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ABSTRACT

Diosgenin, mainly produced by Dioscorea species, is a traditional precursor of most hormonal drugs in the
pharmaceutical industry. The mechanisms that underlie the origin and evolution of diosgenin biosynthesis
in plants remain unclear. After sequencing the whole genome of Dioscorea zingiberensis, we revealed the
evolutionary trajectory of the diosgenin biosynthetic pathway in Dioscorea and demonstrated the de novo
biosynthesis of diosgenin in a yeast cell factory. First, we found that P450 gene duplication and neo-
functionalization, driven by positive selection, played important roles in the origin of the diosgenin biosyn-
thetic pathway. Subsequently, we found that the enrichment of diosgenin in the yam lineage was regulated
by CpG islands, which evolved to regulate gene expression in the diosgenin pathway and balance the carbon
flux between the biosynthesis of diosgenin and starch. Finally, by integrating genes from plants, animals, and
yeast, we heterologously synthesized diosgenin to 10 mg/lin genetically-engineered yeast. Our study not only
reveals the origin and evolutionary mechanisms of the diosgenin biosynthetic pathway in Dioscorea, but also
introduces an alternative approach for the production of diosgenin through synthetic biology.
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INTRODUCTION

The plant kingdom collectively produces hundreds of thousands
of specialized metabolites (Dixon, 2001; Osbourn and Lanzotti,
2009) that have been used as traditional medicines for
preventing and treating different kinds of diseases (Balandrin
et al.,, 1985; Dudareva et al., 2006). Even today, natural
products from plants play important roles in modern drugs, and
more than 70% of modern drugs have been directly or
indirectly derived from specialized plant metabolites over the
past two decades (De Luca et al., 2012). Unfortunately,
specialized metabolites are usually present at very low
concentrations in plants; for example, there is approximately
0.05% taxol in the bark of yew (Nadeem et al., 2002), and only
0.01% lycopene in fresh tomatoes (Alda et al., 2009). Due to
the extremely wide diversity of metabolites and the highly
complex network of metabolic pathways in plants, specialized
metabolites are usually produced only in particular tissues at
specific times (Maeda, 2019; Wang et al., 2019). Therefore, the

accumulation of specialized metabolites in plants often requires
particular environmental conditions over a long period of time.
The use of specialized plant metabolites for industrial purposes
is still largely limited by low yields (Wang et al., 2019).

Due to their enrichment in specialized metabolites, more than 10
000 medicinal plants have been used in Traditional Chinese Med-
icine for thousands of years (Tang and Eisenbrand, 1993). For
example, Dioscorea zingiberensis, an important medicinal herb
in Traditional Chinese Medicine since the Han dynasty, can
accumulate 2%-16% diosgenin in the rhizomes (Huang et al.,
2008). Diosgenin is an important precursor for the production of
many  steroidal drugs, including antioxidants, anti-
inflammatories, sex  hormones, steroids,  cortisone,

Published by the Plant Communications Shanghai Editorial Office in
association with Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and
CEMPS, CAS.

Plant Communications 2, 100079, January 11 2021 © 2020 The Authors. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:jingcai@nwpu.edu.cn
mailto:zhang_xl@tib.cas.cn
mailto:jiang_hf@tib.cas.cn
https://doi.org/10.1016/j.xplc.2020.100079
http://creativecommons.org/licenses/by-nc-nd/4.0/

Plant Communications

The diosgenin biosynthetic pathway in yam

Genome parameters Values
Total size 480.27 Mb
Scaffold N50 44.55 Mb
Scaffold L50 5 scaffolds
Scaffold N9O 34.33 Mb
Scaffold L90 10 scaffolds
Number of scaffolds 16 452
Genome GC content 35.20%
Total size of repetitive sequences 182.5M
Long terminal repeat retrotransposons 137.5M
DNA transposons 19.2M
Long interspersed nuclear elements 21.9M
Number of coding genes 26 022
Average gene length 1139 bp
Number of non-coding RNAs 2232

Table 1. Statistics of genome assembly, repetitive sequences, and gene annotation.

contraceptives, fertility control compounds, and anabolic agents
(Fernandes et al., 2003; Wang et al., 2007; He et al., 2012). In
Dioscorea, the biosynthesis of diosgenin from the precursor
cholesterol (Sonawane et al., 2016) is catalyzed by two P450
enzymes: C-16,22-dihydroxylase and C-26 hydroxylase (Christ
et al., 2019). Dioscorea appears to have evolved genes that
overcome the bottleneck of complex metabolic network
regulation to improve diosgenin production. However, the origin
and evolutionary mechanisms of the diosgenin biosynthetic
pathway in Dioscorea remain poorly understood.

Here, by scrutinizing the genome of D. zingiberensis, we first
reveal the origin and evolution of the diosgenin biosynthetic
pathway in yam at the genomic level. Then, we
biosynthesize diosgenin de novo in engineered yeast by inte-
grating genes from plants, animals, and yeast.

RESULTS

Positive selection has driven the origin of the diosgenin
biosynthetic pathway

To characterize the diosgenin biosynthetic pathway in
D. zingiberensis, we first obtained a 480.3 Mb high-quality genome
sequence at the chromosomal level (Table 1) by combining reads
from the lllumina HiSeq (205 Gb, 393x), PacBio SMRT (21 Gb,
40x), and Hi-C (62 Gb clean data) platforms (Supplemental
Table 1). We fully annotated 26 022 protein-coding genes
(Supplemental Tables 2, 3, 4, and 5), which covered 97% of core
genes based on CEGMA (Parra et al., 2007) and BUSCO (Siméao
et al., 2015) assessments (Supplemental Table 6). A recent study
reported that diosgenin in Paris polyphylla and Trigonella
foenum-graecum is independently synthesized from cholesterol
by two P450 genes (PpCYP90G4 in combination with
PpCYP94D108, PpCYP94D109, or PpCYP72A616, or
TfCYP90B50 in combination with TFCYP72A613 or TfCYP82J17),
corresponding to steroid C-16,22-dihydroxylase and C-26 hydrox-
ylase (Christ et al., 2019). These genes were used as blastp queries

against the proteins in D. zingiberensis, and only orthologs of
PpCYP90G4 and PpCYP94D108 were identified in
D. zingiberensis (DzinCYP90G6 and DzinCYP94D144) (Figure 1A,
Supplemental Table 7).

To clarify the origin of the diosgenin biosynthetic pathway, we
analyzed genomic and transcriptomic data from all sequenced
species in the Petrosaviidae clade. Based on sequence similarity
and intron distribution (Supplemental Figure 1), we found that
DzinCYP90G6 and its duplicated copy DzinCYP90B71
originated from the common ancestor DzinCYP90B77
(Supplemental Figure 2), which is conserved in almost all higher
plants and functions as a campesterol C-22 hydroxylase in the
brassinosteroid biosynthetic pathway (Satomi et al., 2010).
Interestingly, we found that DzinCYP90B71, DzinCYP94D144,
and DzinCYP90G6 formed a gene cluster (Figure 1B) that was
retained only in the four studied species of the Petrosaviidae
clade (D. zingiberensis, D. rotundata, Musa acuminata, and
Phoenix dactylifera). Moreover, we only detected diosgenin in
species that contained this gene cluster (Figure 1C). Although
some species contained some of the genes in the cluster, we
did not detect diosgenin in the other seven monocots. These
results demonstrated that the P450 gene cluster containing
DzinCYP90B71, DzinCYP94D144, and DzinCYP90G6 played a
key role in the origination of the diosgenin biosynthesis pathway.

The function of diosgenin in plant defense against pathogens,
pests, and herbivores implies that diosgenin biosynthesis is
important for species adaptation (Moses et al., 2014). We
calculated the evolutionary rates of the CYP90G subfamily
and observed significant positive selection in the CYP90G
branch based on lineage-specific dN/dS ratios (Figure 1D,
Supplemental Table 8). This indicated that gene duplication
and subsequent neo-functionalization of CYP90G was critical
for the origin of the diosgenin biosynthetic pathway in the
Petrosaviidae clade. Another P450 gene branch in the cluster,
CYP94X, which is also a Petrosaviidae-specific branch
(Supplemental Figure 3), may have arisen from CYP94Y by
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Figure 1. Origin and evolution of the diosgenin biosynthetic pathway.

(A) Two P450 genes for diosgenin biosynthesis, DzinCYP90G6 and DzinCYP94D144, which are orthologs of PoCYP90G4 and PpCYP94D108 that
catalyze the production of diosgenin from cholesterol, were identified in D. zingiberensis.

(B) The distribution of the P450 cluster in 11 monocots. The species names are abbreviated as follows: A. officinalis (Aoff), D. officinale (Doff), P. equestris
(Pequ), E. guineensis (Egui), P. dactylifera (Pdac), M. acuminata (Macu), O. sativa (Osat), Z. mays (Zmay), D. rotundata (Drot), D. zingiberensis (Dzin), and
Z. marina (Zmar). Both CYP94X and CYP94Y branches belong to the CYP94D subfamily.

(C) GC-MS analysis of diosgenin in D. zingiberensis, M. acuminata, and P. dactylifera.

(D) The phylogenetic relationships between the CYP90B and CYP90G subfamilies. Except for genes with known CYP nomenclatures, we have used NCBI
accession IDs. D1 and D2 represent two possible duplication events in the evolution of three genes. The P-values represent the test significance for the
detection of positive selection corresponding to five branches of the CYP90 family.

tandem duplication because both subfamilies are present in the
P. dactylifera cluster, and CYP94Y has been lost in other
species (Figure 1B). We speculate that the P450 gene cluster
originated after the divergence of Petrosaviidae from
Alismatales  approximately 120-138 MYA, initiating
biosynthesis of diosgenin in species of the Petrosaviidae clade.

Evolution of the diosgenin biosynthetic pathway in yam

Unlike D. zingiberensis, D. rotundata contains only a trace
amount of diosgenin and is the main source of starch in trop-
ical Africa (Mignouna et al., 2009; Tamiru et al., 2017). To
characterize differences in metabolic flux between the two
species, we analyzed the expression of genes involved in
diosgenin and starch biosynthesis. Most genes (11 of 12) in
the diosgenin biosynthetic pathway had higher expression in
rhizomes than in leaves of D. zingiberensis, but this pattern
was not present in D. rotundata (Supplemental Figure 4). The
expression of seven diosgenin biosynthetic genes in
D. zingiberensis was at least twice as high as in D. rotundata
(Figure 2A, left panel). By contrast, 16 genes related to starch
synthesis, storage, and degradation (Zhixi et al., 2009) in the
rhizome had higher expression levels in D. rotundata than in
D. zingiberensis (Figure 2A, right panel). Thirteen of these 16
genes had expression levels at least twice as high in
D. rotundata as in D. zingiberensis (Figure 2A, right panel).
Four genes (i.e., AGPL, ADP-glucose pyrophosphorylase large

subunit; AGPS, ADP-glucose pyrophosphorylase small sub-
unit; PHOH, starch cytosolic phosphorylase; and DPE2, dis-
proportionating enzyme) exhibited 5- to 10-fold differences in
expression, and two genes (i.e., SBE1, starch branching
enzyme; and PHOL, starch plastidial phosphorylase) exhibited
expression differences greater than 20-fold. The expression of
these genes in D. rotundata was clearly higher than that in the
other nine monocots (Supplemental Figure 5). These results
demonstrated that the evolution of gene expression balanced
the biosynthesis of diosgenin with that of starch in different
yams.

CpG density at promoter regions often modifies the methylation
level and thereby contributes to transcriptional regulation of
downstream genes (Deaton and Bird, 2011). To further explore
the mechanisms underlying different patterns of gene
expression, we analyzed CpG distribution at the promoter
region of genes in both pathways. Interestingly, we found that
the CpG density upstream of diosgenin biosynthesis genes was
higher in D. rotundata than in D. zingiberensis (Figure 2B). The
opposite CpG pattern was observed for orthologous genes in
the starch biosynthesis pathway. Differences in CpG density
upstream of diosgenin and starch genes in the two yam
species probably contributed to differences in gene expression,
in turn leading to drastic differences in the diosgenin and starch
content of the two species.

Plant Communications 2, 100079, January 11 2021 © 2020 The Authors. 3
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Figure 2. Evolution of the diosgenin biosynthesis pathway and comparison with the starch biosynthesis pathway in D. zingiberensis

and D. rotundata.

(A) Gene expression analysis for the diosgenin and starch biosynthesis pathways. The left frame shows the diosgenin biosynthesis pathway, and the right
frame shows genes involved in starch synthesis, storage, and degradation. The bar charts show the corresponding gene expression levels (FPKM) in
rhizome tissue. The red and blue colors represent gene expression in D. zingiberensis and D. rotundata, respectively. More than one bar with the same
color in a bar chart indicates that the gene has multiple copies in a species. An asterisk indicates that a gene’s expression in one species is at least twice
as high as that of its ortholog in the other species. CAS, cycloartenol synthase; SSR, sterol side chain reductase; SMO, C-4 sterol methyl oxidase; CPI,
cyclopropylsterol isomerase; CYP51, sterol C-14 demethylase; FK, sterol C-14 reductase; HYD, sterol 8,7 isomerase; C5-SD, sterol C-5(6) desaturase 2;
7-DR, 7-dehydrocholesterol reductase 2. AGPL, ADP-glucose pyrophosphorylase large subunit; AGPS, ADP-glucose pyrophosphorylase small subunit;
GBSS, granule-bound starch synthase; SS, soluble starch synthase; SBE, starch branching enzyme; ISA, isoamylase; PUL, pullulanase; DBE, starch
debranching enzyme; PHO, starch plastidial phosphorylase; DPE, Disproportionating enzyme.

(B) Comparison of CpG density in the upstream regions of diosgenin and starch biosynthesis genes. The three charts show the average CpG density at
the promoter regions of all genes, diosgenin biosynthesis genes, and starch biosynthesis genes, respectively. The diosgenin and starch biosynthesis
gene lists are the same as in (A). Asterisks indicate locations at which CpG density differs significantly between the two species.

Biosynthesis of diosgenin in yeast by metabolic
engineering

Because the biosynthetic pathway of cholesterol in animal cells is
more efficient than that in plants, we first combined genes from
animals to construct a cholesterol-producing yeast chassis
strain, as in the original work by Souza et al. (2011) (Figure 3A
and 3B). The previously engineered Saccharomyces cerevisiae
strain BY-T3 was selected as the starting strain because it could
produce large amounts of 2,3-oxidosqualene, a common precur-
sor for triterpenoid biosynthesis (Dai et al., 2019). First, the native
alcohol acetyltransferase (ATF2) gene was deleted in the starting
strain BY-T3 to avoid acetylation of the steroid C3-hydroxyl
groups (Florence Ménard et al., 2003) (Supplemental Figure 6).
Then, the dehydrocholesterol 7-reductase (DHCR7) and dehy-
drocholesterol 24-reductase (DHCR24) genes from Danio rerio
were synthesized with codon optimization and transformed
together into the 6ATF2 strain (Souza et al., 2011) (Figure 3A
and 3B). In addition, the native ergosterol synthesis pathway in
yeast was blocked by deleting the ERG6 gene to decrease

sterol competition and improve cholesterol production
(Figure 3A and 3B), and the galactose-inducible promoter Gal1
was used to control the expression of DrDHCR24 and alleviate
cell damage by cholesterol synthesis. Finally, a cholesterol-
producing yeast chassis strain DG-Cho was constructed and
shown to produce 16 mg/I cholesterol after 120 h of shake flask
fermentation (Supplemental Figures 7 and 8).

Next, DzinCYP90G6, DzinCYP94D144, and VwCPR were co-
expressed in the cholesterol-producing yeast strain DG-Cho to
obtain strain DG002, which was able to convert cholesterol to di-
osgenin to approximately 3.2 mg/l (Figure 3C, Supplemental
Figure 9). In addition, steroid C-16,22-dihydroxylase and C-26
hydroxylase genes from different species, including
D. zingiberensis, P. polyphylla, T. foenum-graecum, and Vera-
trum californicum, were investigated for their combined effects
on diosgenin production. After comparison of various steroid C-
16,22-dihydroxylases and C-26 hydroxylases, DzinCYP90G6
was identified as the best steroid C-16,22-dihydroxylase, and

4 Plant Communications 2, 100079, January 11 2021 © 2020 The Authors.



The diosgenin biosynthetic pathway in yam

A
-, oS
Ergosterol
Glucose
Zymosterol
B

LPI-F Pyeyy DrDHCR7 Ty LPI-R
up-R
LP2F | Pgyy DrDHCR24 Teye,| LP2-R

down-F
XX

Yeast Chromosome

Cholesterol-producing
chassis DG-Cho

Figure 3. De Novo biosynthesis of diosgenin in a yeast platform.

Plant Communications

(" DrbHCR24 ™
Ho
Cholesterol Diosgenin
Diosgenin
I /
: Diosgenin standard
1
10 mg/L
Cholesterol DG003

(DG-Cho, WCPR,
DzinCYP90G6, VcCYP94NT)

oA

T T T T T T 1
n 2 13 14 15 16 17

Time (min)

3.2 mg/L DG002
/ (DG-Cho, WCPR,

DzinCYP90G6, DzinCYP94D144)
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(B) Construction of the cholesterol-producing platform in yeast.

(C) GC-MS profiles for diosgenin biosynthesis in engineered yeast. Each colored chromatograph corresponds to the following: black, diosgenin standard;
green, DGOO03 for diosgenin biosynthesis using DzinCYP90G6 and VcCYP94N1; red, DGO02 for diosgenin biosynthesis using DzinCYP90G6 and Dzin-

CYP94D144.

VeCYP94N1 from V. californicum was identified as the best ste-
roid C-26 hydroxylase. The combined expression of Dzin-
CYP90G6 and VcCYP94N1 in the cholesterol-producing strain
DG-Cho (DG003) produced a diosgenin titer of 10 mg/| after a
120-h fermentation (Figure 3C), which was the highest
diosgenin titer to date.

DISCUSSION

The plant kingdom collectively produces hundreds of thousands
of specialized metabolites. During the evolution of plants, novel
compounds continuously arise in specific lineages, potentially
as the outcome of co-evolution with natural enemies (Pichersky
and Raguso, 2016). Therefore, it is possible to investigate the
evolutionary trajectory of chemodiversity in plants by
comparative genomics of close relatives (Weng and Noel,
2012). Here, we used comparative genomic analysis to uncover
three key evolutionary events in the origin and evolution of the
diosgenin  biosynthetic pathway in D. zingiberensis
(Supplemental Figure 10). First, we speculated that the
emergence of a novel compound (diosgenin) would undergo
strong positive selection, resulting in the P450 gene cluster for
diosgenin biosynthesis. Subsequently, we observed that some
genes involved in cholesterol biosynthesis had duplicated and
were highly expressed, like those in Solanum lycopersicum
(Supplemental Figure 11), suggesting that yam may have
independently evolved a cholesterol biosynthetic pathway by
Dioscorea-specific duplications for the optimization of

precursor biosynthesis. A similar phenomenon has also been
observed in the opium poppy, which assembled the
benzylisoquinoline alkaloid gene cluster containing the STORR
gene fusion essential for morphinan biosynthesis prior to a
whole-genome duplication (WGD) event (Guo et al., 2018).
Finally, the diosgenin biosynthetic pathway was improved by
weakening the competing starch biosynthesis pathway, which
may have been dramatically strengthened by regulation through
epigenetic modification. Our results not only decode the
evolutionary trajectory of the diosgenin biosynthetic pathway
but also provide insights into the mechanisms of origin of
chemodiversity in plants (Mignouna et al., 2009).

Dioscorea is a large genus of more than 600 species worldwide,
some of which are important food or drug sources (Govaerts and
Saunders, 2007). Because Dioscorea exhibits features of both
dicots and monocots, it has the potential to fill gaps in our
knowledge of the plant biology and evolution of these two taxa
(Mignouna et al.,, 2009). The high-quality D. zingiberensis
genome sequence presented here can also serve as a
reference genome for other species in the genus Dioscorea. For
example, the Dioscorea-specific WGD event has been
neglected in previous studies due to the lack of a reference
genome (Ren et al., 2018). According to our genome analysis,
approximately 35.9% syntenic regions were observed in the
D. zingiberensis genome compared with 15.8% in D. rotundata
(Supplemental Table 9, Supplementary Methods). The
distribution of synonymous substitution rates (Ks) in 2018

Plant Communications 2, 100079, January 11 2021 © 2020 The Authors. 5
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paralogous genes from syntenic regions exhibited a peak at Kg =
0.82 in D. zingiberensis (Supplemental Figure 12), indicating that
the Dioscorea-specific WGD event may have occurred after
divergence from the Petrosaviidae but before the separation of
D. zingiberensis and D. rotundata (Ks = 0.4). The date of the
WGD was estimated at approximately 64 MYA (Supplemental
Figure 13, Supplementary Methods), close to the Cretaceous-
Paleogene extinction event (Renne et al.,, 2013). The WGD
event provided plentiful genetic materials for Dioscorea species
to survive across the Cretaceous-Paleogene boundary (Kevin
et al., 2014) and also contributed to the evolution of specialized
metabolites (Guo et al., 2014; Jing et al., 2015; Unver et al.,
2017; Li et al., 2019).

The worldwide pharmaceutical industry market for steroidal
drugs has reached US$ 4-8 billion (Bai et al., 2015; Yosef Al
Jasem et al., 2014). However, the conventional methods for
isolation and purification of diosgenin from D. zingiberensis
have many disadvantages, such as low efficiency and high
contamination (Yang et al., 2015; Mafalda et al., 2016).
Therefore, it is valuable to characterize the diosgenin
biosynthesis pathway and to supply diosgenin in a cost-
effective and environmentally friendly manner (Liu et al., 2018).
To improve the efficiency of diosgenin biosynthesis, we
constructed a chimeric pathway by integrating genes from
zebrafish, yeast, Veratrum, and Dioscorea. The engineered
yeast with two genes from zebrafish accumulated cholesterol at
16 mg/l, which is significantly higher than that reported in
studies using the plant cholesterol pathway (Sonawane et al.,
2016; Christ et al., 2019), indicating that genes from the animal
cholesterol pathway are more efficient than those from plants.
Furthermore, the use of two P450 genes from Veratrum and
Dioscorea to convert cholesterol to diosgenin improved the
diosgenin yield three-fold and the conversion rate from
cholesterol to diosgenin by 60%. It would be feasible to further
enhance the production of diosgenin by optimizing the key
enzymes that convert cholesterol to diosgenin. In summary, our
results not only contribute to decoding the evolutionary
trajectory of the diosgenin biosynthetic pathway but also
provide insights into enhancing the production of diosgenin by
metabolic engineering in microbes.

METHODS

Constructing the phylogenetic tree of the CYP90 family

Multiple alignment of protein sequences, including the CYP90B and
CYP90G subfamilies, was performed using MAFFT v7.394 (Katoh and
Standley, 2013) with default parameters and back-translated using
PAL2NAL v14 (Suyama et al., 2006). The ML phylogenetic trees were
constructed from the cDNA alignment with the software RAXML v8.2.4
(Stamatakis, 2014) using the GTR + I' + | substitution model and
mapping the percentage of 500 rapid bootstraps to the best-scoring ML
tree with Amborella trichopoda as an outgroup.

Molecular evolution analyses of the CYP90 family

To evaluate the variation in selection pressures over different P450 clades,
the free ratio model of the codeml algorithm (Yang, 2007) was used to
estimate lineage-specific rates of the nonsynonymous:synonymous
substitution (dN/dS) ratio, w. To detect whether positive selection had
acted at some amino acid sites along particular lineages, a branch-site
analysis was also performed by comparing the nearly neutral model
(M1a) with Model A (MA), in which the foreground branch may have a pro-
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portion of sites under positive selection. All codeml analyses were imple-
mented in  EasyCodeML v1.0 (https://www.github.io/bioeasy/
EasyCodeml).

Transcriptome sequencing

Samples of fresh leaf and root were collected from D. zingiberensis. Total
RNA was isolated using the TRIzol reagent (Invitrogen, USA), followed by
treatment with RNase-free DNase | (Promega, USA) according to the
manufacturer’ protocols. RNA quality was checked using an Agilent
2100 Bioanalyzer. lllumina RNA sequencing libraries were prepared for
two samples and sequenced on a HiSeq 2500 system using a PE150 strat-
egy following the manufacturer’s instructions (lllumina, USA). After trim-
ming based on quality scores with Btrim (Yong, 2011), the clean reads
were aligned to the D. zingiberensis reference assembly using TopHat
(Trapnell et al., 2014), and the mapped reads for each sample were
assembled using Cufflinks (Trapnell et al., 2014). We used FPKM
(fragments per kilobase of exon model per million mapped fragments)
as the normalized gene expression level.

Comparison of transcriptomes among 11 plants

Except for D. zingiberensis, the raw RNA sequencing data for ten other
plants were downloaded from the NCBI SRA database with the filters
“Strategy = RNA-Seq AND Layout = Paired AND Tissue = Root or Tuber”
(Supplemental Table 12). Gene FPKM values for each plant were
calculated with TopHat and Cufflinks using a process similar to that
described for D. zingiberensis. To make the gene expression among the
11 plants comparable, we first used OrthoMCL to identify one-to-one
orthologous genes between D. zingiberensis and the other ten plants.
Then, according to the median gene expression in D. zingiberensis, the
gene expression of the other ten plants was normalized by dividing by
the ratio of the median of gene expression in the target plant to the
median of gene expression in D. zingiberensis.

Construction of the engineered yeast strain

We developed a stable cholesterol-producing strain as described in a pre-
vious study (Souza et al., 2011). First, the yeast native ATF2 gene
responsible for both steroid C3-hydroxy acetylation and prevention of
further steroid metabolism was disrupted by CRISPR/Cas9 in strain BY-
T3 (Supplemental Figure 6). Then, the dehydrocholesterol 7-reductase
(DHCR?) and DHCR24 coding sequences from Danio rerio were synthe-
sized by GenScript (Nanjing, China) with codon optimization for
S. cerevisiae. The homologous recombination-based DNA multi-
segment assembly technology was used for multi-gene expression in
yeast as described previously (Dai et al., 2013). The DrDHCR7 gene was
cloned into the pM2 plasmid under the control of the PGK1 promoter
and ADH1 terminator, and DrDHCR24 was cloned into the expression
plasmid pYES2.0 with the Gal? promoter and the CYC7 terminator.
Subsequently, the DrDHCR7 and DrDHCR24 gene cassettes were
amplified by PCR and mixed with an additional two DNA homologous
arm fragments of the Gal80 site. Finally, the mixed DNA was
transformed into the S. cerevisiae 6ATF2 strain as described previously
(Dai et al., 2019). The positive transformants were verified by PCR
analysis, yielding the strain DG-Cho (Figure 3B). All the strains, primers,
and plasmids used in this work are summarized in Supplemental
Tables 11 and 12.

By analyzing the genome of D. zingiberensis, DzinCYP90G6 and Dzin-
CYP94D144 were identified as cholesterol C-16,22-dihydroxylase and
C-26 hydroxylase candidates, respectively. To identify the function of
DzinCYP90G6, VwCPR (CPR from Vitis vinifera) with the PGK1 promoter
and ADH1 terminator and DzinCYP90G6 with the TEF1 promoter and
CYC1 terminator were integrated into the Gal7 site of strain DG-Cho, as
described previously, to obtain strain DG001. Then, DzinCYP94D144
with the PGK1 promoter and ADH1 terminator was integrated into the
ADH?1 site of strain DG0O01. Strain DG002 was then developed to identify
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the function of DzinCYP94X, and the resultant strain was able to convert
cholesterol to diosgenin.

Fermentation

Engineered yeast strains were grown in SD medium containing 2%
glucose and lacking leucine, uracil, tryptophan, and histidine, as appro-
priate (Dai et al., 2013). All strains were first inoculated into 15-ml
culture tubes containing 2 ml medium and grown at 30 °C and 250 rpm
to an optical density at 600 nm (ODggo) of approximately 2.0. Flasks
(250 ml) containing 15 ml medium were then inoculated with the seed
cultures to an ODggg of 0.05. Strains were grown at 30 °C and 250 rpm.
After 30 h cultivation, cells were collected from fermentation culture via
centrifugation, washed twice, resuspended in SD medium containing
2% galactose, and allowed to culture for 90 h. ODggg Vvalues were
measured using a Shimadzu UV-2550 spectrophotometer.

GC-MS analysis of cholesterol and its hydroxyl products

Gas chromatography-mass spectrometry (GC-MS) analysis was per-
formed with the following adaptations. Cells were collected from fermen-
tation culture via centrifugation. The mixed solution (600 pl; acetone:me-
thanol = 1:1) was added to the tube and crushed using a BeadBeater
(BioSpec, USA) three times. The samples were then centrifuged at
10000 g for 1 min, and 1 pul of supernatant was analyzed by GC-MS using
an Agilent Technologies 5975C Inert xI MSD with Triple-Axis Detector
equipped with an HP-5ms (30 m x 0.25 mm x 0.5 um) GC column. Com-
pound separation was achieved with an injector temperature of 300 °C
and a 36-min temperature gradient program for GC separation starting
at 240 °C for 5 min, followed by heating the column to 300 °C at 10 °C
min~! and a final constant hold at 300 °C for 25 min. Mass detection
was achieved with electric ionization using SIM scan mode with diag-
nostic ions monitored as follows: m/z 69, m/z 139, m/z 282, and m/z
414. Cholesterol and diosgenin samples purchased from Yuanye
(Shanghai, China) were used as standards.

GC-MS analysis of diosgenin in monocots

To detect diosgenin, the frozen plant materials were ground in a mortar
under liquid nitrogen. The resulting powder was dissolved in methanol/
acetone solution (v/v = 1:1), shaken vigorously using a vortex oscillator,
and ultra-sonicated for 30 min. The cell debris was removed by centrifu-
gation at 13 000 g for 30 min. The supernatant was used for GC-MS anal-
ysis according to the GC-MS analysis method described above for
cholesterol, with the only difference being the use of more precise equip-
ment: an Agilent 7890A GC/7200 Accurate-MQ-TOF MS system coupled
with an HP-5ms (30 m x 0.25 mmx 0.5 um) GC column.

Correlation analysis of gene expression and CpG density

To investigate the relationship between gene expression and CpG density
(including CG dinucleotide and CHG trinucleotide, where H indicates any
nucleotide except guanine) at the promoters of genes related to diosgenin
and starch biosynthesis in D. zingiberensis and D. rotundata, the CpG
density from 1000 bp upstream of the transcription start site to 100 bp
downstream was calculated using a window size of 50 nt and a walking
step of 10 nt. To eliminate the disturbance caused by the overall difference
in GC content of the two genomes, the CpG density in the focused region
of each gene was normalized by the average CpG density of all genes in
the corresponding genome. The average CpG densities of genes involved
in diosgenin and starch biosynthesis were calculated for D. zingiberensis
and D. rotundata, respectively. Student’s t-test was used to test the sta-
tistical significance of the difference in CpG density between the two
species.
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