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Abstract
Diosgenin is widely used as one precursor of steroidal drugs in pharmaceutical industry. Currently, there is no choice but 
to traditionally extract diosgenin from Dioscorea zingiberensis C. H. Wright (DZW) or other plants. In this work, an envi-
ronmentally friendly approach, in which diosgenin can be bio-synthesized by the endophytic bacterium Bacillus licheni-
formis Syt1 isolated from DZW, is proposed. Diosgenin produced by the strain was identified by high-performance liquid 
chromatography (HPLC), nuclear magnetic resonance (NMR), and Fourier transform infrared spectroscopy (FTIR). The 
thermal gravimetric analysis (TGA) showed that the melting point of the diosgenin product was 204 °C. The optical rota-
tion measurement exhibited that the optical rotation was α20

589 =  − 126.1° ± 1.5° (chloroform, c = 1%): negative sign means 
that the product is left-handed, which is very important to further produce steroid hormone drugs. Cholesterol may be the 
intermediate product in the diosgenin biosynthesis pathway. In the batch fermentation process to produce diosgenin using 
the strain, pH values played an important role. A phased pH control strategy from 5.5 to 7.5 was proved to be more effective 
to improve production yield than any single pH control, which could get the highest diosgenin yield of 85 ± 8.6 mg L−1. The 
proposed method may replace phyto-chemistry extraction to produce diosgenin in the industry in the future.
Key points
• An endophytic Bacillus licheniformis Syt1 derived from host can produce diosgenin.
• A dynamic pH industrial control strategy is better than any single pH control.
• Proposed diosgenin-produced method hopefully replaces phyto-chemistry extraction.
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Introduction

Diosgenin (CAS number 512–04-9) is widely used to 
synthesize oral contraceptives, sex hormones, and other 
steroid drugs in pharmaceutical industry (Chen et  al. 
2015; Lepage et al. 2010). Consequently, the demands 
are gradually increasing in the world market; most com-
mercial supply of diosgenin in global market is from 
China and North America, where diosgenin are mainly 
extracted from Dioscorea plants (Bai et al. 2015; Dawson 
1991; Fernandes et al. 2003; Pan et al. 2014). Dioscorea 
zingiberensis C. H. Wright (DZW) is one major plant in 
Dioscorea genus, which is also traditionally called yellow 
ginger, and dominantly used to extract diosgenin in China 
(Wang et al. 2014; Zhang et al. 2012). As a result, the 
production of diosgenin always consumes a large number 
of DZW, which consequently results in overly depending 
on DZW resources. The status has brought about two nega-
tive social issues. Firstly, the endless excavation of DZW 
consequently causes a serious damage to the ecological 
environment and the degradation of DZW germplasm. Sec-
ondly, it often generates a lot of wastewater and acids in 
the phyto-chemistry extraction process of diosgenin from 
DZW (Pan et al. 2014; Wei et al. 2013; Yang et al. 2016). 
Some factories have been banned from extracting dios-
genin from DZW by government for the reasons in China. 
Therefore, there is an urgent need to find a green, easily 
industrialized way to produce diosgenin.

Although several improving approaches had been 
reported, in which diosgenin was obtained by enzymati-
cally hydrolyzing saponins, these methods all relied on 
the hydrolase system of some fungi such as Trichoderma 
harzianum or Trichodermareesei, Aspergillus fumigatus, 
or Aspergillus awamori (Chen et al. 2018; Cheng et al. 
2015; Liu et al. 2010; Zhu et al. 2010). But these meth-
ods had a premise that saponins were also extracted and 
purified from Dioscorea plants in advance, which did not 
solve the abovementioned problems of phyto-chemistry 
extraction. Moreover, most of the previous studies were 
limited to the Erlenmeyer flask scale rather than the batch 
fermentation scale.

The aims of this work were to isolate and identify an 
endophytic bacterium Bacillus licheniformis Syt1 derived 
from DZW which can produce diosgenin without DZW. 
Moreover, an optimized pH control strategy to maximize 
production rate was screened in batch fermentation pro-
cess. The proposed method depending on microgram 
fermentation to produce diosgenin would be further easy 
to be industrialized in factory without DZW cultivation 
in an environmentally friendly way, which is promising 
to replace the traditional phytochemical extraction from 
DZW.

Materials and methods

Materials and chemicals

Tubers of DZW were obtained from National Engineering 
Research Center for Phytochemistry (West). Pure water 
was produced by a UPHW-I-90Z model ultra-pure water 
instrument (Shanghai Youpu industrial Co. Ltd, Shang-
hai, China). Analytical grade alcohol was purchased from 
Nanjing Chemical Reagent Co., Ltd. Analytical grade 
mercury dichloride (HgCl2), sodium chloride, sodium 
hydroxide and calcium chloride, and sucrose were all 
purchased from Tianjin Bodi Chemical Co., Ltd. Potato 
dextrose agar medium (PDA) was supported by Beijing 
Aobox Biotechnology. 120# gasoline was pursed from 
Shenzhen HCH Chemical Co., Ltd. Analytically pure 
petroleum ether, ethyl acetate, and chloroform reagents 
were bought from Sigma-Aldrich China. The powder of 
soybean cake was purchased from Tianjin Lifalong Chemi-
cal Technology Co., Ltd. HPLC-grade standard product of 
diosgenin (purity ≥ 98%) and methanol (MeOH) were pur-
chased from Dalian melone Biotechnology Co., Ltd. DNA 
extraction kit and other genetic engineering reagents were 
from Takara China. The used primers were synthesized by 
Sangon Biotech of Shanghai, China.

Endophytic strains screening and target product 
analysis

The strong tubers of DZW were cleaned with sterile pure 
water and cut into 5 cm × 5 cm pieces, and soaked in 75% 
(v/v) alcohol solution for 30 s. Subsequently, they were 
immersed into a 0.1% HgCl2 solution for 5 min, and then 
rinsed 3 times with sterile water, and kept their surface 
sterile through plate culture verification. Continuously, 
these sterile 5  cm × 5  cm pieces were further cut into 
5 mm × 5 mm pieces under sterile conditions. Every two 
pieces of them were incubated on a PDA plate at 28 °C 
for 3 ~ 5 days until endophytic microorganisms in tubers 
grew up. The obtained endophytic microorganism strains 
were isolated and purified on new PDA plates, then, were 
separately checked whether they could produce diosgenin 
in the following fermentation process. Every endophytic 
strain was individually cultured in an optimal medium con-
sisted of 30 g/L sucrose, 6 g/L NaCl, 15 g/L CaCl2, and 
15 g/L soybean powder, and pH was at 7.0. The whole 
fermentation process was maintained at 28 °C with 120r/
min for 100 h under aerobic culture condition. The cul-
tured cells were harvested by centrifugation at 5000 rpm 
and all cell pellets were hydrolyzed with 2 mol L−1 hydro-
chloric acid at 90 °C for 4 h. The hydrolytic liquid was 
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cooled to room temperature and neutralized to pH 7.0 with 
1 mol L−1 sodium hydroxide, and then extracted with 120# 
gasoline for 4 h in reflux way in a Soxhlet extractor, the 
gasoline phase was isolated within a separating funnel 
after static layering. The gasoline in gasoline phase was 
completely evaporated to obtain the crude extract. The 
crude extract was subjected to 200 mesh silica gel column 
chromatography (Φ30 × 300 mm) purification. In detail, 
the loading height of the adsorbent filler in column was 
200 mm, and target diosgenin was eluted by a cosolvent 
(petroleum ether:ethyl acetate = 2:1, v/v). The eluate was 
collected, concentrated at 80 °C, and crystallized at 4 °C 
to obtain diosgenin-like crystal. 0.2600 g diosgenin-like 
crystal was accurately weighed for and dissolved in 1L 
methanol (0.26 mg/mL), which was analyzed by high-per-
formance liquid chromatography analyzer (Waters 2996 
diode-array detector) equipped with a Symmetry® C18 
column (4.6 × 250, 5 μm). The mobile phase was MeOH/
H2O (v/v = 95/5) and the flow rate was 0.6 mL/min, and 
column temperature was controlled at 25 °C. Injection vol-
ume of sample was 10 μL. Detection wavelength was set at 
280 nm. 0.1 mg/mL diosgenin standard solution was used 
as control. Each experiment was performed in triplicate 
under the same condition.

Physical properties identification of diosgenin‑like 
crystal product

The melting point of the obtained diosgenin-like crystal 
product was determined by the Shimadzu DTG-60 (Shi-
madzu, Shanghai, China) using thermal gravimetric analysis 
(TGA) method according to the previous report (Macêdo 
et al. 1999). In advance, the diosgenin-like crystal product 
was dried for 72 h in a desiccator at an ambient temperature 
in advance. Then, 0.900 g dried crystal product was loaded 
into DTG-60 and heated with a rise rate of 10 °C min−1; a 
nitrogen atmosphere was used, at a flow rate of 50 mL/min. 
The thermal gravimetric (TG) curve was analyzed with the 
aid of software of the instrument. The melting point was 
determined according to reduction in mass.

Comparisons of the Fourier transform infrared (FT-IR) 
spectrum of the obtained diosgenin-like crystal product with 
diosgenin standard product were screened by a Bruker ver-
tex70 infrared spectrometer system (Bruker China Co., Ltd., 
China) according to the previous report (Zhang et al. 2009). 
The crystal product and standard product were both dried 
2 days ago prior to FT-IR measurement. Round transpar-
ent tablet contained the crystal product sample or diosgenin 
standard product was subjected to 32 scans with 4 cm−1 
resolution in the region of 4000–500 cm−1 by the Bruker 
vertex 70 infrared spectrometer, respectively.

NMR spectra of the obtained diosgenin-like crystal prod-
uct and diosgenin standard (control group) were analyzed by 

500 MHz spectrometer for 1H NMR and 126 MHz for 13C 
NMR (Bruker, Billerica, MA, USA) according to the report 
(Mamay, Wahyuningrum and Hertadi 2015) with little modi-
fications. The diosgenin-like crystal product or diosgenin 
standard was solved in CDCl3 in the process, respectively.

The optical rotation of the obtained diosgenin-like crystal 
product was determined using a WZZ-2S digital automatic 
polarimeter (Shanghai, China) according to papers (Duan 
et al. 2018; Eibler and Vetter 2017). One percent (w/v) dios-
genin-like crystal product in chloroform was prepared and 
determined at 589 nm under 20 °C, while pure chloroform 
served as blank control.

The species identification of the target strain

The strain to produce diosgenin was identified by 16S 
rDNA sequence with polymerase chain reaction (PCR). The 
genomic DNA of the strain was isolated with Takara Min-
iBEST Agarose Gel DNA Extraction Kit according to the 
instruction, which was used as the PCR amplification tem-
plate; the used forward (Fw) primer was 5′-AGA​GTT​TGA​
TCC​TGG​CTC​AGA​ACG​-3′, and the reverse (Rv) primer 
was 5′-TAC​GGC​TAC​CTT​GTT​ACG​ACT​TCA​C-3′. Twenty-
five microliters of the PCR reactant was mixed well with 1 
μL 10 μmol/L Fw primer, 1 μL 10 μmol/L Rv primer, 2.5 μL 
10 × PCR buffer, 1 μL 2.5 mM dNTP mixture, 1.0 μL DNA 
template, 0.4 μL rTaq enzyme, and 18.1 μL nuclease-free 
water. PCR was carried out in the Bio-rad® ALD1244 DNA 
Engine (Bio-Rad, USA). The adopted PCR protocol was as 
follows: (1) initial denaturation temperature was 94 °C for 
3 min; (2) 30 cycles, every cycle including 94 °C for 30 s, 
58 °C for 30 s, and 72 °C for 1 min; (3) final extension step 
was maintained at 72 °C for 5 min. The PCR product was 
sequenced by Shanghai Sangon Biotech of China after our 
purification. The obtained 16S sequence was compared with 
NCBI data to determine species. The phylogenetic tree was 
constructed by neighbor joining method using by MEGA 
software version 7.0 (Kumar et al. 2016; Pidiyar et al. 2003). 
The colony morphology and structure of the target strain was 
analyzed using transmission electron microscope (TEM) and 
atomic force microscopy (AFM) (Bruker Company, USA).

Effect of pH on diosgenin yield and pH optimization 
in batch fermentation

At the optimal growth temperature of this strain, pH values 
may play an important role to produce diogenin in batch fer-
mentation. Therefore, pH optimization was made to improve 
the diosgenin yield. Different pH tests were carried out in 
a fermentation medium with the same composition as the 
abovementioned in a 5-L automatically controlled BioFlo 
batch Fermenter (No.500998196, New Brunswick Scientific 
Co., Inc., USA). pH value of medium was in turn set at 5.5, 
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6.0, 6.5, 7.0, 7.5, and 8.0 in the batch fermentation; the pH 
during cultivation was detected by a pH electrode attached to 
a PID controller equipped to the fermenter, and the adjusting 
and stabilizing of pH values were automatically performed 
by adding 0.1 N hydrochloric acid or sodium hydroxide with 
two trickle feed pumps controlled by a computer program. 
The inoculation amount was 10%. The other conditions of all 
fermentation trials were maintained at 28 °C with 200 rpm 
stirring for 80 h, while 1.0 L−1 min−1 ventilation was given 
into the fermenter, 0.2% poly-siloxane was used as defoamer. 
Sampling was performed every 4-h interval, and the yields 
of diosgenin were analyzed using multi-well microplate 
spectrophotometry according to the previous paper (Li et al. 
2012). Production rates of diosgenin were calculated by the 
following formula.

where Y is the production rates of diosgenin, mg L−1 h−1; 
Δt is the fermentation time increment, h; ΔC is the concen-
tration variation of diosgenin in Δt period, mg L−1. Each 
experiment was repeated for three times. In order to maxi-
mize production rate of diosgenin, a phased pH control strat-
egy was practiced in the fermenter according to the above 
effects of pH on production rates.

Statistical analysis

The results of all were analyzed by statistical software SPSS 
18.0.

Results

Identification of diosgenin‑like crystal product

A total of three endogenous strains were obtained. Only 
one strain was found to produce the diosgenin-like crystal 
product. The diosgenin-like crystal product was identified by 
HPLC. Its retention time was at 4.100 min in HPLC chro-
matogram as Fig. 1A showed, which coincided with that 
of diosgenin standard. It was preliminarily inferred that the 
diosgenin-like crystal product is most likely diosgenin. The 
purity of the diosgenin product was calculated by peak area 
ratio method to be ~ 96.20%. The melting point curve of the 
diosgenin-like crystal product was further determined by the 
thermal gravimetric analysis method (TGA). It can be seen 
that it began melting at 204 °C from the obtained melting 
point curve as Fig. 1B showed, which is consistent with pre-
vious reports (Zhang et al. 2009, 2007).

The FT-IR spectrum of the diosgenin-like crystal prod-
uct was displayed in Fig. 1C. It can be seen that the spec-
trum shape of the crystalline product is almost the same 

Y = ΔC∕Δt

with that of diosgenin standard except difference in trans-
mitted light intensity, especially same in the range between 
1800 and 600 cm−1, where it is the major fingerprint area 
of diosgenin. In other areas with typical characteristics, 
a large OH-stretching vibration is at 3525 cm−1, which is 
consistent with –OH in diosgenin molecular structure as 
Fig. 1D showed. Four strong absorption peaks between 
2950 and 2834 cm−1 wavenumber values are presumed 
to be asymmetric stretching vibrations of four methyl 
groups (–CH3) as showed in Fig. 1D. A stretch absorption 
peak of a –C = C– group appears at 1680 cm−1, indicating 
one –C = C– group in diosgenin molecular structure as in 
Fig. 1D. About six strong absorption bands between 1458 
and 1130 cm−1 are inferred to be deformation vibrations of 
four six-membered rings and two five-membered rings in 
diosgenin molecular structure. Strong absorptions between 
1050 and 980 cm−1 should be due to –C–O–C– stretches 
in diosgenin molecule according to previous reports (Cav-
agna et al. 2010; Gong et al. 2019; Kos et al. 2003). A 
number of characteristic absorption bands in the range 
980–500 cm−1 should be out-of-plane bending vibrations 
of C-H bonds in the spiral skeleton of diosgenin molecule. 
In addition, the optical rotation of the crystal-like product 
was further determined to be �20

589
= −126.1◦ ± 1.5◦ (chlo-

roform, c = 1%), which was similar with that of standard. 
A negative sign means the product is left-handed, which 
is very important for producing steroid hormone drugs 
using diosgenin, because left-handed stereoselectivity 
is closely related to drug activity (Davies 1990). NMR 
spectrum of the diosgenin-like crystal product and stand-
ard was recorded using 500-MHz spectrometer for 1H 
NMR and 126 MHz for 13C NMR. The 1H NMR spec-
trum data (500 MHz, CDCl3) of the diosgenin-like crystal 
product are as follows: δ 5.37 − 5.32 (m, 1H), 4.40 (q, 
J = 7.5 Hz, 1H), 3.49 (ddq, J = 25.7, 10.9, 3.4, 2.3 Hz, 
2H), 3.37 (t, J = 10.9 Hz, 1H), 2.33–2.27 (m, 1H), 2.23 
(ddd, J = 13.2, 10.8, 2.8 Hz, 1H), 2.05–1.93 (m, 2H), 
1.85 (ddt, J = 14.2, 10.6, 5.6 Hz, 3H), 1.81–1.70 (m, 2H), 
1.70–1.51 (m, 9H), 1.51–1.39 (m, 3H), 1.28 (dq, J = 19.8, 
6.7 Hz, 1H), 1.23–1.04 (m, 3H), 1.02 (s, 3H), 0.97 (d, 
J = 7.0 Hz, 4H), 0.78 (t, J = 3.2 Hz, 6H). The 13C NMR 
spectrum data (126 MHz, CDCl3) of the diosgenin-like 
crystal product are as follows: δ 140.8(C-1), 121.5(C-2), 
109.3(C-3), 80.9(C-4), 71.8(C-5), 66.9(C-6), 62.1(C-7), 
56.5(C-8), 50.1(C-9), 42.3(C-10), 41.6(C-11), 40.3(C-12), 
39.8(C-13), 37.2(C-14), 36.7(C-15), 32.1(C-16), 31.9(C-
17), 31.6(C-18), 31.5(C-19), 31.4(C-20), 30.3(C-21), 
28.9(C-22), 20.9(C-23), 19.4(C-24), 17.2(C-25), 16.3(C-
26), 14.5(C-27). Its 1H spectrum and 13C spectrum are 
displayed in Fig. 1E and Fig. 1F, respectively. Accord-
ing to the 1H spectra, δ 7.265 ppm is the solvent peak of 
CDCl3, and δ 5.37–5.32 (m, 1H) indicates that there is 
a double-bond H in the compound. Considering the two 
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Fig. 1   The identification of the diosgenin-like crystal product. A 
Chromatograms of the diosgenin-like crystal product and diosgenin 
standard. Therein, peak 1: the chromatogram of the diosgenin-like 
crystal product; peak2: the chromatogram of diosgenin standard prod-
uct. B The thermal gravimetric analysis curve of the diosgenin-like 

crystal product. C FT-IR spectra of the diosgenin-like crystal product 
(in black) and diosgenin standard (in red). D The molecular structure 
formula of diosgenin. E 1H NMR of the diosgenin-like crystal prod-
uct (in blue) and diosgenin standard (in red). F 13C NMR of the dios-
genin-like crystal product (in blue) and diosgenin standard (in red)
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double C bond signals of δ 140.8(C-1) and 121.5(C-2) 
in the 13C spectrum, it can be concluded that there is a 
C = C double bond in this compound. The 1H spectra δ 
4.40 (q, J = 7.5 Hz, 1H), 3.49 (ddq, J = 25.7, 10.9, 3.4, 
2.3 Hz, 2H), and 3.37 (t, J = 10.9 Hz, 1H) indicate that 
there are four CH or CH2 signals connected with oxygen in 
the compound. According to the four C signals connected 
with oxygen in the C spectrum δ109.3(C-3), 80.9(C-4), 
71.8(C-5), and 66.9(C-6), it can be deduced that there are 
four O atomic signals in the compound. Four characteristic 
methyl peaks of diosgenin are found in the high field of 
13C spectrum, which are δ 19.4(C-24), 17.2(C-25), 16.3(C-
26), and 14.5(C-27), respectively. Compared with the 1H 
and 13C spectra of the compound with diosgenin stand-
ard in Fig. 1E and Fig. 1F, it can be concluded that the 
diosgenin-like crystal product was diosgenin (C27H42O3).

The species identification of the target strain

By comparing the 16S DNA sequence (Supplementary 
Material 1) with the NCBI database data using phyloge-
netic analysis method (Accession number: PRJEB32851), 
the result indicated that the target strain belonged to a 
sub-branch of the Bacillus licheniformis and it shared a 
high sequence similarity with Bacillus licheniformis (GI 
2,200,464) as Fig. 2 showed. The strain was therefore named 
B. licheniformis SYt1. It had been preserved in China Gen-
eral Microbiological Culture Collection Center (CGMCC), 
and the deposit number was 2334.

The TEM photograph of Syt1 is shown in Fig. 3A. It 
looks like a straight and round-ended rod, with peritrichous 
flagella indicating motility. There is no apparent capsule 
observed by TEM. A wrinkled and undulating surface can 
be clearly observed by the atomic force microscope (AFM) 
from Fig. 3B. It also can be observed that the shape of the 
strain actually is a flat rod with ciliated edges, indicating 
that Syt1 presented powerful adhesion. Its size is about 
1.5 ~ 3.0 μm length × 0.5 ~ 0.8 μm width according to the 
scale of AFM.

Effect of pH on diosgenin yield and pH optimization 
in batch fermentation

Effect of pH values on the production rate of diosgenin 
and optimization strategy are illustrated in Fig. 4. From 
Fig. 4A, it can be seen that the production rate of diosgenin 
increases with increasing fermentation time for any single 
pH control at first. Next, there is a maximum production 
rate appearing at an optimal fermentation time point, and 
then decreases with the extension of the fermentation time 
whatever for anyone fixed pH value. When pH increases 
by 0.5 unit in the range from 5.5 to 8.5, the correspond-
ing maximal production rate of diosgenin is 1.69 ± 0.081 
mg L−1  h−1, 1.88 ± 0.074 mg L−1  h−1, 1.80 ± 0.055 mg 
L−1 h−1, 1.51 ± 0.065 mg L−1 h−1, 1.17 ± 0.088 mg L−1 h−1, 
0.73 ± 0.045 mg L−1  h−1, and 0.39 ± 0.033 mg L−1  h−1, 
respectively; the corresponding time points are at 16 h, 24 h, 

Fig. 2   Phylogenetic neighbor joining tree of strain B. licheniformis 
Syt1. The number at branch point indicates the reliability of the 
branch. Numbers in bracket indicate GenBank accession number

Fig. 3   The cell morphology 
identification of B. licheniformis 
Syt1. A The TEM photograph 
of Syt1; B the atomic force 
microscopy photograph of Syt1
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32 h, 36 h, 37 h, 52 h, and 56 h, respectively. Moreover, 
when the fermentation time varies from 60 to 80 h, the pro-
duction rate of diosgenin rapidly decreases at pH 5.5, 6.0, 
and 6.5, and closes to 0 at 80 h, but at that moment the pro-
duction rate of diosgenin still maintains at 0.21 ± 0.043 mg 
L−1  h−1, 0.42 ± 0.050 mg L−1  h−1, and 0.33 ± 0.036 mg 
L−1 h−1 at pH7.0, 7.5, and 8.0, respectively. Therefore, a 
phased pH control is very beneficial to improve production 
rate of diosgenin.

When the phased pH control strategy as showed in 
Fig. 4B is used, the maximum theoretical yield of diosgenin 
should be the shaded area shown in Fig. 4C. The practice 
results of the phased pH control strategy indicated that the 
diosgenin yield was 85 ± 8.6 mg L−1, significantly higher 
than that of any single-pH control (yield in order from 
low pH to high pH: 38.9 ± 6.8 mg L−1; 43.7 ± 7.1 mg L−1; 
50.4 ± 4.8 mg L−1; 54.4 ± 4.9 mg L−1; 42.1 ± 6.3 mg L−1; 
40.9 ± 5.9 mg L−1; 28.1 ± 4.5 mg L−1) as shown in Fig. 4D. 
Thence, the phased pH control strategy is actually beneficial 

to improve the batch fermentation yield of diosgenin of 
SYt1.

Discussion

In this work, an endogenous Bacillus licheniformis SYt1 
was firstly isolated from DZW, which was proved to pro-
duce diosgenin. As one of the sterol family, diosgenin was 
often synthesized by eukaryotes for critical cellular func-
tions including maintaining membrane fluidity, phago-
cytosis, stress tolerance, and cell signaling (Riobo 2012; 
Wei et al. 2016), but not typically produced by bacteria, 
because bacteria still lacked homologs of the eukaryotic 
proteins required for the modifications such as demeth-
ylation and saturation in metabolic pathway. However, a 
few bacterial species such as γ-proteobacteria (Banta et al. 
2015) and δ-proteobacteria (Bode et al. 2003) had been 
reported to produce cholesterol, a kind of sterol with a 

Fig. 4   Effect of pH values on the production rate of diosgenin and 
optimization strategy. A Effect of pH on production rate of diosgenin; 
B phased pH optimization control strategy; C schematic diagram of 

maximum production rate of diosgenin using phased pH control strat-
egy; D verification of maximum yield using phased pH control strat-
egy
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similar structure to diosgenin. Bacterial sterol synthesis 
pathways are still unknown (Wei et al. 2016). Given the 
sporadic and sparse distribution of sterol synthesis in the 
bacterial domain, it has been suggested that bacteria most 
likely acquired this biosynthetic pathway through horizon-
tal gene transfer from eukaryotes (Bode et al. 2003; Sum-
mons et al. 2006; Wei et al. 2016). This reasoning has not 
been confirmed. B. licheniformis SYt1 is one endogenous 
bacterium of DZW, and horizontal gene transfer might 
highly probably happen between them. However, very few 
information is available for discussion. If the horizontal 
gene transfer was true, the strain should produce saponins 
in its metabolic process. Unfortunately, saponins have not 
been determined by us in the process, which suggested that 
another compound similar to diosgenin in structure might 
be formed in the strains. A possible biosynthesis pathway 
of diosgenin in plant is illustrated in Fig. 5 according to 
the previous reports (Ciura et al. 2017; Zolfaghari et al. 
2020). In this way, acetyl-CoA is converted to isopente-
nyl pyrophosphate (IPP) through MVA pathway, and the 
latter is transformed to cholesterol through subsequent 13 
possible steps. Cholesterol is subsequently metabolized to 
be diosgenin undergoing 7-step biocatalytic reactions. All 
organisms must be able to produce both IPP (Thibodeaux 
and Liu 2017). Therefore, cholesterol probably is one criti-
cal precursor of diosgenin.

A verification experiment was performed by us through 
adding cholesterol as the sole carbon source in medium. 
The obtained results are displayed in Fig. 6. Lane 1 indi-
cates that no conversion from added cholesterol (0.01 g/L) 
as sole carbon source to diosgenin happened when no liv-
ing strain SYt1 was inoculated in medium. Lane 2 shows 
that some added cholesterol had been converted to dios-
genin by inoculated strain SYt1 in medium when 0.2 g/L 
cholesterol was added as sole carbon source. Lane 5 shows 
that all cholesterol in Lane 2 had been almost converted 

Fig. 5   Possible biosynthe-
sis pathway of diosgenin in 
fenugreek (Ciura et al. 2017; 
Zolfaghari et al. 2020)

Fig.6   Conversion evidence from cholesterol to diosgenin using thin-
layer chromatography. Lane 1: control (no strain SYt1 inoculation, 
0.01 g/L cholesterol addition); lane 2: part bioconversion of choles-
terol to diosgenin by strain SYt1 (0.2 g/L cholesterol addition); lane 
3: cholesterol standard (0.2 g/L); lane 4: diosgenin standard (0.2 g/L); 
lane 5: almost complete bioconversion of cholesterol to diosgenin by 
strain SYt1 (0.2 g/L cholesterol addition); lane 6: cholesterol standard 
(0.2 g/L); lane 7: diosgenin standard (0.2 g/L)
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to diosgenin by the presented strain SYt1. Therefore, the 
results suggested that cholesterol may be one precursor of 
diosgenin. Because it was found that diosgenin production 
rate was directly proportional to cell biomass of SYt1, 
the potential precursors were presumed to exist in the cell 
wall of SYt1.

The biosynthesis of diosgenin was a multi-step biocata-
lytic reaction process, in which it required the step-by-step 
participation of multiple enzymes (Ciura et al. 2017; Zolfa-
ghari et al. 2020), and the optimal pH might vary from step 
to step for diogenin biosynthesis. Therefore, an optimized 
pH adjustment seems to be necessary to improve the yield 
of diosgenin. The practical results in Fig. 4 indicated that 
the phased pH optimization control strategy was suitable for 
the multi-step biocatalytic reaction process of precursors or 
diosgenin, while some parallel reactions may be suppressed. 
The dynamic pH control strategy has achieved excellent 
results in the batch fermentation tests of other microorgan-
isms (Feng et al. 2014; Wu et al. 2017; Yue et al. 2021).

Admittedly, this is a complicated multi-step process. To 
expose this mechanism, the corresponding enzymes are 
needed to be further purified and simulated these biocata-
lytic reactions, which is a very burdensome and difficult 
work. However, it is a very interesting and worth exploring 
topic in metabolomics and genomics in the future.

Most papers about the microbial production methods of 
diosgenin relied on microorganisms to convert the saponins 
in DZW to diosgenin in vivo instead of acid hydrolysis pro-
cess of plant in vitro (Chen et al. 2018; Cheng et al. 2015; 
Liu et al. 2010; Zhu et al. 2010). The proposed method is 
different from previous reports because it does not require 
DZW to produce diosgenin. In short, this study demonstrates 
that endogenous B. licheniformis SYt1 isolated from DZW 
can produce diosgenin in fermentation processing. pH plays 
an important role to improve the yield of diosgenin in the 
process under aerobic culture conditions. A phased pH opti-
mization control strategy from 5.5 to 7.5 can get maximal 
yield 85 ± 8.6 mg L−1 diosgenin, which is higher than that 
of any single pH control. This is a new way to produce dios-
genin through microorganism fermentation without DZW as 
substrate, which may replace large amounts of plant extracts 
to produce diosgenin in the future.
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