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A B S T R A C T   

Citral, a monoterpene naturally present in volatile oils of Litsea cubeba, Cymbopogon flexuosus and citrus peel, can 
enhance disease resistance in postharvest citrus fruit and reduce fruit decay due to Penicillium digitatum. To 
clarify the defense mechanism involved in the enhancement of disease resistance, RNA-seq, metabolomics and 
biochemical analyses were integrated to global change in citral-treated fruit. Results showed that citral fumi
gation was effective at controlling citrus green mold. Citral increased the activities of phenylalanine ammonia- 
lyase, peroxidase, and polyphenol oxidase, followed by elevated contents of total phenolics, flavonoids, and 
lignin. Metabolomics revealed that citral treatment triggered accumulation of the plant hormones methyl 
jasmonate, abscisic acid, and indoleacetic acid, and many phenylpropanoid metabolites including curcumin, 
cinnamyl alcohol, hesperidin, syringin, 7-methoxyflavonol, vitexin-2-O-rhamnoside, coniferin, naringin, 
kaempferol-7-neohesperidoside, and trans-cinnamaldehyde. RNA-seq results revealed that the expression levels 
of multiple genes involved in jasmonic acid (JA) profiles and phenylpropanoid biosynthesis were markedly 
upregulated by citral. These findings suggest that the JA pathway is positively involved in the induced disease 
resistance of citrus fruit by citral, and provide a novel theoretical support by which citral fumigation manages 
postharvest citrus green mold.   

1. Introduction 

Citrus is a sort of bulk fruit owing to its excellent taste, refreshing 
flavor, and its high content of ascorbic acid, phenolic compounds and 
flavonoids (Singh et al., 2020). Penicillium digitatum is a necrotrophic 
phytopathogen that infect citrus fruit through the wounds on surface of 
the fruit and leads to establishment of green mold, which causes sig
nificant economic losses worldwide (Bhatta, 2022). Currently, green 
mold is mainly controlled by commercial chemical fungicides (Chen 
et al., 2019). With increased consumer awareness and concerns about 
food safety and environmental pollution due to chemical fungicides, 
essential oils (EOs) gained extensive interest as a means to extend fruit 
shelf life. This is attributed to their superior antimicrobial characteristic 
and ability to trigger fruit resistance against pathogenic fungi (El Khe
tabi et al., 2022; He et al., 2016). Thus, environment-friendly EOs have 

gradually come into researchers’ perspective for postharvest diseases 
control in fruit and vegetables. 

Citral, normally present in Litsea cubeba, Cymbopogon flexuosus, and 
citrus EOs, is a natural monoterpene (Luciano et al., 2023; Tamer et al., 
2019). It has been gradually used to control deterioration of fruit and 
vegetables for its characteristic lemon-like flavor, antioxidant, and 
antimicrobial properties (Tamer et al., 2019). It was previously reported 
to exhibit strong antifungal activity against some fungi in postharvest 
citrus like P. italicum, P. digitatum, and Geotrichum citri-aurantii (Wur
yatmo et al., 2014). Citral also induced host resistance against some 
plant fungi like Erysiphe cucurbitacearum, Botrytis cinerea, and Sclerotinia 
sclerotiorum (Jiang et al., 2022). We previously reported that wax+citral 
was effective at reducing green mold incidence by triggering disease 
resistance in Ponkan fruit, as evidenced by increase in the activities of 
the antioxidant enzyme catalase (CAT), superoxidase dismutase (SOD), 
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and peroxidase (POD) (Fan et al., 2014). However, the underlying mo
lecular mechanism that mediates resistance response is not clearly un
derstood and needs further investigations. 

Induced resistance is an effective strategy to control diseases by 
eliciting and regulating biochemical processes in fruit and vegetables 
(Prusky and Romanazzi, 2023). The capacity of EOs to trigger fruit de
fense responses and reduce their physiological deterioration has broadly 
been investigated (El Khetabi et al., 2022). Generally, the activation of 
fruit defense response by EOs mainly concentrates on maintenance of 
redox balance, accumulation of antifungal substances, improvement of 
antioxidant capacity and enhancement of defense-related enzymes, etc. 
(Yousuf et al., 2021). For example, Li et al. (2020) reported that tea tree 
oil enhances the resistance of strawberry fruit against Botrytis cinerea by 
enhancing phenylalanine ammonia-lyase (PAL), cinnamate-4-hydroxy 
lase (C4H), 4-coumarate-CoA ligase (4CL), POD, and polyphenol oxi
dase (PPO) activities, as well as accumulating flavonoids, coumarin and 
phenolic compounds. (E)- 2-hexenal fumigation reduced disease 
severity of kiwifruit gray mold by upregulating expression level of 
mitogen-activated protein kinase and genes encoding pattern recogni
tion receptors, and promoting the biosynthesis of jasmonic acid (JA) and 
flavonoids in the kiwifruit (Hyun et al., 2022). In citrus fruit, clove EOs 
effectively controlled blue mold by improving the production of H2O2 
and increasing the activities of PAL, POD, PPO, β-1,3-glucanase (β-Glu), 
chitinase (CHI), and lipoxygenase (LOX) in Xinyu tangerine (Chen et al., 
2019). EOs blend composed of cinnamaldehyde, carvacrol and eugenol 
also reduced spoilage of orange by inhibiting growth of P. digitatum, 
reducing hydrogen peroxide accumulation and stimulating phenyl
propanoid metabolism in navel orange (Yang et al., 2022). 

Jasmonates, composed of free acid JA and methyl jasmonate (MeJA), 
are a prerequisite for inducing fruit resistance against pathogens. 
Studies in strawberries, sweet cherries and tomatoes demonstrated that 
their defense response against pathogens were all through activation of 
JA biosynthesis and signaling (Li et al., 2021; Li et al., 2022; Min et al., 
2022). Exogenous addition of MeJA can also activate resistance of apple 
and sweet cherry by enhancing the activities of defense-related enzymes 
and promoting accumulation of antifungal compounds (Pan et al., 2022; 
Zhao, et al., 2022). Additionally, treatment with compounds like chi
tosan can also stimulate increased expression of genes associated with 
JA biosynthesis to enhance grape resistance to B. cinerea attack (Zhang 
et al., 2021). However, it is unclear if citral induces the disease resis
tance of citrus fruit by triggering the JA pathway. 

This study therefore, aimed at investigating the mechanism by which 
citral enhanced citrus fruit resistance to P. digitatum to control the 
establishment of green mold decay. The potential regulatory pathways 
and key metabolites were investigated by RNA-Seq and metabolomic. 
Further, the roles of the JA pathway and the phenylpropanoid biosyn
thesis in citral-induced citrus resistance were also explored by genetic 
and biochemical levels. 

2. Materials and methods 

2.1. Fruit, chemical and pathogen 

Mature citrus fruit (Citrus unshiu Marc. cv. Miyagawa Wase) were 
harvested from an orchard in Xiangtan city, Hunan Province, China, on 
November 5th, 2021. The initial color index, total solids content (TSS) 
and titratable acid (TA) of selected citrus fruit were 2.24, 11.92% and 
10.89%, respectively. All fruit were rapidly delivered to the laboratory 
and spread on a clean surface for 24 h to release the field heat. Fruit 
consistent in size, color and with no injury or infection were selected for 
the subsequent experiments. 

Citral (97%) was purchased from Macklin (Shanghai, China). 
P. digitatum was provided the laboratory and prepared as described by 
Duan et al. (2021). 

2.2. Evaluation of the effects of citral on the artificially inoculated 
infection in citrus fruit 

Fruit were rinsed thrice in distilled water after being sterilized with 
2% sodium hypochlorite for 2 min and then air-dried. Two symmetrical 
wounds were (3 mm × 3 mm) made on opposite sides of the fruit equator 
using a sterilized stainless blade, and inoculated with 10 μL of 
P. digitatum spore suspension (1 ×106 conidia mL− 1). The inoculated 
fruit were randomly placed in four cartons (26 cm × 14.5 cm×18.5 cm) 
fumigated with citral of concentration 0, 50, 100, or 200 μL L− 1. Two 
holes were punched on opposite sides of each carton to allow for free air 
circulation. Materials that carried citral were fixed to the inner top 
surface of the carton while avoiding direct contact with the fruit. All 
inoculated citrus fruit were kept at 25 ◦C and 85–90% relative humidity 
(RH) for 6 d. Disease incidence and lesion diameter were assessed on 
days 3, 4 and 5 (Duan et al., 2021). Fruit whose decay diameter 
exceeded 3 mm were classified as infected as described by Duan et al. 
(2018). 

2.3. Evaluation of ability of citral to induce disease resistance in citrus 
fruit 

The sterilized citrus fruit were subjected to vapor treatment with 
100 μL L− 1 citral before inoculation. On 3 d and 4 d after fumigation, 
fruit were left at 25 ◦C for 1 h to allow the evaporated citral to adsorb to 
their surface. The pretreated fruit were inoculated with 10 μL of the 
P. digitatum conidial suspension. Fumigation, storage of the fruit and 
data statistics were performed as detailed in Section 2.2 above. Fig. 1 is 
an operation diagram to illustrate the stages involved in fruit treatment 
with citral. 

2.4. Sample collection 

Citrus fruit were fumigated with 100 μL L− 1 citral and stored at 25 
± 2 ◦C with 85–90% RH. Peel samples were collected from the tissue at 

Fig. 1. Diagramatic illustration of the stages in EOs (citral) treatment.  
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equatorial region of the healthy fruit at 0, 12 h, 1, 2, 3, 4, 5, and 6 d. The 
samples were immediately frozen in liquid nitrogen and kept at − 80 ◦C 
ready for the subsequent transcriptomic, metabolomic, and biochemical 
analyses. Each treatment was replicated thrice, each replicate consisting 
of 10 fruit at each time point. 

2.5. Measurement of enzyme activities and secondary metabolites 

PAL, POD, PPO, total phenolics, flavonoids and lignin were deter
mined according to Duan et al. (2021). The PAL, POD, and PPO activities 
were expressed as U kg− 1 based on fresh weight (FW), where U= 0.01 
OD290 h− 1, U = 0.01, OD470 min− 1, and U = 0.01 OD420 min− 1, 
respectively. Total phenolics and lignin were expressed as ΔOD280 kg − 1 

based on FW. Flavonoids was expressed as ΔOD325 kg− 1 based on FW. 
Each treatment consisted of three parallel experiments. 

2.6. Metabolomic analysis 

On the basis of the maximum induction of the total phenolics and 
flavonoids, 100 mg of peels (control and citral treatment) sampled on 3 
d were selected for metabolomic analysis (Leng et al., 2022; Wang et al., 
2020). Each treatment included six replicates. Data preprocessing, 
filtering and statistical analysis were conducted by Bioprofile Biotech
nology Co., Ltd, Shanghai, China. The procedures were the same as 
described previously (Wang et al., 2017). To match the altered meta
bolic pathways, the differential metabolite data was analyzed using 
Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.kegg. 
jp) and Human Metabolome database (HMDB) (https://hmdb.ca/me
tabolites). KEGG analyses were conducted using Fisher’s exact test, and 
False Discovery Rate (FDR) correction for multiple testing. 

2.7. Transcriptomic analysis 

Basing on the results of the activities of PAL, POD and PPO, we found 
that resistance at transcriptional level had begun at 12 h. So, one gram 
of citral-treated and control peel samples from the 12 h treatment were 
used for transcriptome sequencing. Each treatment included three rep
licates. RNA extraction, library construction, sequencing, and data 

processing were conducted by Personalbio Technology Co., Ltd, 
Shanghai, China. The procedures were the same as described previously 
(Gong et al., 2022). The sequencing library was then sequenced on 
NovaSeq 6000 platform (Illumina). Differential gene, gene ontology 
(GO) and KEGG enrichment were conducted according to Wang et al. 
(2023) and Zhang et al. (2019). The differentially expressed genes 
(DEGs) were annotated using the GO database (http://www.gen
eontology.org) and KEGG to analyze the differentially expressed genes 
(DEGs) with DESeq (1.30.0), Blast2GO suite and ClusterProfiler (3.4.4) 
software. 

2.8. Determination of gene expression encoding JA biosynthesis and 
signaling pathway 

Total RNA was extracted from the control and citral-treated peels by 
Plant Total RNA Kit (Zoman, Beijing, China). RNA quality and integrity 
were assayed using a spectrophotometry (TGem Pro, Tiangen, Beijing, 
China) and agarose gel electrophoresis, respectively. The total RNA 
(1 μg) was used for cDNA synthesis using Hifair® III 1st Strand cDNA 
Synthesis SuperMix for qPCR (gDNA digester plus) (Yeasen, Shanghai, 
China). Then, diluted cDNAs were used for real-time qPCR (RT-qPCR) by 
a LightCycler96 system (Roche, Basel, Switzerland), following the in
structions of the Hieff UNICON® Universal Blue qPCR SYBR Master Mix 
(Yeasen, Shanghai, China). The suitable primers (Table S1) of the target 
genes were designed by Primer Premier 6.0 software. The relative 
expression of the genes was normalized to the Actin, and calculated 
using the 2− ΔΔCt method (Livak and Schmittgen, 2001). Three biological 
replicates were performed for each sample. 

2.9. Determination of JA and MeJA contents 

JA and MeJA were extracted and measured according to the previous 
method (Zhi and Zhang, 2013) by using an enzyme-linked immuno
sorbent assay Kit (Enzyme-linked, Shanghai, China) with a Sunrise™ 
enzyme-labeled instrument (Tecan, Grodig, Austria). The contents of JA 
and MeJA were performed by the Kit instructions, and expressed as μg 
kg− 1 based on FW. 

Fig. 2. Effect of citral at 100 μL L− 1 treatment on induced resistance of citrus fruit inoculated with P. digitatum. Visual appearance of green mold disease on fruit 
treated with citral after 3 d (A) or 4 d (D) of pre-exposure. Each wound was inoculated with 10 μL of a 1 × 106 spores mL− 1 spore suspension. Disease incidence (B, E) 
and lesion diameter (C, F) of citrus fruit pre-exposed to citral for 3 d and 4 d, respectively. Values are presented as means ± SD (n ≥ 3). Asterisks indicate significant 
differences (p < 0.05) between control and citral-treated citrus fruit within the same storage time. 
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2.10. Statistical analysis 

Results were presented as average ± standard deviation and 
analyzed using SPSS 19.0 (SPSS, Inc., Chicago, USA) software. A one- 
way analysis of variance (ANOVA) and independent two-sample t-test 
were used to count significant differences between citral-treated and 
control samples at p < 0.05. The relationship visualization was con
structed using STRING (https://string-db.org/) database and R package. 

3. Results 

3.1. Citral exposure inhibited the green mold development in citrus fruit 

Citral fumigation at three concentrations (50, 100, and 200 μL L− 1) 
effectively reduced green mold decay during fruit storage (Fig. S1). 
Particularly, fruit exposure to 100 μL L− 1 citral led to the least disease 

incidence and lesion diameter as compared the other treatments. By 5 
d of incubation, all fruit in the control group were completely rotten yet 
only 52.8% of the 100 μL L− 1 citral treated fruit were colonized. Simi
larly, the lesion diameter in the citral-treated fruit was only 33.5 mm, 
which was lower than that in the control fruit (58.3 mm). These results 
indicate that citral at an optimum concentration of 100 μL L− 1 effec
tively controlled establishment of green mold disease in citrus fruit, and 
excessive concentration of citral might lead to fruit toxicity, thus 
reducing the effectiveness of disease control. 

3.2. Citral fumigation induced disease resistance of postharvest citrus fruit 

Pretreatment of citrus fruit with citral markedly limited disease 
development in infected fruit (Fig. 2). For the fruit pre-exposed with 
citral for three days, all control fruit were fully colonized by 5 d, while 
only 66.67% of the 100 μL L− 1 citral treated fruit were colonized. The 

Fig. 3. Changes in enzyme activities and content of secondary metabolites in citrus fruit fumigated with 100 μL L− 1 citral. A: PAL activity; B: POD activity; C: PPO 
activity; D: total phenolic; E: total flavonoids; F: lignin contents. Values are presented as means ± SD (n ≥ 3). Asterisks indicate significant differences (p < 0.05) 
between control and citral-treated citrus fruit within the same storage time. 
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corresponding lesion diameter of the citral-treated fruit were lower than 
those of the control fruit (Fig. 2C and D). Semblable phenomenon was 
observed in fruit pre-treated with citral for four days. However, green 
mold disease ensured on 3 d in the citral-treated fruit with a disease 
incidence of only 9.07%, which was markedly lower than the 55.7% in 
the control fruit. Correspondingly, fruit that received citral pretreatment 
had much lower lesion diameters (Fig. 2E and F). On 5 d after inocu
lation, the lesion diameter of fruit in the citral group was 29.6 mm, 
which was approximately half of the 61.6 mm in the untreated group. 

3.3. Citral increased enzyme activities and secondary metabolites in the 
phenylpropanoid pathway 

We also examined the activities of the enzymes PAL, POD and PPO 
(Fig. 3). PAL activity was higher in citral-treated samples than in the 
control samples before 4 d. The activity increased with increase in time, 
reaching a peak value 85.2% higher than in control samples on 3 d. POD 
activity showed double peaks in the citral-treated fruit peels, one at 12 h 
and the other on 6 d. The values were always higher in the test fruit 
relative to the untreated samples, except on 5 d. PPO activity showed a 
similar pattern in both treated samples. The activity gradually increased 

Fig. 4. Widely targeted metabolomics analysis in citrus fruit treated with citral. (A) Cluster analysis of metabolites from samples. Each row in the color heat map 
represents a single metabolite. The levels of metabolites were plotted in a heat map on the log10 scale. (B) Pie chart depicting the biochemical classification of the 
different expressed metabolites DEMs identified between the control and citral-treated groups. (C) Bubble diagram of the metabolic pathway enrichment analysis. 
The X-axis enrichment factor is the number of DAMs annotated to this pathway divided by all identified metabolites annotated to this pathway. The higher the value, 
the higher the ratio of DAMs annotated to this pathway. Dot size represents the number of DAMs annotated to this pathway. Cont3 represents control samples at 3 d. 
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Fig. 5. Key differentially accumulated plant hormones and secondary metabolites in citrus peels treated with citral of concentration 100 μL L− 1. Values shown here 
are from the average of three biological replicates. Asterisks above the bar indicate significant differences among the different treatments at p < 0.05. Cont3 rep
resents control samples at 3 d. 
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in both citral-treated and control samples to maximum values on 2 d and 
3 d, respectively, before declining to minimum values. Compared to the 
control samples, high PPO activity was recorded in citral-treated peels at 
12 h, and on 2 d and 6 d. Beyond that, the value was lower than in the 
control samples. 

The changes in total phenols, flavonoids and lignin were evaluated in 
the citral-treated and control samples (Fig. 3D-F). Total phenols and 
flavonoids increased in the citral-treated fruit to reach peaks on 3 d then 
declined. The values at the peaks were respectively 25.5% and 44.9% 
higher than those in the control groups. In contrast, contents of total 
phenols and flavonoids in control samples peaked on 1 d and then 
decreased to values lower than in the citral-treated samples. Except for 2 
d, the lignin content in citral-treated peels were markedly higher than 
that in the control samples throughout the storage period. On 4 d, the 
value reached a peak, which was 16.1% higher than that in the control 
samples. Overall, citral fumigation induced disease resistance of the 
postharvest citrus fruit against P. digitatum. 

3.4. Metabolic profile of citrus fruit treated with citral 

To comprehensively understand the metabolite changes in citral 
treated citrus peels, an untargeted metabolome profiling of peels from 
fruit within the test- and control samples was performed. The metab
olomic data of citral-treated and control samples were evaluated by 
partial least squares discriminant analysis (PLS-DA), R2Y and Q2Y 
values, and the results showed that a good reproducibility of the 
metabolite model (Fig. S2). In total, 308 differentially accumulated 
metabolites (DAMs) were identified and listed in Supplementary data 1. 
Hierarchical cluster heatmap showed distinct metabolic patterns be
tween citral-treated and untreated groups (Fig. 4A). These DAMs could 
be categorized into 12 classes, the main ones being organ heterocyclic 
compounds, phenylpropanoids and lipids (Fig. 4B), which accounted for 
21.80%, 21.05% and 15.79% of total DAMs, respectively. These DAMs 
showed that they were mainly categorized into beta-alanine meta
bolism, pyrimidine metabolism, ABC transporters, flavonoid biosyn
thesis, pantothenate and CoA biosynthesis, plant hormone signal 
transduction, phenylpropanoid biosynthesis, flavone and flavonol 
biosynthesis (Fig. 4C). Notably, phenylpropanoid, flavonoid, plant 
hormone, flavone and flavonol were closely associated with enhance
ment of fruit resistance. 

Within the DAMs involved in plant hormones signal transduction, 
the contents of linolenic acid, abscisic acid, indole-3-butyric acid, 
indoleacetic acid, MeJA rapidly increased after citral treatment (Fig. 5). 
In particularly, the relative amount of MeJA in citral-treated peels was 
9.86-fold higher than that in the control group. When we analyzed the 
contents of MeJA and JA in the citral-treated samples using a microplate 
reader, the content of MeJA showed double peaks throughout the stor
age period (Fig. S3). The peak value in citral treated samples was 
elevated on 1 d and 3 d, being 14.0% and 15.3% higher than the values 
in the respective control samples. The result on 3 d was particularly 
consistent with our metabolomics, reaffirming the reliability of our 
metabolomic data. Additionally, compared to the control samples, 
exposure of fruit to citral increased accumulation of endogenous JA 
(Fig. S3B). 

The content of secondary metabolites also increased within citral- 
treated peels. Majority of these were phenolics and flavonoids pro
duced by the phenylpropanoid pathway. We further analyzed the key 
metabolites that are potential contributors to disease resistance in citral 
treated samples (Fig. 6). A total of 31 phenylpropanoid-related metab
olites were identified in citral-treated citrus peels. Eleven of these me
tabolites namely coniferin, hesperidin, naringin, syringin, 7-methoxy 
flavonol, kaempferol-7-neohesperidoside, curcumin, trans-cinnamalde
hyde, cinnamyl alcohol, camellianin, and vitexin-2-O-rhamnoside were 
upregulated. Notably, citral fumigation considerably induced accumu
lation of syringin and hesperidin, whose log2FC values reached 11.11 
and 8.95, respectively (Fig. 6B). This signified that they were potential 
contributors to the enhancement of disease resistance. These results also 
implied that JA biosynthesis and phenylpropanoid pathway might 
participated in citral-induced resistance enhancement in citrus fruit. 

3.5. RNA-seq analysis revealed key pathways mediating citral-conferred 
citrus fruit resistance 

To understand the underlying regulatory mechanisms in the citral- 
treated citrus fruit, samples at 12 h of exposure were used for the 
high-throughput transcriptome sequencing by Illumina sequencing. 
Raw reads ranging from 36472934 to 45933318 were obtained in six 
samples, and approximately 92% of clean data were mapped to the 
citrus unshiu genome (Table S2). Q20 values were all greater than 96% 
in the citral-treated and control samples. Pearson’s correlation 

Fig. 6. (A) Metabolic pathway analysis of differentially accumulated metabolites involved in phenylpropanoid metabolism in citral-treated citrus fruit. (B) Fold 
change bar diagrams of the top ranked differential metabolites. Data are presented as a log2 value compared to control group. The red color indicates an increase, 
while blue indicates a decrease. 
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coefficient (r) analysis confirmed that the transcriptome data were high 
quality and reliability (Fig. S4). 

In total, 1668 and 1266 DEGs were up-regulated and down-regulated 
in citral-treated peels, respectively (Fig. 7A). Cluster analysis of the six 
samples was used to compare the expression patterns between samples 
as evidenced by the color distribution (Fig. S5). In total, 259 GO terms 
were enriched and the top 30 terms are shown in Fig. 7C. They were 
mainly enriched in molecular function and biological process, such as: 
metabolic process related to oxoacid, organic acid, carboxylic acid, 
oligosaccharide, disaccharide, UDP-glycosyltransferase activity, pyri
doxal phosphate binding and vitamin B6 binding. Notably, jasmonic 
acid metabolic and biosynthetic processes were significantly enriched in 
GO terms. Meanwhile, KEGG enrichment database showed that 1034 
DEGs were categorized into 122 pathways (Fig. 7B). Among them, 15 
pathways were significantly enriched in citral-treated citrus fruit. These 
included carotenoid biosynthesis, alpha-linolenic acid metabolism, 
alanine, plant hormone signal transduction, glycosphingolipid biosyn
thesis and arginine biosynthesis (Fig. 7B). Strikingly, numerous DEGs 
involved in alpha-linolenic acid metabolism and plant hormone signal 

transduction were greatly enriched in citral-treated samples, which 
highly correlated to JA biosynthesis and signaling. 

3.6. Citral exposure promoted JA biosynthesis and signaling 

Multiple genes involved in JA biosynthesis were markedly upregu
lated in the citral treated fruit (Fig. 8). These included OPC-8:0 CoA 
ligase 1 (OPCL1), hydroperoxide lyase (HPL), acyl-CoA oxidase (ACOX), 
acetyl-CoA acyltransferase 1 (ACAA1), four LOX, allene oxide synthase 1 
(AOS1), three allene oxide cyclase (AOC), three 12-oxophytodienoate 
reductase (OPR) and jasmonic acid carboxyl methyl transferase (JMT). In 
addition, coronatine-insensitive protein 1 (COI1), four jasmonate-ZIM 
domain (JAZ) and three transcription factors MYC2 involved in JA 
signaling were also upregulated (Fig. 8A). To verify the actual role of the 
JA pathways in citral treatment, eight genes (LOX2–1, AOS1, AOC, 
OPR11, JMT, COI1, JAZ1, and MYC2) were selected for qRT-PCR 
(Fig. 8B-I). 

Fig. 8 disclosed that the expression levels of above-mentioned genes 
were influenced by citral treatment. The expression levels of LOX2–1 

Fig. 7. Transcriptional analysis of citrus fruit treated with citral. (A) Number of DEGs that were up-regulated (red) and down-regulated (blue) in citral-treated citrus 
fruit. (B) Results from GO term. The number of significantly enriched DEGs within most GO divisions is shown. The color gradient, ranging from pink, through white, 
to green represents low, middle and high p-values over the course of the storage period. (C) Results from KEGG enrichment analysis for DEGs. The color gradient 
indicates different p-value. 
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increased in the citral-treated samples, exhibiting a dramatic rise on 2 d, 
to a level 4.41-fold higher than in the control samples (Fig. 8B). The 
expression level of AOS1 in the citral-treated samples increased at 12 h, 
on 1 d, 2 d and 5 d, relative to the control group. Citral treatment 
enhanced the peak of AOS1 on 2 d to levels 3.01- fold higher than in the 
control group (Fig. 8C). Similarly, citral exposure also enhanced the 
expression of AOC to a peak 1.62-fold higher than in control fruit on 2 
d (Fig. 8D). Other than day 3 of treatment, the expression levels of 
OPR11 were always higher in citral-treated samples than in the corre
sponding control samples. A maximum expression, 2.24-times higher 
than that in the control samples was recorded on 4 d (Fig. 8E). Expres
sion of JMT in citral-treated peels followed a similar pattern as that of 
AOS1. A value twice higher than that in the control samples was 
recorded on 2 d (Fig. 8F). Compared to the control samples, expression 
of COI1 in the citral treatment group was greatly enhanced before 2 d, 
and subsequently inhibited after 3 d (Fig. 8G). JAZ1 was highly 
expressed in the citral-treated peels all through the treatment period. A 
spike in expression level, 3.45 times higher than in control samples was 
recorded on 4 d (Fig. 8H). Similarly, MYC2 was highly expressed in 
citral-treated peels than in control group before 4 d. Beyond 4 d, its 
expression level was approximately the same as in control group 
(Fig. 8I). The qRT-PCR results at 12 h were consistent with the RNA-seq 
data, confirming the reliability of transcriptome sequencing, and indi
cating that JA pathway in the citrus peel were activated by citral 
treatment. 

3.7. Modulation of citral fumigation on phenylpropanoid pathway 

We also screened out multiple genes involved in phenylpropanoid 
biosynthesis (Fig. 9). A total of 33 phenylpropanoid biosynthesis-related 
genes were found including PAL, 4CL, cinnamoyl-CoA reductase (CCR), 

shikimate O-hydroxycinnamoyl transferase (HCT), acetylserotonin O-meth
yltransferase (COMT), POD, cinnamyl-alcohol dehydrogenase (CAD), con
iferyl-alcohol glucosyltransferase (UGT72E), chalcone synthase (CHS), 
flavanone 3-hydroxylase (F3′H), flavonol synthase (FLS) and flavonol 7-O- 
beta-glucosyltransferase (UGT71C4). Compared with control group, the 
expression levels of these genes were all induced by citral. Furthermore, 
three genes that function as phenol oxidases were also identified 
including laccase 17(LAC17), LAC7 and LAC13, which are all implicated 
in the oxidation of phenolic compounds. 

3.8. Interaction network analysis of genes after citral fumigation 

To reveal the potential interrelationships between the various genes 
previously mentioned, interaction network analysis of JA biosynthesis, 
signaling, and phenylpropanoid biosynthesis genes were performed 
(Fig. 10). The genes involved in JA biosynthesis or signaling showed 
highly positive relations with phenylpropanoid biosynthesis-related 
genes. We found that three genes including MYC2, COI1, AOS1 were 
the center of the co-expression network and possessed 26, 25, 29 regu
latory relations, respectively, indicating that they might be crucial in the 
citral treated JA pathway. Moreover, they positively correlated with the 
phenylpropanoid biosynthesis genes, including PAL, PAL2, PAL-like, and 
4CL5. Overall, JA biosynthesis and signaling, and phenylpropanoid 
biosynthesis genes might interact to improve disease resistance of 
postharvest citral-treated citrus fruit. 

4. Discussions 

Essential oils (EOs) have become vital alternatives to synthetic fun
gicides, and gained widespread attention due to their ability to reduce 
decay and maintain fruit quality after harvesting (Yousuf et al., 2021). 

Fig. 8. Variations of citral treatment on expression patterns of DEGs involved in JA pathway. Expression patterns of JA biosynthesis and responsive genes (A, B) after 
citral treatment. In the heatmap, different colors indicate changes in expression levels between citral-treated and control samples. The color gradient, ranging from 
brown, through white, to green represents low, middle and high expression levels after citral treatment. qRT-PCR (C-J) verified the expression profiles of selected JA 
pathway related DEGs after citral treatment. The values were presented as means ± SD. Asterisks indicate significance of differences (p < 0.05) between citral- 
treated and control groups. 
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Previous studies have shown that citral could potently inhibit growth of 
bacteria and fungi in postharvest melon, papaya and citrus fruit. At the 
same time, it can reduce fruit decay and maintain fruit quality (Fan 
et al., 2014; Luciano et al., 2023). In this work, we evaluated the pre
ventative influence of citral as natural inducer to reduce citrus green 
mold. Citral fumigation effectively restrained development of green 
mold and reduced decay of citrus fruit (Fig. 2). The phenotypic response 
was not only related to direct antifungal activity of EOs but also the 
induced disease resistance of fruit. In particular, inducers promote the 
synthesis of secondary metabolites with antifungal activities in the fruit 
tissue, and this may have detrimental effects on the morphology and 
growth of fungi (Prusky and Romanazzi, 2023; Yang et al., 2016). The 
former was proved in our previous work (Zheng et al., 2015). The latter 
is generally thought to be related to the accumulation of secondary 
metabolites in the fruit peel and it is supported by our present study. In 
this study, citral exposure greatly improved the contents of total phe
nols, flavonoids and lignin and promoted their maximum accumulation 
on 3 or 4 d (Fig. 3). Increased contents of phenols and lignin would thus 
limit spread of P. digitatum into these healthy cells hence slowing down 
spread of green mold disease. Similar results have previously been re
ported by Li et al. (2020), suggesting that production of total phenols, 
flavonoids and lignin by 4-carvomenthenol effectively conferred disease 
resistance to B. cinerea in strawberry. In citrus fruit, Pichia galeiformis 
reduced the disease incidence and lesion diameter due to P. digitatum by 
improving the contents of total phenolic compounds, flavonoids, and 
lignin (Chen et al., 2021). Thus, the reduction in lesion size and fruit 
maceration observed after citral exposure may be attributable to its 
ability to enhance disease resistance of citrus fruit and the fungicidal 
activities of its derivatives. Untargeted metabolomics was further 
applied to explore the overall changes in metabolite profile and identify 
potential contributors of fruit resistance. 

Plant secondary metabolites are known to act as triggers of plant 
defense response against pathogen infections (El Khetabi et al., 2022). 

These metabolites are closely associated with the observed fruit 
phenotype. Any change in metabolites can give an intuitive illustration 
to help identify the potential contributors to an observed phenotypic 
change (Yang et al., 2022). For instance, through metabolomic analysis, 
Li et al. (2020) found that 4-carvomenthenol induced resistance of 
“Hongyan” strawberry to B. cinerea by stimulating biosynthesis of phe
nylpropanoid and flavonoid. This led to accumulation of phenolics and 
flavonoids such as naringenin, cinnamaldehyde, coniferaldehyde, 
quercetin, and taxifolin. In a recent study, indoleacetic acid (IAA) 
treatment was suggested to be capable of enhancing resistance against 
B. cinerea by stimulating the pathways of phenylpropanoid, flavonoids, 
terpenoids and hormones to reduce kiwifruit gray mold (Li et al., 2023). 
Similarly, our metabolomics results showed that 11 phenylpropanoid 
metabolites namely coniferin, hesperidin, naringin, syringin, 7-methox
yflavonol, curcumin, camellianin, kaempferol-7-neohesperidoside, 
trans-cinnamaldehyde, cinnamyl alcohol, and vitexin-2-O-rhamnoside, 
markedly accumulated after exposure to citral (Figs. 4 and 5). These 
may have potentially contributed to the improvement in both antioxi
dant and antimicrobial activities (Duan et al., 2018; Wei et al., 2020), 
thus enhancing citrus defense to P. digitatum. For instance, curcumin was 
reported to directly decrease B. cinerea biomass, and promoted higher 
levels of H2O2 and defense-related genes in kiwifruit, helping to control 
gray mold (Kai et al., 2020). Trans-cinnamaldehyde was also observed in 
our previous study to directly inhibit P. digitatum and enhance disease 
resistance of citrus fruit (Duan et al., 2018). Additionally, syringin and 
coniferin have been associated with strengthening of plant cell walls 
(Passardi et al., 2004), which may explain our observed accumulation of 
lignin in citral-treated citrus peels (Fig. 3F). Particularly, we observed 
that syringin (lignin monomer) and hesperidin (a flavonoid) tremen
dously accumulated to log2 FC values of 11.11 and 8.95, respectively 
(Fig. 6B). These two are known to have great antioxidant and antifungal 
characteristics (Dadwal et al., 2022; Singh et al., 2020), and may be 
critical participants in the resistance enhancement by citral. As the same 

Fig. 9. Variations of 100 μL L− 1 citral treatment at 12 h on expression patterns of differentially expressed genes (DEGs) involved in phenylpropanoid pathway. The 
rows in the heatmaps represent gene names, and the columns indicate samples. Fold change was distributed in the heatmap and the color scale from blue, through 
white, to red represents low, middle and high transcript levels, respectively. 
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time, these results implied that citral exposure could reallocate the 
proportion of carbon sources in citrus peel, and specifically synthesize 
secondary metabolites, thereby improving the resistance of citrus fruit 
to P. digitatum. This also indicated the effect of citral on induced systemic 
resistance (ISR) of citrus fruit. 

Metabolomics reveals the global changes in metabolites, while tran
scriptomics can provide evidence for all changes occurring in the fruit. In 
this study, we found that numerous genes involved in JA biosynthesis and 
signaling were predominantly induced in citral- treated peels. These genes 
are involved in the early rate-limiting steps, β-oxidation, and formation of 
JAs. LOX is an important enzyme that cleaves off the alpha-linolenic acid 
to generate 13(S)-HPOT in plants. Subsequently, 13(S)-HPOT is converted 
to 12-oxo-phytodienoic acid (12-OPDA) under the catalyzation of AOS 
and AOC (Li et al., 2021). The produced OPDA is transformed into JA by 
triple β-oxidation of OPR in peroxisome, and the derivative MeJA is 
finally converted through JMT (Fang et al., 2020). These genes are thus, 
critical in JA biosynthesis. We confirmed by qRT-PCR that the expression 
levels of LOX2–1, AOC, AOS1, OPR11 and JMT were greatly increased in 
citral-treated peels. This suggested that the JA biosynthesis was activated, 
leading to accumulation of JA and MeJA (Fig. S3). Similar result was 

reported in benzothiadiazole treated apple (Deng et al., 2023), in which 
expression levels of LOX, AOC, AOS, OPR and JMT all increased, 
accompanied by increase in JA content. In addition, exogenous MeJA 
enhanced the activities and expression levels of LOX, AOS, and OPR3, 
accompanied by accumulated endogenous JA, thereby triggering defense 
response in peach fruit (Ji et al., 2021). By integrating metabolomic data, 
our results provided a closer connection between citral-treated citrus fruit 
and JA pathway. The metabolomic results showed that the contents of the 
phytohormones linolenic acid, ABA, IBA, IAA and MeJA greatly increased 
after citral treatment. These phytohormones do contribute to regulation 
networks of immunity by independently or synergistically inducing plant 
defense (Xu et al., 2022). The highest accumulation in our citral-treated 
samples was MeJA (Fig. 5), with level reaching 9.86-fold that in the 
control fruit, which might have enhanced the JA signal transduction. 

Plant defense response against pathogens can be transferred by 
activating JA signaling, thus establishing ISR (Prusky and Romanazzi, 
2023; Xu et al., 2022). If the JA signaling is intercepted, defense-related 
genes are unable to be stimulated, and ultimately leading to increased 
susceptibility to the pathogens. Three genes including MYC2, JAZ, and 
COI participate in JA signaling pathway, and they cooperate with each 

Fig. 10. Regulatory network of genes involved in JA biosynthesis, signaling and phenylpropanoid pathway in citrus fruit treated with 100 μL L− 1 citral. Nodes 
represent ‘genes’ and lines represent ‘relationships’ between any two genes. Nodes colored in ‘red’ and ‘blue’ represent up- and down- regulation, respectively. The 
size of the nodes represents the correlation degree of the gene and it was determined by a Pearson correlation coefficient. 
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other to regulate plant responses to external stresses (Min et al., 2020; 
Zhang et al., 2021). Valenzuela-Riffo et al. (2020) noted that MeJA 
application primed defense responses in strawberry by upregulating the 
expression levels of JAZ1 and MYC2. In a recent research, mushroom 
alcohol activated JA biosynthesis and signaling to enhance sweet cherry 
resistance to B. cinerea (Li et al., 2022). Similarly, we observed increased 
expression levels of JAZ1 and MYC2 after citral treatment of citrus fruit. 
By contrast, the expression of COI1 in the citral-treated samples was 
enhanced before 2 d and subsequently inhibited after 3 d (Fig. 8G). This 
phenomenon implied that the COI1 potentially participated in the early 
defense response against P. digitatum. Similar result was reported by Liu 
et al. (2017), who found that the early up expression of COI1 enhanced 
wheat resistance against Blumeria graminis. This result was, however, 
slightly different from a previous report in which the expression levels of 
COI was higher in test samples all through the experiment following 
exogenous treatment of strawberry with terpinen-4-ol (Li et al., 2021) 
and tomato with MeJA (Min et al., 2022). These data provide evidence 
that transcription of COI1 may differ in defense response to different 
species. The combination of biochemical, metabolomics and tran
scriptomic analyses have given our more confidence that citral fumi
gation trigger JA pathway and therefore enhances citrus fruit resistance 
to P. digitatum. 

Pathogens generally trigger a series of defense responses in plants, 
such as activation of Ca2+ sensors in cells, maintenance of redox bal
ance, accumulation of antifungal substances, plant hormone signal 
transduction, etc (Yousuf et al., 2021). The hormone signaling appears 
to be important in controlling autophagy and plant stress responses 
(Liao and Bassham, 2020). A possible mechanism underlying 
JA-signaling-induced defense is that JA promotes the expression of 
defense-related genes and induce defense-related secondary metabo
lites, thereby enabling plant disease resistance to pathogen infection 
(Fonseca et al., 2009). As an important elicitor, JA can prime defense 
response by stimulating phenylpropanoid pathway in different fruit, 
thereby alleviating disease progression (Wang et al., 2021). A recent 
report demonstrated that silencing of JA signaling pathway reduced the 
contents of phenolic and flavonoid compound by blocking phenyl
propanoid biosynthesis (Min et al., 2020). Three crucial enzymes (PAL, 
PPO, and POD) related to biosynthesis and oxidization of secondary 
metabolites, generally serve as defense-related enzymes for disease 
resistance assessment (Li et al., 2020). For instance, Pan et al. (2022) 
reported that MeJA induces disease resistance in sweet cherry fruit by 
improving the activities of PAL, POD, PPO, GLU and CHI and their gene 
expression. Our study also found that citral treatment increased the 
activities of PAL and POD. In contrast, PPO activity in citral-treated 
peels increased before 2 d and then was inhibited from 2 to 5 d. These 
changes were consistent with accumulation of total phenols, flavonoids, 
and lignin (Fig. 3). Similar observation was made in orange fruit, in 
which the activities of PAL and POD were stimulated after treatment 
with Rhodosporidium paludigenum, and PPO activity was markedly 
decreased after 36 h (Lu et al., 2013). Moreover, by transcriptomic 
analysis results, multiple transcripts involved in the phenylpropanoid 
metabolism pathways including PAL, HCT, COMT, CCR, CHS, CAD, POD, 
PPO, FLS, and F3′H showed higher expression levels after citral exposure 
(Fig. 9). At the same time, the transcripts involved in the JA pathway 
showed positive associations with phenylpropanoid biosynthesis-related 
genes (Fig. 10). The potential genes MYC2, COI1 and AOS1 positively 
correlated with the phenylpropanoid biosynthesis-related to genes (such 
as PAL, PAL2, PAL-like, and 4CL5). They all indicated an important 
regulatory role of JA to secondary metabolic pathways in the citral 
treated citrus fruit. In particular, the relative expression of mostly genes 
involved in JA biosynthesis and signaling were enhanced before 3 d of 
exposure (Fig. 8). Taken together, our results suggest that citral treat
ment triggered JA biosynthesis and signaling, leading to mass accumu
lation of flavonoids and lignin after 3 or 4 d of exposure, and a 
subsequent enhancement of citrus fruit resistance to P. digitatum. 

5. Conclusions 

In conclusion, exposure of citrus fruit to citral can induce their 
resistance to P. digitatum and reduce postharvest fruit rot. This may be 
related to the ability of citral to induce JA biosynthesis and signal 
transduction of plant hormones, leading to upregulation of key genes. 
Furthermore, citral promotes production of phenylpropanoid com
pounds by upregulating the expression of genes involved in the phe
nylpropanoid pathway and increasing the activities of defense-related 
enzymes. Among them, syringin and hesperidin are potentially major 
contributors to the induced resistance, and the antifungal mechanism in 
vivo and in vitro should be further investigated in future research. This 
study provides novel perceptions into the resistance mechanism of citral 
controlling postharvest green mold. 
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