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An integrated transcriptomic and
metabolomic analysis of black
spot disease in Jinggang honey
pomelo reveals underlying
resistance mechanisms

Huimin Sun†, Weiwei Li†, Lin Lu, Biling Jin, Dingkun Liu, Zexia Li,

Li He and Yang Wu*

School of Life Sciences, Jinggangshan University, Ji’an, China

Introduction: The Jinggang honey pomelo is recognized as one of the three

major fruit industry brands in Jiangxi Province. However, the crop’s growth

and yield have been significantly a�ected by the black spot disease caused by

Diaporthe citri. Despite this impact, the defense mechanisms and underlying

molecular responses of the Jinggang honey pomelo to the disease remain poorly

understood.

Methods: In this study, we utilized UPLC-MS/MS and RNA-Seq to conduct

a comparative analysis of di�erentially abundant metabolites (DAMs) and

di�erentially expressed genes (DEGs) in uninfected andD. citri-infected Jinggang

honey pomelo fruits 13 days post-infection (dpi) in vivo.

Results: Our analysis yielded 1,744, 1,616, and 1,325 DAMs, as well as

3,403, 1,767, and 453 DEGs from the respective varieties, with 426 DAMs

and 66 DEGs common across all three. Kyoto Encyclopedia of Genes and

Genomes enrichment analysis demonstrated significant enrichment of these

DAMs and DEGs in phenylpropanoid and flavonoid biosynthesis pathways. We

also discovered that transcription factors (TFs), specifically MYB and bHLH,

related to these pathways, were highly expressed. Our elucidation of the

phenylpropanoid and flavonoid biosynthesis pathways surmises that genes (4CL,

F5H, HCT, CCR, and CAD) and metabolites (p-coumaryl acetate, pinocembrin,

naringin, and neohesperidin) could significantly contribute to the resistivity of

Jinggang honey pomelo against D. citri.

Discussion: Our findings suggest that Jinggang honey pomelo activates

phenylpropanoid and flavonoid biosynthesis pathways, leading to the

accumulation of flavonoid compounds that resist D. citri invasion. This

study lays the groundwork for further research into the molecular mechanisms

and breeding of Jinggang honey pomelo resistant to black spot disease.
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1 Introduction

The Jinggang honey pomelo, also known as the “Jinlan pomelo,” “Jinsha pomelo,” and

“Taoxi pomelo,” is a premium-quality fruit cultivated in Ji’an City, Jiangxi Province. The

Jinggang honey pomelo is thin-skinned with few seeds and is rich in vitamins B1 and

B2. It has notably high levels of vitamin C, calcium, and magnesium compared to other

pomelos. This fruit is beneficial for regulating metabolism, assisting digestion, promoting

Frontiers inMicrobiology 01 frontiersin.org

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2025.1495804
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2025.1495804&domain=pdf&date_stamp=2025-05-15
mailto:wuyangfenghao@hotmail.com
https://doi.org/10.3389/fmicb.2025.1495804
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1495804/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org












Sun et al. 10.3389/fmicb.2025.1495804

FIGURE 3

Analysis of Jinggang honey pomelo metabolome in response to D. citri. (A) Classification of the specific DAMs in afCK vs. afHD; (B) Classification of

the specific DAMs in jshCK vs. jshHD; (C) Classification of the specific DAMs in qyCK vs. qyHD; (D) KEGG analysis of the specific DAMs to afCK vs.

afHD; (E) KEGG analysis of the specific DAMs to jshCK vs. jshHD; (F) KEGG analysis of the specific DAMs to qyCK vs. qyHD.

These mechanisms work synergistically to enhance the resistance

of plants to pathogens (Dixon, 2001).

The specific DAMs in afCK vs. afHD, jshCK vs. jshHD, and

qyCK vs. qyHD were primarily enriched in the biosynthesis of

secondary metabolites. The specific DAMs in afCK vs. afHD

and jshCK vs. jshHD were enriched mainly in flavone and

flavonol biosynthesis, and anthocyanin biosynthesis, respectively.

The specific DAMs in qyCK vs. qyHD were primarily enriched in
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neomycin, kanamycin, and gentamicin biosynthesis (Figures 3D–

F). The black spot disease of the Jinggang honey pomelo, caused by

D. citri, is a fungal disease. Flavones, flavonols, and anthocyanins,

the three major subclasses of flavonoids, display significant

inhibitory effects on fungal diseases. Conversely, neomycin,

kanamycin, and gentamicin primarily inhibit bacterial growth. This

might explain the stronger resistance of af and jsh to black spot

disease compared with qy.

3.3 Analysis of Jinggang honey pomelo
transcriptome in response to D. citri

A total of 18 samples were prepared for transcriptome analysis,

yielding a total of 133.88 Gb of clean data. Each sample’s clean

data amounted to 5.91 Gb, with guanine and cytosine content

ranging from 43.81 to 44.60%, and Q30 ranging from 94.69 to

96.16%. More than 90.83% of the sequencing data in the sample

aligned with the reference genome (Supplementary Table 2). A total

of 3,404, 1,767, and 453 DEGs were identified in afCK vs. afHD,

jshCK vs. jshHD, and qyCK vs. qyHD, respectively. Among these,

1,323, 951, and 220 DEGs were upregulated, whereas 2,081, 816,

and 233 DEGs were downregulated (Figure 4A). To investigate the

shared DEGs in response to black spot disease across different

varieties of Jinggang honey pomelo, we analyzed the quantitative

distribution of DEGs for afCK vs. afHD, jshCK vs. jshHD, and

qyCK vs. qyHD. We identified a total of 66 DEGs across the

three varieties (Figure 4B). Among the 66 common DEGs, 29

were upregulated in afCK vs. afHD, 31 in jshCK vs. jshHD, and

31 in qyCK vs. qyHD, while 37 were downregulated in afCK

vs. afHD, 35 in jshCK vs. jshHD, and 35 in qyCK vs. qyHD

(Supplementary Table 3).

The GO analysis of the 66 common DEGs revealed that these

genes were predominantly enriched in cellular processes, cellular

components, and binding functions, under the biological process

(BP), cellular component (CC), and molecular function (MF)

categories respectively (Figure 4C). The KEGG analysis of the 66

common DEGs showed these genes were significantly enriched

in the photosynthesis and phenylpropanoid biosynthesis pathways

(Figure 4D).

Photosynthesis plays a pivotal role in plant defense responses.

As primary sources of reactive oxygen species (ROS) within plants,

chloroplasts produce ROS such as hydrogen peroxide (H2O2)

during photosynthesis. These ROS can act as signaling molecules

to initiate defense responses against pathogenic invasion. Under

biotic stress, plants typically down-regulate the expression of

photosynthesis-related genes, which form part of the defense

response (Hu et al., 2020).

In this study, the down-regulation of four photosynthesis-

related common DEGs (Cg1g001670, Cg2g040770, Cg3g024680,

and Cg4g017260) was observed in afCK vs. afHD, jshCK vs. jshHD,

and qyCK vs. qyHD. This down-regulation could symbolize a

trade-off between sustaining photosynthesis and triggering defense

mechanisms in plants.

The phenylpropanoid biosynthesis pathway is a conduit for

the synthesis of a variety of secondary metabolites in plants. The

compounds produced by this pathway not only provide plants

with physical and chemical protection against pathogenic invasion

but also regulate defense signaling pathways (Yadav et al., 2020).

In this study, the up-regulation of one common DEG associated

with phenylpropanoid biosynthesis was observed in afCK vs. afHD,

jshCK vs. jshHD, and qyCK vs. qyHD. This up-regulation might

help plants to produce more secondary metabolites to counter

biotic stress.

The GO analysis results of the DEGs exclusively present

in the afCK vs. afHD, jshCK vs. jshHD, and qyCK vs. qyHD

comparisons showed that in the BP category, these DEGs were

primarily enriched in the cellular process, metabolic process, and

biological regulation binding. In the CC category, the DEGs were

mainly enriched in the cellular anatomical entity, intracellular,

and protein-containing complex. In the MF category, these DEGs

were predominantly enriched in binding, catalytic activity, and

transporter activity (Figures 5A–C).

The results of the KEGG analysis demonstrated that two

common pathways were enriched by the specific DEGs for

afCK vs. afHD, jshCK vs. jshHD, and qyCK vs. qyHD: the

photosynthesis and phenylpropanoid biosynthesis pathways. The

DEGs were exclusive to afCK vs. afHD and were primarily

enriched in the MAPK signaling pathway-plant and carbon

metabolism. TheDEGs exclusive to jshCK vs. jshHDwere primarily

enriched in plant hormone signal transduction and plant-pathogen

interaction. Finally, the DEGs exclusive to qyCK vs. qyHD were

primarily enriched in flavonoid biosynthesis and sulfur metabolism

(Figures 5D–F).

3.4 Identification of di�erentially expressed
TFs

TFs modulate gene expression by binding to functional gene

regulatory regions, thus influencing various biological processes.

TF prediction was carried out for 3,404, 1,767, and 453 DEGs in

afCK vs. afHD, jshCK vs. jshHD, and qyCK vs. qyHD, identifying

214, 102, and 30 TFs, respectively. A total of 42, 29, and 5 DEGs

in the MYB (25, 20, and 3 DEGs) and bHLH (17, 9, and 2 DEGs)

TF families were detected, which are associated with flavonoid

biosynthesis. Among these DEGs, 16 MYBs and three bHLHs

exhibited high expression in afCK vs. afHD, 15 MYBs and six

bHLHs in jshCK vs. jshHD, and twoMYBs and one bHLH in qyCK

vs qyHD (Supplementary Table 2).

3.5 DEGs and DAMs associated with the
phenylpropanoid biosynthesis and
flavonoid biosynthesis

To identify DEGs and DAMs associated with the synthesis of

phytoalexin in the leaves of Jinggang honey pomelo infected withD.

citri, we analyzed the phenylpropanoid and flavonoid biosynthesis

pathways using combined metabolomic and transcriptomic data

(Figure 6). Enrichment in the phenylpropanoid biosynthesis and

flavonoid biosynthesis pathways was detected by 38 DEGs
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FIGURE 4

Analysis of Jinggang honey pomelo transcriptome in response to D. citri. (A) Number of DEGs between the three groups (afCK vs. afHD, jshCK vs.

jshHD, and qyCK vs. qyHD); (B) Venn diagram showing DEGs shared among afCK vs. afHD, jshCK vs. jshHD, and qyCK vs. qyHD; (C) GO analysis of the

66 common DEGs; (D) KEGG analysis of the 66 common DEGs.
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FIGURE 5

Analysis of Jinggang honey pomelo transcriptome in response to D. citri. (A) GO analysis of the specific DEGs in afCK vs. afHD; (B) GO analysis of the

specific DEGs in jshCK vs. jshHD; (C) GO analysis of the specific DEGs in qyCK vs. qyHD; (D) KEGG analysis of the specific DEGs in afCK vs. afHD; (E)

KEGG analysis of the specific DEGs in jshCK vs. jshHD; (F) KEGG analysis of the specific DEGs in qyCK vs. qyHD.
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FIGURE 6

DEGs and DAMs associated with the phenylpropanoid biosynthesis and flavonoid biosynthesis; The red, green, and blue font indicates DAMs with

up-regulated expression, DEGs with down-regulated expression, and DEGs with both up and down-regulated expression. Heatmap depicting DEGs

and DAMs of phenylpropanoid biosynthesis and flavonoid biosynthesis.

and 38 DAMs, specifically in the afCK vs. afHD, jshCK vs.

jshHD, and qyCK vs. qyHD comparisons, post-infection with

D. citri.

Among the 38 DEGs, two unigenes encoded caffeic acid

3-O-methyltransferase (COMT), four unigenes encoded

shikimate O-hydroxycinnamoyltransferase (HCT), one unigene

encoded 4-coumarate–CoA ligase (4CL), one unigene encoded

ferulate-5-hydroxylase, one unigene encoded trans-cinnamate

4-monooxygenase (CYP73A), three unigenes encoded cinnamyl-

alcohol dehydrogenase (CAD), and two unigenes encoded

cinnamoyl-CoA reductase (CCR) in the afCK vs. afHD and

jshCK vs. jshHD comparisons. All of these unigenes were

upregulated. Correspondingly, the expression levels of ferulic acid,

caffeyl alcohol, pinocembrin, p-coumaryl acetate, leucocyanidin,

naringin, and neohesperidin also increased.

4 Discussion

D. citri is one of the most destructive fungal pathogens of

citrus (Guarnaccia and Crous, 2017; Li-ying et al., 2012). It

infects young leaves, shoots, and fruits, inducing black-to-reddish

brown, raised pustules (known as melanose) on the leaves, twigs,

and fruits of citrus (Nelson, 2008). While melanose typically

does not decrease yield, it negatively affects the marketability

of citrus fruits, leading to substantial economic losses (Li-ying

et al., 2012; Rehman et al., 2020). Additionally, D. citri causes

stem-end rot, shoot-blight, dieback, trunk or branch gummosis,

and rot in all citrus species or varieties across the globe

(Huang et al., 2013; Guarnaccia and Crous, 2017; Li-ying et al.,

2012; Fawcett, 1912; Guo-Qing, 2010). Breeding disease-resistant

varieties is often the most effective strategy for managing plant
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diseases. However, this approach requires an understanding of

the interaction between Jinggang honey pomelo and D. citri, as

well as the identification of disease-resistance genes in Jinggang

honey pomelo. In this study, healthy and diseased fruits from

three Jinggang honey pomelo lines - jsh, af, and qy, which exhibit

different resistance levels to black spot disease, were analyzed using

both transcriptomics and metabolomics. This combined analysis

provides a unique opportunity to identify the candidate genes and

metabolites involved in the disease-resistance pathway of Jinggang

honey pomelo.

Previous studies suggest that physiological disorders can

prompt significant changes in metabolite levels (Jung et al.,

2015; Li et al., 2018). In the current study, 426 common DAMs

and 66 collective DEGs were identified across three comparative

groups and aligned to KEGG pathways. Key takeaways include

the significantly enriched biosynthesis pathways of flavonoid

compounds, namely phenylpropanoid biosynthesis and flavonoid

biosynthesis. TFs are critical for the regulation of both growth

and development in organisms, and play a part in responses to

biotic and abiotic stress (Sun et al., 2022). Previous research has

evidenced that MYB can mediate the transcription of key enzymes

in the flavonoid synthesis pathway, thereby boosting flavonoid

production (An et al., 2017). bHLH has been reported to have

involvement in environmental stress responses and can regulate

flavonoid biosynthesis in synergy withMYB (Liu et al., 2018; Wang

et al., 2018). In the afCK vs. afHD and jshCK vs. jshHD groups,

there were recorded 16 and 15 MYBs and three and six bHLHs,

respectively, while only two MYBs and one bHLH were pinpointed

in the qyCK vs. qyHD group. Drawn from the above examination,

flavonoids, and their related biosynthetic pathways play a decisive

role in the defense against D. citri.

The phenylpropane metabolic pathway starts from

phenylalanine via the shikimic acid pathway. Phenylalanine

is converted to p-coumaroyl-CoA by phenylalanine ammonia-

lyase, cinnamic 4-hydroxylase (C4H), and 4-coumaroyl-CoA

ligase (4CL), establishing a shared pathway for phenylpropane

metabolism (Fraser and Chapple, 2011). Upon inoculation with D.

citri, the expression of the 4CL gene (Cg2g026340) was upregulated

by 0.45 and 1.00 fold in the resistant varieties afCK vs. afHD and

jshCK vs. jshHD, respectively. 4CL catalyzes the conversion of

p-coumaric acid into p-coumaroyl-CoA, a key step that introduces

carbon atoms into the phenylpropanoid pathway, ultimately

leading to the formation of various secondary metabolites (Wang

et al., 2022). Subsequently, the reaction is catalyzed by other

downstream enzymes, diverging into the two main branches

of phenylpropane metabolism: the flavonoid pathway and the

lignin pathway. The flavonoid pathway primarily synthesizes

metabolites, including flavonoids, isoflavones, anthocyanins, and

flavonols (Carletti et al., 2014). CHS, the first rate-limiting enzyme

in the flavonoid biosynthesis pathway, catalyzes the condensation

of p-coumaroyl-CoA with three molecules of malonyl-CoA to

form chalcone. Subsequently, CHI catalyzes the isomerization of

chalcone to flavanone, while F3H mediates the hydroxylation of

flavanone at the C-3 position, yielding dihydroflavonol. Finally,

FLS converts dihydroflavonol into flavonol, serving as the key

enzyme for flavonol biosynthesis (Bulanov et al., 2025; Xie et al.,

2023; Liu et al., 2021). Upon exposure to biological stress, plants

primarily mitigate it by modulating the expression of genes related

to the flavonoid pathway and accumulating various metabolites.

However, the four unigenes (namely Cg2g009540, Cg3g017700,

Cg3g017730, and CgUng005990) encoding CHS, one unigene

(Cg1g002060) encoding F3H, and its encoded downstream

products (including 2′, 3,4,4′, 6′-Pepperhydroxychalcone 4′ -

O-glucoside, 5-Deoxyleucopelargonidin, Luteolin, Phlorizin,

Pinobaksin, Pinobaksin 3-O-acetate, Quercetin, and Sakuranetin)

were all upregulated in the susceptible varieties qyCK vs. qyHD

compared with afCK vs. afHD and jshCK vs. jshHD. This may

represent a compensatory mechanism by which plants attempt to

enhance defense responses by increasing the synthesis of flavonoids

(Ahmad et al., 2023).

The lignin biosynthesis pathway is a crucial metabolic route

for plant cell wall formation, involving multiple key genes such as

HCT, C3H, CCR, CAD, F5H, and POD. These genes play pivotal

roles in lignin synthesis and regulation. Lignin is a major structural

component of plant cell walls that enhances mechanical strength

and forms a physical barrier against pathogen invasion. Upon

pathogen infection, plants significantly increase lignin biosynthesis

and deposition in a process termed lignification (Riseh et al.,

2024). Previous phenotypic studies on af, jsh, and qy following

D. citri infection revealed that lignification occurred specifically

at the infection sites of af and jsh. The reinforcement of cell

walls through lignification helps compartmentalize infected tissues,

thereby restricting pathogen spread. In contrast, no lignification

was observed in qy, where the infected areas displayed progressively

expanding lesions over time after D. citri infestation. Additionally,

numerous intermediates and related compounds in the lignin

pathway exhibit notable antimicrobial activity. For instance,

coumarins and stilbenes—synthesized via the lignin pathway—

possess antibacterial and antioxidant properties that inhibit

pathogen proliferation (Ma, 2024). Moreover, lignin monomers

such as p-coumaric acid and ferulic acid can suppress fungal

hyphal growth (Ninkuu et al., 2022). After infecting honey

pomelos withD. citri, the four unigenes (Cg1g020030, Cg2g025640,

Cg8g019550, and Cg3g025150) encoding HCT, two unigenes

(Cg2g030520 and Cg2g030490) encoding CCR, three unigenes

(Cg1g007630, Cg2g038890, and Cg2g030490) encoding CAD, and

one unigene (Cg1g005130) encoding F5H, along with the levels of

lignin precursors (p-coumaryl acetate, pinocembrin, naringin, and

neohesperidin) were all upregulated in afCK vs. afHD and jshCK vs.

jshHD. These findings suggest that plants may enhance pathogen

resistance by upregulating key genes and metabolites in the lignin

pathway, thus strengthening cell wall physical defenses, activating

signaling pathways, and maintaining metabolic accumulation with

feedback regulation.

5 Conclusions

In summary, the transcriptome and metabolome of fruit

epidermis infected by D. citri at 13 days post-infection (dpi)

were profiled using RNA-seq and UPLC-MS/MS, respectively.

Comparisons between afCK and afHD, jshCK and jshHD, and

qyCK and qyHD exhibited higher levels of DEGs and DAMs

post-infection, showing 1,744, 1,616, and 1,325 DAMs, and

3,403, 1,767, and 453 DEGs, respectively. This indicates that their

defense responses were activated. These DEGs and DAMs were
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then mapped to KEGG pathways, including phenylpropanoid

and flavonoid biosynthesis. Additionally, MYB and bHLH

TFs connected with these pathways were highly expressed.

Furthermore, the genes and metabolites in this pathway could play

a crucial role in the resistance of Jinggang honey pomelo to the

black spot pathogen (D. citri). However, the disease resistance of

Jinggang honey pomelo involves a complex series of regulatory

and signaling mechanisms. Overall, this study sheds light on the

defense mechanisms of Jinggang honey pomelo against black spot

disease, contributing to the detection of molecular markers for

resistance and aiding in the cultivation of Jinggang honey pomelo

varieties with enhanced black spot disease resistance.
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