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ABSTRACT
Rheum tanguticum is renowned for its medicinal properties, including purgative, anti-inflammatory and hepatoprotective ef-
fects, primarily attributed to anthraquinones (AQs). However, the molecular mechanisms of AQs biosynthesis have largely been 
hindered by insufficient genomic resources and functional genomics investigations. Here, we employed multi-omics approaches 
to address this knowledge gap. The high-quality T2T-level genome was constructed with a size of 2.68 Gb and a contig N50 of 
233.65 Mb. Functional annotation revealed that the specific and expanded gene families of R. tanguticum are involved in efficient 
energy metabolism and secondary metabolite biosynthesis, providing a molecular basis for its stress adaptation and medicinal 
value. Integrated widely targeted metabolomics, spatial metabolomics and targeted quantification of AQs, we successfully elu-
cidate the AQs spatiotemporal accumulation patterns. Seeds and leaves are key sites for the synthesis and transport of free AQs, 
while the root core serves as the primary location for the synthesis and accumulation of conjugated AQs. Through integrated 
genomic, transcriptomic, metabolomic and functional validation analyses, we preliminarily characterised the positive regulatory 
role of RtPKSIII-8 in the synthesis of aloe-emodin and emodin, as well as the potential function of RtUGT85AD11 in the biosyn-
thesis of AQs and flavonoids. These findings provide essential genomic and functional data for deciphering AQs biosynthetic 
pathways and lay a theoretical foundation for the medicinal development and genetic improvement of R. tanguticum.

1   |   Introduction

Rhubarb, the perennial herbaceous plants belonging to the 
genus Rheum in the family Polygonaceae, is recognised as one 
of the ‘Four Diamonds’ in traditional Chinese medicine (TCM) 
and has a long history of medicinal use (Zhuang et  al.  2020). 
The dried roots and rhizomes are the primary medicinal parts, 
widely utilised in TCM clinical practice. It is one of the most 
frequently used herbs in both compound and single-ingredient 
formulations (Yang et al. 2024). Among the various species of 
rhubarb, Rheum tanguticum (R. tanguticum) stands out as a 
representative species due to its unique chemical composition 
and remarkable pharmacological effects, holding a significant 

position among medicinal rhubarbs (Dai et al. 2021; Li, Zhao, 
et  al.  2024; Liang et  al.  2022). Modern pharmacological stud-
ies have demonstrated that R. tanguticum exhibits a wide range 
of biological activities, including purgative, hepatoprotective, 
anti-inflammatory and antitumor effects (Chen, Chen, Tao, 
et al. 2020; Gui et al. 2007; Kon et al. 2014; Lande et al. 2023). 
These pharmacological properties are primarily attributed to 
its rich content of anthraquinones (AQs) (Wang et  al.  2021). 
With the advancement of modern research, key AQs, such as 
emodin and rhein, have been demonstrated to possess signifi-
cant antiviral properties, which are increasingly utilised in the 
treatment and prevention of viral epidemics, like COVID-19 
(Chen et al. 2021; Xu et al. 2023). Simultaneously, AQs exhibit 
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a range of biological activities, including antioxidant and anti-
obesity effects, and can serve as natural food colourants (Shen 
et al. 2023; Tsagkaris et al. 2023; Wang et al. 2023). These prop-
erties have increasingly drawn attention to R. tanguticum in the 
development of dietary supplements and functional health prod-
ucts. Moreover, AQs are a significant source of yellow natural 
dyes and are widely utilised in industrial applications (Gürses 
et al. 2016).

AQs have been identified in 135 species of higher plants, with a 
predominant distribution in plant groups such as Polygonaceae, 
Fabaceae, Rhamnaceae and Rubiaceae (Duval et  al.  2016). 
These AQs primarily exist in two forms: free AQs with lower 
polarity and bound AQs with increased polarity due to glyco-
sylation (Wang et  al.  2024). Despite the significance and vast 
application potential of AQs, their biosynthetic pathways re-
main largely unexplored. The biosynthetic pathways of AQs in 
plants are primarily categorised into two routes: the shikimic 
acid/o-succinylbenzoic acid pathway and the polyketide path-
way (Mund and Čellárová  2023). Current research indicates 
that AQs are more likely synthesised via the polyketide pathway, 
which involves the participation of polyketide synthases (PKS) 
(Karppinen et al. 2008; Mizuuchi et al. 2009; Shkryl et al. 2011). 
Within the polyketide pathway, PKS III effectively catalyses 
the seven consecutive decarboxylative condensation reactions 
of malonyl-CoA to form an octaketide chain (Liu et al.  2020). 
This linear polyketide chain then undergoes cyclization and de-
carboxylation reactions to generate the core unit of polyketide 
compounds, thereby forming the backbone of AQs (Karppinen 
et al. 2008; Mizuuchi et al. 2009). Only the CHS-L gene of PKS 
III has been experimentally validated in the synthesis of emodin 
in Senna tora (L.) Roxb., providing definitive evidence for the 
catalytic role of PKS III in polyketide compound synthesis (Kang 
et al. 2020). Free AQs, limited by their poor solubility, frequently 
exhibit reduced medicinal efficacy in practical applications, 
which significantly impedes their widespread adoption and 
utilisation (Malik and Muller 2016). Studies have demonstrated 
that glycosylation modification can markedly enhance the sol-
ubility of free AQs, thereby amplifying their medicinal potency 
(Ghimire et al. 2015). In this process, UDP-glycosyltransferase 
(UGT) genes play a pivotal role, and multiple UGT genes have 
been identified to catalyse the conversion of emodin into emo-
din glycosides (Xie et al. 2014; Yin et al. 2020; Zhao et al. 2023). 
However, the genetic mechanisms underlying the high abun-
dance of AQs in R. tanguticum remain elusive, with few key an-
thraquinone synthesis genes functionally validated.

The elucidation of biosynthetic pathways of key compounds 
hinges on the in-depth exploration of functional genes. The 
integration of high-quality genome sequencing with transcrip-
tomics and metabolomics provides comprehensive insights into 
gene regulation, protein function, and metabolic composition, 
offering a robust foundation and an efficient research platform 
for unravelling the complexities of metabolic networks. For 
instance, the biosynthetic pathways of natural products such 
as leonurine in Leonurus japonicus (Li, Yan, et al. 2024), arte-
misinin in Artemisia annua (Liao et al. 2022) and triterpenoid 
saponins in Panax notoginseng (Yang et al. 2021) have been pro-
gressively deciphered through multi-omics integrative analysis. 
These studies not only demonstrated the powerful capability of 
multi-omics approaches in dissecting the intricate metabolic 

networks of medicinal plants but also provided critical theoret-
ical support for the investigation of biosynthetic mechanisms 
of natural products and the exploitation of medicinal plant 
resources.

This study employed and integrated multi-omics strategies, 
combining T2T genome assembly, metabolomics profiling and 
transcriptome analysis to systematically elucidate AQ biosyn-
thesis pathways in R. tanguticum. Our comprehensive anal-
ysis revealed distinct spatiotemporal accumulation patterns, 
identifying leaves and seeds as previously unrecognised key 
biosynthetic sites for AQ production. Spatial distribution anal-
ysis demonstrated compartmentalization of pharmacologically 
active compounds: free AQs predominantly localised in perid-
erm and cortical tissues, while AQ glycosides were concentrated 
in vascular cylinder and pith regions. Through weighted gene 
co-expression network analysis, we identified critical metabolic 
modules and functionally characterised key biosynthetic genes. 
Notably, we established the enzymatic roles of four RtPKSIII 
(RtPKS-8, 12, 17, 20) and the RtUGT85AD11 through transient 
or stable gene transformation systems. This research not only 
deepens our comprehension of the molecular pathways gov-
erning AQs metabolite biosynthesis but also validates key en-
zymes in R. tanguticum. It lays the groundwork for breeding 
high-quality rhubarb varieties and provides valuable genetic 
resources for AQs biosynthesis.

2   |   Results

2.1   |   Spatiotemporal AQs Accumulation Patterns 
of R. tanguticum

UPLC-MS/MS was employed for metabolite analysis, resulting in 
the identification of 1973 metabolites across four tissues, which 
were categorised into 13 classes (Figure  1a and Figure  S1a). 
Flavonoids were the most abundant, followed by phenolic acids 
(Figure S1b). There was significant tissue-specific accumulation 
of metabolites in R. tanguticum. The leaves displayed significant 
enrichment of flavonoids; the seeds, in turn, were abundant in 
a diverse array of metabolites, encompassing flavonoids, qui-
nones, phenolic acids and alkaloids (Figure  1b). AQs predom-
inantly accumulate in the roots, a finding corroborated by the 
quantitative analysis of 11 AQs (Figure 1b,c). Furthermore, el-
evated levels of five free AQs were observed in both leaves and 
seeds, with the seeds exhibiting particularly high concentra-
tions (Figure 1c). This suggested that seeds and leaves may also 
serve as crucial sites for the biosynthesis of free AQs.

The rhizome of R. tanguticum serves as its primary medicinal 
organ, exhibiting significant age-dependent accumulation pat-
terns of secondary metabolites (Zhao, Xiong, et  al.  2024). In 
this study, matrix-assisted laser desorption/ionisation mass 
spectrometry imaging (MALDI-MSI) was employed to system-
atically investigate the spatial distribution characteristics of sec-
ondary metabolites in roots of 1-year-old (1Y), 2-year-old (2Y) 
and 3-year-old (3Y) R. tanguticum. High-resolution mass spec-
trometry analysis identified 57 AQs, providing the first compre-
hensive elucidation of their spatial distribution patterns in root 
cross-sections. Results demonstrated distinct spatial heteroge-
neity in the distribution of different AQ structural types within 
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root tissues (Figure  1d). Specifically, pharmacologically active 
free AQs (including rhein, emodin, chrysophanol and physcion) 
were predominantly localised in the periderm and cortical re-
gions, while AQ glycosides were primarily distributed in the 
vascular cylinder and pith regions (Figure 1d). Stratified quan-
titative analysis demonstrated age-dependent accumulation of 
11 key AQs with marked radial gradients (Figure 1e): free AQs 
decreased centripetally while bound AQs accumulated prefer-
entially in the root core, consistent with spatial metabolomics 
findings. The spatiotemporal distribution patterns of AQs were 
closely associated with their biosynthetic pathways, transport 
mechanisms and physiological functions, providing crucial 
metabolomic evidence for understanding the accumulation dy-
namics of AQs.

2.2   |   T2T-Levelled R. tanguticum Genome 
Construction

The karyotype analysis revealed that R. tanguticum possesses 
a diploid chromosome number of 2n = 22 (Figure S2). Genomic 
characterisation through flow cytometry and k-mer analysis 
estimated a genome size of approximately 2.75 Gb (Table  S1, 
Figures S3 and S4). To obtain a high quality R. tanguticum refer-
ence genome, we have performed the PacBio circular consensus 

FIGURE 1    |    Distribution and variation of metabolites in four tissues and aged roots of R. tanguticum. (a) Complete R. tanguticum plant; (b) 
Variability of the 4 metabolite classes in the R. tanguticum root, stem, leaf and seed; (c) Contents of 11 AQs of four tissues; (d) Spatial distribution of 
selected AQs in cross-sections of 1Y, 2Y and 3Y roots; (e) Quantitative analysis of 11 AQs in various layers of 1Y, 2Y and 3Y roots. E1G, emodin-1-O-β-
D-glucoside; E6G, emodin-6-O-β-D-glucopyranoside; E8G, emodin-8-O-β-D-glucopyranoside; AE8G, aloe-emodin-8-O-β-D-glucopyranoside; rhe-
in8G, rhein-8-O-glucopyranoside; C8G, chrysophanol-8-O-β-D-glucopyranoside. The number of asterisks indicates the p-value: p < 0.05, one asterisk 
(*); p < 0.01, two asterisks (**); p < 0.001, three asterisks (***).

TABLE 1    |    Statistics of R. tanguticum genome assembly information.

Item Count

Assembly

Total length (bp) 2 681 444 853

Scaffolds N50 (bp) 241 534 841

Number of contig 34

contig N50 (bp) 233 651 479

Gaps 23

Telomeres 22

Complete BUSCOs % 96.4%

Annotation

Repcat sequenccs % 83.59

Number of predicted genes 70 967

Number of non-coding RNAs 24 999

Average gene length (bp) 1052.55

Average exon length (bp) 702.13

Average intron length (bp) 1002.41
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sequencing (CCS) and generated 128.60 Gb CCS reads (46.76×) 
(Table  S2). Then these reads were assembled into 985 contigs 
using hifiasm, resulting in a total length of 2.68 Gb with a contig 
N50 of 233.65 Mb (Table 1 and Table S4). Subsequently, a total 
of 400.67 Gb Hi-C data were used to successfully anchor 97.94% 
of contig sequences into 11 pseudochromosomes, with sizes 
ranging from 55.20 Mb to 282.51 Mb (Figure 2a and Figure S5, 
Tables S3 and S5). We further detected all the 11 centromeres 
and a complete set of 22 telomeres across all 11 chromosomes 
in our assembly, representing all chromosomes were telomere-
to-telomere level (Figure 2b, Tables S6 and S7). 5 chromosomes 
fully met the T2T gap-free standard, whereas the remaining 6 
chromosomes contained 23 gaps (Figure 2b, Table 1).

We firstly compared our assembly with the published one (Li, 
Wang, et al. 2023). Our assembly showed a great improvement 
of the contig N50 from 7.16 Mb to 233.65 Mb and the BUSCO 
score from 93.0% to 96.2% (Tables S8 and S9), which indicates a 
great improvement in continuity and completeness. Besides, the 
Illumina short reads were aligned to the assembled genome, re-
sulting in a mapping rate of 99.98%, and about 85.05%–94.89% of 
RNA-seq reads from various tissues can be successfully aligned 
to the genome (Table S10). These assessments both indicate that 
the genome assembly of R. tanguticum had a high degree of ac-
curacy and completeness.

Repeat elements were further comprehensively identified in 
our genome through a combination of ab initio and homology-
based approaches. A total of 2241.53 Mb (83.59%) of repetitive 

sequences were successfully identified. Long terminal repeats 
(LTRs) were the predominant repeat elements, occupying 52.14% 
of the genome, among which the Gypsy and Copia superfami-
lies accounted for 43.88% and 7.42%, respectively (Table  S11). 
Furthermore, a total of 70 967 protein-coding genes were pre-
dicted in the assembled genome (Table  S12), with the average 
gene length of 6483 bp, coding DNA sequence (CDS) length of 
6483 bp and exon number of 4.39 exons per gene (Table  S13). 
The further functional annotation showed that 94.97% of genes 
were annotated in at least one database of Interpro, NR, Uniprot, 
GO and KEGG (Table S14). In addition, 24 999 noncoding RNAs 
in the R. tanguticum genome were identified, comprising 153 
microRNAs (miRNA), 6707 transfer RNAs (tRNA), 16 777 ri-
bosomal RNAs (rRNA) and 1362 small nuclear RNAs (snRNA) 
(Table S15).

2.3   |   Genome Evolutionary Analysis of R. 
tanguticum

To unearth the evolutionary relics from polyploidization in R. 
tanguticum, we first analysed synonymous substitution rates 
(Ks) of intra-genomic collinear gene pairs within synteny 
blocks. Three similar Ks peaks were all observed in the five 
Rheum species, R. tanguticum, R. palmatum, R. nobile, R. offici-
nale and Rumex acetosa, which suggests that two rounds of poly-
ploidization events occurred after the γ event (whole-genome 
triplication, shared by all core eudicots) (Figure  3a). Notably, 
R. officinale contained an additional one Ks peak around 0.89, 

FIGURE 2    |    High-quality genome assembly and genomic evolution analysis of R. tanguticum. (a) Distribution of R. tanguticum genomic features. 
From the outside in, there are circular representations of the 11 pseudomolecules, gene density (500 kb window), percentage of repeats (500 kb win-
dow), GC content (500 kb window), identified syntenic blocks; (b) Comparison of two chromosome-scale assemblies of R. tanguticum: The Nanopore-
based V1 and our T2T-level V2, with V2 featuring full structural annotation of 11 centromeres and 22 telomeres.
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which was consistent with its a tetraploid species (Zhang, He, 
et al. 2024). The further inter-genomic synteny depth analysis 
showed a clear 4:1 ratio between R. tanguticum and V. vinif-
era, which proved that the recent polyploidization events in 
R. tanguticum were two rounds whole genome duplications 
(WGDs) (Figure  S6). We also found these two rounds WGDs 
were shared by all other four Polygonaceae species, as the clear 
1:1 chromosome-level intact collinear relationships were de-
tected between homologous chromosomes with minimal inter-
chromosomal rearrangements (Figure 3b).

To elucidate the phylogenetic relationship of the R. tanguticum 
genome, we conducted a comprehensive comparative genomic 
analysis involving 16 representative species (Table S16). A total 
of 231 265 gene families were constructed and 874 of them were 
single-copied genes that were used to reconstruct the phylogeny 
tree (Figure 3c). All four Rheum species clustered into a mono-
phyletic clade, in which R. tanguticum was sister to R. palmatum 
with an approximate divergence time of 3.07 million years ago 
(MYA). Additionally, the divergence between the Rheum genus 
and the Fagopyrum genus within the same family occurred be-
tween 30.5 and 58.5 Mya.

A total of 9492 lineage specific gene families and 1487 expanded 
gene families were further identified in R. tanguticum. We found 
these unique genes were mainly involved in the photosynthetic 
system, such as proton-transporting ATP synthase complex, car-
bon fixation in photosynthetic organisms, oxidoreductase activ-
ity and so on (Figure S7), which may reflect the strong adaptive 

advantages in high altitude environments, such as tolerating 
high-light intensity environments and oxidative stress condi-
tions. While for the expanded genes, they were also enriched in 
pathways related to photosynthesis and energy transfer related 
functions (Figure 3d). Additionally, these gene families are no-
tably involved in various metabolic synthesis processes, such 
as quinone binding, terpene synthase activity, and glutathione 
transferase activity (Figure  3d). KEGG pathway enrichment 
analysis further confirmed that the expanded gene families pri-
marily participate in the biosynthesis of multiple metabolites, 
including phenylpropanoid biosynthesis, C5-branched dibasic 
acid metabolism, glutathione metabolism, as well as sesquiter-
penoid and triterpenoid biosynthesis (Figure  3e). These find-
ings indicate that the specific and expanded gene families in 
R. tanguticum may provide a molecular-level explanation for 
the rich bioactive components and remarkable environmental 
adaptability.

2.4   |   Transcriptomic Analysis and Integration 
With Metabolomic Profiling

To investigate the relationship between metabolite accumula-
tion and gene expression in R. tanguticum, we selected 28 468 
genes expressed in four tissues (with an average FPKM > 1) for 
weighted gene co-expression network analysis (WGCNA). By 
setting a soft threshold of 18 (Figure S8a), we identified 14 co-
expression modules. Correlation analysis between the modules 
and 14 selected AQs revealed that the magenta and turquoise 

FIGURE 3    |    Genomic evolution analysis of R. tanguticum. (a) Synonymous substitution rate (Ks) distributions of syntenic blocks for R. tanguticum 
with V. vinifera, R. palmatum, R. officinale (A), R. nobile and R. acetosa. (b) Syntenic analysis of R. tanguticum, R. palmatum, R. officinale (A), R. nob-
ile and R. acetosa. (c) Divergence time estimating and clustering results of gene families of 17 species. The expansion and contraction of gene families 
are respectively indicated by red and green fonts next to the species names; (d) GO enrichment analysis of significantly expanded gene families in 
R. tanguticum; (e) KEGG enrichment analysis of significantly expanded gene families in R. tanguticum.



3958 Plant Biotechnology Journal, 2026

modules exhibited correlation coefficients greater than 0.90 
(p < 0.01) with the majority of AQs, suggesting a strong associ-
ation with major AQs and indicating that these modules may 
contain key genes involved in AQs biosynthesis (Figure  S8b). 
Furthermore, the MEpurple and MEbrown modules showed 
significant correlations with aloe-emodin and emodin, while the 
MEblue module was significantly correlated with aloe-emodin-
8-O-glucoside and physcion-8-O-β-glucoside (Figure  S8b). 
These findings further highlight the importance of these mod-
ules in the biosynthesis of AQs.

2.5   |   Functional Characterisation of RtPKSs in 
AQs Biosynthesis

Through genome-wide homology comparison, we screened 
12 enzyme genes that were potentially associated with the 
polyketide pathway and the shikimate/o-succinylbenzoate path-
way in previous studies (Zhang, He, et  al.  2024) (Figure  4a). 
The three official rhubarb species (R. tanguticum, R. officinale 
and R. palmatum) exhibited a significantly greater expansion in 
gene number compared to the non-official rhubarb species (R. 
nobile) across seven gene families (SMK, EPSP, ICH, PHYLLO, 
MenE, MenB and PKC) (Figure 4a). Similar to the metabolic and 
WGCNA results, most genes showed a high expression in leaves 
and seeds during AQ biosynthesis (Figure 4a).

Among the total pathway genes, one CHS-L gene in the PKS 
III family has been experimentally validated to participate in 
AQs polyketide synthesis in S. tora (Kang et  al.  2020), which 
is the first step of the polyketide pathway (Figure  5a). So, we 
further carefully examined the PKS III family in R. tanguticum 
and identified a total of 24 PKS III genes (7 CHS and 17 CHS-L) 
(Figure 5a and Figure S9), which is greater than R. nobile but 
the same as F. tataricum. Among 17 CHS-L, RtPKSIII-2, 6, 7, 
8, 9, 14, 16 and 17 exhibited high expression levels in tissues 
other than stems (Figure 4a). Integrated with WGCNA analy-
sis, RtPKSIII-8 and RtPKSIII-17 showed significant correlations 
with multiple AQs (Table  S17). Although RtPKSIII-12 belongs 
to the CHS class, it was grouped into the MEpurple module, 
which is significantly associated with aloe-emodin and emo-
din, thus being considered a potential functional candidate gene 
(Table S17). Additionally, RtPKSIII-20 from the CHS family was 
selected as a control gene, hypothesized to be involved in flavo-
noid biosynthesis. qRT-PCR of 4 candidate genes showed RtPKS 
III-8, 17 and 20 had high expression in leaves and seeds, and 
RtPKS III-12 in leaves (Figure S10a). When these 4 genes were 
transiently expressed in tobacco protoplasts, RtPKS III-8 and 12 
localised to the cytoplasm, whereas RtPKS III-17 and 20 local-
ised to both the cytoplasm and nucleus (Figure 5b). To further 
validate the functions of four candidate genes, we established an 
Agrobacterium-mediated transient gene expression system in R. 
tanguticum. Four candidate RtPKSIII genes were injected into 
young leaves, and the injection sites displayed patchy, intense 
fluorescence signals, indicating successful transient overex-
pression in the leaf tissues (Figure 5c and Figure S10b). HPLC 
analysis revealed that among the five free AQs, RtPKSIII-8 
and RtPKSIII-12 significantly increased the content of aloe-
emodin, with RtPKSIII-8 showing particularly prominent ef-
fects. However, overexpression of RtPKSIII-8 markedly reduced 
the content of rhein (Figure 5d). Furthermore, RtPKSIII-8 and 

RtPKSIII-17 increased the emodin content by 1.6-fold and 1.1-
fold, respectively (Figure 5d).

2.6   |   UGT Gene Family Identification 
and Functional Analysis

UGT-related genes play a crucial role in the glycosylation of free 
AQs, enhancing the solubility and bioavailability of glycosylated 
AQs. We identified 97 UGT genes (Figure S11) in the R. tanguti-
cum genome and they could be clustered into 21 subfamilies, in-
cluding 14 basic evolutionary groups (A-H, J-N and P) and 4 newly 
characterised groups (O, Q, R and OG) (Figure 6a). To further 
investigate the functions of UGT genes, we selected 20 RtUGT 
genes from groups D, G and L, which have been implicated in 
AQ glycosylation (Yin et al. 2020). Among these, 14 genes exhib-
ited high expression levels in roots (group C2, C3, C7), partic-
ularly RtUGT73BH7, RtUGT73BE21, RtUGT75R14, RtUGT75R15 
and RtUGT85AD11 (Figure 6b). Additionally, WGCNA analysis 
classified these genes into the MEpurple, MEbrown and MEblue 
modules, which are significantly associated with multiple bound 
AQs (Table S15). Notably, RtUGT74CC3 was identified as a homo-
logue of FtUGT74L2 in F. tataricum, which is known to catalyse 
the glycosylation of emodin to produce emodin-8-O-glucoside 
(Yin et al. 2020), served as a control. To validate the functions of 
candidate genes, we transformed RtUGT73BH7, RtUGT74CC3, 
RtUGT75R14, RtUGT75R15 and RtUGT85AD11 into G. inflata 
hairy roots and successfully obtained positive transgenic lines 
(Figure 6c, Figure S14). HPLC analysis of six AQ glycosides re-
vealed that, although the target compounds were not detected, 
new metabolite peaks were observed in all transgenic lines com-
pared to the negative controls, particularly in the RtUGT85AD11 
transformants, indicating that the candidate RtUGT genes can 
recognise emodin as a substrate and generate novel metabo-
lites (Figure 6d). To further explore metabolic changes, we per-
formed widely targeted metabolomics using UPLC-MS/MS on 
GFP control and RtUGT85AD11-overexpressing hairy roots. The 
results showed that the contents of key AQs, including emodin, 
emodin-6-O-β-D-glucoside, and emodin-8-O-glucoside, were 
significantly reduced in RtUGT85AD11-overexpressing lines, 
while the rhein content increased by 7-fold compared to the GFP 
control (Figure  6e). Simultaneously, the levels of glycosylated 
derivatives of kaempferol, apigenin, naringenin, acacetin and 
chrysoeriol were significantly increased (Table S15), suggesting 
a potential regulatory role of RtUGT85AD11 in the flavonoid 
metabolic pathway.

2.7   |   MYB Transcription Factors Involved in AQs 
Regulation

Research in R. palmatum suggested that MYB transcription 
factors may be key regulatory components in the anthra-
quinone biosynthetic pathway (Zhao, Yan, et  al.  2024). Cis-
element analysis of the RtPKSIII gene promoter revealed a 
significant enrichment of MYB transcription factor binding 
sites. For instance, six MYB binding sites were identified in 
the RtPKSIII-8 promoter, suggesting that MYB may regulate 
the expression of this structural gene and thereby promote 
anthraquinone biosynthesis (Figure  S9b). Genome-wide 
identification systematically uncovered 242 RtMYB family 
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members, which were phylogenetically classified into R2R3-
MYB, 3R-MYB and other subfamilies using A. thaliana MYB 
proteins as references. Notably, the R2R3-MYB subfamily ex-
hibited the largest membership (118 members), implying its 
potential dominance in metabolic regulation (Figure  S16). 
Tissue-specific transcriptomic screening identified 46 RtMYB 

candidate genes with elevated expression in roots, leaves and 
seeds (Figure  S17). Co-expression network analysis demon-
strated significant positive correlations between RtMYB 
genes and RtPKSIII genes, especially RtMYB29, RtMYB111, 
RtMYB206 (Figure S18). Protein–protein interaction network 
constructed via STRING database revealed CHS and UGT 

FIGURE 4    |     Legend on next page.
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as central hub nodes, with 9 RtMYB TFs directly interacting 
with both enzymatic genes. Remarkably, RtanMYB111 exhib-
ited simultaneous interactions with CHS and four UGT genes 
(Figure S19), indicating its potential role in multi-target met-
abolic coordination. RtMYB040, RtMYB055 and RtMYB183 
displayed comparable regulatory potential. qRT-PCR vali-
dation of six core RtMYB genes confirmed high consistency 
between expression patterns and transcriptomic data across 
tissues (Figure S20). WGCNA analysis clustered three R2R3-
MYB members (RtMYB082, RtMYB114 and RtMYB176) into 
the MEturquoise module, which showed significant positive 
correlation with anthraquinone content. Notably, RtMYB100 
displayed high sequence homology with RpMYB81, a char-
acterised AQs biosynthesis regulator in R. palmatum, which 
could be markedly induced by MeJA, accompanied by a sig-
nificant increase in AQs content (Zhao, Yan, et  al.  2024). 
These cumulative findings suggest that MYB genes are likely 
to regulate the expression of key enzyme genes, such as 

PKSIII, thereby coordinating AQs biosynthesis in R. tanguti-
cum. However, definitive evidence requires further validation 
through molecular biology approaches.

3   |   Discussion

The high quality T2T-level reference genome is fundamental for 
deciphering biosynthetic pathways (Cheng et al. 2025). Here we 
integrated high depth HiFi and Hi-C sequencing data to con-
struct the T2T genome of R. tanguticum, providing a reliable 
genetic resource for functional genomics research. Our assem-
bly showed a very high Contig N50 value of 233.65 Mb, repre-
senting a 32.6-fold improvement compared to the previously 
published Nanopore-based assembly (Li, Wang, et al. 2023) and 
also remarkable enhancements in continuity and completeness 
compared to those in three recently published Rheum species 
genomes (Li, Niu, et  al.  2023; Zhang, He, et  al.  2024; Zhang, 

FIGURE 4    |    Genome-wide screening of key enzymes for AQs biosynthesis and functional validation of PKSIII involvement in R. tanguticum. (a) 
Genes involved in the shikimate and polyketide pathways, the dashed lines indicate multiple steps. The yellow and green backgrounds represent the 
shikimate pathway and the polyketide pathway, respectively. The purple, pink, yellow, and green frames in the figure display the number of genes 
in R. tanguticum, R. nobile, R. officinale and F. tataricum, respectively. The heatmap shows the expression levels of genes in different tissues; (b) 
Proposed anthraquinone biosynthesis via the polyketide pathway, involving polyketide synthases (PKS). PKS acts as an octaketide synthase respon-
sible for the assembly and cyclization of the polyketide chain, producing the anthranoid scaffold precursors, such as atrochrysone carboxylic acid 
and its derivative endocrocin anthrone. PKS lacks the catalytic activity required to convert these precursors into final anthraquinones like chrys-
ophanol, rhein and emodin. Further steps, including decarboxylation and oxidation, are necessary for the synthesis of chrysophanol, emodin and 
related anthraquinones.

FIGURE 5    |    Functional validation of PKSIII involvement in R. tanguticum. (a) Phylogenetic tree of R. tanguticum and 50 PKSIII protein family 
members from the Polygonaceae; (b) The subcellular localization of four RtPKSIII genes; (c) Detection of transient expression effects of candidate 
RtPKSIII genes; (d) Determination of the content of five free AQs in leaves with transient overexpression of four RtPKSIII genes.
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Zhou, et al. 2024) (Table S14). Using this genome as reference, 
we could integrate the multi-omics (transcriptome and metabo-
lism) to reveal the key genes and regulators in AQs biosynthesis 
pathway.

3.1   |   Metabolic Diversity and Spatiotemporal 
Distribution of AQs in R. tanguticum: Biosynthetic 
and Pharmacological Insights

In this study, we conducted a comprehensive metabolomic anal-
ysis of different tissues of R. tanguticum using UPLC-MS/MS, 
identifying nearly 2000 metabolites across 13 categories. Among 
them, the high levels of free AQs were detected in leaves and 
seeds, suggesting that these tissues may also play significant 
roles in the biosynthesis and storage of these compounds. This 
finding challenges the traditional view that AQs are primarily 
synthesised and stored in roots and opens new avenues for ex-
ploring the biosynthetic pathways and physiological functions of 
these metabolites in different plant tissues. Using MALDI-MSI 
and quantitative detection of 11 AQs, we revealed the hetero-
geneous spatial distribution of AQs within the roots. Free AQs 
were predominantly enriched in the periderm and cortex, while 
AQ glycosides exhibited high concentrations in the vascular 
cylinder and pith regions. The same phenomenon has also been 
observed in R. palmatum (Shen et al. 2022) and Centaurea sp. 
(Bouafia et al. 2020). This distribution pattern may reflect func-
tional differences of these compounds in various root tissues and 
indicate complex interactions among biosynthesis, transport and 
storage mechanisms. Our study provides a comprehensive over-
view of the metabolic diversity and tissue-specific accumulation 

patterns in R. tanguticum, emphasising the importance of con-
sidering both temporal and spatial factors when studying the 
biosynthesis and accumulation of secondary metabolites. The 
insights gained from this research not only enhance our under-
standing of AQs metabolic pathways in R. tanguticum but also 
lay a foundation for further exploration of the pharmacological 
potential of its metabolites. Future studies may focus on eluci-
dating the biosynthetic pathways and regulatory mechanisms 
underlying the observed metabolite distribution patterns, as 
well as exploring the potential applications of these compounds 
in medicine and agriculture.

3.2   |   Molecular Insights Into AQs Biosynthesis in 
R. tanguticum

This study aimed to elucidate the molecular mechanisms under-
lying AQs biosynthesis in R. tanguticum and identify key genes 
involved in the synthesis process. Unlike well-studied second-
ary metabolites such as flavonoids and terpenoids, whose bio-
synthetic pathways are relatively well-characterised, the AQs 
biosynthetic pathway remains largely unexplored (Mund and 
Čellárová  2023). To address this, we integrated metabolomic 
and transcriptomic data to conduct in-depth analyses of the 
PKSIII and UGT, which are key gene families in the polyketide 
pathway and AQ glycosylation modification, respectively 
(Kang et al. 2020; Yin et al. 2020; Zhao et al. 2023). Our find-
ings preliminarily characterised the role of RtPKSIII-8 in the 
AQs biosynthetic pathway, demonstrating its ability to promote 
the synthesis of aloe-emodin and emodin while inhibiting the 
production of rhein. This phenomenon may result from the 

FIGURE 6    |    Genome-wide identification of UGT gene family in R. tanguticum and preliminary functional validation of key RtUGT genes. (a) 
Phylogenetic tree of 97 R. tanguticum RtUGT and 106 F. tataricum FtUGT protein family members; (b) Expression analysis of RtUGT genes in four 
tissues; (c) Transgenic hairy roots of G. inflata with candidate RtUGT genes; (d) Determination of AQs in transgenic hairy root of G. inflata with 
5 RtUGT genes; (e) Comparative analysis of AQs contents between GFP-negative control and RtUGT85AD11-overexpressing G. inflata hairy roots.
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regulation of key enzymes in the AQs biosynthetic pathway by 
RtPKSIII-8, which directs precursor flux preferentially toward 
the synthesis of aloe-emodin and emodin, thereby limiting rhein 
production. Similarly in flavonoid metabolism, the anr muta-
tion reduces proanthocyanidins and via precursor reallocation 
promotes anthocyanin and flavonol (quercetin) accumulation 
(Xu et al. 2024). Additionally, this metabolic flux redistribution 
suggests the possibility of dynamic interconversion among these 
compounds.

Furthermore, our study revealed that RtUGT85AD11, although 
not directly involved in AQ glycosylation, significantly enhances 
rhein synthesis and catalyses the glycosylation of multiple flavo-
noid compounds. This substrate specificity may arise from the 
preferential recognition and catalysis of flavonoid glycosyla-
tion by RtUGT85AD11, while remaining inactive toward AQs. 
However, the precise functions of the RtPKS and RtUGT genes 
and their roles in anthraquinone metabolism require further 
validation through stable genetic transformation in R. tanguti-
cum and in vitro enzymatic assays. This study not only provides 
valuable genetic resources for AQs biosynthesis but also lays a 
theoretical foundation for further elucidating the AQs biosyn-
thetic pathway.

4   |   Conclusions

In this study, we successfully assembled a chromosome-level 
genome of R. tanguticum, with a size of 2.68 Gb, a contig N50 
of 233.65 Mb, and a chromosome anchoring rate of 97.94%, 
demonstrating significant improvements in continuity and 
completeness. Functional annotation revealed that the specific 
and expanded gene families in R. tanguticum were primarily in-
volved in photosynthesis, energy transfer and the biosynthesis of 
secondary metabolites, highlighting its efficient energy metabo-
lism and potential for secondary metabolite production. These 
characteristics likely provided a molecular basis for its survival 
under stress conditions and its medicinal value. Furthermore, 
the burst of LTR retrotransposons may represent a key adaptive 
strategy for Rheum species to thrive in extreme environments. 
Through comprehensive analysis of the PKSIII, UGT and MYB 
gene families, we preliminarily characterised the functions of 
RtPKSIII-8 and RtUGT85AD11, offering novel insights into the 
biosynthetic mechanisms of AQs. These findings not only en-
rich the genomic resources of R. tanguticum but also lay a solid 
foundation for further elucidating its secondary metabolic path-
ways and environmental adaptation mechanisms.

5   |   Materials and Methods

5.1   |   Plant Materials

In this study, five-year-old genetically stable R. tanguticum 
plants cultivated at the Germplasm Resource Nursery in Huzhu 
County, Haidong City, Qinghai Province, China (N: 36°53′37′′; E: 
102°07′05′′) were selected as experimental materials. To ensure 
genetic consistency, all samples were collected from the same 
plant. Fresh healthy leaves were harvested for genomic DNA 
extraction and whole-genome sequencing, while roots, stems 
and seeds from the same plant were collected for transcriptome 

(RNA-seq) analysis. For developmental stage-specific root stud-
ies, fresh root samples were systematically collected from one 
(1Y), two- and three-year-old (1Y, 2Y and 3Y) plants. A stan-
dardised sampling protocol was implemented, with transverse 
sections uniformly taken at 1/4 of the distance from the root tip 
to ensure positional consistency. Immediately after collection, 
all samples were flash-frozen in liquid nitrogen and stored at 
−80°C in ultra-low temperature freezers for long-term preser-
vation. To ensure data reliability, three independent replicates 
were used  for transcriptome analysis and five for metabolome 
analysis.

5.2   |   Metabolite Extraction, Identification, 
and Quantification

After vacuum freeze-drying the samples using a freeze dryer 
(Scientz-100F), they were ground into a powder for 1.5 min at a 
frequency of 30 Hz using a grinder (MM 400, Retsch). A precise 
amount of 50 mg of the sample powder was weighed and dis-
solved in 1.20 mL of 70% methanol solution pre-cooled to −20°C. 
The samples were mixed six times for 30 s each, with a 30-min 
interval between mixes. Following centrifugation (12 000 rpm/
min for 3 min), the supernatant was collected and filtered 
through a 0.22 μm microporous membrane. The filtered solution 
was then placed in an injection vial for subsequent UPLC-MS/
MS analysis. The widely targeted metabolomics analysis was 
conducted using the UPLC-ESI-MS/MS system (ExionLC AD, 
MS, Applied Biosystems 6500 Q TRAP) and the tandem mass 
spectrometry system from MetWare (Wuhan, China).

5.3   |   Analysis of the AQs Content

The AQs content was quantified using an HPLC system (Agilent 
1260 Infinity II), with chromatographic-grade methanol, aceto-
nitrile, phosphoric acid and formic acid sourced from Shandong 
Yu Wang Group. A total of 11 AQs were determined, comprising 5 
free AQs, namely, aloe-emodin (481–72-1), rhein (478–43-3), emo-
din (518–82-1), chrysophanol (481–74-3), physcion (521–61-9) and 
6 bound AQs, namely, aloe-emodin-8-O-β-D-glucopyranoside 
(33037–46-6, AE8G), rhein-8-O-glucopyranoside (34298–86-7, 
rhein8G), chrysophanol-8-O-beta-D-glucopyranoside (13241–
28-6, C8G), emodin-1-O-β-D-glucoside (38840–23-2, E1G), 
emodin-6-O-β-D-glucopyranoside (34298–85-6, E6G) and 
emodin-8-O-β-D-glucopyranoside (23313–21-5, E8G), all pro-
cured from Sigma (USA). The sample processing, extraction, 
and HPLC determination methods for five free AQs and six 
bound AQs were adapted from previous studies on R. tanguti-
cum (Zhao, Xiong, et al. 2024).

5.4   |   Spatial Metabolomics Based on MALDI-MSI

Transverse sections of 1.0–1.5 cm were excised from the middle 
part of the main roots of 1Y, 2Y and 3Y R. tanguticum plants. 
The sections were immediately immersed in liquid nitrogen for 
20 s and then transferred to −80°C for storage. After equilibrat-
ing at −20°C in a cryostat for 1 h, the samples were sectioned 
at a thickness of 30 μm using a Leica CM1950 cryostat. The 
sections were transferred to pre-cooled ITO glass slides using 
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a pre-chilled brush. The tissue sections were thawed to trans-
parency by placing the slides against the back of the hand, and 
the moisture was evaporated by rubbing the back of the slides, 
causing the tissue to turn from transparent to white. After sec-
tioning, the ITO slides were vacuum-dried for 30 min, and only 
intact transverse sections were selected for further analysis. The 
sections were mounted onto glass slides using double-sided tape 
for subsequent MS-MSI analysis.

A 15 mg/mL solution of DHB (2,5-dihydroxybenzoic acid) was 
prepared in 90:10 acetonitrile: water and uniformly sprayed onto 
the ITO slides using a TM-Sprayer matrix applicator. The instru-
ment parameters were set as follows: temperature at 60°C, flow 
rate at 0.12 mL/min, pressure at 10 psi, and 30 spray cycles with a 
drying time of 6 s between cycles. The matrix-coated ITO slides 
were placed on the target plate of the mass spectrometer. The 
tissue regions were selected using DataImaging (Bruker) soft-
ware, and the imaging resolution was set to 50 μm (minimum 
grid size of 50 μm × 50 μm) with a mass range of 50–1300 Da. 
Under consistent laser energy, the laser beam irradiated the tis-
sue regions through a raster pattern, continuously scanning the 
samples. The tissue molecules were desorbed and ionised upon 
interaction with the matrix, and the released ions were detected 
by the mass spectrometer to obtain the mass-to-charge ratio 
(m/z) and peak intensity raw data for each pixel. The raw data 
were imported into SCiLS Lab software for root mean square 
normalisation, generating spatial relative intensity information 
for different m/z values, which were then converted into pixel 
values for imaging heatmaps.

5.5   |   Genome Sequencing

A modified cetyltrimethylammonium bromide (CTAB) method 
was used to obtain high quality and purified genomic DNA 
samples, then a SMRT cell sequencing library containing about 
15–20 kb cut fragment was constructed and sequenced using 
PacBio Sequel II sequencing platform. In total, 2225.3 Gb sub-
reads and 128.60 Gb clean data were obtained. Simultaneously, a 
modified CTAB method was used to obtain high quality and pu-
rified genomic DNA samples, then a second generation library 
that included 150 bp paired-end Illumina libraries (Illumina, 
San Diego, USA) with 350 bp insertions was constructed, yield-
ing 83.69 Gb clean data, which covered the genome ~31.2×. The 
resulting short reads were used for genome survey analysis. A 
Hi-C library was established using the germinated young leaves 
of the seeds harvested from the same plant, and the Illumina 
NovaSeq 6000 platform (Illumina, San Diego, CA, USA) was 
used for sequencing. After the sequencing data of Hi-C was fil-
tered, a total of 377.46 Gb (coverage of ~140.8×) clean data was 
obtained. The above sequencing was performed in the Wuhan 
Benagen Technology Co. Ltd. (Wuhan, China).

5.6   |   Genome Size Estimation

Genome size estimation was first determined using flow cy-
tometry. 0.2 g of fresh young leaves of maize and R. tanguticum 
were placed in 500 μL Nuclei Extraction buffer respectively, and 
chopped with a sharp blade then filtered through a 50 μm filter 
after 60 s. Followed by the addition of 2000 μL of staining buffer 

with RNase for 30 min in the dark. Nuclei suspension was anal-
ysed by Flow Space Flow Cytometer (Sysmex Partec, Muenster, 
Germany) and the corresponding FloMax software. Meanwhile, 
a k-mer (k = 19) analysis-based approach together with Illumina 
paired-end short reads was used for a second determination of 
the genome size. The Jellyfish v2.1.4 was used for calculating a 
19-mer frequency (Marçais and Kingsford 2011), and then the 
genome size and heterozygosity were calculated based on the k-
mer frequency results using GenomeScope (http://​qb.​cshl.​edu/​
genom​escope/​) (Vurture et al. 2017).

5.7   |   RNA Sequencing

RNA sequencing (RNA-seq) was conducted to investigate gene 
expression in various tissues of R. tanguticum, including roots, 
stems, leaves and seeds. Total RNA was extracted from fresh tis-
sues using the RNAprep Pure Plant Kit (TIANGEN, China), and 
RNA integrity was assessed using an Agilent 2100 Bioanalyzer 
(Agilent Technologies, USA). RNA libraries were prepared using 
the TruSeq Stranded mRNA Library Prep Kit (Illumina, USA), 
followed by paired-end sequencing on the Illumina NovaSeq 
6000 platform (Illumina, USA). The raw sequencing reads were 
evaluated for quality using fastp v0.21.0 (Chen et al. 2018). Clean 
reads were then aligned to the R. tanguticum reference genome 
using HISAT2 (Kim et  al.  2015). Gene expression levels were 
quantified using featureCounts v2.0.1 (Liao et  al.  2014), and 
differential expression analysis was performed with DESeq2 
v1.22.1 (Love et  al.  2014). Functional enrichment analysis of 
differentially expressed genes (DEGs) was carried out using 
Gene Ontology (GO) and KEGG pathway analysis (Ashburner 
et al. 2000; Kanehisa et al. 2008). To validate the RNA-seq re-
sults, a subset of DEGs was analysed by quantitative real-time 
PCR (qRT-PCR). First-strand cDNA was synthesised from 1 ng 
of RNA using the MonScript RTIII All-in-one Mix with dsD-
Nase (Monad, MR05101). The qRT-PCR reaction mixture was 
prepared using TB Green Premix Ex Taq II (Tli RNaseH Plus) 
and the fluorescence quantitative PCR reaction was conducted 
on the ABI 7500 Fast Real-Time PCR System. The relative ex-
pression level of the target gene was calculated using the 2−ΔΔCT 
method (Livak and Schmittgen 2001) primer sequences for all 
qRT-PCR assays in this study were detailed in Table S21.

5.8   |   Genome Assembly and Quality Assessment

SMRTlink v8.0 was used to perform quality control statistics on 
the raw PacBio single-molecule sequencing data to obtain valid 
data. Then, CCS reads were generated by ccs v6.2.0 software fil-
tering, and seqkit v0.16.1 software was used to count the CCS 
reads information; finally, 128.60 Gb of valid data was obtained. 
On this basis, genome assembly was performed using the soft-
ware Hifiasm v0.15.3-r339 (Cheng et al. 2021) with default pa-
rameters. At the same time, for highly heterozygous species, the 
software Purge_haplotigs v1.0.4 (Roach et al. 2018) needs to be 
used to de-heterozygize the error-corrected genome to obtain a 
draft genome.

The Hi-C data were used to anchor the genome assembly to the 
chromosome level. The raw reads were filtered using the soft-
ware fastp v0.21.0 to obtain high-quality clean data. Use the 

http://qb.cshl.edu/genomescope/
http://qb.cshl.edu/genomescope/
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software HICUP v0.8.0 (Wingett et al. 2015) to align the clean 
data to the reference genome to obtain valid HIC data. The draft 
contig sequences were clustered into chromosome groups by 
agglomerative hierarchical clustering algorithm using ALLHIC 
v0.9.8 (Zhang et al. 2019), and the order and orientation of the 
contigs within the chromosome group were determined. Then, 
the interaction relationship between the contigs was converted 
into a specified binary file (i.e., hic file) by 3D-DNA v180419 
(Dudchenko et  al.  2017) and Jucier v1.6 (Durand et  al.  2016), 
and then review assembly was performed by Juciebox v1.11.08 
(Robinson et al. 2018).

The Illumina clean reads were mapped to the reference genome 
using BWA (Li 2013). The mapping rate and coverage were used 
to evaluate the integrity of the assembly and the uniformity 
of sequencing coverage. The software BUSCO v.4.1.2 (Simao 
et al. 2015) was further used to assess the completeness of the 
genome assembly.

5.9   |   Genome Annotation

Integrate homologous gene comparison, transcriptome data, 
and de novo prediction methods not reliant on known gene 
information to forecast protein-coding genes within the 
rhubarb genome. The de novo prediction approach employs 
Hidden Markov Models (HMM) to train on known gene sets, 
thereby constructing species-specific gene models and identi-
fying genes within the genome. Predictions were conducted 
using three software programs: Augustus v3.3.2 (Stanke 
et  al.  2008), Genscan v1.0 (Burge  1998), and GlimmerHMM 
v3.0.4 (Delcher et al. 2007). For homologous gene comparison, 
Exonerate v.2.4.0 (Slater and Birney 2005) aligns the proteins 
of five related species (R. acetosa, F. esculentum, F. tatar-
icum, B. vulgaris, C. quinoa) with the genome. In transcrip-
tome data-based prediction, RNA-seq data was reconstructed 
into transcripts using StringTie v2.1.4 (Kovaka et  al.  2019), 
and TransDecoder v5.1.0 (https://​github.​com/​Trans​Decod​er/​
Trans​Decoder) predicts coding frames. The MAKER v2.31.10 
(Holt and Yandell  2011) integrates the gene sets predicted 
by various methods. By filtering, a non-redundant and more 
comprehensive gene set was formed. The prediction quality 
was evaluated using the BUSCO v.4.1.2.

Gene function annotation was conducted primarily through two 
approaches: First, sequence similarity searches were performed 
using the diamond Blastp v2.0.11.149 (Buchfink et al.  2015) to 
align the protein sequences from the gene set against the Uniprot 
(https://​www.​unipr​ot.​org/​) and NR (ftp://​ftp.​ncbi.​nih.​gov/​blast/​​
db) protein databases, as well as the KEGG (http://​www.​genome.​
jp/​kegg/​) metabolic pathway database. Second, motif similarity 
searches were conducted using InterProScan v5.52–86 (Blum 
et al. 2021) to compare resources such as CDD, Gene3D, Panther, 
Hamap, Phobius and Pfam within the InterPro sub-databases.

Leveraging the structural features of tRNA, tRNA sequences 
within the genome were detected using tRNAscan-SE v1.23 
(Chan et  al.  2021). rRNA identification was conducted using 
BLAST v2.9.0+. Additionally, snRNA and miRNA were rec-
ognised using INFERNAL v1.1.2 (Nawrocki and Eddy  2013), 
which was based on the Rfam database.

5.10   |   Analysis of Genome Evolution

To explore the evolutionary history of the R. tanguticum genome, 
16 plant species with high-quality genome assemblies, represent-
ing different evolutionary branches, were chosen (R. officinale 
(A), R. nobile, R. palmatum, R. acetosa, F. esculentum, F. tatari-
cum, F. dibotrys, B. vulgaris, S. oleracea, S. tora, A. thaliana, V. 
vinifera, O. sativa, A. trichopoda, Z. mays, C. canephora). Gene 
family clustering was conducted using OrthoFinder v2.3.12 
(Emms and Kelly 2019) based on the amino acid sequences of 
these species, and alignments were performed using Blastp 
v2.6.0 (Camacho et  al.  2009). A comparative analysis was fur-
ther conducted among F. tataricum, R. officinale (A), R. nobile, R. 
palmatum and R. tanguticum to elucidate the shared and unique 
gene families across these species. The R package clusterPro-
filer (Wu et al. 2021) was employed to conduct GO (Ashburner 
et al. 2000) and KEGG (Kanehisa et al. 2008) analyses on shared, 
unique, expanded and contracted gene families, respectively.

A total of 46 single-copy gene families shared among 17 spe-
cies were selected to construct a phylogenetic tree. The pro-
tein sequences of each single-copy gene family were aligned 
using MUSCLE v3.8.31 (Edgar  2004), and the alignment 
results were filtered using the trimAl v1.4.rev22 (Capella-
Gutierrez et  al.  2009). The filtered alignment results were 
then merged and concatenated to form a super gene. The 
RAxML v8.2.10 (Stamatakis 2014) was utilised, employing the 
PROTGAMMAWAG model, to construct a maximum likeli-
hood (ML) species phylogenetic tree based on the super gene 
sequence. Based on the topology of the phylogenetic tree and 
the fossil time node table, the divergence times of the selected 
species were estimated using the MCMCTree of the PAML v4.9 
(Yang 2007) with the following parameters: n sample = 3 000 000; 
burnin = 8 000 000; seq type = 0; model = 4.

Select F. tataricum, R. officinale (A), R. nobile, R. palmatum 
and R. tanguticum for whole-genome duplication (WGD) anal-
ysis. Use blast v2.6.0+ (Camacho et  al.  2009) to align protein 
sequences of different species, then use MCScanX (Wang 
et al. 2012) to analyse genomic collinearity blocks; finally, use 
the yn00 module in PAML v4.9 (Yang 2007) to calculate the syn-
onymous mutation frequency (Ks), nonsynonymous mutation 
frequency (Ka) and the ratio of nonsynonymous to synonymous 
mutation rates (Ka/Ks) for collinear gene pairs, and use ggplot2 
v2.2.1 to plot the density.

5.11   |   Characterisation of Gene Families in 
Polyketide Production

To identify the gene families relevant to this study, we first col-
lected the corresponding sequence data from publicly acces-
sible databases such as NCBI and UniProt, with a particular 
focus on species known for AQs production. The key enzyme 
gene families studied, along with their respective Pfam IDs, 
are as follows: DAHPS (Pfam ID: PF02656), DHQS (Pfam ID: 
PF01092), SDH (Pfam ID: PF00248), SMK (Pfam ID: PF01764), 
EPSP (Pfam ID: PF01767), CS (Pfam ID: PF01772), ICS (Pfam 
ID: PF02826), PHYLLO (Pfam ID: PF05482), MenE (Pfam ID: 
PF04839), MenB (Pfam ID: PF06145), PKS (Pfam ID: PF02801), 
UGT (Pfam ID: PF00201), CYP450 (Pfam ID: PF00067), MYB 

https://github.com/TransDecoder/TransDecoder
https://github.com/TransDecoder/TransDecoder
https://www.uniprot.org/
ftp://ftp.ncbi.nih.gov/blast/db
ftp://ftp.ncbi.nih.gov/blast/db
http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
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(Pfam ID: PF00249) and MYC (Pfam ID: PF00646). The gene 
families involved in this study were identified through BLASTp 
searches, and the results were further refined using Hidden 
Markov Models (HMMs) specific to the respective gene family 
domains (Eddy  2011). Multiple sequence alignments were per-
formed using Clustal Omega (Sievers et  al.  2011), followed by 
phylogenetic analysis with MEGA X (Kumar et al. 2018) to ex-
plore the evolutionary relationships among the genes. Functional 
domains were characterised using the Pfam (Mistry et al. 2021) 
and SMART (Letunic et al. 2012) databases to classify the genes 
into their respective families. Visualising the gene structures of 
gene family members in TBtools (Chen, Chen, Zhang, et al. 2020) 
using genomic annotation GFF files. Finally, comparative ge-
nomics was employed to assess the evolution of these gene fami-
lies across different species. This comprehensive bioinformatics 
approach provides valuable insights into the diversity of these 
gene families and their potential roles in metabolic pathways.

5.12   |   Subcellular Localization Analyzes

For subcellular localization analysis, key target genes were fused 
with GFP (green fluorescent protein), and recombinant plas-
mids containing the fusion constructs were transformed into 
Agrobacterium tumefaciens GV3101 strain. The transformed 
Agrobacterium was then infiltrated into tobacco leaves using 
the Agrobacterium-mediated transformation method (Yoo 
et al. 2007). Tobacco protoplasts were isolated from fresh leaves 
by enzymatically digesting the cell walls with cellulase and 
macerozyme. The protoplasts were then transformed with plas-
mids encoding the fluorescent protein-tagged target proteins via 
PEG-mediated transformation. After 12–24 h of expression, pro-
toplasts were analysed using confocal laser scanning microscopy 
(CLSM) to observe the localization of the proteins. Fluorescence 
patterns were compared with organelle-specific markers for cy-
toplasm and nuclei. Colocalization was further confirmed by 
co-transfecting protoplasts with plasmids expressing organellar 
markers. Image analysis was performed to quantify the overlap 
of fluorescence signals, enabling precise identification of the 
protein localization in subcellular compartments.

5.13   |   Transient Expression of Four RtPKSIII in R. 
tanguticum

To investigate the function and localization of four RtPKSIII 
genes and their potential impact on AQs biosynthesis in R. tangu-
ticum, recombinant plasmids carrying the RtPKSIII genes fused 
with GFP were constructed and introduced into Agrobacterium 
tumefaciens GV3101. The transformed Agrobacterium was used 
for Agrobacterium-mediated infiltration into R. tanguticum 
leaves. After 48–72 h of expression, the subcellular localization 
of the RtPKSIII-GFP fusion proteins was observed using a Leica 
SP8 confocal microscope, with fluorescence detected at 488 nm 
excitation and 507–532 nm emission. The transient expression 
system also allowed for the analysis of AQs production by eval-
uating the changes in metabolic profiles. Primer sequences for 
constructing the RtPKSIII overexpression vector were detailed 
in Tables S19 and S20.

5.14   |   Stable Transformation of RtUGT Into G. 
inflata Hairy Roots

Stable genetic transformation of RtUGT into G. inflata hairy 
roots was performed to investigate its impact on metabolite 
synthesis. Recombinant plasmids carrying the RtUGT genes 
were constructed and introduced into Agrobacterium tume-
faciens strain K599, followed by co-cultivation with surface-
sterilised G. inflata hypocotyls to induce hairy root formation. 
Transgenic roots were confirmed through molecular analy-
sis, including PCR amplification of the RtUGT and rolB genes 
using gene-specific primers, followed by RT-qPCR to quantify 
gene expression levels. Transgenic roots were cultured in liquid 
MS medium for 4–8 weeks, and metabolite profiling was con-
ducted using HPLC to assess the effect of RtUGT expression on 
AQs biosynthesis. Statistical analysis of metabolite data was 
performed using ANOVA and the Tukey HSD test to compare 
differences in metabolite accumulation between transgenic and 
wild-type roots.
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