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Gentiana straminea Maxim is a traditional Chinese medicinal plant renowned for its rich
array of bioactive compounds, particularly iridoid glycosides. These compounds are
recognized as the main components that exert therapeutic effects against
rheumatism,osteoarthritis,hepatitis, gastritis , and cholecystitis . The study of secondary
metabolites in G.straminea become an exciting area of research, however the genetic
factor sunderlying the production and diversification of secondary metabolites in
G.straminea are still poorly understood, especially the pathway of iridoid biosynthesis. In
the present study, full-length transcriptome-based lllumina sequencing was performed to
identify genes that differentially expressed in five G.straminea tissues, and proteins
catalyzing iridoid biosynthesis was characterized. After sequence clustering and
redundancy removal, a total of 32,776 isoforms were identified in PacBio sequencing, with
an average length of 2589.14bp, an N50 value of 2767bp, and a GC content of 41.43% .
Results of illumina sequencing unveiled that a total of 31,330 genes were found in
common in all the five tissues. KEGG enrichment analysis revealed that the DEGs were
mainly enriched interms related to biosynthesis of secondary metabolites, metabolic
pathways, MAPK signaling pathway, etc. A total of 117 isoforms encoding 19 key enzymes
related to the iridoid synthesis pathway were identified, including two geranyl diphosphate
synthases (GPPS) and four geranylgeranyl diphosphate synthases (GGPPS). A phylogenetic
analysis further classified plant G(G)PPSs into three distinct branches. The profiling of
tissue-specific expression of key genes involved iniridoid synthesis revealed that the RT-
gPCR results demonstrated the consistent trend with the FPKM values of in the root, stem,
leaf, flower, ovary, non-embryoniccalli ( NEC ) and embryoniccalli ( EC ) . Among them,
AACT, IDI, ISPH, and GCPE had the highest expression levels in leaves, while DXS and GPPS
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had the highest expression level sinstems. This work provides the first transcriptomic
analysis of G.straminea , which will be a valuable resource for mechanisms of bioactive
medicinal compound formation and molecular and genomic studies of the species.

Peer] reviewing PDF | (2025:01:112216:0:2:NEW 26 Jan 2025)


rafay.abu
Comment on Text
Spelling correction


Gi
Ye

PeerJ

11
12

13

14

15

16

17

18

19

20

Full-length transcriptome profiling of Gentiana
straminea Maxim provides new insights into iridoid

biosynthesis pathway

Lina Yang!, Tao He?3, Le Wang?, Xiaochun Ning*, Shuai Wang?

' College of Agriculture and Animal Husbandry, Qinghai University, Xi'ning, Qinghai, China
2 School of Ecol-Environmental Engineering, Qinghai University, Xi'ning, Qinghai, China China

3 State Key Laboratory of Plateau Ecology and Agriculture, Qinghai University, Xi'ning,
Qinghai,

4 Xining Center of Natural Resources Comprehensive Survey, China Geological Survey, Xi'ning,
Qinghai, China

Corresponding Author:

Tao He

Street Address, Xi'ning, Qinghai, 810016, China
Email address: hetaoxn@aliyun.com

Le Wang

Street Address, Xi'ning, Qinghai, 810016, China

Email address: wangleghu@163.com

Peer] reviewing PDF | (2025:01:112216:0:2:NEW 26 Jan 2025)


https://peerj.com/about/author-instructions
https://peerj.com/about/author-instructions/#figures
https://peerj.com/about/author-instructions/#figures

PeerJ

22

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

48

49
50
51

Abstract

Gentiana straminea Maxim is a traditional Chinese medicinal plant renowned for its rich
array of bioactive compounds, particularly iridoid glycosides. These compounds are recognized
as the main components that exert therapeutic effects against rheumatism, osteoarthritis,
hepatitis, gastritis, and cholecystitis. The study of secondary metabolites in G. straminea become
an exciting area of research, however the genetic factors underlying the production and
diversification of secondary metabolites in G. straminea are still poorly understood, especially
the pathway of iridoid biosynthesis. In the present study, full-length transcriptome-based
[llumina sequencing was performed to identify genes that differentially expressed in five G.
straminea tissues, and proteins catalyzing iridoid biosynthesis was characterized. After sequence
clustering and redundancy removal, a total of 32,776 isoforms were identified in PacBio
sequencing, with an average length of 2589.14 bp, an N50 value of 2767 bp, and a GC content of
41.43%. Results of illumina sequencing unveiled that a total of 31,330 genes were found in
common in all the five tissues. KEGG enrichment analysis revealed that the DEGs were mainly
enriched in terms related to biosynthesis of secondary metabolites, metabolic pathways, MAPK
signaling pathway, etc. A total of 117 isoforms encoding 19 key enzymes related to the iridoid
synthesis pathway were identified, including two geranyl diphosphate synthases (GPPS) and four
geranylgeranyl diphosphate synthases (GGPPS). A phylogenetic analysis further classified plant
G(G)PPSs into three distinct branches. The profiling of tissue-specific expression of key genes
involved in iridoid synthesis revealed that the RT-qPCR results demonstrated the consistent trend
with the FPKM values of in the root, stem, leaf, flower, ovary, non-embryonic calli (NEC) and
embryonic calli ( EC ). Among them, AACT, IDI, ISPH, and GCPE had the highest expression
levels in leaves, while DXS and GPPS had the highest expression levels in stems. This work
provides the first transcriptomic analysis of G. straminea, which will be a valuable resource for
mechanisms of bioactive medicinal compound formation and molecular and genomic studies of

the species.
Introduction

Gentiana straminea Maxim, which is a member of the Gentianaceae family and termed
“Mahuajiao” in Chinese, is used in traditional Chinese medicine (Ye et al. 2021). 1t is distributed

mainly in Qinghai, Xizang and Sichuan, as well as other regions. G. straminea usually grows in
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alpine meadows, forests, and grassland at altitude of 2000 ~ 4950 m (Jia et al. 2012). Previous
studies have indicated that iridoids from the roots of G. straminea have therapeutic effects
against rheumatism, osteoarthritis, hepatitis, gastritis, and cholecystitis (Zhou et al. 2016). The
main medicinal effects are associated with gentiopicroside, loganic acid, sweroside and
swertiamarin, which are all iridoids compounds (Wei et al. 2012; Wu et al. 2016).
Gentiopicroside, considered the main active compound (Wu et al. 2016), is predominantly
synthesized from iridoids that originate from terpenoid biosynthesis. The annotated metabolites
and identified enzymes suggest that the biosynthesis of iridoids is similar to the synthesis of
vincristine in Catharanthus roseus (Oudin et al. 2007).

As reported in early findings, iridoids are an oxygenated monoterpene compounds that are
composed of two isopentane units, and their synthesis pathway comprises three stages. The first
stage involves synthesis of the precursors isopentyl diphosphate (IPP) and dimethylallyl
diphosphate (DMAPP), which can be formed via the mevalonate pathway (MVA) and the
methylerythritol phosphate pathway (MEP). MV A occurs mainly in the cytoplasm, whereas
MEP occurs mainly in plastids (Zhan et al. 2023). The second stage involves the formation of the
iridoid skeleton, during which IPP and DMAPP are catalytically condensed by geranyl
diphosphate synthases (GPPS) to produce GPP, while geranylgeranyl diphosphate (GGPP) is
generated through a catalytic process mediated by geranylgeranyl diphosphate synthases
(GGPPS) (Eva et al. 2013). Then, GPP and GGPP are used as the raw materials for the synthesis
of different terpenoids (monoterpenes, diterpenes, triterpenes, etc.) through different metabolic
pathways (Sun et al. 2012). The third stage is the synthesis of iridoids from GPP. GPP is
converted to geraniol and by geranyl diphosphate diphosphatase (GES)-mediated catalysis and
hydrolysis (Oudin et al. 2007). The structure of geraniol is then modified via glycosylation,
hydroxylation, methylation, isomerisation and other reactions to form iridoid (Zhao and Wang
2020). Because of their abundant pharmacological properties, iridoids have become a research
hotspot in relevant studies. However, the biosynthesis pathway of iridoid in G. straminea is still
unclear. As a result, analyzing the biosynthesis mechanism has become crucial for effectively
increasing the levels of key medicinal components in G. straminea. It is necessary to acquire the
relevant sequences of the target genes involved in iridoid biosynthesis. As sequencing
technology developed, transcriptome sequencing has gradually been applied to identify

transcripts, discover new genes, and determine which genes are expressed in plants.
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The transcriptome consists of all the RNA transcripts of a species and reflects the functions
of different cells and tissues during a particular period. Advancements in high-throughput RNA
sequencing technologies currently enable the analysis of genes that regulate the synthesis of
secondary metabolites in non-model species. This approach can uncover new genes, potential
metabolic pathways, and associated genetic regulatory mechanisms (Ozsolak and milos 2012).
The third-generation single-molecule real-time sequencing (SMRT) enables sequencing of
transcripts up to 10kb without a reference genome, however, it is limited by high cost per base,
high error rates, and low throughput (Rhoads and Au, 2015). Second-generation sequencing
produces short read lengths, but provides high sequencing accuracy. Due to limitations imposed
by its read length and assembly algorithms, second-generation sequencing cannot accurately
obtain the complete sequence of transcripts, particularly for different transcripts with high
homology. Consequently, the integration of second- and third-generation sequencing techniques
allows for the acquisition of high-quality sequencing results with low error rate. Full-length
transcriptome-based Illumina sequencing has been applied in research involving Coptis deltoidei
(Zhong et al. 2020), Ranunculus japonicus (Xu et al. 2023), Fritillaria hupehensis (Guo et al.
2021), Angelica sinensis (Gao et al. 2021), Torreya grandis(Lou et al. 2019), and Salvia
miltiorrhiza (Xu et al. 2016). In the present study, a combined sequencing strategy was utilized
to identify differentially expressed genes (DEGs) in the roots, stems, leaves, flowers, and ovaries

of G. straminea. Furthermore, genes related to iridoid biosynthesis were characterized.

Materials & Methods

Preparation and collection of samples for transcriptome sequencing and qPCR
analysis

Samples of G. straminea individuals were collected in August 2023 during the flowering
stage from Yushu, Maqin County, Qinghai Province, China (N34°38'380, E100°23'546, altitude
4200 m). Fresh tissues from five types—root, stem, leaves, flower, and ovary—were collected,
washed with sterilized water, wrapped in foil, and then preserved in liquid nitrogen. Tissues of
these five types were further utilized for library construction and SMRT sequencing.
Additionally, for the quantification of gene expression via qPCR, two additional tissue types—
non-embryonic calli (NEC) and embryonic calli (EC)—were included. The generation of EC and
NEC tissues was carried out following the protocol outlined by He Tao et al [21], utilizing leaves

as explants. Three biological replicates were collected for all samples.
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RNA extraction and SMRT sequencing

Samples of G. straminea were used for total RNA extraction on ice, according to the
manufacturer's protocol, with TRIzol reagent (Life Technologies, Karlsbad, California/USA). An
Agilent 2100 Bioanalyzer and agarose gel electrophoresis were used to determine the integrity of
the total RNA. A Nanodrop microspectrophotometer (Waltham, MA, USA; Thermo Fisher) was
used to check the purity and concentration of the RNA. The Clontech SMARTer PCR cDNA
Synthesis Kit was used to reverse transcribe the oligo (dT) magnetic bead-enriched mRNA to
cDNA. PCR cycle optimization was used to determine the optimal number of amplification
cycles for downstream large-scale PCRs. Double-stranded cDNAs were generated with the
optimized cycle number. Additionally, size selection at > 5 kb and equal mixing without size
selection of cDNA were performed with the BluePippin™ Size Selection System. The next step
in the construction of the SMRTbell library was carried out by large-scale PCR. The sequencing
primer was matched with the SMRTbell template by annealing, and then linked to the
polymerase. Sequencing was performed on the PacBio Sequel II platform at Gene Denovo
Biotechnology Co.

The raw sequencing reads from the cDNA library were classified via the Pacific
Biosciences Iso-Seq pipeline, with high-quality CCSs first extracted. Transcript integration was
assessed according to whether the CCS reads contained all 5' primers, the 3' primer and the poly-
A sequences. Full length sequences (FLs) were those that contained all three sequences. After the
removal of primers, barcodes and poly A tails, full-length nonchimeric (FLNC) reads were
obtained. Reads less than 50 bp in length were discarded. The entire isoform was generated by
clustering the FLNC reads. Minimap2 was used for similar FLNC reads, which were then
clustered hierarchically to obtain a consistent sequence. The consistent sequence was then further
corrected via the Quiver algorithm. The high-quality isoforms (prediction accuracy = 0.99) were
used for subsequent analysis.

Library construction and lllumina sequencing

Total RNA was enriched by Oligo(dT) beads to form mRNA, then was fragmented into
short fragments. With random primers, fragments was transcribed into cDNA, then syntheisized
the second-strand cDNA with DNA polymerase I, Rnase H, ANTP and buffer. the obtained
cDNA was purified with QiaQuick PCR extraction kit (Qiagen, Venlo, The Netherlands), end
repaired, poly(A) added, and ligated to Illumina sequencing adapters. The ligated products were
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screened by agarose gel electrophoresis, amplified by PCR, and sequenced by Gente Denovo
Biotechnology Co. (Guangzhou, China ) using Illumina HiSeq™ 4000. High quality clean reads
were obtained by fastp (Version 0.18.0), with removing adapters, containing more than 10% of
unknown nucleotides ( N ) and low quality reads.
Isoform expression and differential expression analysis

Using the full-length transcriptome as the reference, the clean and high quality reads were
mapped using RSEM ( version 1.2.8 ) to determine the isoform expression in five different
tissues of G. straminea. The results were expressed in terms of fragments per kilobase per
million mapped fragments (FPKM). Differential analysis of gene expression in different tissues
was performed by using DESeq?2 software, and genes with false discovery rate (FDR) parameter
below 0.05 and absolute fold change = 2 were considered as differentially expressed genes.
Functional annotation, structure analysis

The sequences of the isoforms were checked against the non-redundant protein (Nr)
database of the NCBI (http://www.ncbi.nlm.nih.gov), the COG/KOG database
(http://www.ncbi.nlm.nih. gov/COG), the Kyoto Encyclopedia of Genes and Genomes (KEGQG)

database (http://www.genome. jp/kegg), and the Swiss-Prot protein database (

http://www.expasy.ch/sprot ) via the BLASTx program (http://www.ncbi.nlm.nih.gov/BLAST/),

with an E value threshold of 1e-, to assess the similarity of the sequences to those of genes from
other species. Gene Ontology (GO) annotation was analyzed using isoforms from the Nr
annotation results by Blast2GO software. The top 20 scoring isoforms and no fewer than 33
high-scoring segment pair hits (HSPs) were selected for the Blast2GO analysis. Isoforms were
functionally classified using WEGO software. TFs were predicted via hmmscan by aligning the
protein coding sequences to the Plant TFdb (http://planttfdb.cbi.pku. edu.cn/). The sequence

annotated to iridoids biosynthesis pathway was submitted to string database ( https://cn.string-

db.org/ ) for protein interaction analysis.
Identification and bioinformatic analysis of G(G)PPSs in G. straminea

For identification of GsG(G)PPSs, local BLAST search was performed using GGPPSs from
Arabidopsis thaliana (Beck et al. 2013) or Chimonanthus praecox (Kamran et al. 2020) as
queries. A threshold of e-value < 10-1° was applied for preliminary screening. After searching,
sequences of putative GsG(G)PPSs were further subjected to CDD
(https://www.ncbi.nlm.nih.gov/cdd/) and InterPro
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(https://www.ebi.ac.uk/interpro/result/InterProScan/) for domain confirmation (Paysan- Lafosse,
2022). Prediction and analysis of the physicochemical properties of the GsG(G)PPS amino acid
sequences were performed via ExXPASy (https://web. expasy.org /protparam/) (4Artimo et al.
2012). Sequences were submitted to SignalP4.1 server for prediction of the signal peptide
(https://services.healthtech. dtu.dk/services/SignalP-4.1/) (Thomas et al, 2011). Subcellular

localization were determined via WoLF PSORT (https://wolfpsort.hgc.jp/), transmembrane
structure were predicted by HMHMMZ2.0 (https://services.healthtech.dtu.dk/services/ TMHMM-
2.0/). In addition, the annotated sequence information was submitted to the MEME website

(http://meme -suit.org), using 6-100 residues as the optimal motif size to search for 10 conserved

motifs and predicted the conserved protein motifs in the sequence (Bailey et al, 2015). Similar to
the GsGGPPS SSU, GsGGPPS, and GsGPPS amino acid sequences were downloaded from
NCBI BLAST (https://blast.ncbi.nlm. nih.gov/Blast.cgi). Protein sequence alignment was

performed via DNAMAN. Protein structure prediction was performed via SWISS-MODEL

(https://swissmodel.expasy. org/).

Phylogentic analysis of G(G)PPS gene family

The GsG(G)PPSs obtained, and G(G)PPSs from other species were incorporated for
phylogenetic analysis. G(G)PPSs in Arabidopsis thaliana and Nicotiana tabacum genomes were
identified through BLAST online by using the ensemble database
(https://asia.ensembl.org/Multi/ Tools/Blast). G(G)PPS homologues from other species available

in the NCBI database were included for phylogenetic analyses of the G(G)PPS family. Details on
all the G(G)PPSs used for phylogenetic analysis were listed in supplemental Table S1.
Phylogenetic inference of G(G)PPSs was conducted using the neighbor-joining method in
MEGA 11.0 software, with a bootstrap test of 1000 replicates (Tamura et al, 2021). The
refinement of the evolutionary tree was completed using the online software Evoview
(https://www.evolgenius.info/evolview/#/).
Expression analysis of key enzymes by real - time quantitative PCR

First-strand cDNA synthesis was performed using a cDNA reverse transcription kit (
PrimeScriptTMII 1st Strand cDNA Synthesis Kit), following the protocol provided. Primers for
RT-gPCR were designed using the OligoArchitect online sever and synthesized by Sangon
Biotech (Shanghai) Co., Ltd. The primers sequence shown in supplementary Table S2, qPCR

was performed using TB Green Premix Ex Taq with a 20puL reaction system, which included
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10uL of TB Green Premix, 0.8uL each of forward and reverse primers (10 uM), 2uL of cDNA,
6.4uL of ddH,0. The reaction procedure consisted of the following steps: pre-denaturation at
94°C for 5 minutes, denaturation at 94°C for 30 seconds, annealing at 53°C for 30 seconds,
extension at 72°C for 30 seconds, followed by 40 cycles. The GAPDH gene was utilized as the
internal reference for relative expression analysis. The quantification of gene expressions was

conducted using three biological replicates. Relative expression was calculated using the Ct (2-

AACt) method, following the approach described by Livak and Schmittgen (Livak and Schmittgen

2001), with root expression serving as the control. The significance analysis of difference tissue

was conducted with means of gene expression by the Duncan test at 5%.
Results

Transcriptome sequencing of G. straminea

Both SMRT and Illumine sequencing were performed for the root, stem, leaf, flower and
ovary tissues of G. straminea. The average amount of raw data generated was 6.5 GB for
second-generation sequencing per sample (Table 1). For PacBio sequencing, a total of 62.47 GB
of raw data was obtained. A total of 23,318,162 subreads were generated from third-generation
sequencing. After self-correction and merging, 499,496 circular consensus sequence (CCS) were
formed, with an average CCS read length of 2789 bp, and the number and length distributions of
the CCS reads and passes are shown in Fig. S1(a)-(b). The full-length nonchimeric sequences
with high-precision CCS reads were identified, and similar FLNC reads were clustered
hierarchically to obtain consensus sequences (Fig. S1(c)). A total of 41,785 high-quality
isoforms (HQs) and 140 low-quality isoforms (LQs) were obtained after further correction. After
removing redundant sequences, the total length of the isoforms was 84,861,577bp, 32,776
isoforms were obtained, and the lengths ranged from 165 to 10169bp, with an average length of
2589.14 bp, an N50 of 2767 bp, and a GC content of 41.43%. The number and length
distribution of the isoforms were shown in Fig. S1(d).
Functional annotation of the full-length transcriptome of G. straminea

The HQ unigenes were annotated via four functional annotation databases NR, Swiss-Prot,
KEGG and KOG. A total of 31,434 (95.9%) unigenes were successfully annotated, while 1342
were unannotated. The highest number of unigenes (31,235; 97.47%) were annotated to Nr

database, followed by the KEGG database and the Swiss-Prot database, in which 30,990
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(94.55%) and 27,622 (84.27%) unigenes, respectively, were annotated. The lowest number of
unigenes were annotated in the KOG database (22,753; 69.42%). Summary, 21,742 common
unigenes (66.34%) were annotated in all four databases (Fig. 1a). These findings were compared
with those for 414 species annotated in the Nr database (top ten shown in Fig. 1b). The species
with the most annotated sequence information was Coffea arabica, with 8,701 (27.86%)
unigenes, followed by Coffea eugenioides, Coffea canephora, and Olea europaea, with 5,318
(17.03%), 3,512 (11.24%), and 1,051 (3.36%) unigenes, respectively.

The KOG analysis identified 22,753 unigenes, which could be classified into 25 categories
(Fig. 2). The largest number of annotated genes were associated with general function prediction
only 4,733 genes (20.80%); followed by 4,146 genes (18.22%) annotated to signal transduction
mechanisms; 2,859 genes (12.57%) annotated to posttranslational modifications, protein
turnover, and chaperones; 1,617 genes (7.11%) annotated to carbohydrate transport and
metabolism; and 1,533 genes (6.74%) annotated to RNA processing and modification. The
lowest number was observed for cell motility (37; 0.16%). In addition, 1,210 (5.30%) genes with
unknown functions were identified.

The unigenes annotated by GO function analysis were associated with 51 GO terms, which
were grouped into 3 categories: cellular component, molecular function, and biological process
(Fig. S2). The top three GO enriched terms in the biological process category were cellular
process, metabolic process, and response to stimulus, with 21,052, 18,417 and 7,559 genes,
respectively. The top three enriched GO terms in the molecular function category were binding
(18,864), catalytic activity (16,549), and transporter activity (3,175). In the cellular component
category, the cellular anatomical entity (16,552) and protein-containing complex (6946) terms
were highly enriched.

In the KEGG database, 30,990 unigenes of G. straminea were annotated and divided into 5
categories and 19 subclasses (shown in Table S3). In the KEGG pathway analysis, 9,485 genes
were annotated. The greatest number of genes (4,647; 48.99%) were annotated to metabolism
pathways, followed by secondary metabolite biosynthesis (2,494; 26.29%), carbon metabolism
(826; 8.71%), and biosynthesis of amino acids (635; 6.69%) (Table S4). Genes annotated to
secondary metabolite biosynthesis pathways may be related to the synthesis of the medicinal
components of G. straminea. In addition to carbon metabolism, the biosynthesis of amino acids

and other metabolic pathways may be related to cellular osmotic regulation and the oxidative
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stress response. These annotated genes provide important sequence information for investigating
the biosynthetic mechanism of the metabolites of G. straminea.

In this study, 708 annotated genes were found to participate in 20 standard KEGG
secondary metabolism pathways in the transcriptome of G. straminea (Table S5), of which 121
genes were annotated to the terpenoid backbone biosynthesis pathway and 67 genes were
enriched in terpenoids (monoterpenoid, diterpenoid, sesquiterpenoid and triterpenoid
biosynthesis) pathways. Second, there were 84 genes involved in phenylpropanoid biosynthesis,
and 41 genes were involved in flavonoids, isoflavonoid, flavone and flavonol biosynthesis. In
addition, 89 genes related to the synthesis of various alkaloids (indole, isoquinoline, tropane,
piperidine, and pyridine alkaloid biosynthesis) were annotated, as shown in Table S5.
Predicting TFs

According to the assembly results, 1,151 genes were annotated to TFs, distributed in 51 TF
families. The largest number of genes belonged to the GRAS family, with 128 genes (11.12%)),
followed by the ARF, C3H, bHLH, and WRKY families, with 92, 70, 66 and 66 genes,
respectively. The least common families were the NF-YB (1), M-type (1), Whirly (1), AP2 (1),
and YABBY (1) families. The ten TF families with the greatest number of genes in G. straminea
were shown in Fig. S3.

DEGs analysis

A total of 32,470 genes were detected, and venn diagram analysis revealed that 31,330
genes were commonly found in the five tissues ( Fig.3b ). In the comparisons of root and stem,
root and leaf, root and flower, root and ovary, a total of 9809, 10503, 13195, 9699 DGEs were
identified, respectively, of which, 6594, 5762, 6572, 5727 DGEs were up-regulated and 3260,
4741, 6623, 3972 DGEs were down-regulated, respectively. In the contrast between leaf and
stem, leaf and flower, leaf and ovary, in sum of 6980, 10475, 10006 DEGs were separately
detected, and 4030, 4707, 5002 DEGs were up-reaulated and 2950, 5768, 5004 DEGs were
down-regulated, individually. A total of 8855, 7021 DEGs were expressioned in the comparison
group of stem vs flower, stem vs ovary, reseparately. Comparing with ovary, in the tissue of
flower, 3456 DEGs were up-regulated, and 2218 DEGs were down-regulated, these was shown
in Fig.3a.

In the comparisons of five different tissue, DGEs genes annotated were mainly enriched in

the metabolic pathways, biosynthesis of secondary metabolites. Secondly, DGEs genes were
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enriched in the pentose and glucuronate interconversions in the group of root-vs-flower and root-
vs-ovaries; carbon metabolism in leaves-vs-stem and flowers-vs-ovaries; amino sugar and
nucleotide sugar metabolism in roots-vs-stem, separately. (Fig.4).
Analysis of iridoid biosynthesis genes in G. straminea

Iridoids compound, which are common secondary metabolite components found in various
medicinal plants, are the main components of G. straminea and have significant biological
activity. By combining these results with previous research results (Ni et al. 2019; Liu et al.
2017), we identified a putative pathway for iridoid biosynthesis and the isoforms involved (Fig.
5). Our results revealed that 117 isoforms encoded 19 key enzymes (Table S6). According to
previous reports, MVD has been identified as an important enzyme in the MV A pathway of
iridoid synthesis, HDR is an important enzyme in the MEP pathway, G(G)PPS is the key enzyme
for the conversion of IPP and DMAPP to GPP or GGPP, and plays an important role in the
formation of geraniol. The expression levels of these key enzymes isoforms in five tissues were
shown with heatmap (Fig. 5), of which, GCPE, STR, ISPE,DXR, ISPH,7-DLS showed relatively
high expression in leaves, other genes showed different expression patterns in different tissues.
Protein-protein interaction ( PPI ) network analysis was performed on the enzymes annotated in
the iridoids biosynthesis pathway. The PPI network contained 19 nodes and 114 edges (Fig. 6),
average node degree was 9.91, average local clustering coefficient was 0.615, PPI enrichment p-
value <1.0e’!6.
Bioinformatics analysis of G(G)PPS

Our results revealed that ten isoforms had GPPS/GGPPS annotations, six of which had open
reading frames (ORFs). Four genes were annotated as GGPPS, while two genes were annotated
as GPPS, among the four GGPPSs, three were categorized as GGPPS small subunits (GGPPS
SSU), and one was classified as a typical GGPPS. The prediction results revealed that the amino
acid length of G(G)PPS (SSU) ranged from 342 to 424 aa, with corresponding molecular weights
in range of 37.47 ~ 46.45 kDa and pl values ranging from 5.81 to 6.48 (Table 1). Four of
GsGGPPS (SSU) possessed nagative GRAVY values ranging from -0.050 to -0.187, Indicating
that these proteins have hydrophilicity. Two of GsGPPS had a positive GRAVY value (0.049,
0.041), suggesting hydrophobicity of them. Six of GsG(G)PPS (SSU) were identified no signal
peptide. Four of GsGGPPS (SSU) were localized in the chloroplast, Two of GsGPPS were

predicated to be mitochondrion. No transmembrane structures were detected in all the G(G)PPS
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proteins on the basis of the TMHMM2.0 predictions (Table 2). Pfam protein structural domain
prediction revealed a distinctive polyprenyl-synt domain shared by all the G(G)PPS proteins
(Fig. S4a b).

G(G)PPS usually contains two highly conserved aspartic acid-rich regions-FRAM and
SARM with the sequences of DD(XX),.,D (D is aspartic acid, and X refers to any amino acid).
The first conserved region FRAM (DDXXXXD) is consistent with the binding site of the
substrate dimethylallyl diphosphate (DMAPP), and the second conserved region SARM
(DDXXD) corresponds to the binding site of the substrate isopentenyl diphosphate (IPP). which
affects the catalytic activity of G(G)PPS. Some G(G)GPPS proteins also have the characteristic
sequence CXXXC (C is cysteine, and X refers to any hydrophobic amino acid) of them structural
domain, which is essential for the interaction of G(G)PPS proteins with other proteins (Beck et
al. 2013). Sequence alignment results revealed that the GsGGPPS SSU sequences were similar
to those of PJGGPPS SSU, AeGGPPS SSU, CaGGPPS SSU, and SiGGPPS SSU2, with identity
values of 81.74%, 81.55%, 81.49% and 81.61%, respectively, according to DNAMAN (Table
S7). The identities of the GsGGPPS sequences were similar to those of CrGGPPS, CaGPPS,
CeGGPPS and GjGGPPS, with values of 74.06%, 72.29%, 72.04% and 71.28%, respectively
(Table S7). The GsGPPS sequences were similar to those of CeSPPS, CaSPPS, CrGPPSI,
CrGPPS2, GsyFPPS, SiSPPS and NaSPPS, with identities of 91.84%, 91.76%, 92%, 91.84%,
91.53%, 90.68%, and 90.75%, respectively (Table S7). GsGGPPS SSU1~GsGGPPS SSU3 were
enriched with one FARM (DD(XX),D) and two CXXXC regions. The GsGGPPS subunit
underwent a change in the second aspartic acid enrichment motif, from D to E, i.e, DDXXE (Fig.
S4a). GsGGPPS was enriched with one FARM region (DD(XX),D), one SARM region each
(DDXXD), and one CXXXC region (Fig. S4a). GsGPPS was enriched with two SARM regions
(DDXXD) (Fig. S4b).

The analysis of the conserved motifs in GsG(G)PPS revealed that all of them contained
conserved motif 1, 2, and 4, with the exception that both GsGGPPS SSU and GsGPPS also
included conserved motif 7. GsGGPPS SSU contained additional conserved motifs 3, 5, and 6,
while GsGPPS included conserved motifs 8, 9, and 10 (Fig. 7). The difference in motif
composition may influence the function of GsG(G)PPSs, leading to changes in catalytic activity,
protein subcellular localization, and other aspects.. The results of the study revealed that the

protein tertiary structure of GsGGPPS SSU1 was highly similar to that of the Mucuna pruriens
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(velvet bean) template (AOA371F419), with a GMQE value of 0.85; GsGGPPS was similar to
that of Handroanthus impetiginosus GGPPS (A0A2G9GV50), with a GMQE value of 0.81; and
GsGPPS1 and GsGPPS2 were similar to those from C. roseus GPPSs (B2MV87), with a GMQE
value of 0.79. GsG(G)PPS mainly contained a-helices, and random coils in the tertiary structure
(Fig. S5).
Phylogentic analysis of G(G)PPSs

Phylogenetic analysis revealed that the G(G)PPSs identified can be categorized into three
distinct branches. Among them, GsGGPPS, together with large subunits of GGPPS (GGPPS
LSUs) and GGPPSs from other species, clustered into group 1. GsGGPPS SSU1 to GsGGPPS
SSU3, along with the small subunits of GGPPS (GGPPS SSUs) from other species, were
grouped into the second branch (group 2). GsGPPSs formed the third branch, together with
GPPS, SPPS, and FPPS from various other species (group 3) (Fig. 8). GsG(G)PPSs were
categorized into three distinct groups based on their sequence and functional divergence.
Expression analysis by real-time quantitative PCR

To further identify the candidate genes involved in the iridoid synthesis pathway, 44CT,
DXS, IDI, MVD, ISPH, GCPE, and GPPS were selected for RT-qPCR analysis. As shown in Fig.
9, the seven genes demonstrated the trend of increased-decreased and increased again in seven
different tissue from RT-qPCR results. Among them, AACT, IDI, ISPH, and GCPE had the
highest expression levels in leaves, while DXS and GPPS had the highest expression levels in
stems. The relative expression quantitation demonstrated the consistent trend with the FPKM
values of DXS, IDI, ISPH, GCPE, and GPPS genes in different tissues. The expression levels of
DXS, IDI, MVD, ISPH, and GPPS in NEC were generally higher than those in EC tissues.
Except for MVD, the expression levels of other six genes showed significant differences in the
seven tissues. Differential expression of these genes may result in varying iridoid content in

different tissues.

Discussion

As a medicinal plant, G. straminea contains various iridoids compound, as the main active
substances, its mainly synthesized through terpenoids. Abundant transcripts annotated to the
synthesis of secondary metabolites, especially terpenoid backbone biosynthesis accounted for

121 genes. Compared with the results obtained for G. straminea via lllumina NGS, and Gentiana
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waltonii and Gentiana robusta via the Illumina Hiseq X Ten platform (Ni et al. 2019), we
obtained more annotation information, which could enrich the gene library of G. straminea,

making it more extensive and complete.

TFs can regulate gene expression by recognizing specific DNA sequences in gene
promoters, which is important for understanding gene expression regulatory mechanisms (Jose et
al. 2016). In plants, the GRAS, bHLH and WRKY families are common TF families, which are
related to hormone metabolism and secondary metabolism. Based on the annotated results, most
of the TFs distributed in the GRAS, ARF, C3H, bHLH, WRKY and FAR1 families. The
SmDELLAT1 protein of the GRAS gene family in Salvia miltiorrhiza was found to be a positive
regulatory factor in total phenolic acid and flavonoid biosynthesis (Li et al. 2024). In addition,
DELLA also participates in the regulation of jasmonic acid (JA) signaling and cell wall
formation (Hou et al. 2010; Wang et al. 2021). bHLH was constitute the second largest class of
TFs in angiosperms, they are ubiquitous in various eukaryotes participates in plant epidermal
differentiation, environmental stress response and secondary metabolism regulation, and are a
key regulators of anthocyanin biosynthesis in a variety of plants (Jaakola et al. 2013). Previous
studies have shown MYB can regulate the terpenoid alkaloids produced (Zhao et al. 2013),
GmbHLH can positived regulated the biosynthesis of loganic acid (Fu et al. 2024). WRKY s are
unique to plants, and the highly conserved N-terminal domains can specifically integrate into the
promoter region of target genes, and then activate the expression of downstream genes (Brand et
al. 2013). For example, AaWRKY 1 isolated from Artemisia carvifolia can integrate into the cis-
acting W-box element in the promoter region of ADS, promoting artemisinin biosynthesis via the
activation of the expression of the key enzyme sesquiterpene synthase (Ma et al. 2009).

Iridoids are present in traditional medicinal plants and regulate various diseases in the
human body. The synthesis of iridoids has been reported in C. roseus (Oudin et al. 2007),
Gentiana rigescens (Zhang et al. 2015), Valeriana jatamansi (Zhao and Wang. 2020), Swertia
mussotii (Liu et al. 2017) and Rehmannia glutinosa (Sun et al. 2012). In our study, 117 isoforms
involved in 19 key enzymes were annotated, which contained different stages of iridoid
synthesis. In S. mussotii, 24 enzyme categories associated with 39 transcripts were identified (Liu
et al. 2023), in Gentiana lhassica, 171 unigenes were annotated as encoding 27 key enzymes
(Heng et al. 2021), and in V. jatamansi Jones, 24 unigenes were identified and classified into 24

enzyme categories associated with three metabolic pathways leading to iridoid biosynthesis
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(Zhao and Wang et al. 2020). In Panax ginseng (Kim et al. 2014) and Ganoderma lucidum (Shi
et al. 2012), overexpressed MVD could significantly increase the accumulation of terpenoids in
plants. The overexpression of HDR gene in Artemisia annua (Ma et al. 2017) and Ginkgo biloba
(Kim et al. 2021) could significantly increase the terpenoids content. In the present study, the
seven genes of AACT, DXS, IDI, MVD, ISPH,GCPE and GPPS demonstrated the same trend
between RT-qPCR results and FPKM values in seven different tissue, and genes associated with
iridoid synthesis were most abundant in stem and leaf tissues. Avanish Rai et al. compared the
expression of GPPS across different tissues (root, stem, leaf, flower, silique) of C. roseus and
discovered that GPPS exhibited the highest expression in the flower, followed by the stem (Rai
et al. 2013). Zhou et al (Zhou et al. 2016) found that GPPS exhibited higher expression levels in
the flowers comparing to root. The genes related to the iridoid synthesis pathway exhibit
differential expression in various tissues of different species.

Some researchers have reported that IPP and DMAPP form GPP under the catalytic action
of GPPS for monoterpene synthesis, whereas under the catalytic effect action of GGPPS, they
form GGPP for diterpene synthesis, triterpene synthesis, etc. (Tholl et al. 2004, Liang et
al.2002). Since both of them act on the same substrate, some scholars have hypothesized that the
IPP flow direction determines the different products (7holl et al. 2004). In the third stage,
geraniol is formed via the action of GES, and then 10-hydroxygeraniol is formed via the catalytic
action of G10H (Liang et al. 2002). The genes encoding G10H in C. roseus (Krithika et al.
2015). and S. mussotii (Wang et al. 2010) have been cloned. Although the G10H gene was not
annotated in our results, cytochrome P450 reductase (CPR, POR, EC1.6.2.4) was annotated; this
enzyme is the partner of G10H, in the catalytic production of 10-hydroxygeraniol from geraniol.
Some scholars have reported that cytochrome P450 monooxygenases (P450s) which constitute
one of the major families of enzymes can catalyze the conversion of geraniol to loganic acid
(Wang et al. 2010, Collu et al. 2001). For example, CYP76B6 from C. roseus (Hofer et al.
2013), and CYP76B10 from S. mussotii (Wang et al. 2010) are considered to have the same
catalytic activity for production of 10-hydroxygeraniol. The catalytic activity of most
cytochrome P450s in eukaryotes depends on their partner in the reduction process, cytochrome
P450 reductase (CPR, POR, EC1.6.2.4). This gene expression profile was similar to that of
G10H, and the genes presented similar kinetics to jasmonic acid induction (Hofer et al. 2013). It

is possible that G10H is a member of the cytochrome P450 monooxygenase family, and almost
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all plant CYP450s relay on the electron cytochrome P450 reductase provided by the oxidation
reduction partner NADPH cytochrome (Durst and Nelson 1995). Peng et al reported that
geraniol was converted to 10-hydroxygeraniol under the catalytic action of cytochrome P450
reductase and G10H in R. glutinosa (Sun et al. 2012). Therefore, the POR annotated in this study
may catalyze geraniol formation.

GPP synthase catalyzed the conversion of DMAPP and IPP to GPP, and it is a member of
the short chain prenyltransferase family. Both FPPS and GGPPS belong to this group, they play
a regulatory role in IPP flux (Durst and Nelson 1995). Our result revealed that the amino acid
sizes, molecular weights and isoelectric points of GsG(G)PPS annotated in this study were
essentially similar to those reported for GGPPS in S. miltiorrhiza (Li et al. 2024), Liriodendron
tulipifera (Zhang et al. 2021) and wintersweet flower (Kamran et al. 2020). The characteristic
conserved motif of GsGGPPS SSU1~GsGGPPS SSU3 was consistent with that of
CpGPPS.SSU2 and CpGPPS.SSU1 reported in wintersweet flower (Kamran et al. 2020). The
GsGGPPS was consistent with the LtuGGPPS2 reported in the Liriodendron tulipifera (Zhang et
al. 2021) and the CpGPPS reported in wintersweet flower plants (Kamran et al. 2020). The
characteristic conserved motif of GsGPPS was similar to other characteristics of homologous
GPPSs (Kamran et al. 2020).

G(G)PPS was shown to exist in both homologous and heterologous forms in the plant
material (Chen et al. 2015), heterodimeric G(G)PPS contained one LSU and one SSU, and the
LSU of the heterodimeric GPPS showed 50%-75% sequence similarity to that of GGPPS and
possessed isopentenyl transferase activity, which catalyzes the production of mainly GGPP, as
well as a small amount of GPP and FPP (Tholl et al. 2004, Kamran et al. 2020). However, the
heterodimeric GPPS SSU shares little sequence similarity to with GGPPS, only 22%-38%, lacks
the DD(XX);_,D motif, and shows no isoprenyl transferase activity (Tholl et al. 2004). Five full-
length GPPS and GGPPS genes were successfully annotated in the wintersweet flower
transcriptome, these genes were classified into three branches by phylogenetic analysis, namely
the SSU representing the heterodimeric GPPS and the homodimeric GPPS and GGPPS (Kamran
et al. 2020).

It has been shown that the LSU of GGPPS can combine with the inactive SSU of GPPS to
form a heterodimer, and then catalyzed the synthesis of monoterpene precursor substances. For

example, homologous and heterologous GPP synthetases have been identified in C. roseus, and
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classified as the LSU of CrGPPS, the SSU of heterologous CrGPPS, and homologous CrGPPS,
the LSU of CrGPPS is bifunctional in the formation of GPP and GGPP, whereas the inactive
SSU of CrGPPS can integrate with CrGPPS LSU, increasing enzyme activity, and result in the
production of only GPP (Rai et al. 2013). It was hypothesized that the inactive SSU of the
heterodimeric CrGPPS interacting with the bifunctional G(G)PPS redirected metabolic flux
towards, and thus acting as an important regulator of monoterpene indole alkaloid biosynthesis
(Zhang et al. 2021). 1t has been shown that the synthesis of monoterpenes in flowers is
dependent on the heterodimeric rather than the homodimeric G(G)PPS in Arabidopsis (Orlova et
al. 2010). In addition, It has been reported that GGPPS is involved in heterodimer formation and
promotes monoterpene synthesis in Antirrhinum majus (Tholl et al. 2004) and C. roseus (Zhang
et al. 2021). In tobacco, Overexpression of AmSSU increased the activity of total GPPS enzymes
in leaves and flowers and promoted monoterpene formation (Orlova et al. 2010). On the basis of
the above analysis, both homodimeric and heterodimeric G(G)PPS are clearly related to the
formation of monoterpenes in different plant species, and the LSU of heterodimeric G(G)PPS
may promote monoterpene formation either by binding to the SSU or by acting as a homodimer
to regulate the flow of IPPs, leading to the formation of different products. However, the reason
for this phenomenon in G. straminea is still unknown, and further studies of related genes in the

future will provide new insights into this process.

Conclusions

Based on the third-sequencing through PacBio, and second-sequencing with the Illumina
HiSeq™ 4000, the full-length transcriptome and the differentially expressed in five G. straminea
tissues was performed in this study. A total of 32,776 full-length transcripts of high-quality
without redundancy were obtained, and 31,434 isoforms were annotated in the NR, KEGG, KOG
and Swiss-Prot databases. [llumina sequencing revealed 31,330 genes common expressed in five
tissues of G. straminea. DEGs were mainly enriched in biosynthesis of secondary metabolites,
metabolic pathways, MAPK signaling pathway, etc from the result of KEGG enrichment. In
summary, 708 genes were classified into 20 KEGG secondary metabolism pathways in the
transcriptome of G. straminea. All genes involved in the biosynthesis of iridoids were screened,
and a total of 117 isoforms were annotated into the iridoid synthesis pathway, resulting in the
identification of key genes encoding 19 enzymes. RT-qPCR results shown that AACT, IDI,
ISPH, and GCPE had the highest expression levels in leaves, while DXS and GPPS had the
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highest expression levels in stems; DXS, IDI, MVD, ISPH, and GPPS exhibited the highest
expression levels in NEC than in EC, RT-qPCR results shown similar trend with the expression
abundance in seven tissue. The polyprenyl-synt domain was highly conserved in both the
identified GsGGPPSs and GsGPPSs. Through phylogenetic analysis, the GsG(G)PPSs annotated
in this study can be classified into three branches. These new results provide valuable
information for further research on functional gene development, and active ingredient

accumulation patterns in G. straminea.
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Figure 1

Figure. 1 Venn diagram and species distribution

(a) Venn diagram showing the number of unigenes annotated to four databases; (b) The top

ten species distribution annotated in theN r database
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Figure 2

Figure . 2 K OG function classification

KOG function classification
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Figure 3

Fig ure . 3 Distribution of the number of DEGs gene expression in different group and
Venn diagram of DEGs genes in different tissue

(a) Up-regulated and down-regulated number distribution of DEGs gene expression in

different group (b) Venn diagram of DEGs genes in different tissue
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Figure 4

Figure.4 KEGG pathway enrichment of DEGs in different groups
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Figure 5

Fig ure . 5 Putative pathways and heatmap of isoforms related to iridoids biosynthesi s
in different tissue

Note: Enzymes labelled in red are annotated in G.staminea , while those labelled in black are
unannotated, The number of isoforms in G.staminea is indicated by the red number on the
bracket. H eatmap was drawn based on the FPKM values of gene expression levels in
different tissues ; R, root; S, stem; L, leaf; F, flower; O, ovary; NEC, non-embryonic calli; EC,
embryonic calli. AACT: Acetyl-CoAC-acetyltransferase; HMGCS: Hydroxymethylglutaryl-
CoAsynthase; HMGCR: Hydroxymethylglutaryl-CoAreductase(NADPH); MVK:
Mevalonatekinase; PMK:Phosphomevalonatekinase; MVD:
Diphosphomevalonatedecarboxylase; IDI: Isopentenyl-diphosphatedelta-isomerase; DXS: 1-
Deoxy-D-xylulose-5-phosphatesynthase; DXR: 1-Deoxy-D-xylulose-5-
phosphatereductoisomerase; ISPD: 2-C-methyl-D-erythritol4-phosphatecytidylyltransferase;
ISPE: 4-Diphosphocytidyl-2-C-methyl-D-erythritolkinase; ISPF: 2-C-methyl-D-erythritol2,4-
cyclodiphosphatesynthase; GCPE: (E)-4-Hydroxy-3-methylbut-2-enyl-diphosphatesynthase;
ISPH: 4-Hydroxy-3-methylbut-2-enlyldiphosphatereductase; GPPS :
Geranyldiphosphatesynthase ; GGPPS: Geranylgeranyldiphosphatesynthase ; GES:
Geranyldiphosphatediphosphatase; POR: CytochromeP450reductase; G10H: Geraniol 10 -
hydroxylase; 10-HG O : 10 -Hydroxygeranioloxidoreductase; ISY1: Iridoidsynthase; 7-DLS: 7-
Deoxyloganeticacidsynthase; 7-DLGT: 7-Deoxyloganeticacidglucosyltransferase; 7-DLH: 7-
Deoxyloganicacidhydroxylase; LAMT: LoganicacidO-methyltransferase; SLS:

Secologaninsynthase; STR: Strictosidinesynthase .
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Figure 6

Figure.6 The interaction network with key enzymes annotated to the iridoids
biosynthesis pathway of G.straminea

Line thickness indicates the strength of data support
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Figure 7

Fig ure. 7 Conserved motif analysis from G(G)PPS of G.straminea
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Figure 8

Fig ure . 8 Phylogenetic tree of G(G)PPS gene family in different species

The abbreviations and sequence ID of G(G)PPS gene family are shown in the table S1. Red

triangles, red circles and red stars indicate d the proteins annotated in this study
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Figure 9

Fig ure . 9 Tissue-specific expression abundance of key genes involved in iridoids
ynthesis .

Note: Bar chart indicated the relative expression levels of genes, line chart indicated the
FPKM values of genes. NEC indicated non-embryonic calli , EC indicated embryonic calli . Bars
represent standard deviation; Different lowercase letters indicating significant differences at

the 0.05 level of probability according to Duncan ' s multiple-rangetest

Peer] reviewing PDF | (2025:01:112216:0:2:NEW 26 Jan 2025)



]
o

Relative abundance

Relative abun

Relative abundance

Relative abundance

2R
o o

o

[
o o

o wm

g [
[
= I
| "

a

]

b
i L]
i [ ]
: " ed
~AN-n
|- S .

w

[ R L T ' B L

isoform_27033(AACT)

g B
10N

Root Stem Leaf FlowerOvary NEC EC

a

isoform_32003(IDI)

c

de

Root Stem Leaf FlowerOvary NEC EC

isoform_26276(ISPH)
a

b
f .
|

Root Stem Leafl FlowerOvary NEC EC
isoform_27756(GPPS)

< d
= N . f

Root Stem Leaf FlowerOvary NEC EC

C d L

Peer] reviewing PDF | (2025:01:112216:0:2:NEW 26 Jan 2025)

Relative abundance

Manuscript to be reviewed

isoform_15050(DXS)

a

Root Stem Leaf FlowerOvary NEC EC

isoform_14975(MVD)

12 4

=
o

o

(5

Relative abundan
oN B o

P RO o

oo

g

s

Root Stem Leaf FlowerOvary NEC EC

isoform 14599(GCPE)
a




PeerJ

Table 1l(on next page)

Table 1 Comparison with reference gene sequence Pure reads obtained in second
generation sequencing

Note:R indicated tissue of root;S indicated stem, L indicated leaf, F indicated flower, O

indicated ovary, the numbers after letters indicated three biological replicates
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1  Table 1 Comparison with reference gene sequence Pure reads obtained in second generation sequencing

Sample CleanData(GB) Total Mapped(%) Unique Mapped(%)
R-1 6.574 76.63 18.14
R-2 6.944 76.75 18.04
R-3 6.449 76.95 18.08
S-1 6.712 73.75 18.86
S-2 5.728 73.86 18.9
S-3 5.835 73.33 19.04
L-1 6.398 76.13 20.3
L-2 5.922 76.74 19.34
L-3 6.232 76.95 19.39
F-1 6.507 71.36 18.76
F-2 6.837 70.92 18.59
F-3 6.406 71.18 18.65
O-1 7.384 72.48 19.04
0-2 6.594 71.91 18.92
0-3 7.001 72.3 18.89

2 Note: R indicated tissue of root; S indicated stem, L indicated leaf, F indicated flower, O indicated ovary, the
3 numbers after letters indicated three biological replicates.
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Table 2(on next page)

Table 2 Physicochemical , s tructural propert ies and subcellular localization of G s
G(G)PPS

MW: molecular weight; pl: isoelectricpoint; SP : Signal peptide cleavage site; SL: Subcellular
localization; GRAVY, grand ave rage of hydropathicity ; TS: T ransmembrane structures , o:

indicates that the proteinis predicted to be out side the membrane
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Table 2 Physicochemical, structural properties and subcellular localization of GsG(G)PPS
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Isoform number Gene name length (aa) MW(kD) pl SpP SL GRAVY TS
Isoform0028091 GsGGPPS SSU1 347 37.90001 5.81 NO chloroplast -0.187 0
Isoform0028274 GsGGPPS SSU2 346 37.81293 5.81 NO chloroplast -0.185 0
Isoform0027670 GsGGPPS SSU3 342 37.474.66 5.81 NO chloroplast -0.180 0
Isoform0030969 GsGGPPS 368 40.01208 6.28 NO chloroplast -0.050 0
Isoform0027756 GsGPPS1 424 46.45244 6.48 NO mitochondrion 0.049 0
Isoform0030732 GsGPPS2 424 46.39234 6.48 NO mitochondrion 0.041 0

MW: molecular weight; pl: isoelectric point; SP: Signal peptide cleavage site; SL: Subcellular localization; GRAVY, grand average of

hydropathicity; TS: Transmembrane structures, o: indicates that the protein is predicted to be outside the membrane.
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