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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 affected 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-Seqg to conduct
a comparative analysis of differentially abundant metabolites (DAMs) and
differentially expressed genes (DEGs) in uninfected and D. 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
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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  secondary metabolites. The specific DAMs in afCK vs. afHD
of plants to pathogens (Dixon, 2001). and jshCK vs. jshHD were enriched mainly in flavone and

The specific DAMs in afCK vs. afHD, jshCK vs. jshHD, and  flavonol biosynthesis, and anthocyanin biosynthesis, respectively.
qyCK vs. qyHD were primarily enriched in the biosynthesis of ~ 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 samples 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 (H,O)
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 (Cglg001670, 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
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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. The DEGs exclusive to jshCK vs. jshHD were 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 |dentification of differentially 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 two MYBs 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 with D.
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
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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 gqyCK vs. qyHD.
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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 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
(COMT),
shikimate O-hydroxycinnamoyltransferase (HCT), one unigene

3-O-methyltransferase four unigenes encoded
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.
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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.,
20125 Fawecett, 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 with MYB (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
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.

phenylpropane metabolic pathway starts from

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
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to the flavonoid pathway and accumulating various metabolites.
However, the four unigenes (namely Cg2g009540, Cg3g017700,
Cg3g017730, and CgUng005990) encoding CHS, one unigene
(Cgl1g002060) encoding F3H, and its encoded downstream
products (including 2/, 3,4,4’, 6-Pepperhydroxychalcone 4 -
Phlorizin,
Pinobaksin, Pinobaksin 3-O-acetate, Quercetin, and Sakuranetin)

O-glucoside, 5-Deoxyleucopelargonidin, Luteolin,
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 with D. 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 (Cglg005130) 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.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

HS: Methodology, Writing - original draft. WL: Writing —
original draft, Methodology. LL: Investigation, Writing — original
draft. BJ: Investigation, Writing - original draft. DL: Writing -
review & editing, Resources. ZL: Writing - original draft,
Investigation. LH: Writing - review & editing, Resources. YW:
Conceptualization, Resources, Writing — review & editing.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This work was
supported by the National Natural Science Foundation of China
(31860366), Jiangxi Provincial Department of Education Science

References

Ahmad, S., Ali, S., Shah, A. Z., Khan, A., and Faria, S. (2023). Chalcone
synthase (CHS) family genes regulate the growth and response of cucumber
(Cucumis sativus L.) to Botrytis cinerea and abiotic stresses. Plant Stress 8:100159.
doi: 10.1016/j.stress.2023.100159

An, J-. P, Liu, X,, Li, H-. H, You, C-. X,, Wang, X-. F,, Hao, Y-. ], et al.
(2017). Apple RING E3 ligase MdAMIELI inhibits anthocyanin accumulation by
ubiquitinating and degrading MdMYBI1 protein. Plant Cell Physiol. 58, 1953-1962.
doi: 10.1093/pcp/pex129

Arimoto, Y., Homma, Y., and Misato, T. (1982). Studies on citrus melanose and
citrus stem-end rot by Diaporthe citri (Faw.) wolf. Part 3. Mode of reaction in
citrus fruit and leaf against infection of D. citri. Jpn. J. Phytopathol. 48, 559-569.
doi: 10.3186/jjphytopath.48.559

Arimoto, Y., Homma, Y., and Misato, T. (1986a). Studies on citrus melanose and
citrus stem-end rot by Diaporthe citri (Faw.) Wolf. Part 4. Antifungal substance in
melanose spot. Jpn. J. Phytopathol. 52, 39-46. doi: 10.3186/jjphytopath.52.39

Arimoto, Y., Homma, Y., and Ohsawa, T. (1986b). Studies on citrus melanose and
citrus stem-end rot by Diaporthe citri (Faw.) Wolf. Part 5 Identification of a phytoalexin
in melanose spot. Jpn. J. Phytopathol. 52, 620-625. doi: 10.3186/jjphytopath.52.620

Bach, W. J., and Wolf, F. A. (1929). The isolation of the fungus that causes citrus
melanose and the pathological anatomy of the host. J. Agric. Res. 37:243. Available
online at: https://books.google.com/books?id=Rs1FAQAATAAJ&ots=G8Wiixro3H&
Ir&hl=zh- CN&pg=PA243#v=onepage&q&f=false

Frontiers in Microbiology

10.3389/fmicb.2025.1495804

and Technology Research project (GJJ2201643, GJJ2201626, and
GJJ209927), Ji’an City Science and Technology Plan Project (20244-
018566 and 20244-018557), Key Laboratory of Jiangxi Province
for Biological Invasion and Biosecurity (2023SSY02111), and
Key Laboratory of Jiangxi Province for Functional Biology and
Pollution Control in Red Soil Regions (2023SSY02051).

Acknowledgments

We thank Biomarker Technologies Co., Ltd for assisting in
sequencing and/or bioinformatics analysis.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.
1495804/full#supplementary-material

Bahgat, M. (1928). The action of Phomopsis californicain producing a stem-end
decay of citrus fruits. Hilg 3, 153-181. doi: 10.3733/hilg.v03n06p153

Bulanov, A. N., Andreeva, E. A, Tsvetkova, N. V., and Zykin, P. A.
(2025). Regulation of flavonoid biosynthesis by the MYB-bHLH-WDR (MBW)
complex in plants and its specific features in cereals. Int. J. Mol. Sci. 26:734.
doi: 10.3390/ijms26020734

Carletti, G., Nervo, G., and Cattivelli, L. (2014). Flavonoids and melanins:
a common strategy across two kingdoms. Int. J. Biol. Sci. 10, 1159-1170.
doi: 10.7150/ijbs.9672

Dixon, R. A. (2001). Natural products and plant disease resistance. Nature 411,
843-847. doi: 10.1038/35081178

Fang, Z., Chen, J., Yan, X., and Hong-Ye, L. (2022). A checKlist of pathogenic
fungi on citrus in China. Mpycosystema 41, 387-411. doi: 10.13346/j.mycosystema.22
0008

Fawcett, H. S. (1912). “The cause of stem-end rot of citrus fruits:(Phomopsis Citri N.
sp.),” in Phytopathology, Vol. 2 (Paul, MN: The American Phytopathological Society),
109-113. Available online at: https:/xs.typicalgame.com/scholar?hl=zh- CN&q=The+
cause+of+stem- end-+rot+of+citrus+fruits%3 A %28Phomopsis+Citri+N.++sp.%29

Fei, J., Xixi, Z., Xiao’e, X., Hongye, L., and Zengrong, Z. (2022). Relationship
between citrus melanose and precipitation in Shanghai. Plant Protect. 48, 139-144.
doi: 10.16688/j.zwbh.2020705

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1495804
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1495804/full#supplementary-material
https://doi.org/10.1016/j.stress.2023.100159
https://doi.org/10.1093/pcp/pcx129
https://doi.org/10.3186/jjphytopath.48.559
https://doi.org/10.3186/jjphytopath.52.39
https://doi.org/10.3186/jjphytopath.52.620
https://books.google.com/books?id=Rs1FAQAAIAAJ&ots=G8Wffxro3H&lr&hl=zh-CN&pg=PA243#v=onepage&q&f=false
https://books.google.com/books?id=Rs1FAQAAIAAJ&ots=G8Wffxro3H&lr&hl=zh-CN&pg=PA243#v=onepage&q&f=false
https://doi.org/10.3733/hilg.v03n06p153
https://doi.org/10.3390/ijms26020734
https://doi.org/10.7150/ijbs.9672
https://doi.org/10.1038/35081178
https://doi.org/10.13346/j.mycosystema.220008
https://xs.typicalgame.com/scholar?hl=zh-CN&q=The+cause+of+stem-end+rot+of+citrus+fruits%3A%28Phomopsis+Citri+N.++sp.%29
https://xs.typicalgame.com/scholar?hl=zh-CN&q=The+cause+of+stem-end+rot+of+citrus+fruits%3A%28Phomopsis+Citri+N.++sp.%29
https://doi.org/10.16688/j.zwbh.2020705
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Sun et al.

Fernandes, H. P., Salomé-Abarca, L. F., Gongalves Pereira, R., Brandao Seibert,
J., Silva-Junior, G. J., Das Gracas Fernandes da Silva, M. F., et al. (2022).
Metabolomic investigation of Citrus latifolia and the putative role of coumarins in
resistance to black spot disease. Front. Mol. Biosci. 9:934401. doi: 10.3389/fmolb.2022.
934401

Fraser, C. M., and Chapple, C. (2011). The phenylpropanoid pathway in
Arabidopsis. Am. Soc. Plant Biol. 9:¢0152. doi: 10.1199/tab.0152

Gopal, K., Lakshmi, L. M., Sarada, G., Nagalakshmi, T., Sankar, T. G., Gopi, V., et al.
(2014). Citrus melanose (Diaporthe citri Wolf): a review. Int. J. Curr. Microbiol. App.
Sci. 3, 113-124. Available online at: https://ijcmas.com/vol-3-4/K.Gopal, %20et%20al.
pdf

Guarnaccia, V., and Crous, P. W. (2017). Emerging citrus diseases in Europe caused
by species of Diaporthe. IMA Fungus 8, 317-334. doi: 10.5598/imafungus.2017.08.02.07

Guoging, C. (2010). In Vitro and In Vivo Screening of Fungicides for Controlling
Citrus Melanose caused by Diaporthe citri. Hangzhou: Zhejiang University’s Agriculture
& Life Sciences.

Guo-Qing, C. (2010). In vitro and in vivo screening of fungicides for controlling
citrus melanose caused by Diaporthe citri. J. Zhejiang Univ. Agric. Life Sci. 36, 440-444.
doi: 10.3785/j.issn.1008-9209.2010.04.014

Hu, Y., Zhong, S., Zhang, M., Liang, Y., Gong, G., Chang, X,, et al. (2020).
Potential role of photosynthesis in the regulation of reactive oxygen species and
defence responses to Blumeria graminis f. sp. tritici in wheat. Int. J. Mol. Sci. 21:5767.
doi: 10.3390/ijms21165767

Huang, F., Hou, X., Dewdney, M. M., Fu, Y., Chen, G., Hyde, K. D., et al
(2013). Diaporthe species occurring on citrus in China. Fungal Divers. 61, 237-250.
doi: 10.1007/s13225-013-0245-6

Jones, J. D. G., and Dangl, J. L. (2006). The plant immune system. Nature 444,
323-329. doi: 10.1038/nature05286

Jung, Y., Ha, M., Lee, J., Ahn, Y. G., Kwak, J. H,, Ryu, D. H,, et al. (2015). Metabolite
profiling of the response of burdock roots to copper stress. J. Agric. Food Chem. 63,
1309-1317. doi: 10.1021/jf503193¢

Kotzé, J. (2000). “Black spot,” in Compendium of Citrus Diseases (St. Paul, MN: APS
Press), 23-25.

Li, P, Ruan, Z., Fei, Z., Yan, J.,, and Tang, G. (2021). Integrated transcriptome and
metabolome analysis revealed that flavonoid biosynthesis may dominate the resistance
of Zanthoxylum bungeanum against stem canker. J. Agric. Food Chem. 69, 6360-6378.
doi: 10.1021/acs.jafc.1c00357

Li, P, Xiao, X., Wang, J., Niu, F., Huang, J., Xie, B., et al. (2023). Transcriptional
insights of citrus defense response against Diaporthe citri. BMC Plant Biol. 23:614.
doi: 10.1186/s12870-023-04624-x

Li, P-. D., Zhu, Z-. R,, Zhang, Y., Xu, J., Wang, H., Wang, Z,, et al. (2022). The
phyllosphere microbiome shifts toward combating melanose pathogen. Microbiome
10:56. doi: 10.1186/s40168-022-01234-x

Li, X, Lin, Y., Zhao, S., Zhao, X., Geng, Z., Yuan, Z,, et al. (2018). Transcriptome
changes and its effect on physiological and metabolic processes in tea plant during
mechanical damage. Forest Pathol. 48:12432. doi: 10.1111/efp.12432

Liu, L, Li, Y., She, G., Zhang, X, Jordan, B., Chen, Q. et al. (2018).
Metabolite profiling and transcriptomic analyses reveal an essential role of UVRS-
mediated signal transduction pathway in regulating flavonoid biosynthesis in tea
plants (Camellia sinensis) in response to shading. BMC Plant Biol. 18, 1-18.
doi: 10.1186/512870-018-1440-0

Liu, W., Feng, Y., Yu, S, Fan, Z, Li, X, Li, J, et al. (2021). The flavonoid
biosynthesis network in plants. Int. . Mol. Sci. 22:12824. doi: 10.3390/ijms2223
12824

Frontiersin Microbiology

14

10.3389/fmicb.2025.1495804

Li-ying, J., Fa-sa, X., Zhen-dong, H., Feng, H., Guo-qing, C., and Hong-ye, L. (2012).
Occurrence and control of citrus melanose caused by Diaporthe citri. Acta Agricult.
Zhejiangensis. 24, 647-653.

Ma, Q.- H. (2024). Lignin biosynthesis and its diversified roles in disease resistance.
Genes 15:295. doi: 10.3390/genes15030295

Nelson, S. (2008). Citrus melanose. Plant Dis. 59, 1-5. Available online
at: https://scholarspace.manoa.hawaii.edu/server/api/core/bitstreams/569f8aba- 854e-
400b-b3c0-11df341faded/content

Ngou, B. P. M, Ding, P, and Jones, J. D. G. (2022). Thirty years of
resistance: zig-zag through the plant immune system. Plant Cell 34, 1447-1478.
doi: 10.1093/plcell/koac041

Ninkuu, V., Yan, J., Fu, Z., Yang, T., Ziemah, J., Ullrich, M. S., et al. (2022). Lignin

and its pathway-associated phytoalexins modulate plant defense against fungi. JoF 9:52.
doi: 10.3390/jof9010052

Prusky, D., Alkan, N., Mengiste, T., and Fluhr, R. (2013). Quiescent and
necrotrophic lifestyle choice during postharvest disease development. Annu. Rev.
Phytopathol. 51, 155-176. doi: 10.1146/annurev-phyto-082712-102349

Rehman, F., Kalsoom, M., Sultan, A., Adnan, M., Junaid, S., Akram, H., et al. (2020).
Citrus melanose and quality degradation of fruit by this disease: a review. JBGSR 3, 1-4.
doi: 10.46718/JBGSR.2020.03.000081

Riseh, R. S, Fathi, F., Lagzian, A. Vatankhah, M., and Kennedy,
J. F. (2024). Modifying lignin: a promising strategy for plant disease
control. Int. J. Biol. Macromol. 271:132696. doi: 10.1016/j.ijbiomac.2024.
132696

Silva-Junior, G. J., Feichtenberger, E., Spésito, M. B., Amorim, L., Bassanezi,
R. B, and Goes, A. d. (2016). Pinta preta dos citros: A doenca e seu manejo.
Fundecitrus: Araraquara-SP.

Sun, Y., Bai, P-. P, Gu, K-. ], Yang, S-. Z,, Lin, H-. Y,, Shi, C-. G,, et al. (2022).
Dynamic transcriptome and network-based analysis of yellow leaf mutant Ginkgo
biloba. BMC Plant Biol. 22:465. doi: 10.1186/s12870-022-03854-9

Wang, W-. L., Wang, Y-. X,, Li, H,, Liu, Z-. W., Cui, X., Zhuang, J., et al. (2018).
Two MYB transcription factors (CsMYB2 and CsMYB26) are involved in flavonoid
biosynthesis in tea plant [Camellia sinensis (L.) O. Kuntze]. BMC Plant Biol. 18, 1-15.
doi: 10.1186/s12870-018-1502-3

Wang, Y., Guo, L., Zhao, Y., Zhao, X., and Yuan, Z. (2022). Systematic analysis
and expression profiles of the 4-coumarate: CoA ligase (4CL) gene family in
pomegranate (Punica granatum L.). Int. J. Mol. Sci. 23:3509. doi: 10.3390/ijms230
73509

Weigen, X., Zhendong, H., Qianbin, H., and Chenguang, Z. (2019). The
influencing factors and green prevention and control strategies of citrus black
spot disease in Zhejiang Province. Modern Agric. Sci. Technol. 16, 110-111.
doi: 10.16178/j.issn.0528-9017.20211142

Xie, C., Zhan, T., Huang, J., Lan, J., Shen, L., Wang, H,, et al. (2023). Functional
characterization of nine critical genes encoding rate-limiting enzymes in the flavonoid
biosynthesis of the medicinal herb Grona styracifolia. BMC Plant Biol. 23:299.
doi: 10.1186/s12870-023-04290-z

Yadav, V., Wang, Z., Wei, C, Amo, A., Ahmed, B., Yang, X, et al. (2020).
Phenylpropanoid pathway engineering: an emerging approach towards plant defense.
Pathogens 9:312. doi: 10.3390/pathogens9040312

Yang, Z., Suming, D., Guiyou, L., Min, Z., Taian, S., and Dazhi, L. (2021).
Investigation on the occurrence and control status of main citrus diseases and pests
in Hunan. Hunan Agric. Sci.12, 61-64. doi: 10.16498/j.cnki.hnnykx.2021.012.016

Ying, L., Yanxiang, Q., Qunfang, Y., and Yi, Y. (2017). A list of diseases on citrus in
China’s mainland. J. Tropic. Biol. 8, 474-481. doi: 10.15886/j.cnki.rdswxb.2017.04.016

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1495804
https://doi.org/10.3389/fmolb.2022.934401
https://doi.org/10.1199/tab.0152
https://ijcmas.com/vol-3-4/K.Gopal,%20et%20al.pdf
https://ijcmas.com/vol-3-4/K.Gopal,%20et%20al.pdf
https://doi.org/10.5598/imafungus.2017.08.02.07
https://doi.org/10.3785/j.issn.1008-9209.2010.04.014
https://doi.org/10.3390/ijms21165767
https://doi.org/10.1007/s13225-013-0245-6
https://doi.org/10.1038/nature05286
https://doi.org/10.1021/jf503193c
https://doi.org/10.1021/acs.jafc.1c00357
https://doi.org/10.1186/s12870-023-04624-x
https://doi.org/10.1186/s40168-022-01234-x
https://doi.org/10.1111/efp.12432
https://doi.org/10.1186/s12870-018-1440-0
https://doi.org/10.3390/ijms222312824
https://doi.org/10.3390/genes15030295
https://scholarspace.manoa.hawaii.edu/server/api/core/bitstreams/569f8aba-854e-400b-b3c0-11df341fa4ed/content
https://scholarspace.manoa.hawaii.edu/server/api/core/bitstreams/569f8aba-854e-400b-b3c0-11df341fa4ed/content
https://doi.org/10.1093/plcell/koac041
https://doi.org/10.3390/jof9010052
https://doi.org/10.1146/annurev-phyto-082712-102349
https://doi.org/10.46718/JBGSR.2020.03.000081
https://doi.org/10.1016/j.ijbiomac.2024.132696
https://doi.org/10.1186/s12870-022-03854-9
https://doi.org/10.1186/s12870-018-1502-3
https://doi.org/10.3390/ijms23073509
https://doi.org/10.16178/j.issn.0528-9017.20211142
https://doi.org/10.1186/s12870-023-04290-z
https://doi.org/10.3390/pathogens9040312
https://doi.org/10.16498/j.cnki.hnnykx.2021.012.016
https://doi.org/10.15886/j.cnki.rdswxb.2017.04.016
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

