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Editorial on the Research Topic

Metabolomics in crop research – current and emerging methodologies,
volume III
The potential of metabolomics in plant and crop research was the driving force for the

Research Topic “Metabolomics in Crop Research - Current and Emerging Methodologies”

8 years ago. Since then, this area has significantly evolved due to advances in analytical

technologies, particularly mass spectrometry (MS), data processing, and integration with

other “omics” fields. At the same time, artificial intelligence has improved the

interpretation of complex metabolomic datasets, enabling researchers to link specific

metabolic profiles with traits like stress tolerance, disease resistance, and nutritional

content more effectively. Integration with genomics, transcriptomics, and phenomics

became more straightforward, making metabolomics a central part of systems biology

approaches to crop research.

The Research Topic “Metabolomics in Crop Research - Current and Emerging

Methodologies” reached its third edition with 13 articles from 102 authors, highlighting

different applications of metabolomics to plant metabolism and development, crop defense

mechanisms, plant-microbe interactions and soil nutrient dynamics.

Understanding plant metabolism and development at the molecular level is crucial for

improving crop quality, productivity, and resilience. Different analytical methodologies and

“omics” strategies, particularly transcriptomics and metabolomics, are often combined to

uncover the regulatory networks driving important phenotypic and metabolic outcomes in

plants. In this Research Topic, Hu et al. explored the oil content of Nicotiana tabacum L.

‘Yunyan 87’ leaves as a crucial quality indicator, by combining a sensory evaluation with

scanning electron microscopy (SEM) and GC×GC-TOF mass spectrometry. The high-oil

tobacco leaves contained more metabolites than the low-oil content ones, with an increased

concentration of oil- and aroma-related compounds. The oil of the palm Elaeis guineensis

Jacq. was analyzed by Xu et al. to understand the regulatory mechanisms and metabolic

pathways responsible for changes in oleic acid biosynthesis during fruit development. The

metabolites from two oil palm varieties’ fruits (‘Seedless’ and ‘Tenera’) at three

developmental stages were analyzed using a targeted metabolomics approach, by LC-

MS2, combined with gene expression analysis of genes related to oleic acid metabolism.

Significant differences were observed in both varieties and at the different fruit
frontiersin.org015

https://www.frontiersin.org/articles/10.3389/fpls.2025.1627911/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1627911/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1627911/full
https://www.frontiersin.org/research-topics/62216/metabolomics-in-crop-research---current-and-emerging-methodologies-volume-iii
https://www.frontiersin.org/research-topics/62216/metabolomics-in-crop-research---current-and-emerging-methodologies-volume-iii
https://doi.org/10.3389/fpls.2025.1537924
https://doi.org/10.3389/fpls.2025.1557544
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2025.1627911&domain=pdf&date_stamp=2025-06-02
mailto:mfsilva@fc.ul.pt
https://doi.org/10.3389/fpls.2025.1627911
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2025.1627911
https://www.frontiersin.org/journals/plant-science


Sousa Silva and Cordeiro 10.3389/fpls.2025.1627911
developmental stages and revealed the ley regulatory mechanisms

underlying oleic acid biosynthesis. In another variety of the same

crop plant, the green-fruited oil palm variety (‘O×G Amazon’),

Zhang et al. analyzed the flavonoid content in fruits at different

developmental stages. Flavonoids are important polyphenolic

compounds with antioxidant and antimicrobial properties. The

authors used a combined metabolomic (using an LC-TripleTOF)

and transcriptomic approach to identify the compounds and key

genes of flavonoid metabolism during fruit development. These

studies paved the way for the development of metabolic engineering

strategies for improving oleic acid and flavonoid content in oil palm

plants. A similar research was performed by Wang et al.

with different varieties of persimmon (Diospyros kaki) fruits,

known by their rich flavonoid content. The authors analyzed the

accumulation of flavonoids and its biosynthesis related genes’

expression in different developmental stages of two mature

pollination-constant non-astringent varieties (‘Jiro’ and ‘Yohou’)

and in two pollination-constant astringent ones (‘Zhongshi5’

and ‘Huojing’), using a targeted metabolomics and transcriptomic

approach, relating them to the astringency and flavor traits of these

persimmons’ fruits.

An integrative metabolomic and transcriptomic study by

Wei et al. was also conducted in the flowers of Chrysanthemum

morifolium, an important ornamental plant with culinary and

medicinal value. Different colored petals (yellow, gold, and white)

and as non-petal tissues were analyzed, revealing the key regulatory

pathways responsible for color variation and providing a

foundation for future quality control in breeding strategies. These

Chrysanthemum plants are highly susceptible to pests, particularly

to Frankliniella occidentalis (Pergande), a widely spread pest thrip

affecting many ornamental plants and horticultural crops.

Investigating the variety “Baltica White” from C. morifolium,

Bierman et al. used metabolomics (1H NMR and headspace GC-

MS) to study the effects of spraying of solutions containing sticky oil

droplets, in reducing infection’s efficiency, in plant growth and in

the leaf’s metabolome. The authors observed that these natural

origin spraying solutions had a repellent or toxic effect for the

thrips, leading to chemical changes in the plant leaves, thus playing

a role in plant defense against these pests.

Cereals too are highly affected by pests, the wheat stem sawfly

Cephus cinctus Norton being particularly harmful to wheat Triticum

aestivum L. in North America. One of the most adopted strategies to

prevent yield loss is the use of wheat varieties with solid stems, preventing

the development of the larvae. Hager et al. studied the metabolome’s

changes in response to infestation by the wheat stem sawfly in 2

varieties of oat (Avena sativa ‘Dane’ and ‘Otana’, resistant) and 4

varieties of spring wheat (Triticum aestivum ‘Choteau’, ‘Scholar’,

‘Conan’, and ‘Reeder’, with different levels of resistance), using an

untargeted metabolomics approach by liquid chromatography-

mass spectrometry (LC-MS). The analysis identified several

compounds (carbohydrates, lipids and plant defense molecules)

differentially expressed between samples and associated with the

oat’s constitutive resistance to this sawfly, establishing the basis for

the future development of new strategies to prevent wheat infection.
Frontiers in Plant Science 026
Besides the threats caused by insects, some crops must

cope with invasive weeds, which compromise a significant

percentage of the production yield. Rice (Oryza sativa L.) is one

of these examples, largely affected by the invasive weed Leptochloa

chinensis. Zhang et al. investigated the mutual inhibition of rice and

this weed under mono- and co-culture conditions. A combined

metabolomic (UHPLC-MS) and transcriptomic analysis revealed

the metabolic and transcriptional regulatory networks behind the

mutual suppression between rice and L. chinensis, with a more

pronounced inhibition of root length in co-culture conditions.

These results are highly relevant for developing new and more

effective strategies for weed control and crop protection.

Crops are also affected by soil bacteria. These microorganisms

can either cause damage, which is the case of the wilt causing agent

Ralstonia solanacearum, or act as a community to provide natural

defenses against pathogens and support healthy plant growth. In all

these pathogenic or symbiotic networks, metabolites produced

by plants and rhizosphere microorganisms play an important

role. Wei et al. studied the metabolite composition of the

rhizosphere of Nicotiana tabacum plants, cultivar ‘Yunyan 87’,

grown in healthy and infected soils (by GC-TOF), the effect of

bacterial communities, and the changes in soil properties. These

results enlighten how rhizosphere bacteria confer resistance during

the early stages of infection, thus contributing to a more sustainable

control of soil pathogens. In another work, Wang et al. investigated

the effect of the plant growth-promoting bacteria Bacillus velezensis

in the growth of ramie (Boehmeria nivea), through the analysis of

the soil microbial communities and the metabolic profile of the

plant (by LC-MS). The yield and traits of ramie crop plants

were improved after treatment with B. velezensis, revealing

that these bacteria played an important role in regulating soil

microbial structure and promoting plant metabolism, growth,

and development, highlighting the importance of using

these microorganisms as biological fertilizers and growth-

promoting stimulants.

Plant growth is highly affected by the bioavailability of several

nutrients, particularly nitrogen (N) and iron (Fe). Lodovici et al.

studied the interplay between N and Fe nutritional pathways in

tomato plants (Solanum lycopersicum L. cv ‘Marmande’) under

both elements’ deficiency and after their reintroduction in the soil,

by combining a physiological characterization with untargeted

metabolomics (using UHPLC-QTOF) and gene expression

analysis. The results revealed treatment-specific changes in

tomato metabolic pathways, with changes in nitrogen-containing

metabolites in leaves and roots and modulation of the

phytohormone profile by the nitrogen source. This study

contributes to understanding the interplay between nitrogen and

iron nutritional pathways in crops.

Finaly, an important application of metabolomics in crop

research is quality control and geographic origin. Sun et al. used

an untargeted metabolomics approach (LC-MS/MS), combined

with a targeted analysis for phenolic compounds (UHPLC-PDA),

to analyze the Chinese dragon’s blood species Dracaena

cochinchinensis and Dracaena cambodiana from distinct
frontiersin.org
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geographical origins. This study highlights the differences in the

plant quality from different geographical origins and between the

two species. Ji et al. presented a comprehensive review of the use of

metabolomics in quality control of traditional Chinese medicinal

plants. Their metabolism and metabolic profile were influenced by

the plant’s geographical origin, developmental stage, harvesting

cycle, and processing methods, thus strongly affecting the quality

of different plant organs and their suitability for use in traditional

Chinese medicine.
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Comparative transcriptomic and
metabolomic analyses reveal
differences in flavonoid
biosynthesis between PCNA and
PCA persimmon fruit

Yiru Wang1†, Yujing Suo1†, Weijuan Han1*, Huawei Li1,
Zhenxu Wang2, Songfeng Diao1, Peng Sun1 and Jianmin Fu1*

1Research Institute of Non-Timber Forestry, Chinese Academy of Forestry, Zhengzhou, China, 2Food
Inspection Center, Henan Institute of Product Quality Technology, Zhengzhou, China
The fruit of the persimmon (Diospyros kaki.) has high economic and nutritional value

and is rich in flavonoids. Flavonoids are essential secondary metabolisms in plants.

The association between persimmon astringency and changes in the

proanthocyanidins (a flavonoid subclass) content is well-known. However,

information on the relationships between different astringency types and other

flavonoid subclasses and biosynthetic genes is more limited. In this study, an initial

correlation analysis between total flavonoids and fruit astringency type, and KEGG

analysis of metabolites showed that flavonoid-related pathways were linked to

differences between mature pollination-constant non-astringent (PCNA) varieties

(‘Jiro’ and ‘Yohou’) and pollination-constant astringent (PCA) fruit varieties

(‘Zhongshi5’ and ‘Huojing’). Based on these findings, variations in the expression of

genes and metabolites associated with flavonoid biosynthesis were investigated

between typical PCNA (‘Jiro’) and PCA (‘Huojing’) persimmons during fruit

development. The flavonoid concentration in ‘Huojing’ fruit was significantly

higher than that of ‘Jiro’ fruit, especially, in levels of proanthocyanin precursor

epicatechin and anthocyanin cyanidin derivatives. Combined WGCNA and KEGG

analyses showed that genes such as PAL,C4H,CHI,CHS, F3H, F3’5’H, FLS,DFR, ANR,

ANS, and UF3GT in the phenylpropanoid and flavonoid biosynthesis pathways may

be significant factors impacting the proanthocyanin precursor and anthocyanin

contents. Moreover, interactions between the R2R3MYB (evm.TU.contig7272.598)

andWD40 (evm.TU.contig3208.5) transcription factors were found to be associated

with the above structural genes. These findings provide essential information on

flavonoid biosynthesis and its regulation in the persimmon and lay a foundation for

further investigation into how astringency types affect flavor components in PCNA

and PCA persimmons.

KEYWORDS

persimmon, fruit, flavonoid biosynthesis, metabonomic, transcriptomic
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1 Introduction

Flavonoids are essential secondary metabolites in plants and

include more than 10 000 structural variants (Quideau et al., 2011;

Mikhailova et al., 2022; Tahmaz and Soylemezoglu, 2022).

Flavonoids are divided into six subclasses according to

substitutions and B-ring attachments to the basic skeletal

structure, namely, flavones, flavonols, anthocyanins, flavanols,

flavanones, and isoflavones (Winkel-Shirley, 2001; Sasaki and

Nakayama, 2015). These compounds have essential physiological

and ecological functions in regulating plant growth and

development, flower coloring, fruit flavor, physiological activities,

and adaptation to abiotic stress in plants (Havsteen, 2002; Tohge

et al., 2018). Flavonoids produced by plants have many health

benefits for humans, including antibacterial, antiparasitic, anti-

inflammatory, anticancer, and anti-aging properties (Dias et al.,

2021). Flavonoids have various pharmaceutical activities and often

act as antioxidants according to their free radical-scavenging

abilities (Kumar and Pandey, 2013). Thus, flavonoids have gained

increasing attention and are widely used in the food, cosmetic, and

pharmaceutical industries.

The flavonoid synthesis pathway is relatively well understood in

model plants (Routaboul et al., 2006; Tohge et al., 2017). The

structural genes encoding enzymes in the pathway have been

identified, including genes encoding phenylalanine lyase (PAL),

anthocyanidin synthase (ANS), cinnamic acid hydroxylase (C4H),

coumadin CoA ligase (4CL), chalcone synthase (CHS), flavonoid 3’-

hydroxylase (F3’H), chalcone isomerase (CHI), flavonol synthase

(FLS), flavonoid 3’5’-hydroxylase (F3’5’H), and the other key genes

(Routaboul et al., 2006; Saito et al., 2013; Chen and Li, 2016).

Studies on flavonoid biosynthesis have been conducted in many

horticultural plants such as Vitis vinifera (Azuma et al., 2012),

Malus×domestica (Henry-Kirk et al., 2012), Ziziphus jujuba (Zhang

et al., 2020), and others. Furthermore, flavonoid biosynthesis is

known to be influenced by the environment, developmental stage,

plant variety, temperature, and tissue type (Azuma et al., 2012; Wen

et al., 2020). Transcription factors (TFs) involved in the flavonoid

biosynthesis pathway have also been identified, such as R2R3MYB,

bZIP, WD40, and bHLH (Chen et al., 2022).

Persimmon (Diospyros kaki Thunb.) is a fruit tree that belongs

to the family Ebenaceae and has a long history of cultivation

(Saleem et al., 2022). As a major fruit variety with a unique

flavor, the persimmon has become increasingly popular and has

high commercial value in Asian countries (Han et al., 2022).

Flavonoids produced by plants have many health benefits for

humans and play crucial roles in both the fruit quality and its

economic value (Dias et al., 2021; Xie et al., 2022). Persimmons are

rich in phytochemicals such as flavonoids, carotenoids,
Abbreviations: PCNA, pollination-constant non-astringent; PCA, pollination-

constant astringent; PVNA, pollination-variant non-astringent; PVA,

pollination-variant astringent; DAFs, differentially accumulated flavonoids;

DEGs, differentially expressed genes; WGCNA, weighted gene coexpression

network analysis; PAs, proanthocyanidins.
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triterpenoids, fatty acids, and vitamin C (Direito et al., 2021),

with flavonoids being the main active antioxidants (Sun et al.,

2011). The persimmon fruit has a variety of pharmacological

poroperties, including antiadipogenic, hypocholesterolemic,

antioxidant, anti-inflammatory, and antitumor poroperties, due to

its flavonoid components such as hesperidin, naringin, and

nobiletin (Direito et al., 2021). Besides, flavonoids such as

proanthocyanidins are associated with the astringency and flavor

of the persimmon fruits (Zheng et al., 2021).

Proanthocyanidins (PAs), also known as condensed tannins,

are a subclass of flavonoids and consist of oligomers of catechins

that are biosynthesized through the flavonoid branch of the

phenylpropanoid pathway (Dixon et al., 2005; Zheng et al., 2021).

High concentrations of insoluble PAs usually lead to astringency in

persimmon fruit. Based on the fruit characteristics, persimmons can

be classified into four astringency types, namely, the pollination-

variant non-astringent (PVNA), PCNA, PCA, and pollination-

variant astringent (PVA) types (Yonemori et al., 2000). In China,

almost all persimmon cultivars belong to the PCA type, and no

PVA and PVNA types are found (Du et al., 2009). The quality and

flavor of the persimmon fruit vary greatly, with significant

differences between PCNA and PCA persimmons. The fruit

astringency type is not only affected the proanthocyanidins

content but also the accumulation of total soluble solids,

individual sugars, total phenolics, and total flavonoids (Novillo

et al., 2016; Yildiz and Kaplankiran, 2018). The influence of the

astringency types on variations in the proanthocyanidins

concentration is well-known in persimmon fruit (Akagi et al.,

2009). However, little is known about the impact of the fruit

astringency type on flavonoid metabolic pathway and its

associated enzymes, genes, and TFs in persimmon fruit.

This study conducted transcriptomic and quasi-targeted

metabolomic analyses to elucidate both gene expression and

metabolite accumulated profiles in different stages of PCNA and

PCA persimmon fruit. Specifically, dynamic changes in the

expression of genes and TFs in flavonoid biosynthesis and the

accumulation of a set of flavonoids were analyzed to clarify and

compare the secondary metabolism of the persimmon fruit and its

complex effects on the astringency and flavor components between

PCNA and PCA persimmons.
2 Material and methods

2.1 Plant materials

Well-cultivated PCNA (‘Jiro’ and ‘Youhou’) and PCA

(‘Zhongshi No.5’ and ‘Huojing’) persimmons were planted in the

forest planting base of the Research Institute of Non-timber

Forestry (34°55′18″–34°56′27″N, 113°46′14″–113°47′35″E),
Yuanyang County, Henan Province, China. The fruits of the ‘Jiro’

and ‘Huojing’ persimmon fruit were sampled at the young-fruit

stage (when the fruit had reached about 40% of the final size, stage

1), the fruit expansion stage (when the fruit had reached

approximately 70% of its final size, stage 2), the turning stage (the

initial change in the skin color of the fruit, stage 3) and the mature
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stage (fully developed fruit color without astringency, stage 4).

Persimmon fruit from the ‘Zhongshi No.5’ and ‘Youhou’ varieties

were also harvested at stage 4 and termed PCA1 and PCNA2,

respectively. The four development stages (from stage 1 to stage 4)

of the ‘Jiro’ and ‘Huojing’ fruit were labeled as Jiro_S1, Jiro_S2,

Jiro_S3, Jiro_S4 and Huojing_S1, Huojing_S2, Huojing_S3, and

Huojing_S4, respectively. Furthermore, fruits of 141 persimmon

germplasms were also harvested at the mature stage (stage 4), and

these samples were used for total flavonoids content detection. The

fresh fruit was frozen immediately in liquid nitrogen and stored at

-80° until used for RNA extraction and metabolic analyses.
2.2 Extraction and determination of total
flavonoids

The total flavonoids of persimmon fruit were extracted and

detected according to Han et al. (Han et al., 2021) with a few

modifications. Briefly, fruit powder (precise weight 5 g) was

extracted with 60% (v/v) ethanol in an ultrasonic bath (30 min).

Total flavonoid content was determined by AlCl3-(HAc-NaAC)

colorimetric method, and rutin with purity = 98% (Solarbio Science

& Technology Co., Ltd.) were used as a standard. The absorbance

was determined at 420 nm wavelength in a UV spectrophotometer.

Total flavonoids content and astringency type of 141 persimmon

germplasms are listed in Supplementary Table 1.
2.3 Metabolome data analysis process

The method used for metabolite identification was similar to that

of Wang et al. (Wang et al., 2022). Samples of freeze-dried

persimmon fruit (100 mg) were weighed into 1.0 mL of 70%

aqueous methanol. Metabolite profiling was performed using an

ExionLC™ AD system (SCIEX) coupled with a QTRAP®6500+

mass spectrometer (SCIEX) and equipped with Xselect HSS T3

column (2.1×150 mm, 2.5 mm) by Novogene Co., Ltd. (Beijing,

China). The mobile phase included eluent A, consisting of 0.1%

formic acid in water, and eluent B, consisting of 0.1% formic acid-

acetonitrile. The analysis conditions were as follows: column

temperature, 50˚C; injection volume, 1.5 mL; flow rate, 0.4 mL/min.

The mobile phases were water. The gradient program of phase A/

phase B was 98:2 (v/v) at 0 min, 98:2 (v/v) at 2 min, 0:100 (v/v) at 15

min, 0:100 (v/v) at 17 min, 98:2 (v/v), at 17.1 min and 98:2 (v/v) at 20

min. The qualitative analysis of metabolites was conducted according

to the secondary spectral information using Novogene’s in-house

database. Metabolite quantification was carried out using the triple

quadrupole mass spectrometer’s multiple reaction monitoring

(MRM) mode. The KEGG (Kyoto Encyclopedia of Genes and

Genome) database (http://www.genome.jp/kegg/) (Kanehisa et al.,

2004) and HMDB (Human Metabolome Database) database (http://

www.hmdb.ca/) (Wishart et al., 2007) were used for metabolite

annotation. The metabolites with P-value < 0.05 and fold change≥

2 were considered as differentially accumulated flavonoids (DAFs).
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2.4 Transcriptome data analysis

Total RNA was extracted using the TRIzol Total RNA Isolation

Kit (Sangon, Shanghai, China), and a library was established.

Bioanalyzer 2100 was used to assess the RNA integrity. The

NovaSeq platform (Illumina, San Diego, CA, USA) sequencing

generates 150 bp paired-end readings. HISAT2 software (Zhang

et al., 2021) was used to map the filtered reads to the D. kaki

reference genome (unpublished). The prediction of new transcripts

was performed using StringTie (Shumate et al., 2022).

FeatureCounts (Liao et al., 2014) was used to count the read

numbers mapped to each gene. The FPKM of each gene was

calculated according to the length of the gene and the read count

mapped to the gene. DEseq2 (Love et al., 2014) was used to detect

the differentially expressed genes (DEGs) between the two groups,

with a |log2-fold change| ≥ 1 and padj ≤ 0.05. ClusterProfiler 4.0

(Wu et al., 2021) was used for DEGs in Gene Ontology (GO)

(Ashburner et al., 2000) and KEGG (Kanehisa et al., 2004)

functional enrichment analyses. Heatmaps and K-means

clustering were prepared using the online software Hiplot (Li

et al., 2022). The weighted gene coexpression network analysis

(WGCNA) were constructed using all genes and were analyzed

using WGCNA R package (Langfelder and Horvath, 2008). The

networks were visualized using Cytoscape v3.9.1 (Shannon

et al., 2003).
2.5 Quantitative RT-PCR analysis

The cDNA was synthesized from the high-quality total RNA

using TRUE-script First-Strand cDNA Synthesis Kit (Kemix,

Beijing, China). Reactions were performed with LightCycler 480

II (Roche), and PCR conditions were 95°C for 3 min, 45 cycles of

95°C for 5 s, and 55-60°C for 30 s. All analyses were conducted with

three biological replicates. The relative expression of each sample

was calculated by the 2−DDCt method. The persimmon GAPDH

gene was used as a reference gene (Du et al., 2019). All gene primers

are listed in Supplementary Table 2.
3 Results

3.1 Correlation analysis between total
flavonoids content and astringency type

The correlation between flavonoids content and fruit

astringency were detected in the mature fruit of a natural

population with different persimmon cultivars (Supplementary

Table 1). The Pearson correlation coefficient (r) between total

flavonoids content of persimmon fruit and astringency types of

141 persimmon resources was 0.415**, indicating a significant

correlation between total flavonoids content and fruit astringency

type (P < 0.01). The above information indicated that total

flavonoids were differences between PCNA and PCA fruit.
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3.2 Comparison of metabolites between
mature PCNA and PCA persimmon fruit

To comprehensively define and compare the metabolite profiles

between the PCNA and PCA persimmons, we evaluated metabolite

compositions using a Quasi-Targeted metabolome. Mature fruits

from the ‘Jiro’, ‘Youhou’, ‘Zhongshi No.5’, and ‘Huojing’

persimmon varieties were labeled as PCNA1, PCNA2, PCA1, and

PCA2, respectively. Principal component analysis based on the data

for all compounds separated all samples into four distinct groups,

with each sample and its replicates forming a separate group,

indicating that there were good correlations within group

replicates and differences among the different groups (Figure S1).

A total of 889 metabolites were identified in PCNA and PCA fruit,

including five metabolite categories, namely, amino acids and their

derivatives (170), flavonoids (135), carbohydrates and their

derivatives (76), nucleotides and their derivates (65), and organic

acid and its derivatives (62) (Supplementary Table 3).

To systematically identify and compare the metabolic pathways

between the fruit of the PCNA and PCA genotypes, KEGG

enrichment analysis was conducted on the differential metabolites

of the four groups (PCNA1 vs. PCA1, PCNA1 vs. PCA2, PCNA2 vs.

PCA1, and PCNA2 vs. PCA2). Phenylpropanoid biosynthesis

(ko00940), phenylalanine metabolism (ko00360), flavonoid

biosynthesis (ko00941), flavone and flavonol biosynthesis

(ko00944), and anthocyanin biosynthesis (ko00942) were found

to be significantly enriched. The KEGG annotation results

suggested that flavonoid metabolism-related pathways were

involved in the nutritional value and taste differences between

PCNA and PCA fruit (Figures 1A-D). Given the importance of

flavonoids to human health, the subsequent investigation were

focused on flavonoid synthesis during PCNA and PCA

fruit development.
3.3 RNA-Seq of PCNA and PCA persimmon
developing fruits

To evaluate flavonoid variations between PCNA and PCA

persimmons, the typical PCNA type ‘Jiro’ and PCA type ‘Huojing’

were selected for investigation. The fruit was harvested at four stages

(S1–S4), namely, the young fruit stage (S1), expansion stage (S2),

turning stage (S3), and mature stage (S4). After the removal of low-

quality, poly-N, and adaptor sequences, the RNA-seq of the ‘Jiro’ and

‘Huojing’ fruit at the four stages yielded 160.80 GB of clean data. The

filtered samples contained nearly 6.70 GB of high-quality data with an

average Q30 base percentage of 92.42%. Approximately 85.43% of the

reads mapped to the reference D. kaki genome, and 4416 novel genes

were also identified. The transcriptome sequencing data were

confirmed through qRT-PCR. Seven DEGs were randomly selected

from the flavonoid metabolism pathway for qRT-PCR verification

(Figure S2). The expression profiles of these genes were consistent with

their FPKM values.
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The DEGs were compared using DESeq2 software, and selected

DEGs were then analyzed. There were 5009, 4023, 6340, and 10 989

DEGs in the Jiro_S1 vs. Huojing_S1, Jiro_S2 vs. Huojing_S2,

Jiro_S3 vs. Huojing_S3, and Jiro_S4 vs. Huojing_S4 groups,

respectively (Figure 2A). Venn diagrams showed that 849 genes

were differentially expressed in all the comparison groups,

suggesting that these DEGs might perform critical functions in

the regulation of flavonoids in PCNA and PCA fruit (Figure 2B).

These DEGs were analyzed by the KEGG database to identify their

associated pathways. This showed that the flavonoid biosynthesis

(ko00941) and phenylpropanoid biosynthesis (ko00940) pathways

were signicificantly enriched in the Jiro_S1 vs. Huojing_S1, Jiro_S2

vs. Huojing_S2, and Jiro_S3 vs. Huojing_S3 comparison groups.

These results indicated that flavonoid biosynthesis-related pathways

may play essential roles in different stages of PCNA and PCA fruit

development (Figures 2C-F).
3.4 Differential gene analysis of flavonoid
biosynthesis during the development of
PCNA and PCA persimmon fruit

Six expression patterns were generated through trend and

clustering analyses of the DEGs in the ‘Jiro’ and ‘Huojing’

varieties of the four developmental stages, termed Cluster 1-

Cluster 6 (Figure 3A). The genes in these expression profiles were

functionally analyzed by KEGG annotation (Figure 3B). The

expression levels of genes in Cluster 3 were higher in the

‘Huojing’ fruit than in the ‘Jiro’ fruit. Furthermore, the expression

levels of genes in Cluster 3 decreased gradually with fruit

maturation. The KEGG pathway analysis showed that genes in

Cluster 3 were mainly involved in several primary metabolic

processes, such as photosynthesis (ko00196) and starch and

sucrose metabolism (ko00500), and secondary metabolisc

processes, such as phenylalanine biosynthesis (ko00400) and

flavonoid biosynthesis (ko00941). These results indicated that

flavonoid metabolism was involved in the development of ‘Jiro’

and ‘Huojing’ fruit.

Genes involved in flavonoid biosynthesis were then selected

from Cluster III based on the results of the KEGG analysis. A total

of 44 DEGs involved in flavonoid biosynthesis were identified,

including CS, DAHPS, DHQS, DHD/SDH, EPSPS, PAL, C4H, 4CL,

CHS, CHI, F3H, DFR, ANS, FLS, OMT, SGT, UF3GT, LAC, ANR,

AHA10 (ATPase), and MATE (Supplementary Table 4). The

flavonoid-associated DEGs were more enriched in the Jiro_S1 vs.

Huojing_S1 group than in the other groups, and most of the DEGs

were decreased (Figure 3C). The analysis of the gene expression

levels found that the numbers of DEGs gradually decreased during

the developmental process and were specifically highly expressed in

Huojing_S1. These results indicated that flavonoid metabolism

occurred predominantly during in the early stage (S1) of fruit

development and the expression of flavonoid biosynthesis genes

in ‘Huojing’ was significantly higher than in the ‘Jiro’.
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3.5 Construction of a flavonoid co-
expression module during PCNA and PCA
fruit development

To further identify the specific genes involved in regulating

flavonoid metabolism during the development of PCNA and PCA

persimmon fruit, 29 057 genes were used in a WGCNA analysis

(Figure S3). To ensure high-scale independence (near 0.9), the b-value
was set at 5 (Figure S3A). The adjacency and topological overlap

matrices were then constructed (Figures S3B, S3C). Based on average

hierarchical clustering and dynamic tree clipping, a total of 42 modules

were obtained (Figure S3D). The expression levels of the MEbrown

transcripts were found to be significantly higher in S1 compared with

S2, and gene expression was significantly higher in Huojing_S1 than in

Jiro_S1 (Figure S3E). The MEblue module contains 3502 genes and

KEGG analysis of genes in these modules showed that the genes in the

MEblue module were associated with flavonoid biosynthesis during the

fruit development, specifically, phenylalanine biosynthesis (ko00400)

and flavonoid biosynthesis (ko00941) (Figure S3F).
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The genes with high connectivity in the MEblue module were

further investigated as candidate key genes related to flavonoid

metabolism. The top 10% of genes in terms of connectivity were

selected as potential hub genes. Of these, 12 hubs were identified as

potential regulators of flavonoid metabolism, including the

ups t r e am chor i sm ic a c id pa thway gene DHD/SDH

(evm.TU.contig8908.198); phenylpropanoid biosynthesis PAL gene

(evm.TU.contig9504.51) and C4H gene (evm.TU.contig22.251);

isoflavonoid biosynthesis genes CHI (evm.TU.contig3165.103 and

evm.TU.contig8036.16), and CHS (evm.TU.contig2115.175); flavone

and flavanonols biosynthesis genes F3H (evm.TU.contig4466.49),

F3’5’H (evm.TU.contig31.16), and FLS (evm.TU.contig4397.195);

anthocyanidin biosynthesis genes DFR (evm.TU.contig1073.253),

ANR (evm.TU.contig4466.754), ANS (evm.TU.contig5828.5), and

UF3GT (evm.TU.contig6534.24); And flavonoid transport MATE

(evm.TU.contig4078.12) gene. We observed the transcription factors

R 2 R 3MYB ( e v m . T U . c o n t i g 7 2 7 2 . 5 9 8 ) a n d WD4 0

(evm.TU.contig3208.5) also showed higher connectivity and were

closely associated with the above structural genes. Therefore, these
A B

DC

FIGURE 1

Comparison of metabolites between mature PCNA and PCA persimmon fruit. Scatter plot showing KEGG enrichment of DEGs between the PCNA
and PCA groups. (A) PCNA1 vs. PCA1 group. (B) PCNA1 vs. PCA2 group. (C) PCNA2 vs. PCA1 group. (D) PCNA2 vs. PCA2 group.
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TFs might participate in regulating the expression levels of the

structural genes in flavonoid biosynthesis (Figure 4).
3.6 Analysis of flavonoid metabolites during
the development of PCNA and PCA
persimmon fruit

To further confirm flavonoid differences in the PCNA and PCA

persimmon fruit during the developmental process, Quasi-Targeted

metabolomic analysis of flavonoid compounds was used to evaluate

the four developmental stages of PCNA and PCA persimmon fruit

(Figure 5). In total, 135 flavonoids were identified in LS and JS fruit

at different stages. These flavonoids included 75 flavonoids, 22

flavones and flavonols, 15 flavanones, 11 anthocyanins, four

chalcones and dihydrochalcones, four isoflavonoids, and four

tannins (Supplementary Table 5).

A total of 70 DAFs were identified among all the comparison

groups, including 36 flavonoids, 13 flavones and flavonols, eight

anthocyanins, six flavanones, four tannins, two chalcones, and

dihydrochalcones, and one isoflavonoid, of which 28 flavonoids

were glycosides. There were 27 DAFs in Jiro_S1 vs. Huojing_S1, 33

DAFs in Jiro_S1 vs. Huojing_S1, 41 DAFs in Jiro_S1 vs.
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Huojing_S1, and 27 DAFs in Jiro_S1 vs. Huojing_S1. Most of the

DAFs were significantly higher in Huojing_S1 than in Jiro_S1, with

only Procyanidin B2 and Procyanidin B3 were upregulated in at

least two stages. The DAFs in the ‘Huojing’ variety were stronger

than in the ‘Jiro’, which was consistent with the results of the RNA-

seq analysis. Further analysis revealed that 8, 4, 12, and 10 flavonoid

metabolites were stage-specific for S1, S2, S3, and S4, respectively

(Figures 5A, B). In addition, six metabolites were differentially

expressed at al l developmental stages, including 3,7-

dimethoxykaempferol-C-glucoside, corilagin, gallic acid, laricitrin,

methyl gallate, and phlorizin. These results further confirmed that

there were significant differences in the flavonoids between PCNA

and PCA persimmons, and that flavonoid biosynthesis pathways

play an essential role in PCNA and PCA fruit development.
3.7 Analysis of flavonoid biosynthesic genes
and metabolies during the development of
PCNA and PCA persimmon fruit

Based on the KEGG enrichment and WGCNA analyses, a

flavonoid biosynthetic pathway was systematically constructed

showing the expression levels of structural genes and the
A

B D

C

F

E

FIGURE 2

DEGs between ‘Jiro’ (PCNA type) and ‘Huojing’ (PCA type). (A) Summary of DEGs in different comparison groups of ‘Jiro’ and ‘Huojing’ fruit. (B) Venn
diagram of DEGs. (c–f) Scatter plot showing KEGG enrichment of DEGs in four developmental stages in the ‘Jiro’ and ‘Huojing’ comparison groups.
(C) Jiro_S1 vs. Huojing_S1 group. (D) Jiro_S2 vs. Huojing_S2 group. (E) Jiro_S3 vs. Huojing_S3 group. (F) Jiro_S4 vs. Huojing_S4 group.
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flavonoid contents during PCNA and PCA persimmon fruit

development (Figure 6). Eleven structural genes and eight

flavonoids were mapped to the pathway. Two structural genes

(PAL and C4H) participated in the upstream phenylpropanoid

pathway and nine structural genes (CHS, 2 CHIs, F3’H, F3’5’H,

DFR, ANS, ANR, and UF3GT) participated in the flavonoid

biosynthetic pathway. PAL2 catalyzes the transformation of

phenylalanine to cinnamic acid and as the expression of C4H was

significantly higher in Huojing_S1 than in Jiro_S1, there was a

upregulation of r-coumaroyl-CoA, with downregulation of

cinnamic acid. Subsequently, a series of flavonoid structural

genes, CHS, CHIs, F3’5’H, and F3’H showed significantly higher

expression levels in Huojing_S1. Thus, some crucial intermediates

such as dihydrokaempferol and dihydromyricetin, produced by the

enzymes encoded by these structural genes, accumulated highly in

Huojing_S1 than in Jiro_S1. All genes related to anthocyanin

biosynthesis, such as F3’5’H, DFR, ANS, ANR, and UF3GT, were

significantly downregulated in ‘Jiro’ , resulting in lower

accumulation of anthocyanins, such as pelargonidin chloride and

cyanidin 3-O-glucoside in ‘Jiro’ than ‘Huojing’, which might be

associated with the differences in flesh color between ‘Jiro’ and

‘Huojing’. However, the levels of the colorless metabolites catechin
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(gallocatechin) and proanthocyanidin (procyanidin B2 and

procyanidin B3) metabolites were significantly higher in Jiro_S4

than Huojing_S4. These findinge demonstrated the main

contributions of these eight DAFs to the differences in flavonoid

biosynthesis between PCNA (‘Jiro’) and PCA (‘Huojing’), and the

critical regulatory roles of 11 genes associated with flavonoid

synthesis were hypothesized.
4 Discussion

As a fruit tree cultivated worldwide, the persimmon has

essential ecological, economic, and social value. Presently,

persimmon trees are mainly grown for their fruit, which can be

eaten fresh or dried. Persimmon fruit varies greatly in terms of

specific qualities, with significant variations observed between

PCNA and non-PCNA persimmons (Novillo et al., 2016; Yildiz

and Kaplankiran, 2018). Volatile compounds also vary significantly

between PCNA and PCA fruit, especially in terms of aldehydes

(Elhadi, 2017). In addition to soluble tannin, the astringency type

also affected the contents of total phenolics, flavonoids, soluble

solids, individual sugars, as well as antioxidant capacity
A B

C

FIGURE 3

Expression patterns and KEGG analysis of genes in the transcriptomes of PCNA and PCA fruit. (A) Heatmap showing the overall common expression
pattern. Heatmaps were constructed using the normalized gene expression values. (B) Expression profiles and KEGG annotations of six clusters. The
y-axis of each cluster represents the KEGG categories, while the x-axis represents the rich factors. Red dots represent significantly overrepresented
KEGG pathways. (C) Summary of flavonoid-associated DEGs in different comparison groups of ‘Jiro’ and ‘Huojing’. a, ABC transporters; b, alpha-
Linolenic acid metabolism; c, Amino sugar and nucleotide sugar metabolism; d, Arachidonic acid metabolism; e, Autophagy- other; f, Chromosome
and associated protein; g, Circadian rhythm-plant; h, Cytoskeleton proteins; i, Exosome; j, Fatty acid biosynthesis; k, Flavonoid biosynthesis; l,
Glycine, serine and threonine metabolism; m, Glycosyltransferases; n, Ion channels; o, Lipopolysaccharide biosynthesis proteins; p, MAPK signaling
pathway-plant; q, Membrane trafficking; r, Mitochondrial biogenesis; s, N-Glycan biosynthesis; t, Nitrogen metabolism; u, Oxidative phosphorylation;
v, Phagosome; w, Phenylalanine, tyrosine and tryptophan biosynthesis; x, Photosynthesis; y, Photosynthesis-antenna proteins; z, Plant hormone
signal transduction; aa, Porphyrin metabolism; ab, Promasome; ac, Protein export; ad, Protein processing in endoplasmic reticulum; ae, Ribosome;
af, Ribosome biogenesis; ag, Ribosome biogenesis in eukaryotes; ah, Spliceosome; ai, Starch and sucrose metabolism; aj, Transcription factors; ak,
Transcription machinery; al, Ubiquitin system.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1130047
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wang et al. 10.3389/fpls.2023.1130047
(Novillo et al., 2016; Yildiz and Kaplankiran, 2018). These studies

provide a preliminary survey of how the astringency type affects the

quality of the persimmon fruit; however, given the importance of

flavonoids, the flavonoid composition and potential mechanisms

involved in the regulation of flavonoid biosynthesis between the

PCNA and PCA fruit varieties still require clarification.

With the rapid development of transcriptome sequencing,

many studies have attempted to elucidate the molecular basis of

flavonoid biosynthesis via RNA-seq. The key genes involved in

flavonoid biosynthesis were identified by stage-specific

transcriptomic analysis in the petals of Camellia nitidissima (Liu

et al., 2023). Changes in the key genes and flavonoid metabolites

were also investigated using metabolomics and transcriptomics in

the developing exocarp and embryo of hickory (Chen et al., 2022).

Metabolomics examines the overall metabolic profile of plant

samples through high-throughput detection and data processing

(Foito and Stewart, 2018) and can thus provide a reliable method

for investigating compounds contributing to the flavor of the

persimmon fruit. GC-MS has been used previously to identify

volatile components in persimmon fruit (Besada et al., 2013;
Frontiers in Plant Science 0815
Elhadi, 2017). Nineteen polyhydroxyphenols were found to be

reduced in CO2-treated fruit using untargeted metabolomics

analysis, suggesting that persimmon browning might be caused

by phenolic compounds (Han et al., 2022). Differences in

metabolites between five Japanese persimmons were investigated

using NMR (Ryu et al., 2019). In this study, a comprehensive

transcriptomic and metabolite analysis was conducted to determine

the differences in flavonoid composition between PCNA and PCA

persimmons and identify genes related to flavonoid biosynthesis.

Flavonoid biosynthesis is complicated and diverse and requires

the substrates derived from the phenylpropanoid pathway (Liu

et al. , 2021). Phenylpropanoid biosynthesis, flavonoid

biosynthesis, flavone and flavonol biosynthesis, phenylalanine

metabolism, isoflavone biosynthesis , and anthocyanin

biosynthesis were observed to be enriched during the

development of hickory fruit (Chen et al., 2022). In this study, a

full-spectrum metabolomic determination of persimmon fruit was

performed using liquid chromatography and triple quadrupole

mass spectrometry in the MRM mode. This resulted in the

identification of a total of 135 flavonoids, greatly broadening our
FIGURE 4

Weighted gene coexpression network analysis. The linkages between TFs and flavonoid-related structural genes in the MEblue module and the sizes
of round rectangles were changed according to gene connectivity.
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knowledge of flavonoids in ripening persimmon fruit. KEGG

analysis of the differential accumulated metabolites in PCNA and

PCA persimmons showed that pathways involved in

phenylpropanoid biosynthesis , flavonoid biosynthesis ,

phenylalanine metabolism, anthocyanin biosynthesis, and flavone

and flavonol biosynthesis were significantly enriched, indicating not

only the high accumulation of flavonoids in persimmons but also

that the flavonoids differed significantly between PCNA and PCA

persimmons, which may be responsible for the differences in

nutritional value and taste between the PCNA and PCA fruit.
Frontiers in Plant Science 0916
In this study, a total of 70 differential accumulated flavonoids

were identified between the fruit of the PCNA (‘Jiro’) and PCA

(‘Huojing’) persimmon varieties at different developmental stages,

of which the top three were flavonoids (36), flavones and flavonols

(13), and anthocyanins (8). Twenty-eight DAFs were glycosides,

which were mainly glycosylated derivatives of quercetin and

cyanidin. Quercetin is mostly present in plants as glycosides and

has been reported in foods such as onions, apples, broccoli, and tea,

and it also has beneficial effects on health (Zheng et al., 2017).

Glycoside modifications enhance the water solubility, structural
A

B

FIGURE 5

Differentially accumulated flavonoids (DAFs) in ‘Jiro’ (PCNA type) and ‘Huojing’ (PCA type). (A) Heatmap of the DAFs. The Heatmaps depict the
normalized gene expression values, representing the mean value of three biological replicates. (B) Venn diagram of DAFs.
FIGURE 6

Diagram of phenylpropanoid and flavonoid biosynthetic pathways involving DEGs and DEMs. Heatmaps represent the normalized expression values.
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complexity, and molecular stability of flavonoids (Bai et al., 2022).

Thus, flavonoids with glycosides could play essential roles in plant

growth, hormonal balance, and the elimination of toxic endogenous

and exogenous substances (Wang et al., 2017; Bai et al., 2022); it has,

for instance, been shown that delphinidin and its glycosides

enhance plant resistance to a wide range of biotic and abiotic

stresses (Silva et al., 2017).

In the early stages of flavonoid biosynthesis, the PCNA (‘Jiro’)

and PCA (‘Huojing’) cultivars differed in the expression of the C4H

(evm.TU.contig22.251), PAL (evm.TU.contig9504.51), CHI

(evm.TU.contig3165.103 and evm.TU.contig8036.16), and CHS

(evm.TU.contig2115.175) genes. L-phenylalanine is converted to

cinnamic acid by PAL, the frist enzyme in the flavonoid

biosynthetic pathway (Heldt and Piechulla, 2011). In addition to

PAL, C4H, CHS, and 4CL play critical roles in the synthesis of

crucial secondary metabolites such as lignin, phenolic acids,

coumarin, flavonoids, and anthocyanins (Chen et al., 2022; Xia

et al., 2022). Subsequently, r-Coumaric-CoA produces naringenin,

which is catalyzed by CHS and CHI (Yuan et al., 2022). CHS is a key

initiating enzyme and forms part of a multi-gene family in most

s p e c i e s ( N i e s b a c h - K l ö s g e n e t a l . , 1 9 8 7 ) . CH S

(evm.TU.contig2115.175) expression was observed to be

significantly lower in cultivar ‘Jiro’ compared with ‘Huojing’ at

t h e e a r l y s t a g e . T w o D EG s t h a t e n c o d e CH I

(evm.TU.contig3165.103 and evm.TU.contig8036.16) were also

identified between PCNA and PCA persimmons; these two CHI

genes were highly expressed in cultivar ‘Huojing’ at stage 1. The

expression levels of these genes might influence flavonoid

metabolism in PCNA and PCA persimmons.

At the late stage of flavonoid biosynthesis, the F3H

(evm.TU.contig4466.49), F3’5’H (evm.TU.contig31.16), and FLS

(evm.TU.contig4397.195), DFR (evm.TU.contig1073.253), ANS

(evm.TU.contig5828.5), ANR (evm.TU.contig4466.754), and

UF3GT (evm.TU.contig6534.24) genes showed differential

expression between PCNA ( ‘Jiro’) and PCA ( ‘Huojing ’)

persimmon fruit. Two key enzymes, F3’H and F3’5’H, regulate the

hydroxylation of naringenin and dihydrokaempferol at the 3’

position or both the 3’ and 5’ locations in the B ring (Bailey et al.,

2003), and the products are crucial intermediates in the biosynthesis

of anthocyanins and proanthocyanidins (Jeong et al., 2006). Thus,

the genes encoding the F3’H and F3’5’H enzymes have been

extensively studied in horticultural plants such as cyclamen

(Boase et al., 2010), tea (Guo et al., 2019) and grapes (Jeong et al.,

2006). In this study, F3’H (evm.TU.contig4466.49) showed

significantly lower expression in cultivar ‘Jiro’ compared with

‘Huojing’ at the early stage when it catalyzes dihydrokaempferol

to produce dihydroquercetin, a substrate of cyanidin. F3’5’H

(evm.TU.contig31.16) catalyzes the synthesis of dihydromyricetin,

a substrate of leucodelphinidin. These results are consistent with

those of similar studies of Rhododendron pulchrums (Xia

et al., 2022).

LAR and ANS play essential roles in the synthesis of

proanthocyanins and anthocyanins; both are downstream genes

of the flavonoid biosynthetic pathway and catalyze leucocyanidin

into catechins and cyanidins, respectively (Springob et al., 2003).

ANR and LAR encode key enzymes involved in the production of
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2,3-cis-flavan-3-ols [(-)-epigallocatechin (ECG), (-)-epicatechin

(EC), and (-)-epi-gallocatechin 3-O-gallate (EGCG)] and 2,3-

trans-flavan-3-ols [(+)-gallocatechin (GC) and (+)-catechin (CA)]

respectively (Ikegami et al., 2007). Interestingly, there were no

differences in the LAR expression level between the two cultivars

but ANR (evm.TU.contig4466.754) was expressed at higher levels in

cultivar ‘Huojing’, a finding similar to previous studies showing that

the expression level of DkANR was much higher than that of

DkLAR during proanthocyanin accumulation (Akagi et al., 2009).

This resulted in a lower epicatechin content in the PCNA

persimmon and was one of the main reasons for the reduction in

the proanthocyanin contents in PCNA types. Cyanidin and

pelargonidin usually provide the red pigment in fruit and flowers

(Harborne and Williams, 2000). In this study, UF3GT

(evm.TU.contig6534.24) catalyzed the formation of cyanidin 3-O-

glucoside, and ANS (evm.TU.contig5828.5) also catalyzed naringin

to produce pelargonidin chloride; both two genes were expressed at

higher levels in ‘Huojing’ than in ‘Jiro’, which might result in the

accumulation of less red pigmentation in PCNA persimmons.

Genes involved in flavonoid biosynthesis are mainly regulated

by the MYB, bHLH, and WD40 TFs and their MBW complex in

plants (Hichri et al., 2011), such as rose (Shen et al., 2019) and pears

(Premathilake et al., 2020). R2R3MYB TFs are core members of the

MBW complex and are involved in the regulation of flavonoid

biosynthesis through binding to the promoter regions of structural

genes (Yoshida et al., 2015). In pears, PpMYB17 has been shown to

positively regulate flavonoid biosynthesis by activating the

structural genes PpCHS, PpCHI, PpF3H, and PpFLS in fruit

(Premathilake et al., 2020). In persimmon, the combined action

of DkMYB2, DkMYC1, and DkMYB4 (MBW) increases the

expression levels of the ANR gene involved in the biosynthesis of

the proanthocyanin precursor cis-flavan-3-ols (Gil-Muñoz et al.,

2020), supporting the above findings on the structural gene ANR

and the cis-flavan-3-ols epicatechin content. Besides, DkMYB14 in

the Chinese PCNA (C-PCNA) persimmon was found to suppress

proanthocyanin biosynthesis and activate acetaldehyde

biosynthesis, resulting in the deastringency of the C-PCNA

persimmon fruit (Chen et al., 2021). MYB82 is involved in

trichome development (Liang et al., 2014) and has potential roles

in anthocyanin biosynthesis in Arabidopsis (Yang et al., 2013). In

this study, an R2R3MYB (evm.TU.contig7272.598) was identified by

WGCNA, which was homologous to AtMYB82 and BrMYB82

(Yang et al., 2013), indicating a potential role of MYB82 in

anthocyanin biosynthesis regulation; however, the mechanism

remains requires further investigation and confirmation.

In conclusion, a comprehensive metabolomic and

transcriptomic analysis of PCNA (‘Jiro’) and PCA (‘Huojing’)

persimmon fruit was conducted. The concentration of flavonoids

in ‘Huojing’ was found to be significantly higher than in ‘Jiro’ fruit,

especially the concentrations of the proanthocyanin precursor 2,3-

cis-flavan-3-ols epicatechin and anthocyanin cyanidin derivatives.

Combined WGCNA and KEGG analyses showed that genes such as

PAL, C4H, CHI, CHS, F3H, F3’5’H, FLS, DFR, ANR, ANS, and

UF3GT involved in the phenylpropanoid and flavonoid

biosynthetic pathways might be the major factors impacting the

proanthocyanin precursor flavan-3-ols and the anthocyanin
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content. Moreover, the R2R3MYB (evm.TU.contig7272.598) and

WD40 (evm.TU.contig3208.5) TFs showed significant connections

with the above structural genes. This study provides basic

information on flavonoid biosynthesis and regulatory network in

persimmon fruit and lays a foundation for ongoing investigations

on the influence of astringency types on flavor components in

PCNA and PCA persimmon.
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Introduction: Leptochloa chinensis is an annual weed in paddy fields, which can

engage in competition with rice, leading to a severe yield reduction. However,

theunderlying mechanism governing this interaction remain unknown.

Methods: In this study, we investigated the mutual inhibition between rice and

the weed undermono-culture and co-culture conditions. We found that the root

exudates of both species played essential roles in mediating the mutual

inhibition. Further metabolomic analysis identified a significant number of

differential metabolites. These metabolites were predominantly enriched in the

phenylpropanoid and flavonoid biosynthesis pathways in weed and rice.

Transcriptomic analysis revealed that the differentially expressed genes

responding to the interaction were also enriched in these pathways.

Results: Phenylpropanoid and flavonoid biosynthesis pathways are associated

with allelopathy, indicating their pivotal role in the response of rice-weed mutual

inhibition.

Discussion:Our findings shed light on the conservedmolecular responses of rice

and L. chinensis during theirinteraction, provide evidence to dissect the

mechanisms underlying the allelopathic interaction and offer potential

strategies for weed management in rice paddies.
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Introduction

Leptochloa chinensis, a highly invasive weed, represents a

significant challenge in rice ecosystems (Wang et al., 2022). L.

chinensis has recently become the major weed in direct seeded rice

fields, encompassing approximately 21% of the total rice production

area (Chakraborty et al., 2017). The combination of high seed

production (Zheng and Huang, 1997) and the development of

herbicide resistance (Yu et al., 2017; Zhang et al., 2021) in L.

chinensis presents significant challenges for field management.

The prolific seed production of this weed allows it to rapidly

spread and establish itself in rice fields, exacerbating weed

infestation and further reducing rice yields. Moreover,

conventional chemical herbicides, which have long been used as

the primary method for weed management, may no longer be as

effective in controlling herbicide-resistant L. chinensis populations.

Continued reliance on chemical herbicides in the presence of

resistant weeds can lead to escalating herbicide use, posing

serious risks to the soil environment and overall ecosystem

health. Therefore, implementing environmentally friendly weed

management strategies is important to address the challenges

posed by herbicide-resistant weed L. chinensis.

During the course of their growth and development, plants

release specific metabolites (also referred to as allelochemicals) into

the surrounding environment (Kong et al., 2019). This

phenomenon, known as allelopathy, leads to mutual exclusion or

promotion among plants in close proximity (de Wit et al., 2012;

Rice, 2012; Pierik et al., 2013; Karban, 2015). Allelopathy is a

widespread occurrence in nature and holds significant

implications for the competition dynamics between crops and

weeds. The allelopathy exerted by weeds on crops often results in

substantial losses in crop yield. Enhancing our understanding of the

intricacies of allelopathy is crucial for devising effective strategies to

mitigate its detrimental impact on crop production. Allelochemicals

play a pivotal role in modulating and influencing interactions

within plant communities and between plants and other

organisms. Allelochemicals exert their influence through various

mechanisms, including direct contact, release of volatile

compounds, or secretion into the rhizosphere, resulting in a

cascade of physiological and biochemical responses in target

organisms (Farmer, 2001; Ma et al., 2016; Rasmann and Turlings,

2016). By modulating metabolic pathways, and signal transduction

processes, allelochemicals regulate the growth, development, and

physiological functions of target organisms (Heil and Ton, 2008;

Broz et al., 2010; Inderjit et al., 2011).

The biosynthesis of phenylpropanoid biosynthesis and

flavonoid is essential pathways in allelopathic interactions

between plants. These pathways produce a variety of secondary

metabolites, which act as allelochemicals and mediate the chemical

signals involved in allelopathy. Phenylpropanoid biosynthesis

produces a diverse group of phenolic compounds, such as

coumarins, lignins, and tannins (Randhir et al., 2004). These

phenolic compounds act as potent phytotoxins that can inhibit

the germination and growth of neighboring plants and weeds (Lin

et al., 2016; Yang et al., 2020). Flavonoids are phenylpropanoid
Frontiers in Plant Science 0222
metabolites, most of which are synthesized from p-coumaroyl-CoA

and malonyl-CoA and share their precursors with the biosynthetic

pathway for lignin biosynthesis (Hassan and Mathesius, 2012).

Flavonoids can be released by plants into the surrounding soil or

through root exudates, influencing the germination and growth of

neighboring plants and weeds (Gressel et al., 2004; Hooper et al.,

2010; Khan et al., 2010). They induce oxidative stress in weed cells,

leading to the accumulation of reactive oxygen species (ROS) and

causing cellular damage (Bais et al., 2003).

In this study, we conducted a combined metabolomics and

transcriptomics approaches, identified a significant number of

differentially expressed metabolites (DEMs) and differentially

expressed genes (DEGs) associated with the mutual inhibition of

rice and L. chinensis during their co-culture. Among the pathways

implicated in this mutual inhibit ion, biosynthesis of

phenylpropanoid and flavonoid stood out as potentially crucial

players. This work provides a dataset of the potential metabolites

and candidate genes that contribute to the mutual inhibition

between rice and L. chinensis.
Results

A mutually inhibition between
rice and L. chinensis

Competition between rice and weeds is often accompanied by

allelopathy, particularly prominent during the seedling stage of

plant growth, with profound implications for plant competition and

establishment (Li et al., 2021). To investigate the interaction

between rice (Oryza sativa L.) and Leptochloa chinensis, we

generated a system consist of a cylindrical barrier composed of

0.45 mm nylon mesh positioned at the center of each pot

(Figures 1A, B). The mesh was used: 1) to prevent the

penetration of roots but to allow chemical and bacterial

interactions; 2) to function as a barrier obstructing mycorrhizal

linkages (Kong et al., 2018). Through co-culturing rice Nipponbare

and L. chinensis and comparing them with their respective mono-

cultures, we observed an obvious reduction in root growth of rice

(31%) and L. chinensis (28%) (Figures 1A, C).
Metabolic profiling of rice and L. chinensis
during their interaction

To determine the presence of root-mediated chemical signal

communication that results in mutual root growth inhibition

between rice and L. chinensis, we performed a widely used Liquid

Chromatography Tandem Mass Spectrometry (LC-MS/MS) based

metabolomics. Principal component analysis (PCA) of the

metabolomic profiles indicated that the metabolites presented

distinct variations at different conditions and high reproducibility

among replicates (Figures 2A, B). A comprehensive analysis

identified a total of 131 DEMs in rice and 143 DEMs in L. chinensis

(Table S1). Subsequently, a correlation analysis was conducted to
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investigate the relationships among the identified DEMs (Figures 2C,

D). A heatmap with hierarchical clustering analysis of proportional

content for all DEMs is shown in Figures 2E, F. Volcano plots show all

differential metabolites for mono-cultured rice v.s. co-cultured rice (50

upregulated and 81 downregulated) and mono-cultured L. chinensis

v.s. co-cultured L. chinensis (45 upregulated and 98 downregulated)

(Figures 3A, B; Table S1). The accumulation of the majority of

differential metabolites was lower in monoculture conditions than in

co-culture environments for rice and L. chinensis. Compared to their

respective monoculture conditions, obvious changes in the metabolic

profiles of both rice and L. chinensis following their co-culture were

detected, indicating a robust metabolic modification.

Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis

showed that the interaction between rice and L. chinensis influences

multiple biological pathways (Figures 3C, D), such as the biosynthesis

of isoquinoline alkaloid, phenylpropanoid and flavonoid. These

identified pathways are intricately associated with allelopathy

(Whittaker and Feeny, 1971), and the enrichment of these pathways

in both rice and L. chinensis implies the adoption of highly similar

coping strategies by both species in response to such interactions. The

metabolites released by L. chinensis in response to allelopathy exhibited

a higher degree of specific enrichment compared to rice in metabolite

category phenylalanine metabolism. These findings suggest a

convergence of molecular mechanisms underlying their respective
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responses, which provides a potential explanation for the observed

inhibition of root length in co-cultures of rice and L. chinensis.
Transcriptomic dynamic profiling between
rice and L. chinensis interaction

In order to validate the findings from the metabolomic analysis, we

conducted transcriptome analysis to investigate the underlying genetic

basis of the interaction between rice and L. chinensis. Root samples

from four distinct treatments [rice mono-culture, co-culture samples

(rice and L. chinensis) and L. chinensismono-culture] were subjected to

RNA-sequencing. Through a comparative analysis of gene expression

between mono-cultured rice and co-cultured rice, we identified a total

of 1,948 differentially expressed genes (DEGs, 1,026 upregulated and

922 downregulated) in rice (Figure 4A). We observed 2,598

differentially expressed genes in L. chinensis, with 1,734 genes

showing significant up-regulation and 864 genes demonstrating

significant down-regulation after co-cultured with rice (Figure 5A;

Table S2). These results suggest that the interaction between rice and L.

chinensismake substantial changes in the expression patterns of genes.

Gene Ontology (GO) enrichment analysis showed that the DEGs

in rice were primarily associated with biological processes such as

oxidation-reduction process, phenylpropanoid biosynthesis, and
A B

C

FIGURE 1

The mutual inhibition between rice and L. chinensis. (A) The co-cultured rice and L. chinensis results in a notable occurrence of mutual growth
inhibition. The seedlings were grown in soil-filled cylindrical pots for 20 days. Bar=10 mm. (B) The pot experiment pattern diagram includes visual
elements to illustrate key components. Specifically, a dashed cylindrical line is implemented to represent the 0.45 mm nylon mesh barrier. The red
pentagram symbolizes rice nipponbare, while the blue hexagon represents L. chinensis. (C) Statistical analysis of root length in the pot experiment.
The data shown are the means ± SDs (n = 15; n refers to the number of seedings per group). One-way ANOVA with Tukey’s test.
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secondary metabolic process. These genes were also enriched in

molecular functions, such as iron ion binding, antioxidant activity,

and oxidoreductase activity and enriched in cell components such

extracellular region and apoplast (Figure 4B). Similarly, the DEGs in L.

chinensis were associated with biological processes such as oxidation-
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reduction process, toxin metabolic process and secondary metabolic

process. These DEGs were also enriched in molecular functions, such

as heme binding, antioxidant activity, and oxidoreductase activity and

enriched in cell components such as extracellular region and

membrane (Figure 5B). Additional, KEGG analysis showed that
A B

D

E F

C

FIGURE 2

Dynamic metabolome of rice and L. chinensis in the reciprocal inhibition. (A, B) Principal component analysis (PCA) of metabolites identified in
mono-cultures v.s. co-cultures (rice and L. chinensis). (C, D) Correlation analysis of metabolites identified in mono-cultures vs co-cultures (rice and
L. chinensis). (E, F) Heatmap of all differentially expressed metabolites (DEMs) in rice and L. chinensis. Color indicates level of relative content of each
DEM, from blue (low) to red (high).
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interaction between rice and L. chinensis affect pathways in rice,

including phenylpropanoid biosynthesis, flavonoid biosynthesis, and

glutathione metabolism (Figure 4C). In L. chinensis, the pathways

affected by this interaction also exhibit striking similarities to those

observed in rice, including phenylpropanoid biosynthesis, flavonoid

biosynthesis, and cysteine and methionine metabolism (Figure 5C).

This parallelism suggests a conserved response mechanism across these

two species. Results of the metabolomic and transcriptomic analyses

together indicated that the interaction between rice and L. chinensis is

likely attributed to allelopathy. The observed similarities in the affected

pathways between L. chinensis and rice align with the parallel patterns

identified in their metabolomic profiles. This congruence further

supports the notion that L. chinensis and rice share common

metabolic responses and employ similar strategies in response to

their interaction.
Expression patterns associated
with phenylpropanoid and
flavonoid biosynthesis

To gain a more comprehensive understanding of the

distribution of differential metabolites and differential genes
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within the biosynthesis pathways of phenylpropanoid and

flavonoid, we performed an integrated analysis by combining

transcriptomic and metabolomic data. This approach allowed us

to map the expression patterns of these two pathways and identify

key regulatory nodes that contribute to the allelopathic interaction

between rice and L. chinensis.

Concerning phenylpropanoid biosynthesis, the accumulation of

p-coumaric acid and coniferyl-aldehyde was higher in co-cultured

rice than in mono-cultured rice, while the accumulation of

metabolite tyrosine lower. The DEGs associated with the

phenylpropanoid metabolism pathway in rice was predominantly

up-regulated in the co-culture. In L. chinensis, major metabolites

such as p-coumaric acid, tyrosine, and, phenylalanine were

remarkably elevated in the co-culture. Similar to rice, DEGs

associated with the phenylpropanoid metabolism pathway in L.

chinensis was mainly up-regulated in the co-culture (Figure 6A).

However, at the step from coniferyl-alcohol to guaiacyl lignin in this

pathway, gene expression demonstrated a down-regulation trend in

L. chinensis, which differed from the up-regulation observed in rice.

These differences in gene expression patterns suggest that rice and

L. chinensis respond differently to the allelopathic signals.

Concerning flavonoid biosynthesis, the observation of up-

regulation of metabolite naringenin in both rice and L. chinensis
A B

DC

FIGURE 3

Changes in co-culture-induced metabolite are involved in various pathways. (A, B) Volcano plots of differential metabolites in mono-cultures vs co-
cultures (rice and L. chinensis). (C, D) KEGG pathway enrichment analysis of DEMs in mono-cultures vs co-cultures (rice and L. chinensis).
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in co-cultures compared to mono-cultures suggests a common

response to the allelopathic interaction between these two plant

species. This shared up-regulation of naringenin indicates that it

may play a crucial role in mediating the allelopathic effects during

their co-culture. Furthermore, the finding of highly similar

differential gene expression patterns related to flavonoid

metabolism in both rice and L. chinensis reinforces the notion of

a conserved response to the allelopathic signals (Figure 6B). These

results suggested that the flavonoid metabolism pathway is

conserved in the two species and may be a critical component of

their allelopathic response.
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Discussion

Weed infestations pose a significant threat to rice crops, leading

to substantial yield losses (Oerke, 2006). The escalating damage

caused by L. chinensis in southern Chinese rice fields is a matter of

particular concern (Peng et al., 2020). While chemical weed control

has been widely adopted as an effective method, it brings about

adverse environmental consequences and the emergence of

herbicide-resistant superweeds. The exploration of allelopathy and

allelochemicals holds promise for providing alternative and

sustainable approaches to weed management in rice cultivation,
A

B

C

FIGURE 4

Transcriptome of rice in the reciprocal inhibition between rice and L. chinensis. (A) The volcano plot of differentially expressed genes (DEGs) in
mono-cultures versus co-cultures (rice); (B) Gene ontology (GO) analysis of induced-DEGs in mono-cultures versus co-cultures. The DEGs were
summarized in biological process (BP), cellular component (CC) and molecular function (MF). (C) KEGG annotation of induced-DEGs in mono-
cultures versus co-cultures. The Rich factor is the ratio of the number of DEGs annotated in a pathway term to the total number of genes in that
pathway.
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with the potential to mitigate the reliance on chemical interventions

and alleviate environmental hazards (Duke et al., 2002; de

Albuquerque et al., 2011; Farooq et al., 2011).

In this study, we observed a notable mutual suppression

between rice and L. chinensis through controlled potting

experiments. Co-cultures of both plants exhibited a more

pronounced inhibition of root length compared to separate

cultures. We implemented a 0.45 mm nylon membrane in the soil,

which allowed chemical and bacterial interactions but impeded the

penetration of roots and common mycorrhizal hyphae (Kong et al.,

2018). This membrane selectively permitted the passage of small

molecules, indicating that the secretion of secondary metabolites

into the environment likely contributes to the observed mutual

inhibition phenomenon. To unravel the strategies employed by rice

and L. chinensis in response to the mutual inhibition, we employed

metabolomic and transcriptomic analyses to investigate their
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respective metabolic and transcriptional responses. We

established a comprehensive network that incorporates differential

gene and metabolite data, revealing the interaction between rice and

L. chinensis. Notably, both plants exhibited a remarkable similarity

at the transcriptional and metabolic levels in their responses to

mutual inhibition. This finding suggests a conserved strategy in

both rice and L. chinensis when confronted with allelopathic stress.

Overall, our study provides evidence for the occurrence of

allelopathic interactions between rice and L. chinensis. The

utilization of metabolomic and transcriptomic approaches

enhances our understanding of the mechanisms underlying their

responses to allelopathy. These findings contribute to a broader

comprehension of the conserved strategies adopted by both rice and

L. chinensis in the face of allelopathic stress.

Phenylpropanoid biosynthesis and flavonoid biosynthesis

pathways are intricately linked to allelopathy (Whittaker and
A

B

C

FIGURE 5

Transcriptome of L. chinensis in the reciprocal inhibition between rice and L. chinensis. (A) The volcano plot of differentially expressed genes (DEGs)
in mono-cultures versus co-cultures (L. chinensis); (B) Gene ontology (GO) analysis of induced-DEGs in mono-cultures versus co-cultures. The
DEGs were summarized in biological process (BP), cellular component (CC) and molecular function (MF). (C) KEGG annotation of induced-DEGs in
mono-cultures versus co-cultures. The Rich factor is the ratio of the number of DEGs annotated in a pathway term to the total number of genes in
that pathway.
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Feeny, 1971). The DEGs and DEMs in rice and L. chinensis revealed

a significant enrichment of pathways associated with

phenylpropanoid biosynthesis and flavonoid biosynthesis when

compared to their respective monocultures. Implying that

allelopathic interactions indeed occur between rice and L.

chinensis. The observed enrichment suggested that both species

respond to allelopathy by regulating key genes and metabolites

involved in phenylpropanoid and flavonoid synthesis.

Phenylpropanoid metabolism contributes to plant development

and plant-environmental interplay (Dong and Lin, 2021).

Phenylpropanes are a typical secondary metabolite, including,

l i gn in , flavonoids , l i gn ins , pheny lpropano id es t e r s ,

hydroxycinnamicacid amides, and sporopollenin, are known for

their inhibitory effects on the growth and development of

neighboring plants (Boerjan et al., 2003; Yuan and Grotewold,

2020). Flavonoids, including flavones, flavonols, and flavanones,
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possess diverse allelopathic activities and contribute to the

regulation of plant-plant interactions (Winkel-Shirley, 2001;

Zhang et al., 2007; Wang et al., 2018). The production and release

of phenylpropanoids and flavonoids by plants enable them to

modulate the surrounding environment, influencing the

physiology and growth of neighboring organisms. Indeed,

exploring and developing natural herbicides derived from plant

extracts or other organic sources can offer a promising eco-friendly

alternative to chemical herbicides. By identifying and harnessing

candidate metabolites from plant species, as demonstrated in our

work, we contribute valuable insights into potential

biogenic herbicides.

In summary, our study demonstrates mutually suppressive

allelopathy between rice and L. chinensis. We constructed

comprehensive metabolic and transcriptional regulatory networks,

revealing a degree of conservation in their response strategies to
A B

FIGURE 6

Analysis of key metabolic pathways in the interaction between rice and L. chinensis. (A) Expression profiles of DEGs and DEMs associated with
phenylpropanoid biosynthesis. (B) Expression profiles of DEGs and DEMs associated with flavonoid biosynthesis.
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allelopathy. Our findings reveal the significant involvement of

phenylpropanoid and flavonoid synthesis pathways in the

response of both rice and L. chinensis to mutually inhibitory

allelopathic interactions. These pathways are likely involved in the

production of allelochemicals that contribute to the inhibitory

effects observed during their interaction. Our data on candidate

metabolites offer new perspectives and potential targets for the

development of novel herbicides. These findings have significant

implications for the development of effective strategies for weed

management and crop protection in agricultural systems.
Materials and methods

Plant material and growth conditions

Rice Nipponbare and L. chinensis seeds were immersed in 0.3%

gibberellin solution for 30 min. After rinsing thoroughly with

distilled water, they were germinated in Petri dishes for 72 h.

Germinating seedlings were grown under long-day conditions at

26-28°C.
Rice-neighbor interactions

The experiment for rice–neighbor interactions were carried out

in plastic pots (11 cm diameter × 12 cm height) that contained a

central cylinder (7.5 cm diameter, 12 cm height) where a barrier

covered with 0.45 mm nylon mesh (prevented penetration of both

roots and common mycorrhizal hyphae but allowed chemical and

bacterial interactions) (Kong et al., 2018). Rice and L. chinensis at

8:8 proportions were sown simultaneously in the pots.

Monocultures of rice or L. chinensis served as the controls. The

experiments were conducted in a completely randomized design

with three replicates for each treatment or control. All pots from the

experiments described above were placed in a greenhouse with 20–

30°C night and daytime temperatures and 65–90% relative

humidity, watered daily and their positions randomized once a

week. Seedlings were harvested after 3 weeks for subsequent

metabolome and transcriptome analyses. To be better compare

the metabolite and gene expression, we have employed a specific

approach. In our co-culture experiment, we compare the outer rice

plants exclusively to the outer rice plants in the mono-culture

experiment. Similarly, the inner L. chinensis plants in the co-

culture experiment are compared solely to the inner L. chinensis

plants in the mono-culture L. chinensis experiments. A set of

experimental pots was prepared using 800 g of soil sourced from

the top layer (0-10 cm) of a rice field. This soil collection method

ensured representation of the surface soil characteristics and

facilitated the subsequent analyses conducted in the study.
Metabolite extraction

Metabolite extraction and profiling was performed as previously

described (De Vos et al., 2007; Chen et al., 2013). The freeze-dried
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samples of root tissue were crushed with a mixer mill (Retsch,

Germany) for 1 min at 60 Hz. 100 mg powder of each sample was

transferred to 5 mL eppendorf tube, and extracted with 3000 mL
methanol/water mixture (v:v=3:1). The samples were rotated for

30s, added with 2 small steel balls (MISUMI, China), ground at

35 Hz for 4 min, and ultrasonic in ice bath for 15 min. Then the

samples were followed by overnighting shaking at 4°C. All the

samples were centrifuged at 12000 rpm for 15 min at 4°C. 1800 mL
of supernatant was transferred to a fresh 5 mL eppendorf tube and

nitrogen blow dride. Here, the dried samples were reconstituted in

900 mL of 50% methanol for 15 min in ice-water bath. Then, all the

samples were centrifuged at 12000 rpm for 15 min at 4°C. The

resulting supernatants were through the 0.22 mm filter membrane.

The resulting supernatants were diluted 10 times with methanol/

water mixture (v:v=3:1) and vortexed for 30 s and transferred to 2

mL glass vials. The quality control (QC) sample was prepared by

mixing of an equal aliquot of the supernatants from all of the

samples. Then stored at -80°C until the UHPLC-MS/MS analysis.
UHPLC-MS analysis

The UHPLC separation utilized a Waters ACQUITY UPLC

HSS T3 column (100 × 2.1 mm, 1.8 mm), following a previously

described method (Yan et al., 2022). Mobile phase A consisted of

0.1% formic acid in water, while mobile phase B was acetonitrile.

The gradient elution followed this protocol: 0–0.5 min, 98% A, 2%

B; 0.5–10 min, 50% A, 50% B; 10–11 min, 5% A, 95% B; 11–13 min,

5% A, 95% B; 13–15 min, 98% A, 2% B. The column temperature

was maintained at 40°C. The auto-sampler was set to 4°C, and

injections of 2 mL were made.

An AB Sciex QTOF mass spectrometer was selected for its

capability to perform MS/MS spectra acquisition using

information-dependent acquisition (IDA) during LC/MS

experiments. In this mode, the acquisition software (Analyst)

continuously assessed full scan survey MS data and triggered MS/

MS spectra acquisition based on predefined criteria. In each cycle, 5

precursor ions with intensities exceeding 100 were selected for

fragmentation using collision energy. The acquired mass ranges

were divided into 100–300, 300–450, 450–600, 600–750, and 750–

1200 with 5 injections. ESI source conditions were set as follows: ion

spray voltage at +5500/−4500 V, gas curtain at 35 psi, temperature

at 600°C, Gases 1 and 2 at 60 psi for the ion source, and DP at ±100

V (Luo et al., 2016; Zha et al., 2018).

For assay development, an AB Sciex QTrap 6500 mass

spectrometer was employed. The ion source parameters included

ion spray voltage of +5000/−4500 V, curtain gas at 35 psi,

temperature at 400°C, Gases 1 and 2 at 60 psi for the ion source,

and DP at ±100 V.
Data preprocessing and annotation

The high resolution MS data were converted to the mzXML

format using ProteoWizard, and processed by MAPS software

(version 1.0) (A Mass Spectrometry Analysis and Processing
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Software developed by Biotree Biotech Co., Ltd. Shanghai, China).

The preprocessing results generated a data matrix that consisted of

the retention time (RT), mass-to-charge ratio (m/z) values, and

peak intensity. In-house MS2 database was applied in metabolites

identification. And the MRM data were processed with

Skyline software.
RNA extraction and quality
determination for RNA-seq

For rice and L. chinensis, RNA-sequencing (RNA-seq) was

performed using root tissues. The total RNA was extracted with

the TransGen RNA extraction kit (TranGen, Beijing, China). RNA

degradation and contamination were monitored on 1 % agarose

gels. RNA purity was checked using the NanoPhotometer®
spectrum photometer(IMPLEN, CA, USA), and RNA

concentration was determined using the Qubit® RNA Assay Kit

(Qubit®2.0Flurometer, Life Technologies, CA, USA). RNA integrity

was assessed using the RNA Nano 6000 Assay Kit (Agilent

Bioanalyzer 2100 system, Agilent Technologies, USA). The best

quality RNA samples were chosen for cDNA library preparation.
Library preparation, and
transcriptome sequencing

We used 3 µg of RNA per sample as input for RNA sample

preparations. Sequencing libraries were created using the

NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB,

USA) following the manufacturer’s instructions. Index-coded

sample clustering was performed on a cBot Cluster Generation

System using the TruSeq PE Cluster Kit v3-cBot-HS (Illumina).

Following cluster generation, the Illumina NovaSeq 6000 was used

for sequencing, producing 150 bp paired-end reads. Raw data

containing over 10% poly-N and more than 50% low-quality

reads (Q ≤ 20) were removed using Trimmomatic v0.33 (Bolger

et al., 2014). The quality metrics Q20 and Q30, GC content, and

sequence duplication level were calculated for the clean data. All

subsequent analyses were based on this clean, high-quality data.

Clean reads were then aligned against the reference genome using

Hisat2 (Kim et al., 2015).
Identification of differential expressed
genes and functional annotation

In order to quantify the gene expression, the count based

method, FeatureCounts (Liao et al., 2014) was used. Next, the
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transcript counts were used for pairwise differential gene

expression analysis using the edgeR package. A cut-off value of |

log2 FC| > 1 and P-value < 0.05 were used to filter out the significant

transcripts in each case. Gene Ontology (GO, http://

www.geneontology.org/) enrichment analysis of the DEGs was

implemented using gOseq (v. 1.22) (Young et al., 2010) using

Wallenius’noncentral hypergeometric distribution, which can

adjust for gene length bias in DEGs. Affected pathways were

determined using Kyoto Encyclopedia of Genes and Genomes

(KEGG, http://www.kegg.jp) (Kanehisa et al., 2008).
Statistical analysis

The statistical significance of the populations was calculated

with Tukey’s test, and significance was indicated with different

letters above the error bars. The heatmap was drawn by the tBtools

software. Figures were drawn by Origin 8.0 (OriginLab Corp.,

Northampton, MA, USA).
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Response of bacterial
community metabolites to
bacterial wilt caused by
Ralstonia solanacearum:
a multi-omics analysis
Chengjian Wei1,2†, Jinchang Liang2†, Rui Wang3†, Luping Chi2,
Wenjing Wang2, Jun Tan3, Heli Shi3, Xueru Song4,
Zhenzhen Cui2, Qiang Xie5, Dejie Cheng1*

and Xiaoqiang Wang2*

1College of Agriculture, Guangxi University, Nanning, China, 2Key Laboratory of Tobacco Pest
Monitoring & Integrated Management, Tobacco Research Institute of Chinese Academy of
Agricultural Sciences, Qingdao, China, 3Enshi Tobacco Science and Technology Center, Enshi, China,
4Engineering Center for Biological Control of Diseases and Pests in Tobacco Industry, Yuxi, China,
5Sichuan Tobacco Science and Technology Center, Chengdu, China
The soil microbial community plays a critical role in promoting robust plant growth

and serves as an effective defence mechanism against root pathogens. Current

research has focused on unravelling the compositions and functions of diverse

microbial taxa in plant rhizospheres invaded by Ralstonia solanacearum, however,

the specific mechanisms by which key microbial groups with distinct functions

exert their effects remain unclear. In this study, we employed a combination of

amplicon sequencing and metabolomics analysis to investigate the principal

metabolic mechanisms of key microbial taxa in plant rhizosphere soil. Compared

to the healthy tobacco rhizosphere samples, the bacterial diversity and

co-occurrence network of the diseased tobacco rhizosphere soil were

significantly reduced. Notably, certain genera, including Gaiella, Rhodoplanes, and

MND1 (Nitrosomonadaceae), were found to be significantly more abundant in the

rhizosphere of healthy plants than in that of diseased plants. Eight environmental

factors, including exchangeable magnesium, available phosphorus, and pH, were

found to be crucial factors influencing the composition of themicrobial community.

Ralstonia displayed negative correlations with pH, exchangeable magnesium, and

cation exchange flux, but showed a positive correlation with available iron.

Furthermore, metabolomic analysis revealed that the metabolic pathways related

to the synthesis of various antibacterial compoundswere significantly enriched in the

healthy group. The correlation analysis results indicate that the bacterial genera

Polycyclovorans, Lysobacter, Pseudomonas, and Nitrosospiramay participate in the

synthesis of antibacterial compounds. Collectively, our findings contribute to amore

in-depth understanding of disease resistance mechanisms within healthy microbial

communities and provide a theoretical foundation for the development of targeted

strategies using beneficial microorganisms to suppress disease occurrence.
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keystone taxa, metabolites, bacterial wilt, rhizosphere, microbiomes
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Introduction

Bacterial wilt is a severely damaging vascular disease with a wide

host range, including economically important crops, such as

tomato, potato, eggplant, pepper, and tobacco (Hasegawa et al.,

2019). The causal pathogen, Ralstonia solanacearum, infiltrates

solanaceous plants through root wounds, establishes colonies, and

eventually enters the xylem, resulting in necrosis and wilting of the

infected plants. The resulting damage to crops leads to substantial

economic losses annually (Prior et al., 2016). The results of

numerous studies have confirmed the essential role of the

rhizosphere microbial communities in plant health and growth

(Besset-Manzoni et al., 2018; Kashyap et al., 2023). Plants adjust

their rhizosphere microbial composition in response to pathogen

infections by selectively recruiting a group of beneficial

microorganisms that induce disease resistance and promote

growth, thereby altering the structure of the microbial community

(Berendsen et al., 2018). For example, Streptomyces has been found

to promote plant growth, which helps to improve microbial

community diversity in the rhizosphere. In addition, some

bacterial genera such as Bacillus and Pseudomonas can improve

the resistance of plants to diseases (Zheng et al., 2019; Gashaw et al.,

2022). In agricultural ecosystems, rhizosphere microbial

communities significantly affect the growth, development, and

resistance of plants to soil-borne diseases (Mendes et al., 2018;

Kashyap et al., 2021). Most studies have focused on the changes in

bacterial community composition during pathogen invasion;

however, the key bacterial taxon that may participate in the

defence against pathogens remains unclear.

The keystone taxa within the rhizosphere microbial community

play a crucial role in maintaining soil community structure stability

and promoting plant health (Oberholster et al., 2018). For example,

key soil microbial groups alter the flow of minerals between crops

and soil, thereby improving crop production (Wang et al., 2022b).

Certain keystone taxa play dominant roles in denitrification, which

is a key driving factor in microbial nitrogen cycling. Additionally,

some specific keystone taxa possess unique functions, such as

nitrogen metabolism or phosphonate and phosphite metabolism,

which are crucial for maintaining the stability of the soil microbial

community (Xun et al., 2021). In recent years, network analysis has

been widely applied to visualize the interrelationships within

microbial communities and identify keystone taxa. Within

microbial symbiotic networks, microbial taxa that are highly

interconnected with other taxa are often considered keystone

species that potentially exert a significant influence on the

microbial community structure (Cardona et al., 2016; Herren and

McMahon, 2018). Through network analysis, the soil bacterial

networks and community structures of plots of healthy and

diseased tomato plants were compared and bacterial strains

with disease-suppressing activity were successfully identified

(Zhang et al., 2020).

The metabolites produced by plants and rhizosphere

microorganisms are crucial for regulating plant health (Bi et al.,

2021). Plants interact with metabolites produced by their roots and

rhizosphere microorganisms, and root exudates play a role in

selectively influencing the rhizosphere environment through
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biological suppression and signaling activities (Pétriacq et al.,

2017). For example, Arabidopsis plants selectively recruit Bacillus

spp. by releasing malic acid from the roots, thereby improving

disease resistance (Rudrappa et al., 2008). In the case of carnation

(Dianthus caryophyllus) protection against pathogenic bacteria is

a result of increased concentration of flavonol glycosides

(Hassan and Mathesius, 2012). Microbial metabolites affect plant

nutrient absorption, health, and soil biodiversity. For example,

Streptomyces AN090126 produces various antibacterial secondary

metabolites, including dimethyl sulfide and trimethyl sulfide, and

exhibits broad-spectrum antagonistic activity against various plant

pathogenic bacteria (Le et al., 2022). The secondary metabolites

produced by Trichoderma can activate the disease resistance

mechanism in plants and prevent pathogen invasion (Manzar

et al., 2021; Manzar et al., 2022). Bacillus cereus has been shown

to regulate salicylic acid and jasmonic acid signaling pathways in

plants, promoting the aggregation of beneficial microorganisms in

the rhizosphere, and thus controlling the growth of pathogenic

bacteria (Yang et al., 2023a). However, relatively little research has

been conducted on the metabolomics of plant rhizospheres during

bacterial wilt infection. The rhizosphere keystone metabolites and

associated metabolic pathways involved in regulating tobacco

pathogen infection are not clear, and the potential keystone taxa

that drive these essential metabolic functions have also not

been identified.

In this study, we compared the community composition and

metabolic profiles of the rhizosphere soil between tobacco plants

infected with bacterial wilt and healthy plants. Variations in the

rhizosphere soil microbial communities of tobacco plants under

different health conditions were compared using amplicon

sequencing, and the key environmental factors influencing soil

microbial communities were identified. In addition, the keystone

bacterial taxa in the rhizosphere soil of healthy plants that may

contribute to bacterial wilt resistance were identified using co-

occurrence network analysis. Furthermore, significantly enriched

metabolic pathways in rhizosphere soil samples from healthy

plants and their potential functions were investigated, and the

relationships between different metabolites and keystone bacterial

genera were established. The results of this study not only deepen

our understanding of the roles of rhizosphere microbiomes in plant

hosts, but also reveal the mechanisms of resisting pathogens of

keystone microbes.
Materials and methods

Sample collection

Soil samples were collected in the tobacco-producing fields of

Xuan’en County (29°59″1.932″N,109°35″2.976″E) in Hubei

Province, China, where tobacco has been planted for decades.

Bacterial wilt disease occurred beginning from 40 days after

transplanting (about mid-June) every year, and the incidence rate

of bacterial wilt was even more than 30% after the flowering stage,

resulting in a 20-30% reduction in tobacco yield. Samples were

collected from tobacco plants infected by the disease and from
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healthy tobacco plants growing in the adjacent field on July 29, 2022

(80 days after transplanting), thus minimizing any geographical and

environmental influences. Six plants (cultivar Yunyan 87)

displaying light symptoms (grade 1 infection) (Standard, China,

2008) of tobacco bacterial wilt were selected, along with six

healthy plants that exhibited similar growth as healthy controls.

Rhizosphere soil was collected according to the method described

by Yang et al. with some modifications (Yang et al., 2017).

Specifically, the selected tobacco plants were carefully uprooted

and the loosely adhered soil was shaken off. Fine roots collected

from the same plant were combined as one sample and the soil on

the surface (within approximately 1-2 mm) of the fine roots was

brushed using a soft brush, which was defined as rhizosphere soil.

Twelve rhizosphere soil samples were collected and stored at -80°C

until used in the experiments.
Measurement of soil properties

The soil was dried in a 105°C constant temperature drying oven

(Thermo Fisher Scientific Corp., USA) for 12 h, and the difference

in mass was considered a measure of the soil water content. Soil

bulk density was determined according to the method described by

Al-Shammary A (Al-Shammary et al., 2018). Soil pH was measured

in a mixture with a soil-water ratio of 1/2.5 (wt/vol) using a pH

meter (Thermo Fisher Scientific Corp., USA). The available states of

copper, manganese, zinc, iron, and boron were extracted using

DPTA and determined using atomic absorption spectroscopy

(PerkinElmer, USA). Soil porosity was determined using the

method described by David et al. (Moret-FernÁNdez and Lopez,

2019). Exchangeable calcium, magnesium, quick-acting potassium,

and cations were replaced with ammonium acetate solution and

then determined by atomic absorption spectroscopy (PerkinElmer,

USA) and ion chromatography (Shimadzu, Japan). The available

phosphorus content was extracted using sodium bicarbonate,

colored with molybdenum antimony, and measured and

calculated using a spectrophotometer (Shimadzu, Japan). The

hydrolyzable nitrogen content was determined by steam

distillation using 10 M NaOH after Kjeldahl digested of the acid

hydrolysate (Lin et al., 2023). Soil organic matter content was

measured using a CHNS/O elemental analyzer (Thermo Fisher

Scientific Corp., USA).
DNA sample extraction and
Illumina sequencing

All DNA samples were extracted using the MP FastDNA spin

kit according to the manufacturer’s instructions. The purity and

concentration of total DNA were measured using a NanoDrop 2000

spectrophotometer (Thermo Fisher Scientific Corp., USA). PCR

was performed using primer 341F (5’-CCTAYGGGRBGCASCAG-

3’)/806R (5’-GGACTACNNGGGTATCTAAT-3’) to target the V3-

V4 region of the 16S rRNA gene. The PCR reaction was performed

with 25 mL 2x Premix Taq (TaKaRa Premix Taq® Version 2.0), 3

mL dNTP, 2 mL primers (10 mM), and 10 ng template DNA in 50 mL
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reaction systems. The thermal cycle of the 16S rRNA gene consists

of an initial denaturation at 94°C for 5 min, followed by 30 cycles at

94°C for 30 s, 55°C for 30 s, 72°C for 30 s, and an extension at 72°C

for 10 min. The fragment lengths and concentrations of the PCR

products were measured through 1% agarose gel electrophoresis.

Library construction was performed according to the standard

procedure of NEBNext® Ultra™ II DNA Library Prep Kit for

Illumina® (New England Biolabs, USA). The constructed amplicon

library was sequenced using a PE250 on an Illumina Nova 6000

platform at Novogene Co., Ltd. (Beijing, China).

Low-quality data and primers were removed using FASTP

(version 0.14.1) and Cutadapt software to obtain clean reads.

Through the use of DADA2, the raw sequences were denoised

and merged into a single sequence based on the overlapping region.

Subsequent analyses were performed using a standard pipeline of

Quantitative Insights into Microbial Ecology (QIIME, version 2).

The representative sequences were annotated against the SILVA

database (release 138). The ASVs annotated as chloroplasts or

mitochondria (16S amplicons) that could not be annotated at the

boundary level were removed for further analysis. Alpha diversity

indices, including Chao 1, Shannon index, ACE, and good’s

coverage were calculated. Differences in microbial community

composition between the diseased and healthy samples were

calculated using similarity analysis (ANOSIM). Non-metric

multidimensional scaling (NMDS) analysis was performed using

the Bray-Curtis distance algorithm. Significant differences between

groups of species were analyzed using the Stamp software based on

the relative abundance of ASVs. To determine the relationship

between the environmental factors and microbial communities,

redundancy analysis (RDA) was performed using Canoco (v5).

Spearman’s rank correlation analysis was performed to determine

the correlation between the relative abundance of dominant species

and environmental factors. All the above analyses were performed

using R software (v.3.5.3).

For the network analysis, rare ASVs (<0.01% of the total

sequences) and specific genera (present in <1/3 of the total

samples) were removed to reduce noise. Spearman’s correlation

coefficients were calculated using a Molecular Ecological Network

Analysis Pipeline (http://ieg2.ou.edu/MENA). Networks were

constructed using random matrix theory-based methods. Network

visualization and topological parameter analyses were performed

using the Gephi software (v0.9.2).
Metabolite extraction and sequencing

To identify metabolites with the potential to drive microbiome

assembly and improve pathogen resistance in healthy plants,

metabolites in the rhizosphere of healthy and diseased soils were

extracted and analyzed according to the methods described by Wen

et al. with some modifications(Wen et al., 2020). The soil samples

were extracted with methanol solutions (methanol: chloroform

=3:1, v/v) containing 20 mL L-2-chlorophenylalanine. The extract

was dried in a vacuum concentrator, and 40 mL methoxamine salt

reagent (methoxamine hydrochloride, dissolved in pyridine 20 mg/

mL) was added to the dried metabolites, followed by incubation at
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80°C for 30 min. Then, 60 BSTFA (containing 1% TMCS, v/v)

reagent was added to each sample and the mixture was incubated at

70°C for 1.5 h. After incubation, 5 mL FAMEs (soluble in

chloroform) were added to the mixed samples before being

analyzed in a gas chromatograph device (Agilent 7890) combined

with a Pegasus HT time-of-flight mass spectrometer. Mass spectral

data were obtained in full scan mode, and them/z range was 50-500.
Metabolic data processing and analysis

Mass spectral data were analyzed using ChromaTOF software

(V 4.3, LECO) for peak extraction, baseline correction,

deconvolution, peak integration, and peak alignment. The LECO-

Fiehn Rtx5 database was used for the qualitative analysis of

substances. The peaks with a detection rate below 50% or RSD >

30% were excluded from further analysis. The collated data

were logarithmically transformed and centrally formatted using

SIMCA software (V15.0.2, Sartorius Stedim Data Analytics AB,

Umea, Sweden), followed by automated modeling analysis and

logarithmic transformation plus UV formatting. Differential

metabolites were screened using a Student’s t-test with a P-value

of less than 0.05. To characterise differences in metabolic

composition, principal coordinate analysis (PCA) plots were

generated from Bray-Curtis similarity matrices. A correlation

analysis of the differential metabolites was performed using

correlation calculations of the quantitative values of the

differential metabolites for each set of comparisons. All pathways

associated with the identified differential metabolites in the

respective species were compiled using the Kyoto Encyclopedia of

Genes and Genomes (KEGG) database. In the comprehensive

analysis of metabolites, enrichment metabolites were included as

factors to further refine the key pathways. Spearman’s rank

correlation was performed using R (v. 3.5.3) to characterize the

relationship between key metabolites and dominant genera.
Results

Soil properties

In total, 12 rhizosphere soil samples were collected to determine

soil properties, including six samples from diseased plants and six

samples from healthy plants. Exchangeable magnesium, pH, and

cation exchange capacity were significantly higher in healthy soil

samples than in diseased soil samples (P < 0.05, t-test). Specifically,

compared to diseased samples, the pH value of healthy samples was

2.2 units greater (6.73 ± 0.64 vs 4.53 ± 0.39) and the exchange

magnesium content was 0.43 units greater (Figures 1A, B and

Supplementary Table 1). The cation exchange capacity of the

healthy group was two-fold greater compared to that of the

diseased groups. In contrast, in the soil samples of diseased

plants, seven environmental factors, including available

manganese, available zinc, available iron, available boron, quick-

acting potassium, hydrolyzable nitrogen, and available phosphorus,

were significantly higher than the corresponding measures in the
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healthy group (P < 0.05, t-test). For example, the level of available

iron was three times greater in the soil of diseased plants compared

to the level of iron in the soil of healthy plants; similarly, the amount

of available manganese and phosphorus was more than two

times greater in the soil of diseased plants (Figure 1C and

Supplementary Table 1).
Diversity and composition of
bacterial communities

Bacterial diversity was assessed via amplicon sequencing of the

V3-V5 hypervariable regions of the 16S rRNA gene. A total of

5,143,167 sequences were obtained using 16S rRNA gene amplicon

sequencing. To reduce the influence of sequencing depths on analysis

results, the sequence numbers were rarefied according to the

minimum sequences in the sample and 47,357 sequences remained

in each sample. The total sequences clustering into 2,382 ASVs,

ranging from 964 to 1294 in all samples (Supplementary Table 1).

The good’s coverage of each sample was above 99.8%, indicating good

representativeness of the sequencing data (Supplementary Table 2).

The Chao1 results showed that the richness of bacterial species in the

healthy group was significantly higher than in the diseased group (P <

0.05, t-test; Figure 2A). Additionally, the Shannon index was higher

in the healthy group, suggesting a significantly greater bacterial

diversity in the healthy group (P < 0.05, t-test; Figure 2B). The

Pielou index revealed that, compared to the soil bacteria in the

diseased tobacco rhizosphere (Supplementary Table 2), the number

of bacteria in the rhizosphere of healthy plants was distributed more

evenly within the community (P < 0.05). NMDS analysis revealed

that bacterial communities were clustered based on the health

conditions of plants (Figure 2C), and a significant difference in

bacterial community structure between the rhizosphere soil of

healthy and diseased plants was confirmed through ANOSIM

analysis (P < 0.05).

A significant variance in the bacterial community composition was

observed between the soil samples from healthy and diseased plants. In

the healthy group, Gammaproteobacteria, Alphaproteobacteria,

Bacteroidia, Gemmatimonadetes, and Vicinamibacteria were the

dominant groups, comprising 21%-26%, 17%-23%, 4%-8%, 7%-12%,

and 4%-7% of the bacterial community, respectively, whereas

Gammaproteobacteria (23%-38%), Alphaproteobacteria (15%-22%),

Acidobacteriae (12%-28%), and Bacteroidia (6%-11%) dominated in

soil samples from diseased plants (Figure 2D). Additionally,

Alphaproteobacteria, Gemmatimonadetes, Vicinamibacteria, and

Blastocatellia were more abundant in the rhizosphere soil of

healthy plants than in the rhizosphere of diseased plants, whereas

Gammaproteobacteria, Acidobacteriae, and Bacteroidia were

less abundant.

At the genus level, marked differences were found between the

diseased and healthy groups (Figure 3A). The relative abundance of the

Ralstonia genus, which contains the pathogenic species of bacterial wilt

disease, was significantly higher in the diseased group than in the

healthy group (P < 0.05, t-test), which was consistent with the field

phenotype. Compared with samples from healthy plants, there was a

significant increase in the relative abundance of bacterial genera in the
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diseased group, including Burkholderia-Caballeronia-Paraburkholderia,

Granulicella, Acidipila-Silvibacterium, and Chitinophagaceae.

Conversely, the genera RB41 (Pyrinomonadaceae), Dongia, MND1

(Nitrosomonadaceae), and Nitrospia were significantly enriched in

healthy samples. To explore the marker bacterial genera in different

groups, we conducted a Stamp analysis of the top 0.1% of the dominant

genera. The results showed that 15 bacterial genera, including Dongia,

Nitrospia, Latescibacterota, Thiobacillus, etc., were significantly more

abundant in the healthy group than in the diseased group (P < 0.05,

Figure 3B), whereas Bryobater,Granulicella, Burkholderia-Caballeronia-

Paraburkholderia, Dyella, Edaphobaculum, Bradyrhizobium, and

Ralastonia were significantly enriched in the disease groups.
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Changes in microbial networks under
pathogen invasions

To characterize the microbial networks in the rhizospheres of

healthy and diseased plants, rare species at the genus level were

removed from analysis (0.1‰ of the total sequences). Spearman’s

correlation analysis was conducted to assess the co-occurrence

patterns among bacterial communities in the different samples.

Significant differences in the structural and topological

characteristics of the networks were observed between the

diseased and healthy groups (Figure 4 and Supplementary

Table 3). In the rhizosphere soil of healthy plants, the bacterial
B

C

A

FIGURE 1

Differences in environmental parameters of rhizosphere soil samples from healthy plants and diseased plants. (A) Mg (exchangeable magnesium),
cation (cation exchange capacity); (B) pH; (C) Zn (available zinc), B (available boron), Mn (available manganese), Fe (available iron), N (hydrolyzed
nitrogen), P (available phosphorus), K (quick-acting potassium). The significance difference of soil properties between healthy plant and diseased
plants was statistically analysed with a t-test (*, P<0.05; **, P<0.001; ***, P<0.0001).
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community network consisted of 181 nodes, 2,742 connections, and

an average degree of 30.298, which was greater than the

corresponding results in the samples from diseased plants, which

contained 154 nodes, 2,000 connections, and an average degree of

25.97. The number of positive connections was higher in the disease

group than in the healthy group. Furthermore, the centralization of

stress centrality (CS) in the healthy group was higher (0.458) than in

the diseased rhizosphere soil (0.262). These results indicated that

the bacterial community forms a more highly interactive and

complex network in the rhizosphere soil of healthy plants than in

that of diseased plants.

Based on the criteria of node degree and betweenness centrality,

genera with the top 20% node degree and betweenness centrality

values and the bottom 20% were regarded as keystone taxa. In the

rhizosphere microbiome of healthy plants, seven genera,

Sphingomonas, Bryobacter, Micropepsis, Phenonobacterium,

Acidipila, Silvibacterium, and Pseudomonas, were the keystone

taxa (Supplementary Table 4). These bacterial groups may be

involved in maintaining community stability and in the

prevention and control of bacterial wilt. In the rhizosphere

microbiome of diseased plants, Acidipila, Silvibacterium,
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Sphingomonas, Dechromonas, Chujaibacter, Bacillus, and

Hyphomicrobium were the keystone taxa.
Key environmental factors affecting
bacterial communities

Redundancy analysis (RDA) was conducted to identify

environmental factors affecting community structure. RDA1

explained 62.00% of the total variation, whereas RDA2 explained

19.58% (Supplementary Figure S1). Exchangeable magnesium,

cation exchange capacity, and pH were found to be the key

environmental factors affecting the bacterial community in

diseased rhizosphere soils, whereas available phosphorus,

available manganese, hydrolyzable nitrogen, available iron, and

quick-acting potassium were the main factors affecting the

bacterial community structure in the soils of healthy plants.

Spearman’s correlation analysis was conducted between the

dominant bacterial genera and environmental factors (Supplementary

Figure S2), and it was found that Ralstonia genus showed a significant

negative correlation with pH, exchangeable magnesium, and cation
B C

D

A

FIGURE 2

Diversity differences and community compositions of bacterial communities among different samples. (A) Chao 1 index; (B) Shannon index; (C) NMDS
plot showing clustering relationship of bacterial communities between diseased and heathy groups, samples of different groups are color-coded;
(D) Community composition of the top ten bacterial communities in different samples at the class level. (**, P <0.01; t-test).
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exchange flux and a positive correlation with available iron.

Furthermore, bacterial genera significantly enriched in the diseased

group, namely Burkholderia-Caballeronia-Paraburkholderia,

Granulicella, Acidipila-Silvibacterium, and Chitinophagaceae, also

exhibited negative correlations with pH, exchangeable magnesium,

and cation exchange flux, and positive correlations with available

phosphorus, available manganese, hydrolyzable nitrogen, available

iron, and quick-acting potassium levels. Conversely, bacterial genera

that were significantly enriched in the healthy group, namely

RB41, Dongia, MND1, and Nitrospia, were positively correlated with

pH, exchangeable magnesium, and cation exchange flux, and

negatively correlated with available phosphorus, available
Frontiers in Plant Science 0739
manganese, hydrolyzable nitrogen, available iron, and quick-acting

potassium levels.
Changes in metabolites among
different samples

The results of the PCA showed that all samples were clustered

separately based on the healthy conditions of the plants, with two

principal components explaining 62.12% of the overall variance

(33.83% and 28.29% for PCA1 and PCA2, respectively; Figure 5A).

In the healthy group, 352 metabolites showed significant changes: 165
B

A

FIGURE 3

(A) Heatmap showing the relative abundance of dominant bacterial taxon (top 20) and Ralstonia genus at the genus level between two groups of
samples. (B) Stamp analysis of the different of dominant bacterial genera between two groups. H, healthy plants; D, diseased plants.
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metabolites were significantly upregulated, and 197 metabolites were

significantly downregulated (Figure 5B). To identify the key

metabolites participating in the defense against pathogens, a KEGG

pathway enrichment analysis was performed. The results showed

that, compared to the rhizosphere metabolites of diseased plants,

several pathways were significantly enriched in the rhizosphere

samples of healthy plants, including ABC transporters, biosynthesis

of antibiotics, phenylpropanoid biosynthesis, vitamin B6 metabolism,

biosynthesis of alkaloids derived from shikimate pathway, pyrimidine

metabolism, biosynthesis of phenylpropanoids, and isoquinoline

alkaloid biosynthesis (Figure 5C). Seven genes were significantly

enriched in pathways related to antibiotic biosynthesis (Figure 5C).

Spearman’s analysis was performed using the top 35 genera

with significant changes in relative abundance and nine differential

metabolites associated with antimicrobial pathways. These nine

metabolites were lauric acid, tetracycline, scopolin, eugenol,

scopoletin, jervine, l-citrulline, 4-pyridoxate, and pyridoxine. The

results showed that the Ralstonia genus was negatively correlated

with seven metabolites, whereas Polyclovorans was positively

correlated with all nine metabolites (Figure 6). Scopoletin was

positively correlated with the bacterial genera RB41, Gaiella,

Ellin6067, MND1, Pseudomonas, Nitrosospira, Polycyclovorans,

and Lysobacter, indicating that scopoletin (known to have
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antibacterial activity) may be generated by these bacterial taxa.

Moreover, tetracycline, which is used as a broad-spectrum

antibiotic, was positively correlated with bacteria belonging to the

genera RB41, Gaiella , Ellin6067 , MND1, Nitrosospira ,

Polycyclovorans, and Lysobacter. The metabolites 4-pyridoxate

and pyridoxine, which are related to vitamin B6 metabolism, were

also positively correlated with these bacterial genera.
Discussion

The microbial community in plant rhizosphere soil is crucial for

resisting pathogen invasion and maintaining plant health (Kashyap

et al., 2022). At present, most research focuses on exploring the

functions and effects of individual biocontrol strains; however, the

mechanisms by which the microbial community exerts its effects in

the field are still unclear. Here we analyzed the changes in soil

properties, bacterial community responses, and metabolomics in

the rhizosphere of tobacco plants infected with bacterial wilt. We

found significant differences in the soil environmental parameters

between the diseased and healthy samples. The occurrence of

bacterial wilt significantly reduced the diversity of soil microbial

communities and had a significant effect on the network structures
B

C

A

FIGURE 4

Co-occurrence network analysis of healthy and diseased tobacco plants. (A) The symbiotic network of microbial communities in healthy rhizosphere
soil samples (B) The symbiotic network of microbial communities in diseased rhizosphere soil samples. The node is coloured at the class level, and
the size of nodes represents the node degree of genera; (C). Comparison of network topological parameters between healthy and diseased samples.
H, healthy plants; D, diseased plants.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1339478
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wei et al. 10.3389/fpls.2023.1339478
of the microbial communities. Metabolic pathways related to the

synthesis of various antibacterial compounds that may participate

in pathogen resistance were significantly enriched in the healthy

group, and potential producers of these compounds were identified.

Our findings provide a strong theoretical basis for the effective

utilization of soil microbial communities for the biocontrol of crop

diseases in the field.
Rhizosphere microbiomes were influenced
by bacterial wilt

In the study, the relative abundance of Ralstonia genus in

diseased plant samples significantly increased. The relative

abundance of the Ralstonia genus from amplicon sequencing was

been reported to be correlated positively with the density of

pathogenic R. solanacearum determined (Zheng et al., 2021). The

observed increase in Ralstonia genus abundance in the diseased

group might confirm the occurrence of bacterial wilt. The diversity

and community composition of rhizosphere microbiomes were

influenced by the bacterial wilt. Soil microbial communities are

closely associated with plant health, and high microbial diversity

plays an important role in maintaining plant health (Berg et al.,

2017). The more abundant bacterial genera and microbial diversity

(Shannon index) were found in soil samples of healthy plants than

in soil samples of diseased plants, which is consistent with previous

findings (Niu et al., 2016). When tobacco plants are infected with

bacterial wilt pathogens, they may cause the rapid growth of

dominant species that outcompete other bacteria for survival
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space, thereby restricting the growth of other microbial groups. In

addition, the evenness of the community (Pielou index) was higher

in healthy samples than in diseased samples, indicating better

diversity structure and a more stable community in healthy

groups. Moreover, the NMDS and ANOSIM analysis confirmed

the variation of bacterial assemblages by revealing a clear

community separation according to plant health. This was

consistent with previous reports which found bacterial and

eukaryote communities were changed with invasion of pathogens

(Gao et al., 2021).

In soil microbial system, the functionality of the microbial

community is not merely the sum of the functions of individual

microbial taxa. There are also frequent interactions between various

microorganisms (Van der Heijden and Hartmann, 2016). Agler

et al. (Agler et al., 2016) found that the plant host genotype can

influence key microbial species, modulate interactions among

microorganisms, and alter host adaptability, thereby affecting the

entire microbial community. In this study, the number of nodes,

connections, and average path lengths in the network were

significantly higher in soil bacterial networks associated with

healthy plants compared to those in soils from diseased plants,

which is consistent with previous research results (Wei et al., 2018).

The number of positive connections was higher in the disease

group, indicating that there is more synergistic effect between

microbial populations. In the diseased plant, there might be more

microbiome with growth-promotive siderophores, causing a

decrease in competition (Gu et al., 2020). Additionally, the

microbial community in the rhizosphere of healthy plants

exhibits a high degree of centralization of stress (CS), indicating
B

CA

FIGURE 5

(A) PCA analysis of different samples based on bray-cutis-distance. (B) Volcano Plot shows the differential metabolites between healthy and diseased
plant rhizosphere soil samples. (C) Heatmap shows functional differences in KEGG enrichment.
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more microbial hubs in the network may play a central role in

responding to environmental stress and defending against the

invasion of pathogens (Runge et al., 2023). Collectively, close

interactions between different species may enhance effective

defense against invading pathogens, and a more intricate

microbial network might be pivotal for disease resistance in

healthy root systems (Carrión et al., 2019).

Keystone taxa occupying central positions interact more closely

with various community groups and play a crucial role in

maintaining soil microenvironmental systems and regulating

plant growth (Banerjee et al., 2018). As keystone taxon in the

healthy tobacco rhizosphere soil, bacterial taxa such as

Sphingomonas, Silvibacterium, and Pseudomonas are of great

significance for the stability of bacterial co-occurrence network

and the healthy growth of plants. For example, Sphingomonas

significantly promotes plant growth and contributes to the

degradation of persistent metabolites in the environment (Asaf

et al., 2020). Previous studies have shown that Pseudomonas has a

significant antagonistic ability against pathogenic bacteria and a

significant inhibitory effect on bacterial wilt (Nadhira et al., 2021).

However, Acidipila, Silvibacterium, Sphingomonas, and Bacillus
Frontiers in Plant Science 1042
were keystone taxons in the rhizosphere soil of diseased tobacco.

Acidipila and Silvibacterium are both Acidobacteria, which have

growth advantages under low pH conditions in diseased soil (Zhang

et al., 2022). In addition, when plants are infected with pathogens,

the structure and composition of the rhizosphere microbial

community undergo significant changes (Diaz-Cruz and Cassone,

2022). Plants can recruit microbial communities during pathogen

attacks and create a long-lasting protective soil microbial

community (Goossens et al., 2023). Sphingomonas and Bacillus, as

keystone taxon in the diseased rhizosphere soil, may play a role in

responding to plant resistance to pathogen infection. The absence of

these keystone taxa will make plants more vulnerable and difficult to

adapt to external environmental changes and stress (Yin et al.,

2022). Moreover, significant enrichment of bacteria such as MND1,

Gaiella, Rhodoplanes, Nitrospia, Latescibacterota, and Thiobacillus

was observed in healthy soil samples. These bacteria may be

involved in functions related to plant-root symbiosis, nutrient

cycling, and organic matter decomposition, thereby contributing

positively to plant health (Ahmed et al., 2022). For example, MND1

is an ammonia-oxidizing bacterium that affects nutrient absorption

in plants (Wang et al., 2022c) and inhibits pathogens (Yang et al.,
FIGURE 6

Heatmap showed that correlations between selected genera and significant changed metabolites.
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2023b). Dongia is considered to be involved in the soil nitrogen

cycle, which may synergistically improve soil available nutrients and

root uptake, promoting plant growth (Wang et al., 2022a; Sanka

Loganathachetti and Mundra, 2023). Nitrospira was reported to be

involved in the degradation and cycling of soil organic matter and

increasing soil pH, thereby improving plant stress resistance of soil

acidification and nutrient absorption (Hu et al., 2021). Although the

specific functions of these genera and their interactions with plants

may vary depending on the characteristics of the strains, plant

species, and environmental conditions, these findings indicated that

members of the rhizosphere microbiota have a significant impact on

plant metabolism and resistance to pathogens (Le et al., 2022).

Soil physicochemical properties play a crucial role in the

formation of soil microbial community structure (Liang et al.,

2018). We found that pH, exchangeable magnesium, and cation

exchange capacity are important environmental factors affecting the

soil microbial community in the diseased plant rhizosphere. This is

consistent with previous reports that a significant decrease in pH in

the rhizosphere soil of diseased plants leads to weakened tobacco

resistance, affecting microbial community structure (Qi et al., 2019).

Higher soil pH directly influences plant disease infection by

affecting the growth and reproduction of plant pathogens (Shen

et al., 2018). In addition, lower soil pH can lead to a decrease in soil

exchangeable magnesium content, significantly affecting the

photosynthesis, enzyme activation, and metabolic reactions of

tobacco (Farhat et al., 2016). The decrease in cation exchange

capacity directly leads to a decrease in the ability of the soil to

retain essential nutrients affecting the growth of plants and reducing

their resistance to disease (Arthur, 2017). Therefore, pH and cation

exchange capacity could be regarded as a potential environmental

indicator for the onset of bacterial wilt disease. Furthermore, the

amounts of available phosphorus, manganese, hydrolyzable

nitrogen, iron, and quick-acting potassium significantly increase

in diseased soil, which may indirectly affect plant health (Sun et al.,

2022). For example, phosphorus availability has been found to

increase the abundance of pathological biota, thereby increasing the

infection by Ralstonia in the rhizosphere of plants (Li et al., 2021). A

large amount of nitrogen and phosphorus in the soil may lead to a

decrease in soil microbial biomass and changes in the structure of

rhizosphere microbial communities (Wang et al., 2022e).
Specific rhizosphere metabolites in
different plants

Metabolites in the soil play a crucial role in regulating plant-

microbe interactions (Bi et al., 2021), and significant metabolite

enrichment primarily occurs in the rhizosphere (Wong-Bajracharya

et al., 2020). Similar to the results of Zhao et al., the results we report

here indicated significant differences in the metabolites between the

rhizospheres of diseased and healthy plants (Zhao et al., 2023).

Compared to the metabolic profiles of rhizosphere soils from

diseased plants, soils from healthy plants exhibited significant

enrichment in metabolic pathways related to the synthesis of

antimicrobial substances. These pathways include the biosynthesis
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of alkaloids derived from the shikimate pathway, phenylpropanoids,

isoquinoline alkaloids, and antibiotics. This indicated that the

synthesis of various antibiotics and alkaloids in the rhizosphere soil

of healthy plants may effectively inhibit the growth of pathogenic

microorganisms (Molina-Santiago et al., 2015). Furthermore, various

metabolic pathways with important physiological functions in plants

were significantly enriched in the rhizosphere of healthy plants

(Figure 5C). For example, pyrimidine metabolism is closely

associated with the synthesis of DNA, RNA, lipids, and

carbohydrates (Garavito et al., 2015). ABC transporters participate

in the active transport of intracellular substances, regulate the

absorption, excretion, and distribution of substances, and

participate in the biosynthesis of chlorophyll (Martinoia et al.,

2014). Compounds produced in the phenylpropanoid and

phenylalanine biosynthetic pathways have diverse physiological

functions in plants, including antioxidation, defense, and signal

transduction activities. The phosphotransferase system (PTS) in

bacteria plays a crucial role in regulating sugar absorption and

utilization, carbohydrate transport, and metabolism, thereby

significantly impacting bacterial growth and metabolism (Wang

et al., 2022d). These metabolic pathways are interconnected and

collectively maintain the metabolic balance and physiological

processes within organisms. Notably, while these metabolic

pathways are primarily present in plants, similar biosynthetic

pathways or related metabolic pathways may also exist in some

microorganisms that synthesize similar compounds (Perry et al.,

2022). Rhizosphere microorganisms and plants have been shown to

interact and connect by producing corresponding secretions and

hormones (De Vries et al., 2020). Although plants regulate the

rhizosphere microbial ecosystem through corresponding metabolic

and signaling pathways, rhizosphere microorganisms also influence

plant growth through the production of metabolites.

The microbial community is an important factor driving the

distribution of soil metabolites, and bacteria dominate the

symbiotic network between microbial members and metabolites

(Li et al., 2020). The Ralstonia genus exhibited negative correlations

with seven active metabolites: lauric acid, jervine, scopoletin,

tetracycline, 4-pyridoxate, l-citrulline, and pyridoxine. These

antibiotic substances may directly participate in defense against

pathogens. For example, tetracycline, lauric acid, and jervine can

inhibit protein biosynthesis and block signal transduction in

pathogens (Schäfer, 2017; Chen et al., 2020; Welch et al., 2020).

Pyridoxine and 4-pyridoxate are directly related to vitamin B6

levels. Although vitamin B6 does not have a direct antibacterial

effect, it can help plants cope with various environmental stresses

such as drought, salt stress, and diseases. Pyridoxine acts as an

antioxidant in plants and interferes with pathogen defense

responses (Fudge et al., 2017). This indicate that secondary

metabolites in the soil have many important ecological roles and

can be used as bactericides to inhibit plant pathogens (Guo et al.,

2022). In contrast, several genera that were significantly enriched in

the healthy group samples, such as RB41 (Pyrinomonadaceae),

Gaiella, Ellin6067 (Nitrosomonadaceae), Pseudomonas, MND1

(Nitrosomonadaceae), Polycyclovorans, and Lysobacter, were

significantly and positively correlated with these nine key
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metabolites, suggesting their potential involvement in the synthesis

of antibiotics and alkaloids. Therefore, these enriched bacterial

taxa may be involved in maintaining soil health in tobacco fields.

Rhizosphere antibacterial compounds can selectively promote

the growth of specific microorganisms by restricting certain

microorganisms, thus providing a mutually beneficial balance in

the interaction between plants and microorganisms (Dastogeer

et al., 2020). Therefore, the use of microbiomes with antibiotic

abilities may reduce chemical pesticide use and lead to more

sustainable control of soil-borne pathogens. In the future, the

effects of keystone bacteria on pathogen invasion should be

evaluated more comprehensively using physiological and

biochemical analyses, greenhouse, and field experiments of a

single isolate.
Conclusion

The occurrence of soil-borne plant diseases is closely related to the

stability (and instability) of rhizosphere microbiota. In this study, we

investigated the microbial community composition and metabolic

profiles of the tobacco rhizosphere during the invasion of R.

solanacearum, revealing the distinct microbial structures and

potential defense strategies of plants. The high diversity and complex

occurrence networks of tobacco rhizosphere microorganisms are

important for plant rhizosphere health. In addition, environmental

parameters, such as soil pH, cation exchange capacity, and

exchangeable magnesium, are key factors influencing microbial

community structure and pathogen growth. Lauric acid, tetracycline,

eugenol, scopolin, jervine, L-citrulline, scopoletin, 4-pyridoxate, and

pyridoxine are key metabolites involved in maintaining plant health.

Potential bacterial groups involved in the synthesis of key metabolites

were identified, namely Pseudomonas, Gaiella, Nitrobacteria,

Polycyclovorans, and Lysobacteria. The symbiotic relationship

between plants and microorganisms plays an important role in the

formation and function of plant rhizosphere ecosystems, jointly

resisting the invasion of bacterial wilt and promoting the healthy

growth of plants. These findings may help understand the disease

resistance mechanism of rhizosphere bacteria in the initial stage of

disease infection, and samples of different disease incidence levels need

to be investigated in the future to obtain the dynamic response

mechanisms of rhizosphere microorganisms to whole infection stages.
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Untargeted metabolomics
profiling of oat (Avena sativa L.)
and wheat (Triticum aestivum L.)
infested with wheat stem sawfly
(Cephus cinctus Norton) reveals
differences associated with plant
defense and insect nutrition
Megan S. Hager1,2, Megan L. Hofland2, Andrea C. Varella3,
Brian Bothner4, Hikmet Budak5 and David K. Weaver2*

1Department of Plant Sciences and Plant Pathology, Montana State University, Bozeman, MT, United States,
2Wheat Stem Sawfly Laboratory, Department of Land Resources and Environmental Sciences, Montana
State University, Bozeman, MT, United States, 3Corteva Agriscience™, Woodstock Research and
Development Centre, Tavistock, ON, Canada, 4Department of Chemistry and Biochemistry, Montana State
University, Bozeman, MT, United States, 5Department of Agriculture, Arizona Western College, Yuma,
AZ, United States
Introduction: Wheat stem sawfly (WSS), Cephus cinctus Norton, is a major pest

of common bread wheat (Triticum aestivum L.) and other cultivated cereals in

North America. Planting of cultivars with solid stems has been the primary

management strategy to prevent yield loss due to WSS infestation, however

expression of this phenotype can vary depending on environmental conditions

and solid stems hinder biological control of WSS via braconid parasitoids Bracon

cephi (Gahan) and Bracon lissogaster Muesebeck. In the hollow stems of oat

(Avena sativa L.), WSS larvae experience 100% mortality before they reach late

instars, but the mechanisms for this observed resistance have not

been characterized.

Objective: The objective of this study was to explore additional sources of

resistance outside of the historic solid stem phenotype.

Methods: Here, we use an untargeted metabolomics approach to examine the

response of the metabolome of two cultivars of oat and four cultivars of spring

wheat to infestation by WSS. Using liquid chromatography-mass spectrometry

(LC-MS), differentially expressed metabolites were identified between oat and

wheat which were associated with the phenylpropanoid pathway, phospholipid

biosynthesis and signaling, the salicylic acid signaling pathway, indole-3-acetic

acid (IAA) degradation, and biosynthesis of 1,4-benzoxazin-3-ones (Bxs). Several

phospho- and galacto- lipids were found in higher abundance in oat, and with

the exception of early stem solidness cultivar Conan, both species experienced a

decrease in abundance once infested. In all wheat cultivars except Conan, an

increase in abundance was observed for Bxs HMDBOA-glc and DIBOA-b-D-
glucoside after infestation, indicating that this pathway is involved in wheat

response to infestation in both solid and hollow stemmed cultivars. Differences
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between species in compounds involved in IAA biosynthesis, degradation and

inactivation suggest that wheat may respond to infestation by inactivating IAA or

altering the IAA pool in stem tissue.

Conclusion: We propose that the species differences found here likely affect the

survival of WSS larvae and may also be associated with differences in stem

architecture at themolecular level. Our findings suggest pathways to focus on for

future studies in elucidating plant response to WSS infestation.
KEYWORDS

metabolomics, wheat stem sawfly, host plant resistance, insect feeding, Triticum
aestivum, Avena sativa
1 Introduction

The wheat stem sawfly (WSS), Hymenoptera Cephus cinctus

Norton, is a major pest of grasses in the Great Plains of North

America. Adult female WSS use their saw-like ovipositor to lay their

eggs in the lumen of stems and once hatched, larvae begin

consuming parenchyma tissue in the stem lining. As the larvae

grows it breaches nodes, damaging vascular tissues, impacting

photosynthetic ability and leading to decreased head weight

(Macedo et al., 2005; Delaney et al., 2010). The stem girdling

action of mature larvae to prepare overwintering chambers also

weakens standing stems, which makes them prone to lodging and

thus makes recovery of heads difficult during harvest (Ainslie, 1920;

Morrill et al., 1998; Sherman et al., 2010). The stem-boring activity

of the WSS larval stage causes devastating yield loss in cultivated

grass hosts such as spring and winter wheat (Triticum aestivum L.).

However, when eggs are laid in the stems of wild oat (Avena fatua

L.) and cultivated oat (Avena sativa L.), larvae are unable to

complete development (Criddle, 1917; Criddle, 1923; Farstad,

1940; Roemhild, 1954; Sing, 2002). Although cultivated oat

exhibits total resistance to WSS, the mechanism behind this

resistance remains unknown (Weaver et al., 2004).

In spring wheat, the solid stem phenotype is utilized by

producers as the primary defense against WSS, but it does not

prevent infestation or stem cutting completely and may decrease

success of biological control efforts (Rand et al., 2012; Rand et al.,

2020). Solid stems are filled with pith which appears to hinder

oviposition, larval growth and maturation. Solid stems do not

completely inhibit WSS and stem cutting as high as 30% has been

reported for solid and semi-solid stemmed spring wheat cultivars

(Sherman et al., 2010). While stem solidness is a relatively stable

phenotype in some spring and winter wheat cultivars (Subedi et al.,

2021), it is often negatively affected by light quality and sowing

density (Roemhild, 1954; Nilsen et al., 2016; Beres et al., 2017;

Nilsen et al., 2017). There is also evidence that braconid parasitoids

Bracon cephi (Gahan) and Bracon lissogaster Muesebeck

(Hymenoptera: Braconidae) cause less mortality to WSS larvae in
0248
solid stemmed cultivars compared to their hollow stemmed

counterparts, indicating that continued use of solid stemmed

cultivars may have a negative effect on populations of these

parasitoids over time (Rand et al., 2012; Buteler et al., 2015; Rand

et al., 2020). Host plant resistance against a specific pest can also

promote secondary pest populations over time (Straub et al., 2020).

It is important to support the tritrophic system of plant, WSS and

parasitoid to increase success of control efforts, and it is therefore

necessary to continue to explore sources of resistance in addition to

the solid stem phenotype.

The stem solidness trait is highly heritable and is associated with

the quantitative trait locus (QTL) Qss.msub-3BL (Cook et al., 2004).

This QTL has been well studied, and several alleles conferring

differing levels of stem solidness have been identified at this locus

(Varella et al., 2017; Cook et al., 2019; Wong et al., 2022). The allele

Qss.msub-3BL.a is associated with the hollow stemmed phenotype,

while the allele Qss.msub-3BL.b confers stem solidness throughout

plant development. A third allele, Qss.msub-3BL.c was identified in

the cultivar ‘Conan’ (PI 607549), which has solid stems early in

development with pith disappearing as the plant matures. WSS is

known to target many grass species in addition to wheat including

barley, oat and many native or introduced grasses, all of which have

a hollow stemmed phenotype (Criddle, 1917; Wallace and McNeal,

1966; Cockrell et al., 2017; Achhami et al., 2020). Oat offers an

opportunity to explore a source of complete resistance to WSS that

appears unrelated to the stem solidness phenotype.

Female WSS will oviposit in wild oat as well as both small and

large stemmed cultivated oat, but the larvae always die in the stem

before reaching maturity (Criddle, 1917; Farstad, 1940; Holmes and

Peterson, 1960; Holmes and Peterson, 1964; Wallace and McNeal,

1966; Sing, 2002; Weaver et al., 2004). This phenomenon has been

discussed and documented for many years, and although research

has explored the possibility of resistance due to physical differences

between wheat and oat stems, the exact cause of larval mortality in

oat remains unknown. In 1923, Criddle described “excessive sap” in

oat stems as a possible cause of larval mortality, but this is likely due

to environmental conditions as it was not replicable in dry
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environments (Criddle, 1923; Farstad, 1940). Though the outcome

is likely not caused by free moisture, there is some evidence that

larvae in oat stems do not begin development as readily as larvae in

wheat. In oat, larvae are less likely to form extensive, continuous

tunnels throughout the stem and they molt less frequently than

larvae developing in wheat (Farstad, 1940). Past research on oat

plant responses to WSS infestation and injury has focused on the

possibility of resistance due to physical differences between wheat

and oat stems (Roemhild, 1954). Tissue surrounding vascular

bundles in the nodes of oat stems is composed of tough

sclerenchyma tissue, as opposed to the more pliable parenchyma

tissue found in wheat nodes. However, this structural difference is

not enough to explain the resistance observed in oat, since some

larvae are still able to penetrate multiple nodes as they move

throughout the stem (Roemhild, 1954). These observations on

larvae feeding on oat stem tissues seem to suggest that there may

be nutritional deficiencies or perhaps more likely, compounds

present in oat which have antifeedant or insecticidal activities.

WSS larvae are adapted to feeding within a plant stem, which

prevents the use of conventional methods of insect rearing to test

the effects of specific compounds in an artificial diet. This has

resulted in limited knowledge of the nutritional requirements of

WSS larvae. While little is known about the identity of compounds

in oat which are detrimental to WSS development, it has been

determined that stems of oat and wheat do not differ in moisture or

nitrogen content at earlier growth stages when WSS larvae are

susceptible to mortality (McGinnis and Kasting, 1961).

Additionally, both oat and wild oat are known to produce several

active phenolic compounds in roots, shoots and seeds (Schumacher

et al., 1983; Kato-Noguchi et al., 1994). In early development these

are exuded allelopathic compounds, preventing establishment of

seedlings of other species, and can also be induced in response to

pest or pathogen attack at any growth stage (Pérez and Ormeño-

Nuñez, 1991; Kato-Noguchi et al., 1994). Overall, little mechanistic

research has been done to explore oat resistance to WSS and

defining the potential molecular mechanisms of WSS resistance in

oat represents an important step towards developing wheat

cultivars with new forms of resistance to WSS.

In this study we use liquid-chromatography mass spectrometry

(LC-MS) to evaluate the metabolites that define the physiological

response of spring wheat and oat to WSS infestation. Montana

spring wheat cultivars ‘Choteau’ (PI 633974), ‘Scholar’ (PI 607557),

Conan and Reeder (PI 613586) were chosen for comparison against

the oat cultivars Dane and Otana. A susceptible cultivar of oat has

not yet been found, and both Dane and Otana are considered to be

resistant. The cultivars Choteau and Scholar both have the allele

Qss.msub-3BL.b associated with the solid stem phenotype, though

Choteau exhibits greater expression of stem solidness and is

considered more resistant to WSS than Scholar as it experiences

lower rates of stem cuttting. Reeder is a susceptible hollow stemmed

cultivar with the allele Qss.msub-3BL.a and Conan shows a unique

phenotypic expression of stem solidness, being solid at early growth

stages and losing pith as the plant matures. Resistance due to the

Conan allele is also conferred through antixenosis, which causes

WSS females to reduce the number of ovipositor insertions and lay

fewer eggs (Sherman et al., 2010; Talbert et al., 2014; Varella et al.,
Frontiers in Plant Science 0349
2016). While we expect to find differences in metabolites between

species, the goal of this research is to discover how these differences

may be involved in the resistance of oat to WSS through a

comparison of the small molecule profiles of infested oat and

wheat plants with varying degrees of resistance.
2 Materials and methods

2.1 Experimental conditions and
plant collection

Seeds from the two cultivars of oat and four cultivars of spring

wheat (Table 1) were planted in 20.32 cm circular pots in amix ofMSU

mix and Sunshine mix #1 in a 50:50 by volume ratio. MSU mix

contained a composite of mineral soils from the Gallatin Valley,

Canadian sphagnum peat moss and washed concrete sand in a 1:1:1

by volume ratio as in Varella et al. (2017). SunshineMix #1 consisted of

a soil-less blend of Canadian Sphagnum peat moss and horticultural

grade Perlite. For each cultivar six pots containing four seeds were

planted for infestation and four pots also containing four seeds were

planted for controls. Once germinated, plants were culled to three per

pot and maintained under greenhouse conditions (22° ± 2° during the

day and 20° ± 2° during the night, and photoperiod of 15L:9D h) at the

Plant Growth Center at Montana State University. Plants were exposed

to both natural and artificial light (GE Multivapor lamps; model

MVR1000/C/U, GE Lighting, General Electric Co., Cleveland, Ohio).

All plants were watered daily and fertilized once a week with Peters

Professional® General Purpose Fertilizer (J.R. Peters, Inc., Allentown,

Pennsylvania, United States) at 100 ppm in aqueous solution.

Common greenhouse pests were controlled using ladybugs

(Hippodamia convergens Guérin-Méneville) and mechanical removal

by hand or by using a water spray to dislodge them. Plant damage due

to greenhouse pests was negligible.

Stubble containing overwintering wheat stem sawfly larvae in

diapause were collected in a heavily infested field near Amsterdam,

MT, USA. Stubs containing larvae were subjected to storage

temperatures of 0-4 C for 3-6 months to ensure completion of

diapause before transfer to ventilated plastic Tupperware boxes (70

x 35 x 20 cm) at approximately 20 C for 4-5 weeks to facilitate adult

emergence. Adult sawflies used in this study were less than 48 hours

old and were not prevented from mating prior to experimentation.

Plants were infested as soon as the first internode was detected

to ensure elongating stem tissue was present for oviposition, at
TABLE 1 Stem solidness and resistance of oat and wheat cultivars.

Species Cultivar Stem solidness

Oat (A. sativa) Dane Hollow, complete resistance

Oat (A. sativa) Otana Hollow, complete resistance

Spring wheat (T. aestivum) Choteau Solid, resistant

Spring wheat (T. aestivum) Scholar Semi-solid, semi-resistant

Spring wheat (T. aestivum) Conan Early solid, resistant

Spring wheat (T. aestivum) Reeder Hollow, susceptible
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approximately Zadoks growth stage 32 (Zadoks et al., 1974). This

coincides with the earliest growth stage that sawfly females are likely

to encounter and infest under field conditions. For each cultivar,

three pots were randomly chosen for infestation and two pots were

chosen for controls. Methods for infestation were adopted from

Biyiklioglu et al., 2018. Briefly, a cage with 530 µM mesh openings

was placed over the entire plant, including the main stem and any

developing tillers and secured using a stake and wire. A 50/50 soil

mix was added to the base of the chamber to prevent WSS escape.

Supplementary lighting was placed approximately 45 cm on either

side of the chamber to ensure that the sawflies were active

(Supplementary Figure 1). Three WSS adult females were

introduced to each chamber and oviposition was allowed for 72

hours, after which the chambers and sawflies were removed. Plant

tissue was collected two weeks after the introduction of WSS to

allow sufficient time for early instar larvae to cause damage to the

lower internodes and maximize the likelihood that stem tissue in

the upper internodes were free of frass. Specifically, the tissue was

collected from upper internodes before more than one node could

be bored by a small larva, so the upper internodes collected

contained no frass. Sample tissue from upper internodes was not

dissected in order to minimize damage to target plant tissues. To

process samples, the main stem of the plant was cut at ground level

and only the top two internodes were separated from the plant

using a razor blade to ensure that stem tissue collected from infested

plants was free of frass. The leaves were separated from the

internodes, and internodes were wrapped in aluminum foil and

immediately flash frozen in liquid nitrogen. Stems were considered

infested if frass or larvae were observed in the lower internodes.

Tillers were also checked for infestation, although most tillers had

not reached the stem elongation stage during the infestation period.

Three infested and three control samples were collected from

individual plants for each cultivar and each sample was processed

in 60 seconds or less. Samples were then stored in -80°C until

metabolites were extracted.
2.2 Sample processing for metabolomics

Frozen wheat and oat stems were ground in liquid nitrogen with

a mortar and pestle. Stem powder (approximately 150 mg per

sample) was immersed in 100% methanol (MeOH) at 70°C for 15

min. Samples were vortexed for 1 min and then centrifuged (25,000 g,

10 min, 4°C). Proteins were separated from the metabolites by an

acetone precipitation (two and a half parts acetone to one part tissue

solution) at -80°C overnight, followed by centrifugation (25,000 g) at

4°C for 10 min. The resulting supernatant fraction was dried in a

speed vacuum (low heat setting) and stored at -80°C. Prior to analyses

by liquid chromatography-mass spectrometry (LC-MS), samples

were resuspended in 20 µL of 50% HPLC grade water/50% MeOH.
2.3 LC-MS

Metabolite analysis was conducted at the Montana State Mass

Spectrometry Facility using an Agilent 1290 ultra-performance
Frontiers in Plant Science 0450
liquid chromatography (UPLC) interface (Agilent Technologies,

Santa Clara, CA, USA) fitted to an Agilent 6538 Accurate-Mass

quadrupole time-of-flight mass spectrometer. Metabolites were

separated by reversed-phase (RP) chromatography on a Kinetex

1.7 µm C18 150 x 2.1 mm column (Phenomenex, Torrance, CA)

kept at 50°C with a flow rate of 600 µL min -1. The elution profile

implemented started with a two-minute step of 98% solvent A (0.1%

formic acid in H2O; waste) with 2% solvent B (0.1% formic acid in

acetonitrile) followed by a 2% to 95% solvent B gradient over 24

min, a continued 95% solvent B for two min, and then a return to

2% solvent B over two min.

Mass detection was performed in positive mode, with a cone

voltage of 3,500 V and a fragmentor voltage of 120 V. Drying gas

temperature was 350°C (flow of 12 L per min -1) and the nebulizer

was set at ~5.2 bar. Data was acquired with the following

parameters: mass-to-charge ratio (m/z) range of 50-1,000 at

25,200 m/z-s. Mass analyzer resolution was 18,000 and post

calibration tests had mass accuracy of approximately one ppm.

For MS/MS acquisition, both standard compounds and ions of

interest within a tolerance window of 1.7 m/z units were fragmented

at 10 and 20 V.
2.4 LC-MS data preprocessing and analysis

Raw LC-MS data was converted to mzXML files using

MSconvert from Proteowizard (Chambers et al., 2012). MZmine2

was used for preprocessing of spectral data (Pluskal et al., 2010).

Raw data was acquired in centroid mode and was assigned m/z and

retention time values using mass detection with noise level set at 1.0

E 3. Chromatograms were built using the chromatogram builder

setting with minimum time span for peaks set to 0.1 min, minimum

peak height set to 1.0 E 3 and m/z tolerance between 0.01 and 30

ppm. Resulting peaks were normalized using the same m/z

tolerance, a retention time of 0.25 min and a minimum standard

intensity of 2.0 E 4. Normalized peaks were then aligned, and the

gap-filling feature was used to fill in missing peaks. Tentative

identification of metabolites was completed using the online

database metacyc.org (Katajamaa and Oresǐč, 2007; Pluskal et al.,

2010; Caspi et al., 2014). Putatively identified metabolites were

classified using the Chemical Entities of Biological Interest (ChEBI)

database (http://www.ebi.ac.uk/chebi) (Hastings et al., 2016).
2.5 Statistical analysis

Data pre-processing and analysis was performed in R version

3.5.1 (Team, R. C 2022) using the R package MetaboAnalystR (Pang

et al., 2020). Identified features were log transformed and range

scaled to meet the assumption of normality. Normalized values

were used to perform a principal component analysis (PCA) to

identify which features contributed most to the variability of the

dataset. To explore the response to infestation by each species as

well as the effects of stem solidness, three related datasets were used:

a complete dataset of all oat and wheat samples, an oat dataset

containing infested and control samples from Dane and Otana, and
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a wheat dataset containing infested and control samples from

Choteau, Scholar, Conan and Reeder. These three datasets were

used to perform PCA as well as two-way ANOVA. For the complete

dataset, two-way ANOVA was performed with infestation status

(infested, control) and cultivar (Dane, Otana, Choteau, Scholar,

Conan and Reeder) as fixed effects. Two-way ANOVA was also

performed using the oat dataset with infestation status (infested,

control) and cultivar (Dane, Otana) as fixed effects. Finally, the

wheat dataset was used to perform a two-way ANOVA with

infestation status (infested, control) and cultivar (Choteau,

Scholar, Conan, Reeder) as fixed effects. For all ANOVA testing,

post-hoc pairwise testing was performed using Fishers Least

Significant Difference (LSD) test and false discovery rate (FDR)

correction of p-values was used to correct for multiple comparisons.
3 Results

3.1 Complete dataset – oat and wheat

Prior to transformation of data, the complete dataset was used

to calculate log2 fold changes between infested and control samples

for each cultivar (Supplementary Table 1). After transformation,

PCA utilizing all metabolites from the oat and wheat dataset

showed clear separation of the oat and wheat samples based on

the first principal component (PC1) which explained 45.7% of the

variability in the dataset. The second principal component (PC2)

explained 9.1% of the variability and was able to clearly discriminate

between the oat cultivars. Some separation of the infested and

control wheat samples was also observed based on PC2, with the

exception of Conan samples which showed high variability in
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infested and control samples (Figure 1). The first principal

component was defined by low values for several carbohydrates

as well as some lipids and amino acids, and high values for several

glycosides. The second principal component was defined by low

values for a different set of carbohydrates, as well as some lipids and

high values for some terpenoids. The first and second principal

components were both defined by variable groups of compounds

and not strongly defined by a particular class or classes of

compound (Supplementary Table 2).

Two-way ANOVA of all oat and wheat samples identified 159

metabolites that showed significant differences between oat and wheat

cultivars (p-value<0.05) (Supplementary Table 3). Of these

compounds, it was possible to classify 141 and match 126 to their

respective biological pathways. Themajority of compounds were found

to be directly involved in plant defense, including several related to

glucosinolate biosynthesis and degradation (Figure 2). Groups of

terpenoids, phenols, alkaloids, glycerolipids and phospholipids were

also significantly higher in oat samples compared to wheat in both

infested and control groups (p-values<0.05) (Figure 3). Fishers Least

Significant Difference (LSD) post-hoc pairwise testing identified

significant differences in abundance of several groups of related

compounds in oat and wheat which were part of the same biological

pathway (Supplementary Table 4). Compounds of interest were also

chosen based on those identified in previous ‘omics studies of the WSS

system and other studies of plant-insect interactions. Compounds O-

sinapoylglucarolactone, O-sinapoylglucarate and 2-O-caffeoylglucarate,

associated with the biosynthesis of hydroxycinnamate (HCA) esters

were differentially expressed between oat and wheat cultivars, with O-

sinapoylgluarate also showing significant differences among the wheat

cultivars (Figure 4). Significantly higher abundance of oleate, 16-

feruloyloxypalmitate and 5-hydroxyconiferyl alcohol, compounds
FIGURE 1

Principal component analysis (PCA) score plots for infested and control samples of all oat and wheat cultivars. PCA plots were created using LC-MS
data from control and infested plants two weeks after caging with each point representing a stem sample. Choteau, orange; Conan, blue; Dane,
green; Otana, yellow; Reeder, red; Scholar, Pink; Control, circle; Infested, triangle.
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associated with lignin and suberin biosynthesis, was observed in oat

compared to all wheat cultivars, with significant differences in 5-

hydroxyconiferyl alcohol also observed between oat cultivars

Dane and Otana (Figure 5). Phospho- and galactolipids

were also generally found in higher abundance in oat, including 1-

18:2-2-18:2-monogalactosyldiacylglycerol, 1-18:3-2-18:2-

monogalactodiacylglycerol, 1-18:2-2-18:3-digalactosyldiacylglycerol, 1-

18:0-2-18:1-phosphatidylethanolamine, 1-18:2-2-16:1-phosphatidate

and 1-18:3-2-trans-16:1-phosphatidylglycerol, however some infested
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and control samples of a few wheat cultivars were not significantly

different from the oat cultivars for several of these lipids (Figure 6).

Two-way ANOVA identified significant effects of cultivar and

infestation status on the abundance of salicylic acid-related

compound salicylate 2-O-beta-D-glucoside, as well as significant

effects of cultivar on salicyl-6-hydroxy-2-cyclohexene-on-oyl and

salicin (Figure 7). Compounds associated with indole acetic acid

degradation and inactivation 2-oxindole-3-acetyl-L-aspartate, indole-

3-acetylgluatamate and indole-3-acetyl-leucine were significantly lower
FIGURE 2

Biochemical pathway associations of significant compounds in the complete dataset which consisted of all oat and wheat samples from infested and
control plants. Significant compounds (p-values<0.05) were identified using two-way ANOVA and Fishers LSD post-hoc test with FDR correction.
FIGURE 3

Classifications of significant putatively identified metabolites in the oat and wheat dataset. Significant compounds (p-values<0.05) were identified
using two-way ANOVA and Fishers LSD post-hoc test with FDR correction. The innermost circle indicates the compound class with the outer ring
representing compound subclass. Carbohydrate and derivatives, purple; carbonyl compound, orange; lipid, grey; organic hydroxy compound,
yellow; organonitrogen compound, light blue; organooxygen compound, green; organosulfur compound, dark blue; polyatomic anion, red.
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in infested and control samples from oat cultivars compared to wheat,

while 3-hydroxy-2-oxindole-3-acetyl-asp was significantly higher in oat

cultivars, particularly in infested Dane samples (Figure 8).

Benzoxazinoid-related glucoside DIBOA-beta-D-glucoside was found

to be significantly higher in both Dane and Otana as well as in infested

Choteau samples compared to other infested and control wheat

samples (Figure 9).
3.2 Oat dataset

PCA using the oat dataset did not show any separation based

on infestation status. The first principal component (PC1)

explained 34.8% of the variability in the dataset and also

allowed for discrimination of cultivars, while the second

principal component (PC2) explained 15.7% of the variability in

the dataset (Supplementary Figure 2). The first principal

component was defined by low values for some amino acids

and alkaloids and high values for some carbohydrate-related

compounds. The second principal component was defined by

low values for several lipids and high values for a different set

of lipids as well as several carboxylic acids. The first and second
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principal components both were defined by a variable mix of

compound classes (Supplementary Table 5).

Two-way ANOVA of all oat samples identified 96 metabolites

that were significantly different between cultivars (p-value<0.05)

(Supplementary Table 6). Of these, it was possible to classify 81 and

match 79 to their respective biological pathway. The majority of

these metabolites were involved in plant defense or biosynthetic

pathways including nucleotide cycling and degradation,

phosphatidylcholine biosynthesis and biosynthesis of secondary

metabolites (Supplementary Figure 3). Compounds that were

significantly different between the oat cultivars included several

alkaloids, phenols, terpenes, flavonoids and carbohydrates

(Supplementary Figure 4).
3.3 Wheat dataset

PCA with only the wheat dataset showed Choteau, Conan,

Reeder and Scholar samples forming distinct clusters, but overlap

between groups was observed due to the variability within sample

groups (Supplementary Figure 5). The first principal component

(PC1) explained 19.7% of the variability in the dataset and while the
A B

C

FIGURE 4

Boxplots showing differences in relative abundance of hydroxycinnamic acid conjugates in control and infested stem samples of oat and wheat. (A)
O-sinapoylglucarolactone, (B) O-sinapoylglucarate, (C) 2-O-caffeoylglucarate. The box indicates the interquartile range (IQR) with the horizontal bar
indicating the median. Lines extending from the box show the standard error for each sample group. Dane, green; Otana, yellow; Choteau, orange;
Scholar, pink; Conan, blue; Reeder, red. Boxplots that do not share a letter have significantly different means.
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second principal component (PC2) explained 16.3%. Overall,

Scholar samples showed the tightest clustering, with lower

variability observed in infested and control groups when

compared with the other cultivars. The first principal component

was defined by small values for some amino acids, lipids and

polyatomic ions and large values for some carbohydrates and

carbohydrate derivatives. The second principal component was

defined by small values for some lipids, carbohydrates and

organic hydroxy compounds and large values for a different set of

lipids and some phenols. As with the complete dataset and oat

dataset, neither principal component was strongly defined by any

specific compound classes (Supplementary Table 7).

In the two-way ANOVA of wheat samples, a total of 58

metabolites showed significant differences. Cultivar had a

significant effect on the abundance of 52 compounds and

infestation status had a significant effect on 11 compounds,

with evidence for an interaction between cultivar and

infestation status for three compounds (p-value<0.05)

(Supplementary Table 8). Of the 58 total compounds, it was

possible to classify 52 and assign 39 to their respective pathway

(Figures 10, 11). Metabolites that were significantly different

between cultivars included several carbohydrate and

carbohydrate derivatives, lipids and organonitrogen compounds,
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while infestation status had a significant effect on some lipids

and carbohydrate related compounds.
3.4 Carbohydrates and derivatives

In the complete dataset, 17 carbohydrates, carbohydrate

derivatives and carbonyl compounds were differentially expressed

between cultivars, including salicin 6-phosphate, salicin, DIBOA b-
D-glucoside and 2-O-caffeoylglucarate (p-values <0.05). In post-hoc

tests, salicin showed significant differences between all samples

from oat cultivars compared to all cultivars of wheat (Figure 7).

2-O-caffeoylglucarate and DIBOA beta-D-glucoside were both

significantly higher in samples from oat cultivars compared to

wheat, with significantly higher abundance of DIBOA beta-D-

glucoside also observed in infested samples of Choteau compared

to samples from other wheat cultivars (Figures 4, 9). There was also

evidence for an interaction between cultivar and infestation

status for four compounds: tetrahydropteroyltri-L-glutamate,

vitexin 2”-O-b-D-glucoside, benzoyl-b-D-glucopyranose and

phlorizin (p-values <0.05).

In the oat dataset, there was also a significant effect of cultivar

on 11 carbohydrate-related compounds including salicortin, 2-O-
A B

C

FIGURE 5

Boxplots showing relative abundance of compounds related to suberin and lignin biosynthesis in control and infested stem samples of oat and
wheat. (A) oleate, (B) 16-feruloyloxypalmitate, (C) 5-hydroxyconiferyl alcohol. The box indicates the interquartile range (IQR) with the horizontal bar
indicating the median. Lines extending from the box show the standard error for each sample group. Dane, green; Otana, yellow; Choteau, orange;
Scholar, pink; Conan, blue; Reeder, red. Boxplots that do not share a letter have significantly different means.
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caffeoylglucarate, peonidin-3-(p-coumaroyl)-rutinoside-5-

glucoside and 1,4-b-D glucan (p-values <0.05). Infestation status

and cultivar both had significant effects on the relative abundance of

glucosyl limonin and benzoyl-b-D-glucopyranose in the oat dataset,

with evidence of an interaction between infestation status and

cultivar for these compounds (p-values <0.05).

The wheat dataset contained 9 glucosides and carbonyl

compounds which were differentially expressed between cultivars

(p-value <0.05). Infestation status had a significant effect on bis(b-
D-glucosyl) crocetin (p-value <0.05). Both cultivar and infestation

status had a significant effect on the abundance of HMDBOA-

glucoside, but there was no evidence of an interaction for this

compound (p-value <0.05). Abundance of HMDBOA-glucoside

was higher in all samples from oat cultivars compared with

infested and control samples from wheat. Scholar infested and

control samples were significantly higher than those from other

wheat cultivars (Figure 9).
3.5 Lipids

In the complete dataset, 40 lipids were differentially expressed

between cultivars, including several galactolipids, phospholipids and

terpenoids (p-values<0.05). 1-18:2-2-18:2-monogalactosyldiacylglycerol,

1-18:3-2-18:2-monogalactodiacylglycerol, 1-18:2-2-18:3-

digalactosyldiacylglycerol, 1-18:0-2-18:1-phosphatidylethanolamine and
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1-18:2-2-16:1-phosphatidate and 1-18:3-2-trans-16:1-

phosphatidylglycerol showed differential expression (Figure 6). Oleate

was significantly higher in the oat samples compared to wheat, and was

also significantly higher in infested Conan samples and control samples

of Reeder compared to other samples from wheat (Figure 5). Infestation

status also had a significant effect on the abundance of 2-omega-

hydroxy- C22:0-LPA and hemigossypol, although there was no

evidence of an interaction between cultivar and infestation status for

these compounds (p-value<0.05).

There were 10 lipids in the oat dataset that were differentially

expressed between cultivars, including oleate, the galactolipids 1-

18:3-2-18:2-monogalactosyldiacylglycerol and 1-18:2-2-18:2-

digalactosyldiacylglycerol and several terpenoids (p-value<0.05).

In the wheat dataset, cultivar had a significant effect on the

abundance of 9 lipids, including the phospholipid 1-18:3-2-trans-

16:1-phosphatidylglycerol. Infestation status had a significant effect

on the abundance of 2-omega-hydroxy- C22:0-LPA (p-value<0.05).

There was no evidence for an interaction between cultivar and

infestation status for any lipids in the wheat dataset.
3.6 Other organic compounds

Cultivar had a significant effect on the abundance of 100 other

organic compounds in the complete dataset, including 16-

feruloyloxypalmitate, salicyl-6-hydroxy-2-cyclohexene-on-oyl, 2-
A B C

D E F

FIGURE 6

Boxplots showing relative abundance of phospho- and galactolipids in control and infested stem samples of oat and wheat. (A) 1-18:2-2-18-2-
monogalactosyldiacylglycerol, (B) 1-18:3-2-18:2-monogalactosyldiacylglycerol, (C) 1-18:2-2-18:3-digalactosyldiacylglycerol, (D) 1-18:0-2-18:1-
phosphatidylethanolamine, (E) 1-18:2-2-16:1-phosphatidate, (F) 1-18:3-2-trans-16:1-phosphatidylglycerol. The box indicates the interquartile range
(IQR) with the horizontal bar indicating the median. Lines extending from the box show the standard error for each sample group. Dane, green;
Otana, yellow; Choteau, orange; Scholar, pink; Conan, blue; Reeder, red. Boxplots that do not share a letter have significantly different means.
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oxindole-3-acetyl-L-aspartate, 3-hydroxy-2-oxindole-3-acetyl-asp,

phenols O-sinapoylglucarolactone and 5-hydroxyconiferyl alcohol,

and amino acid derivatives oxindole-3-acetyl-L-aspartate, indole-3-

acetyl-glutamate and indole-3-acetyl-leucine (p-value<0.05). Indole-

3-acetylglutamate and indole-3-acetyl-leucine were both significantly

lower in oat samples compared with all cultivars of wheat (Figure 8).

Indole-3-acetylglutamate also showed differential expression between

infested and control samples of Choteau and Scholar (Figure 8).

16-feruloyloxypalmitate and 5-hydroxyconiferyl alcohol

were significantly higher in both oat cultivars compared

with wheat (Figure 5). 2-oxindole-3-acetyl-L-aspartate and O-

sinapoylglucarolactone were significantly lower in both Dane and

Otana compared with the wheat cultivars (Figures 8, 4). 3-hydroxy-2-

oxindole-3-acetyl-asp showed opposite expression, with significantly

higher abundance in Dane infested samples, although all oat samples

showed higher abundance than the wheat cultivars (Figure 8).

Infestation status had a significant effect on the abundance of 4

organic compounds, including indole-3-acetyl isoleucine and

salicylate 2-O-b-D-glucoside (p-value<0.05). Salicyl-6-hydroxy-2-

cyclohexene-on-oyl was significantly higher in both oat cultivars

compared with the wheat cultivars, however there were also

differences observed between oat cultivars for this compound
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(Figure 7). Salicylate 2-O-b-D-glucoside was significantly higher in

Dane infested samples compared with other oat samples and wheat

samples from all cultivars (Figure 7). There was evidence for an

interaction between cultivar and infestation status for

tetrahydropteroyl-tri-L-glutamate, 10-deacetyl-2-debenzoylbaccatin

III, hydroxyflavone and kamepferide triglycoside (p-value<0.05).

In the oat dataset, 62 organic compounds were differentially

expressed between cultivars including DIMBOA, choline, cyanidin

3-(p-coumaroyl)-glucoside, indole-3-acetyl-isoleucine (p-value

<0.05). Infestation status had a significant effect on the abundance

of 6-hydroxy-allocryptopine and indole-3-acetohydroximoyl-

glutathione (p-value <0.05), however there was evidence of an

interaction between infestation status and cultivar for these

compounds (p-value<0.05).

In the wheat dataset, 36 organic compounds were differentially

expressed between cultivars including O-sinapoylglucarate and

several phenols and alkaloids (p-value<0.05). Infestation status

had a significant effect on the abundance of 4 compounds:

serotonin, xanthine, dihydrocurcumin and 7-deoxyloganetate (p-

value<0.05). There was evidence for an interaction between

infestation status and cultivar for two compounds: laudanosine

and luteolin 7-O-b-D-glucuronide (p-value<0.05).
A B

C

FIGURE 7

Boxplots showing relative abundance of salicylic acid related compounds in control and infested stem samples of oat and wheat. (A) salicylate 2-O-
b-D-glucoside, (B) salicyl-6-hydroxy-2-cyclohexene-on-oyl, (C) salicin. The box indicates the interquartile range (IQR) with the horizontal bar
indicating the median. Lines extending from the box show the standard error for each sample group. Dane, green; Otana, yellow; Choteau, orange;
Scholar, pink; Conan, blue; Reeder, red. Boxplots that do not share a letter have significantly different means.
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4 Discussion

Here, we utilized comparisons of the metabolome of infested

and uninfested stem tissue from two cultivars of oat, which exhibits

complete resistance to stem cutting by WSS, and four cultivars of

wheat with varying degrees of stem solidness to explore possible

mechanisms of resistance to WSS. In our complete dataset, several

carbohydrates, lipids and plant defense compounds were

differentially expressed between samples from both oat cultivars

and samples from wheat cultivars, indicating that these compounds

may be responsible for the constitutive resistance to WSS observed

in oat. In all datasets, cultivar had the greatest effect on most

compounds, and although some did show change in response to

WSS infestation, the effect of infestation status on relative

abundance was rarely significant. Overall, constitutive and

induced differences in lipids, plant defense compounds including

HMDBOA glucoside, and compounds involved in the organization

of cells or cell elongation within plant tissue such as O-

sinapoylglucarate and indole-3-acetyl leucine appear to be related

to WSS resistance and illustrate how the molecular environment of

oat stems differ from wheat and may explain why oat is a poor host

for developing larvae of WSS.
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4.1 Phenylpropanoid pathway and species
differences in lignin and suberin
biosynthetic pathways

The phenylpropanoid pathway is extensive and complex,

producing a wide range of compounds which are involved in

plant defense in several ways including systemic signaling and

providing chemical or physical barriers to insect or pathogen

attack. This pathway is responsible for the biosynthesis of

hydroxycinnamic acids, flavonoids, isoflavanones, anthocyanins,

and sinapate esters (Strack et al., 1987). Several structural

biopolymers are derived from the phenylpropanoid pathway as

well, including lignin and suberin. Production of these compounds

is highly variable depending on species and nearly every class of

molecule produced by this superpathway has functions that are

either directly or indirectly involved in plant defense (Dixon

et al., 2002).

Biosynthesis of hydroxycinnamate (HCA) esters proceeds via

three unique routes: one utilizing HCA-CoA thioesters, another

uses HCA-glucosides from sinapate ester biosynthesis and the third

utilizes HCA-quinate (Strack et al., 1987; Strack et al., 1988). O-

sinapoylglucarate and O-sinapoylglucarolactone, both products of
A
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FIGURE 8

Boxplots showing relative abundance of indole-3-acetic acid (IAA) conjugates in control and infested stem samples of oat and wheat. (A) 2-
oxindole-3-acetyl-L-aspartate, (B) 3-hydroxy-2-oxindole-3-acetyl-asp, (C) indole-3-acetylglutamate, (D) indole-3-acetyl-leucine. The box indicates
the interquartile range (IQR) with the horizontal bar indicating the median. Lines extending from the box show the standard error for each sample
group. Dane, green; Otana, yellow; Choteau, orange; Scholar, pink; Conan, blue; Reeder, red. Boxplots that do not share a letter have significantly
different means.
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the second route of HCA ester biosynthesis, were found in

lower abundance in oat samples when compared to wheat

samples. In wheat, abundance of O-sinapoylglucarate and O-

sinapoylglucarolactone increased or stayed the same when plants

were infested, while infested oat plants had a significant decrease in

O-sinapoylglucarolactone compared to uninfested oat plants
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(Figure 4). Overall, 2-O-caffeoylglucarate, a product of the third

route of HCA ester biosynthesis, had increased abundance in oat

samples compared to wheat and also had significantly lower

abundance in infested oat plants compared to uninfested oat

plants (Figure 4). These results indicate that oat may produce

HCA esters primarily via the HCA-quinate route. It is not known

whether the routes to HCA production differ in terms of efficiency

or speed of response, so it is difficult to determine what role the

HCA-quinate route plays in oat resistance to larval feeding.

Hydroxycinnamic acid esters in plant tissues have a direct effect

on plant resistance and can decrease oviposition and have a negative

effect on larval mortality (Anyanga et al., 2021). They can also form

polymers with polyamines to form hydroxycinnamic acid amines

(HCAAs) which are deposited in the cell wall near regions of

pathogen infection or wounding by boring insects, a process that

is associated with strengthening of cell walls and increased

resistance (Grandmaison et al., 1993; Facchini et al., 2002; Barros-

Rios et al., 2011; Gunnaiah et al., 2012). HCAAs themselves can

influence cell growth and lignin content as well as lignin subunit

composition, which also affects plant resistance (Lima et al., 2013).

Suberin and lignin are structural polymers that are essential for

plant protection from infection by fungal pathogens or infestation

by insects (Wainhouse et al., 1990; Li et al., 2007; Kosma et al., 2010;

Bakaze et al., 2020). Infection by some pathogens induces
FIGURE 10

Biochemical pathway associations of significant compounds (p-
value<0.05) in the wheat dataset. The wheat dataset consisted of all
wheat samples from infested and control plants. Significant
compounds (p-values<0.05) were identified using two-way ANOVA
and Fishers LSD post-hoc test.
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FIGURE 9

Boxplots showing relative abundance of benzoxazinoids in control and infested stem samples of oat and wheat. (A) DIBOA-b-D-glucoside, (B)
HMDBOA-glucoside, (C) DIMBOA. The box indicates the interquartile range (IQR) with the horizontal bar indicating the median. Lines extending from
the box show the standard error for each sample group. Dane, green; Otana, yellow; Choteau, orange; Scholar, pink; Conan, blue; Reeder, red.
Boxplots that do not share a letter have significantly different means.
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reinforcement of vascular cell walls with a ligno-suberin coating

that strengthens the cell wall, preventing degradation and

restricting the movement of the pathogen, conferring resistance

(Kashyap et al., 2022). In wheat, lignin is present in the parenchyma

of solid-stemmed cultivars, while lignification is not as extensive in

barley or oat (Roemhild, 1954). In our complete dataset, abundance

of 16-feruloyloxypalmitate, oleate, and 5-hydroxyconiferyl alcohol

were significantly lower in wheat compared to all oat cultivars

(Figure 5). 16-feruloyloxypalmitate and oleate are predicted to be

involved in suberin biosynthesis, while 5-hydroxyconiferyl alcohol

is incorporated into lignin via a dehydrogenation reaction, forming

lignins that are linear in nature (Elder et al., 2016). While several

studies have confirmed the positive impact of increased lignin on

plant resistance to fungal pathogens and infestation by insects

(Wainhouse et al., 1990; Bi et al., 2010), lignin content has not

been found to have any effect on the amount of sawfly tunneling or

stem cutting in the sawfly system (McNeal et al., 1965).

However, total lignin content is only one aspect of mechanical

resistance to pests and pathogens. Lignin is a polymer composed of

syringyl (S), guaiacyl (G) and p-hydroxyphenyl (H) subunits which

may have an effect on resistance. In particular, some research has

explored the influence of lignin subunit composition (S/G ratio) on

palatability of plant tissue to insect herbivores, and there is evidence

that resistant plants exhibit an altered S/G ratio depending on

species (Sewalt et al., 1997; Poerschmann et al., 2005; Kärkönen

et al., 2014). Lignin formed in response to bacterial infection or

insect attack contains less G monolignin and more G and H

monolignins, illustrating that biosynthesis of lignin can change

depending on type of stress, though this does not always coincide
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with increased plant resistance (Zhang et al., 2007; Buhl et al., 2017).

Further study is necessary to elucidate whether the lignin

composition of oat differs from that of wheat and whether this

has an effect on larval feeding or survival in oat.
4.2 Phospholipids in oat and wheat

Phospho l ip id s such a s phospha t idy l cho l ine and

phosphatidylethanalomine are important structural lipids found

in plant cell membranes. These molecules can also be hydrolyzed by

phospholipases and serve as co-factors, signaling molecules or

precursors to signaling molecules that are necessary for plant

defense responses (Munnik et al., 1998; Laxalt and Munnik,

2002). Phospholipids, galactolipids and related molecules found

in this study have the potential for involvement in plant defense

responses in some capacity and may be linked to the same putative

pathway (Figure 6). Several phospholipid metabolizing enzymes

have been identified and are thought to play an important role in

plant defense signal transduction. A known product of

phospholipases C (PLC; EC 3.1.4.3) and D (PLD; EC 3.1.4.4) is

phosphatidic acid which is a conjugate acid of phosphatidate

(Liscovitch et al., 2000). In many plants, levels of phosphatidic

acid have been shown to increase in response to wounding, drought

stress or treatment with a general synthetic elicitor (Lee et al., 1997;

Frank et al., 2000; Van Der Luit et al., 2000). Phosphatidic

acid is also a precursor to many complex lipids including

digalactosyldiacylglycerol, which in turn contributes to salicylic

acid biosynthesis and systemic acquired resistance (SAR) signal
FIGURE 11

Classifications of significant, putatively identified metabolites in the wheat dataset. Significant compounds (p-values<0.05) were identified using two-
way ANOVA and Fishers LSD post-hoc test with FDR correction. The innermost circle indicates the compound class with the outer ring representing
compound subclass. Carbohydrate or derivative, purple; carbonyl compound, orange; lipid, grey; organic heterocyclic compound, brown; organic
hydroxy compound, yellow; organonitrogen compound, light blue; organooxygen compound, light green; organosulfur compound, dark blue;
polyatomic ion, red.
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azelaic acid (Gao et al., 2014). Phosphatidic acid can also activate

the NADPH oxidase complex, indirectly triggering an oxidative

burst in response to pathogen attack (Laxalt and Munnik, 2002).

In this study, both species experienced a decrease in phospholipid

abundance in response to infestation, with the exception of Conan,

which showed an increase in concentration for the majority of

phospholipids observed. Lipid components of plant cellular

membranes, 1-18:1-2-18:1-phosphatidylethanolamine, 1-18:0-2-18:1-

phosphatidylethanolamine and 1-18:3-2-trans-16:1-phosphatidylgly

cerol, were significantly greater in oat compared with all cultivars of

wheat. In the oat dataset, free galactolipids 1-18:2-2-18:2-

digalactosyldiacylglycerol and 1-18:3-2-18:2-monogalactosyl

diacylglycerol both decreased in response to infestation, but only

cultivar had a significant effect on abundance. Lipids, including

phospholipids, are nutritionally significant to many insects and are

often required for normal growth and development (Turunen, 1979).

Conversely, high concentrations of lipids in plant tissues can also cause

larval mortality and decreased larval growth in some species (Li et al.,

2014; Liao et al., 2021). WSS larvae are adapted to feeding inside the

plant stem, making it difficult to test their dietary requirements with

artificial diets, so little is known about their specific nutritional needs,

but it is possible that higher levels of lipids in oat may have a negative

effect on larval growth and development (Macedo et al., 2005).

Phospholipids have been well studied in relation to wheat

resistance to Hessian fly, an insect that feeds within the exterior of

the stem wall. In several studies using wheat lines resistant to Hessian

fly, a decrease in membrane lipid concentration and increase in fatty

acids and derivatives has often been observed in response to feeding by

Hessian fly larvae (Zhu et al., 2012; Khajuria et al., 2013). In our results,

infestation did not have a significant effect on the levels of phospho- or

galactolipids in any of the datasets, although a decrease of abundance

was observed in infested samples, indicating that phospholipid

signaling is likely not a strong response to WSS infestation in either

oat or wheat (Figure 6). The resistant cultivar Conan had similar levels

of structural lipids to the other wheat cultivars but had increased

abundance of free lipids 1-18:2-2-18:2-monogalactosyldiacylglycerol, 1-

18:2-2-18:2-digalactosyldiacylglycerol, 1-18:2-2-18:3-digalactosyl

diacylglycerol and 1-18:1-2-18:1-phosphatidate, though this increase

was not significant in either the complete or wheat-only dataset

(Figure 6). These results suggest that the increase in free lipids might

be associated with the disappearance of pith observed as Conan

matures and indicate that Conan may be more efficient than other

wheat cultivars at re-mobilizing structural lipids after degradation to

signaling lipids or precursors. The downstream effects of increased

phosphatidic acid, including SAR and induction of an oxidative burst,

may also partially explain the resistance of Conan to sawfly damage.
4.3 Other plant defense molecules

4.3.1 Salicylic acid and related metabolites
Salicylic acid (SA) and jasmonic acid (JA) hormone signaling

pathways are the two most important and well-studied in relation to

induced plant defense (Howe and Jander, 2008; Erb et al., 2012).

The crosstalk between these pathways is complex, but SA can have a
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negative effect on JA-induced resistance, making plants more

susceptible to damage from insect herbivores (Stotz et al., 2002;

Bodenhausen and Reymond, 2007; Bruessow et al., 2010).

Salicylates such as salicin and salicortin also play a role in direct

plant defense against herbivory, negatively affecting larval

performance by decreasing growth rates (Lindroth and Peterson,

1988; Lindroth and Bloomer, 1991; Hemming and Lindroth, 2000;

Zhang et al., 2013). Additionally, there is evidence that activation of

jasmonate and salicylic acid defenses can increase parasitism or

predation of herbivores in many plant species (Dicke et al., 1990;

Thaler, 1999; Van Poecke and Dicke, 2002).

In this study, there was a strong effect of cultivar on the

abundance of the salicylic acid-related compounds salicylate 2-O-

b-D-glucoside, salicin and salicyl-6-hydroxy-2-cyclohexene-on-oyl,

while infestation status only had an effect on the levels of salicylate

2-O-b-D-glucoside in infested Dane samples. There was no

significant effect of cultivar or infestation status on the abundance

of salicortin, however, salicyl-6-hydroxy-2-cyclohexene-on-oyl, the

final precursor in salicortin biosynthesis was significantly higher in

both oat cultivars (Figure 7). Salicortin itself did decrease in all

cultivars of oat and wheat in response to infestation, but this

response was not found to be significant. Regardless, as salicyl-6-

hydroxy-2-cyclohexene-on-oyl is likely more stable than salicortin

in vivo, the increased abundance of salicyl-6-hydroxy-2-

cyclohexene-on-oyl may indicate an upregulation of the salicortin

biosynthesis pathway in oat. In a study of willow Salix sericea

(Marsh.) subjected to damage by herbivory from various species of

beetle, salicortin decreased in the affected leaves four days after the

start of damage, possibly due to consumption of leaf tissue high in

this compound (Fields and Orians, 2006). Since the tissue collected

for our study was very likely to be undamaged by larval feeding, but

was collected after larvae were able to feed within the stem for some

time, the decrease in salicortin is more likely due to a systemic

response or degradation as opposed to a short term induced defense

response. Salicortin may be remobilized to damaged regions of the

stem where it is rapidly degraded into salicin during larval feeding,

which might explain the decrease in levels of salicortin in systemic

stem tissue of infested samples.

In the complete dataset, cultivar had an effect on abundance of only

one compound derived from the jasmonates biosynthesis pathway, 12-

hydroxyjasmonic acid 12-O-b-D-glucoside (tuberonic acid glucoside,

TAG), while infestation status had no measurable effect. Two

additional jasmonate-related compounds, jasmonoyl-CoA and

jasmonoyl-L-isoleucine, were identified in the complete dataset, but

cultivar and infestation status had no effect on abundance (data not

shown). While not a significant result, TAG decreased with infestation

in Choteau and Conan with no change in infested Scholar or Reeder.

Conversely, both cultivars of oat showed an increase in TAG

abundance in infested samples, although this result was not

significant in the complete or oat dataset. After JA is converted to

TAG in damaged regions of the plant, it is translocated to undamaged

plant tissue where it contributes to down-regulation of genes involved

in JA biosynthesis, which may explain the insignificant effect of WSS

infestation on JA-associated compounds identified in our analysis

(Gidda et al., 2003; Seto et al., 2009).
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4.3.2 DIMBOA pathway
2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA)

and related 1,4-benzoxazin-3-ones (Bxs) are related to the

resistance of cereal species to insects, fungi and bacteria (Niemeyer,

1988). These metabolites are present in plant cells as glucosides,

which become available to hydrolyzing enzymes once plant tissues

are damaged by insect feeding (Virtanen and Hietala, 1960). Bxs have

recently been discovered to play a key role in the stem elongation

phase in winter wheat (Xu et al., 2021). Much of the research

conducted on this class of molecules has focused on increased

levels of DIMBOA-Glc, 2-(2-hydroxy-7-methoxy-1,4-benzoxazin-3-

one)-b-D-glucopyranose (HDMBOA-Glc) and 6-methoxy-2-

benzoxazolinone (MBOA) in maize resistance to European corn

borer, Ostrinia nubilalis, however Bxs have also been found to be

involved in plant resistance to several species of aphids, as well as

larvae frommany species (Campos et al., 1989; Niemeyer et al., 1989;

Houseman et al., 1992; Ortego et al., 1998). Evidence from previous

untargeted proteomics and metabolomics experiments show that Bxs

may also be involved in plant response to WSS in spring and winter

wheat (Biyiklioglu et al., 2018; Lavergne et al., 2020).

A metabolite putatively identified as DIMBOA was included in

our analysis, but abundance was only affected by cultivar in the oat

dataset with no differences in the wheat or complete datasets. While

all wheat cultivars experienced an increase in abundance of

HDMBOA-Glc after infestation, the increase in Conan was

insignificant compared to Choteau, Scholar and Reeder (Figure 9).

HDMBOA-Glc can be induced during feeding by O. nubilalis or

upon treatment with jasmonic acid (JA) or chitin derived saccharides

in wheat and maize (Oikawa et al., 2001; Oikawa et al., 2002; Dafoe

et al., 2011). After hydrolysis of HDMBOA-Glc, HDMBOA

decomposes rapidly into MBOA at a faster rate than other known

Bxs, and both HDMBOA and MBOA have negative effects on larval

growth of Southwestern corn borer, Diatraea grandiosella Dyar

(Grambow and Lückge, 1986; Hedin et al., 1993). This means that

HDMBOA-Glc may be involved in the rapid defense response of

wheat toWSS, although it appears that Conan may return to baseline

levels more quickly than other cultivars.

In our complete dataset, DIBOA-b-D-glucoside had significantly

higher abundance in both oat cultivars compared to all wheat

cultivars. While not significant, wheat cultivars experienced an

increase in DIBOA-b-D-glucoside upon infestation while both oat

cultivars showed a decrease of this metabolite after infestation

(Figure 1). The increased abundance of DIBOA-b-D-glucoside in

infested wheat samples observed here matches the plant response

observed in the hollow-stemmed partially tolerant cultivar Hatcher

reported in figures of a previous study of plant metabolomic response

toWSS (Lavergne et al., 2020). Conversely, we observed a decrease in

DIBOA-b-D-glucoside upon infestation in all oat cultivars. In a

separate study of the proteome of infested spring wheat cultivars,

downregulation of DIMBOA glucoside b-D-glucosidase, a protein

which hydrolyzes DIMBOA-glucoside to DIMBOA and D-glucose,

was identified in infested stems of Scholar, but no change was

observed in resistant cultivar Choteau (Biyiklioglu et al., 2018).

These conflicting results illustrate the complex involvement of this

pathway in WSS resistance and are not unexpected, since Bxs vary
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significantly based on cultivar, growth stage, plant part sampled and

time after infestation (Niemeyer et al., 1989; Huang et al., 2006).

Adding to the complexity of this response, there is some evidence that

Bxs in the diet of cereal aphid species can have a positive effect on

aphid predators, maximizing the tritrophic interaction between

wheat, aphids and aphid predator Eriopis connexa Germar. (Martos

et al., 1992). This means that Bxs in the diet of WSS larvae have the

potential to impact the fitness of specialist braconid parasitoids that

have WSS as their only known host. This possibility, along with the

association of Bxs in plant response to WSS infestation and with the

specific response of the resistant cultivar Conan show that further

exploration of this pathway will be beneficial to understanding

WSS resistance.

4.3.3 Indole-3-acetate degradation
Phytohormone indole-3-acetic acid (IAA), is the primary auxin

found in plants, and is involved in many aspects of plant

development and response including tropism, cell elongation and

stem growth, cell division, phloem and xylem differentiation, root

initiation, flowering, senescence and abscission (Davies, 2010).

Concentrations of IAA in plant tissues is regulated by the plant in

several ways, including biosynthesis, degradation, activation,

transport in and out of cells, and inactivation via formation of

IAA conjugates (Caruso, 1987; Bartel et al., 2001). Despite

knowledge of the existence of these regulatory mechanisms, the

exact pathways for many are still only partially elucidated (Ljung,

2013). IAA can also be produced by some species of insects in high

concentrations, allowing them to form galls, increase nutritive value

of plant tissue or overcome structural plant defenses (Tooker and

De Moraes, 2010; Tooker and De Moraes, 2011; Dafoe et al., 2013).

In the complete dataset, cultivar had a strong effect on the

abundance of several IAA-conjugates and IAA-derived compounds

that are involved in indole-3-acetate degradation, while infestation

status had no significant effect on the abundance of these

compounds. Abundance of 2-oxindole-3-acetyl-L-aspartate,

indole-3-acetylglutamate, and indole-3-acetyl-leucine had

significantly lower abundance in oat samples compared to wheat,

while 3-hydroxy-2-oxindole-3-acetyl-aspartate was significantly

higher in oat samples (Figure 8). The function of IAA-leucine

appears to be temporary storage to supply free IAA when needed by

the cell (for IAA-activation), so the lower abundance observed in

oat may indicate that free IAA can be readily provided by

degradation of IAA-leucine or IAA-glutamate in wheat

(Woodward and Bartel, 2005). IAA-glutamate is also involved in

an indole-3-acetate conjugate degradation pathway and may serve

as a temporary storage form of IAA since it is easily reconverted to

IAA in vivo (Hayashi et al., 2021). IAA-glutamate can also be

irreversibly oxidized to 2-oxindole-3-acetyl-L-aspartate and further

hydrolyzed to 2-oxindole-3-acetic acid, an inactive form of IAA

(Hayashi et al., 2021). 3-Hydroxy-2-oxindole-3-acetyl-aspartate

was found in lower abundance in oat, with the exception of Dane

infested samples. This compound may be involved in degradation

of 2-oxindole-3-acetic acid aspartate to 3-O-b-glucosyl-2-oxindole-
3-acetyl-aspartate, but it is unknown whether this mechanism can

be reversed to provide free IAA (Caspi et al., 2014).
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The significantly lower abundance of IAA-glutamate and the

decrease that was observed in infested oat, while not significant,

suggests that oat may not inactivate IAA to the same extent as in

wheat, instead storing it in forms that can be re-activated. In fact, with

the exception of Conan, all wheat cultivars experienced an increase in

IAA-glutamate upon infestation and also had higher abundance of 2-

oxindole-3-acetyl-L-aspartate, the product of the irreversible step of

IAA inactivation in both infested and uninfested tissue samples.

These results indicate that wheat may respond to WSS infestation by

inactivating IAA in the stem, while fully irreversible inactivation of

IAA is more variable depending on cultivar.

Free IAA, whether produced by the plant or by insect, can affect

insect survival not only through physical consumption, but by altering

plant host material for protection or increased nutrient availability.

Hessian fly infestation causes elevated levels of IAA without a

corresponding induction of jasmonic acid and salicylic acid, leading

to increased nutrient availability while simultaneously lowering plant

defense activation (Tooker and DeMoraes, 2010). In maize, high levels

of IAA are excreted in the frass of European corn borer, leading to

increased protein accumulation in nearby tissues which provide larvae

with more nutritional content, offsetting the decline in growth rates

caused by the presence of increased plant defense compounds (Dafoe

et al., 2013). IAA application to the larvae of lesser wax moth, Achoria

grisella not only has an effect on lipid, protein and glycogen levels in the

hemolymph of the pest, but also affects hemolymph content of its

braconid natural enemy Apanteles galleriae (Uçkan et al., 2014). These

changes can even have a negative effect on natural enemy populations,

increasing adult emergence time after pupation and decreasing

overall longevity of A. galleriae adults (Uçkan et al., 2011). These

studies indicate that further exploration of IAA biosynthesis and

degradation pathways may provide more information about the

tritrophic interaction between wheat, WSS and their parasitoids.
5 Conclusion

The solid stem phenotype has historically been the most utilized

defense against damage and yield loss fromWSS infestation, but due to

variability in solid stem expression under different growing conditions,

and the negative effect of solid stems on braconid parasitoid

populations, substantial stem cutting and yield loss can still occur. To

support parasitoid populations and maximize the effectiveness of the

tritrophic interaction between host, pest and parasitoid, it is necessary to

explore new sources of resistance which are not associated with solid

stems. Oat exhibits complete resistance to WSS, causing 100% larval

mortality to early instar larvae, which makes it a prime candidate for

investigating new mechanisms of host plant resistance.

Here, we identified differentially expressed metabolites between

cultivars of oat and wheat which were associated with changes to the

phenylpropanoid pathway and phospholipid biosynthesis and

signaling. Compounds such as O-sinapoylglucarate, O-

sinapoylglucarolactone, 2-O-caffeoylglucarate (all are HCAs) and 5-

hydroxyconiferyl alcohol are ubiquitous in plants and are generally

related to cellular organization and tissue structure. Due to their

presence in stem tissue, HCAs as well as membrane and free lipids are

directly encountered by foraging females during ovipositor insertions
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as well as by larvae feeding inside the stem. HCAs can also affect

oviposition behavior and larval survival by strengthening the cell wall

and inducing changes in overall lignin content and composition,

while lipids can serve as signaling molecules, affecting a wide range of

downstream defense responses. Additionally, increased abundance of

5-hydroxyconiferyl alcohol in oat suggests that there may be

differences in lignin subunit composition that is related to WSS

resistance. In oat, several phospho- and galacto- lipids were also

found in greater abundance, and both species experienced a decrease

in phospholipid abundance after infestation, with the exception of

Conan, which has the early stem-solidness phenotype and loses pith

as the plant develops. Other studies have also identified a role for the

phenylpropanoid pathway in plant defense against wheat stem

sawfly, and changes in lipid abundance have known associations

with plant resistance in other systems, making these pathways good

targets for further exploration (Zhu et al., 2012; Khajuria et al., 2013;

Biyiklioglu et al., 2018; Lavergne et al., 2020). Further examination of

lignin content and composition in hollow, solid, and early-solid

cultivars may reveal differences in stem architecture that influence

the behavior of both adult and larval WSS. Additionally, more reliable

methods for observing larval behavior in laboratory conditions will

also allow for rigorous testing of the dietary requirements of WSS

larvae to determine how lipid content or lignin subunit composition

might affect larval growth and development.

Differentially expressed metabolites in the response of oat and

wheat to infestation by WSS were also found which were associated

with the salicylic acid signaling pathway, IAA degradation, and

biosynthesis of 1,4-benzoxazin-3-ones (Bxs). Some salicylic acid

related compounds were found in higher abundance in oat samples

of both cultivars, indicating that salicylic acid pathway defenses may

be involved in the defense response to WSS in oat. Additional

compounds related to plant defense that were identified in this

study indicate the potential for defining the relationships between

wheat, WSS and their parasitoids B. cephi and B. lissogaster. Bxs

HDMBD-Glc and DIBOA-b-D-glucoside increased in all wheat

cultivars after infestation with the exception of Conan, with oat

expressing overall higher abundance of both compounds. Wheat

also appears to respond to WSS infestation by inactivating IAA in

stem tissues, while irreversible inactivation of IAA is dependent on

cultivar. Further study of the effect of 1,4-benzoxazin-3-ones on sawfly

development is necessary, especially since other studies of the sawfly

system have identified changes in DIMBOA and related compounds

in plants infested with WSS and the results have been highly variable

(Biyiklioglu et al., 2018; Lavergne et al., 2020). There is evidence that

both 1,4-benzoxazin-3-ones and IAA pathway-related compounds

not only have an effect on larval pests but can either positively or

negatively affect parasitoid populations so it is unclear what this means

for braconid parasitoid populations in the WSS tritrophic system.

Ultimately, though solid stems do offer resistance to the plant,

continued exploration of the tritrophic interaction between wheat,

WSS and their parasitoids will help in mitigating negative effects on

this system to maximize the success of control efforts. Additionally,

increased abundance of metabolites in oat which are related to

lignin biosynthesis and composition as well as increased abundance

of several phospho- and galactolipids illustrate the need for further

investigation of stem architecture at the molecular level as well as
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examination of the developmental and behavioral effects these

metabolites have on WSS at all stages of development.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Author contributions

MSH: Formal analysis, Writing – original draft. MLH: Data

curation, Investigation, Writing – review & editing. AV: Data

curation, Investigation, Writing – review & editing. BB:

Data curation, Investigation, Writing – review & editing. HB:

Conceptualizat ion, Writing – review & edit ing. DW:

Conceptualization, Supervision, Writing – review & editing.

Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. Funding for

the Montana State Mass Spectrometry Facility used in this

publication was made possible in part by the MJ Murdock

Charitable Trust, the National Institute of General Medical Sciences

of the National Institutes of Health under Award Numbers

P20GM103474 and S10OD28650, and the MSU Office of Research

and Economic Development. The content is solely the responsibility

of the authors and does not necessarily represent the official views of

the National Institutes of Health. This research was also supported by

grants from the Montana Wheat and Barley Committee and by

USDA National Institute of Food and Agriculture.

Acknowledgments

The authors would like to thank Dr. Fernando Guillen-Portal

and Dr. Ani Akpinar for comments and advice during the

preparation of an early version of this manuscript. This

manuscript has been released as part of a dissertation (Hager, 2023).

Conflict of interest

Author AV was employed by company Corteva Agriscience™.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Frontiers in Plant Science 1763
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1327390/

full#supplementary-material

SUPPLEMENTARY FIGURE 1

Experimental setup for greenhouse infestation by WSS

SUPPLEMENTARY FIGURE 2

Principal component analysis (PCA) score plots for oat cultivars Dane and
Otana. PCA plots were created using LC-MS data from control and infested

plants two weeks after caging with each point representing a stem sample.
Dane, green; Otana, yellow; Control, circle; Infested, triangle.

SUPPLEMENTARY FIGURE 3

Oat dataset - Biochemical pathway associations of significant compounds in
the oat dataset. The oat dataset consisted of all oat samples from infested and

control plants. Significant compounds (p-values<0.05) were identified using
two-way ANOVA and Fishers LSD post-hoc test.

SUPPLEMENTARY FIGURE 4

Classifications of significant, putatively identified metabolites in the oat
dataset. Significant compounds (p-values<0.05) were identified using two-

way ANOVA and Fishers LSD post-hoc test with FDR correction. The

innermost circle indicates the compound class with the outer ring
representing compound subclass. Carbohydrate and derivatives, purple;

carbonyl compound, orange; lipid, grey; organic heterocyclic compound,
brown; organic hydroxy compound, yellow; organonitrogen compound, light

blue; organooxygen compound, light green; organophosphorus compound,
dark green; organosulfur compound, dark blue; polyatomic ion, red.

SUPPLEMENTARY FIGURE 5

Principal component analysis (PCA) score plots for wheat cultivars Choteau,
Conan, Reeder and Scholar. PCA plots were created using LC-MS data from

control and infested plants two weeks after caging with each point
representing a stem sample. Choteau, orange; Conan, blue; Reeder, red;

Scholar, pink; Control, circle; Infested, triangle.

SUPPLEMENTARY TABLE 1

Log2 fold changes between infested and control samples of oat and wheat.

SUPPLEMENTARY TABLE 2

PCA loadings for the oat and wheat complete dataset.

SUPPLEMENTARY TABLE 3

Significant compounds identified from the oat and wheat complete dataset.
Significant compounds (p-values<0.05) were identified using two-way

ANOVA and Fishers LSD post-hoc test with FDR correction.

SUPPLEMENTARY TABLE 4

Results from Fisher’s LSD post-hoc test.

SUPPLEMENTARY TABLE 5

PCA loadings for the oat dataset.

SUPPLEMENTARY TABLE 6

Significant compounds identified from the oat dataset. Significant

compounds (p-values<0.05) were identified using two-way ANOVA and
Fishers LSD post-hoc test with FDR correction.

SUPPLEMENTARY TABLE 7

PCA loadings for the wheat dataset.

SUPPLEMENTARY TABLE 8

Significant compounds identified from the wheat dataset. Significant
compounds (p-values<0.05) were identified using two-way ANOVA and

Fishers LSD post-hoc test with FDR correction.

SUPPLEMENTARY TABLE 9

Complete oat and wheat dataset. Relative abundances of each compound for

all oat and wheat stem samples, m/z ratio, retention time and

predicted formula.
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Multiple omics revealed the
growth-promoting mechanism
of Bacillus velezensis strains
on ramie
Xin Wang †, Yanzhou Wang †, Yafen Fu †, Yang Zhai, Xuehua Bai,
Tongying Liu, Guang Li, Liangbin Zeng* and Siyuan Zhu*

Institute of Bast Fiber Crops, Chinese Academy of Agricultural Sciences, Changsha, China
Beneficial bacteria that promote plant growth can shield plants from negative

effects. Yet, the specific biological processes that drive the relationships between

soil microbes and plant metabolism are still not fully understood. To investigate

this further, we utilized a combination of microbiology and non-targeted

metabolomics techniques to analyze the impact of plant growth-promoting

bacteria on both the soil microbial communities and the metabolic functions

within ramie (Boehmeria nivea) tissues. The findings indicated that the yield and

traits of ramie plants are enhanced after treatment with Bacillus velezensis (B.

velezensis). These B. velezensis strains exhibit a range of plant growth-promoting

properties, including phosphate solubilization and ammonia production.

Furthermore, strain YS1 also demonstrates characteristics of IAA production.

The presence of B. velezensis resulted in a decrease in soil bacteria diversity,

resulting in significant changes in the overall structure and composition of soil

bacteria communities. Metabolomics showed that B. velezensis significantly

altered the ramie metabolite spectrum, and the differential metabolites were

notably enriched (P < 0.05) in five main metabolic pathways: lipid metabolism,

nucleotide metabolism, amino acid metabolism, plant secondary metabolites

biosynthesis, and plant hormones biosynthesis. Seven common differential

metabolites were identified. Correlation analysis showed that the

microorganisms were closely related to metabolite accumulation and yield

index. In the B. velezensis YS1 and B. velezensis Y4-6-1 treatment groups, the

relative abundances of BIrii41 and Bauldia were significantly positively correlated

with sphingosine, 9,10,13-TriHOME, fresh weight, and root weight, indicating

that these microorganisms regulate the formation of various metabolites,

promoting the growth and development of ramie. Conclusively, B. velezensis

(particularly YS1) played an important role in regulating soil microbial structure

and promoting plant metabolism, growth, and development. The application of

the four types of bacteria in promoting ramie growth provides a good basis for

future application of biological fertilizers and bio-accelerators.
KEYWORDS

plant growth-promoting rhizobacteria, microbial diversity, bacterial community,

metabolomics correlation, ramie
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1 Introduction

Ramie (Boehmeria nivea) is considered one of the most

significant bast fiber crops in ancient China and is commonly

known as “Chinese grass” (Ni et al., 2018). China is the leading

country in terms of ramie production. It accounts for over 90% of

the global production and has a significant advantage in terms of

cultivation area and total output. Additionally, China possesses a

vast array of germplasm resources and holds a dominant position in

the international market (Rehman et al., 2020; Fu et al., 2023).

Ramie is the second largest fiber crop in China after cotton (Liu

et al., 2014). According to archaeological evidence, ramie has been

used as a textile material for over 4,700 years owing to its strong

natural fibers (Liao et al., 2014; Mu et al., 2022). At present, ramie

fiber is commonly used in the textile sector due to its capacity to

maintain form, minimize creases, and add a glossy sheen to the look

of textiles (Kadolph and Langford, 2001). In recent years, ramie has

also been used as an unconventional feed for livestock and poultry

because of its high content of crude proteins and amino acids

(Kipriotis et al., 2015). Therefore, ramie is an important commercial

crop for both fiber and feed.

At present, farmers have applied chemical fertilizers and

pesticides extensively to achieve higher agricultural yields.

However, chemical fertilizers that are not absorbed and utilized

by crops enter the soil easily (Gouda et al., 2018), resulting in the

destruction of soil microbial community structure, soil degradation

and consolidation, decreased productivity, and poor crop quality

(Liu et al., 2015). Thus, the challenge in contemporary society lies in

minimizing the reliance on artificial chemical pesticides and

fertilizers. An effective approach to achieving this goal is by

substituting a portion of synthetic fertilizers and pesticides with

natural microbiological fertilizers. The most promising microbial

biostimulants include arbuscular plant growth-promoting

rhizobacteria (PGPR), mycorrhizal fungi (AMF), and

Trichoderma spp (Ganugi et al., 2022). Inoculating beneficial

microorganisms has shown to have biostimulant activity in

plants, offering benefits such as stress alleviation (Sangiorgio

et al., 2020), growth promotion (Nacoon et al., 2020), and etc.

PGPR are a class of beneficial bacteria that grow in plant

rhizosphere soil, promote plant growth, and improve plant

resistance (Bashan et al., 2014). Growth-promoting bacteria and

their related growth-promoting factors are important for the

research and development of biological bacterial fertilizers. The

growth promotion of PGPR can be divided into direct and indirect

effects (Arruda et al., 2013). The direct growth promotion

mechanisms include improved nitrogen uptake (Taulé et al.,

2012), improved root phosphorus solubilization (Wu et al., 2012),

improved iron production carriers (Kurabachew and Wydra, 2013),

and production of phytohormone-like substances (Piromyou et al.,

2010). The indirect growth promotion mechanisms refer to the

ability of certain microorganisms to inhibit the growth of

pathogenic bacteria (Kheirandish and Harighi, 2015), which

ultimately results in improved plant growth. This can be achieved

through various means, such as suppressing the growth of harmful

pathogens or stimulating the plant’s defense mechanisms to fend off

insect herbivores (Pineda et al., 2010; Gamalero and Glick, 2011).
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These mechanisms play a crucial role in biological control and can

contribute to the overall health and productivity of plants. PGPR

can not only promote plant growth and reduce the use of chemical

fertilizers but also may reduce the application of pesticides to a

certain extent (Helaly et al., 2022). Studies on plant rhizosphere

growth-promoting bacteria have attracted increasing attention

(Bhattacharyya and Jha, 2012).

There is a general agreement among researchers about the

impact of PGPR on plants, however, there is a lack of in-depth

understanding regarding the specific molecular and physiological

mechanisms involved in this symbiosis, as well as how plants

respond to PGPR in real-world field environments. However, the

interrelationships among plant agronomic traits, microbiota, and

metabolites remain largely unknown. In recent years, omics

techniques have greatly developed, and the integration of multiple

omics datasets has paved the way for a more profound

comprehension of interactions between plants and microbes.

Multi-omics joint analysis has been developed as a new

technique. The application of rhizospheric growth-promoting

bacteria in ramie production is almost nonexistent. In this study,

strains related to ramie growth were identified using large number

of screening procedures. Agronomic traits, metabolic mechanisms,

and rhizosphere microbial changes in ramie plants treated with the

four strains were comprehensively evaluated using a multi-omics

analysis method, providing a basis for the development and

application of these four strains in the future.
2 Matherials and methods

2.1 Screening and identification of PGPR

2.1.1 Screening of PGPR
Strain B. velezensis JIN4 was originally isolated from branch

tissue of kiwifruit “Jintao” variety. B. velezensis LYM4-2 strains were

isolated from the rhizosphere soil of lotus, and B. velezensis YS-1

and B. velezensis Y4-6-1 were isolated from the rhizosphere soil of

purple yam. First, the soil sample and disinfected plant tissues were

homogenized. Thereafter, each homogenate was serially diluted 10-1

to 10-5, and 100 ml of each dilution was evenly spread on solid Luria-
Bertani (LB) plates and incubated at 25°C for 72 h. After incubation,

Bacillus isolates were randomly isolated from the plates based on

colony morphology and identification was performed by

stereomicroscopy. Purified single colonies of Bacillus spp. were

co-cultured with P. syringae pv. actinidiae to screen for

antagonistic Bacillus species. Briefly, freshly grown Pseudomonas

cultures were spread on solid LB medium plates. Following

adsorption, a 6 mm well was created using a metallic borer and

then filled with 100 ml (108 CFU/ml) of the recently cultivated

Bacillus culture in medium. The plates were then incubated at 25°C

for 48 hours to facilitate bacterial culturing.

2.1.2 Identification and Validation of PGPR
To identify the bacteria at the molecular level, 16S rDNA was

amplified by PCR using the standard method in the bacterial gene

DNA advance kit (Tiangen) (Singh et al., 2015). Genomic DNA was
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extracted from the strain for subsequent PCR amplification of 16S

rDNA using the primers 27F and 1492R. Amplification products were

directly sequenced and subjected to BLASTN analysis. Sequence

alignment of isolated strains was performed using MEGA 10.0

software. The neighbor-joining algorithm was utilized for clustering,

and the Kimura two-parameter model was employed to calculate

evolutionary distances. Node support was determined through

bootstrapping, with 1,000 replicates conducted for estimation.

2.1.3 Biochemical characterization of PGPR
Biochemical analyses such as Gram staining, starch agar, indole,

methyl red, the Voges–Proskauer test, IMViC test for citrate

utilization, and catalase activity were conducted as per the

procedures outlined in Prescott and Harley (2002). A

carbohydrate utilization test kit (KB 009; HiMedia, India) was

employed to assess the bacteria’s ability to use different carbon

sources. For the evaluation of cellulose-degrading capabilities,

bacterial isolates were streaked on Congo Red agar medium, as

described by Gupta et al. (2012). The presence of zones of clearance

surrounding and beneath the colonies indicated enzymatic

breakdown of cellulose.

The test organism was cultivated in peptone water for 48 hours at

37°C before Nessler’s reagent (0.5 ml) was added to each tube to detect

the presence of ammonia production. A brown-to-yellow color

indicated a positive result for ammonia production, as described by

Cappuccino and Sherman, 1992. Indole-3-acetic acid (IAA) production

was also evaluated using a colorimetric method outlined by Bric et al.,

1991. To assess phosphate-solubilizing activity, the test isolate was

grown on NBRIP medium with tricalcium phosphate, following the

method by Mehta and Nautiyal, 2001. The presence of a halo zone

around bacterial growth on NBRIP-agar plates, as explained by Frey-

Klett et al. (2005), confirmed positive results for phosphate

solubilization activity.
2.2 Experimental design and
sample collection

Activated bacteria were suspended in sterile Nutrient Broth (NB)

liquid medium and adjusted to the appropriate concentration. First,

the soil for potting studies was autoclaved at 121°C for 1 h, and each

plastic pot was filled with 300 g of sterilized soil. Thereafter, 4-weeks-

old seedlings were sown in pots (one seedling per pot). Each seedling

was irrigated with 15 mL of resuspended bacterial solution at an OD

value of 2.5, and sterilized NB liquid medium was used as a control.

The bacteria were used twice a week for a total of three weeks. The

study utilized a fully randomized layout with six repetitions for each

treatment: (i) sterilized LB broth control, (ii) JIN4, (iii) YS1, (iv) Y4-

6-1, and (v) LYM4-2. Over a span of 4 weeks, plants were cultivated

in a greenhouse under an average daytime and nighttime temperature

of 25 and 18°C, respectively, with tap water supplementation as

necessary. Throughout the experiment, each treatment was evaluated

for its effects on the growth and development of the plants. The data

collected was analyzed to determine any significant differences

between the treatments. In this study, the ramie growing soil is a

nutrition-growing seedling medium (Xiangzhneg Agriculture
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Technology, PH:5.5-7.0, organic matter ≥20%) purchased by the

laboratory, which is very easy to cultivate ramie.

Following the completion of the experiment, a total of six pots

from each experimental group were selected at random for analysis.

The measurements taken included the length of their stems, the

diameter of their stems, as well as their fresh weight and root

weight. Additionally, samples of fresh leaves were collected to

evaluate the levels of photosynthetic pigments and antioxidants

present. The content of relative chlorophyll was determined

utilizing a SPAD-502 device (KONICA MINOLTA SENSING,

INC., JAPAN) chlorophyll meter (Yu et al., 2016). The activities

of catalase (CAT), superoxide dismutase (SOD) and peroxidase

(POD) were measured using the detection kit of Solarbio Ltd.

The rhizosphere soil of ramie (six pots for each strain) was

sampled using the nomenclature of samples based on the name of

the strain (e.g., for JIN4, samples were named JIN4-1, JIN4-2, JIN4-

3, JIN4-4, JIN4-5, and JIN4-6), and root irrigation with sterilized

NB liquid medium was used as a control (CK). Each sample was

analyzed in 6 replicates, and 30 soil samples underwent sieving with

a 2-mm sieve, homogenization and storage at −70°C for biological

and biochemical analyses. To ensure make the experimental results

were representative, six replicate samples of each treatment were

measured separately. Similarly, the control and four bacteria-treated

whole seedlings were sampled for metabolome analysis.
2.3 Microbial diversity analysis

Bacterial DNA was isolated from the 30 soil samples stored in

−70°C refrigerator using a MagPure Soil DNA LQ Kit (Magen,

Guangdong, China) following the manufacturer’s instructions. The

V3-V4 region of the bacterial 16S rRNA gene was amplified using the

respective primer pairs 343F and 798R. Sequencing libraries were

constructed using the TruSeq® DNA PCR-Free Sample Preparation

Kit according to the manufacturer’s instructions. Sequencing was

performed on an Illumina NovaSeq6000 platform with two paired-

end read cycles of 250 bases each. The 16S rRNA gene amplicon

sequencing and analysis were conducted by OE Biotech Co., Ltd.

(Shanghai, China). The raw data of 16SrRNA gene sequencing were

analyzed using QIIME2 platform (v2020.2). The final effective labels

were obtained by splicing, filtering, and removing chimeric sequences

using FLASH (version 1.2.7), followed by cluster analysis. Microbial

diversity and richness were assessed by calculating the number of

OTUs and alpha diversity indexes like Shannon and Chao1. To

identify soil microbial community structure and estimate beta

diversity, principal component analysis (PCA) was utilized.
2.4 Metabolomic analysis and
statistical analysis

Liquid chromatography-mass spectrometry (LC-MS) is an

analytical instrument that integrates liquid chromatography with

mass spectrometry, enabling the effective separation and analysis of

intricate organic mixtures. The buds obtained by 2.2 were placed in

liquid nitrogen for quick freezing and transferred to a refrigerator at

− 70° C for storage.
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Freeze-dried shoots of the CK, JIN4, YS1, Y4-6-1, and LYM4-2

plants were triturated in a mixer mill (MM 400, Retsch) with zirconia

beads for 1.5 min at 30 Hz. Each approximately 100 mg sample was

then sonicated for 30 minutes in 1 mL of pre-cooled solvent

(methanol/water 1:1, v/v, containing L-2-chlorophenylalanine, 2

mg/mL). Subsequently, the samples were incubated at -20°C for 20

minutes, followed by centrifugation at 4°C and 13000 rpm for 10

minutes. After that, 150 mL of the resulting supernatant was extracted,
passed through a 0.22 mm filter, and transferred to a vial for LC-MS

analysis. Six biological replicates were analyzed for each sample. The

LC-MS analysis was conducted by injecting a 10 mL sample into an

HSS T3 C18 column (100 mm×2.1 mm×1.8 mm, Waters) that was

maintained at 50°C. The gradient elution program consisted of the

following steps: 0-2 min, 100% A; 2-11 min, 0%-100% B; 11-13 min,

100% B; 13-15 min, 0%-100% A. The Q-TOF mass spectrometer was

used in both positive and negative ion modes, with specific

parameters like the ESI source temperature set at 120°C and the

desorption temperature at 450°C. The LC-MSmetabolic profiles were

generated through the combination of an ACQUITY UHPLC system

(Waters Corporation, Milford, USA) and an AB SCIEX Triple TOF

5600 system (AB SCIEX, Framingham,MA, USA) in ESI positive and

negative ion modes. Quality control (QC) samples were included at

regular intervals to ensure reproducibility, and metabolites were

identified using various databases and tandem mass spectrometry

(MS/MS) spectra. Raw LC-MS data were provided by Luming

(Shanghai, China). Metabolites were analyzed primarily using RT

m/z and tandemmass spectrometry (MS/MS) pairs as well as HMDB

and lipid mass spectrometry. The Excel file containing the data

matrix, which includes 3D datasets of m/z, RT peaks, and

intensities, was exported for additional analysis. PCA and OPLS-

DA were performed to display metabolic shifts in the various groups.

Metabolites that met the criteria of |log2 fold change|≥1.0 and VIP

≥1.0 were flagged as differentially regulated between the experimental

and control groups. These metabolites were compared with the

KEGG pathway database to investigate their involvement in

distinct metabolic pathways.
2.5 Data availability

The datasets from this study have been made available in online

repositories. The specific names of the repositories and the accession

numbers can be accessed at https://www.ncbi.nlm.nih.gov/GenBank.

The B. velezensis data set was deposited in the NCBI Sequence Read

Archive under accession no. MZ277421.1(JIN4), OP493231.1(YS1),

OP493232.1(Y4-6-1), and OP493233.1(LYM4-2).
3 Results

3.1 Isolation, biochemical trait,
and identification

Based on colony morphology, Bacillus isolates were recovered

from the soil and tissue, and an antagonism test was performed. The

results showed that the test organism JIN4, YS1, Y4-6-1, and
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LYM4-2 inhibited the growth of P. syringae pv. actinidiae. Basic

microbiological and biochemical tests of the four isolates indicated

that they were Gram-positive bacteria, which showed positive

results for methyl red, Voges–Proskauer, catalase, oxidase,

lecithinase, gelatin liquefaction, and nitrate reductase, and

negative results for indole and hydrogen sulfide. The four test

strains were able to utilize various carbon sources, including

malanate, citrate, glucose, D-mannose, D-xylose, and D-fructose

(Table 1). The four test organisms formed clear colony zones on

cellulose Congo Red agar media, indicating cellulose enzymatic

degradation activity. To ascertain the taxonomic affiliation of the

four strains at the molecular level, they were subjected to 16S rRNA

gene sequence analysis, which revealed the closest match to the 16S

rRNA gene sequence of B. velezensis (Figure 1). This indicated that

all isolates were highly homologous to B. velezensis. The obtained

sequences were submitted to NCBI GenBank under accession

numbers MZ277421.1(JIN4), OP493231.1(YS1), OP493232.1(Y4-

6-1), and OP493233.1(LYM4-2).
3.2 Plant growth-promoting traits

Four B. velezensis strains tested positive for ammonia

production (Table 2). Regarding phytohormone production,

strain YS1 was positive for IAA production, whereas the other

three strains were negative. Furthermore, a distinct clear zone was

observed on a solid agar medium enriched with an insoluble form of

phosphate (tricalcium phosphate) by the four B. velezensis species,

demonstrating their ability to solubilize mineral phosphate.
3.3 Plant growth promotion experiments in
the glasshouse

The growth status of ramie after four different B. velezensis

treatments is shown in Figure 2. To evaluate the effect of the four B.

velezensis-treated plants, an analysis of variance was performed

(ANOVA; P < 0.05), which demonstrated that the inoculation of the

four B. velezensis resulted in a significant increase in ramie plant

growth. Growth was assessed by measuring stem length, stem

diameter, fresh weight, root weight, relative chlorophyll content,

and antioxidant enzyme activities (POD, CAT, and SOD). After

treatment with four bacteria, the stem length was significantly

increased by 74%, 77%, 55% and 101%, respectively, compared

with the uninoculated plants (P < 0.01). Stem diameter also

increased significantly by 48%, 27%, 34% and 12%, respectively (P

< 0.01). Similarly, fresh weight and root weight increased

significantly (P < 0.001) by 67%, 141%, 229%, 50% and 52%,

115%, 143% and 45%, respectively. The relative chlorophyll

content in the four bacterial treatment groups increased, but there

was no significant difference compared to that in the control group

(P > 0.05). The responses of plant antioxidant enzymes to the four

B. velezensis strains are shown in Figure 2. Compared with the

control group, the antioxidant enzyme activities of the four bacterial

treatment groups significantly increased (P < 0.01), in addition to

the SOD activity of the Y4-6-1 treatment.
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3.4 Richness and diversity analysis of ramie
soil microbial community

The results showed that alpha diversity and richness indices

(Chao1, Shannon) were significantly decreased in the JIN4 and YS-

1 groups compared to the (control) CK group, and the other groups

showed no significant differences compared to the CK group

(Figure 3A). In summary, the application of rhizosphere growth-

promoting bacteria changed the diversity and richness indices of the

microbial community in ramie soil.
3.5 Bacterial relative abundance and
composition in the ramie soil

The bacterial sequences were distributed across 29 phyla, 315

families, and 612 genera (Supplementary Data 2). The dominant

phyla in the bacterial communities across all soil samples were

Proteobacteria (average per sample: 53.38%), Bacterioidetes

(20.20%), Myxococcota (9.63%), Actinobacteria (4.36%), and

Firmicutes (4.08%), which represented more than 80% of all

sequences (Figure 3B). Compared with control (CK), among the

top 10 phyla, the relative abundance of Myxococcota significantly
TABLE 1 Biochemical and physiological characteristics of the four bacterial strains.

Characteristic(s) JIN4 YS-1 Y4-6-1 LYM4-2

Gram test + + + +

Indole − − − −

MR + + + +

VP + + + +

Catalase + + + +

Oxidase + + + +

Lecithinase + + + +

Gelatin liquefaction + + + +

Nitrate reductase + + + +

Hydrogen sulfide − − − −

Malanate utilization + + + +

Citrate utilization + + + +

Glucose + + + +

D-galactose − − − −

D-arabinose − − − −

D-mannose + + + +

D-xylose + + + +

D-fructose + + + +

Cellulose-degrading + + + +
+, means that the characteristic reaction is positive; -, means that the characteristic reaction is negative. The same as below.
A

B

FIGURE 1

Phylogenetic tree showing the relationship of four B. velezensis
strains with closely related bacteria (A). The 16S rRNA gene
sequences of closely related species were downloaded from the
NCBI GenBank database. 16S rRNA gene of Streptomyces sp. strain
actinomycetes was selected as an outgroup. The tree was obtained
using neighbor joining method of software package Mega version
10.0 at the bootstrap value of n = 1000. Morphological picture of
four Bacillus velezensis (B).
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increased following treatment with the four B. velezensis strains, but

Firmicutes were significantly lower in the YS1, Y4-6-1, and LYM4-2

treatment groups (P < 0.01). In addition, the relative abundance of

Proteobacteria significantly increased following treatment with

Bacillus Y4-6-1 (P < 0.01). However, the relative abundances of

Bacterioidetes and Actinobacteriota significantly decreased

following treatment with Bacillus YS1 (P < 0.01) and Bacillus

JIN4 (P < 0.05), respectively. In summary, treatment with B.

velezensis strains significantly changed the diversity and richness

indices of the microbial community.

The top 10 genera of bacteria in all soil samples were

Flavobacterium (7.20%), BIrii41 (6.70%), Asticcacaulis (2.52%),

Bauldia (2.31%), Devosia (2.09%), Ramlibacter (1.84%),
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Caulobacter (1.70%), Steroidobacter (1.61%), Curvibacter (1.43%),

and Gemmatimonas (1.37%) (Figure 3C), which together

represented less than 30% of all sequences. Compared with the

control (CK), there were significant differences in the relative

abundances of the top 10 genera (P < 0.05). The abundance of

Flavobacterium in the YS1 and Y4-6-1 groups decreased

significantly by 32.44% and 25.91% (P < 0.01), respectively. No

significant changes were noted in the abundance of the BIrii41 and

Bauldia in the LYM4-2 group, whereas the abundance of BIrii41 in

the JIN4, YS1, and Y4-6-1 groups increased significantly (P < 0.01).

In addition, the abundance of Ramlibacter showed differences

among the different treatment groups; the YS1 group showed no

significant changes, whereas the JIN4, Y4-6-1, and LYM4-2 groups
TABLE 2 Plant growth promoting traits of the four B. velezensis strains.

Activity JIN4 YS1 Y4-6-1 LYM4-2

Ammonia Production + + + +

IAA − + − −

Phosphate solubilization + + + +
A B

D E F

G H

C

FIGURE 2

Effects of treatment with four B. velezensis strains. (A) Stem length, (B) stem diameter, (C) root weight, (D) fresh weight, (E) chlorophyll relative
content, (F) POD activity, (G) CAT activity, (H) SOD activity. * P < 0.05, ** P < 0.01, *** P < 0.001.
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showed significant decreases of 50.30%, 35.45%, and 47.82%,

respectively. These results indicate that the relative content and

diversity of bacteria at the genus level in the ramie rhizosphere

changed significantly after the application of B. velezensis.

Except for differences at the phylum and genus levels, certain

bacteria showed increased abundance in the five treatments. A total of

32 biomarkers were detected at different taxonomic levels, including

phylum, family, class, order, genus, or species, with a log10 LDA score

greater than 4.0. These biomarkers reflected distinct species variations

among the treatments (Supplementary Figure S1). In addition,

enrichment of B. velezensis in each treatment group was identified

at the species level. Compared with the control group, other groups
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had enrichment of B. velezensis; the LYM4-2 group was the most

enriched (Supplementary Figure S1).
3.6 Metabolic differences in different
ramie treatments

In order to assess how various B. velezensis strains affect the

metabolic processes in ramie, metabolomics analysis was performed

on differently treated ramie samples using an LC-MS platform.

Following quality control (QC), PCA was utilized to compare the

variations among the five experimental groups (Supplementary
A

B C

FIGURE 3

Richness and diversity analysis of ramie soil microbial community (A); Relative abundances of dominant bacterial phyla (B) and genera (C) after
treatment with the four B. velezensis strains. * P < 0.05, ** P < 0.01.
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Figure S2A). The QC samples exhibited close clustering, indicating

the reliability and accuracy of the analysis method, resulting in

high-quality data. In total, compared with the control, we detected

455 known differential metabolites (DMs) from 4 different

treatments. These included lipids and lipid-like molecules

(34.5%); organooxygen compounds (14.7%); organic oxygen

compounds (14.1%); organoheterocyclic compounds (4.6%);

phenylpropanoids and polyketides (13.0%); benzenoids (9.0%);

nucleosides, pyrimidine nucleotides, nucleotides, and analogues

(4.2%); organic nitrogen compounds (2.6%); alkaloids and

derivatives (1.3%); lignans, neolignans and related compounds

(1.1%); and other unclassified metabolites.

Multivariate statistical methods were employed to investigate

the significant intergroup correlation present in the study. Through

the application of supervised discriminant analysis (PLS-DA),

differences within and between the control and treatment groups

were thoroughly examined. This allowed for a comprehensive

assessment of the impact of various B. velezensis strains on the

metabolites present in ramie tissue. Based on the PLS-DA (Figures

S2B–E), the metabolite compositions were comparable among the

four bacterial treatments, but all differed from the control group.

The PLS-DAmodel indicated that it was suitable for screening DMs

(R2Y > 0.95, Q2Y < 0.19) (Supplementary Figure S3), which showed

variations between the treatment and control groups. Volcano plots

were employed to screen the discriminative metabolites

(Supplementary Figure S4).
Frontiers in Plant Science 0874
Hierarchical clustering analysis was carried out on all DMs

within all pairs of comparisons. Various treatments of B. velezensis

exerted distinct impacts on metabolites present in ramie tissues. As

depicted in Figure 4A, the DMs generated by plant leaves subjected

to different B. velezensis treatments predominantly comprised lipids

and lipid-like compounds (34–45), with their atypical metabolism

potentially influencing plant growth and development. Other

metabolites produced included phenylpropanoids and polyketides

(11–18), organic acids and derivatives (11–24), and organic oxygen

compounds (13–18). Lipids and lipid-like molecules were further

classified and analyzed using pie charts as follows: JIN4_CK (16

upregulated, 22 downregulated), YS1_CK (14 upregulated, 20

downregulated), Y4-6-1_CK (9 upregulated, 31 downregulated),

and LYM4-2_CK (18 upregulated and 27 downregulated). The

major DMs were prenol lipids (19–23), fatty acids (11–17), and

steroids and steroid derivatives (2–2) (Figure 4B).

Enrichment analysis of KEGG pathways (top 20) indicated that

all DMs were enriched in several key pathways including

glucosinolate biosynthesis; pyrimidine metabolism; cyanoamino

acid metabolism; tyrosine metabolism; zeatin biosynthesis; valine,

leucine, and isoleucine biosynthesis; and aminoacyl-tRNA

biosynthesis. This suggests that the treatment with B. velezensis

had a significant impact on the synthesis of metabolites and their

corresponding metabolic pathways, as shown in Figure 5A. A total

of 7 common differentially expressed metabolites (DEMs) were

identified by mapping to the KEGG metabolic pathway database,
A

B

FIGURE 4

Analysis of the expression patterns of DMs. (A) DMs classification statistics. (B) The expression pattern of lipids and lipid-like molecules.
frontiersin.org

https://doi.org/10.3389/fpls.2024.1367862
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wang et al. 10.3389/fpls.2024.1367862
which could be used as potential biomarkers (Figure 5B). The

DEMs involved in the metabolic pathways included 9,10,13-

Tr iHOME (C18H34O5) , ur id ine diphosphate g lucose

(C15H22N2Na2O17P2), pseudouridine (C9H12N2O6), L-isoleucine

(C6H13NO2), trans-Ferulic acid (C10H10O4), sphingosine

(C18H37NO2), and guanine (C5H5N5O) (Figure 5C).

To gain a deeper understanding of how B. velezensis influences

metabolism in ramie plants, we constructed a metabolic pathway

consisting of 7 DEMs through research of the KEGG pathway

database (Figure 6). These metabolites are involved in the

metabolism of lipids, nucleotides, and amino acids, as well as the

biosynthesis of plant secondary metabolites and plant hormones. In

the four different Bacillus treatment groups, the trends for the seven

metabolites were consistent. Compared with the control, the

contents of the metabolites 9,10,13-TriHOME, pseudouridine, L-

isoleucine, sphingosine, and guanine increased significantly in the

four B. velezensis treatments. However, the levels of uridine

diphosphate, glucose, and trans-Ferulic acid decreased

significantly after the four different B. velezensis treatments. These

findings suggest that B. velezensis has an indirect impact on the
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accumulation and makeup of plant metabolites. The irregular

expression of these compounds could be a contributing factor to

the enhanced growth of ramie following treatment with

B. velezensis.
3.7 The relationship between soil
microorganisms, plant metabolites, and
ramie agronomic characters

Elucidating the relationships between microbes, metabolites,

and yield indices is necessary to optimize PGPR for maximal plant

growth. Therefore, the correlations between ramie yield indices,

rhizosphere microorganisms, and metabolites were analyzed; their

correlation coefficients (cor) were calculated, and the relationships

were visualized, as shown in Table 3. Analysis of correlation

revealed a circular relationship among the three variables (P <

0.05). Significantly strong correlations (P < 0.05) were evident

among the top 10 bacterial genera, DEMs, and yield indices. The

findings indicated that the relative abundances of three bacterial
A

B C

FIGURE 5

Analysis of metabolic pathways for DEMs. (A) Enrichment analysis of KEGG pathways of metabolites with significant differences in abundance among
treatments. The X-axis displays the ratio of DEMs within the pathway to the total number of identified metabolites. Higher ratios indicate greater
enrichment of DEMs in the pathway. Point color indicates the P-value from the hypergeometric test, with smaller values indicating higher reliability
and statistical significance. Dot size corresponds to the number of DEMs within each pathway; larger dots represent more DEMs. (B) Evaluation of
co-expressed DEMs across diverse treatment conditions. (C) Enrichment of co-expressed DEMs in metabolic pathways based on the average
expression ratio between sample groups (Log2 FC). Positive values signify upregulation, while negative values indicate downregulation.
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genera (BIrii41, Bauldia, and Ramlibacter) had the strongest

correlations with certain metabolites (Sphingosine, 9,10,13-

TriHOME, and trans-Ferulic acid) and yield indices (fresh weight,

root weight, and stem length), indicating the role of these microbes

in stimulating the growth and development of ramie through the

regulation of metabolite production.
4 Discussion

In this study, NovaSeq sequencing and LC-MS were employed

to analyze the variations in bacterial communities and

metabolomics in ramie soil resulting from various treatments of

B. velezensis. Soil microorganisms are essential components of

microbial communities that have significant impacts on nutrient

cycling, soil characteristics, plant development, and the overall

sustainability of ecosystems (Zhang Z. et al., 2019). Different

treatments with B. velezensis altered the diversity and abundance

index of ramie rhizosphere soil and the metabolite composition and

content of the ramie tissue. It was demonstrated that the four PGPR

bacteria alter the rhizosphere microbiome, thereby regulating plant

tissue metabolism and promoting plant growth by altering the

abundance of other beneficial bacteria.

Soil microorganisms, particularly bacteria, are highly plentiful and

varied, exerting significant influence in agricultural environments by

aiding in nutrient cycling, upholding soil integrity, and enhancing plant

development (Gans et al., 2005). Specific bacteria capable of promoting

plant growth offer plants mechanisms to resist stress. Findings revealed

that introducing B. velezensis altered the bacterial community diversity

in soil ramie by reducing the alpha diversity (Chao1, Shannon) across

all four treatment groups. This decrease could be attributed to the
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preferential growth of advantageous microorganisms driven by root

secretions, resulting in the diminished presence of non-beneficial

microbes. In the rhizosphere, plants attract soil microbes that are

often plant-beneficial bacteria through the release of plant root

exudates (Berendsen et al., 2012). The composition of soil bacterial

communities is influenced by the application of B. velezensis (Sun et al.,

2022) and the present results showed similar impacts. It was

demonstrated that B. velezensis (JIN4, YS1, Y4-6-1, and LYM4-2)

increased the abundance of various genera with documented beneficial

roles, such as BIrii41 (Jansen et al., 2008; Meiser, 2008), Bauldia (Yee

et al., 2010), and Ramlibacter (Sun et al., 2019; Zhang L. N. et al., 2019).

The promotion of advantageous bacteria in the rhizosphere seems to be

a shared trait of Bacillaceae. Previous reports have indicated that B.

velezensis can stimulate native soil Pseudomonas communities, which

in turn enhance plant disease suppression (Sun et al., 2022).

Furthermore, the secondary compounds generated by B. velezensis

have the potential to induce systemic resistance in plants and support

robust plant growth (Fan et al., 2018).

Plant growth-promoting properties also showed that the JIN4,

YS1, Y4-6-1, and LYM4-2 groups produced ammonia and

solubilized phosphate. Phosphate solubilization is a crucial

characteristic of microorganisms in the rhizosphere, which plays a

key role in providing plant growth with bioavailable phosphate (Liu

et al., 2014; Dutta et al., 2015). The existence of bacteria that

solubilize phosphate in soil can be viewed as a promising sign of

using microbial biofertilizers to enhance crop yield and promote

sustainable agriculture. Furthermore, apart from its ability to

produce ammonia and solubilize phosphate, the isolated strain

YS1 displayed additional characteristics that promote plant

growth. These include the synthesis of plant hormones,

specifically auxins, that support the enhancement of plant
FIGURE 6

Plant metabolomic analysis of ramie treated with B. velezensis. The structural formulas of 7 DEMs are shown, along with the metabolic pathway map
of differential marker metabolites. UDP-Glucose: uridine diphosphate glucose.
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TABLE 3 The correlation analysis between ramie yield indices, microorganisms and metabolites.

Var 1 Interraction Var 2 Cor P value

Fresh weight Positive BIrii41 0.8536 2.4E-05

Fresh weight Positive Bauldia 0.8250 0.0002

Root weight Positive BIrii41 0.8107 0.0004

Root weight Positive Bauldia 0.7893 0.0007

Root weight Negative Flavobacterium -0.7893 0.0007

Fresh weight Negative Flavobacterium -0.7679 0.0013

SOD Positive Caulobacter 0.6315 0.0116

SOD Negative Asticcacaulis -0.6064 0.0165

Stem length Positive Bauldia 0.6036 0.0195

Stem length Positive Ramlibacter 0.6036 0.0195

SOD Positive Ramlibacter 0.5939 0.0196

CAT Positive Caulobacter 0.5714 0.0286

CAT Negative Asticcacaulis -0.5357 0.0422

Ramlibacter Positive Pseudouridine 0.6979 0.0000

Ramlibacter Positive Guanine 0.6507 0.0001

Ramlibacter Positive 9,10,13-TriHOME 0.6214 0.0003

Bauldia Positive 9,10,13-TriHOME 0.6027 0.0004

Ramlibacter Negative Uridine diphosphate glucose -0.5443 0.0019

Ramlibacter Positive L-Isoleucine 0.5506 0.0019

Ramlibacter Negative trans-Ferulic acid -0.5395 0.0024

Bauldia Positive Pseudouridine 0.5284 0.0027

Bauldia Positive Guanine 0.5249 0.0029

Bauldia Negative Uridine diphosphate glucose -0.4869 0.0064

Bauldia Positive Sphingosine 0.4761 0.0078

BIrii41 Positive Sphingosine 0.4710 0.0093

Bauldia Positive L-Isoleucine 0.4332 0.0168

Bauldia Negative trans-Ferulic acid -0.4136 0.0231

BIrii41 Positive Guanine 0.4136 0.0239

BIrii41 Positive Pseudouridine 0.3967 0.0308

BIrii41 Positive 9,10,13-TriHOME 0.3882 0.0348

BIrii41 Positive L-Isoleucine 0.3740 0.0425

Sphingosine Positive Fresh weight 0.8000 0.0005

9,10,13-TriHOME Positive Stem length 0.7464 0.0021

trans-Ferulic acid Negative Stem length -0.7214 0.0033

Sphingosine Positive Root weight 0.6857 0.0062

9,10,13-TriHOME Positive Root weight 0.6786 0.0069

9,10,13-TriHOME Positive Fresh weight 0.6643 0.0086

Uridine diphosphate glucose Negative Root weight -0.5845 0.0221

L-Isoleucine Positive CAT 0.5786 0.0264

(Continued)
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productivity. Introducing bacteria that produce IAA stimulates root

development through the augmentation of adventitious roots in

terms of both quantity and length, along with modifications to root

structure. This ultimately improves nutrient absorption and fosters

plant growth (Chakraborty et al., 2006; Yang et al., 2009; Dutta

et al., 2015).

Relative chlorophyll content can reflect changes in plant

photosynthesis after bacterial treatment. In this study, the relative

content of chlorophyll in ramie treated with the four bacteria

increased to a certain extent, reflecting the health of plant leaves

and an increase in photosynthesis. It has been speculated that these

four bacterial species are involved in plant growth and metabolism.

The crucial role of the plant antioxidant enzyme system that

fights off stress and eliminates free radicals cannot be overstated.

Plants respond to adverse conditions by activating defense

mechanisms. These mechanisms trigger the production of

damaging substances like oxygen free radicals, peroxides, and

membrane lipid peroxides, leading to the degradation of cell

membrane structure and function (Singh and Jha, 2016). Four

unique B. velezensis treatments led to a notable surge in

antioxidant enzyme levels within plants, bolstering defense

mechanisms and fostering unhindered plant development.

Metabolomics can reveal changes in endogenous substances

and the molecular regulation mechanisms of organisms in

different environments. The response strategies of the plants to

the four growth-promoting bacteria were similar. The primary

discrepancies found in metabolites were observed in lipids and

lipid compounds, organic acids along with their variations, and

organic oxygen substances. These variances showcase the

enhancement of lipid and carbon metabolism within plants and

could provide insights into potential pathways for stimulating

plant development. A crucial metabolite, 9,10,13-TriHOME, is

formed from linoleic acid oxidation, and is essential for plant

defense mechanisms (Zeng et al., 2017). 9,10,13-TriHOME is

associated with plant disease resistance and may induce plant

root rot resistance by promoting linoleic acid and tyrosine

metabolism (Zhang et al., 2022). Sphingolipids are essential

components of the plasma membrane and other intramembrane

systems, serving not just as structural elements but also as

signaling molecules in response to various stresses. Recent

research has highlighted the crucial involvement of sphingolipid

metabolism in the regulation of plant growth and development

(Ali et al., 2018). Among the diverse types of sphingolipids,

sphingosine stands out as a key constituent of cellular

membranes. In plants, sphingosine functions as a metabolic
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intermediate of sphingosine-1-phosphate, which in turn plays a

pivotal role in enhancing plant resistance against diseases.

Uridine diphosphate glucose serves as a signaling molecule in

plants and plays a crucial role in processes such as plant growth,

development, and stress response. This molecule is involved in

regulating various metabolic pathways including glucose

metabolism, carbon metabolism, and phenylpropane metabolism.

Furthermore, it impacts the signaling of plant hormones and the

communications between plants and pathogens. For example,

uridine diphosphate glucose is involved in zeaxanthin

metabolism. Zeatin is a naturally occurring cytokinin that

promotes cell division and differentiation and regulates plant

growth and development. Pseudouridines are commonly present

in evolutionarily conserved and functionally crucial sections of

rRNA, tRNA, and additional noncoding RNA molecules.

Pseuduridine modification helps stabilize RNA structure and

ribosome biogenesis and activity and regulates rRNA processing,

pre-mRNA splicing, and protein synthesis, thereby controlling

growth, development, and response to stress in different

organisms (Lu et al., 2017; Adachi et al., 2019; Sun et al., 2019;

Wang et al., 2022). Ferulic acid and other phenolic acids have an

inhibitory effect on plant growth, which can inhibit plant nutrient

absorption, photosynthesis, respiration, the function and activity of

various enzymes, endogenous hormone synthesis, and protein

synthesis (Hussain and Reigosa, 2021; John and Sarada, 2012).

This study revealed the regulatory microbe–metabolite yield

relationship between microorganisms, DEMs, and yield traits at the

macro and micro levels, indicating that the rhizosphere microbial

composition was dominated by drug-resistant bacteria, Azotobacter

spp., and degrading bacteria, which had a strong correlation with

the synthesis of organic acids and lipid metabolism, promoting an

increase in plant fresh weight and root weight. The findings from

this research indicated that the levels of BIrii41 and Bauldia

significantly rose in the YS1 group and Y4-6-1 group. In contrast,

the relative abundance of Flavobacterium decreased significantly,

corresponding to the significant increases of metabolites 9,10,13-

TriHOME, sphingosine, uridine, guanine, and l-isoleucine along

with the corresponding root weight and fresh weight of plants. In

addition, the increased relative abundance of Bauldia significantly

reduced uridine diphosphate, glucose, and trans-Ferulic acid

contents. Bauldia is a nitrogen-fixing bacterium that inhibits

plant diseases and promotes plant growth (Black et al., 2012;

Kumar et al., 2012). Myxobacteria, for example BIrii41_norank,

are found extensively throughout the environment and are plentiful

in aerobic compost as well as vermicompost (Cai et al., 2018). The
frontiersin.or
TABLE 3 Continued

Var 1 Interraction Var 2 Cor P value

L-Isoleucine Positive Stem length 0.5750 0.0275

trans-Ferulic acid Negative Root weight -0.5750 0.0275

Guanine Positive Fresh weight 0.5714 0.0286

trans-Ferulic acid Negative Fresh weight -0.5714 0.0286
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secondary metabolites of Myxobacteria exhibit antiviral and

antifungal properties, capable of inhibiting eukaryotic RNA,

DNA, and protein synthesis, as well as disrupting heavy metal ion

transport, among other functions (Jansen et al., 2008; Meiser, 2008).

Flavobacterium is the dominant bacterium in the rhizosphere soil

that inhibits soil-borne bacterial wilt and is closely related to the

inhibition ability of Verticillium wilt. However, some studies have

found that certain Flavobacterium species can harm plant health as

pathogenic microorganisms (Fu et al., 2018; Bao et al., 2022).

Therefore, as shown in Figure 7, it is speculated that rhizosphere

growth-promoting B. velezensis YS1 and Y4-6-1 may recruit

beneficial bacteria BIrii41 and Bauldia to reduce harmful

Flavobacterium, promote plant lipid, carbon, amino acid, and

nucleic acid metabolisms, as well as the production of phenolic

acid auto-toxic substances, particularly in the YS1 strain, and also

promote the production of IAA, thereby improving growth and

development (Zhang et al., 2017).
5 Conclusion

The relationship between bacterial communities and

metabolomics was investigated by utilizing NovaSeq sequencing

and LC-MS for the analysis in ramie after different treatments with

B. velezensis. Based on the diversity index, the four B. velezensis

strains showed reduced bacterial diversity compared with the

control. Furthermore, the four B. velezensis strains significantly

changed bacterial community structures and compositions.

Metabolomics studies showed that YS1 and Y4-6-1 caused

significant changes in plant metabolic spectrum and affected

metabolic pathways related to lipid metabolism, while B.velezensis

enhanced the activity of lipid metabolism-related pathways.

Additionally, these changes were closely linked to shifts in specific
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microbial taxa. Metabolites have strong connections with various

rhizosphere microbes, which can significantly influence the

composition of microbial communities in the rhizosphere of

ramie. Through correlation analysis, it was evident that the

abundance levels of BIrii41 and Bauldia exhibited a positive

relationship with sphingosine, 9,10,13-TriHOME, as well as the

fresh weight and root weight. This suggests that these

microorganisms play a crucial role in enhancing the growth and

development of ramie by modulating the production of most ramie

metabolites. The findings of this research validate the

interconnectedness between soil microorganisms, plant

metabolism, and yield indicators, indicating that the application

of B. velezensis (particularly YS1) can yield more favorable

outcomes. These insights may serve as a valuable guide for

implementing microbial strategies to enhance soil quality and

crop productivity sustainably.
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Xiangsheng Zhao1* and Xinquan Yang1*

1Hainan Provincial Key Laboratory of Resources Conservation and Development of Southern
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Medical Sciences and Peking Union Medical College, Haikou, China, 2Institute of Medicinal Plant
Development, Chinese Academy of Medical Sciences and Peking Union Medical College,
Beijing, China, 3College of Life Science, Sichuan University, Chengdu, China
Objective: The aim of this study was to comprehensively analyze the differences

in Chinese dragon’s blood (CDB), specifically Dracaena cochinchinensis and

Dracaena cambodiana, from different geographical origins.

Methods: Metabolomic analysis of CDB was performed by liquid

chromatography-tandem mass spectrometry (LC–MS/MS). A reliable ultrahigh-

performance liquid chromatography method with a photodiode array detector

(UHPLC-PDA) was developed and applied for the quantitative analysis of 12

phenolic compounds in 51 batches of samples.

Results: A total of 1394 metabolites were detected, of which 467 were identified

as differentially accumulated metabolites. Multivariate analysis revealed that both

origin and species had an effect on the composition of CDB, with greater

variation between species. 19 phenolic compounds were selected as quality

markers to distinguish D. cochinchinensis (Hdsp) from D. cambodiana (Hdca),

and oppositin and spinoflavanone a were identified as quality markers to

discriminate D. cochinchinensis samples from Hainan (Hdsp) and Guangxi

Provinces (Gdc). Quantitative analysis indicated that four phenolic compounds,

including loureirin D, 4H-1-benzopyran-4-one,2,3-dihydro-3,5,7-trihydroxy-3-

[(4-methoxyphenyl)methyl]-,(R)-, loureirin B, and pterostilbene, showed

significant differences between Gdc and Hdsp. Additionally, five phenolic

compounds, namely resveratrol, loureirin D, pinostilbene, 4H-1-benzopyran-4-

one,2,3-dihydro-3,5,7-trihydroxy-3-[(4-methoxyphenyl)methyl]-, (R)-, and

loureirin B, exhibited significant differences between Hdsp and Hdca.

Conclusion: There are significant differences in the quality of CDB from different

geographical origins and species, which lays the foundation for the in-depth

development and utilization of different sources of CDB.
KEYWORDS

Chinese dragon’s blood, geographical origins, species, metabolomics, UHPLC-PDA,
quality control
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1 Introduction

Chinese dragon’s blood (CDB, Longxuejie in Chinese) is a rare and

valuable traditional Chinese medicine (TCM) with a long history of

medical use and is known as a “holy medicine for promoting blood

circulation”. Previous phytochemical investigations have revealed that

polyphenols, terpenes, steroids and steroidal saponins are major

chemical constituents of this herb (Xu et al., 2010; Sun et al., 2017;

Pang et al., 2018; Sun et al., 2019; Chen P. Q. et al., 2023). Among these

constituents, phenolic constituents are considered the primary

pharmacologically active constituents (Lang et al., 2020; Xu et al.,

2022). At present, the Chinese Pharmacopoeia does not include CDB,

and loureirin B are chosen as marker compounds to assess the quality

(>0.4%,m/m) in the National Drug Standard [WS3-082(Z-016)-99(Z)]

(Zheng et al., 2021). In recent years, the metabolites extracted from the

resin have received increased attention for their extensive and

promising bioactivities, such as antifungal (Niu et al., 2020),

antibacterial (Wang et al., 2017; He et al., 2021), anticerebral

ischemia (Krishnaraj et al., 2019; Liu T. et al., 2023), antithrombotic

(Sun et al., 2019), antidiabetic (Liu Y. et al., 2021), anti-inflammatory

and analgesic (Kuo et al., 2017; Sun et al., 2017; Pang et al., 2018)

effects and the ability to promote epidermal repair (Chen et al., 2021;

Sun et al., 2017).

The quality of TCMs is closely related to their metabolites

(Wang et al., 2015; Lu and Cui, 2019). During production, these

metabolites are susceptible to not only interference and changes

caused by genetic factors but also various physiological and

environmental factors, which may lead to differences in the

pharmacological effects and activities of TCMs (Yang et al., 2020;

Chen X. B. et al., 2023; Sha et al., 2023). Therefore, the study of

variations in the metabolites of TCM has been a consistent focus. As

a multiorigin TCM, CDB is derived from the resin of Dracaena

cochinchinensis and Dracaena cambodiana in China. D.

cochinchinensis is cultivated mainly in Guangxi and Hainan

Provinces of China (Cai and Xu, 1979), whereas D. cambodiana

is found primarily in Hainan Province, China (Yuan, 1991). To

date, research on the influence of the plant species and geographical

factors on the chemical components of CDB is relatively limited and

has focused mainly on determining the differences in the contents of

a few specific classes of metabolites (Qin et al., 2013; Wan, 2017;

Chen et al., 2018). The chemical composition of TCMs is complex,

and the current TCM quality evaluation model relies mainly on the

determination of a few compounds, which makes accurate evaluate

of the quality of TCMs difficult. Thus, there is an urgent need to

identify additional metabolites of CDB to evaluate the overall

chemical features of samples collected from different geographical

origins and of different species.

Plant metabolomics, a branch of metabolomics, is a powerful

tool designed to study the overall changes in many metabolites in

plant samples and then perform deep data mining and

bioinformatics to identify differences between samples (Abraham

and Kellogg, 2021; Xiao et al., 2022). Liquid chromatography-

tandem mass spectrometry (LC–MS/MS) is one of the most

frequently used techniques for plant metabolomics analysis of
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TCMs because of its short analysis time, exact mass identification,

and high selectivity and sensitivity (Alseekh et al., 2021; Waris et al.,

2022). Plant metabolomics has been widely applied for source

identification, authenticity identification, processing method

evaluation and other quality control applications of TCM (Liang

et al., 2018; Abraham and Kellogg, 2021; Yoon et al., 2022; Liu X.

et al., 2023; Rivera-Pérez et al., 2023). This finding offers a valuable

opportunity to understand the metabolite differences that influence

the medicinal quality of CDB from different geographical origins

and species. However, there are no studies on plant metabolomics

for CDB. In addition, quantitative analysis based on ultrahigh-

performance liquid chromatography-photodiode array detector

(UHPLC-PDA) technology has become a widely used method for

TCM quality control and quality standard improvement (Lee et al.,

2010; Liao et al., 2021).

In this study, a total of 51 samples were collected, including

samples of D. cochinchinensis from Guangxi Province (Gdc) and

Hainan Province (Hdsp), and D. cambodiana from Hainan

Province (Hdca). A plant metabolomic strategy based on LC–MS/

MS was established to identify the differentially abundant

metabolites (DAMs) in 21 samples. A UHPLC-PDA method was

developed to quantitatively assess the variation of 12 phenolic

compounds in 51 samples . This s tudy enhances the

understanding of the differences between the geographical origins

and species of the CDB. The results will contribute to effective

quality control measures and provide a theoretical basis for the

rational and effective use of CDB.
2 Materials and methods

2.1 Samples

Fifty-one batches of wild D. cochinchinensis and D. cambodiana

samples were collected from natural habitats in Hainan and Guangxi

Provinces, China (Supplementary Table S1). The samples were

identified by associate researcher Rongtao Li (Hainan Branch of the

Institute of Medicinal Plant Development, Chinese Academy of

Medicinal Sciences), and voucher specimens (No. Gdc-24, Hdsp-8,

Hdca-2) were deposited in the herbarium of the Hainan Branch

Institute of Medicinal Plant Development, Chinese Academy of

Medical Sciences, Hainan, China. All the samples were utilized for

content determination, and 21 samples were selected from the three

groups for plant metabolomics analysis.
2.2 Solvents and chemicals

The reference material for CDB (D. cochinchinensis, collected

from Guangxi Province) was purchased from the National

Institutes of Food and Drug Control (Beijing, China). Reference

standards of p-hydroxybenzyl alcohol (LOT: 6100) were purchased

from Shanghai Shidande Standard Technical Service Co., Ltd.

(Shanghai, China). Loureirin D (LOT: RFS-L02801907025) and
frontiersin.org
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loureirin C (LOT: RFS-L05901907025) were purchased from

Chengdu Herbpurify Co., Ltd. (Chengdu, China). 4H-1-

benzopyran-4-one,2,3-dihydro-5-hydroxy-3-[(4-hydroxyphenyl)

methyl]-7-methoxy (LOT: CHB210112), liquiritigenin (LOT:

CHB180609), pinostilbene (LOT: CHB210104) and 4H-1-

benzopyran-4-one,2 ,3-dihydro-3,5 ,7-tr ihydroxy-3-[(4-

methoxyphenyl) methyl]-,(R)- (LOT: CHB210113) were purchased

from Chroma-Biotechnology Co., Ltd. (Chengdu, China).

Resveratrol (LOT: 137-12-47), (3R)-5,7-dihydroxy-3-(4-

hydroxybenzyl)-2,3-dihydro-4H-chromen-4-one (LOT:

CHB210113), loureirin A (LOT: 0817-RB-0015), loureirin B

(LOT: 0817-RB-0016) and pterostilbene (LOT: 0817-RB-0036)

were purchased from Hainan Lead and Change Technology Co.,

Ltd. (Haikou, China). The purities of all standards were above 98%.

HPLC-grade acetonitrile and acetic acid were purchased from

Fisher Co., Ltd. (Emerson, IA, USA). Analytical-grade ethanol

was purchased from Beijing Chemical Works (Beijing, China).

Pure water was obtained from Wahaha (Hangzhou, China).
2.3 Plant metabolomic analysis

2.3.1 Metabolite extraction
A total of 20 mg of sample was weighed into an eppendorf tube,

and 1000 mL of extraction solution (methanol:water = 3:1, with an

isotopically labeled internal standard mixture) was added. The

sample was subsequently homogenized at 35 Hz for 4 min and

sonicated for 5 min in an ice-water bath. The homogenization and

sonication cycles were conducted in triplicate. The samples

were subsequently tincubated for 1 h at -40°C and centrifuged at

12000 rpm for 15 min at 4°C. The supernatant was filtered

through a 0.22 mm microporous membrane and transferred to a

fresh glass vial for analysis. The quality control (QC) sample was

prepared by mixing equal aliquots of the supernatants from all of

the samples to evaluate the reproducibility and stability of the LC-

MS/MS method.

2.3.2 LC–MS/MS analysis
Sample analyses were performed on a UHPLC system

(Vanquish, Thermo Fisher Scientific) with a UPLC HSS T3

column (2.1 mm × 100 mm, 1.8 mm) coupled to an Orbitrap

Exploris 120 mass spectrometer (Orbitrap MS, Thermo), and the

column temperature was 40°C. The mobile phase consisted of 5

mmol/L ammonium acetate and 5 mmol/L acetic acid in water (A)

and acetonitrile (B) with flow 0.35 ml/min. The following gradient

program was used: 0-0.7 min, 1% B; 0.7-9.5 min, 1%-99% B; 9.5-

11.8 min, 99% B; 11.8-12 min, 99%-1% B; 12-14.6 min, 1% B; 14.6-

14.8 min, 1% B; 14.8-15 min, 1% B. The autosampler temperature

was 4°C, and the injection volume was 2 mL. An Orbitrap Exploris

120 mass spectrometer was used for its ability to acquire MS/MS

spectra in information-dependent acquisition (IDA) mode via

acquisition software (Xcalibur, Thermo). In this mode, the

acquisition software continuously evaluates the full-scan MS

spectrum. The electrospray ionization (ESI) source conditions
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were set as follows: sheath gas flow rate, 50 Arb; aux gas flow

rate, 15 Arb; capillary temperature, 320°C; full MS resolution,

60000; MS/MS resolution, 15000; collision energy, 10/30/60 NCE;

and spray voltages, 3.8 kV (positive) and -3.4 kV (negative).
2.4 Data processing and
metabolite characterization

The raw data were converted to the mzXML format via

ProteoWizard and processed with an in-house program, which was

developed using R and based on XCMS, for peak detection, extraction,

alignment, and integration. The criteria for the structural

identification of metabolites are categorized into three levels. Level 1

is achieved by comparing information such as MS, MS/MS, and

retention times of standards. Level 2 is achieved by comparing

information such as MS and MS/MS from public databases, which

include HMDB (https://hmdb.ca/) , PubChem (https ://

pubchem.ncbi.nlm.nih.gov/), and KEGG (https://www.kegg.jp/).

Finally, level 3 is achieved by comparing information such as MS,

MS/MS, and retention time using a matching algorithm based on

MetDNA2 (BiotreeDB) (Zhou et al., 2022). The cutoff for

annotation was set at 0.3. Furthermore, principal component

analysis (PCA) and orthogonal partial least squares discriminant

analysis (OPLS-DA) were performed with SIMCA 16.0.2 software

(Sartorius Stedim Data Analytics AB, Umea, Sweden). To evaluate

the OPLS-DA model, 7-fold cross-validation was performed to

calculate the R2 (model fitness) and Q2 (predictive ability) values,

and a permutation test (200 times) was subsequently conducted.
2.5 Potential biomarker identification and
metabolic pathway analysis

In this study, the metabolites with variable importance in the

projection (VIP) > 1 and a P value < 0.05 (Student’s t test) were

screened as potential differentially abundant metabolites. After the

metabolites were identified, the metabolic enrichment pathways of

potential DAMs were analyzed via MetaboAnalyst (http://

metpa.metabolomics.ca) and the Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway database (http://www.genome.jp/kegg/)

with a map of the same plant family, Asparagus officinalis. Through

comprehensive analysis of the pathways in which the DAMs were

located, the most important pathways that correlated with the

metabolite differences were screened.
2.6 UHPLC-PDA analysis

2.6.1 Preparation of stock and mixed standards
Each standard was accurately weighed and dissolved in 70%

aqueous ethanol (v/v) to obtain a stock solution. An initial stock

solution was prepared as a mixture of the above stock solutions. A

series of working solutions of the analytes were obtained by diluting
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the mixed stock solution with 70% aqueous ethanol to the

appropriate concentration.

2.6.2 Sample preparation
A total of 0.2 g of the sample was extracted with 10 mL of 70%

ethanol (v/v) in an ultrasonic water bath for 30 min and then

centrifuged at 13000 rpm for 10 min. The supernatant solution was

filtered through a 0.22 mm micropore membrane before injection

into the UHPLC system. Each sample was analyzed in triplicate.

2.6.3 UHPLC-PDA conditions
The quantitative analysis of 12 phenolic compounds was

performed on a UHPLC system (Waters Corporation, USA)

coupled with a photodiode array detector (PDA). The analytes

were separated on a Waters Acquity HSS T3 column (2.1 mm × 100

mm, 1.8 µm), and the column temperature was maintained at 40°C.

The mobile phase consisted of acetonitrile (A) and water containing

0.3% acetic acid (B) with a flow rate of 0.3 mL/min. The following

gradient program was used: 0-5 min, 20-25% A; 5-30 min, 25-30%

A; 30-62 min, 30-38% A; 62-75 min, 38-95% A; and 75-76 min, 95-

20% A. The PDA detector was set to monitor the signal at 278 nm.

The sample injection volume was 5.0 mL.

2.6.4 Method validation
The developed UHPLC-PDA method was validated by

determining its linearity, limit of detection (LOD), limit of

quantification (LOQ), precision (intra- and interday),

repeatability, stability and accuracy. The mixed standard

containing 12 analytes was diluted with 70% aqueous ethanol to

obtain a range of appropriate concentrations for calibration curves,

which were constructed by plotting the peak area (y) versus the

corresponding concentration (x, mg/ml). The LODs and LOQs were

determined at signal-to-noise (S/N) ratios of 3 and 10, respectively.

The precision of the intra- and inter-day was tested by performing

six replicates of a mixed standard solution within a single day and

repeating the experiment on three consecutive days. Repeatability

was tested by preparing six replicates of D. cochinchinensis. The

stability of all analytes was evaluated by injecting samples at 0, 2, 4,

8, 12 and 24 h. The relative standard deviation (RSD) value was

used to assess precision, repeatability and stability. The accuracy of

the method was determined via a recovery test by spiking an equal

amount of standard mixture to a known amount of sample (0.1 g) of

D. cochinchinensis (n=6). The spiked samples were subsequently

extracted and analyzed via the proposed method.
2.7 Statistical analysis

The data were analyzed via SPSS 26.0 (SPSS Inc., Chicago, IL,

USA). All values are expressed as the means ± SDs of at least three

independently performed experiments. The results were considered

statistically significant when p<0.05. Figure processing was

performed with GraphPad Prism 8.0 software(GraphPad

Software, Inc., San Diego, CA, USA).
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3 Results

3.1 Metabolomic analysis

3.1.1 Identification and analysis of differentially
abundant metabolites

To better understand the metabolic differences between

geographical origins and species, LC–MS/MS was employed to

detect CDB metabolites in three different groups: Gdc, Hdsp and

Hdca. Mass spectral data were processed by alignment of all data

sets from the samples in the CDB group. Metabolite annotation was

performed by comparing accurate m/z values (Supplementary

Figure S1). A total of 1237 metabolites were annotated

(Supplementary Table S2), the most abundant of which were

shikimates and phenylpropanoids (49.475%), followed by

terpenoids (16.168%), fatty acids (8.892%), polyketides (5.74%)

and alkaloids (5.416%) (Supplementary Figure S2).

PCA was used as an unsupervised method to study the

differences in metabolic profiles between two geographical origins

and two species of CDB. The PCA results revealed significant

separation of three different groups of samples, which reflected

significant differences in metabolite levels in different sources, with

43.5% of the differences explained by the first two principal

components (32.7% for PC1 and 10.8% for PC2). In addition,

Hdca samples were significantly separated from Hdsp samples in

the PCA, whereas the Gdc and Hdsp samples partially overlapped

(Figure 1A). A correlation analysis of the multisource metabolome

revealed strong correlations between the biorepeats within the same

group. In different groups of samples, Hdca and Hdsp samples

could be distinguished from each other, but this was not true for

some Gdc and Hdsp samples, similar to the PCA results

(Supplementary Figure S3). The heatmap of the hierarchical

clustering analysis (HCA) results illustrate the differences in

metabolite accumulation among the three groups of samples.

These samples were divided into two large clusters, with

significant differences between Hdca and Hdsp and Gdc

(Figure 1B), preliminarily revealing that the difference in

metabolites between the two species was greater than the

difference between the two geographical origins.

To investigate the differences in metabolites between different

species and different geographical origins of CDB, OPLS‐DA was

performed. The Hdsp and Gdc groups were significantly separated

on the first principal component, with P1 values of 15.3% and 9.7%,

respectively (Figure 1C). Hdsp and Hdca were also significantly

separated on the first principal component, with P1 values of 27.7%

and 14.0%, respectively (Figure 1D). The R2Y and Q2 values of CDB

from different origins were 0.96 and 0.59, respectively

(Supplementary Figure S4A), whereas the R2Y and Q2 values of

the samples from different species were 0.84 and 0.94, respectively

(Supplementary Figure S4B), both of which did not exceed the true

value (horizontal line), implying that there was no overfitting.

DAMs were identified via Student’s t test and variable importance

in projection (P <0.05; VIP>1). Volcano plots revealed 214 DAMs

in samples from different geographical origins (Figure 2A), and 366

DAMs in samples from different species (Figure 2B), which also
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suggested that the differences in the metabolome between the two

species were greater than the differences between the two

geographical origins.

3.1.2 Metabolite biomarkers differentiating
geographical origins and species of CDB

When the DAMs between different species and different

geographical origins were compared, 113 DAMs were common to

the two comparison groups, and 253 and 101 DAMs were specific to

Hdsp vs Hdca and Gdc vs Hdsp, respectively (Figure 2C).

The 113 shared compounds could be divided into 31 categories

(Figure 2D), including 25 flavonoids. For binary logistic regression,

the top 10 DAMs from the 113 DAMs (P < 0.05, VIP > 1) were

selected as candidate combined biomarkers for receiver operating

characteristic (ROC) curve analysis. The ROC curve results revealed

that these combined biomarkers had excellent sensitivity and high

specificity (AUC = 1) (Supplementary Figure S5), effectively

distinguishing CDB from different geographical origins and

species. Therefore, these 10 DAMs can discriminate D.
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cochinchinensis from the Guangxi and Hainan origins and

different species of D. cochinchinensis and D. cambodiana.

Additionally, individual ROC analyses of these 10 DAMs also

demonstrated high sensitivity and specificity (AUC > 0.96)

(Supplementary Figure S5), allowing them to be used as

biomarkers alone to screen for different geographical origins

and species.

The differences in metabolites between D. cochinchinensis

collected from Guangxi and Hainan Provinces were compared

(Gdc vs Hdsp). The volcano plot (Figure 2A) and HCA

(Figure 3A) revealed that among 214 DAMs between Gdc and

Hdsp, 111 were upregulated, with a greater relative abundance in

Gdc, and 103 were downregulated, with a greater relative

abundance in Hdsp. These findings indicate the promising

potential of these metabolites to distinguish CDB from different

geographical origins. These DAMs can be broadly classified into 8

categories: shikimates and phenylpropanoids (57.01%), terpenoids

(13.55%), fatty acids (5.61%), polyketides (5.14%), alkaloids

(4.21%), amino acids and peptides (2.8%), carbohydrates (3.27%)
B

C

D

A

FIGURE 1

Principal component analysis (PCA) (A), heatmap of hierarchical clustering analysis (HCA) (B), OPLS-DA loading plots (C, D) of metabolites detected
in different geographical origins and species.
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and others (8.41%) (Figure 3B). Phenolic compounds, particularly

flavonoids and stilbenoids, which are abundant and primary

pharmacological components, are the active ingredients in CDB.

Therefore, these metabolites were selected for the significance

analysis of relative abundance and significance between different

geographical origins. A total of 101 unique compounds were

identified in the comparative groups. Further screening revealed

no unique stilbenoid compounds, whereas there were 22 unique

flavonoid compounds. Among these 22 flavonoids, 15 had a

relatively high relative abundance in the Gdc samples, whereas 7

had a relatively high relative abundance in the Hdsp samples,

indicating that the relative abundance of flavonoids in the Gdc

samples was greater than that in Hdsp samples (Supplementary

Table S3). Additionally, oppositin and spinoflavanone a showed

more than a 10-fold difference in relative abundance between the

two groups, confirming their role as crucial biomarkers for tracking

CDB from different origins.

Two species of D. cochinchinensis and D. cambodiana growing

in Hainan Province were compared to identify differences. A total of

366 compounds were identified as potentially DAMs between Hdca

and Hdsp. The volcano plot (Figure 2B) and HCA (Figure 3C)

illustrate that among these metabolites, 276 were upregulated, with

a greater relative abundance in Hdsp. Additionally, 90 metabolites

were downregulated, exhibiting a greater relative abundance in

Hdca. These findings indicate the promising potential of these

metabolites in distinguishing CDB from D. cochinchinensis and D.

cambodiana. These DAMs can be broadly classified into 8

categories: shikimates and phenylpropanoids (57.65%), terpenoids

(14.21%), fatty acids (6.01%), polyketides (5.46%), alkaloids
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(5.46%), amino acids and peptides (1.37%), carbohydrates

(1.37%) and others (8.47%) (Figure 3D). Additionally, because

flavonoids and stilbenoids are the main active ingredients of

CDB, these metabolites were selected for the analysis of their

relative abundance and significance between the different species.

In the comparisons between the different CDB species, there were

253 unique compounds, including 53 flavonoids and 9 stilbenoids.

Among these 53 flavonoids, 28 had greater relative abundance in

Hdsp, and another 15 in Hdca; of the 10 stilbenoids, 8 were more

abundant in Hdsp and 1 was more abundant in Hdca, indicating

higher relative abundance of these two main compound classes in

Hdsp samples (Supplementary Table S4). In addition, the relative

abundance of 19 DAMs, including naringin, sanggenol l, 6-

hydroxy-2-(4-methoxyphenyl)-4h-chromen-4-one, artonol c, (2s)-

4 ’-hydroxy-5,7,3 ’-trimethoxyflavan, 7-methoxyflavonol,

brosimacutin i, farrerol, 5,7-dihydroxy-2-(4-hydroxyphenyl)-8-

[3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]-6-(3,4,5-

trihydroxyoxan-2-yl)chromen-4-one, 7-hydroxy-2-(4-hydroxy-3,5-

dimethoxyphenyl)-5-[(2s,3r,4s,5s,6r)-3,4,5-trihydroxy-6-

(hydroxymethyl)oxan-2-yl]oxychromen-4-one, sempervirenoside

b, robinin, didymin, 2’-methoxyflavone, cardamonin, angoletin,

trans-resveratrol, pinosylvin and 3,4,5-trihydroxystilbene,

exhibited more than a 10-fold difference between the two groups,

and these metabolites were identified as important biomarkers for

tracking different species of CDB.

3.1.3 Metabolic pathway analysis
To elucidate the metabolic activities in CDB obtained from

different geographical origins and species, we mapped the DAMs to
B

C D

A

FIGURE 2

Volcano plots (red, blue and grey dots mean the metabolites were thought to be up-, down-regulated and inapparent.) of differentially accumulated
metabolites in different geographical origins (A) and different species (B). Venn diagram built to discriminate CDB samples from two geographical
origins (Gdc vs Hdsp) and two species (Hdsp vs Hdca) (C). Pie chart illustrating the classification of the 113 potential biomarkers (D).
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KEGG pathways. After comprehensive consideration, the

significant pathways were marked with large bubbles and dark

colors. Phenylpropanoid biosynthesis, arginine and proline

metabolism, histidine metabolism, flavonoid biosynthesis, and

glycerophospholipid metabolism were the main pathways

enriched between Gdc and Hdsp, and the results are shown in

Figure 4A. In addition, pathways such as histidine metabolism;

phenylpropanoid biosynthesis; linoleic acid metabolism; alanine,

aspartate and glutamate metabolism and galactose metabolism were

enriched predominantly between Hdsp and Hdca (Figure 4B).

Among these major enrichment pathways, histidine metabolism

and phenylpropanoid biosynthesis were two pathways common to

both comparison groups. It can be inferred that the aforementioned

biosynthetic pathways act as critical pathways and play a significant

role in the quality variation in CDB from different geographical

origins and species.

To explore how geographical origins and species quantitatively

affect the chemical components of CDB, 12 phenolic compounds,

namely, p-hydroxybenzyl alcohol, resveratrol, 4H-1-benzopyran-4-

one,2,3-dihydro-5-hydroxy-3-[(4-hydroxyphenyl)methyl]-7-

methoxy-, liquiritigenin, pinostilbene, (3R)-5,7-dihydroxy-3-(4-

hydroxybenzyl)-2,3-dihydro-4H-chromen-4-one, 4H-1-

benzopyran-4-one,2 ,3-dihydro-3,5 ,7-tr ihydroxy-3-[(4-

methoxyphenyl)methyl]-,(R)-, loureirin A, loureirin B, loureirin D,

loureirin C, and pterostilbene, were selected as the analytes for
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UHPLC-PDA analysis. These chemicals were not only identified as

major chemical components but also reported to be the major

bioactive chemical components in CDB.
3.2 UHPLC-PDA analysis

3.2.1 UHPLC-PDA conditions
In this study, the extraction conditions (extraction solvent,

extraction time) and chromatographic conditions (mobile phase,

gradient program) were optimized for the 12 phenolic compounds

because of their different chemical properties.

To achieve the optimal extraction conditions, the extraction

solvent (50%, 70% and 100% ethanol, v/v) and extraction time (15,

30, 60, and 90 min) were investigated. Aqueous ethanol was found

to be more suitable for the samples since it provided the highest

amounts of the target analytes. The extraction efficiency did not

significantly increase with ethanol concentrations above 70%.

Furthermore, the extraction time was also investigated, and the

extraction efficiency did not significantly increase when the

extraction time exceeded 60 min (Supplementary Figure S6).

To separate the compounds and improve the sensitivity, the

chromatographic and detector conditions were systemically

optimized. First, gradient elution was chosen because of the wide

polarity range of the 12 analytes selected. The most suitable elution
B

C D

A

FIGURE 3

Hierarchical clustering analysis (A) (red colors show high abundance, whereas low abundance is presented by blue) and donut plot (B) for CDB
samples from different geographical origins. Hierarchical clustering analysis (C) and donut plot (D) for CDB samples from different species. The
names of the compounds represented by each number in Figures 2A, C are listed in Supplementary Table S7.
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solvents were acetonitrile (A) and 0.3% acetic acid. The proportions

of acetonitrile and acetic acid, as well as the gradient elution time,

were carefully adjusted based on the various schemes outlined in

Supplementary Table S5. Remarkably, Scheme 4 demonstrated

exceptional separation results in a relatively short timeframe.

Consequently, under the established optimal conditions, a

representative chromatogram (Supplementary Figure S7) was

obtained, effectively illustrating the successful separation and

elution of the target compounds.

3.2.2 Method validation
The optimized UHPLC-PDA method was validated by

evaluating its linearity, LOD, LOQ, precision, repeatability,

stability and accuracy. The results are summarized in Table 1.

Notably, excellent linearity was observed in the regression equations

of all analytes, with a coefficient of determination (R2) ≥ 0.9983. The

LODs and LOQs of the 12 analytes ranged from 0.021 to 0.031 mg/
mL and 0.069 to 0.089 mg/mL, respectively. The overall RSDs of the

intraday and interday variations were not greater than 3.47% and

4.92%, respectively. The repeatability and stability did not exceed

2.99% and 2.82%, respectively. The recovery of the method was

determined to be between 93.70% and 104.91%, with RSDs (%)

ranging from 1.06 to 5.16 (Table 2). All these results showed that the

established method has good linearity, precision, stability,

reproducibility and accuracy and can be used for the

quantification of 12 phenolic compounds in CDB.

3.2.3 Quantitative results
The developed UHPLC-PDA method was applied to

simultaneously determine the amount of 12 phenolic compounds

in 51 batches of CDB samples collected from different sources

(Supplementary Table S6).

Among the 51 batches of CDB samples, the contents of the 12

analytes ranged from 0.01 to 21.05 mg/g. Notably, loureirin B,

loureirin C, p-hydroxybenzyl alcohol and resveratrol had the

highest average contents of 3.63, 3.48, 3.21 and 3.12 mg/g,
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respectively, suggesting a potentially crucial role for these four

phenolic compounds in CDB. Furthermore, loureirin B has been

used as a chemical marker for quality control with CDB. Among the

51 samples tested, only 13 batches of loureirin B met the 0.4% limit.

More precisely, only 5 of 31 batches of Gdc samples were qualified,

8 of 12 batches of Hdsp samples were qualified, and none of the

Hdca samples met the criteria. In other words, almost 75% of the

samples did not meet the expected quality standards, and the Hdca

samples have a particularly prominent quality issue, highlighting

the need for further investigation into the reasons and

implementation of appropriate measures to ensure product

quality and safety.
3.2.4 Quantitative analysis of CDB from
differentiating geographical origins and species

Notable variations were observed in the comparative analysis of

12 phenolic compounds in the CDB samples obtained from

different geographical origins. The Hdsp samples presented

relatively high contents of loureirin D, pinostilbene, 4H-1-

benzopyran-4-one,2 ,3-dihydro-3,5 ,7-tr ihydroxy-3-[(4-

methoxyphenyl) methyl]-, (R)-, and loureirin B. Conversely, the

Gdc samples presented higher contents of the remaining eight

components. Statistical analysis (P < 0.05) revealed significant

difference between the two geographical origins in China for

loureirin D, 4H-1-benzopyran-4-one,2,3-dihydro-3,5,7-

trihydroxy-3-[(4-methoxyphenyl) methyl]-, (R)-, loureirin B, and

pterostilbene (Figure 5).

Furthermore, when comparing the CDB samples from the

different species, significant differences were observed in the

average contents of the 12 phenolic compounds. Specifically,

the contents of all 12 compounds were greater in Hdsp than in

Hdca. In addition, the analytical results (Figure 5) revealed that the

contents of components such as resveratrol, loureirin D,

pinostilbene, 4H-1-benzopyran-4-one,2,3-dihydro-3,5,7-

trihydroxy-3-[(4-methoxyphenyl) methyl]-, (R)- and loureirin B

significantly differed (P < 0.05).
BA

FIGURE 4

Pathway analysis of differential metabolites. Gdc vs Hdsp (A). Hdsp vs. Hdca (B). Each bubble represents one pathway, the abscissa and the size of
the bubble reflect the influencing factors of the pathway.
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TABLE 1 Calibration curves,testrange,LOD,LOQ,precision,stability and repeatability for the 12 analytes.

nge
−1)

Calibration curves R2 LOQ
(mg·mL−1)

LOD
(mg·mL−1)

Precision(RSD, %)
Stability
(RSD,%)

Reproducibility
(RSD,%,n=6)intraday

(n=6)
Interday
(n=6)

.33 y=16859x+2199.4 0.9983 0.083 0.027 2.04 4.92 1.73 2.99

00 y=109,961x-14,874.5 1.0000 0.072 0.024 0.21 0.98 1.15 2.17

.67 y=99799x+4093.5 1.0000 0.070 0.021 0.45 3.11 0.50 2.17

.00 y=121263x+4635.3 1.0000 0.087 0.031 3.01 4.50 0.62 2.60

.00 y=81439x+1910.8 0.9999 0.088 0.028 0.22 0.86 2.70 1.19

.00 y=88,723x+939.6 1.0000 0.081 0.026 0.19 1.46 2.45 1.68

.00 y=97163x+2408.9 0.9999 0.073 0.025 0.52 3.81 2.62 2.25

.00 y=105306x-25996.7 0.9999 0.074 0.026 0.57 2.84 1.06 2.98

.33 y=88730x+2171.2 1.0000 0.069 0.023 3.47 4.27 2.49 2.08

.33 y=110474x+2046.7 1.0000 0.089 0.031 2.44 4.16 2.82 2.44

.33 y=95,204x-220.9 1.0000 0.086 0.031 1.09 3.12 2.75 2.46

.00 y=96782x-35754.5 0.9998 0.079 0.026 2.58 2.51 2.65 2.13

Su
n
e
t
al.

10
.3
3
8
9
/fp

ls.2
0
2
4
.14

2
773

1

Fro
n
tie

rs
in

P
lan

t
Scie

n
ce

fro
n
tie

rsin
.o
rg

90
Analytes
Linearra
(mg·mL

p-hydroxybenzyl alcohol 0.67~33

resveratrol 0.6~30.

liquiritigenin 0.53~26

4H-1-benzopyran-4-one,2,3-dihydro-5-hydroxy-3-[(4-hydroxyphenyl)
methyl]-7-methoxy-

0.78~39

loureirin D 0.70~35

loureirin C 0.66~33

(3R)-5,7-Dihydroxy-3-(4-hydroxybenzyl)-2,3-dihydro-4H-chromen-4-one 0.62~31

pinostilbene 0.64~32

4H-1-benzopyran-4-one,2,3-dihydro-3,5,7-trihydroxy-3-[(4-methoxyphenyl)
methyl]-,(R)-

0.59~29

loureirin A 0.77~38

loureirin B 0.77~38

pterostilbene 0.64~32
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TABLE 2 Experimental results of sample addition recovery rate (n=6).

Analytes
Original
(mg)

Added
(mg)

Found
(mg)

Recovery
(%)

Recovery
(%)

RSD
(%,n=6)

p-hydroxybenzyl alcohol

0.0034 0.0169 0.0211 104.60

104.91 1.85

0.0034 0.0169 0.0210 103.90

0.0034 0.0169 0.0206 101.74

0.0034 0.0169 0.0213 106.02

0.0034 0.0169 0.0215 107.21

0.0034 0.0169 0.0213 106.01

resveratrol

0.0366 0.0160 0.0533 104.62

104.85 1.69

0.0366 0.0160 0.0532 104.16

0.0366 0.0160 0.0532 103.83

0.0366 0.0160 0.0532 103.91

0.0366 0.0160 0.0532 104.13

0.0366 0.0160 0.0539 108.42

liquiritigenin

0.0016 0.0136 0.0155 101.91

100.58 1.26

0.0016 0.0136 0.0151 99.03

0.0016 0.0136 0.0154 101.04

0.0016 0.0136 0.0153 100.37

0.0016 0.0136 0.0151 99.23

0.0016 0.0136 0.0155 101.90

4H-1-benzopyran-4-one,2,3-dihydro-5-hydroxy-3-[(4-
hydroxyphenyl)methyl]-7-methoxy-

0.0022 0.0218 0.0230 95.23

93.70 1.34

0.0022 0.0218 0.0225 93.00

0.0022 0.0218 0.0227 93.75

0.0022 0.0218 0.0226 93.30

0.0022 0.0218 0.0223 91.93

0.0022 0.0218 0.0230 95.01

loureirin D

0.0094 0.0152 0.0250 102.57

101.59 1.61

0.0094 0.0152 0.0247 100.30

0.0094 0.0152 0.0249 101.52

0.0094 0.0152 0.0247 100.32

0.0094 0.0152 0.0247 100.44

0.0094 0.0152 0.0253 104.38

loureirin C

0.0170 0.0170 0.0337 98.31

97.87 1.49

0.0170 0.0170 0.0335 96.77

0.0170 0.0170 0.0338 98.48

0.0170 0.0170 0.0334 96.41

0.0170 0.0170 0.0335 96.96

0.0170 0.0170 0.0341 100.31

(3R)-5,7-Dihydroxy-3-(4-hydroxybenzyl)-2,3-dihydro-
4H-chromen-4-one

0.0151 0.0156 0.0310 101.63
97.79 2.44

0.0151 0.0156 0.0301 96.26

(Continued)
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4 Discussion

CDB is a rare and valuable traditional medicine that is found

mainly in Hainan and Guangxi, China, and is extracted from the

fat-containing wood of D. cochinchinensis and D. cambodiana.

Previous studies have shown that the main components of CDB
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are phenolic compounds with antibacterial, anti-inflammatory,

analgesic, antiplatelet aggregation, blood circulation and

epidermal repair properties (Zheng et al., 2021). The intrinsic

quality of TCM is closely associated with its secondary

metabolites. The types, quantities and activities of these secondary

metabolites are in turn affected by factors such as the growth
TABLE 2 Continued

Analytes
Original
(mg)

Added
(mg)

Found
(mg)

Recovery
(%)

Recovery
(%)

RSD
(%,n=6)

0.0151 0.0156 0.0303 97.09

0.0151 0.0156 0.0300 95.55

0.0151 0.0156 0.0302 96.45

0.0151 0.0156 0.0307 99.79

pinostilbene

0.0115 0.0172 0.0282 97.05

101.43 2.77

0.0115 0.0172 0.0286 99.49

0.0115 0.0172 0.0295 104.19

0.0115 0.0172 0.0291 102.31

0.0115 0.0172 0.0289 101.25

0.0115 0.0172 0.0295 104.26

4H-1-benzopyran-4-one,2,3-dihydro-3,5,7-trihydroxy-3-
[(4-methoxyphenyl)methyl]-,(R)-

0.0022 0.0143 0.0159 95.47

93.72 1.24

0.0022 0.0143 0.0156 93.53

0.0022 0.0143 0.0156 93.90

0.0022 0.0143 0.0155 93.02

0.0022 0.0143 0.0154 92.06

0.0022 0.0143 0.0157 94.34

loureirin A

0.0042 0.0228 0.0265 97.59

98.14 1.06

0.0042 0.0228 0.0264 97.11

0.0042 0.0228 0.0268 98.88

0.0042 0.0228 0.0266 98.10

0.0042 0.0228 0.0265 97.33

0.0042 0.0228 0.0270 99.84

loureirin B

0.0505 0.0196 0.0702 100.74

102.42 2.21

0.0505 0.0196 0.0706 102.40

0.0505 0.0196 0.0707 103.27

0.0505 0.0196 0.0702 100.28

0.0505 0.0196 0.0704 101.36

0.0505 0.0196 0.0714 106.47

pterostilbene

0.0084 0.0160 0.0235 94.08

103.80 5.16

0.0084 0.0160 0.0249 103.18

0.0084 0.0160 0.0250 103.35

0.0084 0.0160 0.0253 105.31

0.0084 0.0160 0.0256 107.31

0.0084 0.0160 0.0260 109.60
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environment, climatic conditions and species of medicinal materials

(Guo et al., 2023). Therefore, it is highly important to study and

elucidate the influence of these external factors on the secondary

metabolites of TCM to ensure and improve its quality. In this study,

LC–MS/MS technology combined with UHPLC–PDA quantitative

analysis was used to conduct in-depth metabolomics analysis to

systematically study the differences in the metabolite composition

and content of CDB from different geographical origins and species.

In-depth analyses of the compounds shared by the two

comparison groups of CDB from different origins and species were

performed via Venn diagrams, and we identified 10 metabolites with

significant differences in abundance. Furthermore, these 10 shared

metabolites were analyzed via ROC curve analysis, and they exhibited

very high AUC values (>0.96) in distinguishing between different

groups of samples, whether analyzed in combination or individually,
Frontiers in Plant Science 1293
which fully demonstrated their excellent performance in identifying

and distinguishing between different samples. The results of the

available pharmacological studies indicate that coniferyl alcohol has

significant anti-inflammatory and analgesic activities and can act as a

signaling agent to modulate the phenylpropane pathway in several

ways (Wang et al., 2021; Guan et al., 2022). 4-acetamidobutanoate is a

product of the urea cycle, and its levels increase with renal dysfunction

and are altered in inflammatory disorders such as rheumatoid

arthritis. In addition, it is involved in several key metabolic

pathways including arginine and proline metabolism, histidine

metabolism, lysine degradation, and phenylalanine metabolism

(Zhang K. et al., 2023; Kui et al., 2022). Artoindonessianin a

exhibited cytotoxic activity against murine leukemia (Jamil et al.,

2014). The compound (1E,4Z,6E)5-hydroxy-1-7-bis(4-hydroxy-3-

methoxyphenyl)hepta-1,4,6-trien-3-one, which is commonly known
B C D

E F G H

I J K L

A

FIGURE 5

Results of quantitative analysis of 12 phenolic components (A-L) in Chinese dragon's blood samples from Gdc (D. cochinchinensis from Guangxi Province),
Hdsp (D. cochinchinensis from Hainan Province) and Hdca (D. cambodiana from Hainan Province). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns
means no significance. p-hydroxybenzyl alcohol (A), resveratrol (B), liquiritigenin (C), 4H-1-benzopyran-4-one,2,3-dihydro-5-hydroxy-3-[(4-hydroxyphenyl)
methyl]-7-methoxy- (D), loureirin D (E), loureirin C (F), (3R)-5,7-dihydroxy-3-(4-hydroxybenzyl)-2,3-dihydro-4H-chromen-4-one (G), pinostilbene (H), 4H-1-
benzopyran-4-one,2,3-dihydro-3,5,7-trihydroxy-3-[(4-methoxyphenyl)methyl]-,(R)- (I), loureirin A (J), loureirin B (K), and pterostilbene (L).
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as curcumin (enol form), possesses antioxidant, anti-inflammatory,

antiviral, antibacterial, antihypertensive, and insulin sensitizer

activities; is cytotoxic to cancer cell lines; and can modulate

apoptosis (Arenaza-Corona et al., 2023). The unique properties and

wide range of biological activities of these compounds reveal their

great potential and broad prospects for the future medical research

and clinical applications of CDB.
4.1 Influence of different origins on
D. cochinchinensis

Flavonoids are the major components of CDB and are

associated with the phenylpropanoid biosynthetic pathway

(Nabavi et al., 2020; Liu W. et al., 2021; Xu et al., 2022). Through

metabolomics analyses, 2 significantly different flavonoid

metabolites were identified as ideal chemomarkers for

distinguishing CDB from different origins, with spinoflavanone a

showing higher relative abundance in Gdc and oppositin showing

higher relative abundance in Hdsp. These two DAMs may serve as

useful quality markers for the identification of Gdc and Hdsp.

Among several pathways associated with DAMs enrichment

between Gdc and Hdsp, the phenylpropanoid pathway and

flavonoid biosynthesis are vital pathways for the production of

important secondary metabolites (Petrussa et al., 2013; Du et al.,

2022). During the formation of CDB, enzymes in the

phenylpropanoid pathway are induced to metabol ize

phenylalanine to loureirin A and loureirin B, which are the main

active ingredients in CDB (Su et al., 2020). Histidine metabolism is

not only involved in the plant response to environmental stress and

signal transduction but also acts as a chelator and transporter of

metal ions, helping plants maintain metal ion homeostasis in

different environments (Stepansky and Leustek, 2006). Arginine

metabolism helps balance N availability for anabolic processes in a

fluctuating environment (Kiss et al., 2023). Proline biosynthesis and

accumulation are common responses to unfavorable environments

in many plants (Yan et al., 2021). The increased metabolism of

arginine and proline promotes root development, increases plant

tolerance to osmotic stress, and improves crop resistance to salt

stress. These findings suggest that under different geographic

environments D. cochinchinensis may adapt to environmental

changes by fine-tuning these key metabolic pathways to maintain

a balance between their growth and survival.

Secondary metabolites are more affected by external stressors,

and their metabolic profiles can vary depending on their growth

environment even in genetically identical plants (Erb and

Kliebenstein, 2020; Yoon et al., 2022). Quantitative analysis

revealed that 8 of the 12 phenolic compounds were more

abundant in Gdc group than in Hdsp, and the other 4 were more

abundant in Hdsp. The difference in phenolic compound content is

considered important because each compound has different

biological activities (Zhao et al., 2018; Gu et al., 2019). When

CDB is used for pharmacological purposes, its purpose may vary

depending on the content of phenolic compounds. The main
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phenolic compounds have been extensively studied for their

biological activity. According to the literature, p-hydroxybenzyl

alcohol, resveratrol, loureirin A, loureirin B, loureirin D,

pinostilbene, 4H-1-benzopyran-4-one,2,3-dihydro-3,5,7-

trihydroxy-3-[(4-methoxyphenyl)methyl], (R)- and pterostilbene

have antibacterial (Zheng et al., 2021), ischemic stroke (Jiang

et al., 2020), antioxidant (Hu et al., 2020; Liu Y. S. et al., 2023),

analgesic (Wan et al., 2019), antiaging (Allen et al., 2018) and

anticancer (Chen et al., 2020) activities. These findings indicate that

the different components have multiple biological activities and are

source dependent. Changes in these components result in

differences in nutritional or pharmacological functions that are

related to quality. Therefore, these data can be used to select the

origin most suitable for the expected activity.
4.2 Differences between the species of D.
cochinchinensis and D. cambodiana

Species genetically determine the differences in the types and

contents of plant metabolites, resulting in differences in clinical

effects (Xiao et al., 2019). Using metabolomics approaches, 16

flavonoid metabolites were found to exhibit significant differences

in abundance between the Hdca and Hdsp groups, among which

only naringin showed higher relative abundance in Hdca. Naringin

possesses antioxidant, neuroprotective, anti-inflammatory,

antiapoptotic, antiulcer, antiosteoporotic, and anticancer

properties (Ravetti et al., 2023). The remaining 15 flavonoids

presented higher relative abundances in Hdsp, among them,

didymin has anticancer, antioxidant, anti-inflammatory, and

neuroprotective, hepatoprotective, and cardiovascular effects

(Yang et al., 2023). Farrerol has therapeutic effects on

pathological conditions such as cancer, muscular dystrophy,

inflammation, microbial infections, and oxidative stress (He et al.,

2023). Cardamonin has significant anticancer, anti-inflammatory,

and antioxidant activities and neuroprotective effects and can

attenuate cerebral ischemia/reperfusion injury through activation

of the HIF-1a/VEGFA pathway (Ni et al., 2022). Robinin has

significant anti-inflammatory, analgesic and antitumor effects

(Zhang W. et al., 2023). Sanggenol l possesses a wide range of

biological activities such as neuroprotective, anti-inflammatory, and

antitumor effects (Fu et al., 2024). Combretastatin A4 is a potent

mitotic inhibitor of a variety of tumor cells that inhibits mitosis in a

variety of tumor cells, including multidrug-resistant cancer cell

lines. It also acts on proliferative endothelial cells and ruptures

tumor blood vessels (Yang et al., 2022). Natural stilbenoids are

secondary metabolites produced by plants to protect themselves

against stressful conditions such as UV irradiation, overheating and

fungal or bacterial infections (Medrano-Padial et al., 2021).

Compared with the Hdca and Hdsp groups, three significantly

different stilbenoid metabolites, trans-resveratrol, pinosylvin, and

3,4,5-trihydroxystilbene, presented greater relative abundances.

Among these metabolites, resveratrol, often found in its trans

form, possesses pharmacological activities, such as anticancer,
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anti-inflammatory, cardiovascular protection, and antioxidant

effects, and inhibits platelet aggregation (Basholli-Salihu et al.,

2016). Pinosylvin possesses a variety of biological properties, such

as antimicrobial, anti-inflammatory, anticancer, antioxidant,

neuroprotective and antiallergenic effects (Bakrim et al., 2022).

Thus, our results suggest that differences in both the composition

and abundance of flavonoids and stilbenoids may explain the

variation in therapeutic effects observed in herbs from different

species. These discriminating metabolites may be useful quality

markers for differentiating D. cochinchinensis and D. cambodiana.

Among the several pathways associated with DAMs enrichment

between Hdsp and Hdca, amino acid metabolism is crucial for plant

growth and stress resistance (Huang and Jander, 2017). Among

them, alanine, aspartate and glutamate metabolism are resistant to

pathogens and provide nitrogen for growth when exposed to

external stresses, reducing the toxic effects of nitrate in crops

(Martinelli et al., 2007). In addition, alanine metabolism plays an

important role in the synthesis and defense of the cell wall (Qiao

et al., 2018). Furthermore, galactose metabolism plays a

coordinating role in cellular metabolism. These differences in

metabolic pathways reflect the diversity of genetic backgrounds,

environmental adaptations and metabolic requirements of different

species, providing an important basis for understanding the

uniqueness of different species of CDB.

Quantitative analysis based on UHPLC-PDA revealed that the

content of 12 phenolic compounds in the Hdca samples was

consistently lower than that in the Hdsp samples. Owing to the

differences in pharmacological activities corresponding to different

metabolite types and contents, it is inferred that CDB extracts from

Hdsp possesses more potent pharmacological activities. Therefore,

it is highly important to distinguish CDB samples from different

sources in practical applications to ensure the consistency of efficacy

and batch reproducibility.

However, importantly, relying solely on component

concentrations is insufficient to draw definitive conclusions

regarding the quality of medicinal materials such as CDB.

Pharmacological experiments are essential to further validate the

analytical findings and provide a more comprehensive

understanding of the therapeutic.
5 Conclusion

In this study, plant metabolomics approaches (LC-MS/MS)

combined with a developed UHPLC-PDA method were used to

systematically investigate the differences of CDB from different

geographical origins and species. The results revealed that origin

and species had significant effects on the chemical composition and

content of CDB, with species showing particularly pronounced

differences. Comprehensive metabolite analysis and quantitative

assessment revealed that D. cochinchinensis exhibits outstanding

performance in compound diversity, relative abundance, and

content of phenolic compounds, making it an ideal source of

CDB. Furthermore, considering the significant potential of D.

cambodiana, additional research is necessary to fully explore its

considerable potential.
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A multi-omics insight on the
interplay between iron deficiency
and N forms in tomato
Arianna Lodovici 1, Sara Buoso1, Begoña Miras-Moreno2,3,
Luigi Lucini2, Nicola Tomasi1*, Pascual Garcı́a-Pérez2,
Roberto Pinton1 and Laura Zanin1

1Department of Agricultural. Food, Environmental and Animal Sciences, University of Udine,
Udine, Italy, 2Department for Sustainable Food Process, Università Cattolica del Sacro Cuore,
Piacenza, Italy, 3Department of Plant Biology, University of Murcia, Murcia, Spain
Introduction: Nitrogen (N) and iron (Fe) are involved in several biochemical

processes in living organisms, and their limited bioavailability is a strong

constraint for plant growth and yield. This work investigated the interplay

between Fe and N nutritional pathways in tomato plants kept under N and Fe

deficiency and then resupplied with Fe and N (as nitrate, ammonium, or urea)

through a physiological, metabolomics and gene expression study.

Results: After 24 hours of Fe resupply, the Fe concentration in Fe-deficient roots

was dependent on the applied N form (following the pattern: nitrate > urea >

ammonium > Fe-deficient control), and whereas in leaves of urea treated plants

the Fe concentration was lower in comparison to the other N forms. Untargeted

metabolomics pointed out distinctive modulations of plant metabolism in a

treatment-dependent manner. Overall, N-containing metabolites were

affected by the treatments in both leaves and roots, while N form significantly

shaped the phytohormone profile. Moreover, the simultaneous application of Fe

with N to Fe-deficient plants elicited secondary metabolites’ accumulation, such

as phenylpropanoids, depending on the applied N form (mainly by urea, followed

by nitrate and ammonium). After 4 hours of treatment, ammonium- and urea-

treated roots showed a reduction of enzymatic activity of Fe(III)-chelate

reductase (FCR), compared to nitrate or N-depleted plants (maintained in Fe

deficiency, where FCR was maintained at high levels). The response of nitrate-

treated plants leads to the improvement of Fe concentration in tomato roots and

the increase of Fe(II) transporter (IRT1) gene expression in tomato roots.

Conclusions: Our results strengthen and improve the understanding about the

interaction between N and Fe nutritional pathways, thinning the current

knowledge gap.
KEYWORDS

ammonium, metabolomic, multi-omic, nitrate, nutrient interplay, root uptake, Strategy
I, urea
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Introduction

Despite being abundant on the Earth’s crust, Fe bioavailability

under well-aerated and calcareous soil is strongly limited by a scarce

solubility of ferric and ferrous forms in solution. It has been

estimated that this unfavorable condition affects more than 30%

of cultivated soils (Marastoni et al., 2020). Fe is acquired by crops

with two distinct strategies based upon type of plant family

(Strategy I used by all higher plants such as tomato except

graminaceous, Strategy II used by graminaceous plants,

Kobayashi et al., 2019; Mori, 1999). Strategy I, consist primarily

in proton extrusion by activation of protonic pumps (H+-ATPase

family; AHA2 in Arabidopsis, SlHA4 in tomato; Harper et al., 1990;

Liu et al., 2016), followed by Fe(III) reduction to Fe(II) by FCR at

the root surface level and then adsorbed into the root by iron

regulated transporter (IRT; IRT1 in Arabidopsis; SlIRT 1 in tomato;

Eide et al., 1996; Eckhardt et al., 2001).

Under Fe deficiency, crops exhibit leaf chlorosis and decreased

photosynthesis, resulting in adverse consequences for yield and

quality (Mahender et al., 2019; Zhang et al., 2019; Zuo and Zhang,

2011). In tomato roots, Zamboni et al. (2012) provided evidence

that Fe deficiency induced the modulation of 97 genes in

comparison to Fe sufficiency and, at the transcriptional level, this

response is similar to the response activated by Arabidopsis (the so-

called “Ferrome” by Schmidt and Buckhout, 2011).

Nowadays, one solution involves providing Fe to the soil in the

form of synthetic chelates, causing a significant environmental and

economic impact (Piccinelli et al., 2022). To move towards a more

precise 4.0 agriculture, which is more restrained in the use of synthetic

inputs, it is urgent to identify new agricultural practices aimed at the

preservation of the environment and optimizing the already available

soil resources (Anas et al., 2020; Congreves et al., 2021).

To identify new environmentally friendly solutions aimed at

improving the efficiency of applied fertilizers and natural resources

in the soil, the study of the Fe acquisition process in plants should

consider the interplay of Fe with other nutrients (Fan et al., 2021).

Among these, nitrogen (N) is the nutrient most used as fertilizer,

mainly applied as urea, nitrate, or ammonium. More than 110

million tons of N fertilizers are used globally (FAOSTAT, 2021).

Still, only a small quantity is effectively taken up by crops (30–40%),

whereas the remaining fraction is lost in the environment (Eickhout

et al., 2006; Gao et al., 2022; Sainju et al., 2019).

The influence of an N form on Fe acquisition is linked to

changes occurring at the molecular and physiological levels in

plants and the rhizosphere. Being nitrate and ammonium the ions

with higher uptake (accounting for more than 70% of the total),

their role in the control of cations and anions uptake, dry matter

production, carbon assimilation rate, root apoplastic pH, and

rhizosphere pH is significant (Arnozis and Findenegg, 1986;

Marschner, 1995; Mengel, 1994). In particular, changes in the pH

within the rhizosphere (e.g. alkalinization by nitrate or overall

acidification by ammonium) and the plant apoplast largely

modulate the uptake, remobilization and allocation of metals such

as Fe and the acquisition of other nutrients (such as phosphorous, P;

Thomson et al., 1993; Zou et al., 2001; Sarasketa et al., 2016; De la
Frontiers in Plant Science 0299
Peña et al., 2022). In addition to rhizospheric acidification and

changes in plant metabolism, Zou et al. (2001) highlighted that

ammonium even triggers nitric oxide production in Arabidopsis.

This signaling molecule induces FCR activity and also the Fe release

from the cell wall (especially from hemicellulose). Moreover,

ammonium upregulates genes involved in Fe translocation from

roots to shoots, such as FRD3 and NAS1 (NA SYNTHASE1),

increasing the amount of soluble Fe in shoots and thus alleviating

Fe deficiency symptoms in Arabidopsis (a reduction in interveinal

leaf chlorosis; Zhu et al., 2019).

On the other hand, nitrate can lead to the alkalinization of the

rhizosphere decreasing Fe solubility and of the root apoplast inhibiting

the activity of FCR (Nikolic and Römheld, 2003), similar results were

also shown at the leaf apoplast (Kosegarten et al., 1999).Moreover, Fe is

a cofactor of several enzymes involved in the reductive assimilatory

pathway of nitrate, such as nitrate reductase (NR), nitrite reductase

(NiR) and glutamate synthase (GOGAT; Marschner, 1995). Thus,

under Fe deficiency, nitrate assimilation is slowed down in plants

(Alcaraz et al., 1986; Borlotti et al., 2012) and triggers a limitation in net

nitrate uptake into roots at the same time (Iacuzzo et al., 2011). In

apple, Sun et al. (2021) provided evidence that Fe deficiency symptoms

were alleviated by a low nitrate nutrition, which in roots induced the

accumulation of citrate and abscisic acid and activated their

biosynthetic pathways, maintaining Fe homeostasis. This aspect is

highly relevant for crop nutrition, especially in aerobic soils, where

oxidation reactions convert N into nitrate, making this latter the main

N-form available for plant nutrition.

Another important form of N in agriculture is urea, the most

used fertilizer. In the last decade, the molecular mechanisms

underlying urea uptake in cultivated plants started to be revealed

(Wang et al., 2012a; Zanin et al., 2014, 2015); however, no

information regarding the interaction between urea and the

response to plant Fe deficiency is currently available.

Based on these considerations, there is still a gap in knowledge

about the interplay between N and Fe nutritional pathways in plants

(Nikolic et al., 2007; Borlotti et al., 2012; Liu et al., 2015; Chen et al.,

2021), especially regarding the effects of different N forms in

overcoming low Fe-bioavailability (Zou et al., 2001). Given the key

role played by Fe in N assimilation and vice versa, strong cross-

connections between the N and Fe nutritional pathways and the close

relationships in the regulation and activation of their reciprocal

acquisition mechanisms are likely (Liu et al., 2015; Chen et al.,

2021). Studying the relationship between Fe and N in crop

production is crucial as these two nutrients are fundamental to

plant growth and productivity. A proper balance between Fe and N

supply ensures that plants can efficiently gather energy and develop

properly, leading to higher yields and better yield quality.

Understanding this relationship helps in optimizing fertilizer use,

preventing nutrient imbalances, and also improving soil fertility

management, all of which are key to sustainable agricultural practices.

The present study aimed to evaluate the interplay between Fe

and N nutritional pathway in tomato depending on the N-form

applied: nitrate, urea or ammonium (the three most applied forms

as N fertilizers). The characterization of plant responses to the Fe

and N interplay will greatly advance our understanding of the role
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played by known and unknown components involved in Fe and N

nutritional responses.
Materials and methods

Plant growth

Solanum lycopersicum L. cv “Marmande” (DOTTO Spa. Italy)

were germinated for 7 days on filter paper moistened with 0.5 mM

CaSO4 and then 180 seedlings were grown under hydroponic

conditions as previously described by Tomasi et al. (2009). Twenty-

one-day-old plants were then transferred to a Fe-free nutrient

solution containing (mM): 0.70 K2SO4, 0.1 KCl, 2.00 Ca(NO3)2,

0.50 MgSO4, 0.10 KH2PO4; (µM): 10.00 H3BO3, 0.50 MnSO4, 0.50

ZnSO4, 0.20 CuSO4, 0.07 Na2MoO4 adjusted to pH 6.0 with KOH 1

M. After 14 days some tomato plants (35-day-old plants) were

transferred to a N-free and Fe-free nutrient solution (-N-Fe NS,

mM: 0.7 K2SO4, 0.1 KCl, 1.0 CaSO4, 0.5 MgSO4, 0.1 KH2PO4; µM:

10.00 H3BO3, 0.50 MnSO4, 0.50 ZnSO4, 0.20 CuSO4, 0.07 Na2MoO4).

Under these nutritional conditions, plants were grown for 7 days, and

the pH was buffered using 1.5 mMMES-BTP (pH 6.0). The nutrient

solutions were renewed every 3 days. At the end of the growing

period (42-day-old), plants were treated for 24 hours with different

N-forms and Fe-resupply, resulting in a total of four experimental

conditions: plants were transferred to -N-Fe NS with addition of 2

mM total N (in the form of nitrate, KNO3; urea, CO(NH2)2; or

ammonium, (NH4)2SO4) and 5µM Fe-EDTA (-Fe/+Fe+Nit; -Fe/+Fe

+U; -Fe/+Fe+A plants, respectively), or control plants were

maintained in -N-Fe NS (without adding N and without Fe, -Fe/-

Fe-N plants). As an additional control, 36 plants (35-day-old plants)

were transferred to -N-Fe NS where was added 0.1 mM Fe-EDTA

and maintained under this condition up to the end of the experiment

(43-day-old; +Fe/+Fe-N plants; see Supplementary Table S1). The

characterization of the early response of tomato plants to the 24-hour

application of the same three N forms under Fe sufficiency has been

previously studied and reported in Lodovici et al. (2024).

At the end of the experiment, tomato plants (43-day-old) were

washed in deionized water and then roots, young leaves (YL, at 43

days were considered as YL the last fully expanded leaves) or old

leaves (OL, at 43 days were considered as OL the first leaves above

the cotyledons) were sampled for transcriptional, elemental content

and metabolomic analyses.

During the whole growing period, the controlled climatic

conditions were the following: 16/8 (day/night) photoperiod; 220

µmol m-2 s-1 light intensity; 25/20°C (day/night) temperature and

70-80% relative humidity. The light transmittance of leaves was

monitored using the SPAD instrument (SPAD-502, Minolta,

Osaka, Japan).
Elemental analyses

The element concentrations of macro- and micro-nutrients in

tomato samples were determined by Inductively Coupled Plasma–

Optical Emission Spectroscopy (ICP-OES 5800, Agilent
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Technologies, Santa Clara, USA) and CHN analyzer (CHN IRMS

Isoprime 100 Stable Isotope Ratio Mass Spectrometer, Elementar,

Como, Italy).

For ICP-OES analyses, plant samples were oven-dried for 72

hours (at 60-80°C) and ground. For each sample, around 100 mg of

ground powder was digested with concentrated ultrapure HNO3

using a microwave oven (ETHOS EASY, Milestone Srl, Sorisole

(BG), Italy) accordingly to the USEPA 3052 method “Plant Xpress”

(USEPA, 1995). Element quantifications were carried out using

certified multi-element standards.

Regarding CHN analyses, plant shoots and roots were dried,

and their total N and C contents were determined by CHN-IRMS

(CHN IRMS Isoprime 100 Stable Isotope Ratio Mass Spectrometer,

Elementar, Como, Italy).
Metabolomic analysis

Roots, YL, and OL (four samples of each plant material per

treatment) were ground in liquid nitrogen using a pestle and

mortar. Briefly, 1.0 g of each plant sample was extracted in 10 mL

of a hydroalcoholic solution (80:20 v/v methanol: water) acidified

with 0.1% (v/v) formic acid, using an Ultra Turrax (Polytron PT,

Switzerland). The extracts were then centrifuged (6000 × g for 10

min at 4°C) and the supernatants filtered through 0.22 mm cellulose

syringe filters in UHPLC vials for analysis. The untargeted

metabolomic analysis was performed using a quadrupole-time-of-

flight mass spectrometer (6550 iFunnel, Agilent Technologies, Santa

Clara, USA), coupled to an ultra-high-performance liquid

chromatograph (UHPLC, 1290 series, Agilent Technologies, Santa

Clara, USA) via a JetStream Electrospray ionization system, under

previously optimized analytical conditions. Briefly, 6 mL of each

sample were injected and a reverse-phase chromatographic

separation was achieved by using a C18 column (Agilent Zorbax

eclipse plus; 50 mm × 2.1 mm, 1.8 mm) and a water-acetonitrile

binary gradient (from 6 to 94% organic in 32 min). The mass

spectrometer worked in positive FULL SCAN mode (range 100 –

1200 m/z, 0.8 spectra/s, 30.000 FWHM). Compound identification

was achieved through the ‘find-by-formula’ algorithm using the

software Profinder B.07 (from Agilent Technologies) and the

PlantCyc 9.6 database (Plant Metabolic Network, Filiz and

Akbudak, 2020). The whole isotope pattern (i.e., monoisotopic

mass, isotopic spacing, and isotopic ratio) was considered,

considering 5 ppm for mass accuracy, resulting in a level 2 of

confidence in annotation (Salek et al., 2013). The raw metabolomic

dataset was extrapolated from the software Mass Profiler

Professional B.12.06 (from Agilent Technologies) after post-

acquisition data filtering (compounds do not present in 100% of

the replications within at least one treatment were discarded),

baselining and normalization.
Ferric-chelate reductase activity

The FCR activity by tomato roots was determined according to

Pinton et al., 1999. Briefly, the roots of single intact plants were
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incubated in the dark at 25°C for 30 min in 25 mL of an assay

solution containing 0.5 mM CaSO4, 10 mM MES-KOH, 0.25 mM

Fe(III)-EDTA, 0.5 mM Na2-bathophenanthrolinedisulfunic acid

(BPDS). Every 15 min, the absorbance of the assay solution was

measured at 535 nm. The amount of the Fe(III) reduced, as Fe(II)-

BPDS3 complex, was calculated using an extinction coefficient of 22

mM-1 cm-1 and expressed as: µmol Fe(II) g-1 root FW h-1 (FW,

Fresh Weight).
Gene expression analysis

Tomato roots were ground in liquid nitrogen. Total RNA was

extracted from approximately 60-70 mg of powder using the

Spectrum Plant Total RNA Kit (Sigma Aldrich, St. Louis, MO,

USA) according to the manufacturer’s instructions (protocol A).

RNA quantity and quality were inspected through a NanoDrop

device (NanoDrop Technologies, Wilmington, Delaware, USA) and

by migration in agarose gel, respectively. Afterwards, 1 µg of

extracted RNA was retrotranscribed into cDNA, adding: 1 µL of

Oligo-d (T) 70 µM, 1 µl dNTP (10 mM), 20 U Rnase inhibitors, 200

U M-MLV Reverse Transcriptase (M-MLV Reverse Transcriptase

Sigma Aldrich, St. Louis, MO, USA) according to the

manufacturer’s instruction.

Using primer3 software (version 4.0.1) primers were designed and

then synthesized by Merck (MERCK KGAA Darmstadt, Germany;

Supplementary Table S2). RT-PCR analysis was performed with

CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules,

CA, USA). Data were referred to the averaged expression of two

housekeeping genes SlEF1 and SlUbi (Supplementary Table S2). Data

were normalized using the 2–DDCT according to Livak and Schmittgen

(2001). The efficiency of each set of primer was estimated using the

qPCR package for statistical analysis by R software (R version 2.9.1.

www.dr-spiess.de/qpcR.html) as indicated by Ritz and Spiess (2008;

R Core Team, 2021).
Statistical analysis

Three independent experiments were performed and a pool of

roots of young leaves or old leaves from three tomato plants was

used for each sample (Roots, YL and OL, respectively).

Statistical analyses were performed by SigmaPlot 14.0

(SigmaPlot Software, CA, USA), using one-way ANOVA with a

Holm-Sidak’s test as post hoc test for multiple comparisons (p-value

<0.05, N = 3).

The metabolomic dataset was processed as previously reported

(Garcıá-Pérez et al., 2021). Outliers were detected and removed, and

the remaining samples were employed for multivariate statistics and

post-acquisition analyses. Hierarchical cluster analysis (HCA)

(Euclidean distance, Ward’s linkage), one-way ANOVA and the

subsequent fold-change (FC) analysis (p < 0.01, Bonferroni

multiple testing correction; FC ≥ 2) were obtained from the Mass

Profiler Professional B.12.06 software tool. The differential

compounds were then interpreted using the PlantCyc Pathway

Tool (Karp et al., 2010).
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Moreover, the raw metabolomic dataset was exported into

SIMCA 16 (Umetrics, Malmo, Sweden) for orthogonal projection

to latent structures discriminant analysis (OPLS-DA) supervised

modelling. Each model was cross-validated, inspected for outliers

and overfitting, and then R2Y (goodness-of-fit) and Q2Y (goodness-

of-prediction) parameters were recorded. Finally, the variables

importance in projection (VIP) method allowed identifying

discriminant compounds (VIP markers) with a VIP score > 1.3.

Regarding gene expression analysis and elemental content

analyses the heatmap and principal component analyses (PCAs)

were generated using ClustVis (https://biit.cs.ut.ee/clustvis/;

Metsalu and Vilo, 2015) webtool using the fold parameters. The

significance of the clustering observed in PCAs was assessed by

PERMANOVA test using 5000 permutations performed with R

version 4.3.0 (vegan package, Oksanen et al., 2014).
Results

Morphological observations

Morphometric measures were performed in all the considered

plant organs (YL, OL, roots, and whole shoots (S)) under our

experimental conditions. At the end of the growing period and after

the 24-hour treatment, Fe-deficient tomato plants (-Fe/-Fe-N, -Fe/+Fe

+Nit, -Fe/+Fe+U, -Fe/+Fe+A) resulted in being homogeneous at whole

plants and foliar cover level (Supplementary Figures S1, S2). As

expected, the SPAD values in YL were highly responsive to Fe

nutritional status, as Fe-deficient plants displayed the lowest values,

whereas the highest values were observed under Fe-sufficiency. After 24

hours, the resupply of nitrogen to Fe-deficient plants increased the

SPAD values compared to the Fe-deficient control (-Fe/-Fe-N),

increasing significantly under nitrate or ammonium nutrition. The

SPAD values measured in old leaves were significantly lower in -Fe/-

Fe-N, -Fe/+Fe+Nit and -Fe/+Fe+A if compared to +Fe/+Fe-N plants

(Supplementary Figure S3). No significant changes in the dry biomass

were detected in shoots and roots among treatments (Supplementary

Figure S3). The height of shoots of +Fe/+Fe-N plants was significantly

higher than those detected in plants grown under Fe deficiency

(Supplementary Figure S3).
Elemental content

After 24 hours of N and Fe resupply, the concentration of

macro- and micro-nutrients in OL, YL and roots were determined

(Table 1, Supplementary Table S3, Figure 1).

The principal component analysis (PCA) showed that +Fe/+Fe-

N was separated from the other treatments (-Fe/-Fe-N, -Fe/+Fe

+Nit, -Fe/+Fe+U or -Fe/+Fe+A, which generally clustered together;

PERMANOVA p-value<0.001 for YL and OL, p-value<0.05 for

roots, Figure 1). Supplementary Figure S4 reports the PCA of plants

grown only under nitrogen and Fe deficiency.

The results mentioned above are reflected in the specific

elemental concentration. The supply of nitrate or ammonium to

N and Fe-deficient plants induced an increase of N concentration in
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TABLE 1 Elemental concentration in tomato plants.

mg g-1 DW Cu Fe Mn Na Zn

Young leaves

+Fe/+Fe-N 12.6 ± 1b 196.2 ± 33.2a 32.7 ± 2.1c 208 ± 41.2a 31.5 ± 1.4c

-Fe/-Fe-N 20.7 ± 3a 69.6 ± 12c 49.8 ± 4.2b 98.1 ± 20.6b 42.4 ± 3.4b

-Fe/+Fe+Nit 22 ± 4.4a 115.5 ± 23.4b 68.3 ± 8.1a 137 ± 21.2b 54 ± 3.6a

-Fe/+Fe+U 19.8 ± 1ab 70.2 ± 4c 51.2 ± 4b 120 ± 16.3b 42.8 ± 1.1b

-Fe/+Fe+A 23.2 ± 2.2a 119.8 ± 17.8b 51.2 ± 5bc 150 ± 10.9ab 42.9 ± 5.3b

Old leaves

+Fe/+Fe-N 8.4 ± 0.9b 253 ± 10.2a 33.1 ± 2c 458.1 ± 22.4a 26.7 ± 1.2c

-Fe/-Fe-N 20.4 ± 4.2a 65 ± 3c 67 ± 11.6b 304.2 ± 11.7c 51.4 ± 8.4b

-Fe/+Fe+Nit 20.6 ± 5a 94.1 ± 15.8b 108 ± 7.9a 359.1 ± 23.7b 83 ± 10.1a

-Fe/+Fe+U 18.4 ± 2.9a 63.8 ± 7.8c 70.5 ± 12.3b 339 ± 9.6bc 47.2 ± 5.5b

-Fe/+Fe+A 25.2 ± 3.2a 106 ± 14.1b 86 ± 9ab 341 ± 8.8bc 59.7 ± 11.2b

Roots

+Fe/+Fe-N 121 ± 5.1c 1182 ± 110a 117 ± 10.6b 4339 ± 1333a 144 ± 5.21c

-Fe/-Fe-N 451 ± 108ab 58.9 ± 10.7e 130 ± 19.2ab 545 ± 184b 416 ± 116a

-Fe/+Fe+Nit 618 ± 97.7a 427 ± 104b 177 ± 35.7a 806 ± 154b 522 ± 60.7a

-Fe/+Fe+U 327 ± 41.4b 271 ± 42.5c 81.8 ± 9.5b 524 ± 20.8b 283 ± 61.0b

-Fe/+Fe+A 310 ± 50.2b 130 ± 28.8d 98.9 ± 9b 529 ± 33b 341 ± 77.1abc

mg g-1 DW Ca K Mg P S

Young leaves

+Fe/+Fe-N 11.1 ± 0.2b 40 ± 0.1ab 4.7 ± 0.2b 5.6 ± 0.2b 17.5 ± 1.8ab

-Fe/-Fe-N 14.1 ± 1ab 36.8 ± 4b 7.1 ± 0.3a 6 ± 0.5ab 16.1 ± 2.3abc

-Fe/+Fe+Nit 17 ± 2a 47.2 ± 3.8a 7.5 ± 0.5a 7.1 ± 0.9a 11.4 ± 2.3c

-Fe/+Fe+U 15.1 ± 2ab 35.3 ± 1.3b 7.2 ± 0.2a 5.9 ± 0.2ab 13.9 ± 1.4c

-Fe/+Fe+A 14.6 ± 2.7ab 43.4 ± 3.2a 7.1 ± 0.7a 6.7 ± 0.2ab 20.9 ± 1.1a

Old leaves

+Fe/+Fe-N 16.9 ± 0.3b 39.8 ± 2.1ab 4.6 ± 0.2b 4.5 ± 0.5c 38.1 ± 0.8ab

-Fe/-Fe-N 25.4 ± 4.5ab 33.8 ± 2.9b 8 ± 1.2a 5.3 ± 0.5c 37.4 ± 6.9ab

-Fe/+Fe+Nit 34.7 ± 1.9a 46.8 ± 5.4a 8.2 ± 0.5a 7.8 ± 0.4a 35.6 ± 4.8b

-Fe/+Fe+U 26.7 ± 1.5ab 33 ± 1.9b 8 ± 0.3a 5.4 ± 0.2c 37 ± 4.2ab

-Fe/+Fe+A 32 ± 6.8a 41.5 ± 6.6a 8.6 ± 1.5a 6.6 ± 0.3b 49.6 ± 3.1a

Roots

+Fe/+Fe-N 3.7 ± 0.5 62.5 ± 11.9ab 2.3 ± 0.4b 5.7 ± 0.8b 10.9 ± 1.6

-Fe/-Fe-N 5.7 ± 1.2 72.9 ± 9.8a 4.7 ± 1.2b 8.2 ± 1.3a 12.8 ± 1.8

-Fe/+Fe+Nit 5.2 ± 1 54.1 ± 5.4ab 10 ± 2.9a 7 ± 0.2ab 10 ± 0.5

-Fe/+Fe+U 5.5 ± 0.6 47.5 ± 0.7b 5.4 ± 1.3b 6.3 ± 0.2ab 9.4 ± 0.3

-Fe/+Fe+A 5.2 ± 1.5 51.9 ± 10.1ab 2.7 ± 0.5b 6.5 ± 0.8ab 10 ± 1.7

mg g-1 DW C N

(Continued)
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shoots and roots, respectively, in comparison to the controls and

urea-treated plants (-Fe/-Fe-N, +Fe/+Fe-N, -Fe/+Fe+U). It is

interesting to highlight that Fe concentration is significantly and

differentially concentrated considering each applied experimental

condition. As expected, +Fe/+Fe-N has the highest Fe

concentration, whereas the other conditions followed the pattern:

-Fe/+Fe+Nit > -Fe/+Fe+U > -Fe/+Fe+A > -Fe/-Fe-N.

Regarding the other analyzed elements, in YL, the application of

Nit as N-form resulted in a significant increase of Mn and Zn in

comparison to +Fe/+Fe-N, -Fe/-Fe-N, -Fe/+Fe+U or -Fe/+Fe+A

treatments. Besides, Fe concentration resulted in being higher in YL

treated with Nit and A in comparison to -Fe/-Fe-N and -Fe/+Fe+U,

while A supply led to a higher concentration of S in comparison to

-Fe/+Fe+Nit and -Fe/+Fe+A treatment.

The elemental analysis in OL showed an increase in the

concentration of Zn and P when Nit was supplied as N-form in

comparison to +Fe/+Fe-N, -Fe/-Fe-N, -Fe/+Fe+U or -Fe/+Fe+A

treatment. Moreover, as in YL, Fe concentration increased when Nit

and A were supplied to the nutrient solution compared to -Fe/-Fe-N

and U treatment.

In roots, the supply of Nit led to a higher concentration of Mn

and Mg compared to the other treatments.
Metabolomic analysis

The application of untargeted metabolomics provided the

annotation of 3320 chemical entities among the extracts derived

from YL, OL, and roots of tomato plants. Supplementary Table S4

shows the provides the list of annotated compounds in tomato

samples, their abundance, molecular formula, composite mass

spectra, and retention time. To decipher the influence of each

factor involved in the metabolic profile of tomato plants, an
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unsupervised multivariate hierarchical cluster analysis (HCA) was

first performed (Supplementary Figure S5). According to the

similarity of metabolic profiles, the fold change-based heatmap

showed that tissue played a clear role in clustering samples,

grouping the profile associated with roots apart from that derived

from leaves, suggesting a tissue-dependent response towards

different N sources in tomato plants (Supplementary Figure S5).

Consequently, further analyses were applied individually to each

organ to provide insight into the impact of different N forms. Thus,

the results from HCA of YL, OL, and roots are displayed in Figure 2

(A, B, and C, respectively). In all cases, the same trend was observed

for each tissue: according to their metabolic profile, Fe-deficient

tomato plants treated with nitrate (-Fe/+Fe+Nit) showed a clear

similarity with those cultured under the combined deficiency of

nitrogen and iron (-Fe/-Fe-N), as they clustered together (Figure 2).

Concerning the other subcluster, Fe-supplied plants (+Fe/+Fe-N)

exhibited a distinctive profile, whereas those Fe-deficient plants

treated with ammonium (-Fe/+Fe+A) and urea (-Fe/+Fe+U)

showed a similar profile between them (Figure 2). These results

suggest that 1) Fe deficiency shows a coordinated whole-plant

impact; and 2) A and U supply may counter the effects of iron

deficiency in tomato plants at a metabolic level.

Afterwards, to provide a distinctive perspective due to the

application of different N sources under Fe deficiency, a

supervised multivariate orthogonal projection to latent structures

discriminant analysis (OPLS-DA) was performed for each tissue,

and the obtained models for young and old leaves, and roots are

shown in Figure 2 (D, E, F, respectively). All models presented high-

quality parameters in terms of goodness-of-fit (R2Y) and goodness-

of-prediction (Q2Y): R2Y = 0.991 and Q2Y = 0.875 for the model of

young leaves; R2Y = 0.985 and Q2Y = 0.865 for the model of old

leaves; and R2Y = 0.979 and Q2Y = 0.894 for the model of roots. All

models were also proved statistically significant at p < 0.001 (CV-
TABLE 1 Continued

mg g-1 DW C N

Shoots

+Fe/+Fe-N 368 ± 8.2a 25.4 ± 1.0ab

-Fe/-Fe-N 324 ± 13.9ab 20.4 ± 1.6b

-Fe/+Fe+Nit 335 ± 11.8ab 30.6 ± 1.9a

-Fe/+Fe+U 337 ± 5.8ab 22.2 ± 2.3b

-Fe/+Fe+A 307 ± 36.2b 22.1 ± 4.2b

Roots

+Fe/+Fe-N 415 ± 2.8a 30.4 ± 1.8b

-Fe/-Fe-N 407 ± 9.3a 31.8 ± 0.8b

-Fe/+Fe+Nit 385.8 ± 3b 38.6 ± 1.0a

-Fe/+Fe+U 399.4 ± 6.8ab 30.8 ± 1.5b

-Fe/+Fe+A 401 ± 7.4ab 40.1 ± 0.4a
Plants were maintained in N-free nutrient solution and Fe sufficiency (control +Fe/+Fe-N) or Fe deficiency (control -Fe/-Fe-N) or exposed to three different N sources and Fe-resupply (nitrate
and Fe-EDTA, -Fe/+Fe+Nit; urea and Fe-EDTA, -Fe/+Fe+U; or ammonium and Fe-EDTA, -Fe/+Fe+A) for 24 hours. Data refers to the analyses performed on three plant organs: young leaves,
old leaves and roots. Data refers to mean values ± SD; letters refer to statistical significance for each element and plant organ among experimental conditions (Holm–Sidak test ANOVA. N =3. p-
value < 0.05). Data are expressed in mg g-1 or mg g-1 dry weight (DW).
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ANOVA). Focusing on the discrimination between treatments, Fe-

supplied plants exhibited an exclusive profile in all tissues as +Fe/

+Fe-N was found apart from the rest of the treatments (Figures 2D–

F). Considering the profiles of Fe-deficient plants, a high

dependence on N sources was observed, following a tissue-

dependent behavior. For young leaves, -Fe/+Fe+U promoted a

similar profile to -Fe/-Fe-N, whereas -Fe/+Fe+Nit and -Fe/+Fe+A

promoted distinctive profiles (Figure 2D). In the case of old leaves

and roots, the profile from Nit-treated plants promoted a negligible

difference with respect to those from -Fe/-Fe-N, whereas –Fe/+Fe

+A drove the most differential profile compared to -Fe/-Fe-N in old

leaves (Figure 2E). In comparison, -Fe/+Fe+U triggered the most

distinctive profile in roots (Figure 2F).

The obtained OPLS models were combined with variable

importance in projection (VIP) analysis to detect the metabolites

with the highest discriminant power, the so-called VIP markers,

which were determined by their VIP score. The full list of VIP

markers is provided in Supplementary Table S5. In addition, a Venn

diagram is provided in Supplementary Figure S6 to graphically
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indicate the different and/or coincident VIP markers between

tissues. The high number of metabolites exclusively associated with

each tissue (a total of 78, 89 and 162 for young and old leaves and

roots, respectively) confirms a clear tissue-dependent effect of N

sources under Fe deficiency (Supplementary Figure S6). Moreover,

YL and OL shared a total of 27 metabolites, suggesting a slightly

similar modulation of their metabolic profiles, being mostly

represented by stress-related metabolites, as shown for abscisic acid

(ABA) derivatives and glucosinolates, as well as a wide range of

metabolites closely related to Nmetabolism, i.e.: amino acids like Pro,

and Ser and Glu derivatives, adenosine derivatives, and triferuloyl

spermidine. Furthermore, both leaf tissues and roots also shared a

series of discriminant N-containing compounds, represented by

amino acid derivatives, such as histidinol and ornithine; nucleotide-

derived metabolites, like those from adenine, uridine, cytidine,

hypoxanthine and guanine; as well as some metabolites related to

oxidative stress management, including glutathione derivatives and

polyphenols, like daidzein, (-)-epicatechin, and cyanidin glycosides

(Supplementary Figure S6).
FIGURE 1

Elemental content of tomato plants after 24 hours of treatment with different N sources in old leaves, young leaves and roots. In radar plots, the
concentration of considered elements in young leaves (A), old leaves (D) and roots (G) was scaled to average value of +Fe/+Fe-N samples (value
1.0). PCA analyses show principal component 1 and principal component 2 that explain: 63.4% and 20.4% of the total variance in old leaves (B),
59.5% and 22.5% of the total variance in young leaves (E) and 48.8% and 25.5% of the total variance in roots (H). In heatmaps, a clustering of
elemental concentration and samples in old leaves (C), young leaves (F) and roots (I).
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Finally, to get insight into the effect of N source on the

biosynthetic metabolic pathways of Fe-depleted tomato plants, the

significant compounds (p < 0.01, FC ≥ 2) with respect to +Fe/+Fe-N

(under N deficiency) were subjected to the PlantCyc Pathway Tools,

and independently processed for young and old leaves and roots.

Figure 3 shows the modulation of biosynthetic metabolism for

young and old leaves and roots of Fe-deficient tomato plants

concerning Fe-supplied plants (+Fe/+Fe-N, Figures 3A–C,

respectively). In general, Fe-deficient tomato plants exhibited an

intense up-regulation of secondary metabolism, which was more

evident in the case of urea supply, followed by a moderate induction

of phytohormone biosynthesis (Figure 3). Given the importance of

phytohormones and secondary metabolism in the response towards

different N sources under Fe-deficient conditions, Figure 4 includes

the modulation of hormone biosynthesis and secondary

metabolism in tomato plants.
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Concerning young leaves, a general decrease in amino acid

biosynthesis was observed, thus suggesting an impairment of N

metabolism (Figure 3A). The induction of hormone biosynthesis

under Fe deficiency in young leaves (Figure 3A) was mostly due to

the increase of jasmonates and brassinosteroids biosynthesis

(Figure 4A). In the case of jasmonates, all treatments strongly

induced their biosynthesis, as observed for (-)-jasmonate (logFC

= 15.88 – 21.86 for all treatments) and its precursor 3-oxo-2-(cis-2’-

pentenyl)-cyclopentane-1-(3-oxooctanoyl)-CoA (Figure 4A). In the

case of brassinosteroids, although A supply caused a decrease in

their biosynthesis, the rest of the treatments (-Fe/-Fe-N > -Fe/+Fe

+Nit > -Fe/+Fe+U) promoted their induction, being represented by

brassinolide, 6-hydroxytaphasterol, and cathasterone derivatives

(Figure 4A). Interestingly, young leaves from plants grown under

the combined N and Fe deficiency (-Fe/-Fe-N) exhibited a sharp

increase in abscisic acid accumulation (ABA, as shown for 2-trans-
frontiersin.o
FIGURE 2

Unsupervised hierarchical cluster analysis carried out from ultra-performance liquid chromatography electrospray-ionization quadrupole time-of-
flight mass spectrometry (UPLC ESI/QTOF-MS) metabolomic analysis of young (A) and old leaves (B) and roots (C) after N supply. The fold-change-
based heat map was used to build hierarchical clusters (linkage rule: Ward; distance: Euclidean). Score plot of orthogonal projection to latent
structure discriminant analysis (OPLS-DA) supervised modelling carried out on untargeted metabolomic profiles of young (D) and old leaves (E) and
roots (F) after N supply. +Fe/+Fe-N, control with N deficiency; -Fe/-Fe-N, control with Fe and N deficiency; -Fe/+Fe+Nit, nitrate; -Fe/+Fe+A,
ammonium; -Fe/+Fe+U, urea.
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FIGURE 3

Biosynthetic pathways modulated by ammonium, nitrate, and urea in young leaves (A), old leaves (B), and roots (C) of Fe-deficient tomato plants.
Significant metabolites (p < 0.01) and with fold-change (FC) values ≥ 2 for each treatment with respect to +Fe/+Fe-N were subjected to Pathway
Analysis and visualized by the Omics Viewer Dashboard of the PlantCyc pathway Tool software (www.pmn.plantcyc.com). Large dots represent the
average (mean) of all logFC for metabolites within the same subcategory, and the small dots represent the individual logFC values for each metabolite.
The x-axis represents each set of subcategories. while the y-axis corresponds to the cumulative logFC. Amino acid, amino acids; Nucleo, nucleosides
and nucleotides; FA/Lipids, fatty acids and lipids; Amines, amines and polyamines; Carbohyd, carbohydrates; Secondary, secondary metabolites;
Cofactors, cofactors, prosthetic groups, electron carriers, and vitamins; Cell structure, cell structure-related metabolites; Regulatory, regulatory
metabolites; Others: other metabolites. +Fe/+Fe-N, control with N deficiency; -Fe/-Fe-N, control with Fe and N deficiency; -Fe/+Fe+Nit, nitrate; -Fe/
+Fe+A, ammonium; -Fe/+Fe+U, urea.
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abscisate, logFC = 23.97) coupled with a decrease in gibberellins

biosynthesis (gibberellin A13, GA13, logFC = -11.84), whose effects

were similar in Nit-supplied plants (logFC = 5.39 for ABA and

logFC = -11.84 for GA13). Regarding secondary metabolism
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(Figure 4B), all treatments under Fe-deficiency promoted the

biosynthesis of phenylpropanoids, mostly represented by

flavonoid and anthocyanin glycosides, following the trend (-Fe/-

Fe-N > -Fe/+Fe+U > -Fe/+Fe+Nit > -Fe/+Fe+A). In contrast, the
FIGURE 4

Hormone and secondary metabolite biosynthetic pathways modulated by ammonium, nitrate, and urea in young leaves (A, B), old leaves (C, D), and
roots (E, F) of Fe-deficient tomato plants. Significant metabolites (p < 0.01) and with fold-change (FC) values ≥ 2 for each treatment with respect to
+Fe/+Fe-N were subjected to Pathway Analysis and visualized by the Omics Viewer Dashboard of the PlantCyc pathway Tool software
(www.pmn.plantcyc.com). Large dots represent the average (mean) of all logFC for metabolites within the same subcategory, and the small dots
represent the individual logFC values for each metabolite. The x-axis represents each set of subcategories; while the y-axis corresponds to the
cumulative logFC. STR, strigolactones; ABA, abscisic acid; AUX, auxins; BR, brassinosteroids; CK, cytokinins; GB, gibberellins and precursors; Jas,
jasmonates; ETH, ethylene; JHI, juvenile hormone I; JHIII, juvenile hormone III; N-containing, N-containing secondary metabolites; Phenylprop,
phenylpropanoids derivatives; S-containing, sulfur-containing secondary metabolites. +Fe/+Fe-N, control with N deficiency; -Fe/-Fe-N, control with Fe
and N deficiency; -Fe/+Fe+Nit, nitrate; -Fe/+Fe+A, ammonium; -Fe/+Fe+U, urea.
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biosynthesis of N-containing compounds (NCCs) was found

increased by the treatments -Fe/+Fe+U and -Fe/+Fe+A (average

logFC = 2.56 and 0.56, respectively), which essentially involved

alkaloids and glucosinolates, whereas a decrease was recorded by

-Fe/+Fe+Nit and -Fe/-Fe-N (sum of logFC < -25.00 for both

treatments; Figure 4B). Accordingly, -Fe/+Fe+Nit and -Fe/-Fe-N

showed a similar effect by causing a pronounced decrease in

terpenoid biosynthesis (average logFC = -4.70 and -3.45,

respectively), thus reinforcing the parallel metabolic modulation

driven by both treatments.

With respect to old leaves, the modulation of biosynthetic

metabolism followed a similar trend to that observed in young

leaves, exhibiting a clear induction of secondary metabolism and

phytohormone biosynthesis by all treatments (Figure 3B). Regarding

phytohormones, the biosynthesis of jasmonates was found increased by

all treatments (Figure 4C), affecting a wide range of metabolites, such as

3-oxo-2-(cis-2’-pentenyl)-cyclopentane-1-(E-buta-2-enoyl)-CoA, 3-

oxo-2-(cis-2’-pentenyl)-cyclopentane-1-(3R-hydroxybutanoyl)-CoA

and related compounds (respectively: logFC = 4.27 and 4.29 for A,

13.77 and 13.94 for N, 17.92 and 18.14 for U, and 18.84 and 19.15 for

-Fe/-Fe-N). In parallel, the biosynthesis of the cytokinin

isopentenyladenine-7-N-glucoside was found to be strongly
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decreased by all treatments (logFC = -20.28 – -8.48; Figure 4C).

Again, as observed for young leaves, Nit-supplied and -Fe/-Fe-N

plants showed a similar influence on the phytohormonal profile of

tomato plants under Fe deficiency (Figure 4C), since both drove the

induction of 2-trans-abscisate biosynthesis (logFC = 12.41 and 25.44,

respectively) and the repression of brassinosteroids (such as 3-epi-6-

deoxycathasterone, logFC = -17.09 for both treatments) and

gibberellins biosynthesis, as reported by gibberellins A3 (logFC =

-9.08 and -9.07, respectively) and A36 (logFC = -20.06 and -14.86,

respectively). Focusing on secondarymetabolism, the same results were

observed with respect to young leaves (Figure 4D) since all Fe-deficient

plants exhibited an increase in phenylpropanoid biosynthesis,

essentially represented by flavonoid glycosides and stilbenes.

Furthermore, the biosynthesis of NCCs and terpenes was increased

by -Fe/+Fe+A and -Fe/+Fe+U, whereas -Fe/-Fe-N and -Fe/+Fe+Nit

treatments provoked the repression of both pathways.

Considering roots, the impact of Fe deficiency again caused

significant induction of secondary metabolism and phytohormone

biosynthesis, as reported for leaves (Figure 3C). In the case of

phytohormones, all Fe-deficient treatments increased cytokinins

biosynthesis, especially kinetin-7-N-glucoside, which exhibited logFC

= 15.23 – 17.18 in all treatments (Figure 4E). Again, a parallel behavior
FIGURE 5

Ferric chelate reductase (FCR) activity quantification (expressed in µmol Fe (II) g-1 root FW h-1) in tomato roots measured at 4 and 24 hours after
treatment (+Fe/+Fe-N, green; -Fe/+Fe-N, blue; -Fe/+Fe+Nit, purple; -Fe/+Fe+U, orange; -Fe/+Fe+A, red).
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was reported to roots from Nit-supplied plants and those grown under

Fe and nitrogen combined deficiency (-Fe/-Fe-N). Both treatments,

-Fe/+Fe+Nit and -Fe/-Fe-N, elicited the biosynthesis of 2-trans-

abscisate (logFC = 13.78 and 8.87, respectively), gibberellins A36

(logFC = 14.58 and 19.89, respectively) and A37 (logFC = 9.64 and

7.25, respectively), and the jasmonate precursor 3-oxo-2-(cis-2’-

pentenyl)-cyclopentane-1-(3-oxooctanoyl)-CoA (logFC = 2.31 and

6.76, respectively), whereas they strongly inhibited brassinosteroids

biosynthesis, mostly represented by campesterol derivatives, such as

(6a)-hydroxycampestanol and campest-5-en-3-one (logFC = -11.93

and -5.25 for both treatments for each compound, respectively). U and

A supply countered those effects since these treatments (-Fe/+Fe+U

and -Fe/+Fe+A) promoted a decrease in the biosynthesis of 2-trans-

abscisate (logFC < -6.22 for both treatments), meanwhile they boosted

the biosynthesis of brassinosteroids, especially in U-supplied roots,

logFC = 10.79, 15.14, and 10.79 for (6a)-hydroxycampestanol,

campest-5-en-3-one, and 3-epi-6-oxocathasterone, respectively

(Figure 4F). Considering secondary metabolism, roots from Fe-

deficient tomato plants showed a similar effect among all treatments,

boosting the biosynthesis of phenylpropanoids, mainly flavonoid

glycosides, and NCCs, represented by alkaloids and glucosinolates

and their derivatives, where U-treated roots exhibited the highest

cumulative logFC values (Figure 4F).

Overall, Fe deprivation promoted a general induction of plant

stress, reported by the strong biosynthetic induction of stress-related

phytohormones, such as jasmonates and abscisic acid derivatives, as

well as important secondary metabolites implicated in plant stress

management, as is the case of phenylpropanoids, glucosinolates, and

alkaloids. In leaves, the stress associated with Fe-deficiency was

partially reverted by U and A as N sources, whereas Nit supply

play a negligible effect, showing an impairment of phytohormone

biosynthesis and nitrogen metabolism comparable to that of Fe and

N-deficient plants. The same behavior could be attributed to roots,

where Nit supply promoted the accumulation of stress-derived

phytohormones, such as ABA and jasmonates derivatives in Fe-

deficient tomato plants. Such a stress-inducing fingerprint was also

countered by the supply of both U and A, which also boosted the

biosynthesis of brassinosteroids, phenylpropanoids, and NCCs

compared to Fe-supplied, nitrogen-deficient tomato plants.
Ferric-chelate reductase activity

Fe(III)-chelate reductase activity was measured on intact

tomato roots at 4 and 24 hours after treatment (Figure 5). Under

Fe-sufficient condition (+Fe/+Fe-N), tomato roots displayed low

FCR activity values, whereas high FCR activity values were observed

under Fe deficiency. Under Fe resupply, Fe deficient plants (-Fe/-

Fe-N) operated a feedback regulation on previously activated

mechanisms, such as FCR activity. The timing of these feedback

regulations was dependent on the N form applied: under urea (-Fe/

+Fe+U) and ammonium (-Fe/+Fe+A), the FCR activity was slowed

down already after 4 hours from the Fe-resupply, whereas under

nitrate (-Fe/+Fe+Nit) the FCR activity was reduced after 24 hours.
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Gene expression analyses

Gene expression analysis was performed at 24 hours after

treatments on tomato roots by real-time RT-PCR and showed

differences among treatments in the expression of key genes

involved in Fe and N acquisition and utilization that can be well

visualized by PCA (PERMANOVA p<0.001) and by heatmap

clustering analysis (Figures 6A–C). These analyses were

performed on twenty-two genes coding for: Fe and heavy metal

transporters (SlIRT1, SlIRT2, SlNRMAP1, SlCDF-type), proteins

involved in Fe assimilation (SlLHA4, SlOPT3), a ferric reductase

oxidase (SlFRO1), nitrate transporters with one of their accessory

proteins (SlNRT2.2, SlNRT1.5, NPF6.3, SlNAR2.1), ammonium

transporters (SlAMT1-1, SL AMT1-2), urea transporter (SlDUR3)

and N assimilatory enzymes (SlNii1, SlNiR, SlGS2, SlGS1, SlNR,

SlGOGAT, SlAS).

Nitrate (-Fe/+Fe+Nit) treatment led to an increase of relative

gene expression level of SlIRT1, SlIRT2, SlNii1,SlNPF6.3, SlNiR,

SlGS2cp, SlNRT2.2 in comparison to other N-treatment and

controls (+Fe/+Fe-N, -Fe/-Fe-N), while was observed a

downregulation of SlNRAMP1, SlOPT3, SlLFER(bHLH), SlFRO1 if

compared with -Fe/-Fe-N and downregulation of SlGS1, SlAS1,

SlAMT1-1, SlDUR3, SlNRT1.5 if compared with +Fe/+Fe-N.

Regarding the effect of ammonium treatment (-Fe/+Fe+A), the

genes SlAS1 and AMT 1-2 were significantly upregulated compared

to the controls (+Fe/+Fe-N, -Fe/-Fe-N). On the other hand, the

supply of A led to a downregulation of SlGS1, SlGS2cp and SlNRT1.5

genes compared to +Fe/+Fe-N.

Urea treatment (-Fe/+Fe+U) resulted in a significant

upregulation of SlGOGAT, SlNR, SlCDF-type and SlFER(bHLH) in

comparison to other N-treatment, +Fe/+Fe-N and -Fe/-Fe-N.

Moreover, a similar pattern to -Fe/-Fe-N was observed

concerning SlNRMAP1, SlOPT3 and SlFRO1 genes that resulted

in being upregulated in -Fe/-Fe-N and -Fe/+Fe+U treatment in

comparison to +Fe/+Fe-N, -Fe/+Fe+Nit or -Fe/+Fe+A.
Discussion

Iron deficiency response

Before starting the treatment of N and Fe resupply, 42-day-old

plants displayed visible symptoms and molecular evidence of Fe

shortage and N limitation in agreement with literature (Zamboni

et al., 2012; Sainju et al., 2003; Zamboni et al., 2016).

After 24 hours, the Fe resupplied plants (-Fe/+Fe+A, -Fe/+Fe

+U, -Fe/+Fe+Nit) displayed an increase in Fe content and a

decreased FCR activity compared to the control plants (-Fe/-Fe-

N). These results suggest that Fe-deficient plants could use the

resupplied Fe and indicate the occurrence of a feedback regulation

of Fe responsive genes by Fe resupplied along with nitrate

or ammonium.

In roots, nitrate and ammonium treatments exhibited similar

gene expression patterns except for IRT1 and IRT2, which were
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found both upregulated by nitrate compared to the other

treatments. The upregulation of IRTs by nitrate agrees with

evidence from the literature (Liu et al., 2015) and explains the

high concentration of Fe measured in plants. In contrast to the
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reduced N forms (urea or ammonium), nitrate seems to delay the

activation of the retro regulation on FCR activity (which was still

high after 4 hours). This longer activation maybe due to the higher

pH of the apoplast in nitrate-fed plants therefore to an inhibition of
FIGURE 6

Relative gene expression level of tomato roots after 24 hours of treatment with different N sources and with Fe resupply (A). Data were referred to
the averaged expression of two housekeeping genes SlEF1 and SlUbi. Relative changes in gene transcript levels were referred to the average
transcript level of housekeeping genes in +Fe/+Fe-N roots (relative gene expression = 1). Letters refer to statistical significance (Holm-Sidak ANOVA,
N= 3, p-value< 0.05). In the heatmap, a clustering of relative gene expression and samples in tomato roots (B). PCA analyses show principal
component 1 and principal component 2 that explain: 43.5% and 28.4% of the total variance in root (C).
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FCR activity (Nikolic and Römheld, 2003). Regarding urea, even

after 24 hours of Fe resupply, root maintained upregulated several

genes involved in Strategy I, such as FRO1, IRT1, NRAMP1, OPT3,

and FER. In Arabidopsis, Mérigout et al. (2008) observed that FRO

and IRT genes were positively regulated by urea treatment

compared to the inorganic N forms (ammonium, nitrate). Thus,

urea might have a per se effect at the transcriptional level on some

components of Strategy I. Considering the high Fe concentration in

roots, this transcriptional pattern suggests that the urea acquisition

pathway interacts with the one of Fe, promoting the acquisition of

the micronutrient and its use by plants. The unalike response of

SlFRO1 expression and FCR activity could be ascribable to the

contribution of other SlFRO isoforms to the enzymatic activity or to

a post-transcriptional modulation (Connolly et al., 2003; Jeong and

Connolly, 2009). It is interesting how FER is upregulated by urea

and Fe supply, as its expression level was even higher than those

recorded in -Fe/-Fe-N (Fe-deficient plants). This transcription

factor plays a key role in activating the Fe-deficiency response by

inducing the expression of genes involved in the Fe-uptake system

(i.e. FRO and IRT; Ling et al., 2002; Brumbarova and Bauer, 2005).

Thus, its upregulation only by urea (and not by other N forms)

might explain the absence of feedback regulation on Strategy I

components after 24 hours from the Fe resupply. Based on these

observations, we can suppose that the effect of the three N forms

depends on the gene expression, orchestration and timing of the

feedback regulation on the Strategy I components.
The form of N also affects the
accumulation of other nutrients

Being Fe an essential co-factor for N assimilation is plausible to

state that Fe-nutritional status influences N uptake and content in

plants. Parveen et al. (2018) observed that the Fe supply improved

the N uptake and accumulation in roots. Under our experimental

conditions, a higher N content was measured in nitrate and

ammonium Fe-resupplied roots (-Fe/+Fe+Nit, -Fe/+Fe+A),

suggesting a different acquisition rate linked to the N-form

supplied and/or a different promptness of reaction to Fe presence

in the nutrient solution.

Significant interactions between S and Fe homeostasis have

been widely studied and described in several crops, together with

the one between S and N, in both grasses and dicots (Varin et al.,

2010; Ciaffi et al., 2013; Paolacci et al., 2014; Wu et al., 2015; Zuchi

et al., 2015; Coppa et al., 2018). Ammonium induced a higher S

concentration in leaves than other N treatments in our conditions.

This behavior might result from a competition effect between

nitrate and sulphate anions for reducing equivalents needed for

their assimilation (De Bona et al., 2011; Kruse et al., 2007).

Under Fe deficiency, plants display changes in the composition

of other micronutrients, such as Cu, Mn and Zn (Rai et al., 2021),

probably due to the capability of FRO and IRT to mediates also the

acquisition of other metals (Korshunova et al., 1999; Connolly et al.,

2002). Indeed, several studies reported that these metals influence
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each other’s fate inside the plant, and they also compete for metal

transporters’ a specific activities, such as IRT1 and NRAMPs

(Bashir et al., 2016; Grotz and Guerinot, 2006; Rai et al., 2021).

Regarding Cu, its concentration increased under Fe deficiency

in comparison to Fe sufficient ones in all organs (roots, OL, YL). In

leaves this response was previously observed in several plant species

both grasses and dicots (Waters and Troupe, 2012; Waters et al.,

2006; Welch et al., 1993; Valdés-López et al., 2010; Suzuki et al.,

2006; Chaignon et al., 2002). It has been reported that a high level of

Fe availability reduces the acquisition of Zn while Fe-shortage

determines Zn, Mn and Cu accumulation due to the induction of

bivalent metal transporters, such as SlIRT1 and SlNRAMP1

(Arrivault et al., 2006; Eckhardt et al., 2001; Waters and

Armbrust, 2013; Ray et al., 2014; Saenchai et al., 2016; Vert et al.,

2002; Zhang et al., 1991). In agreement with the cited literature,

overall, all Fe-deficient plants showed higher Zn concentration in

leaves (as well as Mn) in comparison to +Fe/+Fe-N, especially Nit-

treated plants (-Fe/+Fe+Nit). Previous work performed on tomato

plants grown under Fe sufficient conditions highlighted that the

application of urea led to high concentrations of these

micronutrients in plants (Lodovici et al., 2024). These findings

suggest that an interplay between N-form and Fe-availability

concurs to shape these nutrient profiles.
N forms interact with the primary
metabolism in the Fe resupply response

Regarding the effect of Fe nutritional status on N acquisition in

plants, only fragmented information is available, especially referring

to the changes in N metabolism that occurs under Fe-deficiency

conditions. Rellán-Álvarez et al. (2011) stated that the main changes

in the metabolite profile of Fe-deficient leaves include a consistent

increase in amino acid (AA) and N-related metabolite content. In

agreement with literature (Holley and Cain, 1955), the Fe deficiency

response determined an overall increase of some amino acid

concentrations in comparison to Fe-sufficient plants depending

on the available N-form. In particular, results indicate an increase

of glutamine- and glutamate-related compounds in roots. The high

concentration of glutamine in urea or ammonium treated roots

suggests a fast assimilation of N in this organ that could occur by a

cytosolic N assimilatory pathway (cytosolic GS1 and ASN, Buoso

et al., 2021a, b) rather than by the plastidial one.

In agreement with our results (arginine);, Another amino acid is

known to be responsive to Fe deficiency is arginine (Holley and

Cain, 1955), which was found more concentrated in -Fe/-Fe-N, -Fe/

+Fe+Nit and -Fe/+Fe+A and less in -Fe/+Fe+U. Interestingly, the

arginine concentration under Fe sufficiency condition was found to

be responsive only to urea occurrence in nutrient solution and not

to the presence of other inorganic N forms (Lodovici et al., 2024).

The higher concentration of arginine can be related to the catabolic

processes and in particular to the arginine cycle that mediates the

degradation of arginine to produce L-ornithine and urea (Girard-

Thernier et al., 2015). This hydrolytic reaction is mediated by
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arginase, which activity is dependent to divalent cation as cofactor

(ferrous ion in yeast arginase, Middelhoven et al., 1969). We can

speculate that the higher arginine concentration in Fe-deficient

plants are the consequence of a reduction in the arginase activity,

and this effect is less present in urea-treated plants due to a

redistribution of the metal with a positive effect on arginase

activity and maybe a inhibition of the arginase due to the

accumulation of its product, urea.
Interplay between Fe and N on secondary
metabolism phytohormones

It is well known that phytohormones have a role in plant stress

responses to both biotic and abiotic stresses (Checker et al., 2018;

Divte et al., 2021; Banerjee and Roychoudhury, 2022). In general,

the plant response to Fe-limiting conditions are positively regulated

by auxins, ethylene, gibberellins, and nitric oxide and negatively

controlled by cytokinins, abscisic acid, brassinosteroids (BRs) and

jasmonic acid (Rai et al., 2021). Auxin and ethylene are involved in

root hair proliferation (Hindt and Guerinot, 2012) and in the

control of root growth by nitric oxide and auxins (Ramıŕez et al.,

2008). Wang et al. (2012b) reported that BRs are involved in

inhibiting Fe uptake as it can be observed in -Fe/+Fe+A plants

showing a lower Fe concentration in roots in comparison to other N

forms. In fact, the application of BRs to cucumber seedlings resulted

in a substantial limited increase in FRO activity under Fe deficiency

(Wang et al., 2012b). A different modulation in the BRs biosynthetic

pathway has been observed across treatments (Nit, U, A) and tissues

confirming their role in the Fe-deficient response. In Fe-sufficient

condition all three N-forms led to the same modulation on that

biosynthetic pathway (Lodovici et al., 2024) suggesting that Fe

availability influences how N forms affect the biosynthesis of BRs

in plants. On the other hand, gibberellins (GA) positively regulate

Fe uptake by promoting the induction of FRO2 and IRT1 in

Arabidopsis (Matsuoka et al., 2014). Moreover, ethylene and nitric

oxide positively induce the expression of IRT1 and FRO2,

suggesting that these two signals increase the sensitivity of plants

towards Fe uptake (Garcıá et al., 2010; Graziano and Lamattina,

2007; Lucena et al., 2006; Waters et al., 2007). Cytokinins led to a

down-regulation of the two genes (Séguéla et al., 2008). Hormonal

influence on Fe acquisition gene expression may serve to coordinate

physiology and stress responses with necessary adaptations for

altered root growth and Fe uptake (Schikora and Schmidt, 2001;

Schmidt, 1999; Schmidt et al., 2000). In our experimental

conditions, changes in the accumulation of phytohormones and

phytohormone-related compounds were observed suggesting a

different timing of plant responses to Fe-deficiency conditions.

Both biotic and abiotic stresses, such as nutritional stresses,

often lead to phenylpropanoid accumulation (Mai and Bauer,

2016). According to the literature, plants under Fe-deficiency

promoted the biosynthesis of phenylpropanoids (e.g. lignin and

suberin precursors, flavonoids and anthocyanin glycosides) in all

the analyzed plant organs, especially those treated with urea (-Fe/

+Fe+U) that showed the highest accumulation, especially in roots

followed by A (-Fe/+Fe+A), Nit (-Fe/+Fe+Nit) and then -Fe/-Fe-N.
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Conclusions

The obtained results coupled with the information available in

the literature, suggesting different promptness and regulation of

tomato plants adaptation mechanisms to the Fe-deficiency

conditions strictly related to a specific plant organ and to the

applied N-forms. During the Fe supply, the N forms alter

differently the primary metabolism (particularly amino acids),

secondary metabolisms, and hormones, leading to changes in the

morphology, physiology, and exudation. These processes are

relevant to define rhizosphere conditions and hence they

contribute to define the Fe bioavailability for the root uptake.
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Plant metabolites are the components endowing traditional Chinese medicine

(TCM) with therapeutic effects, and, simultaneously, they are the primary targets

for quality control. From germplasm selection and origin determination to field

management, growth duration, harvesting and processing, and, finally, storage

and transportation, each step profoundly influences TCM quality. The complexity

of these plant or herb metabolites poses numerous quality control challenges.

Metabolomics, as a comprehensive and systematic approach, has demonstrated

value in this field. This technique not only meets the requirements for studying

the complex mechanisms of TCM but also has significant advantages in

identifying the TCM components, including active components. Therefore, in

this article, several key factors affecting the chemical characteristics and quality

traits of TCM, including their origin, harvesting period, medicinal parts, and

processing methods, are researched. Additionally, the current challenges of

integrating metabolomics with other omics technologies (transcriptomics,

spatial metabolomics, etc.) are discussed. Furthermore, a future development

trends and prospects are highlighted. With the continuous deepening of research

and ongoing updates in technological capabilities, metabolomics will play an

increasingly important role in the quality control of TCM, providing more

scientific and robust support for quality assurance and safety evaluation.
KEYWORDS

Traditional Chinese medicine, metabolomics, quality, safety, multiomics
1 Introduction

Traditional Chinese medicine (TCM) has a thousand-year history in China and is widely

employed for the treatment and prevention of diseases. Moreover, TCM is playing an

increasingly crucial role inmodern healthcare.With the gradual global recognition of TCM in

recent years, the TCM industry has experienced rapid development in various countries.

Compared with chemically synthesized drugs, Chinese herbal formulations consist of

multiple natural herbs, each potentially containing hundreds or even thousands of active

components. The variations in the combinations of different herbs and their sources further
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increase the chemical complexity. However, the quality control

system for Chinese medicinal materials, which is the foundation of

the TCM industry, still has some limitations. Although

comprehensive monographs and standards, including definitions,

characteristics, identification, testing, determination, and storage

information, for TCM have been established worldwide and

documented in publications such as pharmacopeias and directives,

this information is insufficient for exerting comprehensive and

effective control over factors influencing the quality of TCM

(including germplasm, origin, field management, growth duration,

harvesting, processing, storage, and transportation) (Commisso et al.,

2013; Li, 2019). The subsequent pharmaceutical processes, involving

extraction, purification, separation, concentration, and drying,

significantly impact the quality of TCM. Currently, the regulatory

framework for TCM quality control is meticulously structured

around key elements. Firstly, it is firmly rooted in a comprehensive

legal foundation, encompassing laws, regulations, and normative

documents such as the Pharmaceutical Administration Law, the

Law on Traditional Chinese Medicine, and related implementing

regulations and measures. Building on this, the National Medical

Products Administration (NMPA) has formulated Specialized

Provisions for TCM Standards, providing strong legal backing.

Secondly, the framework establishes a TCM-specific standard

management system that covers various areas like medicinal

materials, decoction pieces, formula granules, extracts, and

proprietary medicines. This system ensures comprehensive

management across national, registration, and provincial standards.

Lastly, while preserving traditional knowledge and techniques, the

framework actively integrates modern science and technology. It

focuses on developing practical and economically reasonable TCM

standards, thereby ensuring the scientific and feasible nature of the

quality control system. At present, the quality control paradigm for

TCM predominantly relies on the quantitation of active (or marker)

ingredients and fingerprint technology. While these methodologies

offer valuable insights into the content of bioactive compounds

present in TCM, they often exhibit a certain degree of specificity,

rendering a comprehensive and precise evaluation of the holistic

quality of the herbs challenging. Consequently, they prove inadequate

in providing an exhaustive and comprehensive depiction of key

metabolites and their metabolic pathways (Li et al., 2018b;

Munekata et al., 2022). In addition to existing national or

multinational legal frameworks, ensuring the quality of TCM relies

on powerful analytical tools to determine their chemical composition

and active principles. These tools help identify potentially harmful

substances and adulterants, ensuring the efficacy and safety of TCM

and enhancing the quality standards and regulatory levels of

TCM products.

Metabolomics appears to be highly suitable for this purpose. As

metabolism occurs, metabolites, which are small molecules involved

in energy conversion and biosynthesis, are generated. External

disturbances and developmental stimuli can impact the

accumulation of intermediate or end products in plant cells or

tissues over time and space. With the aim of capturing these

changes, metabolomics technology monitors metabolites and their

quantities in cells or tissues at a given state over time and space

(Goodacre et al., 2004; Alawiye and Babalola, 2021). Furthermore,
Frontiers in Plant Science 02117
as the ultimate products of cellular regulation processes, metabolites

serve as a bridge connecting the genotype and phenotype of plants.

They provide crucial information about the phenotypic

characteristics and biological functional changes in target

organisms (Patti et al., 2012). For the quality control of TCM,

metabolomics, leveraging its distinctive advantages of

comprehensiveness and systematicness, enables a global analysis

of small-molecule metabolites within TCM. It employs a variety of

advanced separation and analysis technology platforms to precisely

identify and accurately quantify characteristic metabolites, while

integrating diversified data processing methods. This approach

effectively avoids the limitation of relying solely on partial

chemical components as quality control indicators, ensuring the

comprehensiveness and accuracy of the evaluation. In recent years,

beyond applications in clinical and biomedical fields, metabolomics

research has been applied to various disciplines in food and

nutritional science (Kang and Suh, 2022). Regarding research

related to TCM, a literature survey based on the Web of Science

core collection showed that in the last five years (from 2019 to the

present of October 16, 2024), there have been 1998 publications on

the theme of “traditional Chinese medicine” and “metabolites”,

including 257 review papers (Figure 1). The core focus of these

review papers is the practical application of the bioactive

components of TCM in disease treatment (Zhang et al., 2021;

Yang et al., 2020; Su et al., 2022; Zheng et al., 2020).

Furthermore, several studies have investigated specific Chinese

medicinal species (such as Patriniae (Gong et al., 2021),

Kaempferia galanga L (Wang et al., 2021), and Bufo bufo

gargarizans Cantor (Zhan et al., 2020)), genera (such as Panax L

(Liu et al., 2020b), Aconitum [ (Kakkar et al., 2023), and Asarum

(Liu and Wang, 2022)), and active ingredients (such as scoparone

(Hui et al., 2020), rhaponticin (Chen et al., 2020a), and

gentiopicroside (Liu et al., 2023a)), comprehensively elucidating

their phytochemical, pharmacological, and pharmacokinetic

characteristics. Moreover, advancements in the application of

high-resolution mass spectrometry (HRMS) technology have been

introduced (Yin et al., 2021; Huang et al., 2022), which holds

significant importance in elucidating the efficacy and toxicity

mechanisms of TCM (Bai et al., 2022). Some reviews have also

assessed and analyzed the potential of secondary metabolites from

medicinal plants for the treatment of the 2019 coronavirus (Jamal,

2022; Harwansh and Bahadur, 2022; Murck, 2020; Al-Kuraishy

et al., 2022). However, a comprehensive review of the application of

metabolomics technology in the quality control of TCM and the

combined use of metabolomics with other omics methods to

analyze various factors affecting the quality of TCM is still

lacking. It is noteworthy that TCM, as an extensive and complex

system, encompasses plant-based medicines, animal-based

medicines, mineral-based medicines, as well as certain chemical

and biological products. Among these, plant-based medicines

undoubtedly occupy a pivotal position in the field of TCM, with a

prominent proportion exceeding 80%. Therefore, the main content

of this article primarily focuses on the application of metabolomics

in the realm of plant-based medicines.

Currently, out of the millions of potential metabolites in the plant

kingdom, only approximately 14,000 can be practically quantified,
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which unequivocally underscores the pressing need for more

advanced analytical techniques (Alseekh and Fernie, 2018). The

hybrid approach that integrates both non-targeted and targeted

metabolomics has demonstrated its efficacy in significantly

enhancing the scope and depth of metabolome detection

(Figure 2). In general, metabolomics can be divided into targeted

metabolomics and untargeted metabolomics. Targeted metabolomics

focuses on the identification and quantification of expected

metabolites, requiring higher levels of purification and selective

extraction of metabolites. In contrast, untargeted metabolomics

aims to capture as many metabolites as possible without necessarily

identifying or quantifying specific compounds (Sun et al., 2021;

Schrimpe-Rutledge et al., 2016). In recent years, the novel

metabolomic detection technique of widely targeted metabolomics,

which integrates the advantages of the comprehensive nature of
Frontiers in Plant Science 03118
untargeted and the accuracy of targeted metabolomics, has been

extensively applied, achieving high precision, sensitivity, rapid

separation, and broad coverage (Wang et al., 2023a; Ren et al.,

2023). The choice of separation and analytical platform varies

depending on the sample type and research direction. Currently,

commonly used platforms fall into two major categories: MS-based

and nuclear magnetic resonance (NMR)-based platforms. The

advantages and disadvantages of each platform are summarized in

Table 1. Gas chromatography−mass spectrometry (GC−MS) is the

most developed hybrid chromatography−MS technology widely

applied in metabolomics research. The coupling of GC and MS

offers several advantages, such as both instruments operating in the

gas phase, direct connection, and a straightforward interface (Alawiye

and Babalola, 2021; Fiehn, 2016; Xu and Feng, 2023; Liu and Locasale,

2017). Liquid chromatography−mass spectrometry (LC−MS) is also a
FIGURE 2

Targeted, widely-targeted, and untargeted approaches for metabolomic analysis.
FIGURE 1

Analysis of research hotspots in the perspective of time (keyword co-occurrence frequency ≥2).
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commonly used analytical platform. In addition to having powerful

separation capabilities, high sensitivity, and high resolution, LC–MS

can overcome the limitations of GC−MS by effectively detecting

nonvolatile, heat-sensitive, highly polar, and large-molecular-weight

substances (Alawiye and Babalola, 2021; Liu and Locasale, 2017;

Zhou and Yin, 2016; Yu et al., 2018). NMR has a limited dynamic

range and lacks methods for determining the structures of unknown

metabolites at low concentrations; hence, its application in plant

metabolomics research is relatively limited (Alawiye and Babalola,

2021; Liu and Locasale, 2017; Emwas et al., 2019).

In recent years, metabolomics has undergone rapid

development. Among its various techniques, Metabolic Flux

Analysis (MFA) stands as a traditional yet potent method,

utilizing stable isotope labeling experiments to delve into the

metabolic pathways within biological systems. However, MFA

encounters multiple constraints in practical applications, such as

cellular heterogeneity, indirect analysis of energy and reducing

power supplies, and the intricacies of experimental and analytical

procedures. To circumvent these limitations, Flux Balance Analysis

based on constraints (FBA) has emerged. FBA predicts flux

distributions within metabolic networks under specified

conditions through optimization techniques, offering a more

flexible and robust alternative for exploring the metabolic capacity

of plant metabolic networks (Kruger and Ratcliffe, 2021).

Furthermore, single-cell metabolomics represents an emerging

field that studies the composition and dynamic changes of

metabolites within individual cells, encompassing advanced

technologies like Laser Capture Microdissection, Laser Ablation

Electrospray Ionization Mass Spectrometry (LAESI-MS), and pico

Pressure Probe Electrospray Ionization Mass Spectrometry

(picoPPESI-MS) (Katam et al., 2022). These techniques not only

enhance our understanding of intercellular heterogeneity but also

provide profound insights into metabolic pathways and cellular
Frontiers in Plant Science 04119
functions. For instance, by investigating the impact of UV-C

radiation and melatonin treatment on secondary metabolite

synthesis in Lepidium sativum L (Ullah et al., 2019), as well as

exploring the effects of dolomite [CaMg(CO3)2] treatment on the

growth, secondary metabolite production, and anti-malarial activity

of Sonchus arvensis L. callus (Wahyuni et al., 2021), single-cell

metabolomics offers a rich perspective and deep understanding of

plant metabolism. Recently, researchers have developed a Widely

Targeted Metabolite modificomics (WTMM) strategy. This strategy

combines UHPLC-Q-Trap and UHPLC-QE-Orbitrap technologies,

conducting systematic studies on metabolite modifications using

tomato as a model. The WTMM strategy not only enables large-

scale detection and quantitative analysis of modified metabolites in

plants but also provides robust support for the development of plant

biomarkers. This innovative research approach not only broadens

the application scope of metabolomics but also furnishes new

perspectives and tools for a deeper understanding of plant

metabolic mechanisms (Yang et al., 2024). The represent cutting-

edge technologies in the field of metabolomics. Regrettably, these

advanced techniques have not yet been applied in the realm of

quality control for TCM. Nevertheless, with the continuous

deepening and expansion of research in these related fields, there

is reason to believe that these sophisticated technologies will play a

significant role in the quality control of TCM in the future.

Therefore, the focus of this review is to compile the latest

advancements in metabolomics methods for assessing the quality

and safety of TCM components. In this article, several key factors

influencing the chemical profile and quality traits of TCM,

including their origin, harvesting, and processing methods, are

described. The current challenges of integrating metabolomics

with other omics technologies, such as transcriptomics, have been

actively explored in this field. Furthermore, future development

trends and prospects are discussed.
TABLE 1 Metabolomics platforms.

Pros cons

GC-MS • High sensitivity and resolution
• Suitable for natural volatile compounds and small molecule metabolites
• Large-scale open-source database

• Thermally sensitive, non-volatile polar metabolites require
derivatization
• The molecular weight of the target analyte is limited
• Low capacity
• Destructive to the sample

LC-MS • High sensitivity and resolution
• Suitable for non-volatile, thermally unstable, and high-molecular-weight compounds
• Broad detection range
• Simple sample preparation
• Superior flexibility in compound separation and detection, including the selection of
LC columns, mobile phases, and MS method settings.
• Large-scale open-source database

• Organic compounds that do not form molecular ion adducts
(such as hydrocarbons) cannot be measured
• Destructive to the sample
• Matrix effect
• Narrow linear range of response

NMR • Simple sample preparation
• Low sample consumption
• Non-destructive
• High-throughput, unbiased detection system
• High reproducibility
• Highly automated
• Easy to perform real-time metabolite identification
• Able to provide deeper structural information

• Narrow detection range
• Low sensitivity
• High equipment and maintenance costs
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2 Metabolomics for enhancing
TCM quality

The quality of TCM is a crucial factor in determining its

effectiveness and safety, and it has a direct impact on all

subsequent steps of pharmaceutical production. The visual

characteristics and active components of TCM are essential

criteria for assessing their quality and are subject to various

internal and external factors. From the selection of germplasm

origins to the precision of field management, the application of

harvesting and processing techniques, environmental conditions

during storage and transportation, and the judicious selection of

processing methods, each step can have an impact on the quality of

TCM. Subsequently, various factors influencing the quality of TCM

were detailed in this review, and the specific applications of

metabolomics technology in controlling these factors to enhance

the quality of TCM are discussed. Factors related to the quality of

TCM are illustrated in Figure 3.
2.1 Origin

The origin of TCM is directly related to their quality, efficacy,

and safety. The growth of plants in different environments and
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under different cultivation methods can result in variations in

growth rate, yield, and active ingredients, leading to the unique

regional characteristics of TCM. Although genuine medicinal

materials have superior quality, their high price and demand have

led to the presence of substitutes and adulterants on the market.

Therefore, accurate identification is crucial for the quality control of

TCM. Traditional identification methods are time-consuming and

lack accuracy. Metabolomic techniques can be applied to the

identification of TCM of different geographical origins, ensuring

the quality and safety of the herbs and preventing their confusion

and substitution (Tang et al., 2021).

In-depth research on the differences in the quality of Goji

(Lycium chinense Miller) plants from different climatic regions

was conducted by Yao et al (Yao et al., 2018). By observing

morphological characteristics, they found that Goji plants

cultivated in the monsoon region are lighter in weight, smaller in

size, and shinier than those cultivated in other regions. On the other

hand, Goji plants cultivated in the plateau region of Ningxia are the

largest and brightest. However, despite the ability of 1H NMR

technology to distinguish between the two species, there were no

significant differences in the quality of Goji plants from different

cultivation regions. Based on differences in origin and variety,

Fritillariae Bulbus is classified into three major categories: Chuan-

Beimu, Zhe-Beimu, and Ping-Beimu. Among them, Chuan-Beimu
FIGURE 3

Factors affecting the quality and safety of TCM.
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stands out for its outstanding therapeutic effects and low toxicity,

resulting in a price several times higher than that of Zhe-Beimu and

Ping-Beimu (Li et al., 2009). However, due to the complexity of the

market, some businesses, in pursuit of profits, use low-priced

varieties to impersonate Chuan-Beimu, severely impacting the

quality of TCM and consumer rights (Luo et al., 2018). Liu et al.,

(2020a) successfully collected eight medicinal species of Chuan-

Beimu (Fritillariae Bulbus), conducted comprehensive metabolic

fingerprint analysis of Chuan-Beimu and its counterfeits using

nontargeted metabolomics methods, and further applied

chemometric methods to determine the characteristic substances

of Chuan-Beimu and its counterfeits.

Gao et al. (2012) conducted a metabolomic analysis of the

flower buds of seven species of Lonicera using LC-QTOF MS

technology. By optimizing extraction conditions, chromatographic

separation parameters, and mass spectrometry detection protocols,

they achieved comprehensive detection of metabolites in the flower

buds of these Lonicera species. Leveraging molecular feature

extraction algorithms and multivariate statistical analysis

methods, the researchers identified 82 statistically significant

metabolite markers that exhibited notable distribution differences

across the various Lonicera species. Through subsequent analysis of

these markers’ chemical classes and fragment ion information, they

successfully established a rapid and accurate method for

discriminating among the flower buds of the seven Lonicera

species. The metabolomics-based approach to the identification of

TCM facilitates the prompt distinction between substitutes and

adulterants, thereby not only contributing to the protection of

consumer rights but also promoting the healthy development of

the TCM market.

Although research on heavy metal and microbial contamination

in the field of TCM currently appears to be relatively weak, and the

main focus of studies has largely centered on areas related to staple

crops, such as exploring how Fusarium graminearum affects the

quality degradation of stored wheat (Niu et al., 2024), as well as the

absorption characteristics and interaction mechanisms of sweet

potato (Ipomoea batatas L.) with uranium (U) and cadmium

(Cd) (Lai et al., 2020), with the continuous deepening and

expansion of research in these related fields, these findings will

undoubtedly inject new vitality into the quality control of TCM in

the future and provide valuable references and insights.

Apart from the medicinal materials mentioned above,

metabolomics technology is also widely applied in studying the

quality differences of TCM from various sources and varieties. For

instance, researchers have conducted in-depth studies on

Codonopsis lanceolata from different production areas using

metabolomics methods to explore quality differences and

potential impacting factors (Nam et al., 2023). Furthermore,

studies have focused on different varieties of Dandelions (Zhang

et al., 2021), Pulsatilla Adans (Zhang et al., 2019), Eucommia

ulmoides Oliv (Wu et al., 2018), and other TCM, exploring

quality differences using metabolomics technology. These studies

provide methods and perspectives for in-depth understanding of

the metabolic differences and bioactivity of medicinal plants from

different sources, contributing to better quality control and

standardization of medicinal plants.
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2.2 Growth and development

The medicinal components of TCM usually reach their optimal

therapeutic efficacy and contain the highest levels of active

ingredients during specific growth stages. Moreover, at certain

growth stages, the plants exhibit the best visual qualities, including

color, shape, and size. Selecting the appropriate harvest time is crucial

for obtaining relatively high-quality TCM. Currently, there is a

shortage of wild medicinal resources, and in the case of cultivated

herbs, inadequate understanding of ecological environments, regional

differences, human activities, and the growth patterns of medicinal

herbs during actual harvesting leads to a decline in the quality of

TCM (Chen et al., 2021; Liu et al., 2022). Metabolomic methods

utilizing technologies such as MS and NMR can be used to

thoroughly analyze small-molecule metabolites during the growth

and development of TCM, revealing changes in their composition

and content. This provides a powerful basis for scientifically

determining the maturity of TCM.

Eucommia ulmoides, which is widely distributed in China, has

significant applications in the medical field due to its high content of

chlorogenic acid (CGA), flavonoids, lignans, and other compounds in

its leaves and bark. In a recent study, Li et al. (2019) employed

nontargeted metabolomics and chemometrics to analyze the

metabolic fingerprint patterns of Eucommia ulmoides leaves at

different growth stages and identified characteristic substances that

can be used to accurately distinguish between different growth stages.

Most flavonoid compounds reached their peak accumulation in

growing leaves, followed by mature leaves. The present study also

revealed a stable increase in the large accumulation of CGA during

leaf growth and development, while rutin exhibited higher

accumulation levels in leaf buds and growing leaves. Additionally,

this study investigated the transcriptome of leaves at different growth

stages and revealed dynamic changes in gene expression. In addition

to leaves, floral medicinal materials exhibit significant diversity due to

the synthesis and accumulation of pigments. During the growth of

safflower (Carthamus tinctorius L.), the color of the flowers gradually

transitions from yellow to red. Researchers such as Ren et al. (2022)

conducted a comprehensive analysis of flavonoid biosynthesis in

safflower flowers through metabolomics and transcriptomics,

detecting changes in flavonoid compound biosynthesis on the 2nd

day (yellow stage) and 4th day (red stage) of flowering. The authors

identified a total of 212 different flavonoid metabolites, with the levels

of hydroxysafflor yellow A and carthamin significantly increasing

during the color transition, indicating their crucial role in changing

flower color from yellow to red. Xia et al. (2021) conducted a

metabolomic and transcriptomic analysis of Lonicera japonica

flower petals at different developmental stages, employing

nontargeted and targeted metabolomics to analyze metabolite

changes during the green, white, and yellow stages. By combining

these data with transcriptomic data, they extensively investigated

gene expression changes involved in pigment accumulation. The

results showed that flavonoid and carotenoid synthesis and

accumulation played a critical role in the color transition of

Lonicera japonica flower petals. By applying metabolomics

techniques or integrating them with other omics approaches,

researchers have investigated the differences in quality during
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different growth and development stages of TCM, such as Scutellaria

baicalensis (Sun et al., 2023), Fritillaria hupehensis (Duan et al., 2023),

and Ganoderma lingzhi (Satria et al., 2019; Xie et al., 2020). These

research findings provide a scientific basis for optimizing the

cultivation, harvesting, and subsequent development and utilization

of TCM.
2.3 Medicinal parts

Medicinal herbs typically consist of multiple medicinal parts,

such as roots, stems, leaves, flowers, fruits, and seeds. Each part may

contain different medicinal components, allowing for the selection

of the appropriate medicinal part based on the desired

pharmacological effect. On the other hand, due to differences in

the growth period and the content of medicinal components in

different parts of medicinal herbs, utilizing the characteristics of

various medicinal parts can maximize the resource utilization

efficiency of these herbs. Liu et al (Liu et al., 2017), using

nontargeted metabolomics methods, conducted a comprehensive

analysis of the metabolite profiles in different tissues, including

roots, stems and leaves of P. ginseng and P. quinquefolius. By

comparing the metabolite compositions of different tissues,

researchers identified several significantly different metabolites,

mainly amino acids, organic acids, sugars, and other primary

metabolites. Furthermore, researchers have performed correlation

analyses between the metabolite profiles of different tissues and the

accumulation of saponin components. The results showed a close

association between the changes in primary metabolites and the

accumulation of saponin components in different tissue parts. For

example, in the roots and leaves of P. ginseng, the contents of amino

acid metabolites such as glycine and serine were positively

correlated with the accumulation of ginsenosides. In the roots

and stems of P. quinquefolius, the contents of organic acid

metabolites such as malic acid and citric acid were negatively

correlated with the accumulation of P. quinquefolius saponins.

Chen et al. (2020b) reported that the content of saponins in the

stems and leaves of P. ginseng and P. quinquefolius was significantly

greater than that in the roots and flowers. In a combined

metabolomics and glycomic analysis of the xylem and cortex of

Morinda officinalis Radix (MOR), researchers found that, compared

to the cortex, the xylem contained more potentially toxic

components, such as vernolic acid, physcion and linoleic acid.

However, the xylem has relatively few bioactive components, such

as rubiadin-1-methyl ether (Yip et al., 2019). Cui et al. (2018), using

GC−MS technology, conducted an in-depth analysis of the

metabolites in the rhizomes, flowers, leaves, and stems of

Fritillaria thunbergii Miq. Through multivariate data analysis, the

authors found significant differences in primary metabolites in the

rhizomes compared to the other three plant parts. Metabolites in

the rhizomes formed one cluster, while those in the flowers, leaves,

and stems formed another cluster. Li et al. (2022) also conducted a

nontargeted metabolomics study on the rhizomes and flowers of

Fritillaria thunbergii Miq., and their results indicated substantial

chemical composition differences between the two plant parts.

Some alkaloids and flavonoids were found to be more abundant
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in the flowers than in the rhizomes. Molecular network analysis

categorized the obtained metabolites into two main groups, with

one group mainly present in the rhizomes and the other enriched in

the flowers. The chemical differences among different plant parts

may affect the efficacy and mechanisms of action of Fritillaria

thunbergii Miq. Therefore, in drug development and clinical

applications, it is essential to consider the chemical composition

differences among different plant parts to maximize the

pharmacological effects of medicinal herbs. Metabolomic

techniques have also been applied to study quality differences

among different medicinal plant parts, such as Codonopsis

pilosula (Zeng et al., 2021), Lonicera japonica Thunb (Wang et

al., 2023c), and velvet antler (Tseng et al., 2014).

Plant medicines are typically complex systems composed of

multiple organs and tissues (Dong et al., 2020). In traditional

metabolomic studies, researchers often crush and homogenize plant

samples, but this approach can lead to the loss of valuable spatial

information (Li et al., 2023; Dai et al., 2020). Spatial information is

crucial for understanding metabolic processes, as various metabolites

continuously interact in complex and delicate ways within plant tissues.

Fortunately, the emergence of spatial metabolomics has provided an

effective solution to this problem. Spatial metabolomics is a new field

that integrates mass spectrometry imaging (MSI) technology with

metabolomics. It can simultaneously analyze the spatial distribution

characteristics of hundreds of metabolites on the same tissue section

and utilize high-resolution mass spectrometry to deeply analyze

differential components in the region, thereby closely linking

dynamic changes in metabolites with spatial distribution (Heyman

and Dubery, 2016). MALDI-MSI currently stands as the most

extensively utilized MSI technique. The process begins with the

placement of the sample within a carrier gas chamber, where a laser

serves as a dependable ionization source. Following this, the sample is

subjected to raster scanning, a methodical procedure that systematically

captures mass spectrum data from various locations. By integrating the

intensity of ion signals with the XY coordinates of the sample’s surface,

it is possible to generate detailed ionmaps ormass spectrometry images

(Lange et al., 2017). These high-resolution maps not only afford precise

determination of the molecular weights and structural attributes of

compounds but also offer valuable insights into their distribution

patterns and concentration gradients within the sample. These high-

resolution maps not only afford precise determination of the molecular

weights and structural attributes of compounds but also offer valuable

insights into their distribution patterns and concentration gradients

within the sample (Norris and Caprioli, 2013; Lange et al., 2017). In

contrast, DESI-MSI employs charged fine droplet beams that are

rapidly sprayed onto the sample surface. These droplets efficiently

extract and dissolve the analytes. As the solvent evaporates swiftly,

charges are transferred from the droplets to the analyte molecules,

facilitating the desorption and ionization of the molecules on the

sample surface. Concurrently, with the aid of gases such as nitrogen,

the charged sample droplets undergo desolvation and are directed

along the ion transfer tube into the mass spectrometry detector for

analysis. A significant advantage of DESI technology lies in its

elimination of the need for sample pretreatment, enabling analysis to

be conducted at atmospheric pressure (Yuan et al., 2024; Wang et al.,

2023b). Lastly, SIMS-MSI holds the distinction of being the MSI
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technique with the highest spatial resolution. It utilizes a focused

primary ion beam to strike the sample surface, resulting in the

sputtering of positive and negative secondary ions (Heyman and

Dubery, 2016). Through spatial metabolomics technology, we can

intuitively observe the distribution of specific plant metabolites at

different growth stages and in various organs, revealing the patterns

of metabolite changes over time and space. This makes the intricate

secondary metabolic pathways of plants clear and greatly advances our

understanding and research on the complex system of plant medicines

(Li et al., 2013; Sun et al., 2020). Studies indicated that metabolites that

accumulate in the roots of Tripterygium wilfordii exhibit considerable

toxicity, necessitating spatial isolation to prevent adverse effects

(Brinker et al., 2007). Using MALDI-MSI, researchers have assessed

the localization of metabolites. The results revealed that two major

quinone methide triterpenoids, celastrol and demethylzeylasteral,

predominantly accumulated in the periderm tissue. Researchers

speculated that this accumulation pattern might be related to

Tripterygium wilfordii’s defense against bacteria and/or fungal soil

pathogens. Additionally, they found via MSI that triptophenolide, a

diterpenoid, accumulated significantly more in the woody roots of

Tripterygium wilfordii and was slightly enriched in the periderm.

Conversely, sesquiterpene alkaloids showed a more even distribution,

primarily concentrated in the root cortex (Dai et al., 2020). Leveraging

MALDI-MSI, Kuo et al. (2019) successfully obtained mass spectral

images of agarwood samples, revealing the distribution of chemical

components in different regions and providing an intuitive visual

reference for subsequent studies. By associating MSI data with

known compounds and utilizing molecular network analysis and

machine learning algorithms, they successfully inferred the possible

structures of new compounds. After experimental verification and

structural elucidation, the structures and properties of the new

compounds were ultimately confirmed. Furthermore, researchers

have used MALDI-MSI technology to conduct metabolomic studies

on the roots of two plants in the genus Paeonia, Paeonia suffruticosa

and Paeonia lactiflora. The results showed significant spatial

heterogeneity in the distribution of metabolites in these plant roots,

indicating differences in metabolic activities in different regions of the

roots (Li et al., 2021). Tong et al. (2022) and other researchers have

studied the distribution and compositional characteristics of

metabolites in different tissue parts of Salvia miltiorrhiza by

combining metabolomics with DESI-MSI. The authors inferred the

biosynthetic pathways of S. miltiorrhiza through data analysis and

corresponding studies. The results demonstrated a close correlation

between the distribution and composition of metabolites in different

tissues of S. miltiorrhiza and the associated biosynthetic pathways.

Spatial metabolomics has addressed the limitations of

traditional metabolomics in in-situ visualization analysis, thus

introducing a fresh perspective and dynamism to the field of

quality control in TCM. Nonetheless, several challenges persist in

its practical application. Specifically, there is a lack of standardized

operational procedures and quantitative methodologies,

necessitating the establishment of unified guidelines. Furthermore,

there is an urgent demand for novel, high-sensitivity mass

spectrometry imaging devices capable of balancing high

resolution with rapid imaging speeds.
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2.4 Processing and formulation

Processing refers to a series of procedures, including drying,

frying, steaming, and roasting, etc., applied to TCM, and this

process is a distinctive feature of TCM. Through processing, the

efficacy of medicinal materials can be enhanced, toxicity can be

reduced, and taste and aroma can be improved. Chemical

components in TCM inevitably undergo changes during these

processes. In terms of quality control, the assessment of processed

product quality often relies on the quantitative analysis of a few

active ingredients. However, since TCM comprise complex

components, evaluating its overall quality based on the analysis of

a few components alone is challenging (Kui et al., 2022). By

employing metabolomic approaches to comprehensively analyze

substances undergoing changes during processing, detect trends in

the alteration of medicinal components, and understand the

biological transformation pathways under different processing

conditions, it is possible to optimize the processing techniques

regarding their impact on the medicinal components of TCM.

Cymbopogon citratus (citronella grass), a plant use for fragrance

development and as a traditional herbal medicine, can be more easily

stored and transported after drying than when fresh (Oladeji et al.,

2019). However, the differences in medicinal components between

dried and fresh citronella grass are currently unclear. To address this

issue, Xiong et al. (2023) conducted chemical component

identification and determination of fresh and dried citronella grass

and explored the changes in metabolite concentrations before and

after drying. Citronella grass is rich in volatile and nonvolatile

components, including flavonoids, amino acids, organic acids, and

vitamins. The contents of flavonoids and certain amino acids

increased, while the contents of organic acids, other amino acids,

and vitamins decreased during the drying process. Notably,

flavonoids have beneficial effects, such as antioxidant properties

(Figueirinha et al., 2008) and cardiovascular protection (Formica

and Regelson, 1995), and positively influence human health.

Additionally, drying altered the astringency of citronella grass,

making it more suitable for medicinal use. Kang et al. (2021),

utilizing UHPLC-Q/TOF-MS/MS, conducted a study on the overall

chemical composition and differences between Morinda officinalis

Radix (MOR) and processed Morinda officinalis Radix (PMOR). In

this study, they successfully analyzed 41 batches of MOR samples and

32 batches of PMOR samples, identifying a total of 110 common

components. The results indicated significant differences in the

contents of 55 compounds between MOR and PMOR. Specifically,

29 components, including fructooligosaccharides, monotropein,

deacetylasperulosidic acid, geniposide, and anthraquinone

glycosides, had relatively high concentrations in MOR. On the

other hand, PMOR had higher concentrations of 26 components

than MOR, with difructose anhydrides and iridoid glycoside

derivatives being discovered in PMOR for the first time. In a study

investigating the chemical composition changes of processed Moutan

Cortex, Li et al. (2018a) analyzed 30 samples using ESI-Q/TOF-MS/

MS. These samples included 11 batches of raw Moutan Cortex

(RMC), 9 batches of Moutan Cortex Tostus (MCT), and 10 batches

of Moutan Cortex Carbonisatus (MCC). Through screening in
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negative ion mode, 14 chemical markers were successfully identified.

These markers included monoterpene glycosides, acetophenones,

gallic derivatives, flavonoids and carbohydrates. Importantly, most

chemical markers exhibited a significant decrease after frying of

MCC. Specifically, the levels of monoterpenoid glycosides, such as

oxypaeoniflorin, decreased markedly after processing, potentially

leading to a decrease in its antithrombotic effect. Moreover, the

content of dissociated gallic acid increased after frying, suggesting

that gallic acid may enhance the anti-inflammatory and hemostatic

functions of Moutan Cortex. These research findings provide a

deeper understanding of the compounds and therapeutic changes

that occur during the processing of TCM, offering robust support for

the modernization and standardization of these materials.

In addition to the abovementioned TCM, differences between

raw and processed Radix Rehmanniae (Li et al., 2010) and

Atractylodes macrocephala Koidz (Shan et al., 2014) have also

been investigated. Metabolomic techniques have been used to

study the overall components changes during processing, such as

the effect of boiling time on the overall quality of White Paeony

Root (Ming et al., 2017), screening differentially abundant

metabolites in Polygoni Multiflora Radix with varying processing

times (Yu et al., 2017) and revealing the overall chemical changes

and the correlation of key markers during the distillation process of

Ligustri Lucidi Fructus (Li et al., 2020). Furthermore, exploring the

synergistic effects and detoxification of processing products, such as

raw Pinelliae Rhizoma and processed Pinelliae Rhizoma with alum

(Sun et al., 2019), could constitute another avenue for

further investigations.
3 Multiomics technologies in TCM
quality and safety

Metabolomics analysis has demonstrated high accuracy and

reliability in assessing the quality and safety of TCM. The advantage

of this method lies in the fact that metabolites, as the end products of

cell signaling, can directly reflect the organism’s immediate state and

functional changes. This opens a window for observing and evaluating

the condition of the organism (or product). However, relying solely on
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metabolomics cannot provide a complete understanding of the root

causes of TCM quality, especially for botanical drugs. Their metabolic

networks involve complex and diverse regulatory mechanisms that

exist not only on the surface of metabolism (such as various tissue

forms formed through protein-protein interactions) but also

throughout the multi-gene, multi-level regulatory networks of the

transcriptome and even epigenetics (Muthamilarasan et al., 2019;

Ideker et al., 2001) Therefore, current metabolomics research is

gradually trending towards integration with other omics fields (such

as genomics, transcriptomics, and proteomics), aiming to

comprehensively depict various functions from the genome to the

metabolome, and then to phenotypic characteristics. This forms amore

complete and in-depth understanding framework (Sheth and

Thaker, 2014; Yang et al., 2021). The specific technical flowchart

is shown in Figure 4.

As mentioned above, the combined analysis of metabolomics and

transcriptomics (Li et al., 2019; Ren et al., 2022; Xia et al., 2021) is

currently one of the most developed techniques in multiomics

studies. This involves separately conducting transcriptome

sequencing and metabolite detection of specific samples during a

particular period. The data obtained from the transcriptome, which

reveals numerous differentially expressed genes, is then correlated

with the differentially abundant metabolites identified through

metabolomic analysis. This correlation analysis aims to analyze the

intrinsic changes in the organism at both the causative and resultant

levels, identifying pathways enriched with genes and metabolites. The

two omics disciplines mutually validate each other, providing a

comprehensive explanation of biological questions (Gahlan et al.,

2012; Hao et al., 2011, 2012; Desgagné-Penix et al., 2012; Hagel et al.,

2015). For instance, to delve into the alkaloid biosynthesis pathway of

Veratrum mengtzeanum, researchers have employed transcriptomics

and metabolomics to systematically analyze its various tissues (roots,

stems, and leaves). Transcriptomic analysis revealed genes expressed

in different tissues, including key genes closely related to alkaloid

synthesis. Metabolomics identified various alkaloid components in

different tissues. The results indicated that alkaloid biosynthesis in V.

mengtzeanum mainly occurs in the roots and is closely related to

specific transcript expression patterns. Despite earlier findings that

only the roots were the most abundant source of alkaloid
FIGURE 4

Technical route of multi-omics research.
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biosynthesis, this study revealed that both leaves and roots play

crucial roles in alkaloid biosynthesis. This finding expands the

medicinal efficacy of different V. mengtzeanum parts, providing

important evidence for further exploration of its medicinal value

(Liu et al., 2023b). Tanshinones in Salvia miltiorrhiza (Danshen) are

important active components, which mainly accumulate in the

periderm, giving the roots of Danshen their characteristic red color.

However, during long-term cultivation, researchers have observed a

variation in which the roots of Danshen turn orange. A comparative

analysis of metabolites in orange and red Danshen roots revealed a

total of 40 lipophilic components, among which 7 were significantly

reduced in the orange variant, including the abundant active

compounds tanshinone IIA and tanshinone I. Further gene

expression studies showed that dehydrogenase-related gene

expression was not downregulated, but genes related to stress

resistance and endoplasmic reticulum (ER)-associated protein

degradation were upregulated. This suggests that the

dehydrogenase enzymes may not have decreased, but their

functionality might be compromised. Investigations uncovered that

these changes could potentially lead tomisfolding of the catalytic C15-

C16 dehydrogenase, which subsequently undergoes ER-associated

degradation, resulting in a decrease of dehydrogenated furan ring

tanshinones. This decrease is not solely caused by reduced gene

expression. This reduction further affects the dehydrogenation

conversion of other tanshinones, negatively impacting the overall

quality of cultivated Danshen and causing the root color to shift from

red to orange. Thus, this series of complex biochemical processes,

rather than a single reduction in gene expression, is the key factor

contributing to the decline in the quality of Danshen (Zhan et al.,

2019). Genome-wide association study (GWAS) is a method to

analyze genetic markers in large-scale population DNA samples at

the genome-wide level, aiming to explore genetic factors associated

with specific phenotypes, such as metabolite abundance. When

GWAS is combined with metabolomics technology (i.e., mGWAS),

it can deeply analyze the genetic mechanism of metabolite synthesis,

thereby locking the gene loci that control metabolic synthesis and

regulation (Duan et al., 2016). Through in-depth research on Salvia

miltiorrhiza, scholars have compared the gene expression patterns of

different diterpene synthesis pathways and their corresponding

metabolites, thereby clarifying the importance of diterpene

synthases (diTPSs). In their investigation of five Copalyl

Diphosphate Synthases (SmCPSs), they observed that SmCPS3 may

not be active, while the other SmCPSs correspond to different

diterpene synthesis pathways. Interestingly, despite their

biochemical similarity, SmCPS1 and SmCPS2 play distinctly

different roles in the biosynthesis of tanshinones. This similarity is

not meaningless but rather reflects their unique functions in different

plant tissues (roots and aerial tissues). This novel discovery provides

insights into increasing the yield of tanshinones in aerial parts,

implying that we can sustainably and environmentally friendly

obtain tanshinones by selectively cultivating and harvesting only

the aerial tissues of the plant, without the need to destroy the

entire plant (Cui et al., 2015). Regarding the joint analysis of

metabolome and proteome, in the study of S. baicalensis

mentioned in Section 2.2 (Growth and Development), researchers
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conducted an in-depth analysis of metabolite accumulation and

protein expression changes in S. baicalensis at different growth

years (i.e., “Zi Qin” and “Ku Qin”) through the combined

application of untargeted metabolomics technology and label-free

proteomics methods (Sun et al., 2023). The results have shown that

there are differences in metabolite and protein expression of S.

baicalensis at different growth stages, and these differences mainly

focus on the biosynthetic pathways of phenylalanine, tyrosine,

tryptophan, and their related compounds. These findings reveal the

variation pattern of metabolism and protein expression of S.

baicalensis with growth time, providing a strong basis for

scientifically determining the optimal harvest time. Given the

diversity and dynamic changes of secondary metabolites during the

development of Lonicera japonica flowers (honeysuckle) (Jiang et al.,

2009), coupled with the diversification of gene families involved in

the phenylpropanoid synthesis pathway in honeysuckle and its

closely related species, this uncertainty has a profound impact on

the medicinal value of honeysuckle and its related species (Yuan et al.,

2014; Fraser and Chapple, 2011). To delve deeper into this issue,

Yang et al. integrated transcriptomics, proteomics, and metabolomics

approaches to systematically dissect the tight relationship between

molecular changes and the regulation of secondary metabolites

during the development of honeysuckle flowers (Yang et al., 2019).

After a comprehensive analysis of omics data, the research team

found that the metabolic changes of honeysuckle during its

developmental stages mainly focus on core pathways such as sugar

metabolism, lipopolysaccharide synthesis, carbon conversion, and

secondary metabolism. Interestingly, as the flower develops, the

number of genes associated with cellular and secondary

metabolism decreases, revealing dynamic gene expression during

the development of honeysuckle. In-depth proteomics research

indicates significant differences in protein expression between the

early and late stages of flower development. In the early stages,

proteins related to glycolysis and phenylpropanoid metabolism are

predominantly active, whereas in the later stages, proteins related to

the citric acid cycle and terpenoid backbone pathway dominate.

Epigenomics focuses on mapping various epigenetic regulators across

the entire genome, exploring chemical modifications of the genome

(such as DNA methylation, histone modifications, etc.) and changes

in spatial structure without altering the DNA sequence. It is worth

noting that the various physiological processes experienced by

medicinal plants during growth and development are profoundly

influenced by epigenetic marks, which directly or indirectly regulate

various life activities of plants (He et al., 2011; Guo et al., 2021). Given

the important role of DNAmethylation and secondary metabolism in

medicinal plants’ response to cold stress, researchers have explored

the effects of cold exposure time on American ginseng (Hao et al.,

2020). They observed American ginseng at different growth stages

and under various durations of cold treatment, examining the

accumulation of ginsenosides, DNA methylation levels, and gene

expression. The study revealed that DNA methylation and

demethylation in perennial American ginseng dynamically adjust

in response to seasonal temperature changes. Adequate cold exposure

during winter can facilitate sufficient DNA demethylation in early

spring tender leaves, subsequently promoting the high expression of
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specific genes during flowering and fruiting stages, and ultimately

leading to the maximum accumulation of ginsenosides in the roots of

American ginseng. Ginsenosides are the core medicinal components

of American ginseng, and their content directly affects the efficacy

and quality of the medicinal material. This study not only provides a

scientific basis for the quality control of American ginseng but also

suggests that environmental factors should be fully considered in the

quality control of TCM to ensure the optimal quality.

Despite the significant potential demonstrated by multi-omics

approaches in the field of quality control of TCM, their application

still faces multiple challenges and limitations. The primary difficulty

lies in the complexity and analytical challenges of data processing,

which stem from both the mismatch between the high-efficiency

processing demands of massive data and current technological

capabilities, as well as the complexity of integrating and analyzing

data from different omics. This poses higher requirements for

researchers’ interdisciplinary knowledge and the application of

bioinformatics tools. Furthermore, there are limitations in

sensitivity and resolution at the technological application level,

particularly in the detection of low-abundance metabolites and

proteins. Coupled with the challenge of ensuring the

representativeness of TCM samples, this further exacerbates the

uncertainty of the research. Additionally, the high research costs

and time-consuming experimental processes constitute economic

and temporal barriers to practical application. Nevertheless, with

the continuous development of the combined application of

metabolomics and other omics, we have been able to construct a

panoramic multi-dimensional information platform through the

organic integration of various omics technologies, including

genomics , epigenomics , transcr iptomics , proteomics ,

metabolomics, and phenomics. This platform is dedicated to

deeply mining functional genes and comprehensively and

systematically elucidating the synthesis and metabolic

mechanisms of active components in TCM, thereby providing a

more scientific basis for research on the quality control of TCM.
4 Conclusion and perspectives for
the future

This review provides a thorough exploration of the utilization of

metabolomics for ensuring the quality of TCM, delving into the

essential elements that shape its overall superiority. These factors

encompass various aspects, such as geographical origins, growth

and developmental stages, medicinal parts, and processing

methods, providing comprehensive theoretical support for the

quality control of TCM. Furthermore, this review briefly

introduces the application of spatial metabolomics visualization

techniques in the study of metabolite distribution in medicinal

plants, revealing the specific distribution of metabolites in different

spatial contexts within plants. Although multiomics applications in

this field are still in their early stages, their potential and prospects

in the quality control of TCM have garnered widespread attention

and discussion.
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Although the application of metabolomics technologies in the

field of TCM quality control is gradually expanding, the limitations

and challenges it faces are becoming apparent, given the current

technological landscape. First, the processing, interpretation, and

validation of metabolomics data pose challenges. Due to the high-

dimensional and multifaceted nature of metabolomics data,

complex methods are required for statistical and bioinformatics

analyses. However, different statistical methods and hypothesis

settings may lead to disparate results, making the interpretation

and validation of results challenging. Second, the identification of

metabolite markers, especially unknown metabolites, requires

further analysis. Many substances found in metabolomics lack

standard spectra in current mass spectrometry databases, and

acquiring corresponding standard substances is difficult, making

substance identification a formidable task. Finally, metabolomics

research faces issues of data reproducibility. Due to various

interferences, such as differences in sample preparation and

environmental factors, metabolomics data from the same sample

may exhibit considerable variations across different laboratories and

time points. Therefore, while metabolomics technologies hold

immense potential in the quality control of TCM, overcoming

these difficulties and challenges is essential. Continuous

improvement and refinement of technology are necessary to

enhance the accuracy of data analysis and the reliability of results.

In the future, the application of metabolomics research in the

quality control of TCM may move forward in three key directions.

Firstly, with the continuous improvement of separation and

detection technology, metabolomics techniques will be able to

detect and quantify more metabolites more accurately, including

those present at low concentrations. Metabolomics research will

tend towards automation, standardization, and integrity to improve

data reliability and reproducibility. Secondly, metabolomics will be

more tightly integrated with other omics data such as genomics,

transcriptomics, proteomics, etc., to comprehensively elaborate the

metabolic pathways and genetic structures of medicinal plants. This

integration will help discover new biomarkers and understand the

regulatory mechanisms of complex metabolic networks in

medicinal plants. Finally, an important development direction

will be to build and improve metabolite databases, especially for

unique metabolites of TCM. This will assist researchers in more

rapidly identifying unknown metabolites and understanding their

functions and mechanisms of action in TCM.

With the continuous advancement of research technologies, the

refinement of platforms, ongoing progress in genomics and

transcriptomics, and the efficient application of artificial

intelligence (AI) algorithms, particularly machine learning for

handling large datasets, we believe that methods based on

metabolomics will play an increasingly important role in research

on the quality and safety assessment of TCM.
Author contributions

PJ: Conceptualization, Visualization, Writing – original draft.

XY: Funding acquisition, Resources, Supervision, Writing – review
frontiersin.org

https://doi.org/10.3389/fpls.2024.1463666
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Ji et al. 10.3389/fpls.2024.1463666
& editing. XZ: Funding acquisition, Resources, Supervision, Writing

– review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by the Hainan Province Science and Technology

Special Fund, China (ZDYF2023SHFZ141, ZDYF2024XDNY159),

the CAMS Innovation Fund for Medical Sciences (2021-I2M-1-

032), National Natural Science Foundation of China (82074130),

International Science & Technology Cooperation Program of

Hainan Province (GHYF2024018), Hainan Academician

Innovation Platform Scientific Research Project (SQ2021PTZ0052).
Frontiers in Plant Science 12127
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
Alawiye, T. T., and Babalola, O. O. (2021). Metabolomics: current application and
prospects in crop production. Biol. (Bratisl.) 76, 227–239. doi: 10.2478/s11756-020-
00574-z

Al-Kuraishy, H. M., Al-Fakhrany, O. M., Elekhnawy, E., Al-Gareeb, A. I., Alorabi,
M., De Waard, M., et al. (2022). Traditional herbs against COVID-19: back to old
weapons to combat the new pandemic. Eur. J. Med. Res. 27, 186. doi: 10.1186/s40001-
022-00818-5

Alseekh, S., and Fernie, A. R. (2018). Metabolomics 20 years on: what have we
learned and what hurdles remain? Plant J. Cell Mol. Biol. 94, 933–942. doi: 10.1111/
tpj.13950

Bai, X., Zhu, C., Chen, J., Jiang, X., Jin, Y., Shen, R., et al. (2022). Recent progress on
mass spectrum based approaches for absorption, distribution, metabolism, and
excretion characterization of traditional Chinese medicine. Curr. Drug Metab. 23,
99–112. doi: 10.2174/1389200223666220211093548

Brinker, A. M., Ma, J., Lipsky, P. E., and Raskin, I. (2007). Medicinal chemistry and
pharmacology of genus Tripterygium (Celastraceae). Phytochemistry 68, 732–766.
doi: 10.1016/j.phytochem.2006.11.029

Chen, W., Balan, P., and Popovich, D. G. (2020b). Comparison of ginsenoside
components of various tissues of New Zealand forest-grown Asian ginseng (Panax
ginseng) and American ginseng (Panax quinquefolium L.). Biomolecules 10, 372.
doi: 10.3390/biom10030372

Chen, Z., Lai, C., Wei, X., Gong, L., and Que, Z. (2021). [amp]]#xFF32;esearch
progress on identification methods of growth years of traditional Chinese medicinal
materials. China J. Chin. Mater. Med. 46, 1357–1367. doi: 10.19540/
j.cnki.cjcmm.20201223.102

Chen, D., Liu, J.-R., Cheng, Y., Cheng, H., He, P., and Sun, Y. (2020a). Metabolism of
rhaponticin and activities of its metabolite, rhapontigenin: A review. Curr. Med. Chem.
27, 3168–3186. doi: 10.2174/0929867326666190121143252

Commisso, M., Strazzer, P., Toffali, K., Stocchero, M., and Guzzo, F. (2013).
Untargeted metabolomics: an emerging approach to determine the composition of
herbal products. Comput. Struct. Biotechnol. J. 4, e201301007. doi: 10.5936/
csbj.201301007

Cui, M.-C., Chen, S.-J., Wang, H.-H., Li, Z.-H., Chen, H.-J., Chen, Y., et al. (2018).
Metabolic profiling investigation of Fritillaria thunbergii Miq. by gas chromatography–
mass spectrometry. J. Food Drug Anal. 26, 337–347. doi: 10.1016/j.jfda.2016.10.003

Cui, G., Duan, L., Jin, B., Qian, J., Xue, Z., Shen, G., et al. (2015). Functional
divergence of diterpene syntheses in the medicinal plant salvia miltiorrhiza. Plant
Physiol. 169, 1607–1618. doi: 10.1104/pp.15.00695

Dai, W., Hu, Z., Xie, D., Tan, J., and Lin, Z. (2020). A novel spatial-resolution
targeted metabolomics method in a single leaf of the tea plant (Camellia sinensis). Food
Chem. 311, 126007. doi: 10.1016/j.foodchem.2019.126007
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Color-induced changes in
Chrysanthemum morifolium: an
integrative transcriptomic and
metabolomic analysis of petals
and non-petals
Jianhong Wei1†, Zhaoxiang Zeng1†, Chengwu Song1,2†, Qing Lv1,
Guangya Chen3, Guoyan Mo1,4, Ling Gong1, Shuna Jin2,5,
Rongzeng Huang1,2* and Bisheng Huang1,2*

1School of Pharmacy, Hubei University of Chinese Medicine, Wuhan, Hubei, China, 2Hubei Shizhen
Laboratory, Wuhan, Hubei, China, 3Department of Pharmacy, Ezhou Central Hospital, Ezhou,
Hubei, China, 4Key Laboratory of Traditional Chinese Medicine Resource and Prescription, Ministry of
Education, Wuhan, Hubei, China, 5School of Basic Medical Sciences, Hubei University of Chinese
Medicine, Wuhan, Hubei, China
Chrysanthemum morifolium (CM), renowned for its diverse and vibrant varieties,

holds significant ornamental and medicinal value. Despite this, the core

regulatory mechanisms underlying its coloration, especially in non-petal

tissues (i.e., the parts of CM that do not include petals, such as the

reproductive tissues, receptacle and calyx), have been insufficiently studied. In

this study, we performed transcriptomic and metabolomic analyses on yellow,

gold, and white CM petals, as well as non-petal tissues, to investigate the

molecular processes driving color variation. A total of 90 differential

metabolites were identified, with flavonoids, their derivatives, and lipids

emerging as the predominant components of the metabolic profile. At the

transcriptional level, 38 pathways were significantly enriched based on the

expression of differential genes. The combined metabolomic and

transcriptomic analyses revealed that glycerophospholipid metabolism,

primarily involving lipids, served as a key regulatory pathway for both petal and

non-petal parts across different tissue colors. Notably, white CM exhibited

marked differences from their gold and yellow counterparts at both the

metabolic and transcriptional levels. These findings offer critical insights into

the molecular mechanisms governing CM coloration and provide a foundation

for optimizing future breeding efforts.
KEYWORDS

Chrysanthemum morifolium, transcriptomics, metabolomics, integrative omics, color
regulation mechanism
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1 Introduction

Chrysanthemum morifolium (CM) is a globally significant

ornamental plant, extensively used for culinary and medicinal

purposes, with a history spanning three thousand years (Sharma

et al., 2023; Liu et al., 2024b). Evidence suggests that CM comprises

a multitude of chemical constituents, including flavonoids, phenolic

acids, and lipids (Chen et al., 2021; Zhou et al., 2022b). This diverse

chemical composition endows CM with numerous pharmacological

effects, such as anti-inflammatory, antioxidant, and chronic disease

prevention properties (Li et al., 2022b, 2023c; Chen et al., 2023).

Over time, and with its long history of cultivation, CM has been

diversified into various varieties through hybridization with wild

relatives and artificial breeding (Song et al., 2023). In addition to its

medicinal value, the ornamental characteristics of CM, particularly

its wide range of colors and shapes, have contributed to its

commercial and cultural significance.

Significant differences exist in the composition and content of

nutrients and bioactive substances among various plant varieties

and their parts (Lebaka et al., 2021; Lu et al., 2021b). CM

encompasses a wide range of varieties, each exhibiting distinct

variations in color, shape, and functional properties (Han et al.,

2019). Among these, flower color is a critical ornamental trait,

significantly influencing the commercial value of CM varieties

(Zhang et al., 2019; Wu et al., 2023). Understanding the

mechanisms that regulate flower color in CM is helpful for

advancing breeding strategies and optimizing the ornamental and

medical applications of these varieties. While existing studies

predominantly focus on the differences in petal color among CM

varieties, the non-petal parts—such as the reproductive tissues,

receptacle, and calyx—have received far less attention (Sawada

et al., 2019; Zou et al., 2021). Although these non-petal parts may

not exhibit visible differences across various CM colors, significant

variations could exist at the molecular or metabolic level (Zhou

et al., 2022a). Given that both petal and non-petal parts contribute

to the ornamental and medicinal uses of CM, expanding research

beyond petals offer helpful insights into the broader utility of this

species. Thus, further investigation into the non-petal parts is

warranted to uncover potential differences and their implications.

The advent of high-throughput technologies, including

genomics, transcriptomics, and metabolomics, has greatly

advanced the exploration of the intricate molecular foundations

of plant biology (Guo et al., 2021; Tsugawa et al., 2021; Sun et al.,

2022). These technologies have become particularly valuable in

understanding the genetic and metabolic basis of traits such as

flower color in CM. Metabolic profiling serves as a direct link

between plant phenotypes and genotypes, identifying stage-specific

metabolites and revealing the metabolic mechanisms underlying a

wide variety of traits (Shen et al., 2023). Recent advancements in

omics technologies have led to the increasing integration of

metabolomics with other disciplines, such as transcriptomics.

This synergy facilitates a systematic understanding of complex

plant biological networks and fosters a more comprehensive

biological knowledge base (Liu et al., 2024a; Yang et al., 2024).

Investigating the alterations in plant genes and metabolites will help
Frontiers in Plant Science 02131
elucidate the molecular mechanisms underlying the non-petal and

petal parts of CM exhibiting various colors.

To investigate the distinct characteristics of non-petal and petal

parts in CM of varying colors and uncover potential regulatory

mechanisms, white, yellow, and gold CM were subjected to

transcriptomic and metabolomic analyses. Metabolomic profiling,

conducted using ultra-high pressure liquid chromatography

coupled with quadrupole time-of-flight mass spectrometry

(UPLC-QTOF-MS/MS), revealed substantial differences between

the non-petal and petal components of these differently colored

CM. To further elucidate the molecular basis of coloration, RNA

sequencing was performed. By integrating transcriptomic and

metabolomic data, the study aimed to identify key regulatory

mechanisms underlying the color-dependent differences in non-

petal and petal parts. This research provides new insights into the

genetic basis of CM, supporting efforts to diversify CM varieties

through informed breeding strategies.
2 Materials and methods

2.1 Materials and reagents

The CM samples gathered from the medicinal botanical garden

at Hubei University of Chinese Medicine were identified and

authenticated by Professor Gong Ling of Hubei University of

Chinese Medicine. Fresh CM samples were immediately imaged

after collection and separated into petal and non-petal tissues for

subsequent analysis, as shown in Figure 1. Non-petal samples were

collected from white, yellow, and gold CM, and were designated as

groups WCNP, YCNP, and GCNP, respectively. The petal samples

from these colors were designated as groups WCP, YCP, and GCP.

Fresh samples were stored at -80°C prior to metabolomics analysis

and RNA extraction. High-performance liquid chromatography-

grade acetonitrile and methanol were acquired from Merck

Chemicals, Darmstadt, Germany.
2.2 Sample extraction for untargeted
metabolomic analysis

The samples were first freeze-dried to a constant weight and

then ground into a fine, uniform powder. To begin the extraction

process, 100 mg of the powdered sample was weighed and

extracted with 3 mL of an 80% methanol solution using

ultrasonic extraction for 10 minutes. This extraction step was

repeated twice: first with 3 mL of a 50% methanol solution and

then with 3 mL of a 95% methanol solution. The three resulting

extracts were combined, and the mixture was centrifuged at 12,000

rpm for 10 minutes. After centrifugation, the supernatant was

carefully filtered and prepared for further analysis. Curcumin was

employed as an internal standard in the samples at a final

concentration of 200 ng mL-1. After filtration, the quality

control (QC) sample was prepared by combining equal aliquots

from all individual samples.
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2.3 UPLC-QTOF-MS/MS-based untargeted
metabolomic analysis

For the analysis of the extracts, an ACQUITY UPLC H-Class

system from Waters (Milford, MA, USA) was utilized, featuring a

Waters ACQUITY UPLC BEH C18 column (2.1 × 100 mm, 1.7

mm). The injection volume was 2.0 mL, the flow rate was maintained

at 0.3 mL min-1, and the column temperature was set to 40°C. The

mobile phase consisted of two solvents: mobile phase A, a solution

of water and formic acid in a 1000:1 (v/v) ratio, and mobile phase B,

acetonitrile. The chromatographic gradient was programmed as

follows: 0 min, 5% (B); 12 min, 35% (B); 18 min, 80% (B); 22 min,

95% (B); 25 min, 95% (B); 26 min, 5% (B); and 30 min, 95% (A) and

5% (B).

Mass spectrometry analysis was carried out using aWaters Xevo

G2-XS QTOF system equipped with an electrospray ionization

source. The parameters were set according to our previously

published reports (Zeng et al., 2023, 2024). The optimal

parameters were as follows: desolvation temperature of 500°C,

cone voltage of 20 V, capillary voltage of 3 KV, source temperature

of 100°C, desolvation gas flow rate of 1000 L h-1, collision energy

range of 30 to 40 eV, and cone gas flow rate of 50 L h-1. The mass

range for full scans was set from m/z 50 to 1500 Da, with a scan

duration of 1.0 s. Data acquisition was conducted in MSE mode,

employing both positive and negative ion electrospray modes.

Metabolomics analysis predominantly utilized positive ion mode,

while structural determination ofmetabolites was achievedwith both

ion modes.
2.4 RNA extraction and
Illumina sequencing

RNA extraction and Illumina sequencing of the samples were

primarily conducted by MetWare Biotechnology Co., Ltd. (Wuhan,

Hubei, China). Total RNA was extracted from plant samples using
Frontiers in Plant Science 03132
ethanol precipitation and the CTAB-PBIOZOL method, then

dissolved in DEPC-treated water. RNA integrity and

concentration were assessed using a Qubit fluorescence quantifier

and Qsep400 biofragment analyzer (Bioptic Inc., Taiwan, China).

PolyA-tailed mRNAs were enriched with Oligo (dT) magnetic

beads, fragmented, and reverse-transcribed into first-strand

cDNA using random hexamer primers. Strand-specific second-

strand cDNA synthesis was performed with dUTPs to ensure

strand specificity, followed by end repair, A-tailing, and

sequencing adapter ligation. The cDNA was size-selected (250-

350 bp), PCR-amplified, purified, and quantified using Qubit 4.0

(Thermo Fisher Scientific, Massachusetts, USA) and Q-PCR (Bio-

rad, California, USA). Libraries were pooled based on effective

concentrations and sequenced on an Illumina platform,

generating 150 bp paired-end reads via sequencing-by-synthesis.

Raw sequencing data were filtered with fastp, and clean reads were

assembled using Trinity. Corset was then used to remove redundant

isoforms from the assembled transcripts. CDS prediction was

conducted with TransDecoder, and gene function annotation was

performed using DIAMOND and HMMER across databases. The

fragments per kilobase of transcript per million mapped reads

(FPKM) for each gene were subsequently calculated based on the

gene length and the number of reads mapped to it. Transcript

expression levels were quantified using RSEM, with differential

expression analysis conducted using DESeq2 and edgeR, followed

by Kyoto Encyclopedia of Genes and Genomes (KEGG)

enrichment analyses.
2.5 Data analysis

The raw data from UPLC-QTOF-MS/MS were acquired using

MassLynx v4.1 (Waters, Milford, MA, USA). Following data

acquisition, the open-access software MS-DIAL (Version 4.9) was

utilized for comprehensive data processing, encompassing peak

detection, alignment, spectral deconvolution, identification, and
FIGURE 1

Chrysanthemum morifolium (CM) from three different colors-gold, yellow, and white. Non-petal tissues of CM included the reproductive tissues,
receptacle, and calyx, excluding the petals.
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normalization (Tsugawa et al., 2015). The retention time for the

collected peaks was set between 1 and 30 minutes. Peaks with a

minimum height of 3000 and m/z values ranging from 100 to 1500

Da were selectively retained, guided by the expected component

range, while them/z value for fragment ions was set between 50 and

1500 Da. Mass tolerance parameters were established at 0.015 Da

for MS and 0.02 Da for MS/MS. To determine the elemental

composition of the peaks, common positive ion adducts such as

[M+H]+, [M+Na]+, [M+K]+, [M+H-H2O]
+, and [2M+H]+ were

employed. In negative ion mode, adducts like [M-H]-, [M

+HCOOH-H]-, and [M-H2O-H]- were used to assist in adduct

correction alongside the positive ion adducts. Feature alignment

across all samples was performed with a retention time tolerance of

0.1 and an MS tolerance of 0.015. Furthermore, the deconvolution

value and MS/MS abundance cutoff were set at 0.6 and 100,

respectively, to facilitate peak deconvolution. The response values

of the peaks were normalized using internal standards and the

LOWESS method. Finally, to ensure that the screened metabolites

accurately represented each group, peaks were required to be

present in at least one group, with every sample within that group

exhibiting the corresponding peak.

In the search for characteristic differentially accumulated

metabolites (DAMs) between two groups, we utilized variable

importance in projection (VIP) values exceeding 1.25 and fold

change (FC) thresholds greater than 1.5 or less than 0.67 to identify

potential distinctive peaks. In the transcriptome analysis, to ensure

the genes were both representative and meaningful, we applied the

following criteria to eliminate false positives: (1) the average FPKM

value of the gene in at least one group exceeds 1; (2) the gene’s

detection rate across all samples is greater than 0.167; (3) the gene’s

detection rate in any individual group is above 0.667. For the

differentially expressed genes (DEGs) identified in the comparison

between the two groups, the initial requirement was that genes had

an FPKM > 1 in at least one group and were detected in at least two

samples within any group. Subsequently, based on FPKM

quantitative data, the fold change (FC) for the DEGs had to

exceed 2 or fall below 0.5, with a q-value between the two groups

required to be < 0.05. In the co-enrichment analysis, to identify

pathways that represent both metabolomics and transcriptomics,

we selected pathways containing at least two DAMs and conducted

a comprehensive analysis of the DEGs upstream and downstream of

the DAMs within these pathways.

The SIMCA 14.1 software (Umetrics AB, Umeå, Sweden) was

employed for principal component analysis (PCA) and orthogonal

partial least squares-discriminant analysis (OPLS-DA). Data

visualization was carried out using Origin 2021 (OriginLab

Corporation, Northampton, MA, USA) and R version 4.3.2 (R

Foundation for Statistical Computing, Vienna, Austria). Statistical

analyses were performed with SPSS version 26.0 (SPSS, Inc.,

Chicago, IL, USA). The significance of DAMs was assessed with a

P-value < 0.05 using the Mann-Whitney U test, while DEGs were

evaluated with a q-value < 0.05 using the Benjamini-Hochberg test.

Qualitative analysis of DAMs was conducted by comparing

fragment ions using literature references (Chen et al., 2017), MS-

FINDER version 3.60 (Tsugawa et al., 2016), and public databases

such as the Human Metabolome Database (https://www.hmdb.ca)
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and MassBank (https://massbank.eu/MassBank/). Quantitative

determination of metabolites was achieved using Quanlynx

software version 4.1 (Waters, Milford, MA, USA). For the co-

enrichment analysis of metabolomics and transcriptomics,

metabolic pathways of DAMs and DEGs were primarily

constructed with reference to KEGG.
3 Results

3.1 Untargeted metabolomic analysis

In this study, a total of 6704 features were acquired for all

samples using MS-DIAL based on UPLC-QTOF-MS/MS. As shown

in Figure 2A, the PCA model was applied for unsupervised analysis

of all samples, including quality controls. The first two principal

components accounted for 63.30% and 9.74% of the variance

among the samples, respectively. The results revealed clear intra-

group clustering, demonstrating strong reproducibility within each

sample group. Additionally, the WCNP and YCNP groups

displayed a higher degree of global similarity to each other. The

clustering of the QC sample further confirmed the robust stability of

instrument throughout the analysis.

Furthermore, supervised OPLS-DA was employed to identify

DAMs between the two groups in both petal or non-petal areas

(see Supplementary Figures S1 and S2). The scatter plots derived

from OPLS-DA revealed clear segregation between each pair of

groups. All pairwise comparisons yielded R2Y and Q2 scores

consistently exceeding 0.9. Additionally, the results of the 999

permutation tests showed that the blue regression line of Q2

intersected the vertical axis below zero, confirming the absence of

overfitting in the original OPLS-DA model. Ultimately, 90 DAMs

(P < 0.05) were characterized, with a higher number identified in

the petals than in the non-petal areas. The qualitative information

of these metabolites, including retention time, actual m/z mass of

the quasi-molecular ion peak, tentative identification, molecular

formula, secondary fragments, and classification details, was

provided in Supplementary Table S1. The FC and VIP values of

DAMs across different comparison groups were listed in

Supplementary Table S2. When comparing various petal groups,

WCP vs. YCP had the fewest number of DAMs, while WCP vs.

GCP had the most (Figure 2B). Meanwhile, WCNP vs. GCNP had

the highest number of DAMs among the various non-petal

groups. As illustrated in Figure 2C, the identified DAMs were

mainly categorized into 6 categories: amino acids, flavonoid

glycosides, flavonoids, lipids, other glycosides, and others.

Among these, flavonoid glycosides, lipids, and flavonoids were

predominantly classified in the petal parts, whereas flavonoid

glycosides and lipids were primarily classified in the non-

petal parts.
3.2 DAMs in CMs with different colors

To elucidate variations in the expression levels of these DAMs

across different morphologies of CM, we conducted a relative
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quantitative analysis of the corresponding groups with the ratio of

peak area between DAMs and internal standards, as shown in

Figure 3. In the petals of CM, the following metabolite changes were

observed: 8 up-regulated and 21 down-regulated in the WCP vs.

YCP, 14 up-regulated and 20 down-regulated in YCP vs. GCP, and

12 up-regulated and 25 down-regulated in WCP vs. GCP. Similarly,

in the non-petals of CM, 16 up-regulated and 6 down-regulated

metabolites were identified in the WCNP vs. YCNP, 5 up-regulated

and 17 down-regulated in YCNP vs. GCNP, and 11 up-regulated

and 16 down-regulated in WCNP vs. GCNP.

As highlighted in Figure 3, most flavonoid glycosides showed

higher concentrations in white CM, both in non-petal and petal

parts. However, within the flavonoids, the petal part of white CM

exhibited lower contents, while the non-petal part showed higher

contents. Additionally, most lipids within DAMs were found at

lower concentrations in both WCP and WCNP compared to the

other two groups. Conversely, in the petals, most lipids were more

abundant in YCP, whereas in the non-petal parts, they were

predominantly higher in GCNP.
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3.3 Transcriptomic analysis

To gain a more comprehensive understanding of the non-petal

and petal parts across different phenotypes, transcriptomic

sequencing and variance analysis of DEGs were employed to

investigate the underlying molecular mechanisms. After data

acquisition and transcript assembly, a total of 231670 raw

sequencing reads were retained. To reduce false positives while

preserving valid data, 181404 reads were selected for further

transcriptomic analysis. The PCA results revealed that both

yellow and gold CM showed similar trends in non-petal and petal

parts compared to white CM (Figure 4A). Moreover, each sample

displayed a distinct clustering pattern within its respective group.

The first two principal components accounted for 23.16% and

13.49% of the total variance among the samples, respectively.

DEGs between the two groups were identified using criteria of a

FC greater than 2 or less than 0.5, and a q-value less than 0.05. As

illustrated in Figure 4B, the comparisons between WCP and GCP,

andWCNP and GCNP, revealed the highest number of DEGs in the
FIGURE 2

(A) Principal component analysis of metabolomic data from petals and non-petals of Chrysanthemum morifolium (CM) in three distinct colors.
(B) Venn diagram of differentially accumulated metabolites across comparative groups. (C) Primary chemical classification of differentially
accumulated metabolites in various comparisons. Non-petal samples from white, yellow, and gold CM were classified as WCNP, YCNP, and GCNP,
respectively, while petal samples from these colors were designated as WCP, YCP, and GCP. “QC” represented the quality control group prepared
from all samples.
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petal and non-petal groups, respectively. Additionally, fewer

transcriptional differences were observed between yellow and

gold CM.

To further illustrate the differences between the groups, a heat

map was generated from the quantitative data of DEGs, as detailed

in Supplementary Figure S3. Statistical analysis of DEG expression

trends between the two groups, presented in Figure 4C, revealed

that most DEGs exhibited a decreasing trend, particularly in

comparisons between WCNP vs. YCNP and WCNP vs. GCNP.
3.4 DEGs in CMs with different colors

To systematically explore the biological functions of DEGs in

petal and non-petal parts across different flower colors, we

performed KEGG pathway enrichment analysis on the DEGs

from each group separately. As shown in Figure 5, the top fifteen

pathways enriched by DEGs in each comparison group were

selected and visualized in a bubble chart.
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These pathways fall into several categories, including cellular

processes, environmental information processing, genetic

information processing, metabolism, and organismal systems, with

metabolism representing the largest portion (78.95%). Within the

metabolism category, pathways related to carbohydrate and lipid

metabolism were the most prevalent. Moreover, the three metabolic

pathways with the highest number of DEGs were phenylpropanoid

biosynthesis, pentose and glucuronate interconversions, and

glycerophospholipid metabolism.
3.5 Integrative analysis of CMs with
different colors based on metabolomics
and transcriptomics

To investigate the genetic regulation of CM flower color, this

study conducted a comprehensive analysis of pathways involving

DEGs and DAMs, building on prior metabolomic and

transcriptomic data. In order to identify pathways representing
FIGURE 3

Heatmaps of differentially accumulated metabolites in petals (A) and non-petals (B) of Chrysanthemum morifolium (CM) across various colors. Non-
petal samples from white, yellow, and gold CM were classified as WCNP, YCNP, and GCNP, respectively, while petal samples from these colors were
designated as WCP, YCP, and GCP. The brown horizontal line in the figure indicated that the compound was not differentially accumulated
metabolite between this group and the other groups.
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both the transcriptome and metabolome, only metabolic pathways

containing at least two DAMs were retained for further analysis,

with DEGs included only if located upstream or downstream of the

DAMs. The KEGG codes and pathways, along with the numbers

and lengths of the DEGs involved in the core pathways, were

displayed in Supplementary Table S3.

As shown in Figure 6, glycerophospholipid metabolism and

glycerolipid metabolism, both primarily involving lipids, were the

primary pathways associated with CM flower color. In petal tissues,

the majority of DEGs in WCP exhibited the lowest expression

compared to other groups, particularly EPT1, DAD1, MGD, and

psd (Figure 6A). However, at the metabolite level, only MGDG,

MGMG, and LysoPC (sn-1) showed reduced levels in WCP.

Additionally, compared to YCP, a greater number of DAMs in

GCP displayed a downward trend, including LysoPC (sn-2), PC, PE,

and LysoPE (sn-2).

Likely, in non-petal tissues, a significant number of DEGs,

including MGLL, EPT1, LPCAT1_2, and DAD1, showed reduced

expression in WCNP (Figure 6B). Unlike the DAMs in petal tissues,

the majority of DAMs in WCNPs exhibited significantly lower

levels, particularly LysoPC (sn-1), LysoPC (sn-2), LysoPA (sn-1),

and LysoPE (sn-2). Moreover, a substantial number of DAMs in

GCP showed an upward trend compared to YCP, which contrasts

with the pattern observed in the petal tissues.
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4 Discussion

This study investigated the impact of three distinct colors

(white, gold, and yellow) on both petal and non-petal tissues of

CM, utilizing an integrated approach combining transcriptomics

and metabolomics to uncover the molecular mechanisms and

metabolic processes associated with CM coloration. At the

metabolic level, 90 DAMs were identified, predominantly

flavonoids, flavonoid glycosides, and lipids. Concurrently, 38

significant metabolic pathways were enriched through

transcriptomics, primarily related to metabolism, which provided

potential mechanistic insights into CM coloration. By integrating

metabolomic and transcriptomic data, we identified two central

pathways—glycerophospholipid metabolism and glycerolipid

metabolism—encompassing various lipid compounds. These

pathways emerged as the primary mechanisms through which

flower color influenced metabolism and gene expression in CM.

As a plant with a rich cultivation history, CM has evolved a

diverse range of flower colors, including white and yellow (Lu et al.,

2021a). Flower color plays a pivotal role in shaping the aesthetic

appeal and market demand for CM (Wan et al., 2024). Prior

research on CM predominantly focused on the differential

analysis of petals with notable color variations (Zou et al., 2021;

Wu et al., 2023). However, our study expanded this scope, showing
FIGURE 4

(A) Principal component analysis of transcription data from petals and non-petals of Chrysanthemum morifolium (CM) in three distinct colors. (B)
Venn diagram of differentially expressed genes across comparative groups. (C) Statistics on the variation trends of differentially expressed genes.
Non-petal samples from white, yellow, and gold CM were classified as WCNP, YCNP, and GCNP, respectively, while petal samples from these colors
were designated as WCP, YCP, and GCP.
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that varietal differences extend beyond petals to non-petal regions

as well. While color variations in non-petal tissues are subtler, our

results clearly demonstrated these differences.

Metabolomics, which studies metabolites as the bridge between

genotype and phenotype, plays a critical role in revealing plant-

environment interactions (Le et al., 2023; Shen et al., 2023). Our

analysis revealed that DAMs in different CM color variants

were mainly flavonoids, their derivatives, and lipids. Flavonoids

and their derivatives are known functional compounds and key

pharmacological constituents of CM (Chen et al., 2023; Wu et al.,

2024). WCP exhibited higher levels of flavonoid glycosylation

compared to YCP and GCP, with a reduction in free flavonoids

and an increase in flavonoid glycosides. The decrease in flavonoids

and increase in glycosylation were consistent with previous research

results on white CM and yellow CM (Ouyang et al., 2022). This is

likely because flavonoids contribute to vibrant coloration, offering

protection against microorganisms and insects (Zhu et al., 2012;

Wan et al., 2019). Lipid components, essential to plant cell

composition, regulate environmental adaptability (Li et al., 2023a;

Sharma et al., 2023). These distinctions were evident not only in

petals but also in non-petal regions, suggesting that flower color

may influence the physiological and functional properties of CM
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beyond the petals. Transcriptomics is a valuable tool in studying the

genetic basis of plant diversity and addressing variations within

species (Tyagi et al., 2022; Li et al., 2023b). Our transcriptomic

analysis indicated that WCP and WCNP tissues exhibited

significant differences from gold and yellow CM, with many

DEGs showing a downward trend. This supported the findings of

our metabolomics analysis.

The integration of transcriptomics and metabolomics provided

a robust approach to identifying key pathways across plant species

(Bai et al., 2021; Yuan et al., 2022). Our findings revealed that a

significant number of DAMs and DEGs were co-enriched within

the glycerophospholipid metabolism pathway, predominantly

involving lipids. Glycerophospholipids, as essential components

of cell membranes, played crucial roles in plant growth,

development, and responses to environmental stimuli (Colin and

Jaillais, 2020). Prior studies have noted significant differences in

lipid composition among color variants, suggesting that lipid

accumulation might play a key role in the coloration process

(Middleton et al., 2020; Huang et al., 2024). Notably, white CM

showed clear differences from yellow and gold CM. Previous

studies have also highlighted significant variations in the lipid

composition of CM across different varieties (Zhou et al., 2022b).
FIGURE 5

Analysis of KEGG pathway enrichment of differentially expressed genes in different comparative groups. Non-petal samples from white, yellow, and
gold CM were classified as WCNP, YCNP, and GCNP, respectively, while petal samples from these colors were designated as WCP, YCP, and GCP.
Only the top fifteen pathways identified through the enrichment of differentially expressed genes between the two groups were shown.
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Our analysis further revealed that the expression levels of most

DAMs and DEGs in white CM were lower than in yellow and gold

CM. This suggests that the yellow and gold coloration of CM was

closely associated with the synthesis of lipid metabolites and the

expression of related genes. The upregulation of genes related to

glycerophospholipid metabolism enhances lipid levels and

increases the plant’s resilience to environmental stress (Liu et al.,

2022). Other studies have shown that environmental changes can

alter glycerophospholipid composition, modulating plant

responses and potentially leading to color variation (Zhou et al.,

2022c; Li et al., 2024). Importantly. phospholipase A1 (DAD1) and

acylglycerol lipase (MGLL) were identified as critical enzymes in

mediating plant responses to both biotic and abiotic stress (Zhang

et al., 2021; Zhao et al., 2024). Additionally, lysophospholipids

accumulate in plants under stress conditions, such as freezing,

injury, and pathogen infection (Hou et al., 2016). Since carotenoids

are synthesized in plant chloroplasts and glycerophospholipid

transport also occurred within these organelles, flower color

might be regulated through this indirect pathway (Vishnevetsky

et al., 1999; Benning, 2008). Therefore, the environmental

adaptability of CM likely regulates metabolites and genes

involved in glycerophospholipid metabolism, leading to color

changes. Furthermore, earlier research indicated that yellow CM

exhibited superior adaptability compared to white CM, further

supporting our findings (Chumber and Jhanji, 2022).
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As early as the Tang Dynasty in China, only yellow varieties of

CM were cultivated (Song et al., 2023). Due to their high

ornamental value, years of cultivation and refinement expanded

their colors to include yellow, gold, white, pink, and more (Su et al.,

2019). Understanding the mechanisms behind this coloration had

proven highly beneficial in enhancing their economic value. If the

identified DAMs and DEGs were validated through further

experimental verification, the expression of plant DEGs could be

modulated by altering environmental conditions, introducing

exogenous stimuli, or applying advanced genetic technologies

based on the results. Relevant literature has reported the

modification of plant color through methods such as

environmental changes, introduction of exogenous interference,

and gene silencing (Li et al., 2022a; Yangyang et al., 2022; Zhou

et al., 2022c). This modulation would then regulate DAM

expression, leading to the desired color. This strategy also

represents a key direction for us to further explore through

experiments in the future. While the most apparent differences in

color lay in the petals, identifying distinctions across the entire

plant, including both petals and non-petal parts, provided deeper

insights into the coloration process. The integration of

transcriptomics and metabolomics in this study allowed us to

reveal how metabolic and genetic pathways affect non-petal

tissues. These findings suggested that metabolic and genetic

changes in response to flower color variation were not limited to
FIGURE 6

(A) Key metabolic pathways in the petals of Chrysanthemum morifolium (CM) across three distinct colors. (B) Key metabolic pathways in the non-
petal tissues of CM from the same three colors. Non-petal samples from white, yellow, and gold CM were classified as WCNP, YCNP, and GCNP,
respectively, while petal samples from these colors were designated as WCP, YCP, and GCP. The data used in the drawing were all converted by
z-score normalization.
frontiersin.org

https://doi.org/10.3389/fpls.2024.1498577
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wei et al. 10.3389/fpls.2024.1498577
petals, where phenotypes varied more, but may also have affected

non-petal tissues. For instance, metabolic pathways involved in

lipid metabolism, such as glycerophospholipid and glycerolipid

biosynthesis, were found to be active in both petals and non-petal

tissues, indicating that flower color regulation not only had a

significant impact on the metabolic processes in petal tissues, but

also on non-petal tissues.
5 Conclusion

This study employed transcriptomic and metabolomic analyses to

elucidate the underlying mechanisms influencing color both in petal and

non-petal tissues of CM. Pairwise comparisons of gene expression and

metabolite levels across different colors revealed that lipids, flavonoids,

and their derivatives were the principal metabolites affected. The

glycerophospholipid metabolism, predominantly composed of lipids,

and its associated gene variations emerged as crucial factors contributing

to color differences in CM. Notably, significant metabolic and genetic

distinctions were observed between white CM and their yellow and gold

counterparts, extending beyond the petals to the non-petal tissues.

Understanding the role of glycerophospholipid metabolism in flower

coloration can provide a scientific basis for developing strategies to

modulate flower color through environmental or genetic interventions.

Furthermore, glycerophospholipids, which play a role in plant stress

response and environmental adaptability, could be leveraged to breed

CM varieties with improved resilience to abiotic stresses, thus

contributing to sustainable cultivation practices. This research

establishes a foundation for further exploration of CM coloration

pathways and provides a scientific basis for quality control, cultivation,

and enhancement strategies for CM.
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Sprayable solutions containing
sticky rice oil droplets reduce
western flower thrips damage
and induce changes in
Chrysanthemum leaf chemistry
Thijs V. Bierman1*, Hocelayne P. Fernandes1,2, Young H. Choi2,
Sumin Seo2, Klaas Vrieling1, Mirka Macel3, Bram Knegt3,
Thomas E. Kodger4, Ralph van Zwieten4,
Peter G. L. Klinkhamer2 and T. Martijn Bezemer1

1Above-Belowground Interactions, Institute of Biology Leiden, Leiden, Netherlands, 2Natural Products
Laboratory, Institute of Biology Leiden, Leiden, Netherlands, 3Weerbare Planten, Aeres University of
Applied Sciences, Almere, Netherlands, 4Physical Chemistry and Soft Matter, Agrotechnology & Food
Sciences Group, Wageningen University & Research, Wageningen, Netherlands
Thrips are one of the most challenging pests in agricultural crops, including

Chrysanthemum. In this study we tested via two plant assays whether solutions

containing sticky rice germ oil (RGO) droplets could effectively trap thrips and

lower thrips damage on Chrysanthemum. In the first assay, we additionally

assessed the metabolomic effects of these RGO droplet sprays and thrips

presence on plant chemistry via 1H NMR and headspace GC-MS on multiple

timepoints to investigate which plant metabolites were affected by spraying and

their potential relation to plant resistance against thrips. In the second assay, we

tested the individual RGO solution constituents against thrips. Our results

suggested that the adhesive RGO droplets were not effective as a physical trap

as only three out of 600 adult thrips were caught at the achieved coverage.

However, average thrips damage was still reduced up to 50% and no negative

effects on plant growth were observed up to 25 days. Results from the second

plant assay indicated that the individual constituents of the solution containing

RGO droplets may have direct effects against thrips. Metabolomics analysis of

sprayed leaves via headspace GC-MS and 1H NMR indicated that fatty acids and

several volatile compounds such as 4(10)-thujene (sabinene), eucalyptol, cis-4-

thujanol, and isocaryophyllene were highest on day 10, while sucrose, malic acid,

o-Cymene, and 3-Methyl-2-butenoic acid were highest on day 25. Plants with

thrips showed higher flavonoid, carbohydrate and glutamine acetic acid levels,

and lower fatty acids and malic acid levels. RGO application increased the levels

of fatty acids and alcohols present on top of and inside the Chrysanthemum

leaves, while decreasing the concentrations of volatile compounds such as

eucalyptol, chrysanthenone and eugenol in the Chrysanthemum leaves. Most

interestingly, the thrips effect on the plant metabolome was no longer visible in

RGO treated plants at the later harvesttime, suggesting that RGO application may
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overrule or prevent the metabolomic effects of thrips infestation. In conclusion,

our study provides new information on how the application of a new plant-based

plant protection product affects insect herbivores and alters crop phytochemistry

for improved herbivore resistance.
KEYWORDS

thrips, Chrysanthemum, integrated pest management, rice oil, metabolomics, GC-MS,
1H NMR
Introduction

Frankliniella occidentalis (Pergande), or western flower thrips, is a

globally occurring pest of many horticultural crops and ornamentals

(Reitz and Funderburk, 2012), including Chrysanthemum

(Chrysanthemum × morifolium). Thrips cause damage directly by

sucking the contents of plant cells, which can lead to stunted growth

and overall reduced biomass, and cause damage indirectly via the

transmission of plant viruses (De Jager et al., 1995). Due to their small

size, thigmotactic behavior, rapid reproduction, and resistance to

pesticides, thrips are a difficult pest to manage (Reitz, 2009). Billions

of dollars’ worth of yield are lost annually to thrips and plant viruses in

the USA alone (Nilon et al., 2021; Reitz et al., 2008). Although chemical

pesticides have been vital to manage thrips and other pests (Reitz and

Funderburk, 2012), their environmental impact and the increasing

ability of pests to resist them has led to the consensus that pesticide use

is unsustainable (Cloyd, 2016). As such, alternative pest control

methods are urgently needed to expand the arsenal that growers use

to control thrips and other pests.

Recently, we introduced a new way to utilize plant-derived oils

for pest control: sprayable solutions containing adhesive droplets

made from oxidized plant oils for trapping small arthropods

(Bierman et al., 2024; van Zwieten et al., 2024). These sticky

droplets can be made from different oils, including rice germ oil

(RGO) which is often seen as a waste material. By spraying plants

with sticky oil droplets, we may provide them with a mechanical

defensive function, similar to how glandular trichomes that secrete

sticky substances help to protect a large variety of vascular plants

against herbivore attackers (LoPresti et al., 2015). So far, we only

tested in Petri-dish assays if the sticky droplets could catch thrips

and reduce their damage. In this study, we took the next logical step

and investigated whether spraying Chrysanthemum plants with the

sticky rice germ oil droplets could be an effective way to trap thrips

and reduce thrips damage to full plants.

In addition to acting against pests directly, the application of

plant-derived oils may affect the physiology of the plants that are

sprayed. Plant-derived oils can cause phytotoxic responses, can

affect plant growth, nutrient content, expression of plant

compounds that are toxic to herbivores, and can induce the

emission of herbivore repellent or predator attractive volatiles (De

Almeida et al., 2010; Kesraoui et al., 2022; Verdeguer et al., 2020).
02143
The precise effects of plant-derived oils on plant physiology may

depend on several factors, including the type of compound, its dose,

the time after application, and the physiological age of the plant

(Leiss et al., 2011; Razzaq et al., 2019).

Herbivores, including thrips, can also affect plant physiology, for

example via the induction of chemical plant defense pathways such as

the jasmonic acid and salicylic acid pathways (Escobar-Bravo et al.,

2017). Metabolites induced by these pathways may be toxic or repellent

to herbivores, or attract herbivore predators, which both may affect the

feeding behavior and fitness of the herbivores (Dicke and Baldwin,

2010; Kessler and Baldwin, 2002; Walling, 2000). Combined with

resistance screening, metabolomics approaches (advanced chemical

profiling techniques) provide a useful tool to understand the

relationship between plant chemistry and insect performance (Kim

et al., 2011). For example, Mežaka et al. (2023) used GC-MS to

investigate the phytotoxic effects of aqueous extracts of Carum carvi

(caraway) seed distillation by-products and found that application of

these compounds decreased certain green-leaf volatiles emitted by

Cucumis sativus (cucumber) up to ten days after application. Using

UHPLC-MS, Macel et al. (2019) found that monomeric and dimeric

acyclic diterpene glycosides were linked to thrips resistance in

Capsicum spp. (pepper). Leiss et al. (2009b) identified the

phenylpropanoids chlorogenic acid and feruloylquinic acid as a

thrips resistance factor in Chrysanthemum leaves via 1H NMR.

For many crops, it is still unknown which metabolites are related

to increased herbivore resistance and in what way the application of

pest control products and the presence of pests may interact to alter

the concentrations of these metabolites over time. Therefore, in

addition to assessing direct effects on thrips, we also investigated

the effects of the application of our solutions containing sticky

droplets on the plant metabolome, both in absence and presence of

thrips at multiple timepoints. Two full-plant assays were performed

with Chrysanthemum where plants were sprayed with solutions

containing adhesive droplets or other control solutions and infested

with thrips or not. In the first assay, thrips damage and plant growth

were measured after ten and twenty-five days. The metabolomes of

RGO sprayed plants and of control plants (sprayed with water) were

analyzed using 1H NMR and headspace GC-MS. In the second assay

measurements were done after twenty-five days and all plants were

infested with thrips. Our main research questions were: (1) Do

solutions that contain adhesive droplets made from plant-based oils
frontiersin.org
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that are sprayed on plants catch thrips and reduce thrips damage? (2)

Does spraying of solutions containing sticky oil droplets affect plant

growth? (3) In what way do the solutions containing sticky droplets

affect the metabolome of Chrysanthemum and (4) Are there

interactions between RGO spraying, harvesttime, and thrips

presence to shape the plant metabolome? Before new crop

protection products are applied on a large scale, knowledge on

their effects on target pests, plant growth, and plant chemistry are

essential to understand their mode of action and infer whether these

products are suitable for commercial use.
Materials and methods

RGO solution

A sprayable solution containing adhesive RGO droplets was

produced at Wageningen University & Research as described by van

Zwieten et al. (2024). The solution contained 95.75 wt% tap water,

1.25 wt% oxidized RGO (type: R360) droplets, 1 wt% F-108

(a surfactant), and 2 wt% alginate. This RGO solution and a

water control were tested in plant assay 1. The RGO solution and

four control solutions: a 1% F-108 solution, 2% alginate solution,

and a solution containing both 1% F-108 and 2% alginate, and a

water control, were tested in plant assay 2.
Insects

A colony of Frankliniella occidentalis (obtained from a greenhouse

in the Netherlands) was maintained in plastic cages (60×60×40 cm) at

Leiden University for over 15 years onChrysanthemum cut flowers (cv.

Baltica Yellow) as described by Bierman et al. (2024). Climate room

conditions were 25°C, 60% RH (70% inside cages) and 16-8 light-dark

photoperiod (fluorescent TL-light).
Plants and growth conditions

Ten-day old Chrysanthemum × morifolium (cv. Baltica White)

cuttings, rooted in small peat blocks (source: Deliflor B.V.,

Maasdijk, The Netherlands) were transplanted to 2.2 liter plastic

pots filled with a mixture of 3:1 (v/v) autoclaved potting soil to

vermiculite, with 2.5 g/l osmocote fertilizer pellets. Plants were

grown in a climate room at 25°C day, 23°C night temperature, 70%

RH and a 8-16 light-dark photoperiod (6:00am-10:00pm,

fluorescent TL-light, 15,340 lm m-2). When plants were 25 days

old, plant assays were performed at Leiden University under the

same climate conditions as during the plant growth phase.
Plant assay 1

Eighty Chrysanthemum plants of similar size (25 days old, 10

unfolded leaves, 14.3 cm [SD: 0.99] shoot length) were selected and

divided into eight groups of ten plants. 40 plants were sprayed with 10
Frontiers in Plant Science 03144
ml water per plant and 40 plants were sprayed with 10 ml solution

containing RGO droplets using a paint spray gun (Einhell, Art. No.

41.330.00). Spraying was done from 20 cm above each plant under 1.4

bar airflow pressure. The spray pattern control valve was opened a

quarter rotation. The flow control valve was opened two full rotations.

Plant coverage was estimated from pictures of several leaves of five

randomly chosen plants using ImageJ-Fiji V2.9.0 by counting adhesive

droplets and by estimating the percentage leaf area covered

(Supplementary Figure S1). After 30 minutes of drying, plants were

placed on felt circles located on plastic dishes (25cm diameter) and

covered with thrips-proof cages made of transparent plastic cylinders

(50 cm height, 22.5 cm diameter) that were closed off at the top with

lids made of plastic rings with 120 mm thrips-proof nylon mesh (Leiss

et al., 2009a). Felt circles were kept moist during the experiment to

water the plants and to prevent thrips from escaping. Per spray

treatment, 20 plants were infested with 20 female adult F.

occidentalis at the base of each plant. One group of ten plants of

each combination of spray treatment and thrips was harvested after 10

days, the other ten plants after 25 days. The cages with plants were

placed in the climate room in ten blocks containing one plant of each

treatment and harvesttime (Supplementary Figures S2A, B).

At harvest, the number of thrips caught in adhesive droplets, total

thrips damage and necrosis damage (brown spots) on all leaves were

scored in mm2 and the shoot length (cm) and number of leaves were

recorded. Then, for each plant a stack of sprayed leaves, leaf number 2

to 9 (counted from the bottom and up) was sampled in aluminum

foil, flash frozen between 7 to 9 pm and stored at -80°C until freeze

drying. After freeze drying, samples were ground into a fine powder

using 2 ml Eppendorf tubes with 5 tiny iron balls and a Tissuelizer II

Bead Mill (Qiagen, Hilden, Germany). The leaf powder would be

used for 1H NMR and headspace (HS)- GC-MS analysis. The

remainder of the shoot of each plant was oven-dried at 60°C to

obtain the dry weight (g).
Plant assay 2

Five groups of ten plants (25 days old, 11 [SD: 0.83] unfolded

leaves, 15.5 cm [SD: 1.57] shoot length) were sprayed with 10 ml of one

of five treatments: (1) water, (2) 1% F-108 solution, (3) 2% alginate

solution, (4) 1% F-108 + 2% alginate solution, or (5) the full solution

containing adhesive RGO droplets. Coverage (no. droplets and % leaf

area covered) was estimated as before. Each plant was placed in a thrips

cage, infested with 20 female adult thrips, and placed in the climate

room in ten blocks with one plant per treatment. After 25 days, the

number of thrips caught in adhesive droplets, total thrips damage (both

on the adaxial and abaxial leaf side) (Supplementary Figures S3A, B)

and necrosis damage (adaxial and abaxial), shoot length, number of

leaves, and shoot total dry weight were recorded.
Analysis of plant growth and
thrips performance

RStudio (v. 4.3.1) was used for data analysis. p values < 0.05

were considered significant. Assumptions for normality and
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homogeneity of variance were tested using Shapiro-Wilk tests and

Levene’s tests. For plant assay 1: Total thrips damage was ln-

transformed to meet normality assumptions, and a two-way

ANOVA was used with spraying treatment and harvesttime as

factors. Shoot length and dry weight were analyzed using three-way

ANOVAs with spraying treatment, thrips presence (thrips or no

thrips) and harvesttime as factors. Significant interactions of two-

way and three-way ANOVAs were followed by simple effects

analysis via pairwise comparison of marginal means, corrected for

family wise error using Bonferroni adjustment. For plant assay 2,

total thrips damage, the proportion of total adaxial leaf damage to

total leaf damage per plant, shoot length, and shoot dry weight were

analyzed using one-way ANOVAs, followed by pairwise

comparison using Tukey tests.
1H NMR analysis

The samples were prepared for 1H NMR analysis following the

protocol described by Kim et al. (2010) with some modifications as

follows. Per sample (five replicates), thirty mg of freeze-dried and

ground leaf material was extracted by 15 minutes of ultrasonication

in 1 ml of CD3OD-KH2PO4 buffer in D2O (pH 6.0, 1:1, v/v)

containing 0.29 mM TMSP-d4) as an internal standard. The

resulting extracts were centrifuged at 13,000 rpm and 300 μl of

the supernatant was transferred to 3 mm NMR tubes. 1H NMR

measurements were performed on a Bruker Avance-III 600 MHz

standard bore liquid-state NMR spectrometer with operating

frequency of 1H resonating at 600.13 MHz. A cryoprobe of type

TCI H&F/C/N-D with Z gradient was used. The temperature was

kept constant at 298 K. For internal locking, CD3OD was used. For

each proton measurement, a 30-degree pulse of 2.64 msec at 5.5 W

power with a fid resolution of 0.36 Hz, 64 scans with a relaxation

delay of 1.5 secs, and acquisition time of 2.7 sec, in total taking 5

min to complete the measurement. The water signal was suppressed

using a pre-saturation method and low-power selective irradiation

at 0.3 Hz H2O at 4.87 ppm. Time domain data was transformed to

the frequency domain by Fourier transformation with a window

function of exponential function and a line broadening parameter

set to 0.3 Hz for smoothening. The generated spectrums were

manually phased, baseline corrected and calibrated to TMSP-d4 at

0.00 ppm or HMDSO at 0.06 ppm using TOPSPIN V. 3.2 software

(Bruker). The NMR spectra were bucketed using AMIX 3.9.12

(Bruker Biospin GmbH Rheinstetten, Germany). The bucketed

data was obtained by integration of the spectra at 0.04 ppm

intervals. The peak intensity of individual peaks was scaled to the

total intensity recorded from d 0.30 to d 10.02. Due to the residual

signals of HMDSO and CH3OH-d4, the regions d 4.7 – d 5.0 and d
3.28 – d 3.34 were excluded from the analysis.
Headspace GC-MS analysis

Headspace-GC-MS measurements (five replicates) were

performed using a 7890A gas chromatograph equipped with a 7693

automatic sampler and a 5975C single-quadrupole mass detector
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(Agilent, Folsom, CA, USA). Volatile compounds were separated on a

DB-5 column: 30 m × 0.25 mm, 0.25 mm film (J&W Scientific,

Folsom, CS, USA), using helium (99.9% purity) as a carrier gas at a

flow rate of 1.6 ml/min. Freeze-dried, ground and homogenized leaf

material (100 mg per sample) was placed into 20 ml glass headspace

vials. Each vial was incubated at 100°C for 30 minutes, then 500 μl

headspace was sampled and injected (split mode 5:1, 8 ml/min flow)

into the gas chromatograph. The oven temperature was programmed

starting at 70°C, held for 1 minute, then increased at 3°C/min to

100°C, re-increased to 220°C at 7°C/min, and finally increased at

14°C/min to 300°C, held for 3 min. The ionization energy in EI mode

was 70 eV, and the mass scan range was set to 50-550 m/z. Tridecane

(500 ng/ml) was used as an internal standard. The obtained HS-GC-

MS data files of the samples were converted to.mzml format using the

MSConvert tool from the Proteowizard software suite. The auto-

deconvolution of GC-MS data and multivariate analysis were

executed according to the workflow outlined by the Global Natural

Product Social Molecular Networking (GNPS) platform (Global

Natural Product Social Molecular Networking, 2024). The detected

peaks were identified by comparison of their retention times and ion

spectra with those listed in Atomic Spectra Database, NIST 14

(libscore cutoff value of 70). The data was then processed using

MassHunter (B.07, Agilent). The obtained GC-MS data were

processed by GNPS.
Multivariate data analysis of HS-GC-MS
and 1H NMR data

Principal component analysis (PCA) and orthogonal projection

to latent structures discriminant analysis (OPLS-DA) were performed

using SIMCA P (version 18.1, Sartorius). PCA was used to analyze

the inherent variation within the datasets, with all data subjected to

Pareto-scaling. OPLS-DA models were then used to assess variation

in metabolite profiles between spray treatments and to discern

distinct chemical compounds. The quality of the OPLS-DA models

was estimated by R2X and Q2 values. Q2 values were obtained from

permutation tests (100 permutations). R2X indicated the model’s

fitness and was defined as the proportional variance, whereas Q2 was

defined as the predictable variance (Villa-Ruano et al., 2019). S-plots

were used to identify possible biomarkers.
Results

Effect of RGO application on thrips
performance and plant growth over time

Plant assay 1: RGO sprayed plants showed lower mean thrips

damage than water sprayed plants, both after ten days (F1, 36 =

11.97, p < 0.01) and 25 days (F1, 36 = 49.12, p < 0.01; Figure 1A).

Furthermore, thrips damage on water sprayed plants increased

faster over time than on RGO sprayed plants (F1, 36 = 6.30, p =

0.02). However, only one adult thrips was observed to be stuck in an

adhesive droplet. Coverage with adhesive droplets was also rather

low with on average 159 (SD: 13) droplets per leaf (108 with area
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0.1-0.5 mm2, 44 of 0.5-1 mm2, 7 of 1 mm2 or above) or 1.74% (SD:

0.1) of the total leaf area. The leaf surface also shimmered slightly

and small white flakes were visible, indicating that some of the other

compounds in the sprayable solution were also present on the leaf

surface (Supplementary Figures S4A, B). Observation via a

binocular confirmed droplets of presumably less oxidized rice

germ oil were also present in the sprayable RGO solutions, likely

being responsible for the shimmer (Supplementary Figures S5A, B).

As expected, shoot length (Supplementary Figure S6) was higher

on day 25 than on day 10 (F1, 72 = 1601.64, p < 0.01). Spray treatment

did not affect mean shoot length (F1, 72 = 2.26, p = 0.14). In general,

plants with thrips had a lower shoot length (F1, 72 = 44.67, p < 0.01) and

thrips presence reduced shoot length more on day 25 than on day 10

(thrips × day interaction: F1, 72 = 9.60, p < 0.01). Other two-way

interactions and three-way interactions were not significant for shoot

length. Dry weight (Figure 1B) was also higher for plants on day 25

than on day 10 (F1, 72 = 1266.26, p < 0.01). However, significant

interactions were detected between thrips presence and harvesttime

(F1, 72 = 10.74, p < 0.01) and between spray treatment and harvesttime

(F1, 72 = 4.09, p = 0.047). Pairwise comparisons of marginal means

indicated that, only for day 25, for plants infested with thrips, dry

weight was less in water-treated plants compared to plants treated with

solution containing RGO droplets (F1, 72 = 17.77, p < 0.01). For plants

without thrips, no difference in treatments was visible on day 25 (F1, 72
= 0.42, p = 0.52) and the dry weight of these plants was similar to that

of plants treated with RGO solution and infested with thrips.

Plant assay 2: Only two thrips were found stuck in adhesive

droplets. Coverage with adhesive droplets was estimated at around

199 (SD: 15) droplets per leaf (141 with area 0.1-0.5 mm2, 46 of 0.5-1

mm2, 12 of 1 mm2 or above) or 3.3% (SD: 0.2) of the total leaf area.

Thrips damage was higher in the water treatment than in all other

treatments (F4, 45 = 12.23, p < 0.01; Figure 1C). The proportion of

adaxial to total damage was highest in the water treatment,

intermediate in the F-108, alginate and F-108 + alginate treatments,

and lowest in the RGO treatment (F4, 45 = 9.95, p < 0.01; Figure 1D).
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No differences in mean shoot length (F4, 45 = 0.66, p = 0.62,

Supplementary Figure S7A) or shoot dry weight (F4, 45 = 1.10,

p = 0.37, Supplementary Figure S7B) were found between treatments.
Effect of RGO droplets, harvesttime, and
thrips on the metabolome of
Chrysanthemum leaves as detected by
1H NMR

In this study, we used ¹H NMR to examine the metabolite profiles

of Chrysanthemum leaves of RGO sprayed and control plants. As

shown in Supplementary Figure S8, major detected compounds

included flavonoids (such as apigenin glycosides, 5’,7’,3’,4’-

tetrahydroxy flavanone glycosides, epi- or gallocatechin gallate),

carbohydrates (glucose, fructose, stachyose, and sucrose), organic

acids (including formic-, fumaric-, malic-, and acetic acid), amines

(choline, betaine), amino acids (alanine, glutamine), triterpenoids,

and steroids.

After initial visual inspection of the ¹H NMR spectra, multivariate

data analysis was conducted. The spectra were binned at intervals of

0.04 ppm, yielding 243 variables. Principal component analysis (PCA)

was initially applied to the binned data to assess the primary factors

influencing the Chrysanthemum leaf metabolome. As depicted in

Figure 2A, the rice germ oil (RGO) treatment had the most

significant impact on the metabolome, while other factors, such as

harvesttime (10 vs. 25 days) and thrips infestation, were less prominent

in the major principal components (PC1 and PC2).

To further investigate these minor factors, orthogonal partial least

squares-discriminant analysis (OPLS-DA) was applied. The data were

classified into three groups: (1) water vs. RGO treatment (Figure 2B),

(2) control vs. thrips infestation (Figure 2C), and (3) harvesttime (10 vs.

25 days) (Figure 2D). The OPLS-DA results confirmed that the RGO

treatment had a distinct impact on the metabolome, with a high Q²

value of 0.97, while harvesttime also had a significant effect (Q² = 0.45).
FIGURE 1

Plant assay 1 (n = 10): mean (± 1SE) total thrips damage (mm2) per plant (A), and mean shoot dry weight (g) (B) of Chrysanthemum plants sprayed with water
or solution containing adhesive RGO droplets. Plants were harvested after 10 or 25 days and were infested with thrips or not infested. Plant assay 2: mean
(± 1SE) total thrips damage (mm2) (C), and proportion of adaxial leaf damage to total leaf damage (D) after 25 days with thrips on leaves of Chrysanthemum
plants sprayed with: water, 1% F-108 solution, 2% alginate solution, 1% F-108 + 2% alginate (F108 + Alg) solution, or an F-108 + alginate solution containing
adhesive RGO droplets (RGO). Different letters indicate significant differences at p < 0.05 between treatment groups as found by two-way ANOVA (for A),
three-way ANOVA (for B), both followed by comparison of marginal means or one-way ANOVAs followed by Tukey tests (for C, D).
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In contrast, thrips infestation showed only a marginal separation with a

Q² value of 0.30 (Figure 2C).

To identify the specific metabolic changes associated with each

factor, S-plots from the OPLS-DA models were examined (Figure 3).

The RGO treatment was associated with higher levels of sugar

alcohols assumed by the increase signal in the range of d 3.5 – 3.7

and oxygenated fatty alcohols and acids likely present on top or inside

of the leaves (Figure 3A). Thrips infestation led to increased levels of

flavonoids, sucrose, glucose, glutamine, and acetic acid, but decreased

levels of fatty acids and malic acid (Figure 3B). Regarding the

harvesttime, older leaves (25 days) exhibited higher levels of

sucrose and malic acid, while fatty acid levels were lower (Figure 3C).

Finally, to assess the potential interactions between RGO treatment

and other factors, separate OPLS-DA models were constructed for

water-treated and RGO-treated samples (Supplementary Figure S9). In

RGO-treated leaves, the separation by harvesttime was more

pronounced, while the effect of thrips infestation on the metabolome

was reduced with a Q2 value of 0.14 (Supplementary Figure S9).
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Effect of RGO droplets, harvesttime, and
thrips on the volatile headspace of
Chrysanthemum leaves as detected by
headspace GC-MS

The use of ¹H NMR with CD3OD-KH
2PO4 buffer extraction

effectively identified a variety of metabolite groups influenced by

different factors. However, some volatile compounds were not

detected. To address this, headspace GC-MS was applied to the

same set of Chrysanthemum leaves. A typical headspace GC-MS

chromatogram is shown in Supplementary Figure 10. The resulting

data, processed through GNPS for multivariate analysis, yielded 853

variables. The separation between groups in the GC-MS data

(Figures 4A–C) was consistent with the results from ¹H NMR

analysis. A notable difference, however, was that in the GC-MS

analysis, the primary factor influencing the metabolome was

harvesttime, whereas in ¹H NMR, RGO treatment was the

dominant factor. Both methods revealed that thrips infestation
FIGURE 2

Score plots of principal component analysis (PCA, n = 10) (A), and orthogonal partial least squares discriminant analysis (OPLS-DA) obtained from 1H
NMR data using two classes of: RGO and water treated (B), control and thrips treated (C), and two different harvesting days after treatment (10 and
25 days after treatment) (D) of Chrysanthemum leaves. For each of OPLS-DA, Q2 values are depicted for each score plot.
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had only a marginal impact, with a Q² value of less than

0.30 (Figure 4B).

Further analysis of the GC-MS data using S-plots of OPLS-DA

allowed for the identification of characteristic metabolites

associated with each factor. RGO treated leaf samples were

generally found to have higher levels of octanal (most likely a

component of the RGO) and lower levels of eucalyptol,

chrysanthenone, and eugenol than those in water sprayed leaves.

In terms of harvesttime, samples collected 10 days post-treatment

exhibited higher levels of compounds such as 4(10)-thujene, cis-4-

thujanol, eucalyptol, and isocaryophyllene, whereas samples

collected after 25 days showed elevated levels of o-Cymene and 3-

Methyl-2-butenoic acid.

Additional OPLS-DA analysis of GC-MS data, conducted

separately for water- and RGO-treated samples, aimed to explore

the relationship between RGO treatment, thrips infestation, and

harvesttime (Figures 4D, E; Supplementary Figure 11). Similar to

the ¹H NMR findings, RGO-treated Chrysanthemum leaves

exhibited reduced differences between control and thrips-infested

samples. The Q² value for control and thrips-infested RGO-treated

samples was 0.30, compared to 0.79 in water-treated samples. The

lower Q² value in the RGO-treated samples may indicate that the

separation between control and thrips-infested samples diminishes

over time, particularly after 25 days. This suggests that the RGO

treatment becomes more effective later, around 25 days post-

treatment (Figure 4D).
Discussion

Natural materials hold a currently underutilized potential for

use in crop protection. In previous work (Bierman et al., 2024), we

showed that adhesive droplets made from oxidized rice germ oil

(RGO) or other plant oils can catch western flower thrips and that

the application of solutions containing these droplets may lead to

lower damage and reproduction on detached Chrysanthemum

leaves. In this study, we performed two full-plant assays to

further investigate the effectiveness of the solutions containing
Frontiers in Plant Science 07148
RGO droplets to trap thrips and prevent thrips damage.

Furthermore, we used 1H NMR and headspace GC-MS to study

the effects of the RGO sprays on plant growth and the plant

metabolome in presence and absence of thrips at different

timepoints and tested the effects on thrips of the individual RGO

constituents. The results of our study provide new insights into how

plant-derived oils can be used directly for pest control, their effects

on the metabolite content of plants, and how such metabolomic

changes relate to levels of herbivory by thrips.

In nature, adhesive trichomes provide plants with a form of

physical and chemical defense against herbivores and other insects

(LoPresti et al., 2015). In line with our expectations, we were able to

catch some thrips on plants covered with adhesive droplets, however,

the number of caught thrips (three out of 600 adults that were

released in RGO treatments) was very low, suggesting that the current

RGO droplets are not effective for trapping thrips. Several factors in

our experiment may explain these low thrips catch rates: the low

density of 20 thrips per plant, a low coverage with (sufficiently sized)

sticky droplets which were also only sprayed on the upper side of

leaves, a potential decrease in adhesion of the RGO droplets over

time, the ability of thrips to hide and feed on unsprayed and newly

grown plant parts, and the potential ability of thrips to easily escape

from the adhesive droplets once caught. Subsequent experiments

with increased density of droplets on the plant, e.g., via increasing the

concentration of droplets in the sprayable solutions or by performing

multiple coatings with higher thrips densities and measurements at

specific time intervals, are needed to determine to what extent a

higher coverage of the droplets improves catch rate and for how long

droplets remain effective. Since thrips may be repelled or attracted by

plant-derived oils and their individual constituents (Koschier, 2008),

experiments focusing on investigation of thrips behavior in the

presence of the adhesive RGO droplets and their released volatiles

may provide further insights into whether thrips actively avoid the

droplets and to what extent volatile cues play a role in the

trapping process.

Despite the low number of thrips caught, observed thrips

damage was up to 50% lower and plant biomass loss was better

prevented in plants sprayed with RGO solutions than in plants
FIGURE 3

S-plots of orthogonal partial least squares discriminant analysis (OPLS-DA, n = 10) obtained from 1H NMR data using two classes of RGO and water
treated (A), control and thrips treated (B), and two different harvesting days after treatment (10 and 25 days after treatment) (C) of Chrysanthemum
leaves. Potential biomarkers are indicated with an oval outline and descriptive text.
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sprayed with water. The observed reduction in thrips performance

suggests that, instead of the adhesive droplets acting as a physical

trap, other mechanisms were likely involved, e.g., repellent or toxic

effects of the droplets or other compounds in the sprayable solution,

or chemical alterations in the plant or its surrounding headspace.

Results from plant assay 2 support this hypothesis as the application

of 1% F-108, 2% alginate, and F-108 + alginate solutions, and the

full RGO sample were all found to reduce thrips feeding and cause a

shift in feeding preference to the underside of the leaf. Results from

prior leaf assays (Bierman et al., 2024) and earlier studies on effects

of F-108 (Affeld et al., 2004), alginate (Saberi Riseh et al., 2022), rice

germ oil (Rajput et al., 2017), and other plant-derived oils

(Koschier, 2008) against arthropods also provide support that

compounds in the spraying solution may have acted against thrips.

Upon stress, herbivore attack, or the application of natural

compounds, plants commonly synthesize or release chemicals that

may help to defend the plant (Kesraoui et al., 2022). The 1H NMR

and HS-GC-MS analyses performed on the leaf material of plant

assay 1 were a valuable approach to further investigate the effects of
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RGO application on the plant metabolome and headspace in relation

to thrips performance over time. Many of the major 1H NMR and

HS-GC-MS detected signals correspond to compounds such as

flavonoids, carbohydrates, organic acids, amines, amino acids,

triterpenoids, and steroids, which are commonly found in different

Chrysanthemum cultivars and related species (Chae, 2016; Jiang et al.,

2021; Kumar et al., 2005). The PCA and OPLS-DA plots showed clear

effects on plant metabolism of RGO application, harvesttime, and to

some extent thrips presence. RGO application increased hydroxy

fatty acids and alcohols, while volatile compounds such as eucalyptol,

chrysanthenone, and eugenol were decreased. Thrips presence was

associated with increased flavonoid, carbohydrate, glutamine acetic

acid levels, and lower fatty acids and malic acid levels. Sucrose, malic

acid, o-Cymene, and 3-Methyl-2-butenoic acid, were highest after

25 days, while fatty acids and several volatile compounds such as

4(10)-thujene (sabinene), eucalyptol, cis-4-thujanol (an alcohol), and

isocaryophyllene were highest after 10 days.

While the effect of harvesttime on metabolome content stayed

consistent regardless of RGO application, more in depth analysis
FIGURE 4

Orthogonal partial least squares discriminant analysis (OPLS-DA, n = 20) score plots obtained from headspace GC-MS data using two classes of
RGO and water treated (A), control and thrips treated (B), and two different harvesting days after treatment (10 and 25 days after treatment) (C) of
Chrysanthemum leaves. Additional OPLS-DA, n =10) analysis of the thrips factor for plants sprayed treated with water (D) and RGO (E), separately.
Numbers are used to indicate the harvesttime.
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revealed that the thrips effect was more pronounced in water-treated

plants than in RGO-treated plants. In the plants sprayed with RGO

there was a considerable overlap in the multivariate plots at 25 days

post infestation. A first explanation for this overlap may be that the

RGO application induced a more general stress response that was

unaffected by further stress from thrips as indicated by the increased

levels of fatty acids, which are known to play a key role in general plant

defense (He and Ding, 2020). A second explanation may be that the

effect of thrips on RGO-treated plants diminished over time, perhaps as

a result of decreased feeding which is known to be a factor in the

severity of plant chemical responses to herbivores (Pan et al., 2021).

The altered concentrations of several of the compounds found on

or inside the leaves of RGO-and water-sprayed plants and how the

levels of these compounds changed over time and in presence of

thrips, raises the question about their role in plant defense against

arthropod pests. Flavonoids, such as kaempferol glucoside, are known

to confer resistance to herbivory (Bennett and Wallsgrove, 1994;

Chen et al., 2020; Leiss et al., 2009a). Carbohydrates have been

reported to play a role in plant defenses as signaling molecules

(Trouvelot et al., 2014) or as carbon resources for the sequestration

of phenolic compounds (Arnold et al., 2004). Although some

carbohydrates are used by herbivores for their own nutrition

(Roeder and Behmer, 2014), an increase in general carbohydrate

content may have deterred herbivory of thrips. Acetic acid has been

shown to be involved in the jasmonic acid pathway and its

application may induce plant herbivore and abiotic stress tolerance

(Chen et al., 2019; Rahman et al., 2024). Fatty acids and malic acids

have also been found in earlier work to be indicators of F. occidentalis

resistance in tomato (Mirnezhad et al., 2010). Eucalyptol (1,8-

cineole), a monoterpene, is a major constituent of Chrysanthemum

(Chae, 2016) and is also found in eucalyptus tree leaves and other

plant species like Rosmarinus officinalis (Koschier et al., 2002) or

Lavandula latifolia (Erland et al., 2015). Eucalyptol has been found to

have toxic activity against several arthropods such as the red flour

beetle (Tripathi et al., 2001), house fly (Rice and Coats, 1994; Kumar

et al., 2013), lesser grain borer (Ebadollahi et al., 2022), Thrips palmi

(Kim et al., 2015) and F. occidentalis (Gharbi and Tay, 2022),

although reports have also been made of 1,8-cineole acting as an

attractant for F. occidentalis (Chermenskaya et al., 2001;

Katerinopoulos et al., 2005; Koschier et al., 2000) and being

negatively correlated with F. occidentalis mortality (Durr et al.,

2022). Chrysanthenone, another major volatile constituent of

Chrysanthemum (Chae, 2016), is suggested to have broader

insecticidal activity (Kherroubi et al., 2021; Negahban et al., 2007).

Eugenol, a fenylpropanoid, was found to attract F. occidentalis

(Koschier et al., 2000), while also being an oviposition and feeding

deterrent for Thrips tabaci (Riefler and Koschier, 2009) and deterrent

of other insects such as mosquitoes (Nerio et al., 2010). a-Thujene
(a monoterpene), of which 4(10)thujene (sabinene) and b-thujene are
isomers, g-terpinene, an isomer of b-terpinene, terpinolene, and
d-cadinene (a sesquiterpene) have all been found to be correlated

with increased mortality of F. occidentalis (Durr et al., 2022).

(E)-b-caryophyllene (an isomer of isocaryophyllene) is well known

from studies in maize to be involved in resistance against some

herbivore species, or as an attractant for other herbivores, nematodes,
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and for predatory insects (Degenhardt, 2009). The fact that we found

decreased levels of eucalyptol, chrysanthenone, and eugenol in the

leaves of RGO sprayed plants, and the fact that these compounds can

be attractive to F. occidentalis seems to suggest that eucalyptol,

chrysanthenone and eugenol are not the main drivers for

conveying resistance to F. occidentalis. Instead, non-volatile

constituents such as the presence of fatty acids on the leaves,

carbohydrate content, malic acid, flavonoids and others may have

contributed to the observed decrease in thrips damage. Further

studies into the pathways and herbivore-antagonistic properties of

the detected (volatile) compounds will be needed to gain deeper

insight in their role in plant defense and to assess their potential for

use in integrated pest management.
Conclusion

New natural materials are being discovered and implemented in

crop protection at a fast pace to replace synthetic pesticides. In this

paper, we investigated whether sprayable solutions containing sticky

droplets made from rice germ oil could be used for physical trapping of

small arthropods such as thrips on plant surfaces and to what extent

plant metabolomic changes induced by application of such oils may be

related to increased crop resilience against thrips. While the solutions

containing adhesive droplets did not act as an efficient trap, their

application did reduce thrips damage substantially and caused altered

levels of some metabolites such as flavonoids that are generally

considered to be related to herbivore resistance. However, before

spraying of solutions with sticky oil droplets is broadly implemented,

further trials will first be needed to properly assess the droplet densities

needed where spraying plants with solutions with adhesive droplets

provides a reliable advantage, whether the droplets are compatible with

natural enemies and pollinators, and to what extent their application

affects photosynthesis, plant respiration and long-term growth, all of

which may ultimately affect yield. The successful implementation of

sprayable sticky plant oil droplets for arthropod trapping on crops will

furthermore depend on the opinions of farmers and consumers about

this method. Finally, NMR and GC-MS proved to be valuable tools in

this study and will likely continue to prove their usefulness in the

coming decades as a way to advance our knowledge of plant-insect

interactions and to allow for this knowledge to be applied in agriculture

e.g., via priming of plant defenses or breeding for arthropod resistance.
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Transcriptional and metabolic
analysis of oleic acid synthesis
in seedless and tenera
oil palm species
Wen Xu1,2, Jerome Jeyakumar John Martin2, Xinyu Li2,
Xiaoyu Liu2, Shunghong Cheng1* and Hongxing Cao2*

1College of Tropical Crops, Department of Forestry, Yunnan Agricultural University, Pu’er, China,
2Coconut Research Institute, Chinese Academy of Tropical Agricultural Sciences, Wenchang National
Key Laboratory for Tropical Crop Breeding, Haikou, Wenchang, China
The oil palm (Elaeis guineensis Jacq.) is a perennial oilseed crop whose mesocarp

produces palm oil rich in the unsaturated fatty acid oleic acid, known for its

oxidative stability and cardiovascular health benefits. However, the regulatory

mechanisms and pathways responsible for variations in oleic acid biosynthesis

during fruit development remain inadequately elucidated. The study examined

the mesocarp of oil palm fruits from three developmental stages in seedless and

Tenera varieties to evaluate oleic acid content. Fruits from Seedless (MS) and

Tenera (MT) oil palms, pollinated for 95 days (MS1 and MT1), 125 days (MS2 and

MT2), and 185 days (MS3 and MT3), were analyzed using metabolomics via liquid

chromatography-tandem mass spectrometry (LC-MS/MS). RNA sequencing was

conducted to profile gene expression associated to oleic acid biosynthesis and

accumulation. Differential genes and metabolites were mapped and functionally

enriched through KEGG pathway analysis. The result revealed that SAD, FabD,

LACS6, BC, FabB, and FabI were positively associated with oleic acid content,

whereas LACS9 exhibited either a negative or strongly negative correlation. By

integratingmetabolomic and transcriptomic techniques, this study elucidates the

distinct mechanisms of oleic acid biosynthesis in seedless and thin-shelled oil

palm varieties. These findings provide a scientific foundation for enhancing oleic

acid content and improving the quality of oil palm-derived products.
KEYWORDS

oil palm, oleic acid biosynthesis, transcriptome, metabolome, lipid metabolism
1 Introduction

The oil palm (Elaeis guineensis Jacq.) is one of the most important oil crops globally,

renowned for its superior productivity compared to other oilseed crops. Its oil yield is

approximately eight to ten times greater than that of soybean and rapeseed, respectively,

making it the most productive oil crop worldwide (Papilo et al., 2022). The mesocarp of oil
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palm fruit is the primary oil-producing tissue, containing

predominantly 38–45% palmitic acid (C16:0) and 38–44% oleic

acid (C18:1) (Dussert et al., 2013; Morcillo et al., 2021).

Oleic acid, a monounsaturated fatty acid, is known for its

exceptional oxidative stability, which supports immune regulation

and helps prevent cardiovascular diseases (Katariya et al., 2021).

After ingestion, oleic acid undergoes hydrolysis in the stomach and

enters the bloodstream intact as glycerol monoesters (Voon et al.,

2019). Moreover, studies suggest that high-oleic oil palm can

generate an estimated economic value of $1,500 per hectare

annually when oleic acid content exceeds 65% (Sambanthamurthi

et al., 2002). In comparison, high-oleic acid rapeseed oil typically

contains 75–84% oleic acid (Chang et al., 2022). As a result, oleic

acid holds significant nutritional and economic value.

Consequently, the developing oil palm varieties with elevated

oleic acid content through genetic enhancement has become a

critical objective in breeding programs (Bahariah et al., 2021).

Previous research has identified key enzyme genes involved in

oleic acid synthesis in oil palm. Sun et al. (2016) successfully cloned

D12-desaturase, a gene associated with the biosynthesis of long-

chain polyunsaturated fatty acids (LC-PUFAs), and demonstrated

that egFAD12 exhibited peak activity in oil palm fruits 120–140 days

after pollination. This enzyme facilitates the conversion of oleic acid

to linoleic acid. Ben Ayed et al. (2022) performed a comparative

analysis of 24 FAD2 sequences from different species and identified

two single nucleotide polymorphisms (SNPs), SNP373 and SNP718,

associated with oleic and linoleic acid content. These SNPs were

shown to regulate FAD2 activity, either reducing or increasing oleic

acid levels. Additionally, Bahariah et al. (2023) utilized a multiplex

CRISPR/Cas9 platform to successfully induce mutations in the

EgFAD2 gene, located on chromosome 8, and the EgPAT gene

(also known as EgFATB-1), found on chromosomes 3 and 7. This

approach aims to reduce the activity of the PAT and FAD2 enzymes,

thereby enhancing oleic acid content. To achieve high levels of 18:1

for improved oil stability and human health, FAD2 has become a

prime target for disruption using the powerful genome editing tool

CRISPR/Cas9 (Okuzaki et al., 2018; Al Amin et al., 2019; Do et al.,

2019). Wei et al. (2024) further identified six enzyme genes—BC,

ACC, FabB, FabI, FabG, and FabD—that promote oleic acid

accumulation during oil palm fruit development.

An AGAMOUS-like MADS-box transcription factor, EgAGL9,

was identified through expression profi l ing at various

developmental stages of the oil palm pericarp. Research by Zhang

et al. (2022) demonstrated that EgAGL9 interacts with the enzyme

genes EgSAD, EgTSA, and EgSDH in the fatty acid synthesis

pathway, leading to a substantial reduction in the proportion of

unsaturated fatty acids, including oleic, linoleic, and linolenic acids.

Additionally, EgMADS2 has been shown to regulate EgDGAT

expression, significantly decreasing linoleic acid content while

increasing oleic acid levels in transgenic embryos (Li et al., 2020).

A full-length cDNA encoding EgLACS9 was also cloned from oil

palm pericarp. Overexpression of EgLACS9 in the LACS-deficient

Saccharomyces cerevisiae strain YB525 resulted in reduced levels of
Frontiers in Plant Science 02154
C18:1 (oleic acid) and C18:2 (linoleic acid) (Wang et al., 2021).

Moreover, downregulation of the transcription factor EgGRP2A

resulted in decreased expression of EgFATA and a concomitant

reduction in oleic acid content (Luo et al., 2024). A seed-like fruit-

specific complex network has been established in the mesocarp of

oil palm.NF-YA3, NF-YC2, and ABI5 directly activate WRI1-1 and

a subset of FA synthesis genes. NF-YA3 also physically interacts

with NF-YC2, ABI5 and WRI1-1 to form transcription complexes

that regulate gene expression. WRKY40 cooperates with WRKY2 to

repress ABI5, resulting in the synthesis of oils and oils (Yeap et al.,

2017). Additionally, researchers have explored the biosynthesis,

transport, key enzymes and their regulation of C18 UFAs,

especial ly the emerging regulatory network involving

transcription factors and upstream signaling pathways (He et al.,

2020). The findings collectively contribute to understanding the

genetic regulation of oleic acid synthesis and highlight potential

targets for genetic improvement to enhance oil quality.

Although initial investigations into oleic acid in oil palm have

been conducted, there is a lack of comprehensive studies examining

the variation in oleic acid content across different oil palm varieties

and developmental stages. This study utilized high-throughput

sequencing technology for transcriptomics and liquid

chromatography-tandem mass spectrometry (LC-MS/MS) for

metabolomics to examine the changing patterns of oleic acid

during oil palm growth and development. By analyzing the

differences in oleic acid content across various oil palm varieties,

this research elucidates the dynamic characteristics of oleic acid at

different developmental stages and provides a scientific foundation

for enhancing the quality of oil palm.
2 Materials and methods

2.1 Experimental materials

The experimental samples were collected from oil palm fruits of

seedless and thin-shelled varieties, harvested at different

developmental stages from the Coconut Research Institute of the

Chinese Academy of Tropical Agricultural Sciences (19°33′N, 110°
47′E), located at the institute’s oil palm test site. The samples

consisted of mesocarp tissue obtained from oil palm fruits at

three distinct developmental stages: 95 days (early developmental

stage: MS1 andMT1), 125 days (mid-developmental stage: MS2 and

MT2), and 185 days (late developmental stage: MS3 andMT3) post-

pollination. For each developmental stage, three biological

replicates were taken, ensuring a robust representation of the

variation within each stage. Following collection, all samples were

immediately stored in liquid nitrogen at -80°C to preserve

metabolomic and transcriptomic integrity for subsequent analysis.

These stored samples were then subjected to high-throughput

sequencing and l iquid chromatography-tandem mass

spectrometry (LC-MS/MS) for in-depth investigation of the

metabolic and transcriptional profiles.
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2.2 Metabolomics analysis and
data processing

Mesocarp samples were prepared for metabolomic analysis

using an ExionLC ultra-high-performance liquid chromatography

(UHPLC) system coupled with a SCIEX QTRAP 6500+ tandem

mass spectrometer. Metabolite extraction involved tissue

homogenization, solvent extraction, and filtration to ensure

sample integrity and reproducibility. Metabolite separation was

conducted under optimized chromatographic conditions, and

detection was performed in multiple reaction monitoring (MRM)

mode for high sensitivity and specificity. Raw mass spectrometry

data were processed with Analyst 1.6.3 software, including peak

detection, alignment, and integration. Metabolite identification was

achieved by matching spectral data with local lipid databases, while

spectral peaks across samples were aligned and corrected for

variability. Absolute metabolite concentrations were determined

from integral peak areas. Differentially abundant metabolites were

identified through orthogonal partial least squares discriminant

analysis (OPLS-DA), with selection criteria including a variable

importance in projection (VIP) score of ≥ 1, a fold change of ≥ 2 for

upregulation, or ≤ 0.5 for downregulation. Results from MRM

mode were visualized in Supplementary Figure S2, and identified

metabolites were further analyzed to provide insights into oleic acid

biosynthesis, elucidating developmental and varietal differences in

oil palm.
2.3 Mesocarp RNA extraction and high
throughput sequencing

Total RNA was extracted from mesocarp tissues collected at 95,

125, and 185 days after pollination using a commercial RNA

isolation kit (Tiangen Biotech, China), fol lowing the

manufacturer’s protocol, with homogenization performed under

liquid nitrogen to preserve RNA integrity. RNA quality and

integrity were assessed using an Agilent 2100 Bioanalyzer, with

samples achieving RNA integrity number (RIN) values ≥ 7.0

deemed suitable for downstream applications. Purity was

evaluated using A260/A280 and A260/A230 ratios measured on a

NanoDrop spectrophotometer, while RNA concentrations were

quantified with a Qubit RNA assay kit. The cDNA fragments

underwent end repair, A-tailing, adapter ligation, and PCR

amplification, with library quality assessed using an Agilent 2100

Bioanalyzer and concentrations determined via qPCR. After passing

the library check, different libraries are pooled according to the

effective concentration and the target downstream data volume

required for Illumina sequencing, and 150bp paired-end reads are

generated. Four types of fluorescently labeled dNTP, DNA

polymerase, and junction primers are added to the sequencing

flow cell for amplification. When extending the complementary

strand of each sequencing cluster, each fluorescently labeled dNTP

added releases corresponding fluorescence, which is then captured

by the sequencer, and converted into sequencing peaks by the

computer software, thus obtaining the sequence information of the

fragment to be sequenced.
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Raw data were filtered using fastp v 0.19.3, mainly removing

reads with adapters; when the N content of any sequencing read

exceeded 10% of the number of bases in the read, the paired reads

were removed; when the number of low-quality (Q<=20) bases in

any sequencing read exceeded 50% of the number of bases in the

read, the paired reads were removed. All subsequent analyses were

based on clean reads. reference genomes and their annotation files

were downloaded from the indicated websites, indexes were

constructed using HISAT v2.1.0, and clean reads were aligned to

the reference genomes. Differentially expressed genes (DEGs) were

identified using DESeq2 with stringent criteria: false discovery rate

(FDR) < 0.05 and |log2FoldChange| ≥ 1. Identified DEGs

underwent further analysis, including Nr functional annotation,

enrichment analysis, and other bioinformatics approaches, to

explore their roles in metabolic and regulatory pathways.
2.4 Statistical analysis

Data analysis was performed using Excel 2019 and SPSS

software. For graphical representation, Origin 2022 and

GraphPad Prism 9.5 were utilized. Venn diagrams and heatmaps

were generated using the online tool available at https://

www.omicshare.com/tools/. Statistical significance was determined

based on the appropriate tests for each data set, with p-values < 0.05

considered statistically significant.
3 Results and analyses

3.1 Analysis of the dynamics of oleic acid
metabolites in the pulp of seedless and
thin-shelled oil palms at different stages
of development

Studies on oleic acid metabolites in the pulp of seedless and

thin-shelled oil palm varieties at various developmental stages

revealed that the free fatty acid composition in the pulp consisted

of 13 unsaturated and 17 saturated fatty acids, with oleic acid being

the dominant fatty acid. In the seedless oil palm variety, oleic acid

content gradually increased from 277.30 nmol/g at the MS1 stage to

31,536.14 nmol/g at the MS2 stage, reaching a peak of 32,992.80

nmol/g at the MS3 stage. This increase represented 15.64%, 58.81%,

and 56.66% of the total free fatty acid content at each respective

stage. Furthermore, oleic acid accounted for 64.27%, 75.44%, and

69.31% of the total unsaturated fatty acids at these stages

(Figures 1A–C).

In the thin-shelled oil palm variety, oleic acid content increased

from 4,549.25 nmol/g at the MT1 stage to 26,021.06 nmol/g at the

MT2 stage, reaching a maximum of 30,396.86 nmol/g at the MT3

stage. This corresponded to 48.85%, 56.88%, and 50.51% of the total

free fatty acid content, respectively. Oleic acid also made up 68.87%,

78.2%, and 73.31% of the total unsaturated fatty acids at the

respective stages (Figures 1A–C).

The increase in oleic acid content from the MT1 to MT2 stage

was greater in seedless oil palm (31,258.84 nmol/g) than in thin-
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shelled oil palm (21,471.81 nmol/g). From mid-development

onwards, the oleic acid content of seedless oil palm exceeded that

of thin-shelled oil palm, and the oleic acid content of the two varieties

of oil palm reached a maximum at a later stage of development, a

trend reflecting the pattern of unsaturated fatty acid content of the

two varieties. The contribution of lipids in the pulp of the two

varieties of oil palm at different developmental stages is as follows: at

the early stage of development of the seedless species (MS1), the

highest content of phosphatidylethanolamine (18:2_16:0), at the

middle stage of development of the fruit (MS2), the highest content

of fatty acids in the fruit pulp is said to be oleic acid (18:1), and at the

late stage of development (MS3), the highest content of glycerol

diesters (18:1_18:1). MS3), the highest content in the pulp was

triglycerides (18:1_18:1); in the early stage of development of thin-

shelled species of oil palm (MT1), the highest content in the pulp was

phosphatidic acid (16:0_18:2), and in the middle stage of

development of thin-shelled species of oil palm (MT2) and the late

stage of development (MT3), the highest content in the pulp was

triglycerides (16:0_18:1) (Figure 1D).
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3.2 Differential metabolite analysis of
comparative groups across
developmental periods

Differential metabolite analysis was conducted across different

developmental periods of oil palm, using criteria of fold-change ≥ 2

or fold-change ≤ 0.5 and VIP ≥ 1. A total of 19 differential

metabolites were identified through comparisons of three

developmental stages of oil palm (Table 1). In the comparison

between the MS1 vs. MT1 stage, 12 differential metabolites were

found, consisting of 11 up-regulated metabolites and 1 down-

regulated metabolite (Figure 2A). At the MS2 vs. MT2 stage, 7

differential metabolites were identified, with 1 up-regulated

metabolite and 6 down-regulated metabolites (Figure 2B). Finally,

at the MS3 vs. MT3 stage, 9 differential metabolites were observed,

with 4 up-regulated and 5 down-regulated metabolites (Figure 2C).

Three metabolites were commonly differential across all three

comparison groups (Figure 2D): tridecanoic acid (Lipid-B-N-0017),

myristic acid (Lipid-B-N-0005), and palmitoleic acid (Lipid-B-N-
FIGURE 1

Dynamic changes of oleic acid content in Seedless and Tenera oil palm at different developmental stages. (A) Dynamics of oleic acid, unsaturated
fatty acids, and total free fatty acids (B) Oleic acid as a percentage of total free fatty acids (C) Oleic acid as a percentage of total unsaturated fatty
acids (D) Dynamic distribution of substances in all substance groups. Each point in the graph represents a lipid molecule. The vertical coordinate
represents the corresponding content (log10 conversion) of each lipid molecule, and the lipid molecules with the highest contents are labelled.
Different color curves represent different groupings.
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FIGURE 2

Statistics of different metabolites of oil palm in Seedless and Tenera (A-C). (A-C) are volcano plots of MS1 VS MT1, MS2 VS MT2 and MS3 VS MT3
differential metabolites, respectively (D) Venn map. Each point represents a metabolite, with the horizontal axis showing the logarithm of the fold
change between the two sample varieties (Log2 fold change) and the vertical axis representing the significance of the variable (VIP). Larger absolute
values on the horizontal axis indicate greater significance of the difference. Green dots denote down-regulated metabolites, red dots represent up-
regulated metabolites, and gray dots indicate metabolites with significant changes.
TABLE 1 Differential metabolites in different comparison groups of oil palm mesocarp in Seedless and Tenera oil palm.

Comparable Group Lipid Metabolites ID Up/Down

MS1 VS. MT1

Lipid-B-N-0030; Lipid-B-N-0051; Lipid-B-N-0039; Lipid-B-N-0034;Lipid-B-N-0028; Lipid-B-N-0026; Lipid-B-N-0013;
Lipid-B-N-0008; Lipid-B-N-0007; Lipid-B-N-0006; Lipid-B-N-0005

Up

Lipid-B-N-0017 Down

MS2 VS. MT2
Lipid-B-N-0005 Up

Lipid-B-N-0010;Lipid-B-N-0026;Lipid-B-N-0019;Lipid-B-N-0017;Lipid-B-N-0003;Lipid-B-N-0050 Down

MS3 VS. MT3
Lipid-B-N-0010;Lipid-B-N-0013;Lipid-B-N-0005;Lipid-B-N-0012 Up

Lipid-B-N-0027;Lipid-B-N-0029;Lipid-B-N-0026;Lipid-B-N-0019;Lipid-B-N-0017 Down
F
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0026) (Table 2). Among these, only myristic acid was consistently

up-regulated across all stages, while tridecanoic acid was the only

metabolite consistently down-regulated. Palmitoleic acid was up-

regulated in the early developmental stages but down-regulated in

the mid- and late stages. Additionally, oleic acid (Lipid-B-N-0028)

was up-regulated during the early stages of development. These

findings offer valuable insights into the dynamic changes of fatty

acid metabolites in the pulp of oil palm across different

developmental stages.
3.3 Analysis of significantly differentially
expressed genes at different
developmental periods

Analysis of differentially expressed genes (DEGs) across

developmental periods in oil palm revealed significant up- and

down-regulation of gene expression. A comparison of

transcriptome data between the two oil palm varieties at each

growth stage during three developmental periods (MS1 vs. MT1,

MS2 vs. MT2, and MS3 vs. MT3) identified 7140, 4881, and 4686

DEGs, respectively. Of these, 3159, 2395, and 2567 were up-

regulated, while 3991, 2491, and 2129 were down-regulated

(Figure 3A). Across all three comparative groups, a total of 1401

genes were significantly differentially expressed (Figure 3B).

Additionally, 454 up-regulated and 626 down-regulated genes

were common across both oil palm varieties in the three

developmental periods (Figures 3C, D).
3.4 Enrichment analysis of significantly
differentially expressed genes of oil palm
fruits at different developmental periods

Enrichment analysis of significantly differentially expressed

genes (DEGs) in oil palm fruits across different developmental

periods, integrating metabolome data with transcriptome data and

referencing KEGG metabolic pathway information, revealed that

free fatty acids were enriched in five key lipid metabolism pathways

of oil palm (Figures 4A–C). The five fatty acids with significant

differences in the fatty acid biosynthesis pathways of oil palm,

including those from Seedless and Tenera species, were two

unsaturated fatty acids—oleic acid and palmitoleic acid—and

three saturated fatty acids—palmitic acid, lauric acid, and
Frontiers in Plant Science 06158
myristic acid. These fatty acids corresponded to 37 differential

genes (Table 3).

NR annotation of the 37 significantly differentially expressed

genes in Seedless and Tenera oil palm species highlighted that genes

such as SAD、 FabD, LACS6, LACS9, FabB, BC, and FabI were

highly expressed during oil palm fruit development. Regarding the

dynamic changes in the expression of these enzyme genes, SAD and

BC exhibited a trend of increasing and then decreasing expression

during fruit development in both seedless and thin-shelled oil palms,

peaking at the middle developmental stage (Figures 5A, B). LACS6

expression increased and peaked at the late developmental stage,

while LACS9 expression patterns differed between the two varieties:

in seedless oil palm, LACS9 expression was highest at MS1 and

then decreased, whereas in thin-shelled oil palm, LACS9

expression was lowest at MT1, subsequently increased, and peaked

at MT3 (Figure 5C). FabB expression increased with development in

thin-shelled oil palm and peaked at MT3 (Figure 5D), and the

expression patterns of FabD and FabI increased and then

decreased, reaching a maximum during the middle developmental

stage (Figures 5E, F).

The dynamic changes in the content of the five differential

metabolites were correlated with the expression changes of these

seven enzyme genes (Figure 5; Tables 4, 5). The results indicated

that SAD, FabD, LACS6, BC, FabB, and FabI were positively

correlated with oleic acid content in both oil palm varieties, while

LACS9 exhibited a negative correlation with these five free fatty

acids (Tables 4, 5). This suggests that the expression of these

enzyme genes (SAD, FabD, LACS6, BC, FabB, and FabI)

promotes oleic acid accumulation in the pulp, while LACS9

expression inhibits this accumulation.
4 Discussion

The study revealed a significant increase in oleic acid levels

during the developmental stages of oil palm fruits in both seedless

and thin-shelled varieties, with pronounced accumulation

occurring in the middle stage. By the late stage, the oleic acid

content stabilized. In the late developmental stage, oleic acid

content stabilized. Throughout the developmental process, the

seedless species consistently exhibited higher oleic acid levels

compared to the thin-shelled species. These results provide a

foundational basis for the development of high-oleic-acid planting

materials and strategies to enhance oleic acid content.
TABLE 2 Detailed information on common differential metabolites in the three comparison groups.

Lipid
Metabolites ID

Lipid Metabolites Q1 (Da)
Molecular
Weight

Ionization model Formula

Lipid-B-N-0026 FFA(16:1) 253.216755 254.22458 [M-H]- C16H30O2

Lipid-B-N-0017 FFA(30:0) 451.44965 368.36543 [M-H]- C24H48O2

Lipid-B-N-0005 FFA(14:0) 227.201105 228.20893 [M-H]- C14H28O2
frontiersin.org

https://doi.org/10.3389/fpls.2025.1557544
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Xu et al. 10.3389/fpls.2025.1557544
4.1 LACS family genes exhibit distinct roles
in oleic acid biosynthesis

Previous research supports these findings, highlighting the

conserved roles of LACS family genes across different plant

species. In Arabidopsis thaliana, most of the LACS family genes

(comprising nine members) have been well characterized, with

distinct functions in lipid metabolism (Zhang et al., 2018).

Notably, LACS6 in Arabidopsis has been implicated in the

activation of fatty acids for storage lipid synthesis, aligning with

our observations in oil palm. Additionally, studies in other crops

have revealed similar patterns. For instance, two LACS6 enzyme

genes were found to exhibit strong correlations between their

expression levels and metabolite content in oil-producing tissues.

Specifically, LACS6 showed high expression in the pulp, with peak

expression occurring during the mid-to-late developmental stages

(MT3 period), which is consistent with our findings in oil palm.

Similar trends were also reported in stalked lentils (Bao et al., 2021),

where LACS6 expression was closely associated with increased lipid
Frontiers in Plant Science 07159
accumulation during key developmental phases. Zhong et al. (2023)

reported that the expression of nearly all LACS genes was

significantly higher in high-seeded oilseed cotton compared to

low-seeded varieties, highlighting their importance in seed oil

production. Similarly, in kale-type oilseed rape, BnLACS2 plays a

crucial role in seed oil biosynthesis, exhibiting substrate preferences

for fatty acids such as 14:0, 16:0, 18:0, 18:1, and 22:1 (Ding et al.,

2020). Furthermore, LACS genes have been shown to exhibit distinct

expression patterns across different tissues and developmental stages

(Ayaz et al., 2021). For instance, earlier research found that

overexpression of EgLACS9 in oil palm led to a significant

reduction in palmitic, oleic, and linoleic acids (Wang et al., 2021),

which is consistent with our observation that LACS9 may inhibit

oleic acid accumulation in seedless oil palms. In contrast, LACS6 has

been identified as key enzyme in activating long-chain fatty acids for

cellular lipid synthesis and degradation through b-oxidation
(Shockey et al., 2002). In the present study, the LACS6 exhibited a

positive correlation with the five major free fatty acids in seedless oil

palm (Table 4), indicating its role in enhancing the synthesis of these
FIGURE 3

Statistics of different genes of oil palm in Seedless and Tenera (A) Histogram (B) Venn map of up/down-regulated differential genes (C) Venn map of
up-regulated differential genes (D) Venn map of down-regulated differential genes.
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fatty acids in this variety. However, in thin-shelled oil palm, LACS6

showed a negative correlation with lauric acid but positive

correlation with palmitic acid, oleic acid, palmitoleic acid, and

myristic acid (Table 5). This suggests that LACS6 may promote

the synthesis of these four fatty acids while inhibiting the lauric acid

production in the mesocarp of thin-shelled oil palm.
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4.2 BC genes promote oleic
acid production

The BC gene plays an important role in fatty acid biosynthesis

by catalyzing the biotin carboxylation reaction (Laseke et al., 2023).

In the present study, BC exhibited a positive correlation with the
FIGURE 4

Bubble map of KEGG enrichment in oil palm fruit at different developmental periods. (A) differential gene KEGG results for MS1 vs MT1;
(B) differential gene KEGG results for MS2 vs MT2; (C) differential gene KEGG results for MS3 vs MT3. The size of the circle indicates the number of
different genes, and the larger the circle, the more genes. q value is a p-value that has been verified by multiple factors.
frontiersin.org

https://doi.org/10.3389/fpls.2025.1557544
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Xu et al. 10.3389/fpls.2025.1557544
levels of five free fatty acids in the pulp of seedless oil palm

(Table 4), suggesting that BC may facilitate the synthesis of these

fatty acids in this variety. Interestingly, in thin-shelled oil palm, BC
showed a contrasting pattern- it was negatively correlated with

lauric acid but positively correlated with palmitic acid, palmitoleic

acid, oleic acid, and myristic acid (Table 5). This indicates that the

expression of the BC enzyme gene may enhance the synthesis of the

four fatty acids while simultaneously inhibiting the production of

lauric acid in thin-shelled oil palm.
4.3 Role of SAD genes in promoting oleic
acid biosynthesis

SAD genes play a pivotal role in fatty acid biosynthesis by

catalyzing the desaturation of stearic acid (C18:0) to oleic acid

(C18:1), a key step in the production of unsaturated fatty acids (Liu

et al., 2020). In hybrid oil palm, the expression ofOeSAD1,OeSAD2,

and OeSAD3 has been observed to increase during early

developmental stages before declining in later stages, highlighting

their dynamic role in lipid metabolism (Wang et al., 2022).

Similarly, in peony seeds, SAD1 and SAD2 have been shown to

catalyze the desaturation of C18:0 to C18:1, underscoring their

importance in the biosynthesis of unsaturated fatty acids (Li et al.,

2021). In the present study, SAD genes exhibited a positive

correlation with palmitic acid, palmitoleic acid, oleic acid,

myristic acid, and lauric acid in the pulp of seedless oil palm

(Table 4). This suggests that SAD may promote the synthesis of

these fatty acids during fruit development in seedless varieties.

However, in thin-shelled oil palm, SAD genes showed a positive

correlation with palmitic acid, palmitoleic acid, oleic acid, and

myristic acid, but a negative correlation with lauric acid (Table 5).

This indicates that SAD may enhance the synthesis of the former

four fatty acids while suppressing lauric acid production in thin-

shelled varieties. The result suggest that the dual role of SAD genes
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in regulating fatty acid composition, depending on the oil palm

variety and developmental stage. The positive correlation between

SAD and oleic acid in both seedless and thin-shelled oil palms

underscores its critical role in promoting oleic acid biosynthesis. At

the same time, the contrasting effects on lauric acid production

suggest that SAD may act as a regulatory switch, modulating the

balance between saturated and unsaturated fatty acids.
4.4 FabB, FabD, and FabI genes drive oleic
acid accumulation in oil palm mesocarp

The FabB, FabD, and FabI genes play critical roles in the fatty

acid biosynthesis pathway, contributing significantly to the

accumulation of oleic acid in the mesocarp of oil palm. FabB acts

as an activator of fatty acid synthase (FAS) and functions as a b-
oxoacyl-ACP synthase, catalyzing the addition of acyl-ACP to

malonyl-ACP to form b-oxoacyl-ACP, a key step in fatty acid

synthesis II pathway (Lee et al., 2013). Enzymes encoded by the

FabA and FabB genes are known to introduce double bonds in

decane precursors, which are elongated into unsaturated fatty acyl

chain such as the 16:1D9 and 18:1D11 essential for functional

membrane phospholipids (Wei et al., 2024). In microalgae fabB/F

has been identified as playing a key role in the elongation of

medium fatty acids (C < 18) and the conversion of cis-16:1 to cis-

18:1 (Gong and Miao, 2019). In this study, FabB was positively

correlated with palmitic acid and myristic acid, oleic acid, and lauric

acid in the pulp of seedless oil palm (Table 4). In thin-shelled oil

palm, FabB showed positive correlation with palmitic acid, myristic

acid, oleic acid, and palmitoleic acid but a negative correlation with

lauric acid (Table 5). The results suggest that FabB supports the

production of palmitic acid, myristic acid, and oleic acid in both

seedless and thin-shelled oil palm varieties, while also enhancing

lauric acid synthesis in seedless species and inhibiting its formation

in thin-shelled species during fruit development.
TABLE 3 Differential lipid metabolites and gene statistics of fatty acid biosynthesis (ko00061) pathway at different developmental periods of Seedless
and Tenera oil palm mesocarp.

Comparable
group

Lipid
Metabolites
ID

Lipid Metabolites Genes ID

MS1 VS MT1

Lipid-B-N0028 FFA(18:1)Oleic acid

LOC105034511;LOC105035520;LOC105039456;LOC105042279;LOC105057927;LOC105061240;
LOC105061231;LOC105040700;LOC105044978;LOC105048199;LOC105051934;novel.3082;
LOC105050555;LOC105037839;LOC105049670;LOC105051176;novel.3968;LOC105050310

Lipid-B-N0026 FFA(16:1) Palmitoleic acid

Lipid-B-N0007 FFA(16:0) Palmitic acid

Lipid-B-N-0005 FFA(14:0) Myristic acid

MS2 VS MT2

Lipid-B-N0026 FFA(16:1) Palmitoleic acid LOC105034507;LOC105035520;LOC105042279;LOC105042280;LOC105060936;LOC105058955;
LOC105035642;LOC105039221;LOC105038382;LOC105040698;LOC105040700;novel.3082;
LOC105050555;ElguCp049;LOC105051176;LOC105042027;LOC105056688;LOC105047747;
LOC105050310;LOC105048939

Lipid-B-N0005 FFA(14:0) Myristic acid

Lipid-B-N-0003 FFA(12:0) Lauric acid

MS3 VS MT3

Lipid-B-N-0026 FFA(16:1) Palmitoleic acid LOC105034507;LOC105034511;LOC105035520;LOC105039456;LOC105042279;LOC105061231;
LOC105035641;LOC105040698;LOC105040700;LOC105044978;novel.3082;LOC105049274;
ElguCp049;LOC105058068;LOC105037839;LOC105042027;LOC105056688;novel.2764;
LOC105047747;LOC109506086;PTE;LOC105050310;LOC105048939

Lipid-B-N-0005 FFA(14:0) Myristic acid
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FabD is a crucial enzyme in the type II fatty acid synthesis

pathway, responsible for transferring malonyl groups from malonyl

coenzyme A to acyl carrier protein (ACP) to form malonyl-ACP

and free coenzyme A-SH (Magnuson et al., 1993). In this study,

FabD was positively correlated with the levels of five free fatty acids

in the pulp of seedless oil palm (Table 4), and with oleic acid content

in the pulp of Tenera oil palm (Table 5). The results suggest that the

FabD likely facilitates oleic acid synthesis in both seedless and thin-

shelled oil palm species.
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FabI catalyzes the final step in type II fatty acid biosynthesis and

is widely utilized for the production of pharmacologically relevant

chiral intermediates, such as palmitic and oleic acids, due to its

unique properties in reduction and asymmetric enantioselective

catalysis (Zhou et al., 2023). In this study, the FabI was positively

correlated with palmitic and oleic acid content in the pulp of

seedless oil palm (Table 4). Additionally, FabI showed a strong

positive correlation with oleic acid in the pulp of thin-shelled oil

palm, with a notably high expression levels during the middle stage
FIGURE 5

The expression levels of key enzyme genes changed dynamically in different developmental stages of seedless and Tenera oil palm (A-F).
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of development (Table 5). These findings suggest that the FabI plays

a significant role in promoting oleic acid synthesis.
5 Conclusion

Significant differences in oleic acid content were observed

between seedless and thin-shelled oil palms at various

developmental stages. During the early developmental period,

oleic acid content was higher in thin-shelled oil palms compared

to seedless species. This difference may be attributed to the high

expression of LACS9 in seedless oil palms, which could inhibit oleic

acid accumulation. In contrast, the elevated expression of FabB and

LACS6 genes in the thin-shelled oil palms appeared to promote

oleic acid accumulation in thin-shelled oil palms. The mid-

developmental stage emerged as crucial for oleic acid synthesis,

with genes such as FabD, LACS6, BC, SAD, FabB, and FabI

exhibiting high expression, levels, lead to a significant increase in

oleic acid content during this period. By the late developmental

stage, oleic acid levels stabilized, with comparable levels observed in

both seedless and thin-shelled varieties, This stabilization likely

resulted from distinct regulatory mechanisms involving the

expression of LACS9 and LACS6. These findings provide a

theoretical foundation for selecting germplasm with high oleic

acid content and breeding oil palm varieties enriched in
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unsaturated fatty acids. Future research incorporating proteomic

analyses will be essential to identify differentially accumulated

enzymes and establ ish stronger connections between

transcriptomic changes and metabolite profiles. Such approaches

will offer deeper insights into the regulatory mechanisms governing

oleic acid biosynthesis, enabling more precise strategies for

metabolic engineering and crop improvement.
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Introduction: The oil content of tobacco leaves is intimately associated with their

aromatic characteristics. This study aims to explore the microstructure and

distinctive flavor substances of Yunyan 87 high-oil-content tobacco leaves.

Methods: The microstructure and characteristic flavor substances of Yunyan 87

tobacco leaves with different oil contents were analyzed using scanning electron

microscope (SEM) and comprehensive two-dimensional gas chromatography

coupled with time-of-flight mass spectrometry (GC×GC-TOF MS).

Results: The results indicate that the surface of high-oil tobacco leaves was

characterized by a high density of glandular hairs, primarily composed of short-

stalked glandular hairs featuring enlarged glandular heads. A total of 1551 flavor

substances were detected in high-oil tobacco leaves, compared to 1500

metabolites were identified in low-oil tobacco leaves. Among these flavor

substances, eight exhibited up-regulated, while three were down-regulated.

Notably, the oil-related substances hexadecanoic acid methyl ester and the

aroma-related substances nonanoic acid methyl ester and pseudoionone were

found to be significantly more abundant in high-oil tobacco leaves compared to

their low-oil counterparts. Consequently, hexadecanoic acid methyl ester may

serve as a reliable indicator for evaluating the oil content in tobacco leaves, while

nonanoic acid methyl ester and pseudoionone could play crucial roles as flavor

substances influencing the aroma of tobacco leaves.

Discussion: These findings provide a theoretical foundation for future research

on the regulatory mechanisms underlying the synthesis of aroma-producing

flavor substances in tobacco leaves.
KEYWORDS

flavor substances, hexadecanoic acid methyl ester, nonanoic acid methyl ester,
pseudoionone, tobacco oil content
frontiersin.org01166

https://www.frontiersin.org/articles/10.3389/fpls.2025.1537924/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1537924/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1537924/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1537924/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2025.1537924&domain=pdf&date_stamp=2025-03-05
mailto:zyb781210@sina.com
https://doi.org/10.3389/fpls.2025.1537924
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2025.1537924
https://www.frontiersin.org/journals/plant-science


Hu et al. 10.3389/fpls.2025.1537924
1 Introduction

Tobacco (Nicotiana tabacum L. ) serves as a cash crop that plays

a crucial role in the economies of numerous countries (Wang and

Yan, 2013; Yin et al., 2019). The aroma of tobacco represents a

complex perception by the human olfactory system in response to

the volatile organic compounds (VOCs) emitted by combusted

tobacco leaves. High-quality tobacco leaves are characterized by a

mellow taste, distinctive flavor, and rich aroma. The precursors of

tobacco aroma include sugars, pigments, amino acids, polyphenols,

and alkaloids, all of which make a significant contribution to the

aroma quality of tobacco products (Zhang et al., 2013; Qin et al.,

2020; Liu et al., 2022). The flavor substances in tobacco leaves can be

categorized into alcohols, aldehydes, ketones, acids, esters, and

phenols based on their functional groups (Forehand et al., 2000).

Researchers employed non-targeted metabolomics to identify the

substances responsible for aroma generation before and after the

baking of K326 tobacco and to assess their relevance to the quality

of tobacco leaves. Among the 584 metabolites analyzed, 44 were

identified as aroma - related metabolites, including alcohols,

aldehydes, phenols, and organic acids (Zou et al., 2023). The

variety, maturity, cultivation conditions, altitude, climate, and

processing technology of tobacco significantly influence the

composition and concentration of its aromatic components. Yan

et al (Yan et al., 2020). reported that the application of active

organic carbon in the soil enriches the aromatic substances present

in tobacco leaves. Compared with pure chemical treatment, the

combined application of biochar and chemical fertilizers as well as

high - carbon and chemical fertilizer treatment can increase soil

carbon and nitrogen contents, and enhance the levels of neutral

aromatic substances in tobacco leaves by 19. 38% and 28. 90%

respectively (Yan et al., 2020a). The researchers discovered that the

abundance of aromatic substances in Changchun tobacco leaves

sourced from Jilin Province was greater than that in Nanxiong

tobacco leaves obtained from Guangdong Province (Qin et al.,

2021). Furthermore, the aroma of tobacco leaves is closely

associated with their oil content, leaves with higher oil content

exhibit a more pronounced aroma. An enhanced oil content not

only augments the softness of tobacco leaves but also elevates their

grade and quality, thereby yielding a more robust flavor.

Nevertheless, studies on the differences in the microstructures and

flavor substances among tobacco leaves with diverse oil contents are

rarely reported.

Flavor omics is widely used to analyze the flavor characteristics

of various foods, including alcohol, tea, fruits, chili peppers, and

meat products, etc (Huang et al., 2022; Wang et al., 2022; Yang et al.,

2022; Gu et al., 2023; Ruan et al., 2023; Li et al., 2024; Lin et al.,

2024). Comprehensive two-dimensional gas chromatography time-

of-flight mass spectrometry (GC×GC-TOF MS) is characterized by

high throughput, precision, sensitivity, and reproducibility, and is

thus widely applied in flavor omics. Chen et al (Chen et al., 2024).

conducted a comprehensive analysis of the flavor characteristics of

rapeseed protein isolates treated with phytase and ethanol using

GC×GC-TOF MS. They found that this treatment led to a decrease

in carboxylic acid substances with acidic odors and an increase in
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ester substances that contribute to the fruity and sweet aroma of the

rapeseed protein isolates. Schwanz et al (Schwanz et al., 2019).

employed GC×GC-TOF MS in combination with chemometrics to

analyze the chemical sensory markers in cigarette smoke derived

from diverse tobacco varieties, thereby establishing a correlation

among key chemical sensory markers, tobacco varieties, and

cultivation practices. In conclusion, GC×GC-TOF MS

characterized by prominent advantages including high -

resolution capability, high sensitivity, and the capacity to rapidly

analyze numerous compounds in complex samples, provides a

comprehensive analytical methodology for the investigation of

flavor substances.

The oil content of tobacco leaves is a crucial indicator for quality

evaluation. Tobacco leaves with higher oil content are characterized

by improved aroma quality. This paper is aimed at exploring the

microstructure and distinctive flavor substances of Yunyan 87 high-

oil-content tobacco leaves. The Yunyan 87 tobacco leaves,

characterized by different oil contents, were analyzed using

scanning electron microscope (SEM) and GC×GC-TOF MS to

elucidate the microstructure and distinctive flavor substances

present in high-oil content Yunyan 87 tobacco leaves. This

research provides a theoretical foundation for further exploration

of the synthesis and regulatory mechanisms underlying aroma-

producing characteristic flavor substances in tobacco leaves.
2 Materials and methods

2.1 Materials

Ethanol (99. 8%) was procured from Aladdin Holding Group

Co. , Ltd. (Beijing, China). Sodium chloride, anhydrous ethanol,

and isoamyl acetate were sourced from Sinopharm Chemical

Reagents Co. , Ltd. (Shanghai, China). Electron microscope

stationary liquid and phosphate buffered saline (PBS) were

obtained from Wuhan Xavier Biotechnology Co. , Ltd. (Wuhan,

China), while osmic acid was purchased from Shanghai Kanglang

Biotechnology Co. , Ltd. (Shanghai, China).
2.2 Sensory evaluation of tobacco leaves

Five tobacco sensory evaluation experts from Guizhou

Zhongyan Industrial Co. , Ltd. evaluated ten Yunyan 87 dry

tobacco leaf samples for indicators such as aroma quality, aroma

quantity, miscellaneous gas, thrill, sweet feeling, and oil content.

The specific criteria are as follows:
1. Aroma quality: relatively good (7. 6–9. 0), above-average (6.

1–7. 5), moderate (4. 6–6. 0), below-average (3. 1–4. 5),

poor (≤3).

2. Aroma quantity: sufficient (7. 6–9. 0), adequate (6. 1–7. 5),

available (4. 6–6. 0), less (3. 1–4. 5), very less (≤3).

3. Miscellaneous gas: very light (7. 6–9. 0), light (6. 1–7. 5),

moderate (4. 6–6. 0), heavy (3. 1–4. 5), very heavy (≤3).
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4. Thrill: very small (7. 6–9. 0), small (6. 1–7. 5), moderate (4.

6–6. 0), large (3. 1–4. 5), very large (≤3).

5. Agreeable aftertaste: comfortable (7. 6–9. 0), relatively

comfortable (6. 1–7. 5), moderate (4. 6–6. 0), inadequate

(3. 1–4. 5), tongue stagnation (≤3).

6. Sweet feeling: significant (7. 6–9. 0), relatively significant (6.

1–7. 5), still significant (4. 6–6. 0), moderate (3. 1–4. 5),

weak (≤3).

7. Oil content: rich (++++), more (+++), slightly (++), less (+).
Based on the evaluation results, samples with high oil content

were selected for subsequent analysis and designated as H samples,

while those with low oil content were labeled as L samples.
2.3 Assessment of agronomic traits in
tobacco leaves

The lengths, widths, and single - leaf dry weights of tobacco

leaves with high oil content and those with low oil content were

measured separately. Each measurement was repeated three times,

and the average values were calculated. The high - oil and low - oil

tobacco leaves were evaluated in terms of the color, oily texture, and

softness of dried tobacco leaves, and photographs were taken. The

leaf shape index was calculated according to Equation 1 as follows:

Leaf shape index = leaf length=leaf width (1)
2.4 Observation microscopic morphology
of tobacco leaves

Yunyan 87 dried tobacco leaves with high - oil and low - oil

contents were punched and sampled in such a way as to minimize

mechanical damage, and the area of the tissue blocks did not exceed

3 mm². The samples were gently rinsed with PBS, and the surface

intended for scanning was carefully protected and marked.

Subsequently, the samples were rapidly positioned in an electron

microscope fixative solution and fixed at room temperature for 2

hours. Then, the samples were transferred to 4°C for storage. The

fixed samples were rinsed three times with 0. 1 M PBS (pH 7. 4),

each rinse lasting 15 min. An osmium acid solution (1%) was

prepared using 0. 1 M PBS (pH 7. 4) and incubated at room

temperature in the dark for 1 - 2 hours. Afterward, it was rinsed

three times with 0. 1 M PBS (pH 7. 4), each rinse lasting 15 min. The

samples were treated with 30, 50, 70, 80, 90, 95, 100, and 100%

alcohol for 15 min and finally treated with isoamyl acetate for 15

min. The samples were placed in a critical point dryer for drying.

The tobacco leaves were placed close to the conductive carbon film

double-sided adhesive and on the sample table of the ion sputtering

instrument for gold spraying for approximately 30 s. Scanning

electron microscopy (SEM, SU8100, HITACHI, Tokyo, Japan) was

utilized to observe and capture images.
tiers in Plant Science 03168
2.5 Flavor substances detection of
tobacco leaves

Based on the sensory evaluation results of the Yunyan 87 oil

content carried out by Guizhou China Tobacco Industry Co. , Ltd. ,

dry tobacco samples with high oil content were selected and labeled

H-1, H-2, and H-3, while dry tobacco samples with low oil content

were named L-1, L-2, and L-3. Tobacco leaves were mailed to

Suzhou Panomik Biomedical Technology Co. , Ltd. (Jiangsu, China)

for testing to clarify the characteristic flavor substances of Yunyan

87 tobacco leaves with high-oil content.

2.5.1 Preparation of internal standard solution
An appropriate quantity of the standard (deuterated n - hexanol

- d13) was transferred and dissolved in a 50% ethanol aqueous

solution. A single - standard mother liquor at a concentration of 10

mg/L was prepared, and the stock solution was refrigerated at 4°C.

2.5.2 Flavor substances extraction
Place the sample in a 15 mL centrifuge tube and dilute the ethanol

concentration in the sample to 10% (v/v) with a saturated sodium

chloride aqueous solution. The 5 mL of diluted liquor samples was

transferred to 20 mL headspace sampling bottles, and 10 μL of the

internal standard solution was added to the sample. The transferred

sample was incubated for 10 min at 50°C. Before adsorbing the

sample, the solid-phase microextraction (SPME) extraction head was

aged at 270°C for 10 min. Subsequently, the aged SPME extraction

head was transferred to the incubation room, and the sample was

adsorbed for 30 min at 50°C. After adsorption, the SPME extraction

head was transferred to the gas chromatography (GC) inlet, desorbed

at 5 min at 250°C, and then aged for 10 min at 270°C post-injection.
2.5.3 GC×GC analysis
The LECO Pegasus BT 4D (LECO, St. Joseph, MI, USA) GC×GC-

TOF MS chromatographic system consists of an Agilent 8890A gas

chromatograph (Agilent Technologies, Palo Alto, CA, USA), a dual-

stage jet modulator, and a split/splitless injection module. The mass

spectrometric system is a high-resolution TOF mass spectrometer. The

separation system comprises a first-dimensional chromatographic

column, namely Rxi-5Sil MS (30 m × 0. 25 mm × 0. 25 mm, Restek)

(Restek, USA), which is suitable for the preliminary separation of

volatile and non-polar compounds, and a second-dimensional

chromatographic column, namely Rxi-17Sil MS (1. 5 m × 0. 15 mm

× 0. 15 mm, Restek) (Restek, USA), which enables secondary

orthogonal separation via selective differences. High-purity helium

gas (99. 999%) is used as the carrier gas, and an electronic flow

controller is employed to maintain a constant flow rate of 1. 0 mL/min,

ensuring the reproducibility of retention times. For the first-

dimensional chromatographic column Rxi-5Sil MS, the initial

temperature is set at 40°C and maintained for 3 min. Subsequently,

the temperature is increased at a rate of 5°C/min until it reaches 180°C,

after which it is held at this temperature for 1 min. Thereafter, the
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temperature is further raised at a rate of 4°C/min to 250°C and finally

maintained at this final temperature for 3 min. The temperature

program of the second-dimensional chromatographic column Rxi-

17Sil MS is 5°C higher than that of the first-dimensional

chromatographic column. The modulator temperature is always 15°

C higher than the column temperature of the second-dimensional

chromatographic column, with a modulation period of 8 s, effectively

avoiding peak broadening and improving the two-dimensional

separation efficiency. The injection system features a high-

temperature injection port of 250°C, designed to accommodate

various injection modes (pulsed/splitless), enabling effective

vaporization of high-boiling-point components (Savareear et al., 2019).

2.5.4 Mass spectrum conditions
The mass spectrometer detector LECO Pegasus BT 4D (LECO,

St. Joseph, MI, USA) was employed in this study. The temperature of

the mass spectrometric transfer line was set at 250°C, which helps to

ensure the stability and accuracy of the analytes during transmission.

The ion source temperature was maintained at 250°C, enabling the

sample molecules to acquire sufficient energy for efficient ionization.

The acquisition rate was 200 spectra/s, allowing for the rapid

acquisition of a large amount of mass spectral data while ensuring

data integrity. The electron impact ionization energy was set at 70 eV,

under which most organic compounds can achieve stable ionization

and generate characteristic fragment ions, facilitating the qualitative

and quantitative analysis of the samples. The detector voltage was

adjusted to 2028 V to ensure accurate detection and amplification of

the mass spectral signals, while avoiding signal distortion or increased

noise caused by excessively high or low voltages, thereby improving

the quality of the mass spectral data. The mass spectrometric

scanning range was set from m/z 35 to 550, which can cover the

molecular ion peaks and major fragment ion peaks of most organic

compounds, showing good adaptability for analyzing various

components in complex samples (Tran and Marriott, 2007).
2.6 Analysis of flavor substances

Flavor substances primarily comprise volatile flavor

components, including hydrocarbons, aldehydes, esters, acids,

ketones, alcohols, ethers, phenols and heterocyclic substances.

These substances are generated through a series of intricate

biochemical reactions during the processing of flavor precursors.

Using the PubChem database and classyfire software, the types of

detected flavor substances were annotated and analyzed, and the

number and relative contents of flavor substances corresponding to

each category were analyzed (Li et al., 2023).

2.6.1 Screening of flavor substances
The screening conditions of different substances were as

follows: p value < 0. 05+VIP > 1 in t test or one-way ANOVA

test. The experiment adopts aggregated hierarchical clustering, each

object was classified into one class, and these classes were merged

into larger and larger objects until the end. The data was scaled by
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pheatmap package, and the hierarchical cluster diagram of relative

quantitative values of substances was obtained.

2.6.2 Analysis of sensory flavor characteristics
The flavor of the product comprised the recognizable taste and

smell characteristics and a complex of unrecognizable ones. The

flavor molecules database (FlavorDB) (https://cosylab.iiitd.edu.in/

flavordb) was utilized to analyze and compare the sensory flavor of

the substances (Maldonado et al., 2003; Hu et al., 2024). Based on

the FlavorDB database, igraph was used to construct the network

diagram of sensory flavor.
2.7 Statistical analysis

Analysis of variance (ANOVA) was carried out using Statistix 8.

1 (Tallahassee, FL, USA), and the comparison processing method

was based on the least significant difference test at the level of 0. 05.

Principal component analysis (PCA) was used to downscale and

classify the metabolic data to obtain more reliable and intuitive

results. All flavor substances in the targeted flavor omics and

sensory annotation were obtained from the FlavorDB.
3 Results and discussion

3.1 Sensory flavor evaluation of
tobacco leaves

A sensory evaluation of ten tobacco leaves was carried out,

focusing on multiple aspects such as aroma quality, aroma quantity,

miscellaneous gas, thrill, sweet feeling, and oil content. The results

presented in Supplementary Table 1, indicate that sample 1 received

the highest total score of 42. 5, while sample 10 obtained the lowest

score of 36. 8. Notably, sample 1 of tobacco leaves was characterized

by a high oil content, whereas sample 10 exhibited a low oil content.

Therefore, sample 1 with sufficient oil content and sample 10 with

low oil content were selected for further research and were

designated as sample H and sample L, respectively.
3.2 Agronomic characteristics of
tobacco leaves

The dry average leaf length, average leaf width, leaf shape index,

and average single leaf weight of tobacco leaves with different oil

content were determined. As illustrated in Figure 1, the average leaf

length of high-oil tobacco leaves was significantly greater than that of

low-oil tobacco leaves, measuring 71. 06 cm and 61. 23 cm, respectively.

Although the average leaf width and average single leaf weight of high-

oil tobacco leaves were higher than those of low-oil tobacco leaves, the

differences were not statistically significant. The leaf shape index shows

that tobacco leaves with both levels of oil content were needle - shaped,

and this shape was more pronounced in high - oil tobacco leaves.
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FIGURE 1

Agronomic characteristics of tobacco leaves. (A)Average leaf length, (B) average leaf width, (C) leaf shape index, and (D) single leaf weight. The
letters ‘H’ and ‘L’ denote high oil content and low oil content tobacco leaves, respectively. In the bar chart, means sharing the same letter are not
significantly different from each other as determined by ANOVA and Duncan’s test (p < 0. 05).
FIGURE 2

Appearance morphology of dried tobacco leaves with different oils contents. (A–C) high-oil tobacco leaves, (D–F) low-oil tobacco leaves.
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3.3 Appearance morphology of dried
tobacco leaves

Through the appearance evaluation of dry tobacco leaves with

different oil contents, it was found that the front and back of high-

oil-content tobacco leaves were generally similar in color. The leaves

were of medium thickness, with delicate leaf tissue and obvious

suppleness (Figures 2A–C). Moreover, the color of the high-oil

tobacco leaves was orange and mature, the leaf structure was loose,

the oily feeling was strong, and the color fullness and uniformity of

the tobacco leaves were excellent. Nevertheless, the low-oil-content

tobacco leaves had stiff and thin leaves, poor oiliness, and weak

chromaticity (Figures 2D–F).
Frontiers in Plant Science 06171
3.4 Microscopic morphology of
tobacco leaves

The glandular hairs of plants are specialized multicellular

structures that originate from epidermal cells and form the first line

of defense against abiotic and biotic stresses by forming physical

barriers and secreting various substances (Dunn et al., 2011;

Djoumbou et al., 2016; Garg et al., 2018). The glandular hairs

present on the surface of tobacco leaves possess secretory functions

within the epidermal glandular structures of plants. Based on their

morphological and structural characteristics, tobacco glandular hairs

can be classified into two types: long-stalked glandular hairs and short-

stalked glandular hairs. The long-stalked glandular hairs are composed
FIGURE 3

Microscopic morphology of dried tobacco leaves with different oils contents. (A–D) high-oil dry tobacco leaves, (E–H) low-oil dry tobacco leaves.
FIGURE 4

Total ion flow chromatogram of tobacco leaves with different oil contents. (A–C) high-oil dry tobacco leaves, (D–F) low-oil dry tobacco leaves.
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of a multicellular stalk and either a unicellular or multicellular head. In

contrast, the short-stalked glandular hairs consist of a unicellular stalk

and a multicellular head (Song et al., 2022). The glandular hairs on the

surface of tobacco leaves primarily secrete essential oils, resins, waxes,

sugars, alcohols, ketones, alkanes, and other substances, which are

associated with the aroma and taste of tobacco leaves and the resistance

characteristics of tobacco (Wang et al., 2001; Yan et al., 2021). The

micro - morphologies of high - oil and low - oil tobacco samples were

observed by scanning electron microscopy (SEM). The SEM results of

tobacco leaves indicate that the surface glandular hairs of tobacco leaves

with high-oil content were richer than those of tobacco leaves with low-

oil content (Figure 3). Most glandular hairs on the surface of high-oil

tobacco leaves were short-stalked glandular hairs, with enlarged

glandular heads and rich secretions, cuticle ornamentation was

relatively sparse. The results indicated that the oil content of tobacco

leaves might be associated with the density and morphology of the

glandular hairs on their surfaces.
Frontiers in Plant Science 07172
3.5 Total ion flow chromatogram

The components isolated through chromatography are

subsequently introduced into the mass spectrometer, which

performs continuous scanning to gather data. A mass

spectrogram was obtained from each scan, and all the ion

intensities in each mass spectrogram were added to obtain the

total ion current intensity. In this study, GC×GC-TOF MS was

employed to analyze the volatile components of tobacco samples

with high and low oil contents. The abscissa and ordinate represent

the one-dimensional and two-dimensional retention times (in

seconds), respectively (Figure 4). The color and peak height

reflect the intensity of the ion response, with a redder color

indicating a higher response strength. The overall peak

occurrence rate in the three-dimensional total ion current

chromatogram of each sample was satisfactory, suggesting that

the samples contained a large number of volatile substances.
FIGURE 5

Principal component analysis (PCA) of tobacco leaves with different oil contents. (A) PCA Score Plot, (B) PLS-DA Score Plot, (C) OPLS-DA Score Plot.
The letters ‘H’ and ‘L’ denote high oil content and low oil content tobacco leaves, respectively.
FIGURE 6

Statistical analysis of identification flavor substances of tobacco leaves with different oil contents. (A) Column chart of the number of identification
substances; (B) Venn diagram of the number of identification substances. The letters ‘H’ and ‘L’ denote high oil content and low oil content tobacco
leaves, respectively.
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3.6 Principal component analysis

The principal component analysis (PCA) model reflects the

original state of the metabolomic data, facilitating an understanding

of the overall data situation. In particular, it is helpful for identifying

and eliminating abnormal samples and enhancing the accuracy of

the model. The score of each sample for each principal component

represents its spatial coordinates within the calculated

mathematical model, intuitively reflecting the distribution of each

sample in the model space. The degrees of aggregation and

dispersion of the samples can be visualized in the PCA score

chart. The closer the distribution points of the samples, the closer

the composition and concentration of the variables/molecules

contained in these samples. As illustrated in Figure 5, each point

was segregated into two clusters. The tobacco samples with low and

high oil contents were positioned on the left and right sides of PC1,

respectively. PCA revealed that there was a significant difference in

the flavor substances between tobacco leaves with high oil content

and those with low oil content.
3.7 Statistical analysis of identification
flavor substances

The tobacco leaves with different oil contents were analyzed,

revealing the detection of 1551 flavor substances in high-oil tobacco

and 1500 flavor substances in low-oil tobacco. Within the detectable

range, the flavor substances detected in high-oil tobacco leaves were

found to be more plentiful than those in low-oil tobacco leaves. As
Frontiers in Plant Science 08173
illustrated in Figure 6, a total of 892 types of flavor substances were

identified in both high-oil and low-oil tobacco. Among them, 659

types of specific flavor substances were detected in high-oil tobacco.

This indicates that the specific flavor substances in high-oil tobacco

samples were more numerous than those in low-oil tobacco samples.
3.8 Analysis of flavor substances of
tobacco leaves

Flavor results from the interaction among taste, pre-nasal

olfactory perception, and post-nasal olfactory perception and is

frequently termed taste and aroma (Meyberg et al., 1991). Flavor

substances consist of esters, acids, hydrocarbons, aldehydes,

ketones, alcohols, ethers, phenols, and heterocyclic substances,

which are produced via a series of complex biochemical reactions

during the processing of flavor precursors (Gang et al., 2001). The

PubChem database and classyfire software were employed to

analyze the differences in the relative content of flavor substances

between high-oil and low-oil tobacco leaves. As shown in Figure 7,

the proportions of alcohols (9. 33%), aldehydes (5. 45%), ketones (9.

01%), esters (4. 86%), carboxylic acids (1. 58%), heterocyclic

substances (22. 13%) and other volatile substances (39. 61%) in

high-oil tobacco leaves were higher than those in low-oil tobacco

leaves. The relative content of hydrocarbons in high-oil tobacco

leaves (8. 02%) was found to be lower than that in low-oil tobacco

leaves (12. 88%). Neutral aromatic substances in tobacco, including

alcohols, ketones, and esters, play a crucial role as flavor substances

in enhancing the quality of tobacco products (Kroumova and
FIGURE 7

Analysis of flavor substances in tobacco leaves with different oils. The letters ‘H’ and ‘L’ denote high oil content and low oil content tobacco
leaves, respectively.
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FIGURE 8

Screening of various substances in tobacco leaves and analysis of their sensory flavor characteristics. (A) Statistical column chart of different flavor
substances; (B) heat map of different flavor substances; (C) volcano plot of different flavor substances; (D) sensory flavor characteristic chart of
tobacco leaves with different oil contents. The letters ‘H’ and ‘L’ denote high oil content and low oil content tobacco leaves, respectively.
FIGURE 9

Correlation network diagram of sensory flavor characteristics and flavor substances.
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Wagner, 2003; Goff and Klee, 2006). The main esters identified in

tobacco leaves were ethyl octanoate, ethyl oleate, ethyl laurate,

hexadecanoic acid methyl ester, and nonanoic acid methyl ester.

The majority of esters in tobacco are higher fatty acid esters, which

can serve as carriers of flavor substances and soften the smoke.
3.9 Screening of different flavor substances

After screening, different flavor substances were identified in the

list of high-oil and low-oil tobacco leaves. The optional screening

conditions for the related substances were p-value <0. 05 + VIP >1 in

the t-test or one-way ANOVA. As shown in Figure 8, the comparison

of low-oil and high-oil tobacco leaves were presented. The screening

outcomes for various flavor substances revealed that there were 573

distinct metabolites in high-oil and low-oil tobacco leaves. Among

them, eight metabolites were significantly up-regulated, while three

were significantly down-regulated. The significantly down-regulated

flavor substances included dispiro [4. 2. 4. 2] tetradecane; furan,

tetrahydro-2,2,4,4-tetramethyl; hexanedioic acid, dioctyl ester. The

flavor substances that were up-regulated included 1-(2-

Aminophenyl) pyrrole; 1H-indene, 2,3-dihydro-1,1,5,6-tetramethyl;

pseudoionone; acenaphthylene; hexadecanoic acid methyl ester;

nonanoic acid methyl ester; phenol; quinolin-6(7 H)-one,

1,2,3,4,8,8a-hexahydro-1,4-ethano. The oil-related substance

hexadecanoic acid methyl ester and aroma-related substances

nonanoic acid methyl ester and pseudoionone were significantly

higher in the high-oil tobacco than in the low-oil tobacco.

Therefore, the content of hexadecanoic acid methyl ester can be

used as an important indicator for evaluating the oil content of

tobacco leaves, and nonanoic acid methyl ester and pseudoionone

may be important substances influencing the aroma of tobacco leaves.
3.10 Analysis of sensory
flavor characteristics

The differences in sensory flavor characteristics between high-

oil and low-oil tobacco leaves was compared using the FlavorDB.

Ten attributes were used to describe the sensory flavor of tobacco

leaves, namely: sweet, fruity, green, waxy, fatty, woody, fresh, citrus,

herbal, and floral. As depicted in Figure 8D, the sensory flavors of

fresh, floral, woody, and waxy notes in high-oil tobacco leaves were

more pronounced than those in low-oil tobacco leaves. The analysis

of sensory flavor characteristics indicated that the predominant

flavors of high - oil and low - oil tobacco samples were honey and

sweetness. Based on the FlavorDB, igraph was employed to

construct a network diagram depicting the relationship between

the flavor substances and sensory characteristics (Figure 9). The

green circles denote sensory characteristics, while the red circles

represent flavor substances. The size of the green circles is

proportional to the number of flavor substances associated with

the sensory characteristics, with larger circles indicating greater

importance of the sensory characteristics. The larger the red circle,

the greater the number of sensory characteristics associated with the

flavor compound, and the more significant the role of the flavor
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substance. For example, the flavor substance hexadecenoic acid

methyl ester influences the oil, fat, and fatty content of tobacco

leaves. Meanwhile, nonanoic acid methyl ester, which has a coconut

aroma, enhances the fruit aroma of tobacco leaves.
4 Conclusion

The oil content of tobacco leaves serves as a crucial index for quality

assessment. Tobacco leaves with higher oil content have sufficient aroma

and superior aroma quality. This study aims to explore the

microstructure and distinctive flavor substances of Yunyan 87 high-

oil-content tobacco leaves. We analyzed Yunyan 87 tobacco leaves with

different oil levels using SEM and GC×GC-TOF MS. It was found that

the glandular hairs on the surface of Yunyan 87 leaves with high oil

content were more abundant than those on the surface of Yunyan 87

leaves with low oil content. The majority of glandular hairs on the

surface of high-oil tobacco leaves were characterized by short stalks and

enlarged glandular heads, with rich secretions and relatively sparse

cuticle ornamentation. Overall, a total of 1551 flavor substances were

detected in the high-oil tobacco samples, whereas 1500 flavor substances

were identified in the low-oil tobacco samples, suggesting that the high-

oil tobacco contains a greater abundance of small molecular weight

metabolites. Among these flavor substances, eight were found to be up-

regulated, while three were down-regulated. Notably, compared with

those in low - oil tobacco samples, the levels of oil - related substances

(such as hexadecanoic acid methyl ester) and aroma - related substances

(including nonanoic acid methyl ester and pseudoionone) were

significantly higher in high - oil tobacco samples. The content of

hexadecanoic acid methyl ester could potentially serve as a crucial

indicator for assessing the oil content of tobacco leaves. Meanwhile,

nonanoic acid methyl ester and pseudoionone may play significant roles

in modulating the aroma of these leaves. This research offers a

theoretical foundation for future investigations into the regulatory

mechanisms and synthesis pathways related to the aroma-generating

traits of tobacco.
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Joint analysis of transcriptional
metabolism for flavonoid
synthesis during different
developmental periods in
oil palm exocarp
Ruimin Zhang1,2†, Jerome Jeyakumar John Martin2†,
Xiaoyu Liu2, Xinyu Li2, Lixia Zhou2, Rui Li2, Xiaopeng Fu2,
Wenrao Li3 and Hongxing Cao2*

1National Key Laboratory of Germplasm Innovation and Utilization of Fruit and Vegetable Horticultural
Crops, College of Horticulture and Forestry, Huazhong Agricultural University, Wuhan, China,
2Coconut Research Institute, Chinese Academy of Tropical Agricultural Sciences, Wenchang, China,
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To identify candidate genes for breeding oil palm varieties with high flavonoid

content through molecular biotechnology, this study analyzed the metabolomes

and transcriptomes of oil palm exocarp at different developmental stages using

LC-MS/MS and RNA-Seq techniques. The green fruiting type (FS) oil palm

exocarp at 95 days (FS1), 125 days (FS2), and 185 days (FS3) after pollination

served as the materials. The enzyme genes F3H, CHS, ANS, and DFR were

positively correlated with Quercetin-3-O-sambubioside. DFR also showed

positive correlations with Afzelechin, Epiafzelechin, and Baimaside. In contrast,

F3H, CHS, and ANS were negatively correlated with Hesperetin-7-O-glucoside.

Additionally, CYP73A, UGT73C6, FG2-1, and FG2-2 were negatively correlated

with Afzelechin, Epiafzelechin, Quercetin-3-O-sambubioside, and Baimaside,

while CYP75A was negatively correlated with Epiafzelechin, Quercetin-3-O-

sambubioside, and Baimaside. These results suggest that F3H, CHS, ANS, and

DFR play a role in promoting Quercetin-3-O-sambubioside* synthesis, with DFR

further enhancing the production of Afzelechin, Epiafzelechin, and Baimaside.

On the other hand, F3H, CHS, and ANS may inhibit Hesperetin-7-O-glucoside

synthesis. Meanwhile, CYP73A, UGT73C6, FG2-1, and FG2-2 appear to suppress

the synthesis of multiple flavonoids, including Afzelechin, Epiafzelechin,

Quercetin-3-O-sambubioside*, and Baimaside. Lastly, CYP75A is implicated in

suppressing Epiafzelechin, Quercetin-3-O-sambubioside*, and Baimaside

synthesis. These findings provide a foundation for future molecular breeding

efforts targeting flavonoid-rich oil palm varieties.
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1 Introduction

The oil palm (Elaeis guineensis Jacq.), a member of the palm family

(Palmae), is a perennial tree native to South and Central America. As

one of the most important woody oilseed crops in tropical regions, it

has high economic value due to its efficient oil production. Its primary

products include palm oil, extracted from the mesocarp, and palm

kernel oil, derived from the kernels, both of which have extensive

applications in the food, chemical, and bioenergy industries (John

Martin et al., 2022). While research on oil palm has extensively focused

on lipid metabolism and stress responses, the control of flavonoid

biosynthesis in the fruit remains relatively unexplored. Flavonoids are

vital secondary metabolites responsible for pigmentation, plant defense

mechanisms, and have implications for human health due to their

antioxidant properties. In oil palm, anthocyanins are a significant

subclass of flavonoids found in the exocarp, contributing to the fruit’s

coloration and maturity indicators. The biosynthesis of flavonoids

occurs via complex metabolic pathways and is regulated by various

genes and transcription factors (Yang et al., 2024b).

Flavonoids have diverse biological functions, including

antioxidant and antimicrobial properties. For instance, the high

antioxidant capacity of blueberries is attributed to their flavonoid

content (Kalt et al., 2020). Studies have shown that flavonol glycosides

are related to the astringency and bitterness of tea, with polyphenol

oxidase (PPO) playing a dominant role in catalyzing flavonol

glycosides in tea leaves (Guo et al., 2021). Additionally, polyphenol

oxidase in walnuts exhibits resistance to environmental stress

(Khodadadi et al., 2020). In rice, flavonoids like naringenin confer

resistance to bacterial pathogens, while sakuranetin imparts resistance

to fungal pathogens (Murata et al., 2020). Additionally, flavonoids

contribute to pigmentation, such as anthocyanin accumulation in

grape skins, which enhances pigmentation (Jiu et al., 2022). In root

growth, flavonoids play a role in promoting development through the

stimulation offlavonol biosynthesis in Arabidopsis thaliana (Tan et al.,

2019). Moreover, flavonoids are involved in pollen development and

contribute to the promotion of self-incompatibility during pollination

in Brassica oleracea (Lan et al., 2017). High levels offlavonoid oil palm

may help protect against a wide range of diseases, for example, in corn,

high levels of flavonoids have powerful anti-inflammatory and anti-

cancer activity (Casas et al., 2014). Flavonoids found in citrus fruits

have considerable nutritional value in the treatment of cardiovascular

disease (Testai and Calderone, 2017).

Flavonoids represent the largest group of polyphenolic

compounds, comprising approximately 8,000 distinct flavonoid

metabolites. Flavonoids can be categorized into the following main

types: chalcones, flavanones, flavanonols, flavonoids,flavonols,

flavanols, isoflavones, and more (Shen et al., 2022). Studies have

demonstrated that oil palm possesses a high flavonoid content (Zain

et al., 2021). Flavonoid biosynthesis is a complex metabolic process

that primarily occurs through the phenylpropanoid pathway,

converting the amino acid phenylalanine into various flavonoid

compounds. This pathway is crucial for the production of

numerous secondary metabolites that play significant roles in plant

physiology, protection, and interactions with the environment. The

figure depicts the flavonoid biosynthesis pathway, starting from 4-

Coumaroyl-CoA, a precursor in the phenylpropanoid pathway. The
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enzyme Chalcone Synthase (CHS) catalyzes its conversion into

chalcones such as Isoliquiritigenin and Naringenin chalcone, which

are then cyclized by Chalcone Isomerase (CHI) into flavanones

Liquiritigenin and Naringenin, respectively. Naringenin serves as a

central intermediate, branching into various products: Hesperetin,

Isosakuranetin, 8-C-Glucosyl-naringenin, and Apigenin, which can

further glycosylate into Vitexin. Through the action of Flavanone 3-

Hydroxylase (F3H), Naringenin converts into Dihydrokaempferol,

which serves as a precursor for different flavonoids. Kaempferol is

synthesized by Flavonol Synthase (FLS), while Leucopelargonidin, a

precursor for anthocyanin Pelargonidin, forms via Dihydroflavonol

Reductase (DFR) and Anthocyanidin Synthase (ANS). Taxifolin is

another derivative that can lead to Leucocyanidin and eventually

(-)-Epicatechin through similar enzymatic steps. These flavonoids

contribute to pigmentation, UV protection, and stress responses, with

the pathway tightly regulated by enzymes like CHS, CHI, F3H, FLS,

DFR, and ANS (Zhang et al., 2024) (Figure 1). In the biosynthetic

pathway of flavonoids and flavonols, all three differential metabolites

—kaempferol, lignans, and quercetin—were down-regulated.

Additionally, eight differential enzyme genes were identified within

the pathway, among which F3’H was found to be associated with the

differential metabolites (Yang, 2023). Regulation of flavonoid

biosynthesis is intricately controlled by several transcription factors,

including the R2R3-MYB, bHLH, and WD40 protein families. These

proteins form complexes that determine the expression patterns of

the biosynthesis genes, enabling the plants to adapt their flavonoid

profiles according to developmental and environmental cues. For

example, in Arabidopsis, the TT2, TT8, and TTG1 mix to regulate

proanthocyanidin biosynthesis, demonstrating the complexity of

regulatory mechanisms across different species (Falcone Ferreyra

et al., 2012). In another study, flavonoid biosynthesis appears to

involve specific transcription factors, notably AcMYB5 and

AcMYB194, which have been annotated as potential regulators in

the biosynthetic pathway (Lai et al., 2023).

Currently, transcriptomics and metabolomics play a very crucial

role in the cultivation of various plant species (Sadat-Hosseini et al.,

2020; Zhou et al., 2024). The study of different metabolites and genes

involved in the flavonoid synthesis pathway in the exocarp of oil

palm fruits is still in the preliminary stage. Therefore, this study

hypothesizes that five differential metabolites and nine enzyme genes

play a pivotal role in flavonoid synthesis in the exocarp of oil palm.

By integrating transcriptomic and metabolomic data from the

exocarp of green-fruited oil palm (FS) at various developmental

stages, this research aims to identify key candidate genes and

metabolites involved in flavonoid biosynthesis. The findings of this

study will contribute valuable insights for the future cultivation and

utilization of oil palm varieties, as well as for the identification and

development of high-flavonoid resources and products.
2 Materials and methods

2.1 Experimental materials

The experimental materials used in this study were derived from

the green-fruited oil palm variety (O×G Amazon), cultivated at the
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Coconut Research Institute of the Chinese Academy of Tropical

Agricultural Sciences Oil Palm Research Base, located in Wenchang

City, Hainan Province, China (19°33’N, 110°47’E). Fruit exocarp was

harvested at three different developmental stages: 95 days after

pollination (early fruit development, FS1), 125 days (rapid fruit

accumulation, FS2) and 185 days (stable fruit development, FS3). At

each developmental stage, three biological replicates were collected.

Each replicate consisted of pooled exocarps from a minimum of 10

fruits to ensure representation of the biological variation. The exocarps

were carefully peeled from the fruit and immediately flash-frozen in

liquid nitrogen, then stored at -80°C for subsequent analyses.
2.2 Experimental procedures

2.2.1 Determination and analysis of
flavonoid metabolites

For metabolomic analysis, the frozen exocarp samples were ground

into afine powder using a liquid nitrogen-cooledmortar and pestle. The

powdered samples were extracted with a solvent mixture of n-hexane,

acetone, and ethanol in a 1:1:1 (v/v/v) ratio. The extraction was

performed at room temperature for 30 minutes, followed by filtration

through a 0.22 µm nylon membrane to remove particulates. The

resulting filtrates were analyzed for flavonoid metabolites using High-

PerformanceLiquidChromatography-MassSpectrometry (HPLC-MS).

The HPLC system (Agilent 1200 Series, Agilent Technologies,

USA) was coupled to a mass spectrometer (TripleTOF 5600, AB

SCIEX, USA). The chromatographic separation was performed on a

C18 column (Zorbax Eclipse Plus C18, 4.6 mm × 150 mm, 5 µm

particle size, Agilent Technologies). The mobile phase consisted of

solvent A (0.1% formic acid in water) and solvent B (0.1% formic

acid in acetonitrile). The gradient elution program was as follows: 0-

5 min, 5-20% B; 5-10 min, 20-50% B; 10-15 min, 50-90% B; 15-20

min, 90-100% B. The flow rate was set to 0.5 mL/min. Mass

spectrometry was performed using electrospray ionization (ESI)

in negative ion mode, with the ionization voltage set at -4.5 kV and

the source temperature at 500°C. Data were collected in both Full

Scan and MS/MS modes, and analyzed using Analyst 1.6.3 and

MultiQuant 3.0.3 software. Differential metabolites were identified

based on fold change ≥ 2 or fold change ≤ 0.5. Statistical significance

was determined using one-way ANOVA (SPSS 26.0, IBM, USA).
2.2.2 Total RNA extraction and high-
throughput sequencing

Total RNAwas extracted from the exocarp samples using the Plant

Total RNA Extraction Kit (Roche, Switzerland), following the

manufacturer’s protocol. RNA integrity was assessed by

electrophoresis on a 1% agarose gel, while RNA concentration and

purity were measured using a NanoPhotometer spectrophotometer

(Implen, Germany) and Qubit 2.0 Fluorometer (Thermo Fisher

Scientific, USA). The quality of RNA was further confirmed with the

Agilent 2100 Bioanalyzer (Agilent Technologies, USA).

RNA samples that passed quality control were used to construct

sequencing libraries. Library preparation and sequencing were

performed using the Illumina TruSeq RNA Library Prep Kit
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(Illumina, USA), followed by sequencing on the Illumina NovaSeq

6000 platform (Illumina, USA), generating paired-end 150 bp reads.

2.2.3 Transcriptome data analysis and
differentially expressed genes

Raw transcriptomic data were processed for quality control using

fastp v0.19.3 (Chen et al., 2018). Clean reads were aligned to the oil

palm reference genome (provided by the Oil Palm Genome Database)

using HISAT v2.1.0. Gene expression levels were quantified using

Fragments Per Kilobase of Transcript Per Million Fragments Mapped

(FPKM) calculated by StringTie v1.3.4d. Differentially expressed genes

(DEGs) were identified using DESeq2 v1.22.1 with a False Discovery

Rate (FDR) < 0.05 and |log2Fold Change| ≥ 1. KEGG pathway

enrichment analysis was conducted to identify biological pathways

significantly associated with the flavonoid biosynthesis pathway.

2.2.4 Integration of metabolomic and
transcriptomic data

Pathways enriched in differentially expressed metabolites and

genes were compared against the KEGG database (https://

www.genome.jp/kegg). A hypergeometric test was used to identify

significant pathways containing more than 25 shared entries, with

the top 25 pathways selected based on the lowest p-values.

Correlations between genes and metabolites were investigated

using Pearson’s correlation analysis (R v4.0.5), with a threshold of

correlation coefficient > 0.80 and p-value < 0.05 for selecting

significant gene-metabolite relationships.

2.2.5 Statistical analysis
Statistical analyses were conducted using SPSS 26.0 (IBM Corp.,

USA) and R software (v4.0.5). Data are presented as means ±

standard deviation (SD), with statistical significance set at p < 0.05.

Differential metabolites were identified based on fold change (FC) ≥

2 or ≤ 0.5. Differentially expressed genes (DEGs) were identified

using DESeq2 with an FDR-adjusted p-value < 0.05 and |log2Fold

Change| ≥ 1. Pathway enrichment analysis was performed using the

KEGG database.
3 Results and analysis

3.1 Metabolomic analysis of oil palm
exocarp flavonoids

3.1.1 Composition and classification of flavonoids
in the oil palm exocarp at different
developmental stages

During the development of the oil palm exocarp, a total of 274

flavonoids were identified and classified into nine distinct groups:

104 flavonoids, 88 flavonols, 7 chalcones, 20 dihydroflavonoids, 6

dihydroflavonols, 9 anthocyanins, 17 flavanols, 15 other flavonoids,

and 8 isoflavones. Within these categories, flavonoids exhibited the

highest relat ive content , fol lowed by flavonols , with

dihydroflavonols had the lowest relative content. Throughout the

developmental stages (FS1 to FS3), the relative contents of
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flavonoids, chalcones, anthocyanins, and flavanols increased

initially before decreasing. In contrast, the relative contents of

dihydroflavonoids, dihydroflavonols, flavonols, and isoflavonoids

showed a consistent decline, whereas other flavonoids displayed a

consistent upward trend (Figure 2). The overall relative flavonoid

content increased initially and subsequently declined (Figure 3).

Metabolomic analysis of the FS1 to FS3 developmental stages

identified 92 flavonoid metabolites based on screening criteria

(Variable Importance in Projection, VIP ≥ 1, Fold_Change ≥ 2,

or Fold_Change ≤ 0.5). Of these, 71 metabolites were down-

regulated, and 21 were up-regulated. Flavonoids and flavonols

comprised the largest proportion of the differential metabolites.

Prominent flavonoids included Diosmetin (5,7,3’-Trihydroxy-4’-

methoxyflavone), Gnetifolin B, Demethoxysudachitin, Jaceosidin,

Vitexin, Isovitexin, and Diosmetin-7-O-rutinoside (Diosmin).

Significant flavonols comprised Rhamnocitrin, Rehderianin I,

Isorhamnetin-3-O-gallate, and Limocitrin-3-O-galactoside

(Table 1). The relative content of different flavonoid species in

the oil palm exocarp during the FS1-FS3 period was clustered

(Figure 4). Analysis of the results revealed that the relative

content of three flavonoid compounds—Peonidin-3-O-glucoside,

Cyanidin-3-O-rutinoside (Keracyanin), and Cyanidin-3-O-

glucoside (Kuromanin)—increased from FS1 to FS2, then

decreased to FS3, with levels lower than those in FS1.

The relative contents of the flavonoid compounds Hesperetin-7-

O-glucoside and Quercetin-3-O-Sambubioside-5-O-Glucoside were

lower in FS1, increased in FS2, and decreased in FS3 although,

remained higher than in FS1.Isovitexin*, Vitexin*, Taxifolin

(Dihydroquercetin), Kaempferol-3-O-galactoside (Trifolin),

*Quercetin-3-O-sambubioside*, and eight other flavonoids showed

a continuous decrease in relative content from FS1 to FS3. Cyanidin-

3-O-glucoside (Kuromanin) and Epiafzelechin increased in relative

content from FS1 to FS2 and decreased in FS3.

3.1.2 Analysis of differential metabolites of
flavonoids in the exocarp of oil palm fruits at
different developmental periods

The number of significantly up-regulated and down-regulated

metabolites was determined by analyzing the metabolomic data of oil

palm fruits during FS1-FS3 based on the screening criteria (variable
Frontiers in Plant Science 04181
importance in projection, VIP) ≥ 1, Fold Change ≥3 or Fold_Change

≤ 0.5 (Figure 5). In FS1 vs FS2, there were 12 metabolites showing

increased levels, such as hesperetin-7-O-glucoside, diosmetin (5,7,3’-

Trihydroxy-4’-methoxyflavone), gnetifolin B, and persicogenin (5,3’-

dihydroxy-7,4’-dimethoxyflavanone), along with 1 metabolite

showing decreased levels. In the FS1 vs FS3 comparison,

hesperetin-7-O-glucoside, 3,5,4’-Trihydroxy-7-methoxyflavone

(rhamnocitrin), diosmetin (5,7,3’-trihydroxy-4’-methoxyflavone),

and gnetifolin B exhibited decreased levels, while 14 other

metabolites showed significant increases. Conversely, isorhamnetin-

3-O-arabinoside, epiafzelechin, avicularin (quercetin-3-O-alpha-L-

Arabinofuranoside)*, and 27 other metabolites displayed significant

decreases. In FS2 vs FS3, three metabolites showed increased levels:

persicogenin (5,3’-dihydroxy-7,4’-dimethoxyflavanone), 5,4’-

dihydroxy-3,7-dimethoxyflavone (kumatakenin), and 4’,5-

dihydroxy-3’,5’-dimethoxyflavone. Meanwhile, the metabolites with

decreased levels included epiafzelechin, avicularin (quercetin-3-O-a-
L-arabinofuranoside)*, and 19 others. The number of up- and down-

regulated differential metabolites initially increased and then

decreased as fruit development progressed. No differential

metabolites were observed in the comparisons of FS1 vs. FS2, FS1

vs. FS3, and FS2 vs. FS3. A total of 11 common differential

metabolites, including Hesperetin-7-O-glucoside, Diosmetin (5,7,3’-

Trihydroxy-4’-methoxyflavone), and Gnetifolin B, were identified in

both FS1 vs. FS2 and FS1 vs. FS3. Persicogenin (5,3’-dihydroxy-7,4’-

dimethoxyflavanone) was a shared differential metabolite in FS1 vs.

FS2 and FS2 vs. FS3. Additionally, 16 co-occurring differential

metabolites, such as Pectolinarigenin*, Epiafzelechin, and

Avicularin (Quercetin-3-O-a-L-arabinofuranoside)*, were found in

both FS1 vs. FS3 and FS2 vs. FS3.
3.2 Analysis of differential genes in different
developmental periods of oil palm pericarp

Transcriptome analysis of the oil palm exocarp during

developmental stages of FS1, FS2, and FS3 revealed significant

differential gene expression. Genes were screened based on criteria of

|log2Fold Change| ≥ 1 and FDR < 0.05. In the FS1 vs. FS2 comparison,

1,152 genes were genes (e.g., LOC105048385, LOC105052646,
FIGURE 1

Flavonoid biosynthetic pathway (Zhang et al., 2024). CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; FLS, flavonol
synthase; DFR, dihydroflavonol reductase; ANS, anthocyanidin synthase.
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LOC105058257) while1,765 genes were down-regulated

(e.g., LOC105049188, LOC105058893, LOC105056795) (Figure 6A).

For the FS1 vs. FS3 comparison showed 2,740 up-regulated genes

(e.g., LOC105032120, LOC105058752, LOC105049762) and 3,171

down-regulated genes (e.g., LOC105038978, LOC105041013,

LOC105048687). Whereas, in FS2 vs. FS3 comparison, 2,969 genes

were up-regulated (e.g., LOC105041978, LOC105035259,

LOC105050452) while 3,102 were down-regulated (e.g.,

LOC105036076, LOC105035725, LOC105034160). As the fruit

development progressed, the number of down-regulated genes

consistently exceeded the up-regulated genes, with an overall increase
Frontiers in Plant Science 05182
in the counts of both up- and down-regulated genesacross all

developmental comparisons (FS1 vs. FS2, FS1 vs. FS3, and FS2 vs.

FS3). Across the three developmental stages, 676 differentially

expressed genes were identified as common, suggesting shared

regulatory pathways or functional roles throughout the fruit’s

development (Figure 6B).
3.3 Joint analysis of metabolic
transcriptome data of oil palm fruits at
different developmental periods

The joint analysis offlavonoid metabolome and transcriptome data

from oil palm fruits at various developmental stages revealed that

differential metabolites and genes were primarily enriched in five

pathways: flavonoid biosynthesis, anthocyanin biosynthesis, flavonoid

and flavonol biosynthesis, phytometabolic, and secondary metabolite

biosynthesis pathways (Figure 7). In the comparison between FS1 and

FS2, the flavonoid biosynthesis pathway exhibited the highest number

of enriched metabolites (3) and was the most significantly enriched

pathway (Figure 7A). In FS1 vs. FS3, the anthocyanin biosynthesis

pathway showed the most significant enrichment with five metabolites,

while the flavonoid and flavonol biosynthesis pathways had the highest

number of enriched metabolites but lacked significant enrichment

(Figure 7B). Similarly, in FS3 vs. FS3, the anthocyanin biosynthesis

pathway remained the most significantly enriched, with five

metabolites, whereas the flavonoid and flavonol biosynthesis pathway

contained six enriched metabolites but was not significantly

enriched (Figure 7C).
FIGURE 2

Changes in relative quantification of various flavonoid compounds in the exocarp of oil palm fruits at different developmental periods (FS1-FS3).
FIGURE 3

Changes in the total relative quantification of exocarp flavonoid
compounds during different developmental periods (FS1-FS3) of oil
palm fruits.
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TABLE 1 Relative quantification of flavonoids in oil palm exocarp across developmental stages.

Compounds Class

Relative quantification of flavonoids at different
developmental periods

FS1 FS2 FS3

Apigenin-6-C-glucoside (Isovitexin)* Flavones 2019620.46 1462332.49 397627.64

5,7,3’,5’-tetrahydroxy-6-methylfavanone Flavones 93071.33 1824800.72 3941462.31

Diosmetin (5,7,3’-Trihydroxy-4’-methoxyflavone)* Flavones 91445.73 1890541.58 3870042.83

Apigenin-8-C-Glucoside (Vitexin)* Flavones 1932329.11 1525720.73 392020.71

5-Hydroxy-6,7,3’,4’-tetramethoxyflavone Flavones 3621.42 4943.89 17790.89

7,8-Dihydroxy-5,6,4’-trimethoxyflavone Flavones 6050.10 9531.87 53277.67

6,7,8-Tetrahydroxy-5-methoxyflavone* Flavones 93548.48 1857192.87 3645527.51

Luteolin-7,3’-di-O-glucoside Flavones 162889.32 139912.74 8753.91

Chrysoeriol-5-O-glucoside Flavones 526864.69 293592.78 117382.02

Demethoxysudachitin Flavones 11691.19 137549.42 436256.74

Luteolin-7-O-(6’’-sinapoyl)glucoside Flavones 1072242.03 1074463.99 111278.89

4’,5,7-Trihydroxy-3’,6-dimethoxyflavone (Jaceosidin)* Flavones 13910.22 148175.09 458275.68

5,7-Dihydroxy-3’,4’,5’-trimethoxyflavone Flavones 9256.37 14342.01 82467.76

Tricin-7-O-(2’’-feruloyl)glucoside Flavones 705475.59 379078.63 30544.53

Luteolin-8-C-glucoside (Orientin) Flavones 3564656.88 2605266.90 415992.50

Dihydroxy-dimethoxyflavone* Flavones 3525.66 6988.13 0

3,5,7,2’-Tetrahydroxyflavone; Datiscetin Flavones 20328.63 74437.94 122016.34

Gnetifolin B* Flavones 941174.91 16393090.11 35568924.91

Luteolin-7-O-(6’’-malonyl)glucoside* Flavones 216449.81 97127.35 23363.70

4’,5-Dihydroxy-3’,5’-dimethoxyflavone Flavones 8942.47 9446.69 77285.43

Luteolin-6-C-glucoside (Isoorientin) Flavones 11555755.99 9329137.41 1015143.69

Pedaliin* Flavones 382916.18 284639.15 86978.89

5,4’-Dihydroxy-3,6,7,3’-tetramethoxyflavone-4’-O-glucoside Flavones 36036.67 27360.98 3692.06

[6-[2-(3,4-Dihydroxyphenyl)-5,7-dihydroxy-4-oxochromen-3-yl]
oxy-3,4,5-trihydroxyoxan-2-yl]methyl acetate* Flavones 3720338.06 3613463.21 887874.70

Hispidulin-7-O-(6’’-O-p-Coumaroyl)Glucoside Flavones 97833.66 72511.46 21128.34

3’-O-Methyltricetin-5-O-glucoside* Flavones 487740.17 469753.54 115474.60

Hispidulin-8-C-glucoside Flavones 149344.35 119091.50 24789.94

Isosaponarin(Isovitexin-4’-O-glucoside) Flavones 161405.28 116599.92 32567.78

Tricin-4’-O-glucoside* Flavones 295466.28 131533.29 66169.24

Luteolin-7-O-gentiobioside Flavones 149272.48 170131.18 2477.02

Pectolinarigenin* Flavones 3730.26 6213.40 0

Tricin-7-O-Glucuronide Flavones 7875.15 7337.83 1392.99

Diosmetin-7-O-rutinoside (Diosmin)* Flavones 269546.51 254449.49 52761.57

Chrysoeriol-8-C-glucoside (Scoparin) Flavones 182647.11 110342.50 18930.53

Persicogenin (5,3’-dihydroxy-7,4’-dimethoxyflavanone) Flavanones 1992.98 0 41497.84

Cirsilineol (4’,5-Dihydroxy-3’,6,7-trimethoxyflavone) Flavanones 22014.28 41071.45 244873.34

(Continued)
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TABLE 1 Continued

Compounds Class

Relative quantification of flavonoids at different
developmental periods

FS1 FS2 FS3

6-C-Glucosyl-2-Hydroxynaringenin Flavanones 1151798.93 465535.10 224516.94

Aromadendrin-7-O-glucoside* Flavanonols 885655.49 445495.90 218380.16

Taxifolin(Dihydroquercetin) Flavanonols 28975.09 14020.04 6989.04

Hesperetin-7-O-glucoside Flavanones 0 14521.49 4347.09

Taxifolin-3’-O-glucoside Flavanonols 23067.85 12120.56 5368.11

Cyanidin-3-O-glucosylrutinoside Anthocyanidins 19352.46 38290.65 6583.67

Peonidin-3-O-rutinoside Anthocyanidins 154751.58 212483.70 12214.78

Cyanidin-3-O-(6’’-O-p-coumaroyl)glucoside-5-O-glucoside Anthocyanidins 45218.46 92330.09 11701.11

Cyanidin-3-O-rutinoside (Keracyanin) Anthocyanidins 1058218.61 1862488.86 148579.56

Cyanidin-3-O-glucoside (Kuromanin) Anthocyanidins 2343141.57 2362212.82 203875.44

Peonidin-3-O-glucoside Anthocyanidins 67177.65 94717.09 5368.97

Cyanidin-3-O-(6’’-O-malonyl)glucoside Anthocyanidins 129740.70 270682.02 21457.54

3,5,4’-Trihydroxy-7-methoxyflavone (Rhamnocitrin) Flavonols 91664.13 1956973.69 3879757.90

Quercetin-3-O-arabinoside Flavonols 498076.14 294867.03 85321.06

5,4’-Dihydroxy-3,7-dimethoxyflavone(Kumatakenin) Flavonols 134861.11 102067.47 966492.75

Morin-3-O-lyxoside Flavonols 442938.92 285097.41 88199.58

Isorhamnetin; 3’-Methoxy-3,4’,5,7-Tetrahydroxyflavone Flavonols 86015.33 81902.51 11329.95

Kaempferol-3-O-(6’’-malonyl)glucoside* Flavonols 173294.87 74263.53 21421.32

Avicularin(Quercetin-3-O-a-L-arabinofuranoside)* Flavonols 21592.29 10916.24 0

Morin Flavonols 516432.66 504732.50 104138.66

Quercetin-7-O-(6’’-malonyl)glucoside Flavonols 732565.40 814849.33 176289.48

Rehderianin I Flavonols 10467.99 123745.49 368656.02

Kaempferol-7-O-glucoside Flavonols 375446.56 104576.34 43461.22

Isorhamnetin-3-O-(6’’-acetylglucoside) Flavonols 613569.29 420904.76 130610.11

Kaempferol-3-O-(6’’-malonyl)galactoside* Flavonols 166364.22 78066.59 16638.27

Kaempferol-3-O-galactoside (Trifolin) Flavonols 93021.63 89114.60 17092.06

Isorhamnetin-3-O-(6’’-malonyl)glucoside* Flavonols 320042.32 262264.19 67188.85

Quercetin-3-O-sambubioside* Flavonols 25208.77 14377.96 3114.81

Quercetin-3-O-(2’’-O-acetyl)glucuronide Flavonols 97622.57 69844.51 21525.05

Sexangularetin-3-O-glucoside-7-O-rhamnoside Flavonols 5471675.85 3281744.78 1200804.43

Kaempferol-3-O-(6’’-O-acetyl)glucoside Flavonols 689470.35 296202.82 81782.25

8-Methoxykaempferol-7-O-rhamnoside Flavonols 154721.96 136070.06 20165.95

Quercetin-3-O-glucoside (Isoquercitrin) Flavonols 101017.68 60105.78 17693.22

Quercetin-3-O-galactoside (Hyperin)* Flavonols 660741.22 385887.87 109223.27

Isorhamnetin-3-O-gallate Flavonols 6732.05 20249.67 31132.22

Quercetin-3-O-apiosyl(1→2)galactoside* Flavonols 23259.11 13121.89 4333.19

Quercetin-3-O-sophoroside (Baimaside) Flavonols 16808.76 15141.60 1872.83

(Continued)
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Among the identified pathway, the plant metabolic and secondary

metabolite synthesis pathways were identified as the primary routes for

synthesis and metabolism in plants, with most metabolites and genes

enriched in fruit stages (FS). In the flavonoid biosynthesis pathway

(Ko00941) (Table 2), metabolites such as Eriodictyol (5,7,3’,4’-

Tetrahydroxyflavanone), Afzelechin (3,5,7,4’-Tetrahydroxyflavan),

and Epiafzelechin were co-enriched, along with Naringenin-7-O-

Neohesperidoside (Naringin)*, Hesperetin-7-O-glucoside, and eight

other differential metabolites. Additionally, 47 differentially expressed

genes, including LOC105054663, LOC105054281, LOC105035842

were enriched. In the flavonoids and flavonols biosynthesis pathway

(Ko00944) (Table 3), 10 differential metabolites such as Isovitexin*,

Vitexin*, and Vitexin-2’’-O-rhamnoside, as well as 18 differential genes

including LOC105036086, LOC105055415, and LOC105058071

were enriched.

Within the flavonoid biosynthetic pathways, three differential

metabolites and eight differential genes were enriched in FS1 VS

FS2, five differential metabolites and 11 differential genes in FS1 VS

FS3, and five differential metabolites and 14 differential genes in

FS2 VS FS3. In the flavonoids and flavonols biosynthesis pathway,

no differential metabolites or genes were enriched in FS1 VS FS2,
Frontiers in Plant Science 08185
whereas 10 differential metabolites and seven differential genes

were enriched in FS1 VS FS3, and seven differential metabolites

and six differential genes were enriched in FS2 VS FS3. Based on

the results, suggest that the flavonoid biosynthesis pathway,

flavonoids and flavonols biosynthesis pathway play important

roles in the development and maturation of oil palm fruits,

and promote flavonoids synthesis in the exocarp of oil palm

during these stages.

In the flavonoid biosynthesis pathway (Ko00941) and the

biosynthesis pathway of flavonoids and flavonols (Ko00944), Nr

annotation of 65 significantly differentially expressed genes

identified nine key enzyme genes—F3H, CHS, ANS, CYP75A,

DFR, UGT73C6, and FG2—were highly expressed during oil palm

fruit development (Table 4). Among the dynamic changes in the

expression of these nine key enzyme genes (Figure 8), the expression

of three genes, LOC105054663, LOC105036364, and LOC105048473

(encoding the enzyme F3H, CHS, and DFR), showed a decreasing

trend from FS1-FS3., This trend aligned with the changes in the levels

of metabolites such as Afzelechin, Quercetin-3 -O-sambubioside*,

and Baimaside. In contrast, the expression of LOC105054281

(encoding ANS) increased initially and then decreased during the
TABLE 1 Continued

Compounds Class

Relative quantification of flavonoids at different
developmental periods

FS1 FS2 FS3

Isorhamnetin-3-O-arabinoside Flavonols 4303.43 1477.51 0

Limocitrin-3-O-galactoside Flavonols 15554.59 17825.99 3745.71

Isorhamnetin-3-O-rutinoside-7-O-rhamnoside* Flavonols 1112235.95 648935.04 263874.17

Morin-3-O-xyloside* Flavonols 26754.62 19111.44 4583.89

Catechin-(7,8-bc)-4a-(3,4-dihydroxyphenyl)-dihydro-2-(3H)-one Flavanols 25419.29 23563.74 6071.30

Epicatechin gallate* Flavanols 7779.88 82904.80 9679.12

Gallocatechin 3-O-gallate Flavanols 12158.19 51681.34 34475.50

Afzelechin (3,5,7,4’-Tetrahydroxyflavan) Flavanols 24295.13 23868.02 4363.36

Epiafzelechin Flavanols 7921.84 8118.93 0

O-Demethylforbexanthone Other Flavonoids 499311.66 781147.08 117582.58

1,3,6-trihydroxy-2,5,7-trimethoxyxanthen-9-one Other Flavonoids 550157.70 141463.00 13894.27

9,11-dimethoxy-2h-[1,3]dioxolo[4,5-b]xanthen-10-one* Other Flavonoids 973870.96 16543900.64 35670120.09

1,3,6,8-tetrahydroxy-2,5-dimethoxyxanthen-9-one Other Flavonoids 44424.85 14830.60 4258.32

1,2,4,5-tetrahydroxy-7-(hydroxymethyl)anthracene-9,10-dione Other Flavonoids 151027.76 75128.35 32235.14

Iristectorigenin A* Isoflavones 16447.14 139368.46 447987.42

Genistein-8-C-glucoside Isoflavones 375945.39 279778.97 69260.90

Iristectorin A* Isoflavones 323003.98 126168.33 69286.04

Genistein-7-O-galactoside* Isoflavones 5254.35 4093.33 0
The values represent the relative abundance of each compound, measured in arbitrary units, as determined by metabolomics analysis. Compounds marked with an asterisk (*) denote isomeric
forms identified during the study. Each compound is categorized into subclasses such as Flavones, Flavanones, Flavanonols, Anthocyanidins, Flavanols, Isoflavones, and Other Flavonoids. This
classification highlights the diverse flavonoid profiles across developmental stages, providing insights into their dynamic changes and potential roles during oil palm exocarp development.
(In Figures 1–3 and Table 1, the relative quantification is the integrated peak area of the substance in the sample, the peak area is actually the peak area of the peak at the retention time of the
quantified ion of the corresponding substance, which represents its specific response intensity, and the higher the intensity of this response, the larger the peak area, which represents the larger the
relative content of its substance in the sample.)
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FS1-FS3 period, correlating with the fluctuations in the levels of

metabolites Epiafzelechin and Hesperetin-7-O-glucoside. The

changes in the expression of these nine enzyme genes were

correlated with the dynamic fluctuations in the content of the five

differential metabolites. Notably the genes LOC105054663,
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LOC105036364, LOC105054281, and LOC105048473 (enzyme

genes: F3H, CHS, ANS, and DFR) showed a significant positive

correlation with Quercetin-3-O- sambubioside*. Additionally,

LOC105048473 (enzyme gene: DFR) exhibited a significant positive

correlation with Afzelechin, Epiafzelechin and Baimaside.
FIGURE 4

Clustering heat map of relative quantification of exocarp flavonoids in oil palm fruits at different developmental periods (FS1~FS3). (The horizontal
coordinates are the different periods of the samples, the vertical coordinates are the differential metabolites, the different colors are the colors filled
with the different values obtained from the standardized treatment of different relative contents (green represents high content, red represents low
content), the dendrogram on the left side of the heat map represents the results of the hierarchical clustering of the differential metabolites, and the
annotated strips on the right side of the clustering map correspond to the substances.)
FIGURE 5

Differential statistics of flavonoid metabolites in the exocarp of oil palm fruits at different developmental stages (FS1-FS3). (A) Comparison of the
number of upregulated and down-regulated metabolites and the trend of change at each stage of FS1 VS FS2, FS1 VS FS3, FS2 VS FS3. (B) Number of
the same differential metabolites at each stage of FS1 VS FS2, FS1 VS FS3, FS2 VS FS3.
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Conversley, LOC105054663, LOC105036364, and LOC105054281

(encoding F3H, CHS, ANS) displayed a significant negative

correlation with Hesperetin-7-O-glucoside. Furthermore, the genes

LOC105050451, LOC105055415, LOC105057418, and

LOC105057419 (encoding CYP73A, UGT73C6, FG2-1, FG2-2
Frontiers in Plant Science 10187
respectively) showed a significant negative correlation with

Afzelechin, Epiafzelechin, *Quercetin-3-O- sambubioside*, and

Baimaside. Finally, LOC105036086 (encoding CYP75A) exhibited a

significant negative correlation with Epiafzelechin, Quercetin-3-O-

sambubioside*, Baimaside.
FIGURE 6

Differential statistics of flavonoid differential genes in the exocarp of oil palm fruits at different developmental stages (FS1-FS3). (A) Comparison of
up-regulated and down-regulated differential genes and the trend of change at each stage of FS1 VS FS2, FS1 VS FS3, FS2 VS FS3. (B) Number of
identical differential genes at each stage of FS1 VS FS2, FS1 VS FS3, FS2 VS FS3.
FIGURE 7

These three images (A–C) are described separately in the body of the article, and the images are framed the same way, so they do not need to be
described separately again in the tag.
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In summary, F3H, CHS, ANS, and DFR may positively regulate

Quercetin-3-O-sambubioside*. DFR may positively regulate the levels

of Afzelechin Epiafzelechin and Baimaside. On the other hand, F3H,

CHS, and ANS may downregulate the content of Hesperetin-7-O-

glucoside. CYP73A, UGT73C6, FG2-1, and FG2-2 may negatively

regulate Afzelechin, Epiafzelechin, Quercetin-3-O-sambubioside*, and

Baimaside. Finally, CYP75A may downregulate the levels of

Epiafzelechin, Quercetin-3-O-sambubioside*, Baimaside.
Frontiers in Plant Science 11188
4 Discussions

High-flavonoid oil palm varieties have great nutritional and

medicinal potential due to their rich bioactive compounds. Oil palm

leaves contain higher polyphenols than green tea, including

flavonoids like epigallocatechin and catechin, offering benefits

such as protection against cancer, diabetes, hypertension,

neurodegenerative diseases, and cardiovascular health (Mohamed,
TABLE 2 Statistics of differential metabolites and differential genes related to flavonoid biosynthesis pathway (Ko00941) in exocarp of oil palm at
different developmental stages (FS1-FS3).

Differential metabolites Differential gene ID

FS1 vs FS2 Naringenin-7-O-Neohesperidoside(Naringin)*
Taxifolin(Dihydroquercetin)
Hesperetin-7-O-glucoside

LOC105054663;LOC105036364;LOC105060373;LOC105054281;
LOC105035842;LOC105058232;LOC105058071;LOC105034344

FS1 vs FS3 Apigenin-8-C-Glucoside (Vitexin)*,
Taxifolin(Dihydroquercetin),
Epiafzelechin,
Galangin (3,5,7-Trihydroxyflavone),
Hesperetin-7-O-glucoside

LOC105054663;LOC105050451;LOC105036364;LOC105060373;
LOC105054281;LOC105035842;LOC105058232;LOC105058071;
LOC105052441;LOC105034344 ;LOC105037012

FS2 vs FS3 Apigenin-8-C-Glucoside (Vitexin)*,
Taxifolin(Dihydroquercetin),
Epiafzelechin,
Eriodictyol,
Afzelechin

LOC105054663;LOC105052309;LOC105050451;LOC105036364;
LOC105060373;LOC105045978;LOC105035842;LOC105058232;
LOC105058071;LOC105052441;LOC105037012;LOC105040724;
LOC105048473;LOC105041901
* means isomers.
TABLE 3 Statistics of differential metabolites and differential genes related to the biosynthesis pathway of flavonoids and flavonols in exocarpons of
oil palm at different developmental stages (FS1-FS3) (Ko00944).

Differential metabolites Differential gene ID

FS1 vs FS2 \ \

FS1 vs FS3 Nicotiflorin*,Isovitexin*,3,7-Di-O-methylquercetin,Vitexin*,Vitexin-2’’-
O-rhamnoside,Trifolin,Vitexin-2’’-O-rhamnoside,Cynaroside*,
Isoquercitrin, Baimaside

LOC105058071;LOC105036086;LOC105041901;LOC105045491;
LOC105055415;LOC105057418;LOC105057419

FS2 vs FS3 Isovitexin*,Vitexin*,Vitexin-2’’-O-rhamnoside,Trifolin,Vitexin-2’’-O-
rhamnoside,Isoquercitrin, Baimaside

LOC105058071;LOC105036086;LOC105041901;LOC105057418;
LOC105036426;LOC105057419
“” indicates that differential metabolites and differential genes on the flavonoid biosynthesis pathway (ko00941) were not detected. * means isomers.
TABLE 4 Correlation analysis of key enzyme gene expression levels and relative contents of main flavonoids during the development of oil palm fruit.

Gene Id Genes camomile Epifriedelanol Hesperidin 7-
O-glucoside

Quercetin-3-
O-sambubioside*

Baimaside

LOC105054663 F3H 0.65 0.73* -0.88** 0.80** 0.68*

LOC105036364 CHS 0.70* 0.79* -0.83** 0.82** 0.74*

LOC105054281 ANS 0.67* 0.76* -0.87** 0.82** 0.69*

LOC105048473 DFR 0.81** 0.88** -0.69* 0.86** 0.82**

LOC105050451 CYP73A -0.90** -0.96** 0.41 -0.89** -0.89**

LOC105036086 CYP75A -0.74* -0.86** 0.66 -0.90** -0.80**

LOC105055415 UGT73C6 -0.92** -0.9** 0.58 -0.89** -0.94**

LOC105057418 FG2-1 -0.87** -0.95** 0.53 -0.90** -0.85**

LOC105057419 FG2-2 -0.89** -0.97** 0.46 -0.90** -0.87**
“*” indicates a significant correlation (P<0.05), “**” indicates an extremely significant correlation (P<0.01).
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2014). The Palm Fruit Bioactive Complex (PFBc), derived from

palm oil, is rich in antioxidants and polyphenols, which reduce

inflammation and improve cognitive function, particularly during

aging (Hewlings et al., 2021). Genetic engineering and conventional

breeding can enhance the nutritional value of palm oil by increasing

carotene and vitamin E content, which provide antioxidative and

cardioprotective benefits (Ithnin et al., 2023).

Flavonoids serve diverse functions in plants, including anti-

bacterial and antifungal activities, as well as roles in plant

coloration, root growth, and pollen development. In this study,

we explored the variations in flavonoid accumulation in oil palm at
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different stages (FS1-FS3) using metabolomics techniques. The

results showed that the primary pathways for flavonoid synthesis

in oil palm exocarp were the flavonoid biosynthesis pathway and

the flavonoid and flavonol biosynthesis pathway. Additionally, the

differential metabolite Afzelechin, Epiafzelechin, Hesperetin-7-O-

glucoside, Quercetin-3-O-sambubioside*, and Baimaside, were

closely associated with flavanoid content in oil palm pericarp.

Transcriptome sequencing is a widely utilized tool in the study

of plant flavonoids. CHS is a key enzyme that catalyzes the first

critical step in the flavonoid biosynthesis pathway (Wang et al.,

2018), while DFR regulates the metabolic flux of flavonoids (Lei
FIGURE 8

Dynamic changes of the relative contents of key enzyme genes in different stages of oil palm fruit (FS1~FS3). F3H:flavanone 3-hydroxylase, CHS:
chalcone synthase, DFR:dihydroflavonol reductase, ANS:anthocyanidin synthase, CYP73A:Cytochrome P450 73A, CYP75A:Cytochrome P450 75A,
FG2:flavonol-3-O-glucoside L-rhamnosyltransferase, UTG: UDP-glycosyltransferase,.
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et al., 2023). In this study, the expression of CHS and DFR in FS

showed a continuous decline, a trend that was consistent with, and

positively correlated to the relative content of metabolites such as

Afzelechin, Quercetin-3-O-sambubioside*, and Baimaside. These

finding suggest that CHS and DFR may play a positive regulatory

role in the biosynthesis of flavonoids in oil palm exocarp. Similarly,

the expression of F3H in FS also exhibited a continuous decrease,

aligning with the relative contents of Afzelechin, Quercetin-3-O-

sambubioside*, and Baimaside. A positive correlation was observed

between the metabolites Quercetin-3-O-sambubioside* and

Baimaside. Among the enzyme genes related to flavonoid

synthesis, it was found that CHS and F3H were positively

regulated in both the flavonoid biosynthesis and flavonoid and

flavonol biosynthesis pathways (Yang et al., 2023). The expression

of ANS in FS initially increased and then decreased during fruit

ripening, reflecting the changes in the content of Epiafzelechin and

Hesperetin-7-O-glucoside. Specifically, ANS expression was

positively correlated with Epiafzelechin but negatively correlated

with Hesperetin-7-O-glucoside. This pattern aligns with findings in

the Azalea cultivar ‘Fenhe’, where down-regulation of ANS was

associated with pink coloration (Xia et al., 2022). The expression

levels of CYP73A, CYP75A, UGT73C6, and FG-2 in FS were

consistently elevated, along with increased contents of Afzelechin,

Epiafzelechin, and Quercetin-3-O-sambubioside*, Baimaside. This

led to hypothesized that CYP73A, CYP75A, UGT73C6 and FG-2

play a negative regulatory role in the biosynthesis of flavonoids in

the oil palm exocarp. In the context of Begonia exocarp browning,

CYP73A has been identified as a key gene influencing flavonoid

accumulation (Yang et al., 2024a). Meanwhile the enzyme gene

CYP75A, and its associated gene family are closely associated to

flavonoid biosynthetic enzymes and the regulation of pigments

(Yuanyuan et a l . , 2023) . Addi t ional ly , UGT73C6, a

glycosyltransferase involved in flavonol glycoside biosynthesis in

Arabidopsis thaliana (Patrik et al., 2003). Genes like FG2 and F3H

are highly expressed in sour orange, which biosynthesis fortified

flavonoid compounds with enhanced antioxidant activity to

detoxify the deleterious effects of reactive oxygen species

produced during drought stress (Rao et al., 2023). Flavonoid

concentrations, particularly flavonols, are frequently linked to

color changes in plants. For instance, in hibiscus, flavonol

concentrations exhibit an inverse relationship with anthocyanin

levels, playing a significant role in flower coloration and antioxidant

activity (Mejıá et al., 2023). In oil palm, previous research has

distinguished between black-fruited and green-fruited varieties,

with black coloration attributed to anthocyanins and carotenoids

contributing to fruit coloration in both varieties (Suraninpong and

Nuanlaong, 2022). This study revealed that the ratio of flavonol

content to total flavonoid content in the oil palm pericarp ranged

from 21.62% to 38.45%. Although few studies have explored

flavonols in oil palm, the findings suggest that high flavonol

content may contribute to color changes in the exocarp during

fruit development. Therefore, hypothesized that a high content of

flavonols may be related to color changes in FS oil palm exocarp.

The insights gained from this study have potential applications in

the development of high-flavonoid oil palm varieties. Enhanced
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flavonoid content could improve the nutritional value of oil palm

products. Further research could focus on manipulating key regulatory

genes, such as CHS, F3H, DFR, and ANS, through genetic engineering

or marker-assisted selection to achieve these goals. By advancing our

understanding of flavonoid biosynthesis in oil palm, this study lays the

groundwork for practical applications in agriculture, food,

and biotechnology.
5 Conclusions

Study provides new insights into the flavonoid metabolism in

oil palm, specifically in the mesocarp and exocarp. As the fruit

develops and ripens, the relative content of flavonoids initially

increases and then decreases, which may be influenced by the

flavonoid biosynthetic pathway, enzyme gene regulation, and

differential metabolites. Key genes such as F3H, CHS, ANS, and

DFR are likely involved in promoting the synthesis of flavonoids

like quercetin-3-O-sambubioside, afzelechin, epiafzelechin, and

baimaside. Conversely, genes such as CYP73A, CYP75A,

UGT73C6, and FG2 appear to suppress the synthesis of these

flavonoids, suggesting complex regulatory mechanisms in the

biosynthesis of flavonoids in oil palm fruits.

The findings of this study offer valuable genetic insights into the

regulation of flavonoid synthesis and metabolism, laying the

groundwork for future research into the molecular mechanisms

underlying flavonoid biosynthesis in oil palm. To deepen our

understanding, further investigations are needed to explore the

functional roles of the nine key enzyme genes identified—F3H,

CHS, ANS, DFR, CYP73A, CYP75A, UGT73C6, FG2-1, and FG2-2.

Future work should include functional experiments to confirm

these gene functions and examine their interactions with

transcription factors. Ultimately, this research could contribute to

the development of oil palm varieties with enhanced flavonoid

content, offering new opportunities for product development and

the sustainable utilization of oil palm.
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