprehensively. In this study, we 
preliminarily verified that the expression levels of eight 
genes changed in response to C. gloeosporioides infection. 
The calcium uptake protein, mitochondrial (MCU) gene 
was upregulated exclusively in the R accession. MCU is 
integral to plant disease resistance because it modulates 
mitochondrial calcium homeostasis and orchestrates 
downstream signalling pathways that enhance plant 
defence mechanisms [59]. MCU-mediated calcium influx 
into mitochondria activates various metabolic pathways, 

including those involved in energy production and the 
oxidative burst [60]. The RPM1 gene has been shown 
to facilitate a rapid and sustained increase in cytosolic 
calcium, which is necessary for the oxidative burst and 
hypersensitive cell death, two key components of plant 
defence [59].

Transcription factors also play crucial roles in disease 
resistance. The expression levels of several transcription 
factor genes were found to be positively correlated with 
resistance to pathogens (Figs.  7 and 8). Three of these 
TFs, WRKY 72, ABC1, ALDH2, had their expression veri-
fied by using RT-qPCR (Fig. 8), and their patterns of gene 
expression changes were essentially consistent with the 
DEG analysis. In the R accessions, the expression levels 
of these three genes were upregulated at 6 hpi, whereas 
in the S accessions, expression changes only began at 24 
hpi. These results further confirm that resistant acces-
sions initiate immune defences in response to anthrac-
nose infection at an earlier stage [32]. The application of 
these genes in biotechnological breeding for resistance 
to anthracnose infection requires further investigation 
through methods such as genetic transformation and 
CRISPR.

Conclusion
In this study, 2 litchi accessions were selected from 82 
accession resources and subjected to transcriptome 
analysis to evaluate the molecular mechanisms related to 
the response to C. gloeosporioides infection. The results 
revealed that the responses involved were related to 
phenylpropanoid biosynthesis, amino sugar and nucleo-
tide sugar metabolism, plant–pathogen interactions, the 
MAPK signalling pathway, and the taurine and hypotau-
rine metabolism pathways. The R accession rapidly initi-
ated a defence in response to C. gloeosporioides infection, 
with increased resistance-related gene expression and fla-
vonoid synthesis, as well as increased antioxidant activity. 
Moreover, ethylene and SA signalling participated in the 
resistance reaction. These results provide a foundation 
for understanding the molecular mechanism of infec-
tion resistance in litchi and identifying valuable genes for 
future studies.

Materials and methods
Plant and fungal materials
For the evaluation of anthracnose disease resistance, 82 
litchi natural accession resources (11 years old) of the 
same age and tree vigour were obtained from the Hainan 
Province Litchi Accession in Danzhou, China (Supple-
mentary Materials Table S1). This area features a tropi-
cal wet and dry climate (Köppen classification: Aw), the 
annual average temperature is approximately 23.2  °C, 
and the climatic conditions are conducive to the growth 
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of litchi. Newly grown branches were obtained, and fresh 
leaves were selected for inoculation.

Colletotrichum gloeosporioides (09626-4-1-1) was iso-
lated from Huaizhi litchi and was strongly pathogenic 
when inoculated on leaves.

Inoculation and resistance evaluation
Fresh leaves that had just reached the maximum size (leaf 
area) were selected and placed in a box with wet tissues. 
To evaluate resistance, the fresh leaves were inoculated 
with a mycelial agar disk (5  mm) of C. gloeosporioides 
cultured on potato dextrose agar (PDA). For RNA-seq, 
leaves were stab-inoculated with a conidial suspension 
(107 conidia/mL) prepared by flooding the surface of 
the culture plates of C. gloeosporioides on synthetic low-
nutrient agar (SNA) media with sterile distilled water, 
filtering the suspension through Miracloth, and adjust-
ing the concentration with sterile distilled water via a 
haemocytometer.

RNA-seq and data analysis
The leaves were sampled at 0, 6, and 24 h after stab inoc-
ulation with a conidial suspension. The samples were 
discs 1 cm in diameter taken around the inoculation site 
(including the inoculation site). RNA was collected from 
3 biological replicates of inoculated and mock-inocu-
lated plants, and each biological replicate included 20 
leaf discs. The samples were immediately frozen in liquid 
nitrogen and stored at − 80 °C.

Total RNA was extracted via a Plant RNA Kit (Aidlab, 
Beijing, China), and the RNA concentration and purity 
were determined via the RNA Nano 6000 Assay Kit for 
the Bioanalyzer 2100 System (Agilent Technologies, 
CA, USA). For library preparation, mRNA was puri-
fied and used to synthesize cDNA for PCR with Phu-
sion High-Fidelity DNA polymerase, universal PCR 
primers, and Index (X) Primer. The library preparations 
were sequenced on an Illumina NovaSeq platform. RNA 
isolation, RNA quantification and qualification, library 
preparation, quality inspection, clustering, and sequenc-
ing were performed by Novogene (Beijing Novogene Co. 
Ltd., Beijing, China).

Raw data (raw reads) in fastq format were processed 
with in-house Perl scripts to obtain clean data. The clean 
data were mapped to the litchi reference genome ​(​​​h​t​t​p​:​/​/​
w​w​w​.​s​a​p​i​n​d​a​c​e​a​e​.​c​o​m​/​​​​​) via HISAT2 v2.0.5. The database 
annotation used to determine the functions of the DEGs 
was performed via Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) enrichment 
analyses. Short time series expression miner software 
(STEM) software was used to analyse the DEG expres-
sion trends in both the resistant and susceptible acces-
sions [61].

Weighted gene coexpression network analysis (WGCNA)
For the gene coexpression network analysis, a total of 
10,416 genes were used as inputs for the signed WGCNA 
package in TBtools (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​S​h​a​w​​n​W​​x​2​0​​1​9​/​​
W​G​C​N​​A​-​​s​h​i​n​y​A​p​p).

A matrix of the normalized expression values of 6000 
genes was generated. The FPKM values and phenotypes 
of the samples were used to identify modules of highly 
correlated genes. The resulting networks were visualized 
via Cystoscope software (version 3.10.2) [14].

cDNA synthesis and qRT‒PCR analysis
For qPCR and gene expression analysis, first-strand 
cDNA was synthesized. Then, 1  µg of total RNA was 
used in the PrimeScript 1st Strand cDNA Synthesis Kit 
(Thermo Fisher Scientific, Waltham, USA). For gene 
expression, Real-time reverse transcription PCR analysis 
was performed via the StepOne™ Real-Time PCR System 
(Applied Biosystems, Waltham, USA) with TB Green 
Premix Ex Taq (Takara Bio, Japan) and primers (Table 
S1). GAGA-25 was used as the reference gene for expres-
sion normalization [62]. The relative gene expression was 
calculated via the 2−∆∆Ct method.
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