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SUMMARY

Toxicodendron species are economically and medicinally important trees because of their rich sources of natu-
ral products. We present three chromosome-level genome assemblies of Toxicodendron vernicifluum ‘Dali’,
Toxicodendron succedaneum ‘Vietnam’, and T. succedaneum ‘Japan’, which display diverse production capac-
ities of specialized metabolites. Genome synteny and structural variation analyses revealed large genomic dif-
ferences between the two species (T. vernicifluum and T. succedaneum) but fewer differences between the
two cultivars within the species. Despite no occurrence of recent whole-genome duplications, Toxicodendron
showed evidence of local duplications. The genomic modules with high expression of genes encoding meta-
bolic flux regulators and chalcone synthase-like enzymes were identified via multiomics analyses, which may
be responsible for the greater urushiol accumulation in T. vernicifluum ‘Dali’ than in other Toxicodendron spe-
cies. In addition, our analyses revealed the regulatory patterns of lipid metabolism in T. succedaneum ‘Japan’,
which differ from those of other Toxicodendron species and may contribute to its high lipid accumulation.
Furthermore, we identified the key regulatory elements of lipid metabolism at each developmental stage,
which could aid in molecular breeding to improve the production of urushiol and lipids in Toxicodendron spe-
cies. In summary, this study provides new insights into the genomic underpinnings of the evolution and diver-
sity of specialized metabolic pathways in three Toxicodendron cultivars through multiomics studies.
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INTRODUCTION .
(Dawson & Kurtz, 1971; Geissman, 1963; Sunthankar &

Toxicodendron (a toxic tree in Greek) is a genus of woody
plants in the Anacardiaceae family, comprising ~30 spe-
cies, such as poison ivy (Toxicodendron radicans) and poi-
son sumac (Toxicodendron vernix), which are commonly
known for their general toxicity caused by an oily allergen
called urushiol (Frankel, 1991; Majima, 1922; Majima &
Cho, 1907; Nie et al., 2009; Niimura et al., 1996; Qin
et al., 1996; Snyder, 1989; Symes & Dawson, 1953; Yamau-
chi et al., 1980). Urushiol, which can be collected from the
sap of Toxicodendron, is an oily mixture of 15- and
17-carbon side chain alk-(en)-yl catechols and resorcinols

Dawson, 1954). Although urushiol causes allergies and
contact dermatitis in many individuals, urushiol has
attracted attention for its pharmacological properties, such
as anticancer, antibacterial, and antioxidant effects, (Cho
et al., 2015; Gladman, 2006; Oshima et al., 1985; Saravana-
kumar et al., 2019; Snyder, 1989; Suk et al., 2011; Sunthan-
kar & Dawson, 1954; Xie et al., 2016; Zhao et al., 2009).
Although recent studies have suggested that chalcone
synthases, which are involved in flavonoid metabolism
within the polyketide synthase (PKS) family, might catalyze
a key step in urushiol biosynthesis (Bai et al., 2022; Wang
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et al., 2020), the complete urushiol biosynthetic pathway
remains unclear (Bai et al., 2022). The PKS family was also
proposed to coordinate with fatty acid (FA)
metabolism-related enzymes such as long-chain-fatty-acid-
CoA ligase (LCAS) and 3-ketoacyl-CoA synthase (KCS) to
convert long-chain FA or FA metabolism intermediates
during the formation of urushiol (Bai et al., 2018, 2022;
Weisberg, 2014).

Raw lacquer, a potent natural coating, is synthesized
primarily in the specialized cells of the phloem tissue in
various Toxicodendron species (Aziz et al., 2017; Wei
et al., 2009; Zhao, 2021); it is known as “the king of coat-
ings” in Asia and possesses great economic value (Li, Li, &
Fang, 2022). In addition, their fruits also hold significant
economic value and can be used in the production of vege-
table waxes and oils (Beaman, 1986; Kamiya et al., 2002;
Tsujimoto, 1935). Because lipids contain a variety of neces-
sary FAs with high nutritional value, particularly linoleic
acid, comparable to peanut oil and sesame oil, the produc-
tion of edible oil from Toxicodendron fruits has significant
promise (Liu et al., 2022). However, the synthesis of spe-
cialized natural products in different Toxicodendron
species varies. For example, T. vernicifluum (also known
as the Chinese lacquer tree) can produce abundant sap
from its wounded phloem, while the most economically
important fruit of T. succedaneum is its larger lipid-rich
fruits, in contrast to the smaller fruits of T. vernicifluum.
Both T. vernicifluum ‘Dali’ and T. succedaneum ‘'Japan’
(also known as the wax tree) are economically important
trees in Asia. The former is mainly used to extract raw lac-
quer, and the latter is often used for wax and oil produc-
tion. T. Succedaneum 'Vietnam’ is another commercially
important cultivar that is widely distributed in Vietnam and
Yunnan Province in China (Yu, 2014). However, the fruit
size of T. succedaneum ‘Vietnam' is relatively smaller than
that of the wax tree (Figure 1D). Furthermore, the greater
water content and lower urushiol content in its sap result
in the quality of the raw lacquer being lower than that of
the lacquer tree (Yu, 2014). The underlying mechanism for
the differentiated capacity for producing specialized metab-
olites in different Toxicodendron cultivars could be
explored based on a multiomics approach, which has been
applied to illustrate the evolution and regulation of specific
metabolic pathways in plant species, such as Torreya
grandis (Lou et al., 2023) and Camellia sinensis (Zhang
et al., 2021).

The genomes of two Toxicodendron species (in three
cultivars, T. vernicifluum ‘Dali’, T. succedaneum ‘Vietnam’,
and T. succedaneum ‘Japan’) were sequenced in this
study. These genomes, along with the genome of another
cultivar, T. vernicifluum ‘Gaobachi’ (Bai et al., 2022), were
used to study how the genomes of different Toxicoden-
dron species evolved in these species. Moreover, we used
time-ordered comparative multiomics analysis to

determine how urushiol and lipids are produced in
different species of Toxicodendron. Overall, the three
high-quality Toxicodendron genomes, combined with mul-
tiomics analyses, revealed deep insights into the genomic
evolution and specialized metabolism of natural products
among Toxicodendron species, which will aid in molecular
breeding for improving urushiol and lipid production in
these species.

RESULTS
Genome assembly and annotation

We assembled the genomes of three cultivars of two Toxi-
codendron species, namely, T. vernicifluum ‘Dali’ (TvD), T.
succedaneum ‘Vietnam’ (TsV) and T. succedaneum ‘Japan’
(Tsd), by combining short-read, Nanopore long-read, and
Hi-C data. The final genome assemblies were 469, 575
and 588 Mb with contig N50 lengths of 18.8, 1.3 and
6.0 Mb for TvD, TsV, and TsJ, respectively (Table S2),
which are close to their estimated genome sizes using
k-mer distribution analysis (Figure S2). Using Hi-C contact
information, the contigs of each species were further
anchored onto 15 pseudochromosomes, covering 98.3,
99.1 and 99.3% of the assembled sequences (Figure 1F;
Figure S3; Table S3). This outcome was consistent with the
chromosome number identified by karyotype analyses
(2n = 30) (Li et al., 2017). The overall percentage of reads
mapped from the genomic sequences to the assembled
genomes exceeded 97% across each assembly (Table S2).
Furthermore, RNA-seq reads from multiple tissues were
generated and mapped to the assembled genomes, with
more than 90% of these reads mapped across each assem-
bly (Table S2). The high completeness of these assemblies
was also evidenced by 98.9, 97.1 and 96.9% BUSCO recov-
ery scores, respectively (Table S3). In total, we identified
72.3, 58.4 and 57.5% of the TvD, TsV and TsJ genomes as
transposable elements, respectively, and long terminal
repeat retrotransposons (LTR-RTs) dominated the TEs
(Table Sb5). A total of 38 155, 41662 and 44 768
protein-coding genes were predicted for TvD, TsV and TsJ,
respectively, and 94.4, 92.2 and 94.3% of the genes were
functionally annotated, respectively (Table S6).

Phylogeny, gene families, and genome evolution in
Anacardiaceae

Toxicodendron belongs to the Anacardiaceae family
(Figure 2A; Figure S4). Genomic analysis of species within
Sapindales from Sapindaceae, Anacardiaceae and Ruta-
ceae revealed that 564 gene families were unique to Toxi-
codendron (Figure 2B). The KEGG enrichment results
showed that Toxicodendron-specific genes were signifi-
cantly enriched in pathways such as linoleic acid metabo-
lism, glycosaminoglycan degradation, and brassinosteroid
biosynthesis (Table S7). Further comparison among four
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Figure 1. Characteristics of the genomes of three Toxicodendron cultivars.
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(A-C) Photos of the raw lacquer derived from the phloem tissue of three Toxicodendron trees.

(D) Comparison of fruit size among three Toxicodendron trees from June to September.

(E) Comparison of Toxicodendron wax between lacquer trees (TvD) and wax trees (TsJ).

(F) Genomic characteristics of three Toxicodendrons. The tracks from the outer to the inner circle are the chromosomes: a, GC content; b, gene density; ¢, repeat

element density; d, LTR-Gypsy distribution; and e, LTR-Copia distribution.

individuals indicated that a core set of 16 984 gene families
were shared by Toxicodendron, whereas 390, 358, 282, and
422 gene families were unique to TvC, TvD, TsV and TsJ,
respectively (Figure 2B). Compared with the MRCAs of
Toxicodendron (T. vernicifluum and T. succedaneum) and
Pistacia (P. vera), a total of 239 expanded and 106 con-
tracted orthogroups were observed in the ancestor of Toxi-
codendron (Figure 2A; Figure Sb), and further KEGG
enrichment revealed that expanded gene families were
predominant in 2-oxocarboxylic acid metabolism, flavo-
noid biosynthesis, and alpha-linolenic acid metabolism
(Table S8), echoing the known features that Toxicodendron
specializes in the synthesis of secondary metabolites such
as urushiol and lipids (Tong et al., 2019).

To investigate the whole-genome duplication (WGD)
of Anacardiaceae, the number of synonymous substitu-
tions per synonymous site (Ks) was characterized
(Figure 2C; Figures S6 and S7). The Ks distributions of all
paralogous gene pairs were almost the same for both
Mangifera indica and Anacardium occidentale (peak at
~0.35), suggesting that a recent WGD event occurred

before the split between Anacardium and Mangifera
(Figure 2C). The Ks peak values of paralogous gene pairs
from three Toxicodendron trees, Pistacia vera and Sclero-
carya birrea, were all approximately 1.5 (Figure 2C;
Figure S6), which is similar to those of species from Sapin-
daceae (Lichi, Acer, and Xanthocerase) and Rutaceae (Cit-
rus) (Hu et al., 2022), indicating the absence of further
WGDs in most species of Sapindales since the ancient
gamma triplication event (Wang et al., 2020). Additionally,
syntenic depth ratios of 2:2:1 among M. indica, A. occiden-
tale and Toxicodendron (T. vernicifluum and T. succeda-
neum) (Figure S8) also provided additional evidence for a
recent WGD event in the common ancestor of Anacardium
and Mangifera but not in Toxicodendron. Notably, all the
Anacardiaceae genomes displayed a peak Ks value <0.1
(Figure 2C; Figure S6), which might have resulted from
recent local duplications (including segmental duplication
and tandem duplication), and our results are consistent
with those of earlier reports on Sapindaceae genomes
(Zheng et al., 2022) (Figure S9). KEGG enrichment analysis
indicated that the local duplications of Toxicodendron

© 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), 120, 2683-2699

85UB017 SUOLILLIOD BAIFER1D 3|qedlidde 8Ly Aq pausenob ake Sppiie VO ‘s 0 SaIn1 10} Afeiq 1 8UIIUO A8]IM UO (SUORIPLIOD-PUR-SWLBYW0D A8 1M Atelq 1 [euIUO//SNY) SUORIPUOD pUe swiia | 841 33S *[9202/T0/ET] Uo ArelqiTauliuo A8|im ‘ABojosAud iueid JO inisul Aq 8ETLT IdyTTTT 0T/I0p/w00 A3 1M Afeiq 1 puI|UO//SONY WO} PSPeO|UMOQ ‘9 ‘7202 XETESIET



2686 Dan Zong et al.

(A) Sapindaceae o0 g Xanthoceras sorbifolium
Expansion | ) Contraction = Acer yangbiense
= — Litchi chinensis
™ % Dimocarpus longan
Anacardiaceae Y T. vernicifluum 'Caobachi'
- — T. vernicifluum 'Dali’
PR100W N r |ﬂ — T. succedaneum 'Vietnam'
|7 = T. succedaneum 'Japan'
100, ; Pistacia vera
- " — Mangifera indica
r WGD — Anacardium occidentale
00 Sclerocarya birrea
Rutaceae | Citrus sinensis
ey — Theobroma cacao
b = Arabidopsis thaliana
Vitis vinifera
(©)

TsV.

TsJ

A. occidentale

M. indica

r T T T T 1
0.0 05 10 15 20 25

Ks

Figure 2. Evolutionary analysis of three Toxicodendron genomes.
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(A) Phylogenetic analysis of two Toxicodendron species among selected plants. The maximum likelihood tree was generated from 414 single-copy orthologous
genes. WGT-y, a whole-genome triplication event in early eudicots; WGD, the most recent WGD event that may have occurred in the common ancestor of Man-
gifera and Anacardium. The ratios of expanded and contracted gene family numbers in each evolutionary node are shown in the pie chart, and the numbers are

shown in Figure S5.

(B) An UpSet plot showing the number of unique gene families for two Toxicodendron species among the selected plants, and their KEGG enrichment is shown
in the scatterplot. The Venn diagram shows the commonly shared gene family numbers in the three Toxicodendron genomes.

(C) Ks distribution of syntenic orthologs from three Toxicodendron cultivars (TvD, TsV, and TsJ), Anacardium occidentale and Mangifera indica. The y-axis
shows the ratio of gene pairs in the syntenic block. The WGD-Ks peak values of Mangifera and Anacardium were ~0.35, and the peak Ks value was <0.1, which

might have resulted from recent local duplications.
(D) Genome collinearity analysis among four Toxicodendron genomes.

were associated with ubiquitin-mediated proteolysis, FA
elongation, linoleic acid metabolism, and phenylpropanoid
biosynthesis (Table S9).

To further investigate genome evolution in Toxicoden-
dron species, we examined the collinear relationships and
structural variations among TvC, TvD, TsV, and TsJ. TvC
and TvD exhibited a sister relationship with TsV and TsJ,
which was supported by the high bootstrap value
(BS = 100) (Figure 2A; Figure S4). In general, the genomes
of the two species were almost perfectly collinear, but
more rearrangements or structural variations (SVs) were
detected between T. vernicifluum (TvC and TvD) than
between T. succedaneum (TsV and Tsd) (Figure 2D;
Figure S10). Additionally, a greater number of
presence/absence variations (PAVs) were detected between

species, and most of them were located in intergenic and
repeating regions (Figure S11; Table S10).

Multiomics studies on the differential urushiol production
capacity among Toxicodendrons

To compare the urushiol production capacity among the
various tissues of the three cultivars, we investigated
the production of various types of urushiol (including uru-
shiol I-IV, urushiol [15:3] and laccol) in the phloem and
leaves (Figure 3A), by performing a widely targeted meta-
bolomics analysis strategy for polyphenol and flavonoid
detection and by using an LC-MS/MS platform to identify
them. We found that most types of urushiol in TvD were
significantly more abundant than those in TsV and TsJ.
The contents of most types of urushiol (apart from urushiol
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Ill) were markedly greater in the phelom than in its leaves
(see ANOVA in Table S11). This evidence supports the phe-
notypic difference in the production capacity of urushiol
among TvD, TsV and TsJ (Figure 1A-C) and further con-
firms that TvD is a highly urushiol-producing species.

Given the importance of the PKS family in urushiol pro-
duction and its role in the coordination of FA
metabolism-related enzymes (Bai et al., 2018, 2022; Weis-
berg, 2014) (Figure 3B), we identified 27, 24 and 29 PKS/CHS
homologs from the genomes of TvD, TsV and TsJ, respec-
tively, which showed similar gene numbers to those of P.
vera (23) and M. indica (27) (Figure 3C; Figure S12;
Table S12). Further phylogenetic analysis revealed that the
PKS/CHS family could be divided into five groups, namely,
the CHS1-4 family and the other PKS family (referred to
hereinafter as the CHS-like family). Intriguingly, the TvD
genome cannot encode CHS1, but two copies of CHST were
identified in the genomes of both TsV and TsJ, suggesting
that the CHS1 clade might not be involved in urushiol bio-
synthesis in Toxicodendron. All three Toxicodendron
genomes contained a single copy of the CHS2 ortholog, and
low expression levels of CHS2 were detected in the phloem
tissue of the three Toxicodendron cultivars, which indicated
that CHS2 might not explain the increased urushiol synthe-
sis in TvD. The CHS3 and CHS4 clades were distributed in
both Spindaceae and Anacardiaceae but not in Rutaceae,
which implied that these two clades might have originated
at the common ancestor of Sapindales but were lost in
Rutaceae. Additionally, a remarkable expansion of CHS4
occurred in parts of Anacardiaceae plants, such as Toxico-
dendron and Anacardium.

The gene expression results revealed that two of the
three CHSLs of TvD exhibited greater expression in
the phloem than in the leaf (Figure 3D; Table S13), which
coincided with the urushiol level in the two tissues. More-
over, these two CHSLs, but not the other types of CHSs,
exhibited coexpression correlations with both KCS and
ACSL in the TvD variety (Figure 3E), and both genes partic-
ipate in FA metabolism and provide substrates for down-
stream CHS to further produce urushiol. Based on the
above analysis, CHSL may play a critical role in the accu-
mulation of urushiol in phloem tissue.

Influence of metabolic flux switching on urushiol
accumulation

The regulation of metabolic flux may also affect metabolite
accumulation. The intermediates of FFA metabolism are
involved in the formation of urushiol (Figure 3B). We
detected that the FFA levels in the phloem were greater in
TvD than in TsV and TsJ (Figure 3F; Table S14; ANOVA, P
value <0.01), suggesting that more substrates were sup-
plied for subsequent urushiol biosynthesis, which resulted
in greater urushiol accumulation in TvD than in TsV and
TsJ. Therefore, we assumed that a high FA content in the

phloem also promotes the urushiol production capacity
of TvD.

With respect to CHSs, they not only utilize various
long FA-CoA substrates but also use coumaroyl-CoA as a
substrate to produce chalcone (Austin & Noel, 2003). We
compared the various types of chalcone in the phloem
among TvD, TsV and TsJ, and detected greater concentra-
tions of various types of chalcones in the phloem of TsJ
than in TvD’s phloem (Figure 3G; Table S15; ANOVA, P
value <0.01). Moreover, the concentration of total chalcone
in the leaves of TvD was greater than that in the phloem of
TvD (Table S15; ANOVA, P value <0.01). In addition, the
phenotypes of TvD showed that the urushiol level was
higher in the phloem than in the leaf, while the chalcone
level in the phloem was lower than in the leaf (Figure 3A,
G). This suggests that the urushiol metabolic pathway is
more active in the phloem, whereas the chalcone meta-
bolic pathway is more active in the leaves of TvD. Our find-
ings also indicate that because the FFA and chalcone
metabolic pathways partially overlap and intersect with the
urushiol metabolic pathway to some extent, variations in
FFA and chalcone metabolism could contribute to the dif-
ferences in urushiol accumulation observed between the
two Toxicodendron species (Figure 3H).

Lipidomic analysis of fruit development

Based on the comparative lipidome, we detected differ-
ences in the duration of lipid accumulation among the
three cultivars. We found that (1) During the developmen-
tal stage, the total lipid content of fruits from TvD and
TsJ exhibited a significant increase from June to July
(Figure 4B), resulting from an increase in glycerolipid
(GL) content (Figure S13). In contrast, the fruits of TsV
did not display a similar trend and showed no change in
total lipid content from June to July (Figure 4B). (2)
In July, the total lipid content of fruits of TsV was signifi-
cantly lower than that of TvD and TsJ (Figure S14), which
might be caused by the increased water content of its
fruits than that of TvD and TsJ (Figure S21; Table S26).
(3) The total lipid content of TsJ’s fruits in June was sig-
nificantly higher than that of TvD and TsV, indicating a
higher total lipid content at the initial developmental
stage (Figure S14). (4) When the fruits of the three culti-
vars from the late developmental stage were compared
with those from the ripe stage (from August to Septem-
ber for TsV and TsJ, and from July to August for TvD),
the total lipid content of TvD increased significantly,
whereas that of TsV did not significantly change, and that
of TsJ significantly decreased (Figure 4B). Similarly, a
comparison of the lipid metabolism-related genes
revealed gene expansion in TsJ compared with TvD in
the fatty acid biosynthesis, wax biosynthesis and Ken-
nedy pathways (Figure 4E; Table S17). For example, fatty
acyl-CoA reductase (FAR), long-chain-alcohol oxidase
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(FAO) and
(WASX) catalyze the last two steps of wax-ester metabo-
lism (Cheng et al., 2004, Doan et al., 2009; Patwari
et al., 2019) (Figure 4F; Figures S15-S17).
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Figure 3. Multiomics study on differential urushiol accumulation among Toxicodendrons.
(A) Comparison of the contents of various kinds of urushiol among different tissues of three Toxicodendron cultivars.

(B) Putative biosynthetic pathway of urushiols in Toxicodendron. The abbreviations of the gene names can be found in Table S29. The gene copy numbers of

TvD, TsV, and TsJ are shown in brackets.

(C) Maximum likelihood phylogenetic tree of the PKS/CHS family of selected species using amino acids.
(D) The normalized gene expression level of the CHS gene family among different tissues of three Toxicodendron cultivars.
(E) Predicted regulatory network and connections among CHS1-4, CHSL, MYBs and selected genes involved in urushiol biosynthesis pathways.

(F) Comparison of long-chain fatty acids of phloem among TvD, TsV, and TsJ.

(G) Comparison of the chalcone concentration of leaf and phloem among TvD, TsV, and TsJ. *, adjusted P value <0.05.
(H) Putative model to explain the difference in urushiol accumulation among Toxicodendron species.

The error bars indicate the means + SDs.
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Figure 4. Molecular mechanisms involved in the high production of Toxicodendron wax and seed oil in Wax trees.

(A) Diagram of fruit development and ripening. The development period of TvD is June and July, and the ripening period is August. The development period of

TsV and TsV is from June to August, and the ripening period is September.

(B) Comparison of total and individual lipid concentrations (left) and percentages (right) of fruits among three Toxicodendron cultivars.

(C) Comparison of unsaturated and saturated LCFA concentrations in fruits among three Toxicodendron cultivars.

(D) Comparison of the concentration of each free fatty acid among the three Toxicodendron cultivars.

(E) Schematics of the free fatty acid biosynthesis, wax biosynthesis and Kennedy pathways in Toxicodendron. The gene copy number of each catalytic step of
TvD, TsV, and TsJ is shown within brackets. The abbreviations of the gene names can be found in Table S29. The red rectangles indicate that the number of this

gene in TsJ was 1.5 times greater than the number in TvD.

(F) Maximum likelihood phylogenetic trees of the FAR gene family (left panel) and wax-ester biosynthesis-related genes (right panel) of the selected species
using amino acids. The numbers in the colored or gray circle represent the gene copy number of each clade in each species.

The error bars indicate + SDs. Jun, June; Jul, July; Aug, August; Sep, September.

glycerophospholipids  (GPs),  sphingolipids  (Guijas
et al., 2018), glycerolipids (GLs) and penolol lipids (PRs)
(Chen et al., 2022). The lipid composition of TsJ did not
change significantly from the developing fruits to the ripe
fruits. In the developing fruits of TsV, galactolipids
(MGDG + DGDG) and diglycerides (DGs) were the predom-
inant lipid types in June and July, but triglyceride (TG)
levels increased dramatically and constituted ~80% of the
total oil in the ripe fruits. The lipid composition of TvD

changed greatly from June to July (see ANOVA in
Table S16); for example, the percentage of TG concentra-
tion increased from 36.5 to 86.6%.

The proportion of FFAs was greater only in the devel-
oping fruits of the three cultivars in June (>1% in TsJ; >6%
in TvD and TsV) but dramatically decreased in the ripe
fruits (Figure 4B; Tables S16 and S18). In terms of the FFA
concentration rather than the proportion, TvD continuously
accumulated as the fruits developed, but dynamic changes
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in the FFA concentration were observed for both TsV and
TsJ (Figure S13). Moreover, our results showed that
long-chain fatty acids (LCFAs, C13-C21) are the main com-
ponents of FFAs in fruits. The concentrations of both poly-
unsaturated and saturated LCFAs in the ripe fruits of TvD
were greater than those in the ripe fruits of TsV and TsJ
(Figure 4C; Table S18). Linoleic acid (C18:2) and o-linolenic
acid (C18:3) are valuable polyunsaturated long-chain fatty
acids (LCFAs) that contribute to human health (Bemelmans
et al., 2000). Our investigation revealed consistently ele-
vated levels of these two types of polyunsaturated fatty
acids (PUFAs) in TvD compared with those in TsV and TsJ
across various stages of fruit development (Figure 4D;
Table S18). This suggests that despite its small size
(Table S19), TvD serves as a substantial and nutritious
source of these essential PUFAs.

The regulation of lipid accumulation in Toxicodendron

Based on WGCNA, 4, 11, and 23 coexpression modules
were identified in the three cultivars, respectively (Figure 5;
Table S20). Differential gene expression was observed
between June and September among the three cultivars.
The majority of genes in the developing fruit of TsJ were
highly expressed in both June and July (Figure 5A),
whereas more genes in the developing fruit of TsV were
highly expressed only in June (Figure 5B). In June, the
development of TvD was relatively short, and many genes
exhibited high transcription levels (Figure 5C).

To understand the differences in the expression pat-
terns, KEGG enrichment of each module for the three culti-
vars was performed (Figure 5). We found that ‘sphingolipid
metabolism’ was enriched in M1 of TsJ, but both ‘FA metab-
olism’ and ‘FA biosynthesis’ were enriched in M4, where all
genes were highly expressed only in June and July. Addi-
tionally, ‘glycerolipid metabolism’, ‘FA degradation’ and
‘ether lipid metabolism’ were found to be enriched in M17 of
Tsd, and most genes in this module were highly expressed
in August. In contrast to TsJ, genes related to ‘FA metabo-
lism’ and ‘FA biosynthesis’ were predominant in TsV fruits
in both July and August (M3 and M5). Only four coexpres-
sion modules were identified from the TvD WGCNA, and
although no lipid-associated metabolism was found from
KEGG enrichment, gene ontology enrichment showed that
the ‘FA biosynthetic process’ and ‘FA metabolic process’
were metabolically active only in June (Figure S18).

Our WGCNA also revealed that the FFA biosynthetic
pathway, rather than wax biosynthesis and Kennedy
metabolism, was predominant in terms of fruit lipid

accumulation (Figure S19). The lipid accumulation of TsJ
occurred mainly in June and July; consistently, genes from
the FFA biosynthetic pathway were also highly expressed
overall during the 2 months (Figures 4A and b5B;
Table S21). Similarly, higher transcription levels of genes
(such as ACCase, MAT, and HD) in the FFA biosynthetic
pathway strongly coincided with the rapid accumulation of
total lipids in TsV fruits in August.

To further understand how lipid metabolism is regu-
lated, we investigated the interactions between transcrip-
tion factors (TFs) and genes involved in lipid metabolism.
Our results suggested that TF-mediated regulation of lipid
metabolism differed among the three cultivars, which was
supported by the difference in the number of genes
expressed each month among the three cultivars (Figure 6;
Figure S20). A total of 17, 13 and 15 time-series expression
levels centering on TFs were finally reconstructed, and a
coexpression network involving the 886, 844 and 804 dif-
ferentially expressed TFs and 96, 100 and 94 genes from
the lipid metabolism of TvD, TsV and TsJ, respectively,
was constructed (Table S22). Lipid metabolism in TvD and
TsV fruits was regulated primarily in June and August,
whereas such regulation in TsJ was highly active in June,
July, and September. These findings suggested that these
3 months were potential key time points for the rapid
changes in lipids in TsJ fruits.

With respect to TsJ, we found that many highly
expressed genes from FFA biosynthetic pathways were
regulated by MYB family genes in June, for example, six
out of seven copies of KASI had coexpression correlations
with 15 MYBs (Figure 6A,B; Table S22). Compared with
those in September, more genes in the wax biosynthesis
pathway were regulated in June and July (Figure 6C). The
main TFs involved in this regulation are bHLH, MYB, and
NAC (Table S22), but they may be regulated in different
ways. For example, CER is a crucial gene for wax metabo-
lism, and we found that MYBs were mainly responsible for
the regulation of CER in June, whereas no MYBs were
involved in CER regulation in July (mainly NF-YBs)
(Table S23). Lipase, a key enzyme involved in lipid degra-
dation and transformation, was found to be more strongly
regulated by TFs in September (Figure 6D). Similarly, the
total lipid concentration of the ripe fruits of TsJ decreased
significantly in September. Further examination revealed
that these highly expressed lipases in September were reg-
ulated mainly by AP/ERFs. The three lipases with the high-
est expression levels (T3_jg10400.t1, T3_jg38768.t1 and
T3_jg40103.t1) interacted with 17, 12 and 10 AP/ERFs,

Figure 5. Gene coexpression modules over the course of fruit development and expression profiles of genes related to lipid metabolism.

(A-C) The left panel is a heatmap showing the relative expression of genes in 4, 11, and 23 coexpression modules across different times among Toxicodendron
cultivars (from top to bottom: TsJ, TsV, and TvD). The heatmaps indicate the normalized expression values (z scores) of genes related to the fatty acid biosyn-
thetic pathway across different times among the three Toxicodendron cultivars. From top to bottom are TsJ, TsV, and TvD.
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Figure 6. Time-ordered gene coexpression network related to lipid accumulation over the course of TsJ fruit development.
(A) Comparison of the numbers of TFs and genes of TsJ involved in biosynthetic pathways for FFA, wax and Kennedy from TO-GCNs in June, July and Septem-

ber, respectively. The largest number of TFS are displayed.
(B) Subnetwork of TsJ for lipid metabolism in June.
(C) Subnetwork of TsJ for lipid metabolism in July.

(D) Subnetwork of TsJ for lipid metabolism in September. Outer ring: blue, orange and pink circles denote genes involved in the biosynthetic pathways of FFAs,

wax and Kennedy, respectively. The inner circles denote the various types of TFs.

respectively, which was far greater than the number of
interactions with other TFs.

DISCUSSION

Genome evolution in Toxicodendron

Here, we constructed high-quality reference genome
assemblies for three commercially important Toxicoden-
dron species, T. vernicifluum ‘Dali’, T. succedaneum

‘Vietnam’ and T. succedaneum ‘Japan’. Comparative geno-
mics analyses revealed high collinearity between T. verni-
cifluum ‘Dali’ and the previously published T. vernicifluum
‘Caobachi”’s genome (Bai et al., 2022) (Figure 2D). Our
assembled genome size was close to its estimated size
based on k-mer analysis, and the contig N50 length was
18.8 Mb, nearly three times greater than that of the T. ver-
nicifluum ‘Caobachi’ genome (Table S24). Notably, the
BUSCO of our gene set increased by 4% compared with
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that of T. vernicifluum ‘Caobachi’ (from 93.6 to 97.6%;
Table S24). The LTR assembly index (LAI) of our genome
(15.68) was greater than that of the published
genome (14.05).

The results of collinear relationships and structural vari-
ation analyses revealed large genomic differences between
T. vernicifluum and T. succedaneum, and combined with
phylogenetic relationships, these findings suggested that
they may be two different species, while fewer genomic
structural variations between the two T. vernicifluum strains
and between the two T. succedaneum strains were identi-
fied; therefore, they are more likely to be different cultivars.

We next compared the gene families between TvD
and T. vernicifluum ‘Caobachi’. We found that a total of
18 167 gene families were shared, and TvD exhibited 3831
unique gene families involved in pathways such as ‘2-
oxocarboxylic acid metabolism’, ‘linoleic acid metabolism’,
and ‘diterpenoid biosynthesis’, and T. vernicifluum ‘Caoba-
chi’ had 2778 unique gene families related to pathways
such as ‘phagosome’ and ‘biosynthesis of unsaturated
FAs' (Table S25), implying that there was a difference in
metabolism between the two cultivars.

We found that all the Toxicodendron and other Ana-
cardiaceae genomes displayed a peak at Ks <0.1
(Figure 2C), which probably resulted from recent local
duplications, which is consistent with earlier reports
(Zheng et al., 2022) (Figures S6 and S9). These locally
duplicated genes in Toxicodendron are associated with
pathways such as FA metabolism, flavonoid biosynthesis
and phytohormone signal transduction, which might be
involved in urushiol and lipid metabolism. A similar
absence of WGDs after the early eudicot whole-genome
triplication event in many Sapindales followed by local
duplication has been shown to promote genetic diversity;
for example, local duplication caused the expansion of
resistance genes in the Nephelium lappaceum genome
and enhanced its stress resistance (Zheng et al., 2022).

Differential urushiol production capacity between
T. vernicifluum and T. succedaneum

The contents of various kinds of urushiol are vital traits to
consider in the Toxicodendron breeding process (Wang
et al., 2020) because they are crucial factors in determining
both the production and quality of raw lacquer. Our find-
ings confirmed that TvD is a more urushiol-rich species
than TsV and TsJ. Compared with non-Anacardiaceae spe-
cies, most Anacardiaceae species exhibit extensive expan-
sion of PKS/CHS genes. However, gene duplication might
have occurred after the split with Sclerocarya since it
encodes fewer PKS/CHS genes, and our results agreed
with those of previous studies suggesting that CHSs might
have expanded early in Anacardiaceae (Wang et al., 2020).

Integrated multiomics analyses revealed that CHSL
might be the key enzyme involved in urushiol

accumulation since the CHSLs of TvD exhibited greater
expression in the phloem tissue than in the leaves, which
is consistent with urushiol levels in the various tissues of
TvD. In addition, the coexpression network of genes
upstream of urushiol-related metabolism in the TvD
phloem revealed that CHSLs were the only PKS clade that
associated with FFA metabolism-related genes and a large
number of MYBs (Figure 3E). MYBs were previously
reported to be key transcription factors involved in the reg-
ulation of flavonoid, FA, and polyphenol metabolism
(Czemmel et al, 2012; Lin et al, 2017, Miyamoto
et al., 2020). Therefore, we inferred that the MYB family is
potentially a key upstream regulator of urushiol-related
metabolism in the TvD phloem. In addition, as a key
upstream substrate for wurushiol biosynthesis (Bai
et al., 2022), a greater level of LCFAs in the phloem of TvD
than in that of TsV and TsJ might supply enough substrate
to promote subsequent urushiol biosynthesis in TvD
(Figure 3F). Interestingly, more chalcones were detected in
the phloem of TsV and TsJ than in that of TvD (Figure 3G),
suggesting that the PKS/CHSs of TsV and TsJ are involved
mainly in chalcone metabolism. Notably, other types of
CHSs cannot be excluded from the possibility of participat-
ing in the biosynthesis of urushiol; for example, clade lll
CHSs were found to be related to urushiol biosynthesis in
the peel of mango (Wang et al., 2020).

Specific lipid accumulation and regulation in
T. succedaneum ‘Japan’

Our results confirmed that the total lipid concentration of
TsJ was greater and that the lipid composition of the fruit
differed among the three individuals (Figure 4). A higher
concentration of unsaturated LCFAs in TvD fruits might
cause lower antioxidation activity than in TsJ fruits, which
might explain the darker color phenotype of the wax of
TvD fruits than that of the wax of TsJ fruits because more
unsaturated LCFAs are more susceptible to oxidation
(Figure 1E). The duplication of genes associated with the
elongation of very-long-chain fatty acids in TsJ (4 copies)
compared with TvD (2 copies) may be associated with
higher contents of very-LCFAs in TsJ than in TvD and TsV
(Tables S17 and S18).

Wax is extracted from the fruit peel of the wax tree TsJ,
and we investigated the genes associated with the biosyn-
thesis of cuticle waxes that are primarily composed of very-
long-chain alkanes (Ai et al., 2022). ECERIFERUM1 (CER1) is
recognized as the core element for very-long-chain alkane
biosynthesis in Arabidopsis (Bourdenx et al., 2011). The TsJ
genome encoded 7 copies of CRET homologs, which was
almost double that of TvD (4) and TsV (3) (Figure 4E;
Table S17). Additionally, more duplications of other wax
metabolism-related genes (FAR, FAO2, and WASX) in the
TsJ genome might further provide the molecular basis for
greater wax accumulation in fruit peels.
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A comparison of lipid profiles might reveal that the
optimal time to harvest wax tree fruit for industrial applica-
tion in August rather than in September is due to the dra-
matic decrease in lipid concentration and weight in
September, accompanied by increased protein content
(Figure S21; Tables S18, S26, and S27). The negative asso-
ciation between protein and oil production has also been
well-documented in  soybean seeds (Kambhampati
et al., 2021). Although the fruits of TvD were relatively
smaller than those of TsV and TsJ, they presented higher
concentrations of total lipids, linoleic acid and protein at
maturity in August (Figure S21). Therefore, we propose
that further improvements in the size of the TvD fruit can
greatly promote the development of the Toxicodendron
industry.

With respect to gene transcription levels, most genes
related to lipid metabolism exhibited greater expression in
Toxicodendron fruits than in other tissues, especially
genes related to the FFA biosynthetic pathway (Figure S22;
Table S28). We hypothesized that increased FFAs probably
further promote the downstream biosynthesis of wax and
triacylglyceride (TAG), ultimately contributing to the
increased accumulation of lipids in fruits.

Abundant coexpression correlations were detected in
June, July, and September in TsJ’ fruits. We assumed that
the MYB family might act as the core regulator to activate
the expression of genes (such as KAS/, a crucial gene regu-
lating growth and FFA synthesis in plants [Wu &
Xue, 2010]) from the FFA biosynthetic pathway in June.
The regulation of MYBs involved in seed oil biosynthesis
has also been documented in Brassica, soybean and
Camellia (Li, Huang, et al., 2022; Liu et al., 2014; Rajavel
et al., 2021). bHLH, MYB and NAC are the main TFs that
regulate wax metabolism in the developing fruit of TsJ in
July. These TF families have also been reported to be cru-
cial regulators of wax synthesis (Li et al., 2016; Seo
et al., 2011; Verdaguer et al., 2016). Decreases in lipid con-
centrations in TsJ fruits were caused by highly coex-
pressed lipases and many AP/ERFs in September.
Similarly, AP/ERFs were reported to be important regula-
tors of lipid metabolism (Gu et al., 2017; Xu et al., 2013).
The two most highly expressed lipases are homologous to
Arabidopsis triacylglycerol lipase and triacylglycerol lipase
SDP1. The former might be involved in TAG storage break-
down (El-Kouhen et al., 2005), and the latter might drive
the release of FAs from the oil body (Eastmond, 2006).
Thus, we propose that AP/ERFs might serve as the primary
regulators of lipase in September, maintaining a trade-off
between oil and protein in mature seeds and ensuring the
survival of seedlings (Ferreira et al., 2009). The identified
TFs associated with the regulation of lipid metabolism dur-
ing fruit development provide a crucial basis for
genome-assisted breeding and improvement of lipid accu-
mulation in wax trees. Our results revealed that the

dynamic changes in the lipidome strongly coincided with
the expression of several lipid pathway-related genes and
transcription factors, indicating that timely feedback may
occur between the transcriptome and lipidome. However,
investigating the lag effects between metabolite accumula-
tion and gene regulation requires carefully designed sam-
pling methods.

In summary, the multiomics-based genome-wide anal-
ysis of three Toxicodendron trees in this study provides
new insights into the different metabolic pathways
involved in the production of urushiol and seed oil among
the lacquer tree, T. succedaneum ‘Vietnam’ and wax tree.
Gene mining from high-quality genomes of Toxicodendron
trees offers valuable information for facilitating efficient
germplasm exploration and improving the economically
important traits of the raw lacquer and lipids of Toxicoden-
dron trees to meet the increasing demand for natural
metabolites.

MATERIALS AND METHODS
Plant material

Samples of three Toxicodendron species were collected from two
locations in Yunnan Province, China. All the plant samples were
collected during the growing season and immediately processed
for further analysis. The 11-year-old T. vernicifluum ‘Dali’ (TvD)
and T. succedaneum ‘Vietnam' (TsV) trees were sampled from a
nursery of Toxicodendron germplasm resources in Wenshan, Yun-
nan Province, China (103°25'27" E, 23°50'52" N). This region has a
low-latitude, north subtropical plateau monsoon climate. The col-
lection site had a longitude of 104°34'20” E, a latitude of 23°30'8",
and an altitude of approximately 1400 m. The annual average
temperature in Yanshan County is 19°C, with an annual rainfall of
900 mm, which is concentrated between May and October. The
area experiences a frost-free period of 250-320 days, with mild
winters and moderate summers.

Similarly, 11-year-old T. succedaneum 'Japan’ (TsJ) trees
were obtained from the Arboretum of Southwest Forestry Univer-
sity in Kunming, Yunnan Province (102°45'40" E, 25°3'41" N),
China, which has a low-latitude plateau monsoon climate. The col-
lection site had a longitude of 102.758667, a latitude of 25.059224,
and an altitude range of 1891-2100 m. The average annual tem-
perature in Kunming is 14.9°C, with an extreme maximum of
31.5°C and an extreme minimum of —7.8°C. The region receives
an average annual precipitation of approximately 1000.5 mm, with
the majority falling between May and September. The area experi-
ences 2327.5 h of sunshine per year.

Trees with a diameter of 12-15 cm at breast height were
selected from the TvD, TsV, and TsJ populations and used for the
study. During the growing season, young leaves from TvD, TsV,
and TsJ were collected for DNA sequencing. The trees’ leaves,
phloem tissues, and developing fruits were collected for transcrip-
tome analyses and polyphenol, flavonoid and lipid detection
(Figure S1). Phloem tissue was collected at the bark side after the
bark peeled off the stem at a height of 85 cm above the ground.
For the time-ordered comparative multiomics study, developing
fruits were collected from selected trees at various developmental
stages (June, July, August, and September). All three biological
replicate samples were collected and immediately stored in liquid
nitrogen for analysis.
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DNA and RNA sequencing

The genomic DNA was extracted using a modified cetyltrimethy-
lammonium bromide method (Sahu et al., 2012). A NanoDrop™
One UV-Vis spectrophotometer (Thermo Fisher Scientific, Wal-
tham, MA, USA) and a Qubit® 3.0 fluorometer (Invitrogen Ltd.,
Paisley, UK) were used to quantify the DNA. The 100-bp paired-
end (PE) libraries were prepared for short reads on a MGISEQ-
2000 platform following the manufacturer’s procedures. Oxford
Nanopore libraries were prepared by QIAGEN® Genomic and
sequenced using a Nanopore PromethlON sequencer (using three
flow cells). Hi-C libraries were created from the DNA of fresh
leaves using Mbol restriction enzymes following a previously pub-
lished method (Xie et al., 2015). Paired-end reads were generated
by using MGISEQ-2000.

Total RNA was extracted with a Spectrum Total RNA Kit
(Sigma-Aldrich). The transcriptome libraries were prepared using
the NEBNext® Ultra™ RNA Library Prep Kit for lllumina and then
sequenced on the lllumina HiSeq 2500 platform with 150-bp
paired-end (PE) libraries. Trimmomatic-0.38 was used to trim the
raw reads, and the parameters used were as follows: ILLUMINA-
CLIP:adapter.fa:2:30:10 LEADING:5 TRAILING:5 HEADCROP:5
CROP:80 SLIDINGWINDOW:5:15 MINLEN:50.

Genome assembly and quality control

A total of 355.73 Gb of clean short reads were obtained from the
raw sequencing reads after filtration of the adapters and low-
quality reads. Trimming and filtration of low-quality and duplicate
reads were performed by using Trimmomatic-0.39. The 17-mer
frequencies and distributions were calculated from JELLYFISH
software (v2.2.6) (https://github.com/gmarcais/Jellyfish), and Gen-
omeScope (v2.0) was used to estimate the genome size, the abun-
dance of repetitive elements and the rate of heterozygosity
(Vurture et al., 2017).

Approximately 131.64 Gb of Nanopore data were used for
genome assembly via NextDenovo v2.3.0 (https:/github.
com/Nextomics/NextDenovo) with default parameters, but the
parameters “seed_cutoff” for three individuals (TvD, TsV, and TsJ)
were 44k, 37k, and 44k, respectively. The draft assembly was
polished by Pilon (Walker et al., 2014) for 3 rounds with short
paired-end reads using default parameters. To reduce heterozy-
gous duplication and generate redundant genome sequences, the
Purge_Dups pipeline (v. 1.2.3) was used to purge haplotigs and
overlaps in assemblies based on read depth. Genome complete-
ness was assessed with the Embryophyta_odb10 database of
BUSCO 5.2.2 (Simao et al., 2015). Additionally, DNA reads and
transcripts were also mapped to the draft assembly by using BLAT
v.36 (Kent, 2002) and STAR 2.7.6a (Dobin et al., 2013), respectively.
Finally, the genome assembly was oriented toward pseudochro-
mosomes based on HiC data (see Methods S1).

Genome annotation

For repeat element annotation, tandem repeats were predicted
using Tandem Repeat Finder (4.07). Transposable elements
throughout the genome were identified by a combination of
homology-based and de novo approaches. For the de novo-based
approach, Itr_finder v1.06 (Xu & Wang, 2007), LTR_retriever (Ou &
Jiang, 2018), PILER v1.0 (Edgar & Myers, 2005), and RepeatMode-
ler open-1.0.8 were applied to construct repeat libraries, which
were combined with RepeatMasker open-4.0.6 (http://www.
repeatmasker.org). The software RepeatMasker open-4.0.6 and
RepeatProteinMask were applied to identify repetitive sequences

using Repbase 22.01 as the homolog-based approach. The LAl
value was calculated by LTR_retriever.

Gene structure annotation was carried out after masking the
repeat element regions of the genome. BRAKER 2.1.5 (Hoff
et al., 2016) was used to predict genes. We used Viridiplantae
OrthoDB v10 as a protein homology indicator for our prediction,
and RNA-seq spliced alignment was performed with STAR 2.7.6a
(default parameter). Gene function annotation was performed by
BLASTP (<1 x 107%) against several known databases (Camacho
et al., 2009), including the SwissProt, Kyoto Encyclopedia of
Genes and Genomes (KEGG), and NR databases. The domain and
gene ontology of the gene models were identified by
InterProScan.

Phylogenetic analysis and comparative genomics

Gene sets of sixteen selected plant species (Xanthoceras sorbifo-
lium, Acer yangbiense, Litchi chinensis, Dimocarpus longan, T.
vernicifluum ‘Caobachi’, T. vernicifluum ‘Dali’, T. succedaneum
‘Vietnam’, T. succedaneum 'Japan’, P. vera, M. indica, A. occiden-
tale, S. birrea, Citrus sinensis, Theobroma cacao, Arabidopsis
thaliana and Vitis vinifera) were collected for phylogenetic analy-
sis (Table S1). OrthoFinder v2.3.3 (Emms & Kelly, 2019) with
default parameters was used to identify orthogroups, generating a
total of 261 single-copy gene families. The protein sequences of
each selected single-copy gene family were subjected to multiple
sequence alignment by MAFFT v7.310 (Katoh & Standley, 2013).
Only positions where 50% or more of the sequences had a gap
were treated as gap positions in the alignment by an in-house Perl
script  (https://doi.org/10.6084/m9.figshare.25333939).  1Q-TREE2
(Nguyen et al., 2015) was used to infer the maximum likelihood
trees with the best-fit evolutionary substitution model predicted
by ModelFinder and 500 bootstrap replicates. ASTRAL (Mirarab
et al., 2014) was used to summarize the coalescent species tree
and the quartet support with default settings.

For gene family expansion and contraction analysis, a phylo-
genetic tree was constructed by Count (http://www.iro.umontreal.
ca/~csuros/gene_content/count.html). Eight representative species
(TvD, TvC, TsV, TsJ, P. vera, M. indica, S. birrea, C. sinensis, X.
sorbifolium, and L. chinensis) were selected for gene family evolu-
tion analysis. OrthoFinder v2.3.3 with default parameters was
used to define orthogroups. The numbers of commonly shared
gene families and species-specific gene families are displayed in
the UpSet plot figure. Key candidate gene detection and evolu-
tionary analysis were performed by functional annotation, BLAST
searches and phylogenetic methods (see Methods S1).

Whole-genome duplication identification and genome
synteny

To identify ancient whole-genome duplication (WGD) events in
Anacardiaceae, the “Wf2” command from the WGD tool (Zwaene-
poel & van de Peer, 2019) was used to compute whole-paranome
and one-to-one ortholog synonymous substitutions per synony-
mous site (Ks) distributions from six species (TvD, TvC, TsV, TsJ,
P. vera, M. indica, S. birrea, and A. occidentale). Tandem duplica-
tions were removed from candidate homologous gene pairs by
the duplicate_gene_classifier module of the MCScan pipeline with
default parameters. The histogram and density plots were drawn
by the hist and lines functions of R. In addition, the Ks between
the syntenic homologous gene pairs for TvD/TsV, TvD/TsJ, and
TsV/TsJ were also calculated using the WGD tool. For genome
synteny inference, we used JCVI from the MCScan pipeline (Wang
et al., 2012) with default settings. The Ks-based dot plots were
generated by “BlockK” of the WGDI (Sun et al., 2022).

© 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), 120, 2683-2699

85U017 SUOWIWIOD BAIIE8.D 8|qed!(dde auy Aq peusenob 8 seoile O ‘8sn JO S9N 10} A%g 1 8UIIUO /8|1 UO (SUONIPUOD-PUB-SWLBI WD A8 | IMAleIq 1 U1 UO//SANY) SUONIPUOD pUe swis 1 8y} 89S *[9Z0Z/T0/ET] Uo Ariqiauluo A8|im ‘ABojosAud 1ueld JO aimiisu| Aq 8T/ T [dy/TTTT 0T/10p/woo A8 | Areiq1jeuljuo//sdny woiy pepeojumod ‘9 “20g ‘XETESIET


https://github.com/gmarcais/Jellyfish
https://github.com/Nextomics/NextDenovo
https://github.com/Nextomics/NextDenovo
http://www.repeatmasker.org
http://www.repeatmasker.org
https://doi.org/10.6084/m9.figshare.25333939
http://www.iro.umontreal.ca/~csuros/gene_content/count.html
http://www.iro.umontreal.ca/~csuros/gene_content/count.html

2696 Dan Zong et al.

Differential expression and coexpression analysis

The gene expression values (FPKM) were calculated using the
RSEM package (Li & Dewey, 2011), which was incorporated into
trinityrnaseq-2.0.6 (Haas et al., 2013). Furthermore, differentially
expressed genes with a false discovery rate <0.05 and at least a
two-fold change in expression were identified using DESeq2
(Michael | Love 2014): Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2) (see Methods S1).
Three coexpression analyses were performed using different tran-
scriptome datasets and programs (the WGCNA [Langfelder & Hor-
vath, 2008] and TO-GCN R packages [Yao-Ming Chang 2019]); see
Methods S1 for details on this part of the analysis.

Polyphenols, flavonoids, and lipid detection

Leaf and phloem tissues were collected for analysis of polyphe-
nols (including urushiol) and flavonoids, and fruits were collected
for analysis of lipids among Toxicodendron species (see Methods
S1). The analysis was performed by MetWare (Wuhan, China) fol-
lowing the standard protocol (see details in Methods S1).

Determination of the water and protein contents in
developing fruits

Developing fruits from TvD, TsV, and/or TsJ species were col-
lected at different developmental stages. Their water content was
determined according to a previously described method (Demir &
Ellis, 1992), and their protein content was determined as previ-
ously described (Dicumarol, 1975).
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Figure S1. Schematic diagram of the plant samplings collected
from Toxicodendron vernicifluum ‘Dali’, Toxicodendron succeda-
neum ‘Vietnam’ and T. succedaneum ‘Japan’.

Figure S2. The K-mer analyses of three Toxicodendron cultivars.
Figure S3. Hi-C contact matrix visualization for pseudochromo-
somes of three Toxicodendron cultivars genome assembly.

Figure S4. Three phylogenetic trees of four Toxicodendron culti-
vars with other 12 species using 261 (top-left), 414 (top-right)
single-copy gene families, and 784 low-copy gene families
(bottom-left), respectively.

Figure S5. Phylogenetic tree analysis of four Toxicodendron culti-
vars with other selected plants.

Figure S6. Ks distribution of syntenic orthologs from three Toxico-
dendron cultivars, Anacardium occidentale, Mangifera indica,
Sclerocarya birrea and Pistacia vera.

Figure S7. Ks distribution of syntenic orthologs within three Toxi-
codendron cultivars.

Figure S8. The syntenic plots among Mangifera indica (upper),
Anacardium occidentale (bottom) and Toxicodendron, showing
their 2:2:1 syntenic depth ratios.

Figure S9. The intergenomic dotplot (left) and corresponding Ks-
based dotplot (right) of three Toxicodendron cultivars according
to the WGDI.

Figure $10. The syntenic plots among three Toxicodendron
cultivars.

Figure S11. The PAV distributions across the genomes of TvD,
TvC, TsV, and TsJ according to pairwise comparisons.

Figure S12. Phylogenetic relationships of the CHS genes of three
Toxicodendron cultivars with those of other representative taxa.
Figure S$13. The five types of lipid concentrations in fruits of the
three Toxicodendron cultivars from June to September.

Figure S14. Comparison of total lipid concentrations (left), lipid
percentages (middle), and unsaturated and saturated LCFA con-
centrations (right) of fruits among three Toxicodendron cultivars
from June to September.

Figure S$15. Phylogenetic relationships of the FAR genes of three
Toxicodendron cultivars with those of other representative taxa.
Figure S16. Phylogenetic relationships of the wax-ester
biosynthesis-related genes of three Toxicodendron cultivars with
those of other representative taxa.

Figure S17. Phylogenetic relationships of FAO genes of three Toxi-
codendron cultivars with those of other representative taxa.

Figure S$18. The GO enrichment of genes in M1 (Module 1) from
the WGCNA of TvD.

Figure S19. Expression profile of genes related to lipid metabo-
lism throughout fruit development, including genes involved in
the biosynthetic pathway of fatty acid, wax and Kennedy.

Figure S20. Predicted gene coexpression networks and the con-
nections among TFs and genes involved in biosynthetic pathways
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of FFAs (blue points), wax (orange points) and Kennedy (pink
points).

Figure S21. Comparison of protein and absolute water contents
among three Toxicodendron fruits from June to September.
Figure $22. Schematics of FFA biosynthesis, wax biosynthesis and
Kennedy synthesis in Toxicodendron.
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Table S2. Statistics of the assemblies of three Toxicodendron
cultivars.
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Table S4. Completeness evaluation of genes using the Embryo-
phyta_odb10 database.
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dendron cultivars.
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Table S8. The KEGG enrichment pathways for Toxicodendron
lineage-expanded genes.
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Table $10. KEGG enrichment pathways for low-KS genes of three
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Table S11. The relative content of urushiol (including urushiol I-V
and laccol) in the phloem tissue and leaves of TvD, TsV and TsJ.
Table S12. The gene copies of the CHS gene family among three
Toxicodendron cultivars with other representative species.

Table S$13. The CHS gene expression in leaf, fruit, and phloem tis-
sue of three Toxicodendron cultivars.

Table S14. The FFA concentration among phloem tissue of TvD,
TsV and TsJ.

Table S15. The relative content of chalcone in phloem tissue and
leaf of TvD, TsV and TsJ.

Table S16. The lipid concentration among fruits of TvD, TsV and
TsJ in different month.

Table S17. The genes in lipid metabolic pathways.

Table S18. The FFA concentration among fruits of TvD, TsV and
TsJ in different month.

Table S19. The fruit size of TvD, TsV, and TsJ from June to
September.

Table $20. Weighted gene coexpression network analysis of fruits
from three Toxicodendron cultivars and functional enrichment.
Table S21. The gene expression of lipid metabolism genes in
fruits of three Toxicodendron cultivars.

Table S22. Time-ordered gene coexpression network analysis for
transcription factors and genes involved in lipid metabolism in
fruits of three Toxicodendron cultivars.

Table S23. The diverse TFs regulating CER in June and July.

Table S24. Comparison of genome statistics between T. vernici-
fluum ‘Dali’ (TvD) and the published T. vernicifluum ‘Caobachi’.
Table S25. KEGG enrichment pathways of genes unique to TvD
and T. vernicifluum ‘Caobachi’.
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Table S28. The gene expression of each catalytic step in different
tissues of TsJ.
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