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Chinese wingnut (Pterocarya stenoptera) is a medicinally and economically important tree species within
the family Juglandaceae. However, the lack of high-quality reference genome has hindered its in-depth
research. In this study, we successfully assembled its chromosome-level genome and performed multi-
omics analyses to address its evolutionary history and synthesis of medicinal components. A thorough
examination of genomes has uncovered a significant expansion in the Lateral Organ Boundaries Domain
gene family among the winged group in Juglandaceae. This notable increase may be attributed to their
frequent exposure to flood-prone environments. After further differentiation between Chinese wingnut
and Cyclocarya paliurus, significant positive selection occurred on the genes of NADH dehydrogenase
related to mitochondrial aerobic respiration in Chinese wingnut, enhancing its ability to cope with
waterlogging stress. Comparative genomic analysis revealed Chinese wingnut evolved more unique
genes related to arginine synthesis, potentially endowing it with a higher capacity to purify nutrient-rich
water bodies. Expansion of terpene synthase families enables the production of increased quantities of
terpenoid volatiles, potentially serving as an evolved defense mechanism against herbivorous insects.
Through combined transcriptomic and metabolomic analysis, we identified the candidate genes involved
in the synthesis of terpenoid volatiles. Our study offers essential genetic resources for Chinese wingnut,
unveiling its evolutionary history and identifying key genes linked to the production of terpenoid
volatiles.

Copyright © 2024 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Chinese wingnut (Pterocarya stenoptera C. DC.) is of great
importance in traditional Chinese medicine. Its leaves and bark of
these trees have been found to possess antipyretic and insecticidal
effects, as well as the ability to dispel pathogenic wind and
dampness. Its leaves have also shown significant therapeutic effects
in treating skin allergies, toothaches, and bacterial infections
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(Nanjing University of Traditional Chinese Medicine, 1997). Recent
study revealed that Chinese wingnut contain a high concentration
of volatile oils, such as terpenes, steroids, flavonoids, and other
chemical compounds, which contribute to their antimicrobial,
antioxidant, and anti-tumor activities (Li et al., 2021a). As a result,
the extracts from its leaves are frequently used as natural additives
in food and cosmetics industries for their antibacterial and anti-
oxidant properties (Yin et al., 2020).

Chinese wingnut is a deciduous tree belonging to Juglandaceae.
Juglandaceae consists of a total of 8 genera and 63 species, with
discontinuous distribution in Eurasia and the Americas. Regions
from southern China to the Indochinese Peninsula, as well as
southern United States to Central America, are known to harbor the
highest species diversity within the Juglandaceae (Ding et al.,
Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
censes/by-nc-nd/4.0/).
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2023). The fruits of Juglandaceae can be categorized into two
groups based on the presence or absence of wings in their fruits.
The winged group includes genera such as Pterocarya, Cyclocarya,
Platycarya, and Oreomunnea, while thewingless group comprises of
Juglans, Annamocarya, Carya, and Engelhardia.

A total of eight species are in the genus of Pterocarya.
P. fraxinifolia (Poir.) Spach is found in the Caucasus region,
P. rhoifolia Siebold & Zucc is distributed in Shandong Peninsula and
Japanese archipelago, and P. tonkinensis (Franch.) Dode can be
found in northern Vietnam and southeastern Yunnan Province,
China. The remaining five species are endemic to China and include
P. stenoptera, P. delavayi Franch., P. insignis Rehd. et Wils,
P. macroptera Batalin, and P. hupehensis Skan (Kuang and Li, 1979).
As an important dominant tree in deciduous broad-leaved forests,
Chinese wingnut is widely distributed in southern and south-
western of China (Xu et al., 2002). The winged fruits of Chinese
wingnut have evolved to aid in their dispersal by wind and water
currents. Consequently, this species is commonly found along the
banks of streams and rivers in its natural habitat (Li et al., 2018).

The trunk of Chinese wingnut is tall and straight, with a thick
and sturdy body. Its crown is full and spread out, and the fruits are
winged and arranged in clusters, hanging on the tree for up to six
months. Thus, it has a high ornamental value (Zhang et al., 2023).
Therefore, it is commonly used as a greening tree species in
courtyards, parks, and urban streets. As a fast-growing afforestation
tree species, Chinesewingnut has awide and deep root systemwith
abundant lateral roots. It can be used as an excellent tree species for
waterbank protection, water conservation, and soil preservation. As
an extremely water-resistant tree species for waterbank protection,
it also has a strong ability to remove total nitrogen (TN), total
phosphorus, and chemical oxygen demand fromwater bodies (Gao,
2009).

Due to its high medicinal value, ornamental value, and ecolog-
ical value, studies on Chinese wingnut have been increasing in
recent years. Molecular mechanisms of stress response (Ye et al.,
2020; Li et al., 2021b,c; Zhang et al., 2023), genetic diversity and
structure (Qian et al., 2019), adaptive evolution (Li et al., 2018,
2022), and medicinal effective components (Yin et al., 2020; Bo and
Yu, 2021) have been gradually reported. However, the lack of a
high-quality genome has hindered research on this species.
Therefore, assembling a high-quality genome for Chinese wingnut
is essential.

The assembly of the high-quality genome of Chinese wingnut
was successfully achieved in this study. By conducting comparative
genomic analysis, we elucidated the evolutionary history of Chi-
nese wingnut. Furthermore, through integrated analysis of tran-
scriptome and metabolome, the candidate genes involved in the
synthesis pathway of terpenoid volatiles were identified. Our study
provides important genomic resources for unraveling the evolu-
tionary history and synthesis pathways of medicinal components in
Chinese wingnut.

2. Materials and methods

2.1. Plant materials

Fruits, stems, leaves, and roots of Chinese wingnut were
collected in May from Henan Agricultural University in Zhengzhou,
China. All the samples utilized in this study were in compliance
with the regulations of the Chinese government. To maintain their
freshness, the aforementioned samples were rapidly treated with
liquid nitrogen before being stored in an ultra-low temperature
refrigerator set at �80 �C.
310
2.2. Genome sequencing

The extraction of total genomic DNA from Chinese wingnut
leaves was conducted using the Cetyl Trimethyl Ammonium Bro-
mide method (Doyle and Doyle, 1987). To determine the concen-
tration of DNA, NanoDrop One (Thermo Fisher, Wilmington, USA)
was utilized. Genome size of Chinese wingnut was determined
using the K-mer approach (Liu et al., 2013), relying on the short
sequencing data generated from the Illumina platform (Illumina,
CA, USA). DNA library for genome sequencing was generated in
accordance with the PacBio SMRT construction protocol. The con-
centration of the DNA library was determined using the Qubit 3.0
fluorometer from Thermo Fisher (Wilmington, USA).

2.3. Genome assembly

High-throughput chromatin conformation capture (Hi-C)
method, along with HiFi sequencing approach, were utilized to
generate chromosome-level genomes for Chinesewingnut. A single
SMRT cell from the PacBio Sequel II platform generated a sub-
stantial amount of 19.44 Gb Hi-Fi subreads for the Chinesewingnut.
For the assembly of highly accurate HiFi data, Hifiasm software
(Cheng et al., 2021) was employed. We utilized four approaches to
evaluate the genome assembly results of Chinese wingnut. The first
assessment method is known as the Core Eukaryotic Genes Map-
ping Approach (CEGMA; Parra et al., 2007). The second approach is
Benchmarking Universal Single-Copy Orthologs (BUSCO; Simao
et al., 2015) assessment. The third and fourth approaches were
the comparing results of the second and third generations
sequencing reads to assemble the genome sequence. The compar-
ison is conducted with BWA (Li and Durbin, 2009) and Minimap2
(Li, 2021), respectively. Library construction and sequencing pro-
cedures for Hi-C were executed in accordance with the standard-
ized protocol described in Li et al. (2023). Utilizing LACHESIS
(Burton et al., 2013), the genome sequences are systematically
partitioned, arranged, and oriented into clusters, followed by
manual verification and inspection, ultimately resulting in a
chromosome-level genome assembly.

2.4. Genome annotation

Firstly, RepeatModeler2 (Flynn et al., 2020) was employed for de
novo prediction, which primarily utilized two de novo prediction
software, RECON (Bao and Eddy, 2002) and RepeatScout (Price
et al., 2005). The prediction results were then classified using
RepeatClassifier with the assistance of Dfam (v.3.5) database. Sec-
ondly, LTR_retriever (Ou and Jiang, 2018) was specifically utilized
for de novo prediction of LTRs, primarily relying on the prediction
results from LTRharvest (Ellinghaus et al., 2008) and LTR_FINDER
(Xu andWang, 2007). Next, the aforementioned de novo prediction
results were merged with the known database and removed re-
dundancies to obtain a species-specific repeat sequence database.
Finally, RepeatMasker (Tarailo-Graovac and Chen, 2009) was used
to predict transposable element (TE) sequences.

The prediction of genes was accomplished through three
methods: homology-based prediction, ab initio prediction, and
transcriptome-based prediction. When conducting homology-
based predictions using GeMoMa (Keilwagen et al., 2016), we
selected four species, namely Arabidopsis thaliana, Carya illinoi-
nensis, Juglans mandshurica, and J. regia. Augustus (Stanke et al.,
2008) and SNAP (Korf, 2004) were utilized for de novo prediction.
Based on transcriptome data, we performed gene prediction using
GeneMarkS-T (Tang et al., 2015a) and PASA (Haas et al., 2003).
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Ultimately, the prediction results were obtained by integrating the
aforementioned threemethods using EVM (Haas et al., 2008). Then,
annotation analysis was performed using various databases such as
Non-Redundant (nr; Deng et al., 2006), eggNOG (Huerta-Cepas
et al., 2019), Gene Ontology (GO; Ashburner et al., 2000), Kyoto
Encyclopedia of Genes and Genomes (KEGG) (KEGG; Kanehisa
et al., 2016), TrEMBL (Boeckmann et al., 2003), EuKaryotic Orthol-
ogous Groups (KOG, Tatusov et al., 2003), SWISS-PROT (Boeckmann
et al., 2003), and Pfam (Finn et al., 2006).

In the process of pseudogene prediction, GenBlastA (She et al.,
2009) was utilized for comparative analysis to identify homolo-
gous gene sequences in the genome after filtering out the true gene
loci. Then, GeneWise (Birney et al., 2004) was employed to detect
immature stop codons and frameshift mutations within the iden-
tified gene sequences, ultimately leading to the prediction of
pseudogenes.

To identify tRNA, tRNAscan-SE (Lowe and Eddy, 1997) was uti-
lized. For predicting rRNA, barrnap (Loman, 2017) was performed.
miRNA, snoRNA, and snRNA were predicted based on the Rfam
(Griffiths-Jones et al., 2005) database by utilizing Infenal (Nawrocki
and Eddy, 2013).

2.5. Evolutionary analysis

OrthoFinder v.2.4 (Emms and Kelly, 2019) was employed to
identify the single-copy genes in Arabidopsis thaliana, Forsythia
suspensa, Glycine max, Oryza sativa, Sesamum indicum, Vitis vinifera,
Cyclocarya paliurus, Juglans mandshurica, J. regia, Carya illinoinensis,
and Chinese wingnut. Sequences of each single-copy gene were
aligned using MAFFT (Katoh et al., 2009). Then, Gblocks (Talavera
and Castresana, 2007) was applied to remove poorly aligned or
highly divergent regions from the alignments. Afterwards, the
aligned sequences of each gene from all species were concatenated
to generate a super gene. The ModelFinder tool (Kalyaanamoorthy
et al., 2017) integrated in IQ-TREE was utilized to determine the
best-fit model, which was found to be JTT þ F þ I þ G4. Subse-
quently, the maximum likelihood (ML) method was employed to
construct the phylogenetic tree with a bootstrap value set at 1000.
Finally, we employed MCMCTREE in PAML (Yang, 1997) to calculate
divergence time. The time correction points for P. stenoptera -
O. sativa (142.1e163.5 million years ago; Mya), G. max - V. vinifera
(109.8e124.4 Mya), G. max - O. sativa (142.1e163.5 Mya),
P. stenoptera - C. paliurus (0.0e21.8 Mya) were from TimeTree
website (http://www.timetree.org; Kumar et al., 2017).

With the assistance of Orthofinder v.2.4 (Emms and Kelly, 2019),
the protein sequences of species were classified into gene families
using the diamond alignment method. The annotated gene families
were obtained using the PANTHER database (Mi et al., 2019). Lastly,
the unique gene families of this species were subjected to GO and
KEGG enrichment analysis by using clusterProfile (Yu et al., 2012).

Utilizing the CAFE (Han et al., 2013), the results obtained after
analyzing the evolutionary tree and gene family clustering with
divergence times can be used to estimate the number of gene
family members for each ancestor branch. This information can
then be used to predict the expansion or contraction of gene fam-
ilies relative to their ancestors in a given species. The criteria for
determining significant expansion or contraction are defined as
having family-wide and viterbi P values both less than 0.05.

Positive selection analysis was performed using the CodeML
module in PAML (Yang, 1997). Specifically, single-copy gene fam-
ilies were obtained among Carya illinoinensis, Cyclocarya paliurus,
Juglans mandshurica, J. regia and Chinese wingnut. The protein se-
quences were aligned using MAFFT (Katoh et al., 2009). Then, the
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aligned protein sequences were converted into codon alignment
using PAL2NAL (Suyama et al., 2006). Finally, the CodeML program
was applied with the F3x4 model of codon frequencies and the
Branch-site model in PAML (Yang, 1997). The likelihood ratio test
was performed by comparing Model A (assuming positive selection
on the foreground branch, i.e., u > 1) to the null model (which does
not allow any site to have u > 1). Significantly different results
(P < 0.01) were obtained, and the Bayes empirical Bayes method
was used to calculate the posterior probabilities of sites being un-
der positive selection (> 0.95 was considered significant).

By employing diamond (Buchfink et al., 2015), the gene se-
quences were aligned to identify similar gene pairs. Subsequently,
with the assistance of MCScanX (Wang et al., 2012), the adjacency
of the identified similar gene pairs on the chromosomes was
determined based on the gff3 file. This analysis program ultimately
provided all the genes within collinear blocks. The figure illustrates
the linear pattern of collinearity among the different species was
generated using JCVI (Tang et al., 2015b).

Ks distribution was employed to identify potential whole-
genome duplication (WGD) events in Carya illinoinensis, Cyclo-
carya paliurus, Juglans mandshurica, J. regia, and Chinese wingnut.
Ks value of gene pairs within these blocks was calculated using
WGD (Zwaenepoel and Van de Peer, 2019). The density distribution
of Ks was visualized by employing ggplot (Wickham, 2009). The
WGD event date was obtained based on the Ks values calculation
with a mutation rate of 7.5 � 10�9 per nucleotide per year (Sollars
et al., 2017).

Pairwise Sequentially Markovian Coalescent (PSMC) method (Li
and Durbin, 2011) was employed to examine changes in population
demographics within Chinese wingnut. The simplified genomic
sequencing data from nine genetic groups (GZFJ1: SRR10014614;
HNHM1: SRX6752859; HNTM1: SRX6752881; JSLM1:
SRX6752801; JXSQ1: SRX6752621; SCWD1: SRX6752904; SDTM1:
SRX6752754; ZJTM1: SRX6752582; YNYB2: SRX6752710) of Chi-
nese wingnut (Li et al., 2022) was adopted. The analysis parameters
were defined as follows: an initial h ¼ q ratio of 5, conducting 100
iterations, resampling chunks consisting of 500,000 base pairs each
time, and performing 100 bootstrap replicates. Additionally, a
generation time of 8 years (Pan, 2021) and a mutation rate of
7.5 � 10�9 per nucleotide per year (Sollars et al., 2017) were
considered.

2.6. Transcriptome sequencing analysis

Transcriptome sequencing was performed on fruits, stems,
leaves, and roots of Chinese wingnut. RNA extraction was carried
out using the plant RNA Isolation kit DP432 (Tiangen, Beijing,
China). Purity and quality of RNA were assessed using NanoDrop
One (Thermo Fisher, DE, USA) and Agilent 2100 (Agilent, CA, USA).
RNA samples with an OD260/OD280 ratio higher than 2.0 were
retained for sequencing experiments. To construct the RNA
sequencing libraries, the RNA library prep kit (New England Bio-
Labs, MA, USA) was employed, utilizing 10 mg of RNA from each
sample. Quality of the libraries was further evaluated using Agilent
2100 (Agilent, CA, USA), and the qualified libraries were sequenced
using the Illumina HiSeq X-ten (Illumina, CA, USA).

The initial step in data processing involved the removal of
adapter and low-quality sequences from the raw data. Afterward,
the remaining high-quality reads were aligned to the genome of
Chinese wingnut using HISAT2 (Kim et al., 2015). The assembled
transcripts were then generated using StringTie (Pertea et al., 2015).
The assembled reads were annotated based on the existing Chinese
wingnut genome. Furthermore, for the unannotated genes

http://www.timetree.org


Z.-Y. Zhang, H.-X. Xia, M.-J. Yuan et al. Plant Diversity 46 (2024) 309e320
discovered within the Chinese wingnut genome, additional anno-
tation was performed utilizing various databases as mentioned in
the section of Genome Annotation.

Expression levels of all genes of Chinese wingnut were evalu-
ated using StringTie (Pertea et al., 2015). The calculations involved
measuring fragments per kilobase of transcript per million frag-
ments mapped (FPKM). To elucidate the overall trends of variation
among different tissues, we conducted Principal Component
Analysis (PCA) using the plotPCA function in DESeq2 (Love et al.,
2014). During the identification of differentially expressed genes
(DEGs), a filtering criterion was employed where Fold Change � 2
and FDR < 0.01.

2.7. Detection of the metabolites in different tissues of Chinese
wingnut

To analyze the samples of Chinese wingnut, a specific internal
standard known as 2-octanol (10 mg/L) dissolved in H2O was
employed. Measure out approximately 500 mg of each sample and
transfer them into 20 mL headspace bottle. In the prep and load so-
lution rail system's solid-phase microextraction cycle, the tempera-
tureduring incubationwasmaintainedat60 �C.Thepreheatingperiod
lasted for 15 min, followed by a 30-min incubation time. Finally, the
desorption process occurred over a 4-min duration. GC-MS analysis
was conducted utilizing Agilent 7890 in combination with a 5977B
mass spectrometer. An DB-Wax (30 m� 0.25mm� 0.25 mm, Agilent
Technologies, USA) was used to separate and detect the volatile
compounds. The sample was introduced in Splitless Mode. Helium
served as the carrier gas, with a front inlet purge flow rate of
3mLmin�1, and thegasflowrate through the columnwasmaintained
at 1mLmin�1. Initially, the temperaturewas set at 40 �C for a duration
of4min, followedbyanincrease to245 �Cata rateof5 �Cmin�1,which
was then held steady for 5min. The injection, transfer line, ion source,
and quad temperaturesweremaintained at 250, 250, 230, and 150 �C,
respectively. In electron impact mode, the energy used was �70 eV.
Mass spectrometry data were obtained using scan mode, with a m/z
range of 20e400 and a solvent delay of 2.13 min. The raw peaks
extraction, data baseline filtering, baseline calibration, peak align-
ment, deconvolution analysis, peak identification, integration, and
spectrum matching of the peak area were performed using the
ChromaTOF4.3XsoftwareprovidedbyLECOCorporationandtheNIST
database (Kind et al., 2009).

2.8. Correlation analyses between metabolites and gene expression

Weighted co-expression network analysis (WGCNA) was
employed to identify co-expression gene modules and discover
potential regulators associated with biosynthesis by examining
correlations between gene expression values. To construct a
weighted gene co-expression network, R package WGCNA
(Langfelder and Horvath, 2008) was utilized. According to
Tommasini and Fogel (2023), a minimum sample size of 12 can be
used for WGCNA analysis. In this study, we utilized transcriptomic
and metabolomic data from 12 samples each to perform WGCNA
analysis. The construction of the gene co-expression network was
achieved through the automatic network construction function
known as “blockwiseModules”. To visualize the co-expression
network, Cytoscape (Shannon et al., 2003) was utilized.

R package was utilized to calculate the Pearson correlation co-
efficients (r) between the expression levels of genes and the con-
centrations of volatile compounds. To identify candidate genes
associated with the volatile compounds synthesis, the genes were
considered if their r exceeded 0.7, with a P value less than 0.01.
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3. Results

3.1. Genome information of Chinese wingnut

In this study, Chinese wingnut genome was successfully
assembled. Through k-mer analyses, it was determined that Chi-
nese wingnut genome had a heterozygosity rate of 1.37%, a repet-
itive sequence content of approximately 36.42%, and an estimated
genome size of 521.12 Mb. Subsequently, Chinese wingnut genome
was assembled, resulting in a contig N50 value of 25.23 Mb and
genome sizes of 550.86 M. Hi-C sequencing was then employed to
anchor the sequences to 16 pseudochromosomes (Fig. 1). The
anchoring success rate for the sequences of Chinese wingnut to the
pseudochromosomes reached 99.99%. The pseudochromosomes
consisted of 1e9 assembled contigs, with lengths ranging from
22,735,625 bp to 50,287,276 bp.

Evaluation using BUSCO and CEGMA showed integrality scores
of 98.4% and 98.5% respectively. The results of the second genera-
tion reads exhibited a return ratio of 98.76%, a coverage of 99.99%,
and an average sequencing depth of 119�. The results of the third
generation reads displayed a return ratio of 99.78%, a coverage of
99.99%, and an average sequencing depth of 33�.

In the genome of Chinesewingnut, a significant proportion of TE
sequences, accounting for 214.2 Mb, were discovered. Among these
TEs, retroelements were identified as the most abundant (Table S1).
Tandem repeat sequences, totaling 23.9 Mb, were also detected in
the genome (Table S2), constituting approximately 4.35% of its
genome. A total of 39,648 protein-coding genes (36,824 of them
were annotated; Table S3) and 232 pseudogenes were identified in
Chinese wingnut genome. Additionally, various types of non-
coding RNAs were identified, including 99 microRNAs, 526 trans-
fer RNAs, 1794 ribosomal RNAs, 101 small nucleolar RNAs, and 97
small nuclear RNAs.

3.2. Evolutionary history of the Chinese wingnut

A total of 635 single-copy protein-coding genes were identified
across all 11 species, and these genes were concatenated and used
to create a supermatrix. This uppermatrix was utilized to construct
the phylogenetic tree (Fig. 2A) wherein it was revealed that Chinese
wingnut and Cyclocarya paliurus diverged approximately 11.69
Mya, whilst the differentiation between the winged group (the
Chinese wingnut and C. paliurus) and the wingless group (Carya
illinoinensis, J. mandshurica, J. regia) in Juglandaceae was estimated
to have occurred approximately 13.66Mya. The divergence of Carya
from other genera in Juglandaceae occurred approximately 19.88
Mya.

To explore the unique and shared gene families of Chinese
wingnut and other Juglandaceae species, we conducted a compar-
ative analysis of their gene families (Fig. 2B). Five species of the
Juglandaceae family share a total of 14,317 gene families, Juglans
mandshurica possesses the highest number of unique gene families
with 934, while J. regia has the fewest with 166. Chinese wingnut
have 416 unique gene families. The enrichment analysis of unique
genes evolved in Chinese wingnut revealed that these genes were
significantly enriched in 5 pathways and 14 ontologies (Table S4).
Among them, a significant evolution of unique genes related to the
synthesis of arginine (ko00220) was found.

To predict which traits and metabolic functions have been
enhanced during the evolution of winged group and Chinese
wingnut after their divergence from their ancestors, we conducted
an analysis of gene family contraction and expansion. In our
evolutionary tree branches (Fig. 2A), we have observed the most



Fig. 1. The assembly genome of Chinese wingnut. (A) Chinese wingnut is scattered along the banks of the stream. (B) The collinearity within Chinese wingnut genome by paralogous
pair genes. The chr1-16 with different colors represent the different linkage groups. Each line represents a duplicated gene pair. The circles from the outside to the inside indicate
the TE density, SSR density, gene density and GC content with the window of 4 Mb.

Fig. 2. Phylogenetic relationship, gene family comparison, colinearity, WGD of Chinese wingnut and its related species and the effective population size change of all genetic groups
of Chinese wingnut. (A) Phylogenetic tree of the Chinese wingnut, one monocot species, and nine dicot species. Green number indicates the expansion number of gene family,
purple number indicates the contraction number of gene family, black number indicates the mean divergence time (out of brackets) and the 95% confidence interval divergence
time (in brackets). (B) Venn diagram of all shared and unique gene families among Chinese wingnut, Cyclocarya paliurus, Carya illinoinensis, Juglans mandshurica, and J. regia. (C)
Linear collinearity diagram of chromosomes among the Chinese wingnut, C. paliurus, J. regia, and C. illinoinensis. Lines in blue, green, purple, and brick red represent chromosomes of
Chinese wingnut, C. paliurus, J. regia, and C. illinoinensis. Gray line shows each syntenic gene pairs, red line shows syntenic gene pairs of terpene synthase 2 gene family, and blue line
shows syntenic gene pairs of terpene synthase 10 gene family. (D) Ks distribution density plots. The x- and y-axes indicate the Ks values and the density of paralog or ortholog genes.
(E) Historical change of effective population size of all genetic groups of Chinese wingnut. The x-axis represents the scale of the time. The y-axis represents the effective population
size.
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distinct differentiation between Chinese wingnut and Cyclocarya
paliurus. Following their divergence, Chinese wingnut showed a
significant expansion of 613 gene families, whereas C. paliurus
experienced a contraction in 233 gene families. The expanded gene
family in Chinese wingnut was notably enriched in 16 pathways
and 77 ontologies (Table S5). Based on the enrichment analysis of
pathways, there was a significant expansion of gene families
associated with terpene biosynthesis (ko00904, ko00909, and
ko00902) and other benzene compound metabolism (ko00402,
ko00240, ko00360, ko00380). Additionally, there has been an
expansion of gene families associated with the stress response,
such as gene family related to ascorbate and aldarate metabolism
(ko00053), galactose metabolism (ko00052), and linoleic acid
metabolism (ko00591). Due to the presence of various terpene
volatile compounds in Chinese wingnut leaves, we conducted a
comprehensive investigation on the specific terpene synthase gene
families of Chinese wingnut. Surprisingly, we discovered that two
terpene synthase gene families significantly expanded in compar-
ison to other species in the Juglandaceae family. Terpene synthase 2
family consists of 16 members in Carya illinoinensis, 12 members in
C. paliurus, 8 members in Juglans mandshurica, 11 members in
J. regia, and an increased count of 18 members in Chinese wingnut.
Terpene synthase 10 family consists of 15members in C. illinoinensis,
15 members in C. paliurus, 6 members in J. mandshurica, 21 mem-
bers in J. regia, and a significant increase to 30 members in Chinese
wingnut. The co-linearity relationship of two gene families among
four species, namely C. illinoinensis, C. paliurus, J. regia, and Chinese
wingnut, was demonstrated (Fig. 2C).

In the winged group, we have discovered that a total of 94 gene
families have undergone expansion since its divergence from the
wingless groupwithin Juglandaceae. These gene families have been
enriched in 7 specific pathways and 55 ontologies in Chinese
wingnut and 7 specific pathways and 57 ontologies in C. paliurus
(Table S6). We did not find any expansion of gene families related to
fruit development in thewinged group, but we did find a significant
expansion of gene families related to root development, including
lateral root formation (GO:0010311), lateral root morphogenesis
(GO:0010102), lateral root development (GO:0048527), post-
embryonic root morphogenesis (GO:0010101), post-embryonic
root development, root morphogenesis (GO:0010015), root sys-
tem development (GO:0022622), root development (GO:0048364),
and adventitious root development (GO:0048830).

When using Chinese wingnut as the foreground branch and the
other species of Juglandaceae as background branch, we detected a
total of 239 positively selected genes. These genes have been
enriched in 38 ontologies (Table S7), with 10 ontologies
(GO:0070469, GO:0044429, GO:0005747, GO:0045271,
GO:0098803, GO:0005746, GO:0005759, GO:0098798,
GO:0098800, and GO:0044455) specifically related to mitochon-
drial aerobic respiration. When thewinged group is regarded as the
foreground branch and the wingless group is as the background
branch, 65 gene families have been subject to positive selection,
including 66 genes in both Chinese wingnut and C. paliurus. These
positively selected genes have been found to be enriched in 1
ontology of Chinese wingnut and 2 ontologies of Cyclocarya pal-
iurus (Table S8). The CCR4-NOT complex (GO:0030014) is an
ontology that is shared by two species and is closely associatedwith
the regulation of gene expression.

The distribution diagram of Ks values (Fig. 2D) demonstrated
that the five Juglandaceae species we investigated experienced one
round of WGD event before their divergence. The peak of Ks at 0.31
suggested theWGD event occurred at approximately 20.7 Mya. The
results of PSMC analysis indicated that the effective population size
of nine genetic groups of Chinesewingnut experienced a significant
decrease around 0.14 Mya and a rapid recovery around 0.01 Mya
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(Fig. 2E). The reduction and recovery time of the effective popula-
tion of Chinese wingnut closely aligns with the coming and ending
of the last glacial (LG) period.

3.3. Transcription expression in different tissues of Chinese wingnut

Transcriptome sequencing was conducted on twelve samples
consisting of four tissues - leaves, stems, roots, and fruits - from
Chinese wingnut (Fig. 3A). A total of 251.42 million reads were
obtained, resulting in 75.23 Gb of clean data. Each sample yielded a
clean data amount of 5.79 Gb, with a Q30 base percentage of 93.43%
or higher. In this study, we conducted a PCA clustering analysis to
evaluate the differences in overall gene expression patterns among
the four tissues (Fig. 3B). The overall gene expression patterns of
the four tissues show significant differences. The gene expression in
leaves is noticeably separated from roots and stems along PC1 axis,
while it exhibits significant distinction from fruits along PC2 axis.
The gene expression between stems and fruits exhibits minimal
differences, yet they can still be clearly distinguished. After
comparing the gene expression between leaves and roots, stems,
and fruits, it was found that the expression of genes related to
volatile biosynthesis and metabolism pathways of ‘terpenoid
backbone biosynthesis’ and ‘limonene and pinene degradation’ and
‘ubiquinone and other terpenoid-quinone biosynthesis’ in leaves
and fruits was significantly higher than in roots, while the gene
expression of ‘monoterpenoid biosynthesis’ was significantly
higher in fruits compared to stems (Table S9).

3.4. Metabolites in different tissues of Chinese wingnut

GC-MS was utilized to analyze the metabolites present in 12
samples of leaves, stems, roots, and fruits from Chinese wingnut. A
total of 423 volatile compounds were detected across the four tis-
sues (Table S10). There are significant differences in the volatile
components present among the four tissue samples in Chinese
wingnut (Fig. 3C). After conducting a thorough analysis, we have
compared the concentrations of the top 10 volatile compounds
found in the leaves and fruits of Chinese wingnut. It has been
revealed that terpenes, specifically D-limonene, a-pinene and 3-
carene, exhibited the highest levels of concentration. On the
other hand, when examining the roots, we observed that low
molecular weight alcohols and aldehydes, such as 1-hexanol and
ethanol, had the highest content. Among the top 10 volatiles in
stems, the contents of aldehydes, alcohols and acids were highest,
such as hexanal, 1-hexanol and hexanoic acid, and we also found
that terpenes, such as a-pinene and 3-carene also account for a
certain amount.

3.5. Candidate modules and genes for the synthesis of volatile
compounds

Clusters of co-expressed genes resulted a total of 17 gene
modules (Fig. 4A). Correlation analysis between pairs of modules
revealed that the MElightslateblue module correlated with the
highest number of gene modules (Fig. 4B). The MElightslateblue
module exhibited significant positive correlations with D-limonene,
a-pinene, 3-carene, and caryophyllene, while the MEblue4 module
showed significant correlations with D-limonene, a-pinene, and 3-
carene. Similarly, the MEcyan module displayed significant positive
correlations with D-limonene and caryophyllene, while the
MEthistlemodulewas significantly correlatedwith a-pinene and 3-
carene. Additionally, the MEfirebrick4 module exhibited a signifi-
cant positive correlation with 3-carene (Fig. 4C). The MElightsla-
teblue module contained a total of 433 genes, which were found to
be significantly enriched in the pathways related to photosynthesis



Fig. 3. PCA clustering of different tissue samples of Chinese wingnut based on transcriptome and metabolome data. (A) Different tissue samples of the Chinese wingnut. (B) PCA of
gene expression for different tissue samples of the Chinese wingnut. (C) PCA of metabolites for different tissue samples of the Chinese wingnut.
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and carotenoid synthesis. The MEblue4 module consisted of 74
genes that were significantly enriched in the phenylpropanoid
biosynthesis pathway. Within the MEcyan module, 866 genes were
significantly enriched in 7 pathways, with carotenoid biosynthesis
pathway still showing significant enrichment. The MEthistle
module included 1388 genes that were enriched in 12 pathways,
while the MEfirebrick4 module contained 964 genes enriched in 2
pathways (Table S11). Overall, the enrichment analysis from
WGCNA suggests a close relationship between genes involved in
carotenoid and phenylpropanoid biosynthesis and the volatile
terpenes D-limonene, a-pinene, 3-carene, and caryophyllene.

Synthesis of D-limonene, a-pinene, 3-carene, and caryophyllene,
four volatile terpene compounds, can be achieved through the
methylerythritol phosphate (MEP) and the mevalonic acid (MVA)
pathways (Fig. 5). Based on the synthesis pathways of these four
volatile compounds in other species, we screened for candidate
genes involved, resulting in 119 genes identified (Supporting In-
formation Table S12). Among these genes, 34 showed effective
expression (log2FPKM > 1) in both fruits and leaves, but only five
genes, i.e., 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR,
Pst04G003230), 2-C-methyl-D-erythritol 2,4-cyclopyrophosphate
synthase (IspF, Pst04G018250 and Pst14G005630), geranylgeranyl
pyrophosphate synthase (GPPS, Pst04G024670), and farnesyl pyro-
phosphate synthase (FPPS, Pst04G026160) were found to be signif-
icantly associated with at least one of the four volatile compounds
(Fig. 5). FPPS (Pst04G026160) belongs to the MEfirebrick4 module,
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while the other four candidate genes are not part of these 17 co-
expressed gene modules.

4. Discussion

Due to its high medicinal value, ornamental value, and ecolog-
ical value, significant attention has been given to the study of
Chinese wingnut in recent years (Zhang et al., 2023). However, due
to the lack of a high-quality genome, we do not have a clear un-
derstanding of its evolutionary history and the synthesis mecha-
nism of the main medicinal compounds. In this study, we
assembled a high-quality chromosome-level genome for Chinese
wingnut and elucidated its evolutionary history through compar-
ative genomics. Furthermore, we identified candidate genes in the
synthesis pathway of the main medicinal compounds in its leaves
through a combined analysis of transcriptomics and metabolomics.

4.1. Evolutionary history of Chinese wingnut

Phylogenetic tree indicated that the wingless group was the
ancestral type in Juglandaceae, while the winged group originated
from the ancestral type around 13.66 Mya. Among the five
Juglandaceae species we examined, their ancestors experienced
one WGD event before their divergence. The WGD events during
this period were a common occurrence found in multiple species
(Wang et al., 2022; Liu et al., 2023). In Juglandaceae, the ancestral



Fig. 4. WGCNA analysis of gene expression and volatile metabolism in different tissues of Chinese wingnut. (A) Cluster tree of the expressed genes and the Correlation heat map
between the expressed genes and the terpene volatiles. (B) The correlation heatmap of gene expression modules. The upper numbers in the color blocks represent the correlation
coefficients, while the lower numbers represent the P-values. (C) Correlation heatmap between gene expression modules and four terpenoid volatiles. Numbers in the colored boxes
have the same significance as mentioned above.
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type of wingless fruit is large, nut-like drupes, while the newly
differentiated the winged species have smaller fruits with wings
developed from bracts. Fossil records indicated that a significant
distribution of these species already existed in the Bangmai region
of Yunnan during the late Miocene (11.63e5.33 Mya; Shao, 2016).
Moreover, the vegetation in this region during that time was pre-
dominantly subtropical and tropical, suggesting a moist subtropical
climate in the late Miocene (Xie et al., 2013). Therefore, it is spec-
ulated that the differentiation of thewinged groupmay be linked to
historic climate fluctuations.

The large amount of precipitation stimulated the divergence of
Juglandaceae into winged species that rely on both wind and
streams for propagation. Moreover, the reduced fruit size facilitates
better dispersal through streams. Through the analysis of gene
family expansion in the winged group, significant gene expansion
associated with root, lateral root, and adventitious root morphology
and development was detected. In the detected genes related to root
growth expansion (Pst01G013290.1, Pst02G002390.1,
Pst06G023960.1, Pst09G006290.1, Pst13G009870.1, Pst14G011580.1),
they all belong to the Lateral Organ Boundaries Domain (LBD) gene
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family, which has been found in Arabidopsis that mutations in LBD
genes lead to a significant reduction in lateral roots (Berckmans et al.,
2011). The winged groups are mainly distributed on both sides of
streams or in habitat areas with high humidity, where they are likely
to encounter frequent flooding events in historical environmental
changes. This ecological environment forces them to evolve strong
root systems to withstand being washed away by floods. The
expansion of gene families related to the development and
morphogenesis of roots, lateral roots, and adventitious roots has also
endowed winged group with the ability to adapt to waterlogging
stress. For example, under prolonged stress, Chinese wingnut
generate adventitious roots to enhance oxygen acquisition (Li et al.,
2010). The divergence of Pterocarya and Cyclocarya is estimated to
have occurred approximately 11.69 Mya, as indicated by the phylo-
genetic tree. Fossil records of the Pterocarya suggest that it mainly
appeared during the Paleogene to Neogene periods (66e1.75 Mya),
with a peak occurrence in the Neogene (23.5e1.75Mya; Shao, 2016).
Our molecular evolutionary data further support the separation of
Pterocarya from Cyclocarya during the Neogene period. The current
distribution patterns of Pterocarya and Cyclocarya indicate ecological



Fig. 5. Identification the candidates for the biosynthesis of four terpenoid volatiles. The color blocks in the gene expression heat map, from left to right, represent fruits, leaves,
roots, and stems. Enzymes involved in the biosynthesis of four terpenoid volatiles: DXS, 1-deoxy-D-xylulose-5-phosphate synthase; DXR, 1-deoxy-D-xylulose 5-phosphate
reductoisomerase; IspD, 4-pyrophosphocytidyl-2-C-methyl-D-erythritol synthase; IspE, 4-pyrophosphocytidyl-2-C-methylerythritol kinase; IspF, 2-C-methyl-D-erythritol 2,4-
cyclopyrophosphate synthase; IspG, 4-hydroxy-3-methylbut-2-enyl pyrophosphate synthase; IspH, 1-hydroxy-2-methyl-butenyl 4-pyrophosphate reductase; IDI, IPP isomerase;
MvaE, acetyl-CoA acetyltransferase/HMG-CoA reductase; MvaS, HMG-CoA synthase; MK, mevalonate kinase; PMK, phosphomevalonate kinase; MVD, mevalonate pyrophosphate
decarboxylase; GPPS, geranylgeranyl pyrophosphate synthase; FPPS, farnesyl pyrophosphate synthase; TPS, terpene synthase. G-3-P, glyceraldehyde 3-phosphate; DXP, 1-deoxy-D-
xylulose 5-phosphate; MEP, 2C-methyl-D-erythritol 4-phosphate; CDP-ME, 4-diphosphocytidyl-2C-methyl-D-erythritol; MEcPP, 2C-methyl-D-erythritol 2,4-cyclodiphosphate;
HMBPP, 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate; IPP, isopentenyl pyrophosphate; A-CoA acetyl-CoA, AA-CoA acetoacetyl-CoA, HMG-CoA 3-hydroxy-3-methylglutaryl-
CoA; Mev-P, mevalonate 5-phosphate; Mev-PP, mevalonate 5-diphosphate; DMAPP, dimethylallyl pyrophosphate; GPP, geranyl diphosphate; FPP, farnesyl pyrophosphate. * means
five candidate key genes (Pst04G003230, Pst04G018250, Pst14G005630, Pst04G024670, and Pst04G026160) that gene expression is significantly related to metabolite content. Colour
scale from blue to red represents expression levels (log10FPKM) from low to high.
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niche differentiation following their divergence. Species of Pter-
ocarya predominantly inhabit streamside environments, whereas
species of Cyclocarya are found in moist forests. The long-term oc-
cupancy of the streamside habitat by Pterocarya suggests that it may
frequently face waterlogging stress. In this study, the mitochondrial
aerobic respiration-related genes that underwent positive selection
were identified as NADH dehydrogenase (Pst02G001400.1,
Pst12G001640.1). Previous research has demonstrated that the
expression of NADH dehydrogenase can enhance the survival rate of
plants under oxidative stress conditions (Jethva et al., 2023). Our
results reveal significant positive selection on mitochondrial aerobic
respiration-related genes in Chinese wingnut, which may confer
stronger tolerance to waterlogging stress.

After the divergence of Pterocarya and Cyclocarya, Chinese
wingnut has not only evolved stronger tolerance to waterlogging
but may also possess higher capacity to remove TN. Comparative
analysis of walnut species genomes revealed that Chinese wingnut
have evolved unique genes related to arginine synthesis. Among
the 21 protein amino acids, arginine has the highest N/C ratio
(Winter et al., 2015). This make it have higher nitrogen storage
capacity and can effectively absorb nitrogen in water. The increase
in TN removal capacity may also be related to their ecological niche,
as the decomposition of excessive plant litter in streams promotes
the increase of the gene number related to arginine synthesis. Our
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results showed that all genetic groups of Chinese wingnut experi-
enced significant population decline during the LG period in the
Pleistocene, but rapidly rebounded after the glacial period. Previous
phylogeographic study on Chinese wingnut also suggested that
Pleistocene climate changes led to significant fluctuations in their
effective populations, which subsequently experienced a rapid re-
covery after LG (Qian et al., 2019).

4.2. Candidate modules and genes involved in the synthesis of
terpene volatiles

Chinese wingnut leaves contain a significant amount of volatile
oils, with terpenes being the predominant component (Yin et al.,
2020). Our findings indicate that terpene volatiles are also pre-
sent in high concentrations in its fruits. According to a recent
analysis of volatile compounds in Chinese wingnut leaves, it was
found that caryophyllene and caryophyllene oxide accounted for
the highest content (Bo and Yu, 2021). However, our study reveals
that although caryophyllene and caryophyllene oxide have rela-
tively high content in volatiles, compounds such as D-limonene, a-
pinene, and 3-carene may have higher content in the leaves and
fruits of Chinese wingnut. During pest control in tea gardens, it has
been discovered that the crude extract of Chinese wingnut leaves
has insecticidal effects on various insects such as diamondback
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moth, leaf roller, tea caterpillar, tea looper, and tussock moth (Li
et al., 2007). In the crude extract, the volatile oils including D-
Limonene, a-pinene, caryophyllene, and 3-carene have been found
to exhibit significant insecticidal properties against herbivorous
insects (Tripathi et al., 2003; Kumbasli and Bauce, 2013; Chohan
et al., 2023). Therefore, we speculate that the abundance of terpe-
noid volatile compounds in the leaves and fruits of Chinese wing-
nut may have evolved as a means to defend against herbivorous
insects when distributed along the streamsides.

Our analysis of gene families shows that a significant expansion
occurs in the terpene synthase 2 and 10 families in Chinese wingnut
and Cyclocarya paliurus following their divergence. In fact, among
the Juglandaceae species we examined, Chinese wingnut has the
highest number of members in these two gene families. We spec-
ulate that it is due to this significant expansion of terpene synthase
gene family members in Chinese wingnut that its leaves and fruits
are able to produce more terpenoid volatiles, which help to deter
large numbers of herbivorous insects near streams. In addition to
their role in defending against herbivorous insects, terpenoid vol-
atiles also possess antimicrobial, antioxidant, and anti-tumor ac-
tivities (Li et al., 2021c). As a result, Chinese wingnut leaves are
widely used in traditional Chinese medicine.

The synthesis of terpenoid volatiles primarily occurs through
the MEP andMVA pathways (Gao et al., 2018; Cheng et al., 2022). In
this study, we conducted WGCNA analysis and Pearson correlation
analysis to investigate the candidate modules and genes associated
with the synthesis of major terpenoid volatiles, including D-limo-
nene, a-pinene, 3-carene, and caryophyllene. The WGCNA analysis
results suggest a significant correlation between carotenoid and
phenylpropanoid biosynthesis and the synthesis of the four
investigated terpene volatiles. It has been found that carotenoid
and phenylpropanoid biosynthesis share common pathways with
D-limonene, a-pinene, 3-carene, and caryophyllene (Dang et al.,
2022; Zhu et al., 2022). Therefore, the genes related to carotenoid
synthesis and phenylpropanoid biosynthesis may impact the syn-
thesis of these terpene volatiles. A total of 34 candidate genes for
effective expression in fruits and leaves were screened based on the
synthesis pathways of other species such as D-limonene, a-pinene,
3-carene, and caryophyllene (Adal et al., 2017; Gao et al., 2018;
Cheng et al., 2022). However, only 5 genes (Pst04G003230,
Pst04G018250, Pst14G005630, Pst04G024670, and Pst04G026160)
were found to be significantly correlated with at least one of the
four volatile compounds. Five key candidate genes that we have
identified have been confirmed to be involved in the synthesis of
these volatile oils in previous studies. For instance, DXR has been
shown to be significantly correlated with the content of Car-
yophyllene (Rai et al., 2024). The IspF participates in the synthesis of
isoprenoids in the MEP pathway (Chen et al., 2018). GPPS has been
found to significantly increase the levels of a-pinene and D-limo-
nene in plants (Niu et al., 2018; Xie et al., 2023), while FPPS has been
shown to enhance the content of caryophyllene in maize (Richter
et al., 2015). Apart from these five genes, other potential genes
may also be involved in the formation of these volatile oils, but they
have not been effectively identified by Pearson correlation analysis.
This phenomenon may be attributed to the existence of two
pathways in the synthesis pathway of these volatile compounds,
and there might be multiple possible synthetic enzymes involved
in each synthesis step. Therefore, the expression levels of these
genes may not necessarily show a strict positive correlation with
the volatile compound content. In the process of synthesizing
metabolites, where multiple pathways and lengthy routes exist,
Pearson correlation analysis often only identifies a small number of
candidate genes (Li et al., 2023). Therefore, in this study, we
consider genes that are effectively expressed in tissues with high
content as candidate genes. Integrated analysis of the metabolome
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and transcriptome data demonstrates that 34 genes effectively
expressed in the fruits and leaves of Chinese wingnut can be
considered as candidate genes for the synthesis of D-limonene, a-
pinene, 3-carene, and caryophyllene.

5. Conclusions

In this study, we have successfully assembled a high-quality
chromosomal-level genome of Chinese wingnut. The divergence
between the winged group and the wingless group within the
Juglandaceae family may have arisen from shifts in ancient climatic
conditions, characterized by increased precipitation and humidity.
The reduction in fruit size and the change in dispersal method after
wing development in the winged group of Juglandaceae led to a
significant expansion of gene families associated with root growth,
thus enabling the development of a well-established root system.
Furthermore, the ecological niche differentiation between Chinese
wingnut and Cyclocarya paliurus may have led to significant posi-
tive selection on mitochondrial genes related to aerobic respiration
in Chinese wingnut occupying the ecological niche on both sides of
the stream, enhancing its ability to withstand waterlogging stress.
Comparative genomic analysis also revealed that Chinese wingnut
has evolved unique genes associated with arginine synthesis,
potentially equipping them with a higher capacity for purifying
nutrient-rich water bodies. Metabolite analysis of different tissues
in Chinese wingnut reveals higher levels of terpenoid volatiles,
such as D-limonene, a-pinene, 3-carene, and caryophyllene, in its
leaves and fruits. This may be attributed to the possibility that
Chinese wingnut, being distributed along streamsides, are more
exposed to herbivorous insects. Furthermore, analysis of gene
family contraction and expansion suggests significant expansion of
the terpene synthase 2 and 10 families in Chinese wingnut after its
divergence from C. paliurus. Additionally, through combined tran-
scriptome and metabolome analysis, we have identified 34 candi-
date genes involved in the synthesis of D-limonene, a-pinene, 3-
carene, and caryophyllene. Our study provides genomic resources
for Chinese wingnut, elucidating its evolutionary history and
identifying candidate genes involved in the synthesis of terpenoid
volatiles.
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Appendix A. Supplementary data

All raw data for the Chinese wingnut genome and transcriptome
sequencing were deposited in NCBI with accession numbers of
PRJNA1047036. Genome assembly and annotation data were
deposited in the Figshare database: https://doi.org/10.6084/m9.
figshare.25237942. Raw data of GC-MS were deposited in the Fig-
share database: https://doi.org/10.6084/m9.figshare.24717660. The
other data that support the findings of this study in the supple-
mentary material of this article.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.pld.2024.03.010.
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