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Abstract

Toona sinensis, a plant species renowned for its culinary and medicinal properties,

exhibits diverse colour variations that contribute to its aesthetic appeal and com-

mercial value. Understanding the molecular mechanisms underlying colour and

aroma traits in Toona sinensis is crucial for breeding programs and quality regula-

tion in agriculture and the food industry. The present investigation included

a comprehensive analysis of the transcriptomic and metabolomic profiles of

Toona sinensis with different colours, including green, red, and red leaves with

green stems. Metabolic analysis revealed that the flavonoid biosynthesis pathway

governs the colour distinction between green and red Toona sinensis. The top 10

metabolites influenced by transcriptome include terpenoids (5), heterocyclic com-

pounds (1), phenol (1), ketone (1), aldehyde (1), and alcohol (1). Fifteen highly

expressed genes impacted by phenylpropanoid, sesquiterpenoid, and triterpenoid

biosynthesis in coloured Toona sinensis. Functional annotation and pathway anal-

ysis revealed that terpene metabolites are predominantly synthesized via terpene

metabolic pathway, involving eight key gene families. This study underscores the

importance of multi-omics approaches in unravelling the genetic and metabolic

basis of phenotypic traits in plant species aimed at improving colour, aroma, and

nutritional quality in plants and derived products.

Highlights

• Flavonoid biosynthesis pathway governs the colour distinction between green and

red Toona sinensis.

• The top 10 metabolites influenced by transcriptome include five terpenoids,

one heterocyclic compound, one phenol, one ketone, one aldehyde, and one

alcohol.

• Fifteen highly expressed genes impacted by phenylpropanoid, sesquiterpenoid,

and triterpenoid biosynthesis in coloured Toona sinensis.
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• Terpene metabolites are predominantly synthesized via the terpene metabolic

pathway, involving eight key gene families.

• The net photosynthetic rate and intercellular CO2 concentration are relatively high

in the red Toon sinensis morph.

1 | INTRODUCTION

Toona sinensis (commonly called Toon) is a deciduous tree from the

Meliaceae family. It is uniquely regarded as a vegetable worldwide

and has multiple aesthetic, nutritional and medicinal impacts, fur-

ther, it is traditionally used in various products (Jiang et al., 2019).

Toon is the predominant variety of China's “forest vegetables” and
is renowned for its distinct flavour and aroma characteristics. The

plant's ecology is greatly determined by the organs like leaves

(Petit Bon et al., 2020). There are several native breeds of Toona

sinensis, such as red Toona sinensis, red oil Toona sinensis, black oil

Toona sinensis, and green Toona sinensis, earning it the moniker of

a peculiar “tree lettuce”. Toona sinensis is a collective term for

these varieties, which are rare, distinctive, and concurrently used

as a medicinal and edible new-type vegetable (Zhao et al., 2022).

Toon is rich in nutrients like vitamin C, high-quality protein, phos-

phorus, and iron minerals (Zhai, 2020). Beyond its nutritional value

and pleasant taste, it offers significant health benefits and antioxi-

dant properties, including the removal of harmful substances from

the human body (Yang et al., 2011, Yu et al., 2012). It also exhibits

antibacterial, antiviral (Chen et al., 2008), anti-inflammatory, and

immunomodulatory effects (Lim et al., 2020) due to the bioactive

functional compounds like flavonoids, phenols, and terpenoids.

Like other plants in the Meliaceae family, the main components of

the Chinese toon are terpenes, including triterpenoids (gansuline,

limonoids, norlimonoids), diterpenes and sesquiterpenes (Peng

et al., 2019).

In nature, plants emit a vast array of volatile organic com-

pounds (VOCs), which are integral to their chemotype and play a

central role in plant ecosystems as ecological signals. Over 1,700

compounds have been categorized as VOCs of plant origin

(Dudareva et al., 2013). The biosynthetic nature of these com-

pounds classifies them as (1) terpenoids, (2) volatile oil, (3) phenyl-

propanoids, (4) flavonoids, (5) benzene ring and phenylpropane

derivatives, (6) fatty acid and amino acid derivatives, along with

some special substances such as sulfur and nitrogen compounds.

The synthesis of plant VOCs occurs during the physiological and

metabolic processes of various tissues and organs, primarily being

released into the air through leaves. There are noticeable varia-

tions in the composition of VOCs released by different plant spe-

cies. In flowers and fruits, the VOCs synthesized and released are

mainly aromatic compounds, terpenoids, and esters (Wei

et al., 2016; Du et al., 2019; Xia et al., 2021). Conversely, in leaves,

terpenoids and fatty acid derivatives predominate, with the occa-

sional presence of nitrogenous compounds like indole (Song

et al., 2020, Wang et al., 2021) serving these purposes. Numerous

studies have highlighted the high specificity of plant VOCs for dif-

ferent plant species, emphasizing their critical roles in signal trans-

duction (Chen et al., 2020), biotic and abiotic stress tolerance

(Holopainen & Gershenzon, 2010), and biotic interactions (Kalske

et al., 2019).

Studies have identified terpenes and sulfur-containing compounds,

along with a small number of aldehydes, alcohols, and alkanes, as the sub-

stances responsible for the distinctive aroma of Toona sinensis shoots (Liu

et al., 2013; Wu et al., 2014; Peng et al., 2019; Jiang et al., 2020). While

some studies have revealed the genome composition, evolutionary rela-

tionships, and related pathways of terpenoid biosynthesis in Toona sinen-

sis (Ji et al., 2021), the biosynthesis pathways and molecular mechanisms

of its aroma constituents are still poorly understood.

High-throughput sequencing has proven successful in elucidating

gene function in non-model plants, allowing for a comprehensive under-

standing of the genome, transcriptome, and metabolome, as well as the

interpretation of regulatory networks within species. Also, the integra-

tion of transcriptomics and metabolomic data through weighted gene

co-expression network analysis (WGCNA) has emerged as an effective

method for discovering novel gene functions and unveiling intricate co-

expression networks that regulate secondary metabolism (Langfelder &

Horvath, 2008; Pei et al., 2017). This approach has been applied to

research on various plants, including Zanthoxylum (Fei et al., 2021), fig

(Borges et al., 2013), daffodil (Yang et al., 2021), jasmine (Zhou

et al., 2022), and others shedding light on the aroma mechanisms of

these species.

Flavour stands as a crucial quality attribute in food, serving as

a significant determinant for consumers when making purchasing

decisions. Presently, the characteristic flavour of Toon is perceived

as volatile and unstable, with a complex aroma composition. More-

over, the leaf colour of Toon is notably influenced by the light

environment, leading to distinct odour variations among Toons of

different colours.

In this study, we report aroma-related metabolites across vari-

ous coloured Toon, and variations in their composition and con-

tent. Additionally, comparative genomic analysis of metabolites

and transcriptomes was conducted through homolog alignment

and integration, facilitating the identification of candidate genes

associated with aroma in Toon. We also constructed a transcrip-

tional regulatory network, providing essential insights for the sub-

sequent functional verification of related genes and establishing a

foundation for quality breeding and regulation of Toon. The find-

ings of this work are essential for a better understanding of the

complex interplay between gene expression, metabolite composi-

tion, and phenotype in Toona sinensis and could be extrapolated to

other species.
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2 | MATERIALS AND METHODS

2.1 | Materials

The Toona sinensis (Toona) samples were triplicated and grown out-

doors throughout the seasons in 2022–23. Toons were harvested

from Yaodu Town, Qingbai jiang District, Chengdu City, Sichuan Prov-

ince (30�48027.700N, 104�19058.500E). Mature, first-crop, fresh, robust

Toona buds that were free of diseases, insect pests, and mechanical

damage were selected for experimental study. Forty-five Toon sam-

ples were selected. Three different coloured Toona morphs were col-

lected: all red (R), red leaves and green stems (RG), and all green

(G) (Figure S1). The notable high photosynthetic rate and intercellular

CO2 concentration in the red Toona morph were observed using the

H-GH40 portable photosynthesis meter (Table S2). The materials (leaf

and shoots) were weighed and stored using liquid nitrogen for further

analysis at �80�C.

2.2 | Sample preparation and treatment

The Toona leaf samples were ground into powder using liquid nitro-

gen. 500 g (1 mL) of the powder was immediately transferred to a

20 mL headspace vial (Agilent) containing a saturated NaCl solution to

prevent any enzymatic reaction. The vials were then sealed with TFE

silicone headspace crimp caps (Agilent). During solid-phase microex-

traction (SPME) analysis, each vial was heated at 60�C for 5 min.

Samples were then prepared for further analytical testing by exposing

a 120 μm DVB/CWR/PDMS optical fiber (Agilent) to the headspace

of the sample at 100�C for 15 min.

2.3 | Analysis of volatile organic compounds by
SPME-GC–MS

The Agilent Model 8890 GC coupled with a 7000D mass spectrome-

ter (Agilent) was utilized for the identification and quantification of

volatile organic compounds (VOCs), as the latter determine plants'

aroma. Following sampling, VOC desorption from the fiber coating

occurred in the injection port of the GC apparatus (Model 8890; Agi-

lent) for 5 minutes at 250�C in split-less mode. Equipped with a

30 m � 0.25 mm � 0.25 μm DB-5MS (5% phenyl-polymethylsilox-

ane) capillary column, the setup utilized helium as the carrier gas,

flowing at a linear velocity of 1.2 mL min�1. The injector temperature

was held at 250�C, with the detector operating at 280�C.

The oven temperature was programmed as follows: initially set at

40�C for 3.5 minutes, then increased at 10�C min�1 to 100�C, fol-

lowed by a ramp of 7�C min�1 to 180�C, and finally a ramp of 25�C

min�1 to 280�C, with a 5-minute hold period. Mass spectra were

recorded in electron impact (EI) ionization mode at 70 eV. The tem-

peratures for the quadrupole mass detector, ion source, and transfer

line were set at 150, 230, and 280�C, respectively. Selected ion moni-

toring (SIM) mode was employed by the MS for the identification and

quantification of analytes. The identified compounds through GC–MS,

including the chromatographic retention indices (RI) of each identified

compound, are provided in Table S1.

F IGURE 1 Metabolites class differentiation in Toona sinensis. Each color represents a metabolite class, and the patch area represents the
proportion of metabolites in that class.
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2.4 | RNA quantification and qualification

To monitor RNA degradation and contamination, 1% agarose gel elec-

trophoresis was employed. The purity assessment of RNA was con-

ducted using the Nano Photometer® spectrophotometer (IMPLEN).

RNA concentration was determined with the Qubit® RNA Assay Kit

on the Qubit®2.0 Fluorometer (Life Technologies). Evaluation of RNA

integrity was carried out using the RNA Nano 6000 Assay Kit on the

Bioanalyzer 2100 system (Agilent Technologies). For RNA sample

preparations, 1 μg RNA per sample was used. Sequencing libraries

were generated using the NEBNext® UltraTM RNA Library Prep Kit

for Illumina® (NEB), following the manufacturer's protocol, with index

codes added for sample attribution.

First, mRNA was isolated from total RNA using poly-T oligo-

attached magnetic beads. Subsequently, fragmentation was achieved

using divalent cations under elevated temperature in NEBNext First

Strand Synthesis Reaction Buffer (5X). For first-strand cDNA synthe-

sis, random hexamer primers and M-MuLV Reverse Transcriptase

(RNase H-) were utilized. Second-strand cDNA synthesis was then

carried out using DNA Polymerase I and RNase H. Any remaining

overhangs were converted into blunt ends via exonuclease/

polymerase activities. Finally, the adenylation of the 30 ends of DNA

fragments was performed, followed by ligation of NEBNext Adaptor

with a hairpin loop structure to prepare for hybridization.

The library fragments, targeted to be within the range of 250–

300 bp in length, underwent purification using the AMPure XP system

(Beckman Coulter). Subsequently, 3 μL of USER Enzyme (NEB, USA)

was applied to the size-selected, adaptor-ligated cDNA at 37�C for

15 min, followed by a 5-min incubation at 95�C prior to PCR. PCR

was then conducted using Phusion High-Fidelity DNA polymerase,

Universal PCR primers, and Index (X) Primer. Finally, the PCR products

underwent purification using the AMPure XP system, and the quality

of the library was evaluated using the Agilent Bioanalyzer 2100

system.

2.5 | Transcriptome analysis

The DESeq2 v1.22.1 was utilized to analyze the genes differential

expression (DEGs) between the two groups (for samples with biologi-

cal replicates). In cases where samples lacked biological replicates, dif-

ferential analysis was conducted using edgeR. The Benjamini &

Hochberg method was employed to determine corrected P values.

The P value (corrected) and jlog2foldchangej were used to determine

significant differential expression.

Multiple databases were opted to estimate Gene function anno-

tation and pathway analysis, including GO (Gene Ontology), KEGG

(Kyoto Encyclopedia of Genes and Genomes), KOG/COG (COG: Clus-

ters of Orthologous Groups of proteins; KOG: eukaryotic Ortholog

Groups), Pfam (protein family), Swiss-Prot (a manually annotated and

reviewed protein sequence database) and Nr (NCBI non-redundant

protein sequences).

G2 G1 G3 R1 R3 R2 RG3
RG1

RG2

Geranic acid
(-)-.beta.-Bourbonene
alpha.-Cubebene
Copaene
Ylangene
Geranyl acetate
Aristolochene
Cubenene
.alpha.-Calacorene
Linalool
trans-.beta.-Ocimene
.beta.-Ocimene
.beta.-Phellandrene
.alpha.-Phellandrene 1
(-)-Myrtenol
.gamma.-Terpinene
Camphene
o-Cymene
beta-Elemen
Eremophilene
cis-.alpha.-Bisabolene
alpha.-Muurolene
(+)-neodihydrocarveol
D-Verbenone
(+)-alpha-Pinene
alpha.-Pinene
.beta.-Pinene
Limonene
D-Limonene
Eucalyptol
Citronellyl tiglate
Bornyl acetate
Dihydrocarvyl acetate
L-Fenchone
Limonene oxide, trans-
Citronellal
Myroxide
Isopinocarveol
(+)-(E)-Limonene oxide
(+)-2-Bornanone
Camphor
L-.alpha.-Terpineol
.alpha.-Terpineol
(-)-trans-Pinane
β-Ionone
trans-.beta.-Ionone
Linalyl acetate
Carveol
Thujone
cis-Dihydrocarvone
Carvone
D-Carvone
Ascaridole
Dehydroxy-isocalamendiol
.beta.-Acorenol
Cubenol
Isospathulenol
Guaiazulene
Levomenol
Levomenthol
cis-.beta.-Farnesene
.alpha.-Dehydro-ar-himachalene
Neric Acid
Bicyclosesquiphellandrene
Alloaromadendrene
d-Nerolidol
(-)-Spathulenol
.alpha.-Maaliene
.alpha.-Irone
Germacrene D
Palustrol (Ledum)
Ledol
Caryophyllene
.alpha.-Ionone
Ionone
Cedrene
trans-.alpha.-Bergamotene
.alpha.-Farnesene
.beta.-Bisabolene
trans-Calamenene
Humulene
.alpha.-Cadinol
Kessane

−2

0

2

F IGURE 2 Heat map of individual terpenoid contents among
different Toona sinensis morphs.
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2.6 | Weighted gene co-expression network
analysis (WGCNA)

Utilizing the Weighted Gene Co-expression Network Analysis

(WGCNA) R Package (v1.69), the Weighted Correlation Network

Analysis was conducted on the transcriptome data to identify highly

coordinated gene sets during different Toona sinensis morphs, as well

as associations between gene sets and aroma. Genes with FPKM >0.8

were used to construct a weighted gene co-expression network. This

analysis aimed to identify highly coordinated gene sets within differ-

ent coloured Toona sinensis.

2.7 | Statistical analyses

The significant differences were determined by ANOVA and Duncan's

multiple range test (p < 0.05) using DPS 7.05 during the analysis of

the experimental data.

3 | RESULTS

3.1 | The volatile organic compounds (VOCs)
differences in different coloured Toona sinensis

Gas chromatography–mass spectrometry (GC–MS) was employed

to measure the VOCs content differences in Toon material under

investigation. The metabolic analysis identified a total of 1251

metabolites in this study, encompassing terpenes (22.6%), esters

(16.7%), heterocyclic compounds (15.3%), ketones (8.3%), alcohols

(7.04%), hydrocarbons (6.96%), aldehyde (6.2%), aromatics (4.8%),

organic acids (3.6%), phenols (3.4%), amines (2.64%), and other

(Figure 1). The Orthogonal Partial Least Squares Discriminant

Analysis (OPLS-DA) results indicated substantial differences

between the sample groups (R, G, RG), while the variations within

the groups were minimal. Copaene was the most abundant terpe-

noid in red Toona sinensis, whereas L-α-terpineol was the most

abundant terpenoid in RG Toona sinensis, and α-ionone was the

most abundant terpenoid in green Toona sinensis. Monoterpenes

F IGURE 3 2D-PCA score plot of
mass spectra data for each group of
samples and QC samples. PC1 represents
the first principal component, PC2
represents the second principal
component. The percentage represents
the interpretation rate of the principal
component to the data set.

F IGURE 4 A Venn diagram of metabolites categorization among
different Toona sinensis morphs.
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and sesquiterpenes were the main terpenoid components of differ-

ent Toona sinensis morphs (Figure 2).

Using GC–MS data coupled with principal component analysis

(PCA), a comparison was made of the metabolite composition

involved in the fruit development of Toon. The results disclosed dis-

tinct separations in the metabolite compositions in the samples stud-

ied (R, RG, G). The PC1 � PC2 score plots were found to represent

the main characteristics of the samples (Figure 3). Based on a signifi-

cant eigenvalue, PCs were identified. The significant PCs accounting

for total variability were 46.5% (PC1) and 23.1% (PC2). The PCA

method effectively discriminated against R, G, and RG. The first quad-

rant was highly related to the G and quality control group (QC), which

represented a strong correlation between them. The RG group was

mainly inclined to the 2nd and 3rd quadrants. However, the R group

was found to reside in the 4th Quadrant.

We identified a total of 1140 differential metabolites. Each

circle indicates the total number of metabolites that exist in

each respective group, while the overlapping regions represent

the number of metabolites shared between those groups. The

metabolites that reside in the G group were notably higher than

in the R and RG groups (Figure 4). The R_vs_RG metabolic

model contains a total of 282 unique metabolites, and the

G_vs_RG identified a total of 402 metabolites, while there are a

total of 456 metabolites tested in R_vs_G group with 117 shared

metabolites.

The classification of metabolites between different Toon groups

was further accessed to identify their up- and down-regulation.

Between the R and RG groups, the expression of 189 metabolites

increased, while 57 decreased; 1001 were expressed insignificantly. In

G and RG groups, 151 metabolites increased, and 93 decreased, while

3

2

1

-L
og

PV
al

ue

15 10 5 0 5 10 15 20
Log FC

Insignificant:1005
Up:152
Down:93

Statistics
4

3

2

1

-L
og

PV
al

ue

25 20 15 10 5 0 5 10 15 20
Log FC

Insignificant:943
Down:188
Up:119

Statistics

4

3

2

1

-L
og

PV
al

ue

2 0 2 4 6 8 10 12 14 16 18 20
Log FC

Insignificant:1000
Up:190
Down:57

Statistics

F IGURE 5 A Volcano plot of metabolites differentiation among different Toona sinensis morphs. Each dot represents a metabolite. Green dots
represent down-regulated differential metabolites, red dots indicate up-regulated differential metabolites, and gray dots signify detected
metabolites with no significant difference. The abscissa shows the logarithmic value (log2FC) of the relative content difference of a metabolite
between the two sample groups. A larger absolute value on the abscissa indicates a greater relative content difference of the substance between
the two groups. In the dual screening condition of VIP + FC, the ordinate represents the VIP value. A higher ordinate value indicates a more
significant difference and a more reliable differential metabolite obtained by screening. In the triple filter condition of VIP + FC + P-value, the
ordinate represents the significance level of the difference (-log10P-value), while the size of the dot corresponds to the VIP value.
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1006 showed no significant change. Finally, in the R and G group, the

expression of 119 metabolites was increased; 187 decreased; and

944 showed no significant changes (Figure 5).

The KEGG annotation was conducted on the identified metabo-

lites to provide a comprehensive understanding of their biological

functions and significance in various life processes. The KEGG

F IGURE 6 KEGG enrichment map of
differential metabolites in different Toona
sinensis morphs. The abscissa represents the
Rich Factor corresponding to each pathway,
while the ordinate displays the name of the
pathway sorted by P-value. The color of the
point reflects the size of the P-value, with a
redder color indicating more significant
enrichment. Additionally, the size of the dot
represents the number of enriched differential
metabolites.
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database is a primary repository for pathway-related information,

publicly accessible at http://www.genome.jp/kegg/. Functional anno-

tation of all metabolites obtained from Toona samples revealed

enrichment primarily in the following pathways: ‘metabolic pathways’,
‘biosynthesis of secondary metabolites’, ‘sesquiterpenoid and triter-

penoid biosynthesis’, ‘phenylalanine metabolism’, ‘isoquinoline alka-

loid biosynthesis’, ‘alpha-Linolenic acid metabolism’, and ‘tyrosine
metabolism’ (Figure 6) among various Toon groups studied. In vivo,

the interaction of multiple proteins orchestrates their biological func-

tions. Hence, pathway-based annotation extends our comprehension

of their biological roles even more profoundly.

3.2 | Clustering, transcriptome sequencing and
functional enrichment of DEGs

To investigate the molecular regulatory mechanisms and variation of

aroma-producing substances in different coloured Toona sinensis

morphs, we conducted transcriptome sequencing on green leaves (G),

red leaves with green stalks (RG), and fully red leaves (R). Following

initial data filtration and error rate examination, a total of 4.21–5.91

million high-quality clean reads were obtained through an analysis of

the GC content distribution (Table 1). Altogether, the nine transcrip-

tome Toona samples (R, G and RG) yielded clean data of 64.99 Gb,

averaging 6.31Gb/sample, with Q30 bases above 92.68%.

The differentially expressed genes (DEGs) were compared among

the three Toona sinensis morphs. Across all samples, 14,339 total

DEGs based on jlog2Fold Changej ≥ 1 and FDR <0.05 using DESeq2/

edgeR were detected. A total of 5563 DEGs (3026 upregulated and

2537 downregulated) between the R and RG group's transcriptome

were connected. Collectively, 4282 DEGs (1852 upregulated and

2430 downregulated) between the R and G groups were harvested.

However, 4494 DEGs in total (1763 upregulated and 2731 downregu-

lated) between the G and RG group dissected out. Additionally,

252 common DEGs among the three groups were identified

(Figure 7).

The expression data across different samples were centralized,

standardized, and then clustered using K-means to analyze the

expression patterns of the DEGs. In the K-mean analysis, the data

was divided into two categories. There were many differentially

expressed genes among three experimental treatments, which

were classified into two categories: one for upregulation of genes

and one for downregulation of genes. The DEGs in the leaves of

different coloured Toon morphs were clustered into two sub-

classes based on their gene expression patterns. Subclasses 1 and

2 exhibited significant enrichment (Figure S2). Specifically, DEGs

in subclass 2 exhibited upregulation, while those in subclass

1 showed downregulation.

To provide a comprehensive understanding of gene properties

and functions, gene ontology (GO) was employed, categorizing genes

and gene products into three components: biological process, cellular

component, and molecular function. A total of Top 50 enriched GO

terms was identified among groups (R_vs_RG, G_vs_RG, and R_vs_G).

Biological process-related GO terms between the Toona group

(G_vs_RG) indicated 34 distinct functions of differentially expressed

genes. Particularly the biological process in plant-type cell wall biosyn-

thesis (1.49%) and cell wall macromolecule metabolic process (1.41%).

However, the molecular function of oxidoreductase activity (1.08%)

was highly enriched in them.

The GO analysis of DEGs in the R_vs_G group revealed signifi-

cant enrichment in cellular processes of a large ribosomal subunit

(1.46%), biological function of cell wall macromolecule metabolic

process (1.82%), and molecular function of oxidoreductase activity

(1.14%). In the R_vs_RG group, the GO terms related to the biolog-

ical process were enriched in ‘cellular response to jasmonic acid

stimulus (1.55%)’, ‘jasmonic acid-mediated signalling pathway

(1.55%)’ and ‘regulation of innate immune response (1.55%)’. At
the same time, the cellular component of the large ribosomal

TABLE 1 Transcriptome sequencing output statistics among
different Toona sinensis morphs.

Sample Raw Reads Clean Reads

Clean

Base (G) Q30 (%)

R1 51028460 50117302 7.52 94.13

R2 44290452 43499370 6.52 93.01

R3 44351192 43250306 6.49 93.66

RG1 47047276 46251108 6.94 94.37

RG2 51780966 50943106 7.64 94.00

RG3 52878364 51972068 7.80 94.42

G1 43082866 42083696 6.31 92.68

G2 46764504 46086818 6.91 93.71

G3 59937864 59088554 8.86 93.93

F IGURE 7 The differential expressed genes (DEGs) comparison
among the three Toona sinensis morphs.
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subunit (1.38%) showed the most significant enrichment. More-

over, the molecular function of transcription corepressor activity

(0.61%) was significantly enriched (Figure 8). The molecular

function analysis indicated that most genes were involved in bind-

ing and catalytic activity while also contributing to an integral part

of cell and cellular components.

F IGURE 8 The GO enrichment analysis of DEGs in Toona
sinensis morphs.
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According to the results of KEGG metabolic analysis, dispar-

ities in the DEGs were illustrated while observing different

coloured Toona groups. Primarily, the R_vs_RG group was

observed, and the terms significantly enriched (q-value <0.05)

were ‘plant hormone signal transduction’ (189 DEGs), ‘MAPK sig-

nalling pathway- plant’ (147 DEGs), ‘plant-pathogen interaction’
(235 DEGs), and ‘ribosome’ (136 DEGs). Later, the R_vs_G group

indicated an “enrichment of’ ribosomes” (119 DEGs), ‘Plant patho-
gen interaction’ (115 DEGs), and ‘flavonoid biosynthesis'

(26 DEGs). Meanwhile, observing G_vs_RG group's metabolic anal-

ysis, it was found that four pathways were significantly enriched:

‘plant-pathogen interaction’ (186 DEGs), ‘plant hormone signal

transduction’ (127 DEGs), ‘MAPK signalling pathway – plant’
(109 DEGs), ‘flavonoid biosynthesis' (27 DEGs), and ‘benzoxazi-
noid biosynthesis' (11 DEGs). These findings shed light on the met-

abolic processes underlying the colouring differences in Toona

sinensis. Differences in the expression of genes in the flavonoid

biosynthesis pathway primarily account for the variation in colour

between green and red Toona sinensis (Figure 9).

3.3 | Identification of co-expressed gene networks
and key candidates

When the transcriptome data was coupled in the WGCNA module

with FPKM values, 84 distinct gene modules were identified based on

the co-expression pattern of individual genes. These gene modules

are labelled in distinct colours and presented as a cluster dendrogram

and network heatmap (Figure 10a, b). Notably, the brown module

contained genes related to phenylpropanoid biosynthesis. These

genes exhibited a negative correlation with green Toona sinensis

(G) and red leaves with green stems genotypes (RG), but a positive

correlation with red genotypes (R). In addition, the blue module

(13 genes) and the steel blue module (5 genes) exhibited a
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F IGURE 9 The KEGG pathway analysis indicative flavonoid and metabolites enrichment in Toona sinensis different morphs. The abscissa
represents the Rich Factor corresponding to each pathway, while the ordinate displays the name of the pathway sorted by P-value. The color of
the point reflects the size of the P-value, with a redder color indicating more significant enrichment. The size of the dot represents the number of
enriched differential metabolites.
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predominant concentration of genes related to terpenoid synthesis.

These modules displayed a positive correlation with red leaves with

green stems Toona sinensis (RG) and a negative correlation with green

genotypes (G) and red genotypes (R) (Figure 10c). These results high-

light differences in the synthesis of secondary metabolites among

green (G), red (R), and red leaves with green stems (RG) Toona sinensis.

Differences in aroma components among green (G), red (R), and red

leaves with green stems (RG) Toona sinensis morphs may primarily

stem from variations in the expression patterns of genes associated

with terpene synthesis and phenylpropanoid biosynthesis.

F IGURE 10 The Transcriptome data coupled in the WGCNA module with FPKM values. A- Cluster Dendrogram, B- Network heatmap plot
for selected genes, C- Module sample relationship.
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3.4 | Integrated metabolomic and transcriptomic
analysis

The metabolic and transcriptomic PCA data in Toona sinensis revealed

significant differences among the morphs (Figure 3). Simultaneous

DEGs and KEGG differential metabolites enrichment in the three

morphs (R_vs_RG, R_vs_G, and G_vs_RG), disclosed the pathways

enriched included ‘phenylpropanoid biosynthesis’ (R_vs_RG: 41 DEGs

and 3 metabolites; G_vs_RG: 45 DEGs and 9 metabolites; R_vs_G:

49 DEGs and 9 metabolites), ‘metabolic pathways’ (R_vs_RG:

775 DEGs and 8 metabolites; G_vs_RG: 649 DEGs and 24 metabolites;

R_vs_G: 651 DEGs and 24 metabolites), and ‘biosynthesis of second-
ary metabolites’ (R_vs_RG: 428 DEGs and 11 metabolites; G_vs_RG:

385 DEGs and 19 metabolites; R_vs_G: 342 DEGs and

22 metabolites).

Using the ‘Cor’ package in R, Pearson's correlation coefficients

(PCCs) were computed for the DEGs and differential metabolites

within each group. A comprehensive set of 680 DEGs and 257 metab-

olites were identified for R_vs_RG, 1512 DEGs and 431 metabolites

for R_vs_G, and 136 DEGs and 64 metabolites for G_vs_RG. Leverag-

ing all these DEGs and metabolites, we constructed a robust two-way

orthogonal partial least squares (O2PLS) model. Through meticulous

assessment of high-correlation variables and their weights across dif-

ferent datasets via loading diagrams, we successfully pinpointed key

variables significantly influencing each omics dataset. Decisively,

10 metabolites, including five terpenoids, one heterocyclic compound,

one phenol, one ketone, one aldehyde, and one alcohol (Figure 11).

Many DEGs in different colours of Toona sinensis were related to the

synthesis of terpenoids, which is also the metabolic pathway responsi-

ble for the aroma differences between different colours of Toona

sinensis. However, the colour difference between green and red

Toona sinensis was due to differences in gene expression in the flavo-

noid biosynthesis pathway.

Additionally, fifteen genes exhibited high expression levels and were

significantly affected by the biosynthesis of secondary metabolites, ses-

quiterpenoid, phenylpropanoid biosynthesis, and triterpenoid biosynthesis

in coloured Toona sinensis morphs. The synthesis of terpene metabolites

predominantly occurs through the terpene metabolic pathway, which

involves the activity of eight crucial gene families. These genes were

labeled as cluster-2071.59959, cluster-2071.50716, cluster-2071.13725,

cluster-2071.88910, cluster-2071.105822, cluster-2071.62032, cluster-

2071.96340, cluster-2071.101442, cluster-2071.115471, cluster-

2071.32887, cluster-2071.4557, cluster-2071.44425, cluster-2071.44426,

cluster-2071.30328, and cluster-2071.111438.

3.5 | Combined analysis of transcriptomics and
metabolomics provides insights into mechanisms of
terpenoid biosynthesis

To understand the differences in terpenoid synthesis in the leaves of the

three differently coloured Toona sinensis, transcriptomics and metabolo-

mics data were integrated for analysis. Diterpenoid biosynthesis pathways

included sclareol, (1R, 4aR, 4bR, 10aR)-7-Isopropyl-1,4a-dimethyl-

1,2,3,4,4a,4b,5,6,10,10a-decahydrophenanthrene-1-carbaldehyde, Sesqui-

terpenoid and triterpenoid biosynthesis pathways included (Z)-1-Methyl-

4-(6-methylhept-5-en-2-ylidene)cyclohex-1-ene, Germacrene D,

δ- cadinene, (1R, 4R, 4aS, 8aR)-4,7-Dimethyl-1-(prop-1-en-2-yl)-

1,2,3,4,4a,5,6,8a-octahydronaphthalene, geosmin, d-Nerolidol,

1,6,10-Dodecatriene, 7,11-dimethyl-3-methylene-, Limonene

and pinene degradation pathways included 1-Cyclohexene-

1-carboxylic acid, 4-(1-methylethenyl)-, (�)-Myrtenol, Bicyclo

F IGURE 11 The PCCs of the DEGs
and top 10 differential metabolites.
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TABLE 2 Correlation analysis between differentially expressed genes (DEGs) and differentially expressed metabolites (DEMs).

Gene ID KEGG Compound

Pearson's

correlation
coefficients

Cluster-2071.115474 K13070

(EC:1.1.1.295)

1-Naphthalenepropanol, α-ethenyldecahydro-2-hydroxy-α,2,5,5,8a-
pentamethyl-, [1R-[1.α.(R*),2.β.,4a.β.,8a.α.]]-(sclareol)

0.95

(1R, 4aR,4bR, 10aR)-7-Isopropyl-1,4a-dimethyl-

1,2,3,4,4a,4b,5,6,10,10a-decahydrophenanthrene-1-carbaldehyde

0.85

Cluster-2071.60851 K17961

(EC:1.14.14.58 1.14.14.59)

1-Naphthalenepropanol, α.-ethenyldecahydro-2-hydroxy-.α.,2,5,5,8a-
pentamethyl-, [1R-[1.α.(R*),2.β.,4a.β.,8a.α.]]-(sclareol)

0.89

Cluster-2071.69169 K04125

(EC:1.14.11.13)

1-Naphthalenepropanol, α.-ethenyldecahydro-2-hydroxy-.α.,2,5,5,8a-
pentamethyl-, [1R-[1.α.(R*),2.β.,4a.β.,8a.α.]]-(sclareol)

�0.95

Cluster-2071.91633 K04125

(EC:1.14.11.13)

1-Naphthalenepropanol, α.-ethenyldecahydro-2-hydroxy-.α.,2,5,5,8a-
pentamethyl-, [1R-[1.α.(R*),2.β.,4a.β.,8a.α.]]-(sclareol)

0.94

Cluster-2071.46001 K15803

(EC:4.2.3.75)

(Z)-1-Methyl-4-(6-methylhept-5-en-2-ylidene) cyclohex-1-ene 0.81

Naphthalene, 1,2,3,5,6,8a-hexahydro-4,7-dimethyl-1-(1-methylethyl)-

, (1S-cis)-(δ- cadinene)
�0.88

(1R, 4R, 4aS, 8aR)-4,7-Dimethyl-1-(prop-1-en-2-yl)-1,2,3,4,4a,5,6,8a-

octahydronaphthalene

�0.83

d-Nerolidol �0.81

Cluster-2071.84751 K04125

(EC:1.14.11.13)

1-Naphthalenepropanol, α.-ethenyldecahydro-2-hydroxy-.α.,2,5,5,8a-
pentamethyl-, [1R-[1.α.(R*),2.β.,4a.β.,8a.α.]]-(sclareol)

0.85

(1R, 4aR, 4bR, 10aR)-7-Isopropyl-1,4a-dimethyl-

1,2,3,4,4a,4b,5,6,10,10a-decahydrophenanthrene-1-carbaldehyde

0.87

Cluster-2071.87505 K04125

(EC:1.14.11.13)

(1R, 4aR, 4bR, 10aR)-7-Isopropyl-1,4a-dimethyl-

1,2,3,4,4a,4b,5,6,10,10a-decahydrophenanthrene-1-carbaldehyde

�0.83

Cluster-2071.117931 K00511

(EC:1.14.14.17)

(Z)-1-Methyl-4-(6-methylhept-5-en-2-ylidene)cyclohex-1-ene 0.81

Cluster-2071.18222 K00511

(EC:1.14.14.17)

(Z)-1-Methyl-4-(6-methylhept-5-en-2-ylidene)cyclohex-1-ene 0.91

Naphthalene, 1,2,3,5,6,8a-hexahydro-4,7-dimethyl-1-(1-methylethyl)-

, (1S-cis)-(δ- cadinene)
�0.90

(1R, 4R, 4aS, 8aR)-4,7-Dimethyl-1-(prop-1-en-2-yl)-1,2,3,4,4a,5,6,8a-

octahydronaphthalene

�0.95

d-Nerolidol �0.85

1,6,10-Dodecatriene, 7,11-dimethyl-3-methylene- �0.87

Cluster-2071.3682 K15803

(EC:4.2.3.75)

(Z)-1-Methyl-4-(6-methylhept-5-en-2-ylidene)cyclohex-1-ene �0.93

Cluster-2071.13725 K14173

(EC:4.2.3.46)

(1R, 4R, 4aS, 8aR)-4,7-Dimethyl-1-(prop-1-en-2-yl)-1,2,3,4,4a,5,6,8a-

octahydronaphthalene

0.82

d-Nerolidol 0.82

Cluster-2071.115548 K00511

(EC:1.14.14.17)

Germacrene D �0.81

Naphthalene, 1,2,3,5,6,8a-hexahydro-4,7-dimethyl-1-(1-methylethyl)-

, (1S-cis)-

�0.88

(1R, 4R, 4aS, 8aR)-4,7-Dimethyl-1-(prop-1-en-2-yl)-1,2,3,4,4a,5,6,8a-

octahydronaphthalene

�0.83

4a(2H)-Naphthalenol, octahydro-4,8a-dimethyl-, (4.α, 4a.α, 8a.β.)-
(geosmin)

�0.80

d-Nerolidol �0.81

Cluster-2071.59959 K15472 (EC:1.14.14.151) (Z)-1-Methyl-4-(6-methylhept-5-en-2-ylidene)cyclohex-1-ene 0.95

Naphthalene, 1,2,3,5,6,8a-hexahydro-4,7-dimethyl-1-(1-methylethyl)-

, (1S-cis)-(δ- cadinene)
�0.86

(1R, 4R, 4aS, 8aR)-4,7-Dimethyl-1-(prop-1-en-2-yl)-1,2,3,4,4a,5,6,8a-

octahydronaphthalene

�0.92

d-Nerolidol �0.81

(Continues)
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[3.1.1]heptan-3-ol, 6,6-dimethyl-2-methylene-, Bicyclo[3.1.1]hep-

tan-3-ol, 6,6-dimethyl-2-methylene-, [1S-(1.α.,3.α.,5.α.)]- as a DEM.

(Table 2). A total of 67 significant DEGs were found to be enriched in ter-

penoid synthesis pathways based on combined enrichment analysis,

including 34 DEGs in the sesquiterpenoid and triterpenoid biosynthesis

pathway, 20 DEGs in the diterpenoid biosynthesis pathway, and 13 DEGs

in the limonene and pinene degradation pathway.

Terpene metabolites are mainly produced by the terpene meta-

bolic pathway (Figure 12), the synthesis of terpenes occurs primarily

through the mevalonate (MVA) and 2-C-methyl-D-erythritol-

4-phosphate (MEP) pathways (Pu et al. 2021).

4 | DISCUSSION

The present study provides a comprehensive analysis of the genetic

and metabolic mechanisms underlying the phenotypic variations

observed in different coloured Toona sinensis morphs. The

TABLE 2 (Continued)

Gene ID KEGG Compound

Pearson's

correlation
coefficients

Cluster-2071.49632 K00128

(EC:1.2.1.3)

1-Cyclohexene-1-carboxylic acid, 4-(1-methylethenyl)- 0.98

(�)-Myrtenol �0.82

Cluster-2071.47260 K00128

(EC:1.2.1.3)

Bicyclo[3.1.1]heptan-3-ol, 6,6-dimethyl-2-methylene- 0.87

Bicyclo[3.1.1]heptan-3-ol, 6,6-dimethyl-2-methylene-, [1S-

(1.α.,3.α.,5.α.)]-
0.86

F IGURE 12 The proposed pathway of converting top 10 metabolites into flavonoids.
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phenological behaviours and environmental conditions could elevate

the photosynthesis and intercellular CO2 in Toona morph, especially

in their intraseasonal growth and anatomical properties (Heinrich &

Banks, 2006). Using transcriptomic and metabolomic approaches, we

explored how differential gene expression influences the biosynthesis

of key metabolites, particularly those involved in flavonoid and terpe-

noid pathways, which in turn dictate the colouration and aroma of

these plants. A large number of DEGs were related to terpenoid syn-

thesis, which is the metabolic pathway that underlies the aroma dif-

ference between green and red Toona sinensis. Furthermore, the

difference in colour between green and red Toona sinensis is due

mainly to differences in gene expression in the flavonoid biosynthesis

pathway (Figure 9). The terpenoids, esters, heterocyclic compounds,

ketones, alcohols, and hydrocarbons were found earlier to be involved

in several biosynthesis pathways (Jiang et al., 2022).

The molecular mechanisms underlying the colour variation in

Toona sinensis are intricately linked to differences in gene expression,

particularly within the flavonoid biosynthesis pathway. Our compre-

hensive analysis revealed a significant number of DEGs between the

green, red, and red-green variants, with a notable concentration in

pathways associated with secondary metabolite biosynthesis, includ-

ing phenylpropanoids and terpenoids. This differential gene expres-

sion likely drives the production of distinct pigments, resulting in the

observed colour differences (Smith 2020). The clustering of DEGs into

distinct modules, such as the blue and steel blue modules, highlights

the coordinated regulation of terpenoid synthesis, further emphasiz-

ing the complexity of metabolic regulation in these plants

(Jones, 2019). Additionally, the integration of metabolomic data using

the O2PLS model provided insight into the correlation between tran-

scriptomic and metabolomic changes, underscoring the significant

impact of specific metabolites, including terpenoids, phenols, and fla-

vonoids, on the overall phenotypic expression (Wang, 2021). These

findings collectively suggest that the differences in gene expression

profiles, particularly in the flavonoid biosynthesis pathway, play a cru-

cial role in defining the colour and potentially the aromatic properties

of Toona sinensis varieties.

4.1 | Gene Expression and Flavonoid Biosynthesis

Both flavonoids and terpenoids are important secondary metabolites

that play key roles in the plant's defence mechanisms, growth, and

development. One of the key findings of this study is the significant

role of the flavonoid biosynthesis pathway in determining the colour

differences between green, red, and red-green Toona sinensis varie-

ties. Flavonoids are crucial pigments that contribute to plant coloura-

tion by producing a wide range of hues, from yellow to red (Tanaka

et al., 2008). While flavonoids and terpenoids are biosynthesized

through distinct pathways, our study suggests that both pathways

share biosynthetic precursors and are often influenced by common

intermediates. Indeed, both phenylpropanoids (which give rise to fla-

vonoids) and isoprenoids (which give rise to terpenoids) originate from

primary metabolites like acetyl-CoA, malonyl-CoA, and phenylalanine.

This means that the availability of these precursors could potentially

influence the production of both types of metabolites. For example, a

shift in the flux of carbon from phenylalanine (which is used in the

synthesis of flavonoids) could impact the availability of acetyl-CoA,

which is also a precursor for the mevalonate pathway leading to ter-

penoid biosynthesis (Figure 12). The high enrichment of flavone, fla-

vonol and flavonoid biosynthesis in green and red-green Toona

morphs (G_Vs_RG and R_Vs_G) indicated the potential impact of the

flavonoid pathway in colouration across the three Toona sinensis varie-

ties. (Figure 9). This increased expression likely results in higher flavo-

nol content, contributing to the green colouration observed in the

green (G) and red-green (RG) varieties. These findings align with previ-

ous research that has highlighted the role of flavonoids in plant pig-

mentation, particularly in species where colour variation is a

prominent phenotypic trait (Petroni & Tonelli, 2011).

The upregulation of genes within the flavonoid biosynthesis path-

way suggests a tightly regulated mechanism that controls the synthe-

sis and accumulation of these pigments. Such regulation could be

influenced by both genetic factors and environmental cues, which

together shape the final phenotype. The involvement of specific tran-

scription factors that regulate the expression of flavonoid biosynthetic

genes could be a potential area of further research, as these factors

have been shown to play critical roles in the pigmentation of other

plant species (Grotewold, 2006).

4.2 | Terpenoid Synthesis and Aroma

In addition to colour, the aroma of Toona sinensis is a distinguishing

characteristic that varies between the different coloured varieties.

Terpenoids, which are synthesized through the terpenoid metabolic

pathway, are primary contributors to plant aroma and have been

extensively studied for their role in producing volatile organic com-

pounds (VOCs) that define the scent profile of plants (Pichersky &

Raguso, 2018). Our study identified significant differences in the

expression of genes related to terpenoid synthesis, with these genes

predominantly clustered in the blue and steel-blue modules. These

modules exhibited differential expression patterns across the green,

red, and red-green Toona sinensis varieties, suggesting that the varia-

tion in aroma is largely driven by the differential expression of

terpenoid-related genes. A similar conclusion was made by Zhang

et al. (2023) for the aroma variation of plum fruits. Modules related to

phenylpropanoid biosynthesis (Savoi et al., 2016) and terpenoid syn-

thesis (Anwar et al., 2021) are particularly noteworthy, as they are

known to contribute to pigmentation and aroma (Yeon & Kim, 2021).

The integration of transcriptomic data with metabolomic profiles

further supported the role of terpenoids in determining the aromatic

properties of Toona sinensis. The O2PLS model analysis revealed that

terpenoids were among the top metabolites affected by transcrip-

tomic changes, with several key terpenoid compounds showing strong

correlations with specific gene expression patterns (Figure 11). This

indicates that the regulation of terpenoid biosynthesis is closely linked

to the expression of specific genes, which could be targeted in future
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breeding programs aimed at enhancing or modifying the aromatic

qualities of Toona sinensis.

4.3 | Phenylpropanoid Biosynthesis and Secondary
Metabolite Production

The phenylpropanoid pathway is another crucial metabolic pathway

identified in this study, which is involved in the biosynthesis of a wide

range of secondary metabolites, including flavonoids, lignins, and cou-

marins (Vogt, 2010). Our results showed that genes involved in phe-

nylpropanoid biosynthesis were differentially expressed across the

different Toona sinensis varieties, with the highest expression levels

observed in the red variety. This differential expression likely contrib-

utes to the accumulation of various secondary metabolites that not

only affect colour and aroma but also play roles in plant defence and

stress responses.

The significant enrichment of phenylpropanoid-related genes in

the red variety suggests a potential link between colour and the pro-

duction of secondary metabolites. Previous studies have demon-

strated that red pigmentation in plants is often associated with

increased levels of phenolic compounds, which are products of the

phenylpropanoid pathway and are known for their antioxidant proper-

ties (Fraser & Chapple, 2011). These compounds may provide addi-

tional protective benefits to the red Toona sinensis variety, potentially

contributing to its ecological fitness and adaptation to specific envi-

ronmental conditions.

4.4 | Integration of Transcriptomics and
Metabolomics

The integration of transcriptomic and metabolomic data in this study

provided a holistic view of the metabolic networks underlying the

phenotypic diversity in Toona sinensis. The establishment of a two-

way orthogonal partial least squares (O2PLS) model facilitates the

identification of highly correlated variables across datasets, the key

metabolites and genes influencing the differences (Zhang et al., 2023).

By using the O2PLS model, we were able to identify key metabolites

and genes that are tightly correlated, providing insights into how

changes in gene expression can lead to alterations in metabolite pro-

duction and, consequently, phenotypic traits such as colour and

aroma. Pathways such as phenylpropanoid biosynthesis, metabolic

pathways, and biosynthesis of secondary metabolites were signifi-

cantly enriched, indicating their importance in determining colour vari-

ation and aroma composition (Guo et al., 2019). One of the most

striking findings from this integrative analysis was the identification of

specific terpenoids and phenolic compounds that were highly corre-

lated with gene expression patterns associated with flavonoid and ter-

penoid biosynthesis. These metabolites are likely critical determinants

of the observed phenotypic differences, and their identification opens

up new avenues for targeted breeding and genetic modification to

enhance desirable traits in Toona sinensis (Sumner et al., 2015).

Understanding the molecular regulatory mechanisms underlying these

traits can facilitate targeted breeding strategies and quality regulation

practices. Overall, the study contributes to a better understanding of

the complex interplay between gene expression, metabolite composi-

tion, and phenotype in Toona sinensis, paving the way for future

research and applications in agriculture, horticulture, and functional

food development.

5 | CONCLUSION

In summary, our study provides valuable insights into the molecular

mechanisms underlying the phenotypic diversity in Toona sinensis.

Toona sinensis exhibits a diverse range of metabolites, including terpe-

noids, esters, and phenolic compounds. A total of 1251 metabolites

were identified, encompassing terpenes (22.56%) and esters (16.72%),

contributing to the flavour, aroma, and nutritional properties of the

plant. Copaene terpenoid was high in red (R) Toona morph, L-α-

terpineol in red-green and α-ionone in green. The differential

expression of genes involved in flavonoid and terpenoid biosyn-

thesis plays a central role in determining the colour and aroma of

different Toona sinensis morphs. The transcriptome samples (R, G

and RG) yielded clean data of 64.99Gb, averaging 6.31Gb/sample,

with Q30 bases above 92.68%. Conclusively, 10 metabolites,

including five terpenoids, one heterocyclic compound, one phenol,

one ketone, one aldehyde, and one alcohol, were highly attributed.

Fifteen genes exhibited high expression levels and were signifi-

cantly affected by the phenylpropanoid biosynthesis. The second-

ary metabolites may influence the physiological response to

environmental conditions in various Toona morphs, further empha-

sizing the ecological significance of the identified pathways. The

integration of transcriptomic and metabolomic data has revealed

key metabolites and gene networks that contribute to these phe-

notypic traits, offering potential targets for future breeding and

genetic improvement efforts.
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