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Abstract: Stem rot disease poses a significant challenge in passion fruit production, necessitating the identification 
of resistant genes for the development of stem rot resistant varieties. In this study, we conducted artificial inocu-
lation of Fusarium solani on leaves of two passion fruit varieties, ‘Huangjinguo’ and ‘Ziguo 7’. Leaf samples were 
collected at 0 h, 24 h, and 48 h post-inoculation for RNA-sequencing (RNA-seq) analysis, and 3 370, 4 464, and 
3 974 differentially expressed genes (DEGs) were identified at these stages. Gene Ontology (GO) analysis revealed 
associations with functions such as response to reactive oxygen species (ROS), response to hydrogen peroxide, 
and protein complex oligomerisation. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis highlighted 
the enrichment of DEGs in the phenylpropanoid biosynthesis pathway, including genes such as ZX.06G0025070, 
ZX.01G0064640, ZX.04G0011040, ZX.05G0011380, all implicated in lignin biosynthesis. Weighted gene co-expres-
sion network analysis (WGCNA) identified three modules significantly associated with passion fruit stem rot resis-
tance. Network analysis highlighted ZX.08G0013660 as the gene with the highest connectivity in these modules, 
featuring a leucine-rich repeat domain. Reverse transcription quantitative real-time polymerase chain reaction 
(RT-qPCR) analysis further validated ZX.08G0013660 and other genes as potential candidates for passion fruit 
stem rot resistance. Overall, genes related to ROS, phenylpropanoid biosynthesis and leucine-rich repeat domain 
protein likely play critical roles in passion fruit stem rot resistance. This study provides new insights for breeding 
passion fruit varieties resistant to stem rot disease.
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Cultivated passion fruit is a vital fruit tree in south-
ern China. As  an  herbaceous vine plant, passion 
fruit yields aromatic fruits abundant in sugars, vita-
mins, calcium, iron, zinc, and other essential miner-
als, making it highly nutritious. With the improve-
ment of  living standards and changes in consumer 
preferences in China, there has been a rapid increase 
in passion fruit consumption, driving the rapid ex-
pansion of the passion fruit industry. However, the 
occurrence and dissemination of passion fruit stem 
rot disease caused by  fungi such as  Fusarium ox-
ysporum and Fusarium solani pose a serious threat 
to passion fruit yield and quality.

To date, researchers have identified some stem 
rot resistance genes/QTLs (quantitative trait loci) 
in various plants, such as soybeans (Du et al. 2018), 
sorghum (Funnell-Harris et  al. 2019), and maise 
(Chen et al. 2017; Ma et al. 2017; Duan et al. 2019), 
with more in-depth studies on maise stem rot-relat-
ed genes (Belisário et al. 2022). Ye et al. (2013) in-
vestigated the functionality of QTL qRfg1 in maise, 
observing its response to  Fusarium graminearum, 
suggesting its role as  a  transcription factor re-
sponsive to  various abiotic stresses. Subsequently, 
Liu et  al. (2016) used RNA-sequencing (RNA-seq) 
analysis to  discover that qRfg1 induces defence-
related genes, while qRfg2 enhances maise resist-
ance to stalk rot through alleviating auxin signalling 
transduction and inhibiting auxin polar transport. 
Furthermore, Wang et al. (2017a) finely mapped the 
major QTL qRfg1 for maise resistance to Fusarium 
graminearum stalk rot to a region of approximately 
170 kb. They identified ZmCCT as a candidate gene, 
which belongs to  the CCT gene family and plays 
a  crucial role in  plant-specific responses to  exter-
nal environmental signals. Recently, Ye et al. (2019) 
precisely located the maise QTL qRfg2 for Fusarium 
stalk rot resistance within a 2.6-kb interval. The can-
didate gene GRMZM2G063298 (ZmAuxRP1) en-
codes an auxin-regulated protein, which rapidly re-
sponds to pathogen attacks, leading to inhibited root 
growth but enhanced resistance to  Fusarium stalk 
rot. Bai et al. (2021) identified the transcription fac-
tor ZmWRKY83 and validated its function in maise 
stalk rot resistance. Furthermore, Du et  al. (2023) 
fine-mapped qPss3 on maise chromosome 3, confer-
ring high resistance to stalk rot. Ma et al. (2023) dis-
covered ZmWAX2 as a candidate gene through a ge-
nome-wide association study, enhancing resistance 
to seedling blight and stalk rot in maise. These find-
ings indicate the presence of genes influencing resist-

ance to stalk rot in plants, providing crucial reference 
information for identifying genes related to stem rot 
resistance in cultivated passion fruit varieties.

To date, no reports have documented genes con-
ferring resistance to  stem rot disease in  passion 
fruit. In this study, we selected the stem rot-resistant 
variety ‘Huangjinguo’ and the susceptible variety 
‘Ziguo 7’ as experimental materials. Through artifi-
cial inoculation with Fusarium solani and employ-
ing RNA-seq technology, we  aim to  identify genes 
related to stem rot disease in passion fruit and pro-
vide a molecular breeding basis for enhancing pas-
sion fruit’s resistance to stem rot disease.

MATERIAL AND METHODS

Material planting. In  the previous study, we  se-
lected the material ‘Huangguoyuanshengzhong’, 
which is resistant to stem rot, and the material ‘Jin-
lingziguo’, which is  susceptible to  the disease (Wu 
et  al. 2020). Subsequently, we  evaluated the resist-
ance to stem rot disease in the offspring of ‘Huang-
guoyuanshengzhong’ seedlings, resulting in  the 
development of  the resistant variety ‘Huangjinguo’. 
We  used ‘Tainong  1’ (female parent) to  cross with 
‘Jinlingziguo’ (male parent). The offspring bred the 
excellent variety ‘Ziguo  7’, but this variety was not 
resistant to stem rot disease. The experimental ma-
terials, ‘Huangjinguo’ (H) and ‘Ziguo  7’ (Z), were 
propagated through cuttings and planted in  nutri-
ent cups. At the 8–10 leaf stage, vigorously growing 
plants with sturdy stems were selected for inocula-
tion with Fusarium solani.

In vivo inoculation. The fresh lesion (at the junc-
tion of the diseased and healthy areas) tissue block 
was soaked in 75% ethanol for 30 s and then trans-
ferred to  0.1% mercury dichloride for 3  minutes. 
Then, it  was rinsed with sterile water three times, 
and the surface water was absorbed with sterile fil-
ter paper. Subsequently, the tissue block was placed 
on  a  separation medium [PDA (potato dextrose 
agar) containing 150  mg/L streptomycin sulphate] 
plate and incubated in darkness at 28  °C. The rep-
resentative strain was obtained after purification 
of the pathogen isolate.

Live branches and leaves of thymus fruit seedlings, 
which have been transplanted for 4 months and have 
been cultivated in the greenhouse, were inoculated 
with needle and non-invasive inoculation. PDA 
block culture medium served as  the blank control. 



69

Horticultural Science (Prague), 52, 2025 (1): 67–80	 Original Paper

https://doi.org/10.17221/161/2023-HORTSCI

Following surface disinfection of the branches with 
75% ethanol, the activated strains under constant 
temperature conditions of  28  °C were made into 
5  mm diameter bacterial cakes using a  punch and 
inoculated onto the wounds of the branches. Then, 
moist and sterile absorbent cotton and cling film 
were wrapped around the wounds for moisturis-
ing. Each treatment was followed by  three healthy 
plants, with three inoculation points for each plant, 
using sterile PDA blocks as the control. After 48 h, 
remove the absorbent cotton and observe and re-
cord the incidence of  the disease. After the symp-
toms appeared, samples were resampled, isolated, 
and purified from the lesion. Leaves were collected 
at 0 h, 24 h, and 48 h after inoculation, quickly fro-
zen in  liquid nitrogen, and transferred to a –80  °C 
refrigerator for storage.

Evaluation of  resistance to  stem rot disease. 
Referring to  the identification method for resist-
ance to bacterial stripe disease in plants, the grading 
of the stem rot disease of passion fruit is determined 
based on the expansion of the disease spots: level 0, 
no disease spots on the leaves, exhibiting immunity 
(IM); the ratio of  lesions to  leaf area is  ≤  1%, high 
resistance (HR); the ratio of lesions to leaf area be-
tween 1–5%: resistance (R); the proportion of  le-
sions to leaf area between 5–25%, moderate suscep-
tibility (MS); the ratio of  disease spots to  leaf area 
between 25–50%, infection (S); the ratio of disease 
spots to leaf area greater than 50%, with leaves wilt-
ing and dying, high sensitivity (HS).

mRNA extraction. Total RNA was extracted 
using the TRIzol® Reagent kit (Invitrogen, USA), 
following the specific protocol outlined in the user 
manual. mRNA was enriched using oligo(dT), fol-
lowed by  mRNA fragmentation, cDNA synthesis, 
and adaptor ligation, following the previously pub-
lished protocol (Wu et al. 2021).

Transcriptome sequencing. In  this study, tran-
scriptome sequencing of passion fruit was conduct-
ed using the Illumina NovaSeq 6000  sequencing 
platform (Illumina, USA). An  Illumina PE library 
was constructed for 2 × 150 bp sequencing, and 
fastp software version 0.19.5 was used to  perform 
quality control on  the obtained sequencing data, 
including assessing base error rate distribution 
statistics and evaluating base content distribution. 
The original data, after quality control, the clean 
data (reads), was compared with the reference ge-
nome using Hisat2 software version 2.1.0. The refer-
ence genome source is  https://db.cngb.org/search/ 

assembly/CNA0017758/(October 9, 2022). Subse-
quently, mapped reads were obtained, and RSeQC 
version 2.3.6 software was used to evaluate the qual-
ity of  the transcriptome sequencing comparison 
results, including assessing sequencing saturation, 
gene coverage, distribution of reads in different re-
gions of the reference genome, and the distribution 
of  reads in  different chromosomes. StringTie soft-
ware version 2.1.2 was used to  splice each sample 
and finally merge them together.

Gene annotation. On October 9, 2022, all genes 
and transcripts obtained from the transcriptome as-
sembly were aligned in  the NR (https://www.ncbi.
nlm.nih.gov/public/), Swiss-Prot (http://web.expasy.
org/docs/swiss-prot_guideline.html), Pfam (http://
pfam.xfam.org/), EggNOG (http://www.ncbi.nlm.
nih.gov/COG/), GO (http://www.geneontology.
org), and KEGG (http://www.genome.jp/kegg/) da-
tabases. This comprehensive comparison aimed 
to acquire functional information on genes and tran-
scripts, and the annotation status in each database 
was systematically summarised.

Differentially expressed genes (DEGs) analy-
sis. The overall expression levels of  genes/tran-
scripts were quantitatively analysed using the RSEM 
software (version 1.3.3, http://deweylab.github.
io/RSEM/). This analysis aimed to  facilitate subse-
quent examination of  differential gene/transcript 
expression between different samples. The quan-
titative metric used was TPM (transcripts per mil-
lion). After obtaining read counts for gene expres-
sion analysis, DESeq2 version 1.24.0 was employed 
for differential expression analysis between samples 
or groups in  the multi-sample project. DEGs/tran-
scripts were identified with the following param-
eters: P adjust < 0.05 and |log2FC| ≥ 1.

Gene Ontology (GO) enrichment analysis. The 
Goatools software version 0.6.5 was used to conduct 
GO enrichment analysis on  the genes within the 
gene set, aiming to  identify the primary GO func-
tions associated with this gene set. The analysis uti-
lised the Fisher’s exact test, and a GO function was 
considered significantly enriched when the adjusted 
P-value (P adjust) was < 0.05 after correction.

Kyoto Encyclopedia of  Genes and Genomes 
(KEGG) pathway enrichment analysis. R package 
was used to  perform KEGG pathway enrichment 
analysis on the genes/transcripts within the gene set. 
The calculation principle was similar to  GO  func-
tional enrichment analysis, where a  KEGG path-
way function was considered significantly enriched 

https://db.cngb.org/search/assembly/CNA0017758/
https://db.cngb.org/search/assembly/CNA0017758/
https://www.ncbi.nlm.nih.gov/public/
https://www.ncbi.nlm.nih.gov/public/
https://web.expasy.org/docs/swiss-prot_guideline.html
https://web.expasy.org/docs/swiss-prot_guideline.html
http://pfam.xfam.org/
http://pfam.xfam.org/
http://www.ncbi.nlm.nih.gov/COG/
http://www.ncbi.nlm.nih.gov/COG/
http://www.geneontology.org
http://www.geneontology.org
http://www.genome.jp/kegg/
http://deweylab.github.io/RSEM/
http://deweylab.github.io/RSEM/
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when the adjusted P-value (P adjust) was < 0.05 after 
correction.

Weighted gene co-expression network analysis 
(WGCNA). The WGCNA version 1.63 in R package 
was used to  construct a  weighted gene co-expres-
sion network, with the gene expression profile ma-
trix based on DEGs across all samples. Prior to anal-
ysis, the data underwent preprocessing by filtering 
out genes with low expression (TPM < 1) or  small 
variance (< 0.1). The analysis was conducted using 
the filtered data. To achieve a scale-free network, the 
function pickSoftThreshold was employed to calcu-
late weights, and a soft threshold of β = 7 was select-
ed. The dynamic tree-cutting method was then used 
to  obtain hierarchical clustering, with parameters 
set as  minModuleSize  =  30, minKMEtoStay  =  0.3, 
and mergeCutHeight  =  0.25. The correlation be-
tween stem rot disease and modules was calculated 
to  identify key modules. For each gene in  the key 
modules, module membership (MM) and gene sig-
nificance (GS) values were computed. Genes with 
high MM and GS values are more likely to be crucial 
genes. Visualisation analysis was conducted using 
Cytoscape version 3.8.0 software.

Reverse transcription quantitative real-time 
polymerase chain reaction (RT-qPCR). EF-1α-2 
(Wu et al. 2020) and EF1 (Zhao et al. 2022) were used 
as the reference gene. The expression of EF-1α-2 and 
EF1 was evaluated, and one was selected as the ref-
erence gene for this study. RT-qPCR was employed 
to  validate the candidate genes. The specific pro-
cedures for RT-qPCR can be found in the previous 
study (Wu et al. 2021).

Statistical analysis. Excel 2019 and Origin 2019B 
were used for data statistics. Python software sklear 
package was used for principal component analysis 
(PCA). CorelDRAW X8 was used for drawing. Prim-
ers were designed using Primer 5 software.

RESULTS

The sequencing quality of  18  samples. After in-
oculation with Fusarium solani, we  measured the 
size of the disease spots 2 days later and took pho-
tos (Figure 1). The ratio of disease spots to leaf area 
in ‘Huangjinguo’ and ‘Ziguo 7’ was 1.3% and 31.7%, 
respectively, indicating R (resistance) and S (suscep-
tibility). Passion fruit leaves were collected at  0  h, 
24  h, and 48  h after inoculation with Fusarium 
solani. A total of 18 samples were sequenced using 

the Illumina NovaSeq 6000  sequencer. The clean 
reads ranged from 44  195  576 to  63  491  736, with 
an  average of  55  083  136. Clean bases ranged from 
6 520 913 549 bp to 9 326 950 039 bp, with an average 
of 8 083 593 249 bp. Quality assessment of the post-
quality control sequencing data showed that bases 
with a sequencing quality above 99.9% (Q30) account-
ed for 93.9% to 94.6% of the total bases, with an aver-
age of 94.3%, exceeding the criterion 80% (Table 1).

Comparison with passion fruit reference ge-
nome. The quality-controlled clean data were aligned 
to  the passion fruit reference genome (https:// 
db.cngb.org/search/assembly/CNA0017758/). The 
number of clean reads mapped to the genome ranged 
from 23  854  782 to  48  391  337, with a  mapping 
rate of 40.91% to 79.11%, and an average mapping rate 
of 64.68%. For reads with multiple mapping positions 
on  the reference sequence, the  count ranged from 
1 133 883 to 3 816 668. Clean reads with a unique 
mapping position on the reference sequence ranged 
from 22 720 899 to 45 917 196 [Table S1 in electron-
ic supplementary material (ESM)].

Assembly and annotation. The StringTie soft-
ware version 2.1.2 was used for reference-based 
assembly, and the final assemblies were merged to-
gether. Comparison with known transcripts allowed 
the identification of novel transcripts, and function-
al annotations were performed on these newly iden-
tified transcripts. All genes and transcripts obtained 
from the transcriptome assembly were aligned with 
NR, Swiss-Prot, Pfam, EggNOG, GO, and KEGG da-
tabases to comprehensively obtain functional infor-
mation on genes and transcripts. A total of 31 809 
expressed genes were detected across the 18  sam-

Figure 1. Phenotypes of ‘Huangjinguo’ and ‘Ziguo 7’ after 
48 h of Fusarium solani infection
Scale bars – 3 cm; A, B, C – ‘Huangjinguo’; D, E, F – ‘Ziguo 7’

Fusarium 
solani

Mock MockFusarium 
solani

(A) (B) (C)

(D) (E) (F)

https://db.cngb.org/search/assembly/CNA0017758/
https://db.cngb.org/search/assembly/CNA0017758/
https://hortsci.agriculturejournals.cz/esm/161/2023-HORTSCI/1.xlsx
https://hortsci.agriculturejournals.cz/esm/161/2023-HORTSCI/1.xlsx
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ples, including 28 989 known genes. Among these, 
the NR database had the highest number of annotat-
ed genes (27 916), while the KEGG database had the 
fewest annotated genes (10 403). Using a Venn dia-
gram analysis, we  observed that the NR database 
contained the highest number of unique genes (195) 
(Figure S1 in ESM).

Gene expression analysis. The RSEM software 
version 1.3.3 was employed for quantitative analy-
sis of  gene and novel transcript expression levels, 
with TPM as the quantitative metric. The distribu-
tion of gene expression levels across the 18 samples 
is depicted in Figure S2 in ESM. Based on gene ex-
pression levels, our analysis revealed that Group 
A1 had the highest number of specifically expressed 
genes  (535), while Group C1  had the lowest (53) 
(Figure S3 in ESM). Correlation coefficient analysis 
of  inter-gene expression levels showed good bio-
logical repeatability among the samples (Figure S4 
in ESM). PCA indicated high similarity between bio-
logical replicates (Figure 2).

Analysis of DEGs. Based on gene read counts, dif-
ferential gene analysis between groups was conduct-
ed using the DESeq2 software version 1.24.0 to iden-

tify genes with differential expression levels between 
the two groups. At 0 h post-inoculation, there were 
3 370 DEGs between ‘Ziguo’ and ‘Huangjinguo’, in-
cluding 2 470 up-regulated genes and 1 300 down-
regulated genes. At 24 h post-inoculation, there were 
4  464 DEGs between ‘Ziguo  7’ and  ‘Huangjinguo’, 
with 2 507 up-regulated genes and 1 957 downreg-
ulated genes. At  48  h post-inoculation, there were 
3  974 DEGs between ‘Ziguo  7’ and ‘Huangjinguo’, 
with 2 235 up-regulated genes and 1 739 downregu-
lated genes (Figure 3A). Across all three time points, 
there were a total of 1 179 common DEGs (D gene 
set), accounting for 26.16% of  the total. Consider-
ing that the DEGs at  0  hours between ‘Ziguo  7’ 
and  ‘Huangjinguo’ were not induced by  Fusarium 
solani, the DEGs induced by Fusarium solani were 
those common to  24  h and 48  h, excluding 0  h, 
with a total of 1 185 DEGs (E gene set) (Figure 3B, 
Table S2 in ESM).

GO functional annotation analysis. The GO 
database was used to perform functional classifica-
tion analysis of  the D and E gene sets. The results 
revealed that multicellular organismal process (bio-
logical process, BP) and structural molecule activity 

Table 1. Statistics of the transcriptome sequencing data

Sample Raw reads Raw bases 
(bp) Clean reads Clean bases 

(bp)
Error rate 

(%)
Q20 
(%)

Q30 
(%)

GC content 
(%)

Z_A1_1 56 560 658 8 540 659 358 56 069 642 8 216 914 281 0.0245 98.30 94.65 46.40
Z_A1_2 57 509 326 8 683 908 226 56 784 998 8 318 144 752 0.0252 98.05 94.01 46.36
Z_A1_3 62 550 528 9 445 129 728 61 973 662 9 094 604 280 0.0247 98.21 94.43 46.45
H_A1_1 49 428 280 7 463 670 280 48 909 500 7 178 503 469 0.0250 98.14 94.21 46.59
H_A1_2 44 645 648 6 741 492 848 44 195 576 6 520 913 549 0.0247 98.25 94.46 46.62
H_A1_3 51 897 454 7 836 515 554 51 361 446 7 520 260 169 0.0248 98.22 94.38 46.22
Z_A2_1 56 930 104 8 596 445 704 56 380 604 8 306 948 040 0.0252 98.02 93.92 46.66
Z_A2_2 53 412 762 8 065 327 062 52 949 916 7 838 951 682 0.0247 98.22 94.40 46.47
Z_A2_3 57 280 006 8 649 280 906 56 545 036 8 198 533 976 0.0252 98.03 93.98 46.57
H_A2_1 51 728 066 7 810 937 966 51 306 568 7 531 867 703 0.0250 98.14 94.13 46.57
H_A2_2 64 031 844 9 668 808 444 63 491 736 9 326 950 039 0.0248 98.22 94.35 46.26
H_A2_3 59 280 722 8 951 389 022 58 766 714 8 646 661 057 0.0248 98.20 94.34 46.54
Z_A3_1 52 526 848 7 931 554 048 51 938 048 7 634 886 704 0.0248 98.20 94.40 46.86
Z_A3_2 55 248 856 8 342 577 256 54 608 362 8 011 900 565 0.0249 98.17 94.31 46.77
Z_A3_3 53 670 962 8 104 315 262 53 022 918 7 738 357 730 0.0247 98.22 94.46 46.63
H_A3_1 60 832 178 9 185 658 878 60 192 462 8 814 536 731 0.0249 98.19 94.30 46.16
H_A3_2 53 626 590 8 097 615 090 53 058 904 7 839 563 407 0.0249 98.14 94.22 46.77
H_A3_3 60 487 788 9 133 655 988 59 940 364 8 766 180 348 0.0247 98.25 94.44 46.68
Mean value 55 647 145 8 402 718 979 55 083 136 8 083 593 249 0.0249 98.18 94.30 46.53

Q20, Q30 – quality scores; GC content – guanine-cytosine content

https://hortsci.agriculturejournals.cz/esm/161/2023-HORTSCI/2.pdf
https://hortsci.agriculturejournals.cz/esm/161/2023-HORTSCI/2.pdf
https://hortsci.agriculturejournals.cz/esm/161/2023-HORTSCI/2.pdf
https://hortsci.agriculturejournals.cz/esm/161/2023-HORTSCI/2.pdf
https://hortsci.agriculturejournals.cz/esm/161/2023-HORTSCI/2.pdf
https://hortsci.agriculturejournals.cz/esm/161/2023-HORTSCI/1.xlsx
https://hortsci.agriculturejournals.cz/esm/161/2023-HORTSCI/1.xlsx


72

Original Paper	 Horticultural Science (Prague), 52, 2025 (1): 67–80

https://doi.org/10.17221/161/2023-HORTSCI

(molecular function, MF) are specific GO terms for 
the D gene set, while reproductive process (BP) and 
extracellular region (cellular component, CC) were 
specific GO terms for the E gene set. Consequent-
ly, genes associated with the reproductive process 

(BP) and extracellular region (CC) may be  linked 
to  stem rot disease. The reproductive process (BP) 
GO term includes 20 genes (Table S3 in ESM), main-
ly associated with pollen development and flower-
ing. The extracellular region (CC) GO term com-

Figure 3. DEGs analysis during three stages of Fusarium solani infection in passion fruit
(A) DEGs – differentially expressed genes (green box – gene upregulation, red box – downregulation); (B) Different 
coloured circles represent different gene sets, and numerical values represent the number of shared and unique genes 
among different gene sets
A1–C2 – different comparative groups (gene sets)
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prises 30 genes (Table S4 in ESM), primarily related 
to  cell wall biogenesis, lignin catabolic processes, 
and response to oxidative stress.

GO and KEGG enrichment analysis. We  used 
Goatools software to perform GO enrichment anal-
ysis on the genes within the D and E gene sets, aim-
ing to identify the primary GO functions associated 
with these gene sets. The D gene set exhibited sig-
nificant enrichment in functions related to glucosa-
mine-containing compound catabolic process, chi-
tin metabolic process, and chitin catabolic process 
(Figure 4A, Table S5 in ESM). On the other hand, the 
E gene set was mainly enriched in functions associ-
ated with response to reactive oxygen species (ROS), 
response to  hydrogen peroxide, and protein com-
plex oligomerisation (Figure 4B, Table S6 in ESM).

We used R  package to  perform KEGG pathway 
enrichment analysis on genes/transcripts within the 
D and E gene sets. The D gene set showed significant 
enrichment in  pathways related to  Brassinosteroid 
biosynthesis, Sulphur metabolism, and Thiamine 
metabolism (Figure 4C, Table S7 in  ESM). On  the 
other hand, the E  gene set was primarily enriched 
in pathways such as phenylpropanoid biosynthesis, 
cyanoamino acid metabolism, and starch and su-
crose metabolism (Figure 4D, Table S8 in ESM).

WGCNA analysis. The 1  185 DEGs (E  gene set) 
were filtered based on the criteria TPM < 1 and coef-
ficient of variation < 0.1, resulting in 954 DEGs, which 
were then used for constructing a weighted gene co-
expression network. Correlation clustering analysis 
of the expression levels across the 18 samples showed 
good clustering between samples without any outli-
ers (Figure S5 in ESM). We also conducted correla-
tion analysis and clustering based on the TPM values 
of DEGs, where genes with high correlation were as-
signed to the same module. The clustering tree in the 
figure represents different branches of co-expressed 
gene modules, with different colours indicating dis-
tinct modules. A total of 5 modules were identified, 
and a gene co-expression network heatmap was gen-
erated (Figure S6 in ESM). The module significance 
(MS) values were obtained by calculating the average 
gene significance (GS) for all genes in each module. 
A higher MS value indicates greater importance, im-
plying a stronger correlation with a specific pheno-
type feature (Table S9 in ESM). Correlation analysis 
between the trend of gene expression modules and 
disease resistance traits was performed. The screen-
ing criteria were set as a Pearson’s correlation coeffi-
cient r > 0.5 and a significance P < 0.05. The turquoise 

module showed a  positive correlation with disease 
resistance, while the brown and yellow modules 
showed a negative correlation with disease resistance 
(Table S10 in ESM). KEGG enrichment analysis was 
conducted on the DEGs within these three disease-
related modules. The enriched pathways were main-
ly concentrated in  phenylpropanoid biosynthesis 
(Figure 5A), flavonoid biosynthesis (Figure 5B), an-
thocyanin biosynthesis, and cyanoamino acid me-
tabolism (Figure 5C).

The top 200  genes with the highest connec-
tivity within the turquoise, brown, and yellow 
modules were selected for visualisation analy-
sis (Figure 6). Among them, the top 10  hub genes 
with the highest connectivity were identified 
as  follows: ZX.08G0013660, ZX.01G0061280, 
ZX.01G0045360, ZX.02G0016900 (cinnamoyl-CoA 
reductase 1), ZX.04G0033960, ZX.01G0086760, 
ZX.01G0015880, ZX.08G0027280, ZX.01G0104120, 
and ZX.08G0014080. ZX.08G0013660 is  annotated 
as protein kinase binding, and conservative domain 
analysis showed that this gene contains a  Leucine-
rich repeat domain. ZX.08G0013660 is located in the 
turquoise module, and there are 78 DEGs correlated 
with ZX.08G0013660 (Figure 7A). ZX.02G0016900 
is  annotated as  dihydrokaempferol 4-reductase ac-
tivity. ZX.02G0016900 is  also located in  the tur-
quoise module, and there are 98 DEGs correlated 
with ZX.02G0016900 (Figure 7B).

Figure 6. Co-expression network visualisation of tur-
quoise, brown and yellow modules
In the visualisation graph, each node represents a gene
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Candidate gene analysis and validation. In  the 
GO and KEGG analyses, the functions and pathways 
related to response to ROS and phenylpropanoid bi-
osynthesis showed the most significant enrichment. 
Previous studies have indicated the crucial roles 
of ROS and lignin in plant disease resistance (Dora 

et al. 2022). Lignin, a highly branched phenolic com-
pound polymer, is activated by superoxide, hydrogen 
peroxide, hydroxyl radicals, and singlet oxygen sys-
tems, assembling into the final lignin polymer (Dora 
et al. 2022). Therefore, we selected the following genes 
for validation: ZX.01G0011790, ZX.01G0021880, 

Figure 7. Putative hub genes of stem rot resistance in passion fruit (A) ZX.08G0013660 and (B) ZX.02G0016900
In the visualisation graph, each node represents a gene

Figure 8. Using RT-qPCR to detect the expression levels of candidate genes in ‘Huangjinguo’ (H) and ‘Ziguo 7’ (Z)
RNA-seq – RNA-sequencing; RT-qPCR – reverse transcription quantitative real-time polymerase chain reaction
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ZX.01G0025060, ZX.01G0054310, ZX.01G0064640, 
ZX.01G0095290, ZX.02G0017880, ZX.02G0017890, 
ZX.04G0011040, ZX.04G0011120, ZX.05G0011380, 
ZX.06G0017470, ZX.06G0025070, ZX.08G0013660, 
ZX.08G0023710 and ZX.09G0012220. We download-
ed coding sequences (CDS) of 18 genes from Majorbio  
(https://www.majorbio.com/web/www/index) and 
designed primers using Primer 5 software (Table S11 
in ESM). After Fusarium solani infection of passion 
fruit ‘Huangjinguo’ and ‘Ziguo  7’, we  analysed the 
expression of  EF-1α-2 and EF1 and chose EF-1α-2 
as the reference gene for this study. The research re-
sults indicated that the expression trends of  candi-
date genes in RT-qPCR and RNA-seq were consist-
ent (Figure 8).

DISCUSSION

Fusarium solani, a  fungus belonging to the phy-
lum Ascomycota, order Hypocreales, and genus 
Fusarium, is widely distributed and contains numer-
ous species that can infect a  broad range of  hosts 
(Coleman 2016). The hyphae of Fusarium solani are 
septate, colourless, and extensively branched. The 
conidia produced by  Fusarium solani can be  dis-
persed by  rainwater, and infection occurs through 
wounds, with the infected sites continuously pro-
ducing conidia for further re-infection. Previous 
studies have highlighted Fusarium solani as a ma-
jor pathogen hindering the consecutive cultivation 
of apples, causing significant damage to apple root 
systems and inhibiting the normal growth of  ap-
ple plants (Liu et al. 2023). In cucumber, Fusarium 
solani infection leads to  roots and stems rot, and 
the affected vascular bundles exhibit a brown col-
our, eventually leading to wilting and death (Li et al. 
2022). In tomato, Fusarium solani infection in the 
roots causes root rot disease, leading to a significant 
reduction in  yield (Abd-Ellatif et  al. 2022). When 
sweet potatoes are infected by  Fusarium solani, 
the  upper leaves exhibit yellowing and withering, 
and the underground storage roots become sunk-
en and decayed, ultimately resulting in plant death 
(Xie et  al. 2022). Currently, the  primary method 
to control Fusarium solani is to use chemical agents, 
but this method, when used over the long term, not 
only pollutes the environment but also increases 
costs. Previous studies have indicated that utilising 
the inherent resistance of host plants is the most ef-
fective, economical, and environmentally friendly 

approach to control this disease (Deng et al. 2020). 
Therefore, identifying and characterising genes that 
confer resistance to Fusarium solani is of significant 
theoretical and practical importance for disease re-
sistance breeding (Chitwood-Brown et al. 2021).

In this study, the resistance genes to  stem rot 
in passion fruit were identified using RNA-seq tech-
nology. The results of  GO  functional enrichment 
analysis showed that the resistant genes were sig-
nificantly correlated with ROS category. In plants, 
ROS plays a crucial role in sensing both biotic and 
abiotic stresses, integrating different environmen-
tal signals, and activating stress response networks, 
thus contributing to  the establishment of  defence 
mechanisms and the resilience of  plants (Mittler 
et  al. 2022). Among the 12  genes related to  ROS, 
11  genes were up-regulated in  ‘Huangjinguo’. Zhu 
et  al. (2022) found that the β-carboline alkaloids 
in Sophora flavescens could inhibit Fusarium sola-
ni in  ginseng roots by  disrupting cell membranes 
and inducing the accumulation of  ROS. The re-
sults of the study by Chen et al. (2019) indicate that 
Harzianum mould enhances cucumber’s defence 
against Fusarium solani by  regulating ROS and 
reactive nitrogen species (RNS) metabolism, re-
dox balance, and energy flow in  cucumber roots. 
Zhang et  al. (2023) revealed a  new mechanism 
in  which tomato FolSrpk1 deacetylation regulates 
Fusarium oxysporum resistance in response to host 
ROS bursts. Miao et al. (2023) discovered that Cm-
WRKY6-1 negatively regulates resistance to Fusar-
ium oxysporum and affects ROS and salicylic acid 
pathways. These studies collectively demonstrate 
the crucial role of  ROS defence against Fusarium 
infection in plants.

The KEGG pathway enrichment analysis re-
vealed associations with phenylpropanoid biosyn-
thesis, a crucial pathway for secondary metabolites 
production in  plants, particularly phenolic com-
pounds. In higher plants, most phenolic substances 
originate from phenylalanine. ZX.06G0025070, 
ZX.01G0064640, ZX.04G0011040, ZX.05G0011380 
are annotated as  lignin biosynthetic process 
(GO:0009809). Lignin is  a  highly branched poly-
meric compound derived from phenylpropanoid, 
composed of  three different phenylpropanols: co-
niferyl alcohol, sinapyl alcohol, and p-coumaryl al-
cohol. Lignin plays a  crucial role in  plant defence 
by inhibiting the growth of pathogens. Singh et al. 
(2023) revealed that the effector ArPEC25 nega-
tively regulates lignin accumulation by  targeting 

https://www.majorbio.com/web/www/index
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the transcription factor CaβLIM1a, making chick-
peas susceptible to necrotrophic pathogens. In rice, 
the expression of  OsPAL family genes contrib-
utes to  lignin synthesis, and a  high lignin content 
is  beneficial for enhancing rice resistance to  dis-
eases (Zhou et  al. 2018). OsPALs positively regu-
late the biosynthesis and accumulation of  salicylic 
acid and lignin, mediating rice resistance to brown 
planthopper (He et al. 2020). Tronchet et al. (2010) 
found that lignin plays a crucial role in disease re-
sistance in  Arabidopsis. Overexpression of  Cm-
MYB19 in  chrysanthemum enhances aphid toler-
ance by  promoting lignin synthesis (Wang et  al. 
2017b). The cotton lignin synthesis gene Gh4CL30 
regulates lignification and phenolic content, playing 
a crucial role in resistance to Fusarium wilt (Xiong 
et  al. 2021). ZX.01G0054310, ZX.08G0023710, 
ZX.06G0017470, ZX.04G0011120, ZX.01G0095290, 
ZX.01G0025060, and ZX.01G0078630 are anno-
tated as response to oxidative stress (GO:0006979). 
Previous studies have indicated that ROS induce the 
expression of callus synthesis genes and spatially re-
stricted lignin deposition, contributing to physical 
barrier formation through cell wall reinforcement 
to  impede invasion pathways (Dora et  al. 2022). 
Therefore, both the ROS and phenylpropanoid bio-
synthesis pathways may be  involved in  the resist-
ance response to stem rot in passion fruit.

WGCNA analysis indicates that ZX.08G0013660 
is  associated with resistance to  stem rot in  pas-
sion fruit. By using the NCBI-Conserved Domains 
analysis tool, we predicted that ZX.08G0013660 has 
four leucine-rich repeats. In plant cells, the nucle-
otide-binding leucine-rich repeat receptors (NLRs) 
directly or indirectly recognise effector proteins and 
trigger strong defence responses, which is potential-
ly accompanied by the death of hypersensitive cells, 
providing resistance to diseases (Jacob et al. 2023). 
The wilt disease-resistant gene in  tomato encodes 
an atypical leucine-rich repeat receptor-like protein 
whose function relies on SOBIR1 and SERK3/BAK1 
(Catanzariti et al. 2017). Thapa et al. (2018) found 
that the response of  leucine-rich repeat receptor-
like kinases to pathogens is related to the Fusarium 
resistance in  cereals. Coleman et  al. (2021) dem-
onstrated that leucine-rich repeat receptor-like 
kinase MIK2 is  a  crucial component of  early im-
mune responses to a  fungal-derived elicitor. These 
studies collectively suggest that proteins containing 
leucine-rich repeat may contribute to enhancing re-
sistance to stem rot in passion fruit.

CONCLUSION

In this study, we  analysed the molecular basis 
underlying the difference in stem rot resistance be-
tween ‘Huangjinguo’ and ‘Ziguo 7’ using RNA-seq. 
Our findings reveal the involvement of the biologi-
cal process response to ROS is involved in the stem 
rot resistance of  passion fruit. At  the same time, 
genes related to phenylpropanoid biosynthesis are 
significantly enriched in  passion fruit’s resistance 
against Fusarium solani infection. Lignin, a prod-
uct of the oxidation polymerisation of three major 
lignin monomers, is synthesised in the cytoplasm 
through the general phenylpropanoid biosynthesis 
pathway and secreted to the cell wall. Once in the 
cell wall, these lignin monomers are activated 
by  the superoxide, hydrogen peroxide, hydroxyl 
radicals, and singlet oxygen systems, assembling 
into the final lignin polymer. Furthermore, there 
was a  significant difference in  the expression lev-
el of  leucine-rich repeat protein genes between 
‘Huangjinguo’ and ‘Ziguo 7’. Collectively, these re-
sults underscore the importance of ROS, the phe-
nylpropanoid biosynthesis pathway and leucine-
rich repeat domain proteins in conferring stem rot 
resistance in passion fruit.
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