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Summary

Stevia rebaudiana Bertoni is popular source of plant-derived low/no-calorie natural sweeteners
(LNCSs), collectively known as steviol glycosides (SGs). Nevertheless, genetic predisposition for
targeted biosynthesis of SGs is complex due to multi-substrate functionality of key uridine
diphosphate glycosyltransferases (UGTSs). Here, we created a high-quality monoploid assembly of
1.34 Gb with N50 value of 110 Mb, 55 551 predicted protein-coding genes, and ~80%

repetitive regions in Rebaudioside-A (Reb-A) enriched cultivar of S. rebaudiana. Additionally, a
haplotype-based chromosome assembly consisting of haplotype A and haplotype B with an
overall genome size of 2.33Gb was resolved, harbouring 639 634 variants including single
nucleotide polymorphisms (SNPs), indels and structural variants (SVs). Furthermore, a lineage-
specific whole genome duplication analysis revealed that gene families encoding UGTs and
Cytochrome-P450 (CYPs) were tandemly duplicated. Additionally, expression analysis revealed
five tandemly duplicated gene copies of UGT76G1 having significant correlations with Reb-A
content, and identified key residue (leu200val) in the glycosylation of Reb-A. Furthermore,
missense variations identified in the acceptor region of UGT76G1 in haplotype resolve genome,
transcriptional and molecular docking analysis were confirmed with resequencing of 10 diverse
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stevia genotypes (~25X). Gene regulatory network analysis identified key transcription factors
(MYB, bHLH, bZIP and AP2-ERF) as potential regulators of SG biosynthesis. Overall, this study
provides haplotype-resolved chromosome-level genome assembly for genome editing and
enhancing breeding efforts for targeted biosynthesis of SGs in S. rebaudiana.

Introduction

Recent research evidences support that the consumption of
high-calorie sugar-rich diets can lead to several metabolic
disorders, such as type 2 diabetes mellitus (T2DM) and obesity
(Anjana et al., 2023; Johnson et al., 2013). To cater this,
plant-derived fow/no-calorie natural sweeteners (LNCSs) are
gaining global attention due to their low glycaemic effects
(Yang et al., 2019). Stevia rebaudiana Bertoni (2n = 22)
accumulates ent-kaurene diterpenoid glycosides collectively
referred to as steviol glycosides (SGs), and have been commer-
cially exploited as a potential source of plant-derived natural
LNCSs. It was traditionally used by the South American
population, and has been approved globally by various food
and safety regulatory authorities including the US-FDA, and Food
Safety and Standards Authority of India (FSSAI) as an alternative
natural source to sucrose and synthetic sweeteners (Ceunen and
Geuns, 2013). It have been cultivated commercially in Central
America, China, Brazil, Paraguay, Korea, Thailand and India. It
belongs to the tribe Eupatorieae of the Asteraceae family, and
represents the only species within the genus that diverged
to synthesize more than 60 ent-kaurene diterpenoid SGs
(Vallejo and Warner, 2021), including major [Stevioside (Stv),
Rebaudioside-A (Reb-A)], and minor (Reb-C, Reb-E, Reb-D and

Reb-M) (Lee et al., 2019). With 250-400 times sweeter than
sucrose having a lesser bitter aftertaste and more stability
than Stv, Reb-A is among the commercially popular SGs with a
current market share of US$ 50 million, and is estimated to
expand up to US$ 400 million by 2030 (https://www.
reportsanddata.com/report-detail/stevia-market).

The diterpenoid scaffold for SGs biosynthesis is synthesized
using the metabolic flux of plastidial methylerythritol phosphate
(MEP) pathway, which subsequently undergoes several oxida-
tions, hydroxylations and glycosylations by specific cytochrome-
P450 monooxygenase (CYPs) and UDP-glycosyltransferases
(UGTs). The initial steps of SGs and gibberellic acid (GA)
biosynthesis overlap to produce ent-kaurenoic acid as the last
common intermediate, which subsequently utilized by
ent-kaurene hydroxylase (CYP716; KA13H) to generate
ent-13-hydroxy kaurenoic acid (steviol). Subsequent glycosyla-
tions of steviol by four UGTs (UGT74G1, UGT76G1, UGT85C2
and UGT91D2) lead to the formation of a diverse pool of SGs (Liu
et al., 2020b; Singh et al., 2022; Zhang et al., 2021). Wherein,
UGT74G1 catalyses steviol into stevioside (Stv), which subse-
quently glycosylated at C3’ by UGT76G1 to form Reb-A, Reb-D
and Reb-M (Zhang et al., 2019a). Earlier studies indicated that
variations in Reb-A content have been linked to mutations in
UGT76G1 (Zhang et al., 2019a).
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The current high-quality haplotype-resolved chromosome level
genome assembly provides critical information on allelic variations
with evolutionary insights and their meaningful biological impacts
that will add significant value to the collapsed nature of the
genome assembly in S. rebaudiana (Xu et al., 2021). Although
the previous genome assembly has laid the foundations for
genome-scale exploration, the more accurate haplotype-resolved
version of genome assembly created here from the Reb-A
rich-superior cultivar ‘Him Stevia' of S. rebaudiana also exhibited
with high Reb-A/Stv ratio, biomass and better adaptability to
diverse geographical locations (Kumar et al., 2019). This assembly
offers additional advantages for enabling allele-specific gene
expression, which would significantly accelerate molecular
dissection and genetic improvement of desirable traits in stevia.
Furthermore, distribution, classification and functional impact of
long terminal repeats (LTRs) on genome size expansion and gene
expression provided substantial contribution to genome evolu-
tion, gene copy number variations and regulation of SG
biosynthesis. Our analysis revealed that whole genome (WGD)
and tandem (TD) duplication events promoted the synthesis of
sweet diterpenoids in S. rebaudiana. The expanded gene families
were mostly amplified by WGD, tandem, proximal, transposed
and dispersed duplication events in stevia genome. Moreover, we
observed that none of the ancestral chromosome was fully
conserved, instead all its chromosomes evolved through several
kinds of rearrangements during the course of evolution in S.
rebaudiana. Owing to breed elite germplasm with targeted SGs
(Reb-A, Reb-D and Reb-M), comparative genomic analysis
revealed the expansion of CYPs and UGT families governing the
diversification of SGs. The constructed gene regulatory network
(GRN) identified potential transcription factors regulating SG
biosynthesis. Additionally, UGTs with higher substrate specificity
were identified for enhancing the better accumulation of Reb-A.
Therefore, the current phased genome assembly will have greater
implications to provide valuable insights for better understanding
of the genetic regulation of targeted biosynthesis and genetic
improvement of SGs biosynthesis in S. rebaudiana.

Results and discussion
Genome sequencing and assembly

A hybrid sequencing strategy involving Oxford Nanopore
Technology (ONT) long-read and Illumina short-read sequencing
together with high-throughput chromatin conformation capture
(Hi-C) reads was wused to construct a high-quality
haplotype-resolved genome in S. rebaudiana. ONT sequencing
yielded 18.4 million single-molecule long reads with an average
read length of 5.7 kb and genome coverage of 79.61X (Table S1),
while lllumina sequencing resulted in 1052.3 million paired-end
reads with 118.5X genome coverage (Table S2). First, de novo
hybrid assembly of 1.8 Gb was constructed using the ONT
long-reads and lllumina short-reads, which consisted of 13 482
contigs with N50 of 841 Kb (Table S3). Subsequent mapping of
Hi-C reads revealed that out of 256 million reads, 232 million
reads (90.04%) were mapped to the assembled contigs
(Table S6). Hi-C reads alignment, clustering and ordering the
individual contigs and removing redundant sequences, we
anchored them into 11 chromosome-scale pseudomolecules.
These pseudomolecules ranged from 145.2 Mb to 78.5 Mb
(Table S5), collectively accounting for 96.3% of the entire
genome assembly. This S. rebaudiana monoploid genome
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Table 1 Summary of genome assembly of S. rebaudiana

SR-MAV1.0

Assembly features Length

Genome size assembled (bp) 1 346 009 412

Contigs 7063

Largest contig (bp) 145 279 254
GC (%) 36.83

N50 (Mb) 110 204 488
N90 (bp) 78 629 150
LAl score 18.11

Complete BUSCOs (C)
Complete and single-copy BUSCOs (S)
Complete and duplicated BUSCOs (D)

2206 (94.8%)
1750 (75.2%)
456 (19.6%)

Fragmented BUSCOs (F) 23 (1%)
Missing BUSCOs (M) 97 (4.2%)
Total BUSCO group searched 2326
SR-HRv1.0

Haplotype A Haplotype B
Contig assembly size (Gb) 1.1 1.01
Contig N50 (kb) 841 kb 616.85 Kb
N50 (Mb) 124.65 110.32
Total N50 (Mb) 118.93

Total complete BUSCO ratio (%) 2243 (96.1%)

assembly version 1.0 (SR-MAv1.0) resulted in N50 and GC
content of 110.68 Mb and 36.84%, respectively (Table S4;
Figure S2). The estimated genome size (1.35 Gb) is in close
agreement with the flow cytometry inferences (1.33 Gb; Yadav
et al., 2014), and genome survey analysis (~1.33 Gb; k-mer:
117 bp) using lllumina short read data (Figure S1). Similar
approaches were successfully utilized previously to construct
non-redundant contig genome level assembly in Camellia sinensis
(Xia et al., 2020) and Rosa rugosa (Chen et al., 2021). Quality
assessment of the SR-MAv1.0 assembly through read represen-
tation analysis revealed that 98.3% of the short reads mapped
back to the assembly (Table S6). Furthermore, BUSCO’s
completeness assessment revealed that out of 2326 core genes
queried, 2206 genes were captured in our assembly indicating
94.8% of completeness (Table 1). Moreover, conserved eukary-
otic genes (CEGs: 93.95%) and expressed sequence tags (EST:
95%) derived from public databases were successfully mapped
with the current assembly (Table S4). Thus, the present assembly
revealed better statistics in terms of N50 and BUSCO complete-
ness than previous reports (Xu et al., 2021). Moreover, key
attributes including genome assembly completeness and quality
comply with earlier genome assembly of Helianthus annuus
(Badouin et al., 2017), Artemisia annua (Shen et al., 2018) and
Camellia sinensis (Xia et al.,, 2020). Additionally, we also
evaluated the completeness of the repetitive regions through
the estimation of the LTR assembly index (LAl), which showed an
LAl index value of 18.11, similar to those previously reported in
Erianthus fulvus (Kui et al., 2023). Since, LAl index above 12 is
suggested as a threshold to meet the reference quality genomes
(Ou et al, 2018), therefore, assembly attributes suggest a
high-quality genome assembly created in the present study.
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Figure 1 Genome characteristics representing the distribution of genomic features in the haplotype-resolved genome of S. rebaudiana. From outside to
inside; (A) Chromosome number, (B) Copia elements distribution, (C) Gypsy element distribution, (D—F) Gene expression and the links in the centre connect

syntenic gene blocks.

Owing to its heterozygosity (1.2%) represented by lllumina
short reads (Figure S1), and the limitations of collapsed genome
assembly to identify allelic variants having the biological impact,
the chromosome-scale genome was resolved into a
haplotype-based allele-aware assembly, S. rebaudiana haplotype
resolved assembly version 1.0 (SR-HRv1.0). Initially, the ONT long
reads were assembled separately using CANU (Koren et al., 2017)
followed by Pilon corrections (Walker et al., 2014). The CANU
assembly resulted in 41 557 contigs with N50 of 133 Kb. The
contig assembled genome size was 2.1 Gb indicating a 65%
overestimated genome assembly with 87.5% BUSCO score, and
predicted high heterozygous regions in genome assembly.

Furthermore, the collapsed and phased contigs were distin-
guished, which yielded 219 Mb homozygous sequences. Then
the phased contigs along with the augmented set of homozygous
contigs were subjected to haplotype phasing, which generated a
2.3 Gb haplotype-resolved genome assembly (SR-HRv1.0) of 22
pseudo-chromosomes consisting of haplotype A (11 Chr;
N50:124.6 Mb) and haplotype B (11 Chr; N50:110.3 Mb)
(Figure 1; Table 1). A similar strategy to resolve haplotypes using
the integration of ONT long reads, Illumina short reads and Hi-C
chromatin data was adopted in previous studies in Zingiber
officinale genome (Cheng et al., 2021). The syntenic analysis
showed a remarkably consistent gene order in both haplotypes of
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each chromosome. To explore sequence divergence and evolu-
tionary links between haplotype A and B, we rigorously aligned
genome sequences within alignment blocks with no gaps or
indels allowed, which resulted in 98.3% sequence similarity. The
LTR content was also precisely similar in haplotype A (63.80%)
and haplotype B (67.81%) (Table S15). Furthermore, reasonable
collinearity was observed both in haplotype-resolved SR-HRv1.0
and SR-MAv1.0 genome assembly, thereby validating its quality
(Figure 1). The BUSCO quality assessment revealed 96.1% of the
conserved BUSCO genes present in SR-HRv1.0 genome assembly.
Furthermore, 43 449 and 52 582 protein-coding genes were
identified in haplotype A and haplotype B, respectively. These
attributes suggest that SR-HRv1.0 genome assembly has resolved
structural and functional allelic differences. A substantial haplo-
typic variants including SNPs (256 374) and indels (376 678),
having genome-wide distribution across 22 haplotype chromo-
somes were identified. Furthermore, 6582 structural variants
(SVs; = 50 bp) were identified between the two haplotypes with
inversions affecting the larger genome size (242.28 Mb). These
SVs were classified into inversions (341; 127-65 240 826 bp with
a median of 30.4 kb), inverted translocation (1647;109-
134 786 bp with median of 2 kb), translocation (1614; 201—
97 623 bp with a median of 2.1 kb), inverted duplication (2312;
197-81 775 bp with a median of 1.8 kb) and duplications (668;
202-209 544 bp with a median of 1.1 kb) (Table S18). Previous
reports indicated a significant impact of SVs on phenotypic trait
expression (Alonge et al., 2020; Zhou et al., 2019), therefore,
large haplotypic SVs identified in the chromosomal level phased
genome may have potential implications in gene expression and
function analysis in stevia.

Structural and functional annotations

In silco and homology-based approaches predicted approxi-
mately 80% of the repetitive content in the S. rebaudiana
genome. Wherein, LTR-retrotransposons were the largest
repetitive class accounting for 69.55% of the genome including
Ty3-Gypsy (39.18%), Ty1-Copia (13.82%) and repetitive class of
unknown category (16.54%). Other repetitive elements includ-
ing transposon elements (1258), LINEs (3601), SINEs (699),
L3/CR1 (1375) and simple sequence repeats (1 578 062) were
present (Tables S8 and S9). Moreover, 8190 miRNA, 832 tRNA
and 304 rRNA genes were also predicted (Table S7). Addition-
ally, 55 551 protein-coding genes were identified with an
average gene length of 1025 bp using ab-initio, homology-
based and RNA-seq guided approaches. In total, 45 740 (82%)
of the protein-coding genes were assigned functions using NCBI-
NR, UNIPROT, TAIR, PlantTFDB and KEGG databases (Figure S3).
Further, expression analysis of protein-coding genes with trait-
specific RNA-seq data indicated the accuracy of the gene
prediction.

LTR-RT insertion influences genome size expansion and
gene expression

In flowering plants, bursts of repetitive sequences are principally
responsible for genome expansion (Grover and Wendel, 2010).
The representative genome of the Asteraceae family has more
abundance of repetitive elements. The majority of the repetitive
elements in the sunflower genome (59%) are comprised of LTRs
(Badouin et al., 2017), likewise, lettuce also has 74.2% repetitive
regions majorly composed of the Gypsy subfamilies (Reyes-Chin-
Wo et al., 2017). In our study, we discovered ~80% of repetitive
sequences in stevia genome, wherein, LTR transposons account
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for approximately 70%. Furthermore, we found a higher number
of intact LTR-RTs (23 388) than in the previous assembly (Xu
et al., 2021), with intact Ty1-copia (5380) and intact Ty3-gypsy
(14 181). Maximum likelihood (ML) based phylogeny construc-
tion using intact copia and gypsy elements resulted in 14 diverse
lineages (Wicker et al., 2007) (Figure 2a,b). The gypsy elements
were classified into Tekay (29.65%), Retand (10.77%), Athila
(2.7%), CRM (1.4%) and Reina (0.4%) (Figure 2a; Table S10),
while the copia elements were predominantly represented by SIRE
(12.93%), Angela (9.62%), Ale (2.2%), lvana (1.3%) and Bianca
(1%) (Figure 2b; Table S10). Similar results were also reported,
wherein, the Tat family was the major contributor to the genome
expansion in Camellia sinensis (Zhang et al., 2020). Evaluation of
the insertion time revealed that 89.79% of the intact LTR
insertion events in the stevia genome occurred recently about
<1 million years ago (MYA) (Figure 2a,b). These findings suggest
that the recent insertion of LTR-RT was the primary force behind
stevia genome expansion. Interestingly, we found an abundance
of the non-autonomous LTR-RT elements lacking entire Gag or
Pol domains that are responsible for the transposition process.
The 5772 non-autonomous LTR transposons were further divided
into three groups corresponding to the Ty3-gypsy and Ty1-copia
subfamilies. Group | retained 2832 copies with at least one
domain present, group Il had 2203 copies with only the Gag
domain and group lll contained 737 non-autonomous copies that
lack both Gag and Pol domains (Figure 2d; Table S11). These
observations suggest that the recent upsurge in non-autonomous
LTR-RT through the utilization of transposing machinery of the
autonomous retrotransposons might compromise their efficiency
(Zhang and Gao, 2017).

Based on our findings, repetitive sequence proliferation is not
only responsible for the plant genome size expansion but also for
the functional diversification of duplicated paralogous genes in
plants (Bennetzen, 2005). We observed that 6.3% of intact LTR-
RTs were identified within the gene bodies, and significantly
extended their average intron length compared to Oryzae sativa,
Arabidopsis thaliana and Zea mays (Goff et al., 2002; Kaul
et al., 2000). To examine the functional impact of these
transposable element insertions, evaluating duplicated gene pairs
across the stevia genome observed 105 pairs affected by LTR
insertions with one copy having insertion, and another copy
without insertion. The expression pattern of these duplicated
gene pairs was evaluated using RNA-seq data of two contrasting
stevia genotypes, which revealed significant differences in
expression between the gene copies with LTR insertion and
without LTR insertion (FDR-adjusted P-value cutoff >0.05;
Figure 2c). These results suggest that repeat elements have the
potential to affect gene expression. Furthermore, we screened 2
Kb upstream region for each gene for the presence of LTR
insertion and found that ~11% of the protein-coding genes
acquired LTR-RTs within this cis-region. Based on the expression
values of the genes, we used the 20% upper (high expression)
and lower (low expression) genes as the two contrasting gene
sets. Screening of these data sets for gene duplication revealed 53
gene pairs in the higher expression dataset and 9 gene pairs in the
lower expression dataset having LTR insertion in one gene copy of
the pair. Further, examining the influence of the LTR insertion on
expression showed higher TPM values in the gene copies with LTR
insertion, and lower TPM values in gene copies without
LTR insertion suggesting that LTR insertion within the cis region
might generate novel or modify the existing transcription factor
binding sites. Functional annotation of these genes showed their
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Figure 2 LTR elements classification, insertion and influence on expression divergence. (a) Lineage wise classification and insertion time of Copia
elements, (b) Lineage wise classification and insertion time of Gypsy elements, (c) Box plot representing TE insertion affecting the expression of paralogous
gene copies with (P < 0.05; paired t-test), (d) Non-autonomous LTR elements abundance in S. rebaudiana genome.

involvement in abiotic stress. Previous studies supported that
natural selection favoured the existence of short-length introns in
genes with high expression to reduce transcription costs (Castillo-
Davis et al., 2002), also gene expression was greatly affected
because of higher DNA methylation rate in nearby TE-inserted
genes (Hollister and Gaut, 2009).

Stevia genome evolution

We investigated the evolution of the genome by characterizing
unique and shared gene families. The 55 551 protein-coding
genes were assigned to 36 549 gene families in S. rebaudiana. Of
these, 16 080 gene families were shared among the Asteraceae
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of UGT76G1 with Reb-A.

species, while 1928 gene families were unique to the S.
rebaudiana. Gene family expansion and contraction analysis
revealed expanded (4952) and contracted (4179) gene families in
S. rebaudiana (Figure 3a). GO functional enrichment of these
gene families recorded significant abundance in GO functional
categories associated with terpenoid biosynthesis (GO:0016114,
FDR: 0.02), UDP-glycosyltransferase activity (GO:0008194, FDR:
0.0003), carbohydrate metabolism (GO:0005975, FDR:0.045),
photosynthesis and chlorophyll metabolism (GO:0015979, FDR:
0.000; GO:001599, FDR: 0.0001) and biotic and abiotic stress,

particularly in disease resistance (GO:0006952, FDR: 0.0007)
(Table S12). Gene duplications were known as major driving
forces in plant evolution that resulted in novel genes with
potential sub-functionalization and neo-functionalization. The
lineage-specific WGD event produced 47 698 duplicated genes
with abundance of dispersed (40 224), WGD (4931), transposed
(4980), proximal (4667) and tandem (1836) duplications in S.
rebaudiana. Further, GO enrichment analysis of duplicate genes
within the expanded gene families resulted in abundance of
terpenoid metabolism pathways by tandem duplication events.
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Whereas, the expansions of carbohydrate metabolism, growth
and development and response towards stress-related (abiotic &
biotic) gene families mainly by proximal, transposed, dispersed
and WGD events in S. rebaudiana. Among these terpenoid
metabolism pathways serve as the major backbone of SGs
metabolism. Thus, to gain deeper understanding of the contri-
bution of duplicated genes in SGs biosynthesis, we identified the
copy number of the Terpene synthase (TPS) gene family. Overall,
we identified 118 TPS genes, greater than the previously reported
in the S. rebaudiana genome. Therefore, duplication events
(tandem, WGD, transposed and dispersed duplicates) might have
significant impacts on the increase of TPS gene copy numbers
that serve as the backbone for the biosynthesis of SGs.

To construct phylogeny, 128 single-copy gene families among
the 8 Asteraceae species were used, keeping Vitis vinifera as an
outgroup. We observed a close phylogenetic relationship of S.
rebaudiana with Mikania micrantha and Helianthus annuus. The
estimated divergence time of S. rebaudiana from M. micrantha
and H. annuus was found to be around 22.7 MYA, whereas, S.
rebaudiana and Cynara cardunculus diverged from their most
common ancestor around 27.2 MYA. The divergence of S.
rebaudiana and Lactuca sativa was 31 MYA (Figure 3a). The WGD
events have an important role in shaping plant evolution. We
evaluated the fourfold degenerate site transversion (4dTv)
between the paralogus gene pairs of S. rebaudiana (Figure 3c).
Our analysis revealed two consecutive evolutionary events during
the course of S. rebaudiana genome evolution. A whole genome
triplication (WGT) event shared with the Asteraceae family was
observed, corroborated with the earlier reported genome.
Moreover, a lineage-specific WGD event shared with H. annuus
was identified at around 0.35-0.40 4dTv distance (~29 MYA)
(Figure 3c). Thus, this analysis showed that stevia experienced
WGT event and one WGD event shared with H. annuus and M.
micrantha.

Chromosome rearrangements in S. rebaudiana were also
investigated using ancestral eudicot karyotype (AEK) genes
approach with seven proto chromosomes (Murat et al., 2017).
We identified orthologous genes between the S. rebaudiana and
grape, coffee and sunflower, as well as paralogous genes within
the genome of S. rebaudiana, coffee and sunflower. Based on the
AEK genome, we identified paralogous genes in V. vinifera (8784,
25.9%), A. annua (8015; 34.3%), L. sativa (7399; 31.6%), C.
cardunculus (9236; 39.5%), H. annuus (4130; 17.6%) and S.
rebaudiana (6856; 29.3%). A total of 126 chromosomal fusions
and 11 chromosomal fissions occurred to generate the 11
modern chromosomes during S. rebaudiana genome evolution.
The Chr2, Chr4, Chr5 Chr6, Chr8 and Chr10 chromosomes of S.
rebaudiana showed a higher proportion of ancestral chromo-
somes, hence considered as less evolved; whereas Chr7 and Chr9
showed a lesser proportion of ancestral chromosomes, therefore
represent the more advanced chromosomes of S. rebaudiana
(Figure 3b).

Characterization of gene families involved in SG
biosynthesis pathway

SGs have been biosynthesized from the tetracyclic diterpene
steviol backbone, whereas, the precursors of steviol are
synthesized from the MEP pathway consisting of a series of
enzymes. RNA-seq analysis identified the expression of the MEP
pathway genes in the leaf tissues. Overall, 26 genes encoding 7
enzymes in the MEP pathway were identified, including 3 gene
copies each encoding isopentenyl diphosphate isomerase (IDI),

farnesyl diphosphate synthase (FPPS) and 1-Deoxy-D-xylulose 5-
phosphate reductoisomerase (DXR), 9 genes copies encoding
geranylgeranyl pyrophosphate synthase (GGPPS), 1 gene 4-
hydroxy-3-methylbut-2-enyl diphosphate (HDS), 4 gene copies
of 4-hydroxy-3-methylbut-2-enyl diphosphate reductase (HDR),
single gene of ent-kaurene oxidase (KO) and 2 gene copies of
ent-kaurenoic acid oxidase (KAO). Among the important metab-
olites, ent-kauronic acid has played a pivotal role in SG
biosynthesis. CYP P450 catalyses the ent-kauronic acid to
generate the first generation of SGs (steviol), followed by
glycosylations of steviol backbone by different UGTs leads to
the formation of a variety of SGs including Stv and rebaudiosides.
Therefore, characterization of CYP P450 and UGTs is important to
get insights of SGs biosynthesis in S. rebaudiana (Figure 4a).
Owing to the lack of precise knowledge, classification of these
gene families into different phylogenetic clades identified key
candidates involved in the SGs biosynthesis. The genome-wide
identification revealed 278 putative CYP P450 gene copies
(Figure 4d; Table S13). Further, classification identified 31 families
segregating into five major clans (CYP72, CYP85, CYP97, CYP86
and CYP71) suggesting a high diversity in CYP P450 genes.
Among these, CYP716 (OG0001040: 27 gene copies), CYP71
(OG0000122: 145 gene copies) and CYP89 (O0G0006829: 45
gene copies) were the largest gene families in S. rebaudiana. The
gene family copy numbers were tandemly duplicated and
expanded, wherein, CYP716 consisted of 8 tandemly duplicated
gene copies covering approximately 20Kb of genomic region
(Figure 4c¢) is an important enzyme significantly involved in SG
diversification (Singh et al., 2017). Interestingly, five gene copies
of CYP716 exhibited with differential expression in contrasting
stevia genotypes (Figure 4a). UGT-mediated glycosylations
resulted in the diversification of SGs biosynthesis, therefore,
identification of the substrate-specific core UGTs would have
significant implications. Our analysis revealed abundance of 436
putative gene copies of the UGT gene family (higher than the
previous genome) suggesting a greater expansion including
UGT85C2 (29), UGT74G1 (20) and UGT76G1 (35) in the ‘Him
Stevia’ genome (Figure 4e; Table S14). Among these, UGT76G1
catalyses the glycosylations of Stv into rebaudioside (Reb-A, Reb-
D and Reb-M) (Xue et al., 2018). The tandem gene duplication
has been significantly linked to the biosynthesis of key
metabolites (Xu et al., 2020b), nevertheless, hindered due to
the non-availability of accurate genome assembly and expression
guantification. Therefore, expression analysis of tandemly clus-
tered 5 UGT76G1 gene copies on chromosome 8 covering
~9.4 kb of genomic region (Figure 4c) exhibited higher expression
in ‘Him Stevia’ (high Reb-A content) compared to ‘CSIR-IHBT-ST-
04' (low Reb-A content) suggests fundamental and translational
implications in SGs biosynthesis (Figure 4a). Further, expression
analysis revealed a positive correlation (= 0.87, P-
value = < 0.001) of Reb-A content, wherein, a weak/ negative
correlation with the Stv content (2 = —0.20, P-value = < 0.001)
(Figure 4b). Based on the significantly higher correlation between
UGT76G1 copy number and Reb-A content, these UGT76G1
gene copies might be an optimal genetic marker having
implications in selective breeding in stevia.

Identification of potential transcription factors involved
in SGs biosynthesis

The regulation of secondary metabolite biosynthesis depends on
the crosstalk between DNA-linked mechanisms and transcription
factors (TFs) (Liu et al., 1999). Therefore, gene regulatory network
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Figure 4 Steviol glycoside pathway and characterization of CYPs and UGTs. (a) Steviol glycoside biosynthesis pathway representing MEP backbone
diverging into SG pathway and heatmap illustrating expression pattern of key genes in SGs pathway detected in RNA-seq data, (b) Significant correlations
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family in S. rebaudiana.
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(GRN) was successfully constructed using genome-wide abun-
dance of 2089 TFs belonging to 58 families, and 457 multi-copy SG
biosynthesis pathway-related genes. The constructed GRN pre-
dicted 2187 valid interactions with abundance of MYB (5.21%),
WRKY (4.98%), MYB-related (4.80%), C2C2-Dof (4.80%), C2H2
(4.80%), C3H (4.75%), HB-HD-ZIP (4.75%), NF-YB (4.61%),
Trihelix (4.29%), AP2/ERF (4.29%), HSF (4.25%), bZIP (4.06%),
bHLH (3.93%), C2C2-GATA (3.65%), C2C2-CO-like (3.10%), Tify
(2.92%), B3-ARF (2.78%), S1Fa-like (2.78%), B3 (2.60%) and NF-
YA (2.60%). The number of interactions for each TF ranged from
15 to 114, with a median degree of 61. In total, 26 TFs were
identified as hub genes in the GRN (Table S24; Figure 6). We
identified five gene copies of CYP716, a key enzyme of SGs
diversification, that had valid interactions with 14 TFs including B3,
AP2/ERF, B3-ARF, bHLH, bzIP, C2C2-CO-like, C2C2-Dof, C2C2-
GATA, C2H2, C3H, DBB, HB-HD-ZIP, HSF, MYB, MYB-related, NF-
YA, NF-YB, S1Fa-like, Tify and Trihelix. Further analysis of the
promoter sequences of CYP716 gene copies identified binding sites
for three gene copies (g54980, g54978 and g54984) with specific
recognition sequences for the MYB (MYB-recognition sequence,
MYC), bHLH (G-box) and WRKY (W-box) TFs. Similarly, 14 gene
copies of UGT85C2 exhibited significant interactions with TFs
including AP2/ERF, B3, bHLH, bZIP, C2C2-CO-like, C2C2-Dof,
C2C2-GATA, C2H2, C3H, DBB, GRAS, HB-HD-ZIP, HSF, LIM, LOB,
MYB, MYB-related, NF-YA, NF-YB, S1Fa-like, Tify, Trihelix and
WRKY. Of these, eight gene copies (g49532, g49535, g61244,
g83181, 988057, 993783, g93784 and g93795) harboured
transcription factor binding sites in their promoter regions, notably
for MYB, WRKY and bHLH. Likewise, three gene copies of
UGT74G1 significantly interacted with AP2/ERF, B3-ARF, bHLH,
bZIP, C2C2-CO-like, C2C2-Dof, C2C2-GATA, C2H2, C3H, DBB,
HB-HD-ZIP, HSF, MYB, MYB-related, NF-YA, NF-YB and S1Fa-like.
Wherein, two UGT74G1 gene copies (982558 and g44153) had
binding sites for MYB and bZIP. Also, 14 gene copies of UGT76G1
exhibited significant interactions with AP2/ERF, B3, bHLH, C2C2-
CO-like, C2C2-Dof, C2C2-GATA, C2H2, C3H, HB-HD-ZIP, HSF,
MYB, MYB-related, WRKY, S1Fa-like, Trihelix, NF-YB, B3-ARF, bZIP,
GRAS, Tify, DBB, LIM, NF-YA, OFP and TUB TFs. Interestingly, seven
gene copies of UGT76G1 (g67218, g66505, g66507, g66518,
g66519, g67219 and g61244) having binding sites for MYB (MYB,
MBS and MRE), WRKY (W-box), bZIP (AS-1) and bHLH (G-box) TFs.
Additionally, three UGTs (UGT91D1, UGT73E1 and UGT88B1)
were also found to be interacting with major transcription factors
that might have implications in SG biosynthesis (Figure 6;
Figure S9). Considering the important role of WRKY in SGs
regulation (Wang et al., 2021), GRNs predicted here have a greater
role in the regulation of the biosynthesis of SGs.

gRT-PCR validations

To complement genome level inferences, the relative expression of
15 key pathway genes (MEP backbone, SGs pathway and TFs) were
analysed in the 10 diverse random genotypes with contrasting
levels of SGs (high Reb-A content: 5 nos; low Reb-A; 5 Nos;
Table S21). Key MEP backbone genes including DXR, GGPPS and
KO displayed significantly higher expression in cultivars with high
Reb-A compared to those with low Reb-A content (Figure S7a).
Likewise, four copies of the UGT76G1 gene UGT76G1.13
(g66507), UGT76G1.15 (g66505), UGT76G1.17 (g66518),
UGT76G1.18 (g66515) and UGT85C2 (g88064) exhibited notably
higher expression in the cultivars having ability to accumulate high
Reb-A (Figure S7b). Similarly, key transcription factors (MYB102,
MYB73 and BHLH) were also found to be highly expressed in

cultivars with high Reb-A content (Figure S7¢). The gRT validation
approaches were successfully applied in previous studies in
S. rebaudiana (Chen et al., 2014; Pal et al., 2023) and secondary
metabolites enriched Angelica glauca (Devi et al., 2022).

Genetic variations influencing the biosynthesis of SGs

The genetic variations can impact the expression of nearby or
overlapping genes through multiple mechanisms including mod-
ification of the gene’s sequence, and copy number, as well as
altering the composition or positioning of cis-regulatory sequences.
The UGT76G1 utilizes Stv as substrate for glycosylation to form
Reb-A, and then performs a series of glycosylations on Reb-A to
form other rebaudiosides (Reb-D, Reb-M). Previous reports also
suggested that UGTs are not specific to a substrate, but rather
regioselective or regiospecific, allowing a single UGT to perform
glycosylations to generate multiple glycosides (Hansen et al., 2003;
Osmani et al., 2009; Liu et al., 2020a). Thus, investigation of the
ability of UGT76G1 to carry-out multiple glycosylations is the major
concern to improve SG biosynthesis. In this study, we evaluated the
possible structural variations associated with SG biosynthesis
pathway genes using transcriptome data of 13 cultivars with
inherent ability of varying SGs accumulation. Overall, 11 727
genomic variations were ascertained in 457 gene copies including
210 gene copies related to the SG biosynthesis pathway.
Furthermore, 363 missense variants were identified in 40 gene
copies corresponding to MEP backbone, CYPs and UGTs having
functional impact. Further, expression analysis revealed 37
differentially expressed UGTs gene copies, with 22 harbouring
193 missense variations, possibly impacting glycosylation reactions
in SG biosynthesis. Subsequently, 4 missense variations (Phe46Leu,
Ala86Ser, Leu200Val and Asn385Thr) were identified within the
sequence encoding acceptor region of UGT76G1. The protein
homology modelling combined with molecular docking is an
effective approach to unveil the catalytic mechanisms and identify
key amino residues (Xue et al., 2018). Evaluating the effect of these
missense variations on the binding energy of Stv and Reb-A as
substrates with UGT76G1 revealed their influence on SGs
biosynthesis. For instance, the UGT76G1 variant with Leu at
position 200 in the acceptor site resulted in a lower binding energy
(=11.6 kcal/mol) compared to Val200 (—10.9 kcal/mol) when
Reb-Awas the ligand (Figure 3d). Conversely, with Stvas the ligand,
the binding energy for Leu200 was (—8.6 kcal/mol) and for Val200
(—9.9 kcal/mol). Additionally, the Phe46Leu variant of UGT76G 1
exhibited a lower binding energy of —10.4 kcal/mol with Stv as the
ligand, compared to —9.9 kcal/mol with Reb-A. This pattern was
also observed for the Ala86Ser and Asn385Thr variants of
UGT76G1, which showed lower binding energy for Stv compared
to Reb-A (Table S26). Since low and negative binding energy
favours higher binding affinity between the protein-ligand complex
and a stable conformation (Pantsar and Poso, 2018), the Leu200Val
variant of UGT76G1 may be more favourable for the conversion of
Reb-A into Reb-D/M. Similarly, genomic variations that favour Stv
binding (Phe46lLeu, Ala86Ser and Asn385Thr) may facilitate a
relatively higher conversion of Stv into Reb-A. Thus, the key
mutations identified in this study enabled us to better understand
the glycosylation mechanism of UGT76G1.

Additionally, we generated resequencing data for 10 diverse
stevia genotypes (~ 25X coverage) with variable levels of Reb-A.
This yielded 332.6 Gb of high-quality sequencing data with a
96.85% average mapping rate to the ‘Him Stevia’ genome
(Table S22). Subsequently, this resequencing data was used for
identifying genome-wide high-quality variants. This resulted in
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the identification of 1 346 294 SNPs and 115 220 InDels (44 689
insertions; 70 531 deletions) with SNPs having high (14 476), low
(80 999) and moderate (92 197) impact on predicted gene
functions (Table S23; Figure S8a,b). Furthermore, evaluating the
impact on the protein sequence resulted in missense (90 351),
nonsense (3832) and silent (77 143) mutations (Figure S8c).
Missense variations (Phe46leu, Ala86Ser, leu200Val and
Asn385Thr) identified in the acceptor region of UGT76G1 gene
copies through haplotype resolved genome, transcriptional and
molecular docking analysis are well complemented by resequen-
cing data. Together, these observations shed light on the multi-
substrate complexity of UGT76G1, which will assist upscaling the
biosynthesis of desirable glycosides and genetic improvement
of SGs.

Additionally, evaluation of allele-specific expression of 21 477
allelic genes (haplotypes A and B) identified 1418 allelic gene
pairs exhibited with differential expression (FC threshold: > 2; P-
adjusted cutoff: 0.05) (Figure 5a-c; Figure S4; Table S16).
Functional enrichment revealed response to ethylene
(G0:0009723), chlorophyll metabolic process (GO:0015994),
porphyrin-containing compound biosynthesis (G0O:0006779),
response to absence of light (GO:0009646), terpenoid metabolic
process (GO:0006721), glucan metabolic process (GO:0044042),
starch metabolic process  (G0:0005982), translation
(G0O:0006412), peptide metabolic process (GO:0006518), nitro-
gen compound metabolic process (GO:0006807), developmental
process (GO:0032502) and protein  metabolic  process
(GO:0019538) were significantly enriched at an FDR cutoff value
of 0.05 (Table S20). Moreover, 117 genes with allele-biased
expression were recorded with differences in TE insertion in their
upstream flanking regions (2 kb) (Table S19). A deeper investi-
gation of allele-specific expression analysis revealed an important
chlorophyll metabolism gene (LHCB3) having a unique TF binding

site in the cis region. Likewise, the insertion of LTR transposons
(copia type) into the cis region has an impact on expression in
haplotype A possibly responsible for biased expression
in haplotype B (Figure S6). Therefore, results suggest that
different factors including the variations in TF binding sites, and
TE insertions and sequence mutations might be involved in the
biased expression of at least these genes. TEs may disturb gene
expression and promote sub-functionalization (Biémont and
Vieira, 2006). TEs in close vicinity of genes are less likely to be
removed when purifying selection is relaxed. These silent TEs may
get activated under certain environmental cues to affect gene
expression (Hirsch and Springer, 2017). Among the allelic pairs
exhibited with differential expression in haplotypes A and B, six
genes corresponded to UGT85C1 (5 gene copies) and UGT76G1
(single gene) suggesting haplotype-controlled SG biosynthesis in
‘Him Stevia’. Structural analysis of UGT85C1 revealed a large
deletion segment in haplotype B (Figure S5), which might be
responsible for biases expression between haplotypes A and B.
Similarly, multiple deletions UGT76G1 in haplotype B resulted in
expression biases in both the haplotypes (Table S16). Further,
genotypic level differential expression analysis of six UGT genes
between 'Him Stevia’ and 'CSIR-IHBT-ST-04" revealed significantly
upregulated expression of UGT76G1 (FC: 4) with haplotype A
allele in ‘Him Stevia’. These results suggest that the haplotype
A biased allele of UGT76G1 possibly controls the higher
accumulation of Reb-A in ‘Him Stevia’ (Table S16).

In summary, our study provides critical information that
enriches limited genetic resources, and will contribute signif-
icantly to explicit complexity of SG pathways in stevia, a
remarkable source of plant-derived LNCSs, worldwide. The
evolutionary analysis and gene family characterization including
expansion and tandem duplication of CYPs and UGTs can assist
higher accumulations of SGs, to meet growing industrial demand.
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Additionally, haplotype resolved genome assembly will provide
valuable insights and comprehensive evaluation of allele-specific
gene expression for dissecting desirable traits for breeding
superior stevia genotypes. This high-quality reference genome
could offer unprecedented genomic resources for fundamental
and translational research in S. rebaudiana.

Experimental procedures
Plant material

Fresh leaves of Reb-A rich superior cultivar "Him Stevia’ (CSIR-IHBT-
ST-01; National ID: 1C0613966; Registration No. INGR15018,
Registering Agency: Plant Germplasm Registration Committee
(PGRCQ), Indian Council of Agricultural Research (ICAR), Govt. of
India) of S. rebaudiana developed by CSIR-Institute of Himalayan
Bioresource Technology (CSIR IHBT), Palampur (Himachal Pradesh),
India (20.5937°N, 78.9629°E) were selected for whole genome
sequencing (Kumar et al., 2019). Furthermore, 10 diverse cultivars
exhibited contrasting accumulation of Reb-A existing at CSIR IHBT
were selected for resequencing. The high molecular weight
genomic DNA was extracted using the CTAB method (Cota-
Sanchez et al., 2006), and the quality and quantity of genomic DNA
was ascertained using QubitTM.

Sequencing and assembly

The long-read genomic library for Oxford Nanopore Technology
(ONT) sequencing was prepared using the ONT 1D ligation
sequencing kit (SQK-LSK109) following three steps with

subsequent DNA quantification at the end of each step. Overall,
2.0 ug of high-quality genomic DNA was used for library
preparation using NEBNext FFPE Repair Mix (NEB cat no.
M6630) and NEBNext Ultra Il End-Repair/dA-tailing Module
(NEB cat no. E7546). The subsequent adaptor ligation of purified
DNA was carried out using adapter mix 1D in an SQK-LSK109 kit
following NEBNext Quick Ligation Module Protocol (E6056). The
AMPure XP beads were successively used for clean-up during ONT
library preparation. The library prepared was further sequenced
on PromethlON flow cell (FLO-PRO001) followed by fusing
protein pore R9.4 1D chemistry for 48 h as directed by the
manufacturer. The base calling of FASTS files was performed
using ONT MinKNOW software (ver. 1.18.1) with default
parameters. Then the Fastq files generated by the base-calling
process were further combined into a single file and trimmed
using Porechop (ver. 0.2.3). The lllumina paired-end short-read
libraries were used for genome sequencing of ‘Him Stevia’ and
resequencing of 10 diverse cultivars using the Illumina novaseq
6000 platforms with an insert size of 300 bp. Additionally, 256
million high throughput chromosome conformation capture (Hi-
C) reads of S. rebaudiana (Xu et al.,, 2021) were used for
pseudomolecule construction. Total RNA was extracted from leaf
samples for transcriptome sequencing of ‘Him Stevia’ and diverse
random stevia cultivars using the iRIS protocol (Ghawana
et al., 2011). RNA quantification and RNA 1Q (integrity and
quality) were analysed using the QubitTM RNA IQ Assay protocol
(Life Technologies, Thermo Fisher Scientific Inc). Four micrograms
of total RNA of leaf tissues was utilized to prepare sequencing
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libraries using the TruSeq Stranded mRNA library preparation kit
(lllumina, San Diego, CA). Standard library size distribution and
concentration were assessed using Bio-analyser Chip DNA 1000
Series Il (Agilent Technologies USA). The prepared libraries were
sequenced over the lllumina NovaSeq 6000 sequencing platform
(lllumina, San Diego, CA) to obtain 200 bp paired-end reads.

The genome size of S. rebaudiana was previously estimated
using the flow cytometry technique (Yadav et al.,, 2014). The
Genome Scope software was used for genome size and
heterozygosity estimation using a K-mer-based approach. The
‘Him Stevia’ cultivar genome assembly was constructed using two
approaches; firstly, a hybrid approach was used to create a
monoploid assembly (SR-MAv1.0) combining Nanopore long-
reads and lllumina short-reads using MaSuRCA 4.0.9 (Zimin
et al.,, 2013). Subsequently, the contig-level assembly was
subjected to HiC read alignment using the Burrows-Wheeler
Aligner (BWA) tool (Jo and Koh, 2015) followed by the
construction of 11 pseudochromosomes using AlIHIC software
(Zhang et al., 2019b). Furthermore, the redundant sequences
were filtered using Redudans (Pryszcz and Gabalddn, 2016) and
Purge haplotig (Roach et al., 2018) software and gap-filling of
chromosome-level monoploid assembly (SR-MAv1.0) was done
utilizing TGSgapcloser software (Xu et al., 2020a).

Wherein, to generate a haplotype-resolved assembly, initially
Canu v2.2 (Koren et al., 2017) was used for the assemble ONT
sequenced long-reads, followed by long read assembly refine-
ment using lllumina short-reads for the creation of contig level
assembly using Pilon ver.1.24 (Walker et al., 2014). Subsequently,
the contig level assembly produced was subjected to the
discovery of primary and secondary contigs using a read depth-
based Purge haplotig (Roach et al., 2018) technique and a k-mer-
based (KHPER) strategy. Altogether, the primary and secondary
contigs were subjected to haplotype phasing by employing Hi-C
reads as successfully utilized in previous reports (Wang
et al., 2021). First, the BWA (Jo and Koh, 2015) was used to
align the Hi-C reads to contig level assembly, further the uniquely
mapped paired reads were subjected to haplotype phasing using
the AllHic pipeline (Wang and Zhang, 2022; Zhang et al., 2019a)
and produced haplotype-resolved assembly (SR-HRv1.0) with SR-
MAV1.0 serving as a reference to make allele contig table. The
chromosome localization and collinearity were evaluated using
MCScanX (Wang et al., 2012) and visualized using Cilico
software. Three assessment methods were used to evaluate the
quality of the 'Him Stevia’ whole genome assembly, including
BUSCO alignment, CEGMA and LAl score.

Genome annotation

Repeat annotations were performed using two approaches
including de novo and homology-based method. Firstly, the de
novo repeat library of the ‘Him Stevia’ was constructed using, the
Repeat Modeller (v1.08) (Flynn et al., 2020). Subsequently, the de
novo library was combined with Repbase’s known repeat library
to discover repetitive sequences in the ‘Him Stevia’ genome using
Repeat Masker (Price et al., 2005). Tandem Repeat Finder
(Benson, 1999) was used to annotate tandem repeats. LTR
retriever was used to identify the "Him Stevia’ genome intact LTR-
RTs and to estimate the timing of insertion. Further TEclass v2.1.3
(Abrusan et al., 2009) was used to classify LTR-RTs subfamilies
employing gydb  (https://gydb.org/index.php) and Rexdb
(https://dbdb.io/db/rexdb) databases. Likewise, SSR repeats were
identified using the MISA tool (https://webblast.ipk-gatersleben.
de/misa/).
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The protein-coding genes were identified using combination of
ab initio, homology-based and RNA-seq based prediction
methods. Repetitive regions were masked first, then Augustus
(Stanke et al., 2006), Gene Mark (Brtna et al., 2020) and Braker
v2.1.5 (Hoff et al., 2019) were used for de novo prediction.
Further, the RNA-seq reads were mapped to the 'Him Stevia’
genome using STAR (Dobin et al., 2013). Functional annotation of
the protein-coding genes was predicted by mapping them against
the four public protein databases viz; SwissProt, TAIR, KEGG and
NCBI-NR. Further, InterProScan (Quevillon et al., 2005) was used
to identify the putative protein domains and GO classification.

To identify the non-coding tRNA genes tRNAscan-SE was
utilized (Lowe and Eddy, 1996). The microRNA (miRNA) genes
were annotated using the Blastn algorithm against the miR-base
database (https://www.mirbase.org/). Further, the Rfam database
based Infernal Tool (Nawrocki et al., 2009) was used to identify
genes encoding for rRNA. Transcription factor genes were
annotated using the iTAK software package (http:/itak.feilab.
net/cgi-bin/itak/).

Evaluation of allelic variants of genes

The allelic genes across the two haplotypes of SR-HRv1.0 were
identified using MCScanX (Wang et al, 2012). The genes
were compared between the two haplotypes, and only those
pairs were considered as allelic that passed the parameters of
1vs1, cscore = 0.99, and localization within the same syntenic
block. Briefly, the non-syntenic genes were aligned back to the
SR-MAV1.0 to identify the gene pairs sharing half of the
reference. The resulting pairs were aligned with MAFFT (Katoh
etal., 2009), and only those gene pairs having sequence similarity
of >0.7 were regarded as allelic. The SNP and InDels were
identified to dissect genetic variations and evolutionary inferences
between the two haplotypes. Nucmer tool (Kurtz et al., 2004),
Assemblytics (Nattestad and Schatz, 2016) and SYRI (Goel
et al.,, 2019) were used to identify structural variations (SVs)
between two haplotypes. To determine the allele-specific
expression reference-guided transcriptome analysis of two con-
trasting stevia genotypes was used. The high-quality reads were
mapped to evaluate allele-specific expression using STAR (Dobin
et al., 2013). Read counts per gene were estimated through
RSEM. The raw count matrix was first normalized using TMM-
based normalization followed by differential gene expression
analysis through edgeR (Robinson et al.,, 2009) using FDR-
adjusted P-value cutoff value of <0.05 and fold change (FC)
threshold value of >2.

Evolution and phylogeny

To infer orthology in S. rebaudiana, protein sequences derived
from public whole genome data of Helianthus annuus (Badouin
et al.,, 2017), Artemisia annua (Shen et al., 2018), Cynara
cardunculus (Scaglione et al., 2016), Chrysanthemum nankin-
gense (Song et al., 2018), Lactuca sativa (Reyes-Chin-Wo
et al., 2017), Cichorium endivia (Zhang et al., 2022), Mikania
micrantha (B. Liu et al.,, 2020a) and Vitis vinifera (Canaguier
et al., 2017) were used. The OrthoFinder (Emms and Kelly, 2019)
was used to identify orthologous proteins using the Markov chain
clustering model. The single-copy genes were extracted and
aligned by MAFFT (Katoh et al., 2009). RAXML (Stamatakis, 2014)
was used to construct phylogeny using 1000 bootstraps with the
V. vinifera as out-groups. Cafe Software (De Bie et al., 2006) was
utilized to perform the expansion and contraction using a P-value
threshold of <0.05. The KEGG and GO enrichment of the gene
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families was done using the Cluster Profiler (Wu et al., 2021).
BlastP was used to identify the homologous pairs of S. rebaudiana
proteins using an e-value cut-off of 1e-05. Subsequently, collinear
blocks were identified with MCScanX (Wang et al., 2012) using
default parameters, further, the synonymous substitution rates
per gene (Ks) among the collinear genes were performed using
KK4D software. The tandem repeat genes were identified
using three criteria including 70% identity between genes with
pairwise gene distance less than 100 kb and no more than ten
genes positioned between them on a single chromosome.

Characterization of Cytochrome P450 and UGT gene
families

The Hidden Markov Model (HMM) files of the CYP P450
(PFO0067) and UGT (PF00201) gene families were obtained from
the Pfam database (http:/pfam.xfam.org/). Subsequently,
S. rebaudiana genome was scanned with HMM models for
the identification of CYP P450 and UGT genes using the
HMMSEARCH option implemented in HMMER v3.2.1 (Finn
et al., 2011), followed by their alignment with Arabidopsis CYP
P450 and UGT for their sub-family classification. Further, each of
the identified CYP P450 and UGTs was validated for the presence
of functional domains using NCBICDD (https://www.ncbi.nlm.
nih.gov/Structure/cdd/wrpsb.cgi) databases. Phylogenetic analysis
of the CYP P450 and UGTs was then performed firstly by
sequence alignment using Muscle (Edgar, 2004), followed by the
generation of a maximum Likelihood (ML) tree using Mega7
(Hall, 2013) with 1000 bootstrap replications. Finally, iTOL was
used to edit the phylogenetic tree (Letunic and Bork, 2019).
Further, the protein sequence of UGT76G1 was subjected to
homology modelling using the Phyre2 server (http://www.sbg.
bio.ic.ac.uk/~phyre2/html/page.cgi?id=index). Additionally, the
molecular structure of UGT76G1 with an induced mutation at
the identified site was constructed and energy was minimized
using PYMOL v 2.2.0 (https://pymol.org/2/).

Gene regulatory network analysis

The transcription factors were identified using iTAK software
(Zheng et al., 2016). Trait-specific transcriptome sequencing data
[in-house (4); public transcriptome (PRINA591974, PRINA260244:
9)] was utilized for expression analysis (Table S25). The expression
values of transcription factors and SG pathway genes were
subjected to a regulatory gene network (GRN) prediction using
GENIE3 software. The network was further visualized using
Cytoscape software (Shannon et al., 2003).

gRT-PCR analysis

Steviol glycoside (SG) biosynthesis-related key genes were used
for quantitative expression validation (Table S13). Primers for
these genes were designed using the Batch Primer 3 software
(You et al., 2008). RNA samples (2 ug each) from leaf tissues
were reverse transcribed into complementary DNA (cDNA) using
the Verso cDNA Synthesis Kit (Thermo Fisher Scientific) in a
reaction volume of 20 pL. Quantitative real-time PCR (RT-qPCR)
was performed using 1 uL ¢cDNA template, 5 uL Power SYBR
Green mix (Thermo Fisher Scientific), 0.5 uL of forward and
reverse primer and 3 pL Nuclease-free water in a real-time PCR
system (QuantStudio 5, Applied Biosystems, USA) in three
independent technical replicates. The thermal cycling protocol
comprises 94 °C for 10 min, 40 cycles of denaturation at 94 °C
for 30 s, annealing at 57 °C for 30 s and extension at 72 °C for
30 s. Relative gene expression in each tissue was calculated using

the 224" method (Livak and Schmittgen, 2001) with actin as an
internal reference control.

Variant calling

Resequencing and transcriptome data were utilized for ascertain-
ing genome-wide genetic variations. First, using the STAR aligner
(Dobin et al., 2013), transcriptome data consisting of leaf samples
from 13 different diverse genotypes was aligned to the ‘Him
Stevia’ genome. Subsequently, resequencing data from 10 stevia
cultivars was mapped to the ‘Him Stevia’ genome using the BWA
aligner (Jo and Koh, 2015). This process helped to capture a
broader range of genetic variations across the genome. After
alignment, we used the Genome Analysis Toolkit (GATK) in
Genomic VCF (GVCF) (McKenna et al., 2010) mode to call high-
quality single nucleotide polymorphisms (SNPs). To ensure the
accuracy and reliability of the identified SNPs, we applied a
stringent filtering process to discard variants with (quality
score > 30, mapping quality (MQ) >40, quality by depth (QD)
> 3 and minor allele frequency >0.05).
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