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Abstract  Citrus medica is an important medicinal plant belonging to the genus Citrus in the Rutaceae family. Iis fruit is rich in bioactive com-
pounds such as flavonoids and coumarins, and has significant medicinal and economic value. However, during cultivation, C. medica often
suffers from various adverse stresses, including pests, diseases, and abiotic factors, which significantly affect its yield and quality. This paper
systematically reviews the research progress on the physiological and molecular response mechanisms of C. medica to these adverse stresses.
The paper also explores the signal interactions between biotic and abiotic stresses, the trade-off of defense resource allocation, and comprehen-
sive prevention and control strategies, including exogenous regulation, grafting, and intelligent monitoring. In light of current research challen-
ges such as insufficient understanding of mechanisms, limited studies on multi-stress interactions, and delayed validation of key gene func-
tions, it is proposed that future efforts should focus on strengthening multi-omics integrative analysis, gene-editing breeding, phenomics moni-
toring, and the development of green control technologies. These measures will provide theoretical foundations for stress-resistant breeding and

the efficient cultivation of C. medica.
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0 Introduction

Citrus medica L. var. sarcodactylis Swingle, a species in the
genus Ciirus of the Rutaceae family, is one of the precious tradi-
tional Chinese medicinal materials in China due to its unique fruit
shape, rich aroma, and medicinal, edible, and ornamental
uses''!. The fruit of C. medica is rich in various bioactive com-
pounds such as flavonoids, coumarins and volatile oils, and has
pharmacological effects such as anti-inflammation, anti-oxidation
and anti-depression. Besides, it is widely used in the food, cos-

121 In recent years, with

metics and pharmaceutical industries
advances in plant stress biology and molecular biology techniques,
scholars at home and abroad have conducted extensive studies on
the stress response mechanisms of C. medica, covering multiple
levels such as the determination of physiological and biochemical
indicators, secondary metabolite analysis, transcriptome sequen-

[3-4]

cing, key gene cloning and expression regulation . C. medica

can form a defense system by regulating secondary metabolic path-
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ways to accumulate defensive compounds, activating the antioxi-
dant enzyme system, regulating osmotic protective substances, and
activating specific transcription factor networks”” ™.

C. medica is highly susceptible to both biotic and abiotic
stresses during its growth and development, which severely restrict
its yield and quality’’ "', However, compared to model plants or
major crops, systematic reviews of stress response mechanisms in
C. medica remain relatively scarce. In particular, summaries
about multi-stress interactions, integration of signaling pathways,
and functional validation of key genes are still incomplete. There-
fore, this paper systematically reviews the physiological and mo-
lecular response mechanisms of C. medica from four perspectives
pest stress, disease stress, abiotic stress, and multi-stress interac-
tions, and summarizes exogenous regulation methods and cultiva-
tion defense strategies. Finally, the paper identifies gaps in cur-
rent research and proposes directions for future development, ai-
ming to provide a scientific foundation for the innovation of stress-
resistant germplasm, the development of green control technolo-

gies, and the sustainable cultivation of C. medica.

1 Response mechanisms of C. medica to pest stress

1.1 Major pest species and their damage characteristics The
main pests of C. medica exihibit host specificity and regional dis-
tribution patterns. Research on deep learning-based image recog-
nition indicates that the common field pests of C. medica *Fin-
gered’ mainly include Papilio polytes, aphids, red spiders, leaf

(" The larva of P. polytes

miners, Icerya purchasi, among others
is an specialist pest of C. medica. When present in large num-
bers, these larvae can eat up all the leaves, seriously affecting the
photosynthesis and growth and development of C. medica'’. In

cultivation bases such as Wanzhou, Chongging, Dichocrocis punc-
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tiferalis has been reported to cause damage to C. medica fruits, re-
sulting in fruit damage rates up to 48. 8% and significantly reduc-
ing the economic value of the fruits”” . In addition, although Bac-
trocera cucurbitae and Bactrocera tau mainly pose greater threats to
cucurbitaceous plants, they also show selectivity in oviposition on

the fruits of C. medica, resulting in " maggot fruit"'™ . The
above-mentioned pests directly damage C. medica through their
piercing-sucking mouthparts (such as aphids and red spiders) or
chewing mouthparts (such as larvae of P. polytes) , while facilita-
ting the entry of pathogenic bacteria.

1.2 Physiological and biochemical responses of C. medica to
pest stress When plants are attacked by pests, they can rapidly
activate physiological and biochemical defense mechanisms. The
defense response of C. medica against pests is closely related to
changes in its secondary metabolites. Bergapten and xanthotoxin,
which are two important furanocoumarin compounds in C. medica,
show significant antifeedant activity. Liu Jungi et al. "™ found
that bergapten and xanthotoxin derivatives, both isolated and syn-
thesized from Zanthoxylum, exhibit good antifeedant activity
against the third instar larvae of Spodoptera exigua. These active
compounds may interact with the amino acid residues in the active
site of carboxylesterase (CarE) in S. exigua through van der
Waals forces, hydrogen bonding, and alkylation. This interaction
significantly inhibited CarE activity (with an inhibition rate of up
t0 94.97% ), thereby interfering with the detoxification metabo-
lism and nervous system of the pest, ultimately leading to food re-
fusal or mortality. The above findings suggest that plants of the
Rutaceae family, such as C. medica, accumulate furanocouma-
rins, which constitute an important part of their chemical defense
system.

1.3 Defense signaling pathways and gene expression of
C. medica induced by pests

pest of C. medica. The transcriptional regulatory mechanisms of

Phyllocoptruta oleivora is a major

C. medica in response to pest infestation have gradually been re-
vealed. Lei Mengying et al. " used Illumina sequencing technolo-
gy to conduct transcriptome analysis on the fruit peel of C. medica
‘Fingered’ subjected to damage by P. oleivora. This analysis
identified a total of 1 005 differentially expressed genes, of which
271 were upregulated and 734 were downregulated. Gene Ontology
(GO) functional enrichment and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis revealed that these dif-
ferentially expressed genes were significantly enriched in metabolic
pathways, biosynthesis of secondary metabolites, and plant-patho-
gen interaction pathways. In the plant-pathogen interaction path-
way , the expression levels of 42 genes exhibited significant changes,
most of which were auxin early response protein genes and auxin re-
sponse factors, indicating that the auxin signaling pathway may be
involved in the response of C. medica to mite infestation. Further-
more, 81 transcription factors (TFs) were differentially expressed
after mite infestation, involving families such as MYB, WRKY , and
bHLH, with a predominance of down-regulated genes. These tran-
scription factors may act as upstream regulatory switches to coordi-

nate the expression of downstream defense-related genes. These

findings provide important transcriptome data for understanding the
molecular defense network of C. medica against pests.
Transcriptome analysis of C. reticulata Orah in response to
damage caused by P. oleivora also revealed that differentially ex-
pressed genes were significantly enriched in pathways such as
plant hormone signal transduction and flavonoid biosynthesis,
¢ Fin-

gered” . These studies show that C. medica and its closely re-

which corroborated previous research on C. medica

lated species have established a precise defense system against
pests through the regulation of auxin signaling, activation of spe-
cific transcription factors, and synthesis of coumarin-like antifeed-
ant compounds. Recent research progresses concerning the che-
wing pest P. polytes include the following: (i) research on deep
learning-based image recognition has shown efficient identification
of its larvae across different instar stagesil: ; (i) adult P. polytes
assess host suitability by identifying common volatile compounds in
host plants and larval feces, with a ternary mixture of linalool, cit-
ronellal, and geraniol exhibiting a strong repellent effect’"”.
These findings lay a foundation for subsequent studies on the mo-

lecular interactions between P. polytes and C. medica.

2 Response mechanism of C. medica to disease stress
2.1 Main disease species and their infection characteristics
Huanglongbing (HLB) is the most devastating disease affecting

the production of C. medica and is caused by Candidatus Liberi-
18-19]

bacter astaticus (ClLas) " . Infected C. medica plants typically
exhibit symptoms such as mottled yellowing, uniform yellowing,
and leathery leaves, along with smaller, deformed, and abnormal-
ly colored fruits, which can result in a yield reduction exceeding
72% ""5*7*") The distribution of pathogenic bacteria in the plant
shows spatiotemporal dynamics. Bacterial concentrations are rela-
tively higher in the older leaves of branches and in leaves adjacent
to the fruit, but the fruit itself does not display significant bacterial
accumulation. This pattern differs from the distribution observed
in diseased Gongguan citrus plants, indicating that C. medica may
possess a certain level of disease resistance ™ >

Anthracnose and brown spot disease are common fungal dis-
eases affecting the leaves and fruits of C. medica. Anthracnose in
C. medica leaves is mainly caused by the fungus Colletotrichum
gloeosporioides. This pathogen shows broad temperature adaptabili-
ty, with optimal mycelial growth occurring between 25 and 28 °C.
It tends to germinate and infect host tissues under high humidity
and warm conditions, and secretes cell wall-degrading enzymes to

[92-2] " Tn addition, bacterial anthracnose

destroy the host tissue
caused by Bacillus anthracis has also been observed on the fruit of
C. medica'™' . The leaf brown spot disease of C. medica is caused
by Alternaria gossypina, which shows high sensitivity to fungicides
such as prochloraz and difenoconazole™’.

2.2 Changes in metabolism and enzyme activity of C. medi-
ca under disease stress Pathogenic bacterial infection signifi-
cantly interferes with the normal physiological metabolism of
C. medica. Yuan Meng et al. "' found a significant reduction in

the levels of chlorophyll a, chlorophyll b, and carotenoids in the
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leaves of infected plants, which then hinders photosynthesis. In
terms of carbohydrate metabolism, the content of starch and su-
crose in diseased leaves and stems was significantly increased,
while the content of starch and fructose in fruits was significantly
decreased, indicating that the pathogen may form a " metabolic
reservoir" by manipulating the host’s sugar transport and distribu-
tion to meet its own proliferation needs. Meanwhile, the malondi-
aldehyde (MDA) content in diseased plants was increased, indi-
cating intensified lipid peroxidation of the cell membrane. The ac-
tivities of defense enzymes such as superoxide dismutase (SOD)
and peroxidase (POD) were significantly increased in the leaves,
suggesting that C. medica activated its antioxidant system to cope
with oxidative stress induced by pathogenic infection'™’. The in-
fection of HLB also remarkably increased the content of flavonoid
components such as naringin and hesperidin in the fruits of
C. medica'" . This response might be a plant defense response in-
volving the activation of secondary metabolic pathways under stress
or may reflect a pathological metabolic disorder. Mahmoud
et al. ™ found that the pathogen titer of HLB in the leaves of dis-
ease-resistant hybrids was relatively low, while the contents of
chlorophyll, total phenols, total flavonoids and antioxidant activity
were significantly increased. Transcriptome analysis revealed that
differentially expressed genes were enriched in pathways related to
cell wall structure, redox homeostasis, and biotic stress response.
Genes such as PALL, jasmonic acid-associated genes, and WRKY
transcription factors were upregulated in disease-resistant hybrid
species, thereby confirming a positive correlation between the ac-
cumulation of secondary metabolites and HLB tolerance from the
perspective of related species.

2.3 Disease-induced immune-related genes and regulatory
networks of C. medica Transcriptome sequencing offers a novel
perspective for revealing the molecular mechanisms underlying dis-
ease resistance in C. medica. Transcriptome analysis of different
organs (leaves, stems, and fruits) of C. medica after HLB infec-
tion showed that differentially expressed genes were significantly
enriched in pathways related to defense response, carbohydrate

metabolism, and signal transduction'’.

Four CmNI genes were
cloned, and it was observed that HLB infection significantly up-
regulated the expression of CmNI2 and CmNI3 in leaves and
stems, which may be the molecular basis for the disorder of glu-
cose metabolism in susceptible plants'”’ . Meanwhile, genes relat-
ed to defense responses, including phenylalanine ammonia-lyase
(PAL), chitinase, and B-1,3-glucanase, were also observed to
be upregulated after pathogen infection™’. These enzymes facili-
tate the synthesis of phytoalexins and the degradation of fungal cell
walls, thereby enhancing the broad-spectrum resistance of plants.
Previous studies have determined the inhibitory effects of 18 cou-
marin compounds on citrus Colletotrichum. Furanocoumarins such
as bergapten and xanthotoxin demonstrated varying degrees of anti-
fungal activity’™'. C. medica is abundant in furanocoumarin com-
pounds, such as bergapten and xanthotoxin, suggesting its poten-
tial use of similar coumarin compounds for chemical defense™’.

Coumarin compounds such as isobergapten and pimpinellin, found

in plants like Radix Angelicae Pubescentis, have been shown to
strongly inhibit the growth of Colletotrichum species in citrus. Mi-
croscopic observation showed that these compounds led to an in-
crease in mycelial branches, deformity of the pathogen, and the

disappearance of certain septa .

3 Response mechanism of C. medica to abiotic stress
3.1 Response mechanism of C. medica to drought stress C. med-
ica shows a high sensitivity to water deficiency. Under water
stress, the relative water content (RWC) and leaf water potential
(Pw) of C. medica leaves decrease, resulting in stomatal closure
to reduce transpiration. This physiological response causes a sig-
nificant reduction in net photosynthetic rate (Pn)”?*. Mean-
while, cells produce a large amount of reactive oxygen species
(ROS), which leads to membrane lipid peroxidation, an increase
in MDA content, an increase in relative electrical conductivity
(REC), and damage to the cellular membrane systemm: .
Drought stress induces the expansion of chloroplasts, disintegra-
tion of grana lamella, and distortion of mitochondrial cristae, re-
sulting in severe impairment of organelle function™’. To alleviate
oxidative damage, the activity of SOD in C. medica shows a trend
of first increasing and then decreasing™ . C. medica mainly relies
on stomatal regulation and a limited antioxidant system to cope
with drought, but its drought tolerance is relatively weak. There-
fore, ensuring an adequate water supply is essential in production.
3.2 Response mechanism of C. medica to temperature stress
3.2.1 Physiological threshold and injury characteristics of low-
temperature stress. C. medica is extremely sensitive to tempera-
ture stress, especially low-temperature damage, and is widely rec-
ognized as a plant sensitive to low temperatures””’. The REC
method was used to assess this sensitivity, revealing that the REC
of C. medica leaves rose in a typical S-shaped curve as the tem-
perature decreased ”'. The study identified a critical period of 12
to 24 h for the onset of cold damage in C. medica. REC increased
sharply after 24 h, while the activity of SOD showed an initial rise
followed by a decline, peaking at 12 h and then dropping rapidly.
The levels of MDA and free proline (Pro) progressively increased
with prolonged treatment time, indicating that when membrane lip-
id peroxidation intensifies, cells initiate osmotic regulation in re-
sponse to the damage™’ .

Photosynthesis is highly susceptible to low-temperature
stress. Guo Weidong et al. ™' simulated short-term low-tempera-
ture and low-light conditions in winter facilities in the central Zhe-
jiang region and found that exposure to a low temperature of 15 °C
significantly reduced the Pn and stomatal conductance (Gs) in
C. medica leaves, while the intercellular CO, concentration in-
creased, indicating that the decline in photosynthetic rate is main-
ly caused by non-stomatal restriction (i. e. , the decrease in photo-
synthetic activity of mesophyll cells). When the temperature
dropped below 10 °C, the maximum photochemical efficiency
(Fv/Fm) of photosystem IT (PSIT) began to decline significantly,
and the initial fluorescence (Fo) increased markedly, indicating

that the reaction center of PSII suffered irreversible damage™ .
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Furthermore, low temperatures also reduced the carboxylation effi-
ciency ( CE) and maximum photosynthetic rate (P, ) in
C. medica leaves, and led to a decrease in the light saturation
point, indicating that the plant is susceptible to photoinhibition
under reduced light intensity"’.

3.2.2 Antioxidant and metabolic responses of C. medica under
low-temperature stress. In terms of the antioxidant system,
C. medica shows a relatively weak protective ability under low-
temperature stress. Compared to the cold-resistant species Poncir-
us trifoliata, the activities of SOD, POD and CAT in the leaves of
C. medica all showed a downward trend during exposure to
-4 °C, while the increases in MDA content and REC were much

>3 These findings

greater in C. medica than in P. trifoliata’
suggest that lipid peroxidation in the cell membranes of C. medica
was more severe, resulting in greater damage to the membrane sys-
tem. Cytochemical localization analysis revealed that hydrogen
peroxide (H,0,) induced by low temperature mainly accumulated
in mesophyll cells, whereas superoxide anions were widely distrib-
uted across the epidermis, palisade tissue, spongy tissue, vascular
bundles, and chloroplasts. Chloroplasts were identified as the ma-
jor organelles for ROS production””’. The excessive accumulation
of ROS led to the disintegration of the chloroplast thylakoid lamel-
lar structure and the blurring of mitochondrial cristae, ultimately
causing cell death”™.

3.2.3 Molecular regulatory network of C. medica under low-
temperature stress. C. medica responds to low temperatures by
regulating a series of cold-responsive genes. Chen Wenrong
et al. ®) isolated 121 differentially expressed fragments from
C. medica leaves treated at —4 °C using mRNA differential dis-
play technology ( DDRT-PCR). The functions of these genes are
associated with cell wall modification for plant defense and stress
response, signal transduction, redox reactions, photosynthesis,
etc. Genes related to photosynthesis were significantly downregu-
lated under low-temperature conditions, consistent with the ob-
served decrease in photosynthetic rate™ .

A comparative study of two principal transeription factor fam-
ilies has revealed the molecular basis underlying the cold sensitivi-
ty of C. medica. Cao Yibin et al. ™" successfully cloned the ethyl-
ene response factor gene CmsERF6 ( GenBank; HQ698835) from
C. medica, which encodes a protein containing a conserved
AP2/EREBP domain. Under exposure to low-temperature treat-
ment at 4 °C , the expression level of CmsERF6 in C. medica leav-
es only increased by approximately 4. 3-fold after 12 h, followed
by a rapid decline. In contrast, the expression levels of homolo-
gous genes in the cold-resistant species P. trifoliata increased by

[34-35]

approximately 4 000-fold after 36 h of treatment . This signif-
icant difference in gene expression suggests that ERF6 is the key
factor determining the cold sensitivity of C. medica. Shi Rui
et al. ** cloned the CmsGRAS transcription factor from C. medica
(GenBank; JF440647). Under exposure to 4 °C, the expression
level of CmsGRAS in C. medica increased by only about 9. 6-fold
at 36 h, while that in P. #rifoliata increased remarkably by 1 506-

fold™’ . Further analysis of the promoter sequences revealed that

although the promoter regions of CmsERF6 and CmsGRAS in
C. medica contain ICE1 binding sites, CBF binding sites and LTR
low-temperature response elements, differences were observed in
the number, position, or nucleotide sequences of these cis-regula-
tory elements compared to those in P. trifoliata, which may re-
duce their binding affinity with upstream transcription factors and
hinder the effective activation of downstream cold-responsive

[35-36]
genes

. These results provide a fundamental explanation for
the low cold tolerance observed in C. medica.

3.2.4 Response of C. medica to high-temperature stress. Com-
pared to low temperatures, C. medica has a certain tolerance to
high temperatures. Zheng Jianshu"’ found that exposure to 35 C
had no significant effect on the growth of C. medica. At40 °C, al-
though the photosynthetic rate decreased, it was capable of recov-
ery. However, exposure to an extreme high temperature of 45 C
for 6 h led to a sudden decrease in net photosynthetic rate, severe
inhibition of PSII activity, and destruction of chloroplast ultra-
structure (loosened thylakoid lamellae and disappearance of stro-
ma lamellae ). Meanwhile, MDA content and REC increased
sharply. Notably, treatment at 45 °C did not cause plant mortali-
ty, indicating that C. medica possesses a certain degree of short-
term adaptability to high-temperature stress.

3.3 Signal transduction and key regulatory factors of
C. medica in response to abiotic stress The signaling network
of C. medica in response to abiotic stress mainly includes ROS
signals, calcium signals, and hormone signals.

ROS signals: stress factors such as low temperature and
drought induce the outbreak of ROS. ROS acts not only as toxic
molecules but also as second messengers that activate the expres-
sion of downstream antioxidant enzyme genes ( such as SOD,
CAT, APX) and defense genes, thereby participating in the am-
plification and transduction of stress signals™".

Hormone signals; abscisic acid (ABA) is a central hormone
involved in responses to drought and low-temperature stress. Al-
though direct evidence remains limited, exogenous application of
ABA can enhance stress resistance in various plants, suggesting
that ABA also plays a key role in C. medica. Moreover, the in-
duced expression of ERF6, a key transcription factor in the ethyl-
ene signaling pathway, indicates that ethylene is also involved in
the low-temperature response of C. medica"™".

Key regulatory factors; ERF6 and GRAS are two key tran-
scription factors. The MAPK cascade reaction is an upstream sig-
naling node that transmits environmental stimuli to downstream
transcription factors. Calcium-dependent protein kinases ( CD-
PKs) serve as key components of the calcium signaling pathway.
At present, the upstream activation mechanism of calcium signals
and the identification of their downstream target proteins require

further research™™®*"! .

4 Response mechanism of C. medica to multiple-
stress interactions
4.1 Cross-response and signal dialogue of C. medica to biot-

ic and abiotic stresses The response of C. medica to HLB over-
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laps with its response to low temperature stress. Both stresses can
cause the outbreak of ROS and membrane lipid peroxidation, lead-
ing to similar changes in the activities of antioxidant enzymes
(SOD, POD) ™" Transcriptome data show that both HLB in-
fection and low-temperature exposure induce the expression of PR
protein genes such as PAL and chitinase in C. medica”™ . The
overlapping responses described above indicate that the salicylic
acid (SA) and jasmonic acid ( JA)/ethylene (ET) signaling
pathways may interact through cross-communication. In classic
plant defense mechanisms, the SA pathway is usually associated
with biotic stress ( especially biotrophic pathogens ), while the
JA/ET pathway is more closely related to pests and necrotrophic
pathogens. Low temperature, as an abiotic stress, can also
activate these pathways, indicating that these defense signals are
universal.

4.2 Priority defense strategies and resource allocation trade-
offs of C. medica under complex stress conditions When
multiple stresses coexist, plants must allocate resources by mak-
ing " trade-offs" based on the severity and type of each stress.
When C. medica is simultaneously exposed to low-temperature
stress and HLB infection, it remains to be investigated whether
the limited energy and metabolic products are prioritized to acti-
vate cold-resistant pathways (such as synthesis of osmotic regu-
latory substances) or disease-resistant pathways ( such as syn-
thesis of phytoalexins ). Existing research has found that the
content of flavonoids in C. medica fruits infected with HLB in-
creases significantly' ™. The synthesis of flavonoids uses phen-
ylalanine as a precursor and is generated through the phenylpro-
panoid metabolic pathway. This process may consume a large
amount of carbon skeleton resources, thereby weakening the
plant’s resistance to other stresses (such as low temperature ).
The response mechanism of C. medica under simultaneous mul-
tiple stresses, especially the interactions and resource allocation
strategies among different stress signaling pathways, is a re-
search direction that urgently requires further investigation in the

future.

5 Defense response and regulatory strategies of
C. medica against adverse stress
5.1 Physical and chemical defense reactions Physical de-
fense ; the wax layer and cuticle of the leaf epidermis in C. medica
serve as the first barrier against pathogen invasion and help reduce
water evaporation. Under conditions of low temperature or drought
stress, the thickening of cell walls and enhanced lignification ef-
fectively prevent the expansion of pathogenic bacteria .
Chemical defense; C. medica is rich in various secondary
metabolites, among which coumarins and flavonoids serve as the
primary chemical defense substances''’. These compounds not on-
[11-12,38] . but

also can act as signaling molecules that activate the expression of

ly have direct antimicrobial and insecticidal activities

defense genes. In addition, terpene compounds such as D-limo-

nene and y-terpinene in volatile oils also have potential allelopath-

ic effects and contribute to defense mechanisms™?.

5.2 Enzymatic and non-enzymatic antioxidant systems and
osmotic regulation defense reactions When C. medica is sub-
jected to adverse stress, the balance between the production and
clearance of ROS within its cells is disrupted. The plant mitigates
this damage through enzymatic and non-enzymatic antioxidant
systems, as well as the accumulation of osmotic regulatory
substances.

5.2.1 Dynamic changes of enzymatic antioxidant system. Under
different adverse conditions, the response patterns of antioxidant
enzyme activities in C. medica vary notably. (i) Under low-tem-
perature stress, the overall activities of key antioxidant enzymes
such as SOD, POD and CAT in C. medica leaves show a declining
trend, which contrasts markedly with that observed in the cold-re-

sistant species P. irifoliata ( with increased enzyme activi-

ties ) (231],

C. medica is an important factor contributing to its susceptibility

The failure of the antioxidant enzyme system in

to severe cold damage. (ii) Antioxidant enzyme response under
drought/water stress: Yang Ling et al. ) demonstrated that with
the intensification of water stress, the SOD activity in C. medica
leaves showed a trend of slightly increasing first and then decrea-
sing. During mild drought conditions, SOD activity increased by
approximately 15% , while during severe drought, SOD activity
decreased by more than 30% compared to the control, and the

B These findings indicate

MDA content increased by 2.5 times
that C. medica is capable of tolerating only short-term and mild
water deficiency. (iii) Antioxidant enzyme response under HLB
infection: the activities of SOD and POD in C. medica leaves in-
fected with HLB were significantly increased, showing increases of
approximately 40% and 65% , respectively, compared to those in
healthy plants'™® . This might be a defensive mechanism whereby
plants actively upregulate their antioxidant systems under pathogen
stress to inhibit the proliferation of pathogens, but prolonged high
levels of ROS can also cause damage to the plants” own cells. (iv)
Antioxidant enzyme response under fluorine pollution; Xu Lishan
et al. ™" reported that fluorine pollution led to a reduction of POD
activity in C. medica leaves. However, after the application of
protective agents, POD activity was restored to 80% —95% of the
control level, and the chlorophyll content and relative conductivity
were also significantly enhanced.

5.2.2 Non-enzymatic antioxidant system. C. medica is abundant
in a variety of non-enzymatic antioxidant compounds, mainly in-
cluding ascorbic acid ( AsA), reduced glutathione (GSH), fla-
vonoids and phenolic acids. Studies have confirmed that flavonoids
from C. medica have notable scavenging activity against both
DPPH and ABTS free radicals, with a significant dose-effect. Be-
sides, polysaccharides from C. medica also effectively neutralize
superoxide anions and hydroxyl radicals, indicating that the non-
enzymatic antioxidant system of C. medica operates through a syn-
ergistic interaction among multiple components . Sangdan"*'" in-
vestigated various parts of the C. medica fruit and found that the
total phenol, flavonoid and vitamin C contents in the exocarp were
significantly higher than those in the mesocarp. Moreover, as the

fruit matured, the contents of these compounds and the total an-
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tioxidant capacity ( determined by FRAP method ) basically
showed an increasing trend. A highly significant positive correla-
tion was observed between the contents of vitamin C, total phe-
nols, flavonoids, and antioxidant capacity. This finding suggests
that the peel of C. medica fruit, particularly the exocarp, serves
as the primary non-enzymatic antioxidant defensive position.
Sandan’s research demonstrated that the antioxidant capacity of
C. medica increased with maturity, but it did not provide a de-
tailed analysis of the underlying material basis. Tan et al. “*’ con-
ducted a quantitative analysis of flavonoids and coumarins in C.
medica fruits at various growth stages, identifying a total of 22
coumarins and 26 flavonoids. Among these compounds, limettin
exhibited the highest coumarin content, while diosmin and hesper-
idin were the flavonoids with the highest content. Antioxidant ac-
tivity assessments using DPPH, ABTS, and FRAP assays indica-
ted that C. medica showed peak antioxidant capacity in Novem-
ber, corroborating the findings reported by Sandan. Cell experi-
ments further confirmed that C. medica extract significantly re-
duced the levels of NO, MDA and ROS, increased SOD activity,
and alleviated oxidative damage. Among them, diosamine, hes-
peridin and neohesperidin were the main contributors to the ob-
served antioxidant activity .

5.2.3 Osmoregulation and defense responses. In terms of osmot-
ic regulation, C. medica mainly accumulates Pro and soluble sug-
ar as osmoprotectants under adverse conditions. Under low-tem-
perature stress, the Pro content in C. medica leaves progressively
increased with the extension of treatment time. Under drought
stress, Pro levels also rose significantly”™ . The accumulation of
Pro contributes to the maintenance of cellular turgor pressure, the
protection of protein structure and the elimination of hydroxyl radi-
cals. Under low-temperature treatment, the soluble sugar content
in C. medica leaves also showed an increasing trend, but the in-
crease was relatively small. In the plants infected with HLB,
starch and sucrose contents in the leaves and stems increased sig-
nificantly, while starch and fructose in the fruits decreased signifi-
cantly , indicating that the pathogen may manipulate the host’s sug-
ar distribution by affecting the upregulated expression of sugar

)™ Compared to

transporter genes (such as CmNI2 and CmNI3
the cold-resistant species P. trifoliata, C. medica had a slower
accumulation rate and lower absolute content of Pro and soluble
sugars under low temperature conditions, which further explains
its sensitivity to cold stress™.

Through the synergistic effect of the aforementioned enzymat-
ic and non-enzymatic antioxidant systems as well as osmotic regu-
latory substances, C. medica can partially resist mild adverse
stress. However, under conditions of extreme or prolonged stress,
these defense systems are often insufficient to maintain cellular ho-
meostasis, thereby leading to cellular damage. Therefore, enhan-
cing the efficacy of these defense systems through exogenous appli-
cations (such as protectants, plant growth regulators) or cultiva-
tion measures (such as grafting, stress induction) is an effective
strategy to improve the stress resistance of C. medica'"" .

5.3 Defense-related hormone regulatory networks SA, JA,

ET, and ABA are the core hormones involved in the defense re-
sponse of C. medica. Sa-dominated systemic acquired resistance
(SAR) mainly resists against biotrophic pathogens (such as those
causing HLB). In susceptible plants, activation of the SA signa-
ling pathway induces the expression of PR protein genes. JA/ET-
driven induced systemic resistance (ISR) mainly responds to che-
wing pests (such as P. polytes larvae) and necrotrophic pathogens
(such as Colletotrichum) . The inhibitory effect of compounds like
bergapten on CarE activity in pests may be associated with the

14-15] .
[ *. ABA, as a stress hormone, is

JA/ET signaling pathway
synthesized in large quantities under drought and low-temperature
stress, inducing stomatal closure and the expression of stress re-
sistance genes.

5.4 Enhancement of the defense ability of C. medica to ad-
verse conditions through exogenous regulation and cultivation
measures Enhancing the stress resistance of C. medica through
the application of exogenous substances and agronomic measures is
a viable strategy. The foliar application of protective agents such
as Ca(OH),, vitamin C, and rare earth elements can effectively
reduce the damage of fluorine pollution to C. medica, while also

increasing chlorophyll content and POD activity'*'.

Grafting and
the selection of appropriate rootstocks is an effective way to en-
hance the cold and drought resistance of C. medica. Research in-
dicates that C. medica seedlings grafted onto P. trifoliata and Cit-
rus X limon rootstocks exhibit superior cold resistance compared to

those grafied onto C. medica L. rootstocks .

Stem tip micro-
grafting can effectively eliminate the HLB pathogen in C. medica.
The survival and virus-free rates associated with stem tip grafting
with 3 — 4 leaf primordia are relatively high, establishing this
method as a key technology for the propagation of disease-free

seedlings™’ .

Rain-sheltered cultivation can significantly reduce
the occurrence of anthracnose in Dioscorea polystachya (an ana-
logue species) ™" | suggesting that this technique may also be ap-
plicable to disease control in C. medica fruits.

5.5 Integrated regulation and cultivation application pros-
pects of defense responses The defense response of C. medica
is a complex network composed of signal perception, transduction,
gene expression, metabolic adjustment and morphological chan-
ges. Future cultivation and management strategies should be based
on the principle of " prevention first, followed by comprehensive

control" 1’

. A green and sustainable stress control system can be
built by integrating multiple technical means: the development of
strong seedlings through optimized water and fertilizer manage-
ment, the use of resistant rootstocks, and the combination of bio-

logical control with targeted chemical interventions'" .

6 Prospects

6.1 Deficiencies existing in the current research Although
significant progress has been made in the study of C. medica stress
in recent years, there are still many deficiencies. (i) Limited
mechanistic depth; most studies have focused primarily on physio-
logical and biochemical aspects, with insufficient analysis of key

signaling pathways, transcriptional regulatory networks, and pro-
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tein-protein interaction mechanisms. For example, the precise mo-
lecular switch responsible for C. medica’s sensitivity to cold re-
mains unidentified. It is unclear whether the key enzyme genes in-
volved in the bergapten synthesis pathway have been cloned and
functionally verified. (ii) Lack of research on multi-stress inter-
actions: few studies have examined the interaction between biotic
and abiotic stresses. In nature, C. medica often frequently en-
counters HLB disease concurrently with low winter temperatures,
or drought and pest infestations. The mechanisms underlying the
response to such combined stresses remain largely unexplored.
(iii) Insufficient exploration of germplasm resources and stress-re-
sistant genes: although some studies have analyzed the genetic di-

[21,39] , a sys-

versity of C. medica germplasm using ISSR markers
tematic evaluation and screening of stress-resistant germplasm re-
sources has not yet been carried out. A large number of differenti-
ally expressed genes obtained based on transcriptome sequen-
cingu‘ng have functions that have yet to be validated in vivo. (iv)
The bottleneck of transformation from mechanism to application:
most studies stop at discovering phenomena. However, the trans-
lation of stress resistance mechanisms into practical breeding mate-
rials and cultivation techniques remains a significant challenge.
For example, it is yet to be determined whether the ERF6 and
GRAS genes can be effectively used in the genetic engineering of
cold-resistant C. medica cultivars.
6.2 Future research directions Future research on the biolo-
gy of C. medica stress should develop towards systematization,
precision and engineering. (i) Multi-omics joint analysis: by in-
tegrating data from genomics, transcriptomics, proteomics and
metabolomics, a comprehensive regulatory network for the stress

[3,7,11,26
' For example,

response of C. medica can be constructed"
through weighted gene co-expression network analysis ( WGC-
NA) , key transcription factors and metabolic nodes regulating ber-
gapten synthesis have been identified. (ii) Functional identifica-
tion and molecular breeding of key genes: virus-induced gene si-
lencing (VIGS) technology can be initially applied to the study of
the CRC gene in C. medica. In the future, the CRISPR/Cas9
gene editing technology should be vigorously promoted to conduct
targeted knockout of genes that negatively regulate stress resistance
or to introduce superior alleles, thereby creating new germplasm
with enhanced cold and disease resistance. (iii) Phenomics and
intelligent monitoring: by integrating deep learning with high-
throughput plant phenotyping platforms, it is possible to achieve
non-destructive, real-time, and precise identification and early
warning of pests, diseases, and adverse conditions affecting
C. medica, providing decision support for smart agriculture' "’
(iv) Deepening the research on signal transduction mechanisms:
future research should concentrate on pattern recognition receptors
(PRRs) and their recognition of pathogen-associated molecular
patterns (PAMPs) , in addition to elucidating the specific defect
mechanisms within the ICE1-CBF-COR cascade pathway in
C. medica, to better understand its molecular basis for cold sensi-

[15]

tivity' . (v) Research and development of sustainable green pre-

vention and control technology: the endophytic bacteria resources

of C. medica should be deeply explored to facilitate the develop-
ment of microbial preparations that can antagonize pathogenic bac-
teria and induce systemic resistance'””’ ; the application of plant-
derived extracts (such as the volatile oil of C. medica) should be
optimized for disease prevention and control to minimize reliance
on chemical pesticides™” .

C. medica, as an important medicinal plant, has been the
subject of extensive research on its stress response mechanisms,
progressing from morphological descriptions to investigations at
physiological, biochemical, and molecular levels. Considerable
advancements have been made in understanding responses to low-
temperature stress and HLB disease. However, in the face of com-
plex field environments, research on multi-stress interactions, the
functions of key genes, and stress-resistant breeding remain insuf-
ficient and require further development. Future research should
employ modern molecular biology and multi-omics techniques to
systematically analyze the regulatory networks underlying stress re-
sistance in C. medica, providing a solid theoretical foundation for
breeding high-quality stress-resistant new varieties and for optimi-

zing efficient cultivation techniques.

References

[1] CHEN JY. Multi-omics analysis of the spatial and temporal distribution of
flavonoids metabolites in Citrus medica ‘ Fingered’ [ D ]. Guangzhou:
Zhongkai University of Agriculture and Engineering, 2023. (in Chi-
nese).

LUO JJ, MA WC, WEN YH, et al. Influence of polysaccharides from
Citrus medica ‘ Fingered’ on the quality characteristics and hypoglycemic
activity of yogurt[ J/OL]. Food Industry Technology, 1 —17 [2026 - 06
—-02]. https://doi. org/10. 13386/]. issn1002 — 0306. 2025080242. (in
Chinese) .

GUO WD, ZHENG JS, ZHANG ZZ, et al. Effects of short term chilling
stress on the photosynthetic physiology of fingered citrons ( Citrus medica
var. sarcodactylis Swingle) [J]. Acta Ecologica Sinica, 2009, 29(5) ;
2286 -2293. (iin Chinese).

CHEN WR, YE JJ, LI YQ, et al. Analysis of cold-regulated gene ex-
pression of the Fingered Citron ( Citrus medica L. var. sarcodactylis Swin-
gle) [J]. Acta Ecologica Sinica, 2013, 33(5) . 1594 —1606. (in Chi-

nese ).

[2

[

—
w
[

(4

—

s

[

ZHENG JS. The effect of extreme temperature on photosynthetic physiolo-
gy, antioxidant enzyme systems and ROS of fingered citron[ D]. Hang-
zhou; Zhejiang Normal University, 2011. (in Chinese).

[6] ZHANG M, ZHAO YY, NAN TG, et al. Genome-wide analysis of Citrus

medica ABC transporters reveals the regulation of fruit development by

CmABCB19 and CmABCCIO[J]. Plant Physiology and Biochemistry,

2024.

LEI MY, ZHANG Z, LIU C, et al. Transcriptome analysis of Citrus med-

ica ‘ Fingered’ response to Phyllocoptruta oleivora infestation[ J]. Forest-

ry and Environmental Science, 2025, 41(2): 1 -9. (in Chinese).

[8] XU Y, LIU L, YANG YK, et al. Preliminary report on the investigation
of Dichocrocis punctiferalis to Citrus medica[ J]. China Plant Protection,
2021, 41(7): 53 =54. (in Chinese).

[9] DOU T, FAN AY, CUI GL, et al. Identification of the pathogen causing

leaf brown spot on Citrus medica var. sarcodactylis and screening of fungi-

[7

[

cides for the control of the disease[J]. Acta Phytopathologica Sinica,
2023, 53(5): 769 —778. (in Chinese).
[10] YANG L, XU HB. Effects water stress on the chloroplasts in leaves of
Citrus medica var. sarcofactyis[ J]. Chinese Agricultural Science Bulle-
tin, 2001(1); 20 —=22. (iin Chinese).

[11] LUO RM. Research on bergamot pest detection based on improved



44 Asian Agricultural Research 2026

YOLOVS algorithm[ D]. Guangzhou: South China Agricultural Universi-
ty, 2023. (in Chinese).

WANG MX. A pest of Citrus medica: Papilio polytes[ J]. Zhejiang Cit-
rus, 1999(2). (in Chinese).

ZHANG JL, YAN ZH, FANG XJ, et al. Oviposition selectivity and
competitive research on Bactrocera cucurbitae ( Coquillett) and Bactro-
cera tau (Walker) [ J]. Journal of Yunnan Agricultural University; Nat-
ural Science, 2017, 32(3) . 427 -431. (in Chinese).

FENG F, LIU JQ, LI XJ, et al. Synthesis and antifeedant activity of
bergapten and xanthotoxin derivatives[ J]. Chemistry & Bioengineering,
2025, 42(9) : 61 —=68. (in Chinese).

LIU JQ. Studies on chemical components of n-butanol fraction of peri-

(12

[

—
—_
w

[

[14

[

[15

[

carps of Zanthoxylum bungeanum Maxim. and insecticidal activity of

bergapten and xanthotoxin derivatives[ D]. Chengdu; Southwest Jiaotong

University, 2023. (in Chinese).

TIAN S, QIU FF, GE CC, et al. Transcriptome analysis of citrus rust-

mite damage to the peel of Orah fruits[ J]. Journal of Fruit Science,

2021, 38(9): 1569 —1578. (iin Chinese).

[17] WU X, CHEN Z, YANG Y, et al. From attraction to repellency: The
olfactory response pattern of Papilio polytes to shared volatiles from frass

(16

[l

and host plants driven by chemical composition[ J]. Insects, 2026, 17
(5).452.
[18] YUAN M. Study on the physiology and biochemistry and mechanism of
different organs of sarcodactylis infected HLB[ D ]. Guangzhou: Guang-
dong Pharmaceutical University, 2020. (in Chinese).
YUAN M, PAN LM, ZHOU LY, et al. Identification of Citrus medica
var. sarcodactylis infected with Citrus Huanglongbing[ J]. Chinese Jour-
nal of Experimental Traditional Medical Formulae, 2020, 26(5) ; 117 -
122. (in Chinese).
LUO XL, ZHENG YQ, LI T, et al. Symptoms on leaf and branch of
bergamot infected by citrus greening pathogen and the distribution of
pathogen in branches[ J]. South China Fruits, 2023, 52(1): 1 -4, 9.
(in Chinese).
SANG D. Analyzed on genetic diversity, collection and evaluation of fin-

[19

[

[20

[

[21

[

gered citron[ D ]. Hangzhou; Zhejiang Normal University, 2011. (in
Chinese) .

YU KD, LU M, YE MJ, et al. Determination on sensitivities of Colleto-
trichum gloeosporioide isolated from camellia and fingered citron to dif-

[22

[

ferent kinds of fungicides[J]. Journal of Zhejiang Normal University
Natural Sciences, 2014, 37(3) : 334 -338. (in Chinese).

[23] LU M, YANG JN, ZHOU DX, et al. Biological characteristics of the
pathogenic fungus causing anthracnose in fingered citron[ J]. Journal of
Zhejiang Normal University; Natural Sciences, 2011, 34 (3). 323 -
327. (in Chinese).

[24] ZHANG GM, QI PK. Identification of falcate-spores of Colletotrichum on
medical plants cultured in Guangdong province[ J]. Acta Phytopatholog-
ica Sinica, 1993(2): 121 —129. (in Chinese).

[25] ZHOU Q, WEI F, DONG XM, et al. Isolation, identification and pre-

liminary study on the control efficacy of bacterial anthracnose, a new

disease of Citrus medica[ A]. Proceedings of the 2010 Academic Annual

Conference of the Chinese Society of Plant Pathology [ C]. College of

Chemistry and Life Sciences, Zhejiang Normal University, 2010 263.

(in Chinese).

MAHMOUD LM, DEOL JK, GROSSER JW, et al. Transcriptomic and

biochemical analysis of pummelo x finger lime hybrids in response to

Huanglongbing (HLB)[J]. BMC Plant Biology, 2025, 25(1) ; 235.

[27] ALBRECHT U, BOWMAN KD. Transcriptome profiling of citrus fruit
response to Huanglongbing disease [ J ]. PLoS ONE, 2012, 7(9):
€38039.

[28] LI MM, HU JH, HE L, et al. Isolation and identification of active com-
pound from Radix Angelicae Biseratae extracts against citrus fungus
pathogens[ J]. Journal of Fruit Science, 2012, 29(5) : 900 —904,963.
(in Chinese).

[29] WANG XL, LI MM, HU JH, et al. Inhibitory effects of 18 coumarin

[26

[l

compounds on citrus Colletotrichum[J]. South China Fruits, 2013, 42
(4) .73 -74,77. (in Chinese).

[30] GUO WD, ZHANG ZZ, JIANG XW, et al. Semilethal temperature of
fingered citron ( Citrus medica var. sarcodactylis Swingle ) under low
temperature stress and evaluation on their cold resistance[ J]. Acta Hor-
ticulturae Sinica, 2009, 36(1) : 81 =86. (in Chinese).

[31] CAO YB, SHI R, CHEN WR, et al. Comparative analysis of expression
changes of ethylene response factor 6 (ERF6) in fingered citron and tri-
foliate orange under cold stress[ J]. Acta Horticulturae Sinica, 2011, 38
(10); 1873 —1882. (in Chinese).

[32] YANG L, YE J, GUO WD, et al. Differences in cold tolerance and ex-
pression of two fatty acid desaturase genes in the leaves between fingered
citron and its dwarf mutant[ J]. Trees, 2012, 26(4): 1193 —1201.

[33] CHEN JH, LI RH, GUO PG, et al. Impact of drought stress on the ul-
trastructure of leaf cells in three barley genotypes differing in level of
drought tolerance[ J]. Chinese Bulletin of Botany, 2011, 46(1) ; 28 -
36. (in Chinese).

[34] SHI R. Analysis of the differentially expressed genes in fingered citron

under cold stress[ D]. Hangzhou: Zhejiang Normal University, 2011.

(in Chinese).

YE JJ. Cold stress response of ERF6 and GRAS gene in some Citrus

plants and their promoter sequence analysis[ D]. Hangzhou: Zhejiang

Normal University, 2013. (in Chinese).

XUR, YEJJ, WU YJ, et al. Expression and promoter analysis of ERF6

gene in five kinds of Citrus plants[J]. Journal of Zhejiang Agricultural

Sciences, 2018, 59(5) : 731 =737. (in Chinese).

[37] MA W, PANG Z, HUANG X, et al. Citrus Huanglongbing is a patho-
gen-triggered immune disease that can be mitigated with antioxidants and
gibberellin[ J]. Nature Communications, 2022(13) ; 529.

[38] JIAN SF, GONG S, MA YH, et al. Research progress on chemical
structures, extraction methods and bioactivities of bergamot flavonoids
[J]. Food Research and Development, 2021, 27(6): 198 —204. (in
Chinese) .

[39] CHEN CJ. The control effect and mechanism of essential oils from sever-
al Chinese traditional medicinal crops on the disease of Panax notogin-

[35

[

[36

[

seng[ D]. Kunming; Yunnan University of Traditional Chinese Medi-
cine, 2020. (in Chinese).

YANG L, WU B, WU JP, et al. Injury of lipid peroxidation of fingered
citron leaves to cell during water stress[ J]. Journal of Zhejiang Normal
University ( Natural Sciences), 1994(2): 64 —67. (in Chinese).

XU LS, SHEN XY, JIANG DA, et al. Physiological effects of several
protective agents on the fingered citron ( Citrus medica var. sarcodactylis

[40

[

[41

[

Swingle) under fluoride stress[J]. Plant Physiology Communications,

2006(1) : 27 =30. (in Chinese).

TAN T, DONG S, QIN Y, et al. Quantitative analysis of flavonoids and

coumarins from fingered citron in different growth periods and their regu-

latory effects on oxidative stress[ J]. Foods, 2025, 14(2): 180. (in

Chinese) .

[43] CHEN BC, ZHAO Q, TU WY. Comparison of the cold resistance of Jin-
hua fingered citron grafted on different rootstocks [ J]. South China
Fruits, 1997, 26(2): 3 =5. (in Chinese).

[44] ZHANG GF, HE H, XU HH. Study on pathogen-removal shoot-tip mi-
crografting technology of Citrus medica 1. [J]. Research and Practice on
Chinese Medicines, 2010, 24(2) : 27 —=30. (in Chinese).

[45] TAO YC, ZHAN WZ, ZHA XH, et al. Experiment on the control effect
of rain shelter conditions on anthracnose of Dioscorea polystachya[]].
Contemporary Horticulture, 2011(10) : 7,15. (in Chinese).

[46] ZHANG GF, LIN XY, HE H. Most diseases and their control on Citrus
medica L. var sarcodactylis (Noot. ) Swingle[ J]. Research and Practice
on Chinese Medicines, 2003(5) : 9 —11. (in Chinese).

[47] ZHANG M, LU QC, ZHOU XQ, et al. Effect of Bacillus amyloliquefa-
ciens GSBa-1 on polyphenol synthesis and phenylpropanoid metabolism

(42

[

in Citrus medica L. var. sarcodactylis Swingle [ J]. Food Science,

2024, 45(3) : 167 —=175. (in Chinese).



