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Integrated omic analysis provides insights 
into how Cuscuta australis inhibits the growth 
and reproduction of Xanthium spinosum
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Abstract 

Background  Xanthium spinosum is one of the most abundant and aggressively invasive plants in the world. Cuscuta 
australis parasitism hinders X. spinosum growth and development by absorbing nutrients, leading to reduced repro-
ductive performance. However, which metabolite changes contribute to stunted growth and diminished reproduc-
tive performance in X. spinosum? Additionally, what genes regulate these metabolites? These underlying mechanisms 
remain largely unknown.

Results  X. spinosum was used to determine the physiological relevance of C. australis parasitism to alleviate host 
plant growth and explore the molecular mechanism, with a focus on metabolic pathways. The results revealed that C. 
australis significantly reduced the growth potential of X. spinosum, with a particularly notable decrease in seed quan-
tity, which decreased by 92.07%. C. australis parasitism increased the activities of the peroxidase (POD) and super-
oxide dismutase (SOD) enzymes in the stems of X. spinosum. Integrated transcriptome and metabolome analysis 
revealed that C. australis influenced lignin synthesis in the stem through the phenylpropanoid biosynthesis pathway. 
Concurrently, the majority of differentially expressed genes in the galactose metabolism pathway were upregulated, 
leading to increased sugar accumulation and disrupted metabolism. Furthermore, all differentially expressed genes 
in the autophagy-other pathway were upregulated, resulting in excessive autophagy and a significant reduction 
in the reproductive performance of X. spinosum.

Conclusions  The results provide a theoretical foundation for the development of targeted pesticides aimed at con-
trolling X. spinosum.

Keywords  Xanthium spinosum, Cuscuta australis, Growth and development, Reproductive performance, Metabolic 
pathways

Background
Invasive alien species (IASs) have been brought by 
humans to areas outside their native ranges, representing 
one of the primary direct causes of biodiversity decline 
[1, 2]; these organisms are increasingly viewed as a devel-
oping global health challenge, altering the socioeco-
logical environment where billions reside, diminishing 
natural resilience to various disturbances, and transform-
ing local ecological dynamics [3–5]. In particular, China 
is among the countries most severely affected by IASs 
stress and has the weakest ability to defend against IASs 
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[6]. The natural disaster caused by IASs has resulted in 
direct economic losses of approximately 7623.85 billion 
yuan in China [7].

Xanthium spinosum Linn. (Compositae) is a poisonous 
invasive summer annual weed native to Argentina; it is 
distributed worldwide but is most widely distributed in 
Central and Southern Europe and the Pacific Northwest 
[8–10]. It has been listed as one of the worst invasive 
alien species in China. X. spinosum was first discovered 
in 1932 in Dancheng County, Henan Province, China, 
and is now widely distributed in Anhui, Beijing, Ningxia 
and other provinces in China [9, 11]. The Ningxia Hui 
Autonomous Region is located in inland Northwest 
China; its ecosystem structure is relatively simple and 
fragile, making it particularly susceptible to the nega-
tive impacts of IASs. The barbed surface of the involu-
cre of X. spinosum facilitates its unintentional spread 
by humans and transfer via the fur of animals, enabling 
it to rapidly invade large areas [12, 13]. Therefore, sheep 
grazing in Ningxia, China, is particularly troublesome. 
X. spinosum has invaded farmland along roads and sur-
rounding villages in desert areas and has caused severe 
damage to ecosystems and local economies. Therefore, 
the prevention and control of X. spinosum is an urgent 
challenge. Research in this field has focused mainly on 
the separation and identification of X. spinosum active 
components, secondary metabolite allelopathy, invasion 
and distribution, and interspecific competition [14–17]. 
However, there are few reports on the control of X. spi-
nosum. Chemical control is temporarily effective but 
often causes environmental pollution. Biological control 
methods are particularly appealing because of their envi-
ronmentally friendly characteristics [10]. Research has 
indicated that a naturally occurring fungal pathogen of X. 
spinosum, Colletotrichum orbiculare [18], does not seem 
to have diminished the abundance of the weed. Addition-
ally, most insects that attack these introduced weeds are 
polyphagous, sap-feeding or foliage-feeding species, and 
they do not seem to exhibit an obvious control effect [19].

Cuscuta australis is a member of the Convolvulaceae 
family and is classified as a parasitic angiosperm. C. 
australis attaches to the vascular tissue of a host plant 
via haustoria to facilitate nutrient absorption. Cuscuta 
species significantly inhibit the reproductive capacity 
of host plants, offering a potential eco-friendly alterna-
tive that can be used as a control method [20]. Studies 
have shown that Cuscuta parasitism hinders growth and 
development by absorbing nutrients from Mikania [20] 
and Bidens pilosa [21], leading to their decline. Only one 
study has examined the effects of Cuscuta parasitism on 
the growth and development of Xanthium weeds from 
a physiological standpoint (in Chinese). However, what 
specific material changes result in a significant decrease 

in the reproductive performance of these invasive plants? 
Additionally, which genes regulate these substances? 
These mechanisms remain unclear. Moreover, the wide-
spread distribution of Cuscuta presents serious envi-
ronmental hazards, making its direct application for the 
prevention and control of invasive plants challenging. 
In this study, X. spinosum was parasitized with C. aus-
tralis, with the aim of characterizing the metabolic and 
transcriptional alterations observed in the parasitized 
stems of X. spinosum. Elucidating the possible target of 
action by which Cuscuta inhibits the growth and repro-
duction of X. spinosum is crucial for understanding the 
mechanisms through which dodder inhibits the growth 
of invasive plants, laying a theoretical foundation for the 
development of scientific and ethical alternatives. The 
results of this study reveal the systemic impact of C. aus-
tralis parasitism on the gene regulatory network of X. spi-
nosum, identify specific markers of the parasitic effects 
of C. australis, and fill the knowledge gap in the develop-
ment of targeted pesticides against X. spinosum.

Materials and methods
Plant materials and environmental conditions
This study was restricted to Yinchuan city, the capital of 
the Ningxia Hui Autonomous Region, which is situated 
in northwestern China. The sample plots were located 
on Machang Road, Xixia district, China. The climate 
in the area is continental, with average rainfall rang-
ing from 180–210 mm and evaporation ranging from 
1100–1650 mm [22]. The plot was composed of coex-
isting communities of X. spinosum, C. australis, Chloris 
virgata, Chenopodium album and other plants. These 
plants were identified by Lei Zhang, North University 
for Nationalities, China. A X. spinosum (zlnmu2022189) 
specimen was uploaded to the National Plant Speci-
men Resource Center (NPSRC) (https://​www.​cvh.​ac.​cn/​
spms/​detail.​php?​id=​b1c86​057). X. spinosum plants were 
divided into plots infested and noninfested (control) with 
C. australis on July 01, 2023. For each treatment, three 
replicate plots (20 × 30 m) were established. To prevent 
cross-contamination, plots were monitored every 5 days 
to ensure that C. australis did not spread from infested 
areas to noninfested areas. At peak fruiting (September 
05, 2023), plants were sampled using a 5-point sampling 
method (4 plants per point, totaling 20 plants per plot) 
to measure the plant height, stem thickness, leaf num-
ber, leaf area and seed quantity of both parasitized and 
unparasitized plants. From each sampling point, stems 
of three randomly selected X. spinosum plants were col-
lected immediately following C. australis removal. The 
samples were flash-frozen in liquid nitrogen, with three 
biological replicates per treatment group. These samples 
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were subsequently used for antioxidative enzyme activ-
ity assays, metabolomic profiling and transcriptome 
sequencing.

Analyses of antioxidant enzyme activities
Antioxidant enzyme activities were determined in para-
sitized and unparasitized stems. The extraction and 
analysis processes were performed in accordance with 
the instructions provided in a kit. The levels of antioxi-
dant enzymes, including superoxide dismutase (SOD), 
peroxidase (POD), and catalase (CAT), were determined 
using test kits (A001-3–2, A084-3–1, and A007-1–1) 
obtained from Nanjing Jiancheng Bioengineering Insti-
tute (Nanjing, China). SOD activity was determined 
using the 4-[3-(4-iodophenyl)−2-(4-nitrophenyl)−2 H-5-
tetrazolio]−1,3-benzene disulfonate (WST-1) method; 
POD activity was measured using the guaiacol method; 
and CAT activity was determined using the ammonium 
molybdate method [23]. Relevant kit manuals were used 
for the preparation of reagents I, II, III and IV and spe-
cific operations.

Untargeted metabolic analysis
Metabolite extraction and metabolite measurements 
were carried out by OE Biotechnology Co., Ltd. (Shang-
hai, China), with six biological replicates. For metabolite 
extraction, a total of 60 mg of sample was introduced 
into a 1.5 mL Eppendorf tube, which contained 600 μL 
of L-2-chlorophenylalanine dissolved in methanol (0.06 
mg·mL−1), serving as the internal standard. To ensure 
thorough mixing of the sample and the internal standard, 
two small steel balls were added to the tube, and the tube 
was vortexed for 10 s. After 2 min of precooling in the 
refrigerator at −40 °C, the sample was ground in a fro-
zen tissue grinder (60 Hz, 2 min). The sample was subse-
quently sonicated in an ice–water bath using a sonicator 
for 30 min, after which the sample was left overnight at 
−40 °C. The extract was centrifuged at a speed of 13,000 
revolutions per minute (rpm) for 10 min at a tempera-
ture of 4 °C. The supernatant (150 μL) was collected 
from each tube and filtered through microfilters with a 
pore size of 0.22 μm. The filtered supernatants were then 
transferred into high-performance liquid chromatogra-
phy (HPLC) vials for subsequent analysis. Additionally, a 
quality control (QC) sample was created by taking 10 µL 
from each sample vial and combining the aliquots into a 
separate vial.

An ACQUITY UPLC I-Class plus (Waters Corporation, 
Milford, USA) coupled with a Q Exactive mass spectrom-
eter in both ESI-positive and ESI-negative ion modes was 
utilized to conduct the metabolic profiling. The samples 
were separated with an ACQUITY UPLC HSS T3 col-
umn (1.8 μm, 2.1 × 100 mm) at constant temperature (45 

°C) in both positive and negative modes. The binary gra-
dient elution system was composed of solvent A (water 
with 0.1% formic acid) and solvent B (acetonitrile con-
taining 0.1% formic acid). The following gradient was 
used for separation: 0.01 min, 5% B; 2 min, 5% B; 4 min, 
30% B; 8 min, 50% B; 10 min, 80% B; 14 min, 100% B; 15 
min, 100% B; and 15.1 min, 5% B; and 16 min, 5% B. The 
flow rate was 0.35 mL·min−1, and the injection volume 
was 3 μL. All the samples were stored at 4 °C throughout 
the analysis.

Transcriptome analysis
RNA isolation, library preparation and transcriptome 
sequencing were carried out by OE Biotechnology Co., 
Ltd. (Shanghai, China), with three biological replicates. 
Total RNA was extracted from the stems of parasitized 
and unparasitized X. spinosum using TRIzol in accord-
ance with the manufacturer’s instructions. RNA purity 
and quantity were evaluated with a NanoDrop 2000 
spectrophotometer (Thermo Scientific, USA), and RNA 
integrity was assessed via an Agilent 2100 Bioanalyzer 
(Agilent Technologies, Santa Clara, CA, USA). Libraries 
were subsequently prepared using a VAHTS Universal 
V6 RNA-seq Library Prep Kit for Illumina following the 
manufacturer’s protocol. The final step involved sequenc-
ing the libraries on the Illumina NovaSeq 6000 platform 
to generate 150 bp paired-end reads. There were 6 sets of 
original readings, including those of the invasion group 
(ZC-J1, ZC-J2, and ZC-J3) and the control group (N0-J1, 
N0-J2, and N0-J3). The raw sequence data were processed 
using Trimmomatic to remove poor-quality sequences 
and trim adaptor sequences. Trinity software (version: 
2.4) was then used to assemble the clean sequencing data 
into transcripts for each sample. The unigenes for subse-
quent analysis were determined by selecting the longest 
transcript sequence from each gene.

The functions of the unigenes were annotated by align-
ment of the unigenes with the NCBI nonredundant 
(NR), SwissProt, and Clusters of Orthologous Groups 
for Eukaryotic Complete Genomes (KOG) databases via 
BLASTx with a threshold E value of 10−5. The proteins 
with the highest hits to the unigenes were used to assign 
functional annotations. On the basis of the SwissProt 
annotation, Gene Ontology (GO) classification was per-
formed by mapping the relationships between SwissProt 
and GO terms. The unigenes were mapped to the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) database 
to annotate potential metabolic pathways.

The FPKM and read count values for each unigene 
were calculated using Bowtie2 and eXpress. Differentially 
expressed genes (DEGs) were identified using the DESeq 
(2012) functions estimateSizeFactors and nbinomTest. 
A P value < 0.05 and FC > 2 or FC < 0.5 were set as the 
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thresholds for significantly differential expression. Hier-
archical clustering analysis of DEGs was conducted using 
the hclust function in R version 3.2.0. GO enrichment 
and KEGG pathway enrichment analyses of the DEGs 
were subsequently carried out using the hypergeometric 
distribution method.

Quantitative analysis of DEGs (RT‒qPCR)
A TransScript All-in-One First-Strand cDNA Synthesis 
SuperMIX for qPCR kit was used to reverse transcribe 
the RNA samples into cDNA. A PerfectStartTM Green 
qPCR SuperMix Kit and a LightCycler® 480 type II flu-
orescence quantitative PCR instrument (Roche, Swit-
zerland) was used to perform reactions. All procedures 
were conducted in accordance with the manufacturer’s 
instructions. The gene-specific primers designed using 
Primer-BLAST (NCBI) are listed in Table  S1. A stably 
expressed gene (ARPC3) encoding an actin-related pro-
tein was used as a reference gene for each sample. The 
relative expression levels of the genes were calculated 
using the 2−ΔΔCT method [24].

Statistical analysis
The experimental data were organized and filtered using 
Microsoft Excel 2021 (version 21.0). All the statistical 
analyses were conducted using SPSS 19.0 (SPSS Inc., Chi-
cago, IL, USA). Morphological and physiological data 
were analyzed using independent-samples t tests, and 

normality and homogeneity of variance were analyzed 
using the Shapiro–Wilk test and Levene’s test, respec-
tively. A P value of 0.05 or less was considered statistically 
significant. The omics analysis involved principal com-
ponent analysis (PCA), orthogonal partial least squares 
discriminant analysis (OPLS-DA), and a comprehensive 
evaluation of both the transcriptome and metabolome, 
all of which were conducted with R software (version 
3.3.2, USA). For the creation of clustering heatmaps, z 
scores were applied to normalize the data, which were 
then visualized through the heatmap package. Figures 
were produced using Origin 2021 software.

Results
Morphological and physiological changes in X. spinosum 
parasitized by C. australis
Figure  1A shows a partial photograph of C. australis 
parasitizing the stem of X. spinosum and a comparison of 
the seed production of X. spinosum during the withering 
period. Compared with uninfected plants, C. australis-
infected X. spinosum plant height, stem thickness, leaf 
number and seed quantity were obviously lower (Fig. 1B). 
Among those factors, plant height decreased by 33.3%, 
stem thickness decreased by 7.75%, and leaf number and 
seed quantity decreased by 53.3% and 92.07%, respec-
tively. Notably, in infected plants, the decrease in the 
number of seeds was much more pronounced (12.6-fold) 
than the decrease in other plant organs (1.1- to 2.1-fold). 

Fig. 1  Morphological changes in X. spinosum parasitized by C. australis. (A) Images of the sampling location and comparison of seed quantity 
during the harvest period. (B) Changes in the morphological characteristics of X. spinosum during parasitization. * represents the significance level 
at P < 0.05, ** represents P< 0.01, and *** represents P < 0.001
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Independent-samples t tests revealed significant differ-
ences between the two groups (P value for a two-tailed 
test < 0.05) (Table  1). This means that C. australis inva-
sion can effectively alleviate the reproduction and spread 
of X. spinosum and reduce harm to plant ecosystems 
and agricultural production caused by X. spinosum. We 
also measured the activities of CAT, POD, and SOD 
to investigate the physiological changes in both para-
sitized and unparasitized stems (Fig. 2). The antioxidant 
enzyme activity was elevated in parasitized stems, with 
the increase in CAT activity induced by C. australis being 
more pronounced than the increases in POD and SOD 
activities, demonstrating a 20.51% increase. Addition-
ally, a slight (nonsignificant) increase in SOD activity was 
observed across the various treatments.

Metabolomic analyses of X. spinosum in response to C. 
australis parasitization
Overview
To analyze the local metabolic changes at the site of dod-
der contact with the stem, we performed untargeted 
metabolome analysis of stem samples from unparasitized 
and parasitized plants. Using this method, we detected 
6628 metabolites in the tested samples. The unsupervised 

principal component analysis (PCA) results (Fig.  3A) 
revealed a clear separation between the parasitized and 
unparasitized groups in the PCA score plot. The corre-
lation analysis between samples revealed good repeat-
ability within the sample group (Supplementary Fig. S1). 
Additionally, the p value for Duncan’s t test (P < 0.05) 
and the VIP values for OPLS-DA plots (VIP > 1) served 
as criteria for identifying metabolic differences (Fig. S2). 
We used goodness of fit (R2) and predictive performance 
(Q2) to describe the OPLS-DA model quality, and the 
results revealed that the model was reliable (Fig. 3B).

Differentially expressed metabolite identification
A total of 658 differentially accumulated metabolites 
(DAMs), including 343 significantly upregulated DAMs 
and 315 significantly downregulated DAMs, in stems 
were screened according to the following criteria: VIP 
> 1.0, FC > 2 or FC < 0.5, and P < 0.05 (Fig. 3C; Fig. S3). 
The top five types of DAMs were lipids and lipid-like 
molecules, organic oxygen, organic acids and derivatives, 
phenylpropanoids and polyketides, and organoheterocy-
clic compounds (Fig. 3D). According to the KEGG data-
base alignment, 11 metabolic pathways were significantly 
enriched (P < 0.05) (Fig. 3E). The main pathways enriched 
with DAMs included glycerophospholipid metabolism, 
phenylpropanoid biosynthesis, galactose metabolism, 
ascorbate and aldarate metabolism, lysine degradation, 
ABC transporters, and phenylalanine metabolism. The 
significantly altered DAMs within these pathways are 
shown in Supplementary material Table  S3. The results 
revealed that many significantly altered pathways were 
related to the metabolism of lipids and lipid-like mol-
ecules, including those involved in glycerophospholipid 
metabolism; cutin, suberin and wax biosynthesis; and lin-
oleic acid metabolism. Among the significantly enriched 
pathways in stems (P < 0.05), those involving organoo-
xygen and organic acid compounds were activated. 
The accumulation of different phenolic compounds 

Table 1  Statistical analysis of morphological and physiological 
characteristics

Properties F P-value t Degree of 
freedom 
(df)

P-value for 
a two-tailed 
test

Plant height 0.099 0.759 4.303 10 0.002

Stem thickness 0.093 0.767 3.497 10 0.006

Leaf number 0.114 0.743 7.310 10 0.000

Seed quantity 6.717 0.027 11.445 10 0.000

CAT enzyme 1.294 0.299 −1.999 6 0.092

POD enzyme 0.095 0.769 −4.251 6 0.005

SOD enzyme 0.206 0.666 −0.360 6 0.731

Fig. 2  Physiological changes in X. spinosum parasitized by C. australis. (A) Changes in CAT activity in X. spinosum stems under parasitization. (B) 
Changes in POD activity in parasitized X. spinosum stems. (C) Changes in SOD activity in X. spinosum stems under parasitization
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involved in phenylpropanoid biosynthesis was decreased 
(Table S2). In addition, a chord plot revealed that galac-
tose metabolism, ascorbate and aldarate metabolism, 
lysine degradation, and phenylalanine metabolism were 
activated, whereas cutin, suberin, and wax biosynthesis 
was inhibited (Fig. 3F). In short, C. australis parasitizes 
X. spinosum and impacts various metabolic pathways 
through the regulation of glycerophospholipids, phenols, 
and organooxygen compounds, ultimately influencing 
plant development and growth.

Transcriptome analyses of X. spinosum in response to C. 
australis parasitization
Overview
Transcriptome analysis provides insight into functional 
genes and signaling pathways involved in plant growth 
and development, especially for species without refer-
ence genomes. There is currently no reference genome 
for X. spinosum, and de novo assembly has been per-
formed using model species data. The statistical results 
of the transcriptome sequencing of the samples and the 
annotation results are shown in Table  S3 and Table  S4. 
The correlation of gene expression between samples is 

crucial for assessing the reliability of the database and the 
rationality of sample selection. PCA was used to discern 
the intersample differences (Fig. 4A). A heatmap showing 
the Spearman correlation coefficients among the sam-
ples is shown in Fig. S4. The strong correlation observed 
among the three biological replicates for each sample 
underscores the robustness of the generated transcrip-
tomics data.

Differentially expressed gene analysis
To obtain significantly differentially expressed genes 
(DEGs), the screening conditions were set as follows: 
q value < 0.05 and difference multiple |FC|> 2. A total 
of 25,758 DEGs were detected in the stem, as shown in 
Fig. 4B. The number of upregulated genes was far greater 
than the number of downregulated genes. These DEGs 
were visualized using a volcano plot (Fig.  4C). A heat-
map of the top 20 DEGs (top 10 upregulated DEGs and 
top 10 downregulated DEGs) was generated using public 
databases, including the NR, GO, KOG, Swiss-Prot, and 
KEGG databases, for each group, as shown in Fig. S5. 
The majority of the DEGs were annotated as hypotheti-
cal proteins or proteins with unknown functions. Based 

Fig. 3  Metabolome of stems under C. australis stress. (A) PCA data of metabolome samples; each point represents one sample, and different 
colors represent different groups. (B) Permutation test diagram of the OPLS-DA model. (C) The number of DAMs. (D) Bar chart of the DAMs 
and classification statistics. (E) Metabolic pathway enrichment analysis of differentially abundant metabolites was performed via the KEGG database. 
The top 20 KEGG pathways with the smallest P values were selected for display. (F) Chord diagram of the main KEGG signaling pathways associated 
with gene enrichment. The abscissa represents the enrichment score, and the ordinate represents the top 20 terms. When the z score>0, there 
are more increased DAMs than decreased DAMs involved in this pathway, and this pathway is more likely to be activated. Conversely, when the z 
score<0, there are fewer increased DAMs involved in this pathway than decreased DAMs, and this pathway is more likely to be inhibited
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on the GO analysis, DEGs were enriched in functions 
related to the extracellular region, plant-type secondary 
cell wall biogenesis, cell wall, cellulose binding, and cyto-
plasmic translation (Fig. 4D, S6). A KEGG bubble chart 
was generated to illustrate the outcomes of the enrich-
ment analysis of DEGs in KEGG pathways (Fig. 4E). Spe-
cifically, DEGs in the stems were significantly enriched 
in a total of 14 pathways (P < 0.05) (Supplementary 
Table S5). DEGs were enriched mostly in pathways such 
as phenylpropanoid biosynthesis, amino sugar and nucle-
otide sugar metabolism, the spliceosome, and the MAPK 
signaling pathway-plant, among others. Notably, the 
downregulated genes were enriched primarily in carbo-
hydrate metabolism and amino acid metabolism, includ-
ing amino sugar and nucleotide sugar metabolism and 
inositol phosphate metabolism. Conversely, upregulated 
genes were enriched predominantly in processes such as 
translation, folding, sorting and degradation and carbo-
hydrate metabolism (Fig. 4F).

Integrated analysis of the metabolome and transcriptome
By combining metabolomic and transcriptomic data, 
we identified the crucial pathways through which C. 

australis parasitism hampers the vegetative growth and 
reproductive success of X. spinosum, especially in terms 
of phenylpropanoid biosynthesis, galactose metabolism 
and autophagy (Fig. 5).

Phenylpropanoid biosynthesis
Phenylpropanoid biosynthesis was identified as a criti-
cal pathway by which C. australis parasitism inhibited X. 
spinosum growth, and Fig. 6A shows a proposed general 
layout with the information in the KEGG database. In 
this pathway, we identified 4 DAMs and 130 DEGs asso-
ciated with coumarinate and lignin biosynthesis; these 
results were visualized and analyzed using heatmaps. 
The enzymes encoded by these genes include phenyla-
lanine ammonia-lyase (PAL), 4-coumarate CoA ligase (4 
CL), cinnamoyl-CoA reductase (CCR), cinnamyl-alcohol 
dehydrogenase (CAD), and shikimate O-hydroxycin-
namoyl transferase (HCT). Among the genes encoding 
PAL, the expression of most was downregulated, whereas 
the expression of the TRINITY_DN28489_c0_g1_i3_6 
(NR id: XP_031126131.1) gene was significantly upregu-
lated (14,831-fold) under C. australis stress (Table  S6). 
These findings suggest that the PAL enzyme plays a 

Fig. 4  Qualitative and quantitative analysis of transcriptomics data. (A) The PCA score chart. (B) Histogram showing the number of DEGs. (C) 
Volcano plot illustrating DEGs between the two groups. (D) The circle plot illustrates the DEGs within each category of GO enrichment. The 
outermost circle represents the enriched classifications. The second circle displays both the number of background genes and the q value 
associated with each GO term. The third circle depicts the counts of upregulated and downregulated genes. Finally, the fourth circle shows 
the enrichment factor for each GO term, defined as the ratio of the number of DEGs within the GO term to the number of background genes; each 
cell of the background auxiliary line corresponds to a value of 0.2. (E) Bubble chart of the top 20 most enriched KEGG pathways. (F) Distribution 
profiles for upregulated or downregulated DEGs according to the KEGG level 2 horizontal distribution comparison chart
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complex role in plant growth, development, and response 
to environmental stress. Trans-2-hydroxy-cinnamate 
and ρ-coumaroylquinic acid are key substrates required 
for the formation of coumarinate and lignin, and their 
accumulation increases under the action of PAL. Gene 
set enrichment analysis (GSEA) revealed that the enrich-
ment score (ES) was −0.359, suggesting that phenylpro-
panoid biosynthesis negatively regulates the growth of 
X. spinosum under C. australis stress (Fig. 6B). Notably, 
the core gene set is located on the right side of the peak. 
Figure  6C shows the correlations between the top 20 
DEGs and DAMs. The expression levels of genes encod-
ing HCT were significantly correlated with the levels of 
p-coumaroylquinic acid, indicating that the HCT gene 
promotes the accumulation of lignin. The CCR and CAD 
genes are located in the later steps of lignin biosynthe-
sis, but they are directly related to lignin synthesis. The 
downregulation of the expression of genes encoding the 
CCR and CAD enzymes led to reduced saponin alde-
hyde and sinapyl alcohol contents (87.83% and 63.69%, 
respectively), which are involved in lignin synthesis as 
upstream substances. Overall, these results revealed that 
C. australis inhibited lignin accumulation in X. spinosum 
stems, which further induced stress on plant growth and 
severely affected the formation of plant organs.

Galactose metabolism
X. spinosum plants under C. australis stress also pre-
sented an altered galactose metabolism pathway, as 
shown in Fig.  7A. A total of 71 DEGs associated with 
galactose metabolism were identified (Table  S7). These 

genes encode enzymes involved in various aspects of 
galactose metabolism, including alpha-galactosidase 
(galA), beta-galactosidase (lacZ), hexokinase (HK), UDP-
glucose 4-epimerase (galE), and phosphoglucomutase 
(pgm). The expression of most genes encoding these 
enzymes was upregulated in the parasitized plants. Con-
versely, the expression of UDP-galactose, which serves 
as the primary metabolite of galactose, was significantly 
downregulated. These findings clearly demonstrate that 
these enzymes negatively regulate UDP-galactose. The 
upregulation of the expression of these genes increased 
the D-myo-inositol and D-tagatose compound con-
tents by 129.52% and 151.60%, respectively, compared 
with those in unparasitized plants. In addition to the 
pgm enzyme, the HK enzyme plays a role in glycolysis. 
D-myo-inositol and D-tagatose were positively corre-
lated with most genes involved in galactose metabolism, 
whereas UDP-galactose was significantly negatively cor-
related (Fig. 7C).

Autophagy—other
A total of 60 DEGs encoding proteins involved in 
autophagy were identified (Table  S8); these genes, 
which regulate autophagy, are referred to as ATGs. 
ATG proteins are classified into five functional groups, 
as illustrated in Fig.  8A: (1) the TORC1 complex, (2) 
the serine/threonine-protein kinase (ATG1) com-
plex, (3) the autophagy-specific phosphatidylinositol 
3-kinase (PI3 K) complex, (4) the integral membrane 
protein ATG9 and the ATG2-ATG18 complex, and (5) 
the ATG12 conjugation system (ATG5, ATG7, ATG10, 

Fig. 5  KEGG pathway analysis of integrated metabolome and transcriptome results. (A) Ven diagram showing the number of enriched shared 
pathways. (B) Scatter plot of enriched pathways. The horizontal and vertical axes represent the -log10 (P value) of the two groups, with larger 
values indicating greater significance. The gray pathways were not significant in either omics analysis, whereas the blue pathways were significant 
in only one omics analysis (P < 0.05). In contrast, the red pathways were significant in both omics analyses (P< 0.05)
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ATG12, and ATG16). The expression of all DEGs 
encoding proteins involved in autophagy regulation 
was upregulated. Phosphatidylethanolamine (PE) is a 
glycerophospholipid characterized by the presence of 
a phosphorylethanolamine moiety at a glycerol sub-
stitution site. The expression of PE was significantly 

reduced in parasitic stems, decreasing by 47.03%. Cor-
relation analysis between PE and the top 20 DEGs 
involved in the autophagy pathway revealed that all 
DEGs were significantly negatively correlated with the 
relative content of PE (Fig. 8C). These results suggest 
that the genes encoding ATGs negatively regulate the 
synthesis of PE.

Fig. 6  Phenylpropanoid biosynthesis pathway. (A) Schematic diagram of phenylpropanoid biosynthesis. DAMs and DEGs are marked 
in red. Metabolic pathways were constructed on the basis of information in the KEGG database with some modifications. (B) GSEA results 
for the phenylpropanoid biosynthesis gene sets. The dark green line represents the enrichment score (ES) distribution for all genes. The position 
where the absolute value of the curve reaches its maximum on the Y-axis indicates the enrichment score for the gene set. NES > 0 indicates 
pathway activation, NES < 0 indicates pathway inhibition, and NES = 0 indicates no enrichment. When ES > 0, the core genes are located on the left 
side of the peak; conversely, when ES < 0, the core genes are found on the right side of the peak. (C) Network diagram of the correlations 
between significantly highly expressed genes and DAMs. In this diagram, the red circles represent the metabolome, and the blue circles represent 
the transcriptome. The red lines indicate positive correlations, whereas the green lines denote negative correlations. The thickness of the lines 
reflects the strength of the correlation, with thicker lines representing stronger correlations (same as below)
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Correlation analysis of DAMs, DEGs and growth 
performance
The effect of DAMs related to the synthesis of lignin 
and galactose, and its DEGs on growth performance 
was further explored by Pearson correlation analysis 
for X. spinosum. First, the correlation between DAMs 
and related genes was analyzed (Fig.  9A). Our analysis 
uncovered significant correlations (P < 0.05) between 
enriched compounds and their respective genes within 
individual pathways. Moreover, cross-pathway analysis 
revealed significant associations between compounds 
and genes across various pathways. For example, ATGs in 
Autophagy—other pathway displayed significant positive 
correlations with DEGs encoding glaM, UGP2, HK, pgm, 
and lacZ in the galactose metabolism pathway, highlight-
ing the intricate nature of cross-pathway interactions 
and molecular networks. Simultaneously, by correlating 
DAMs and DEGs with phenotypic traits of X. spinosum 

plants, it was revealed that the phenotypes showed strong 
positive associations with DAMs and DEGs enriched in 
galactose biosynthesis, lignin degradation, and autophagy 
pathways (Fig. 9B). This association was notably observed 
in the quantities of leaves and seeds, suggesting that these 
metabolites and genes play a positive role in regulating 
the growth and reproductive capacity of X. spinosum.

Validation of RNA‑seq data by RT‒qPCR
In this study, 10 indispensable DEGs related to key meta-
bolic pathways were chosen for RT‒qPCR analysis to 
validate the expression profiles obtained (Fig. S7). These 
genes are associated with phenylpropanoid biosynthesis, 
pentose and glucuronate interconversions and galactose 
metabolism. The qRT‒PCR analysis revealed that the 
expression patterns of these genes closely matched the 
FPKM values obtained from sequencing in response to 

Fig. 7  Galactose metabolism pathway. (A) Schematic diagram of galactose metabolism. (B) GSEA results for the galactose metabolism gene sets. 
(C) Network diagram of the correlations between significantly highly expressed genes and DAMs
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the respective treatments, suggesting the reliability of the 
RNA-seq data.

Discussion
Reducing the amount of plant seeds is crucial in control-
ling invasive alien plants, as it helps decrease the num-
ber of populations. Cuscuta parasitism has been found 
to slow the growth of Mikania [20] and Bidens pilosa 
[21], inhibit organ development, and ultimately result in 
a decrease in seed setting. Investigating the regulatory 
mechanism of Cuscuta on the growth and reproduction 

of invasive alien plants is essential for the development 
of alternative products for controlling these invasive 
species. This study explored how C. australis inhibits 
the vegetative and reproductive growth of X. spinosum 
through an integrated analysis of the metabolome and 
transcriptome, complemented by morphologic and phys-
iologic observations. Phenotypic changes were observed 
in X. spinosum after being treated with C. australis, lead-
ing to evident growth damage and a notable decrease 
in seed yield (Fig.  1). These findings align with those of 
numerous previous studies [25, 26].

Fig. 8  Autophagy-other pathway. (A) Schematic diagram of the autophagy-other pathway. (B) GSEA results for the autophagy-other gene sets. (C) 
Network diagram of the correlations between significantly highly expressed genes and DAMs
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C. australis regulates the defense response of X. spinosum 
by stimulating antioxidant enzyme activity
SOD, POD, and CAT are essential enzymes in the anti-
oxidant defense system that play crucial roles in elimi-
nating specific reactive oxygen species (ROS), regulating 
oxygen levels, and protecting the cell membrane from 
damage [27–31]. Research has indicated that the activi-
ties of most antioxidant enzymes tend to increase in 
response to stressful conditions [32]. The peroxidase 
activity in parasitized X. spinosum stems increased, with 
a particularly noticeable increase in POD enzyme activ-
ity. The increased antioxidant enzyme activity indicates 
that a defense system was activated by C. australis. The 
activity of CAT in plant tissues is closely linked to plant 
stress resistance. CAT is not a stable enzyme and can 
increase in high hydrogen peroxide (H2O2) conditions 
resulting from stress. These findings indicate that C. aus-
tralis parasitism may affect the function of CAT, leading 
to the accumulation of ROS, causing cells to be poisoned 
by H2O2, ultimately affecting the normal growth of plants 
[33, 34].

C. australis parasitism suppresses lignin synthesis 
through the phenylpropanoid pathway to hinder X. 
spinosum growth and development
The phenylpropanoid pathway produces a variety of 
compounds, such as coumarins and lignins, and is a 
general strategy for plant defense against biotic stress 

[35]. In the present study, C. australis parasitism 
increased the expression levels of trans-2-hydroxy-cin-
namate and ρ-coumaroylquinic acid, which are essen-
tial substrates for the production of coumarin. PAL is 
a crucial enzyme that regulates coumarin synthesis. 
The expression of the gene encoding the PAL enzyme 
was both upregulated and downregulated, highlight-
ing the complexity of the role of PAL in the phenylpro-
panoid pathway. The upregulation of PAL expression 
results in a dwarf phenotype in Ricinus communis L. 
[36]. These findings suggest that PAL may negatively 
regulate the growth of parasitized plants. Lignin, the 
second most abundant polymer on Earth, primarily 
accumulates in the cell wall of plants; it serves multi-
ple functions, such as providing mechanical support, 
facilitating water and mineral transport, and assist-
ing in the defense against pathogen invasion [37]. The 
expression of most genes related to the lignin pathway 
(such as CCR and CAD) were downregulated in para-
sitized X. spinosum. CCR is the first key enzyme in the 
specific pathway of lignin synthesis, and CAD serves 
as the pivotal enzyme in the biosynthesis of monol-
ignols prior to the oxidative polymerization of the 
cell wall [38]. The downregulation of the expression 
of genes encoding CCR and CAD enzymes results in 
decreased levels of sinapaldehyde and sinapyl alcohol 
(Fig.  6), which serve as upstream precursors in lignin 
synthesis. This finding suggests that the biosynthesis 
of lignin may be inhibited during the parasitism pro-
cess of C. australis.

Fig. 9  Correlation analysis of DAMs, DEGs and growth performance. (A) Heatmap of the correlation network of of DEGs and DAMs in three 
pathways. Red colour indicates positive correlation and blue colour indicates negative correlation. (B) Correlation of DEGs and DAMs with growth 
traits. Units are based on red for positive correlation and green for negative correlation. Red lines indicate positive correlation and green indicates 
negative correlation
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C. australis parasitism leads to an increase in sugar 
accumulation through galactose metabolism, resulting 
in glucose metabolism disorders
Galactose metabolism is the biochemical process of con-
verting galactose to glucose for use in energy metabolism 
[39]. Galactose is a key component of cell wall polymers, 
glycolipids, and glycoproteins, with UDP-galactose serv-
ing as its primary metabolite. UDP-glucose, a nucleotide 
sugar, functions primarily as a donor of glucose residues 
in glycosylation reactions and is essential for the biosyn-
thesis of sucrose and various polysaccharides, including 
cellulose, hemicellulose, and pectin [40]. galE catalyzes 
the interconversion between UDP-galactose and UDP-
glucose [41]. The expression of the genes encoding the 
galE enzyme was upregulated, resulting in reduced galE 
epimerase activity. This reduction in activity leads to 
the accumulation of UDP-galactose; however, exces-
sive levels of UDP-galactose may be detrimental to plant 
growth and development [42]. The HK enzyme is a 
signaling molecule in plants that regulates and controls 
growth and development; it functions as an indispen-
sable bifunctional enzyme within these organisms. The 
loss of HK function can delay plant aging. However, fol-
lowing the overexpression of the hexokinase gene, plant 
growth is inhibited, and the rate of aging accelerates [43]. 
In tomato plants that overexpress hexokinase, the senes-
cence rate increases, whereas the chlorophyll content and 
photosynthetic rate in the leaves decrease [44]. In this 
study, the expression of genes encoding HK was upregu-
lated in stems affected by C. australis parasitism, which 
inhibited X. spinosum growth and development. Pgm 
is an enzyme that catalyzes glycolysis [45]. C. australis 
inhibits pgm enzyme activity through the upregulation 
of the expression of specific genes, further obstructing 
glycolysis, which can have detrimental effects on plants. 
In summary, C. australis parasitism induces the upreg-
ulation or downregulation of the expression of genes 
encoding enzymes that regulate the metabolism of glu-
cose, fructose, galactose, and other sugars; this results in 
abnormalities in the structure, function, and concentra-
tion of these enzymes, leading to increased sugar accu-
mulation in X. spinosum and causing disorders in sugar 
metabolism. Ultimately, this disruption adversely affects 
the vegetative growth and reproductive performance of 
X. spinosum.

C. australis parasitism induces excessive autophagy 
through the upregulation of the expression 
of autophagy‑related genes (ATGs), leading 
to the accelerated aging of X. spinosum
Autophagy refers to the process by which cells encapsu-
late portions of their own cytoplasm to form autophago-
somes, which are subsequently digested and degraded by 

hydrolases within lysosomes or vacuoles [46]. Nutrient 
starvation is a well-established experimental condition 
used to induce autophagy [47]. Autophagy functions as 
a cytoprotective and prosurvival mechanism; however, 
excessive autophagy promotes cell death [48]. Nearly all 
the autophagy-deficient mutants were able to complete 
their normal life cycle, but they exhibited early leaf senes-
cence, which was further exacerbated under nutrient-
deficient conditions [49]. ATGs and autophagy-regulating 
kinases are important components of the autophagy pro-
cess [50]. Environmental stress activates signaling path-
ways by upregulating the expression of genes encoding 
serine/threonine protein (MTOR) kinases, which sub-
sequently affect the ATG1/ATG13 complex to initiate 
autophagy [47]. C. Australis significantly increased the 
expression of all the autophagy-related genes involved 
in this pathway, particularly ATG7, ATG5, and all the 
ATG8 homologs. These findings suggest that C. aus-
tralis enhances the formation of the ATG8-PE system. 
PE acts as a positive regulator of autophagy [51]; how-
ever, autophagy competes with other PE-consuming 
processes for the available phospholipid pool, indicat-
ing that PE may be a limiting factor for autophagy [52]. 
The decrease in PE compounds in this study may have 
inhibited autophagy. In Arabidopsis thaliana, loss-of-
function ATG6 mutants present short stature, short 
roots, premature senescence, and low fertility (flow-
ers and seeds) [53]. C. australis parasitizes X. spinosum 
and obtains nutrients through haustoria, resulting in a 
nutritional starvation state of X. spinosum that activates 
the autophagy pathway. As the duration of parasitism 
increases, nutrient deficiency in X. spinosum results in 
excessive autophagy and premature plant senescence. 
This process significantly impairs the nutrient absorption 
of X. spinosum, ultimately affecting both seed yield and 
seed performance.

In summary, the phenylpropanoid biosynthesis path-
way is a cornerstone of plant secondary metabolism, pro-
ducing critical compounds such as flavonoids and lignin. 
These metabolites play pivotal roles in plant defense 
mechanisms, developmental processes, and environ-
mental adaptation, directly influencing stress resistance 
and overall growth [54]. The galactose metabolism path-
way serves dual functions in energy provision and car-
bon source replenishment. Galactose, derived from the 
breakdown of cell wall polysaccharides, acts as an alter-
native energy reserve during carbon limitation and par-
ticipates in sugar-sensing pathways, including the target 
of rapamycin (TOR) signaling network, which modulates 
growth and development [55]. Moreover, the autophagy 
pathway functions as a master regulator of cellular 
homeostasis. By selectively degrading and recycling dam-
aged organelles or macromolecules, autophagy sustains 
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cell viability under nutrient deprivation, senescence, 
or pathogen challenge, making it a fundamental adap-
tive strategy in dynamic environments. Notably, these 
three pathways are functionally interconnected, form-
ing a metabolic continuum of"synthesis–degradation–
reutilization."Phenylpropanoid biosynthesis consumes 
carbon skeletons, galactose metabolism replenishes car-
bon skeletons, and autophagy ensures efficient carbon 
recycling, maintaining metabolic equilibrium [56, 57]. 
The disruption of any of these pathways leads to pro-
nounced phenotypic consequences, including growth 
retardation, premature aging, and altered sugar sensitiv-
ity, underscoring their biological importance. The three 
metabolic pathways and key genes identified in this study 
reveal potential inhibitory sites for C. australis parasit-
ism. These findings provide a foundation for the develop-
ment of targeted biopesticides through RNA interference 
(RNAi) technology [58, 59]. RNAi constructs that silence 
essential X. spinosum genes can lead to highly specific 
gene suppression, offering an efficient and environmen-
tally sustainable strategy for controlling the spread of X. 
spinosum. The multiomics method utilized in this study is 
a cutting-edge strategy to study the mechanisms by which 
external factors inhibit the growth and reproduction of 
invasive plants. The three key metabolic pathways and 
their associated genes have been validated in other spe-
cies and are critical pathways affecting plant growth and 
development. These results highlight the strong feasibil-
ity and translational potential of our findings for practical 
applications. Additionally, precision-targeted pesticides 
developed on the basis of these discoveries offer sig-
nificant ecological advantages over conventional broad-
spectrum herbicides; they can selectively inhibit invasive 
species while protecting native vegetation, thereby main-
taining biodiversity and ecological functions. However, 
this study is subject to several limitations. The absence 
of a published genome and species-specific databases for 
X. spinosum restricts the depth of integrated transcrip-
tomic and metabolomic analyses. Future studies will pri-
oritize genome assembly and multi-tissue transcriptome 
sequencing, complemented by targeted genetic manipu-
lation, to unravel the mechanistic basis of this parasitic 
interaction.

Conclusion
The potential mechanism by which C. australis sup-
presses X. spinosum growth and reproduction likely 
involves its interference with the host’s antioxidant 
enzyme system, leading to developmental constraints. 
Our integrated pathway analysis of metabolomic and 
transcriptomic data shows C. australis parasitism medi-
ates growth and reproductive suppression in X. spino-
sum through coordinated disruption of phenylpropanoid 

biosynthesis, galactose metabolism and autophagy path-
ways. While our data showed C. australis’s interference 
with these pathways, targeted functional experiments 
remain essential to validate their causal roles in the 
observed phenotypic suppression.
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