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Abstract
Objectives

Enhance androstadienedione (Androst-1,4-diene-3,17-dione, ADD) production of rough-type morphotype
Mycolicibacterium neoaurum variant by repeated-batch fermentation of immobilized cells.

Results

M. neoaurum R was a rough colony morphotype variant, obtained from routine plating of smooth M.
neoaurum strain CICC 21097. M. neoaurum R showed rougher cell surface and aggregated in broth. The
ADD production of M. neoaurum R was notably lower than that of M. neoaurum CICC 21097 during the
free cell fermentation, but the yield gap could be erased after proper cell immobilization. Subsequently,
repeated-batch fermentation by immobilized M. neoaurum R was performed to shorten the production
cycle and enhance the bio-production efficiency of ADD. Through the optimization of the immobilization
carriers and the solvents for phytosterols, the ADD productivity of M. neoaurum R immobilized by semi-
expanded perlite reached 0.075 g/L/h during the repeated-batch fermentation for 40 days.

Conclusions

Although smooth strains that could homogenously suspended in broth seemed to be preferred in the
steroid bioconversion, the rough-type strain M. neoaurum R might be able to find their place by proper cell
immobilization.

Introduction

Steroid-based drugs have been developed as the second largest medical category after antibiotics. About
300 steroid-based drugs have been approved, with an annual output exceeding one million tons
(Fernandez-Cabezén et al. 2018). As the bulk platform chemicals for fine pharmaceutical steroids,
steroid-based drug intermediates are indispensable in steroid industry. Although the classic steroid
chemistry route that employs 16-dehydropregnenolone acetate (16-DPA) as the intermediate is dominant
at present, the biosynthesis of steroid-based drug intermediates has got much attention from both
laboratory researchers and pharmaceutical companies (Laveaga 2005). The bio-route shows advantages
on abundant and low-cost start materials, multiple steroid drug intermediate products, ecofriendly
processes, and one pot and one operation step for consecutive biochemical reactions (Zhao et al. 2021).
Among the multiple biosynthesized steroid-based drug intermediates, androstadienedione (androst-1,4-
diene-3,17-dione, ADD) has a large market demand, as it has been recognized as a versatile chemical
serving as the precursor for many important steroid-based drugs, including progesterone, testosterone,
cortisol, estradiol, cortisone, prednisolone and prednisone (Batth et al. 2020; Feng et al. 2022).
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Over the decades, many microorganisms have been isolated for the production of steroid-based drug
intermediates, but only strains of Mycolicibacterium neoaurum (basonym: Mycobacterium neoaurum)
have been used for mass production at industrial scale (Fernandez-Cabezon et al. 2018). Phytosterols are
frequently used as the start material for the steroid bioconversion. Commercially, phytosterols are often
obtained as a by-product or waste of vegetable oil refining industry as a mixture of B-sitosterol,
stigmasterol, campesterol and brassicasterol (Almeida et al. 2020). By truncating side-chain and
modifying nucleus of the steroid components of phytosterols, ADD can be produced by some
mycobacteria and mycolicibacteria. The overall process of the ADD bio-production from phytosterols in
mycobacteria and mycolicibacteria has been unveiled, but some steps and mechanisms are still
unknown (Liu et al. 2018). Androsta-4-ene-3,17-dione (androstenedione, AD), sharing similar molecular
structure and metabolic pathway, is usually produced as the byproduct in ADD-producing strains (Amin et
al. 2010; Zhang et al. 2021; Zhao et al. 2022). Additionally, the aqueous solubility of phytosterols is about
2 mg/L in aqueous media, limiting the efficiency of steroid bioconversion (Josefsen et al. 2017). In order
to improve the bioaccessibility of phytosterols and enhance the steroid bioconversion of mycobacteria
and mycolicibacteria, varied attempts were made, mainly including the supplements of cyclodextrins
(CDs), surfactants, adsorbents and oils (Zhao et al. 2021).

Although the mycobacterial and mycolicibacterial strains that employed for the bio-production of steroid-
based drug intermediates were frequently classified as the rapidly growing mycobacteria (RGM), the time
course of steroid bio-conversion typically reached about ten days or more with the inclusion of seed
cultivation (Mancilla et al. 2018; Zhao et al. 2022). In order to accelerate the bio-process by reducing the
non-productive phase and improving the operation efficiency, repeated-batch fermentation by
immobilized cells has been performed in previous studies. Bagasse as the immobilization carrier
increased the total ADD and AD productivity of the Mycobacterium sp. LZ2 co-expressing VHb and MceG
by 56% and reduced the biotransformation period from 60 days to 37 days (Zhang et al. 2021). Moreover,
the ADD and AD yields of Mycobacterium sp. DSM 2966 and Mycobacterium sp. DSM 2967 were
enhanced by 3-4-fold after the passive adsorption onto Luffa cylindrical (Saab et al. 2010). The
immobilization of Mycobacterium sp. NRRL B-3805 onto chrysotile led to higher bioconversion rates and
allowed the implementation of a continuous operation mode (Wendhausen et al. 2005). Besides, multiple
inorganic and organic materials, including celite, concrete, silicone rubbers, poly vinyl alcohol (PVA)/poly
vinyl pyrrolidone (PVP) copolymer and hydrogels, have been served as the carriers for the immobilization
of mycobacteria and mycolicibacteria during steroid bioconversion (Ahmed 2014; Amin et al. 2010;
Claudino et al. 2008; Llanes et al. 2001).

Some nontuberculous mycobacteria (NTM), including M. neoaurum, have long been recognized as
having both rough and smooth colony morphotype variants (Behra et al. 2019; Fregnan and Smith 1962).
The smooth variants are homogenously suspended in flask-shaking, whereas the rough variants
aggregate (Clary et al. 2018). Might due to that, the smooth variants seemed to be preferred in the steroid
bioconversion. Mycobacterium sp. VKM Ac-1815D formed both rough and smooth colonies on agar after
the chemical agents and UV irradiation mutagenization, but only smooth colonies were picked up and

tested for sterol-transforming activities (Donova et al. 2005). In this study, a rough colony morphotype
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variant, termed as M. neoaurum R, was isolated in the routine plating of the smooth M. neoaurum CICC
21097. M. neoaurum R and M. neoaurum CICC 21097 accumulated ADD as the major product in the
phytosterols bioconversion. The ADD production of M. neoaurum R was inferior to M. neoaurum CICC
21097 during the free cell fermentation, but after proper cell immobilization, the rough M. neoaurumR
showed more stable and considerable ADD production than M. neoaurum CICC 21097, suggesting the
potential of the rough variants immobilization in the steroid bio-conversion. To further enhance the ADD
productivity of M. neoaurum R in repeated-batch fermentation, the immobilization carriers and the co-
solvents of phytosterols were optimized.

Materials and methods

Chemicals and materials

Phytosterols (mainly sterol components including B-sitosterol 33.6%, stigmasterol 30.9%, campesterol
3.5% and brassicasterol 3.2%) were purchased from HSF Biotech (Shanxi, China). Soybean meal was
from Hongrun Baoshun Technology (Beijing, China). HP--CD (molar weight 1447, with 0.67 molar
substitution of the hydroxypropyl moiety) was purchased from Zhiyuan Biotechnology (Shandong,
China). HPD826 (purity = 98%) was purchased from Miaoyang Chemical (Hebei, China). Sodium stearyl
lactate were purchased from Shanjiaren Food (Henan, China). Semi-expanded perlite (particle size 5-10
mm) and lava rock (particle size 5-10 mm) were purchased from Mingyang Garden (Taobao, China).
Expandable polyethylene and luffa sponge were collected from local market and cut into small pieces
(particle size ~ 10 mm). Other chromatographic pure reagents and analytical grade reagents were
purchased from Macklin (Shanghai, China). PCR Enzymes and Bacteria DNA kit were from Sangon
Biotech (Shanghai, China)

Stains, media and growth conditions

M. neoaurum CICC 21097 was purchase from China Center of Industrial Culture Collection (CICC),
showing smooth colony morphotypes. M. neoaurum R was a spontaneous mutant of M. neoaurum CICC
21097, showing rough colony morphotypes. M. neoaurum R was deposited in China Center for Type
Culture Collection with the strain number CCTCC M 2021383.

The chromosomal DNAs of M. neoaurum CICC 21097 and M. neoaurum R were extracted and used as
templates to amplify 16S rDNA sequences with the bacterial 16S rDNA universal primers 27F
(AGAGTTTGATCMTGGCTCAG) and 1429R (GGTTACCTTGTTACGACTT) (Duong et al. 2021). The PCR
products were sequenced by Sangon Biotech. The sequence data of 16S rDNAs from M. neoaurum CICC
21097 and M. neoaurum R were submitted to GenBank, and their accession numbers were 0Q346110
and 0Q346103, respectively.

M. neoaurum CICC 21097 and M. neoaurum R were maintained and rejuvenated in LB medium (10 g/L
peptone, 5 g/L yeast extract and 10 g/L NaCl). For steroid bioconversion, a loop of M. neoaurum cell
colonies were inoculated into tube containing 3 mL LB medium for 48 h at 30°C and 200 rpm, followed
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by the dilution into 30 mL seed medium (25.0 g/L fructose, 10.0 g/L peptone, 6.0 g/L yeast extract and
10.0 g/L NaCl) for 36 h. Then, 3 mL seed culture was inoculated into 30 mL fermentation medium (25.0
g/L fructose, 14.4 g/L (NH,),HPO,, 9.6 g/L soybean meal, 10.0 g/L NaCl, 3 g/L K,HPO,, 0.2 g/L MgSQy,,

5x10”4 g/L MnCl,-4H,0 and 5 g/L phytosterols, pH 7.5) in a 250 mL flask for 96 h at 30°C and 200 rpm.

Cell immobilization and repeated-batch fermentations

Immobilization carriers, including semi-expanded perlite, lava rock, activated carbon, expandable
polyethylene and luffa sponge, were washed three times, dried at 60°C and sterilized at 121 °C for 20
min before used. The carrier PVA hydrogel was prepared by adding 2.5 g PVA into 22.5 g ddH,0, stiring at
140 °C to clear and transparent solution, removing bubbles by ultrasound, and then pouring into mold
and placing at -20 °C for 12 h; the PVA hydrogel was cut into small squares with a length and width of 10
mm for use (Zhang et al. 2019). For M. neoaurum CICC 21097 and M. neoaurum R immobilization,
carriers were supplemented into fermentation media. The supplements of semi-expanded perlite, lava
rock and activated carbon were 160 g/L (Lyew et al. 2007), expandable polyethylene and luffa sponge
were 5 g/L (Zhang et al. 2021), and PVA hydrogel were 200 g/L. After a batch fermentation for 96 h, the
broth was removed and the carriers were washed by sterilized ddH,0 for three times; then 30 mL fresh
fermentation medium was replenished for the repeated-batch fermentation. Samples was taken to detect
the yield of ADD and androsta-4-ene-3,17-dione (AD) after each batch of fermentation, and all results
were an average of triplicate experiments.

Optimization for the ADD production by immobilized M. neoaurum R

The supplement of semi-expanded perlite and co-solvents for phytosterols were optimized to enhance the
ADD production by immobilized M. neoaurum R by one-factor-at-a-time (OFAT) experiment and
orthogonal array testing. Different amount of semi-expanded perlite (0, 80, 160, 250, 340 and 420 g/L)
were supplemented into fermentation media to determine the influence of the immobilization carrier on
ADD production. Sodium stearoyl lactylate (SSL), macroporous resin HPD826 and hydroxylpropyl-B-
cyclodextrin (HP-B-CD) were employed as co-solvents for phytosterols. Co-solvents were supplied to the
fermentation media that contained 160 g/L semi-expanded perlite in different co-solvent/phytosterols
ratios (1:2, 1:1, 2:1 and 4:1, w/w). The effects of phytosterols concentrations (5, 10, 15, 20 g/L) were
investigated as well, in fermentation media containing equal amounts of HP-B-CD as phytosterols and
160 g/L semi-expanded perlite. According to the result of the OFAT experiments, an orthogonal Ly(3%)
assay was designed on the semi-expanded perlite amount (A), phytosterols concentration (B) and HP-B-
CD/phytosterols ratio (C) (Table 1). The range method was used for the results of orthogonal array
testing (Fang et al. 2018).
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Table 1
Orthogonal design and experimental results

Test A B C ADD
No.
semi-expanded perlite phytosterols HP-8-CD/phytosterols (g/L)
amount (g/L) concentration (g/L) ratio (w/w)

1 80 10 1:1 214+
0.04

2 80 15 2:1 439+
0.02

3 80 20 4:1 6.17 £
0.18

4 160 10 2:1 3.20+
0.06

5 160 15 4:1 418+
0.28

6 160 20 1:1 321+
0.02

7 250 10 4:1 3.61+
0.28

8 250 15 1:1 317+
0.11

9 250 20 2:1 436+
0.04

k1 4.23+0.08 298+0.10 2.84+0.06

k2 3.53+£0.11 3.91+0.05 3.98+0.03

k3 3.71+0.07 4.58 +0.05 465+0.12

R 0.7 1.6 1.81

Analytical methods

ADD and AD were analyzed by HPLC (Agilent 1260, USA). Broth was extracted with twice the volume of
ethyl acetate, and the upper phase were separated and filtrated for HPLC analysis. The HPLC separation
and quantitation was realized on an Agilent Eclipse Plus C18 column (5 ym, 250 mm x 4.6 mm, USA) at
30 °C and 70% methanol aqueous solution was used as mobile phase at a flow rate of 1 mL/min. ADD
and AD were detected at 254 nm, and the spectra were recorded online (Shao et al. 2015). The molar
product yield of ADD was calculated using the following formula: ADD molar yield% =

Capp/Mapp/ (Cps/Mpg) x 100%, where Cpp and Cpg Were the concentration (g/L) of ADD and the total
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sterol components of phytosterols, respectively; and M,pp and Mpg are the molar masses (g/mol) of ADD
and the total sterol components of phytosterols, respectively (Zhang et al. 2021).

Scanning electron microscopy (SEM) were employed to visualize the microstructures of M. neoaurum
CICC 21097, M. neoaurum R and M. neoaurum R that was immobilized onto semi-expanded perlite. Cells
of M. neoaurum CICC 21097 and M. neoaurum R were collected after the cultivation in LB broth for 48 h
at 30°C and 200 rpm, and the M. neoaurum R immobilized by semi-expanded perlite were collected after
ten-repeated-batch fermentation. The specimens were prepared as described previously (Wang et al.
2018). Briefly, samples were washed by PBS, fixed with 2.5% (v/v) glutaraldehyd and 1% (v/v) 0s04,
dehydrated with gradually increasing concentrations of ethanol aqueous solution and isoamy| acetate.
Then, samples were dried by critical point method, coated with gold-palladium and imaged by SEM
(Hitachi SU8010, Japan) operated under high vacuum with an acceleration voltage of 5.0 kV. The carried
semi-expanded perlite was imaged by SEM as well, after it was washed by ddH,0, dried and coated with

gold-palladium.

Results

Isolation of rough variant M. neoaurum R

M. neoaurum R, which was characterized by the rough and dry texture on agar plates, was obtained from
a single rough colony during the routine plating of the smooth M. neoaurum CICC 21097 (Fig. 1). The
rough cell morphotype of M. neoaurum R were stable over the multiple passages (Supplementary Fig. 1).
The 16S rDNA sequencing and alignment confirmed that M. neoaurum R (0Q346103) and M. neoaurum
CICC 21097 (0Q346110) were highly homologous, although the two isolates illustrated different
phenotypes. In flask-shaking, M. neoaurum R tended to aggregate (Fig. 1a). In sharp contrast, M.
neoaurum CICC 21097 which formed small smooth and moisture colonies on agar plates and
homogenously suspended in broth (Fig. 1b). In SEM images, M. neoaurum R and M. neoaurum CICC
21097 both showed rods-shaped, but the cell surface of M. neoaurum R seemed rougher, implying that M.
neoaurum R and M. neoaurum CICC 21097 might have different cell surface properties (Fig. 1).

ADD was accumulated by both M. neoaurum R and M. neoaurum CICC 21097 as the major product in
fermentation medium. Small amount of androsta-4-ene-3,17-dione (AD), another C-19 steroid drug
intermediate sharing similar molecular structures and metabolic pathways with ADD, was produced as
the by-product. As shown in Fig. 2a, 0.02-0.06 g/L ADD and AD were produced by the two strains at 24 h.
Then the AD yield stopped increasing, whereas ADD was promptly accumulated. At 96 h, the ADD yield of
M. neoaurum R was 0.43 g/L, which was notably lower than that of M. neoaurum CICC 21097 (0.62 g/L).
The increase of ADD production of M. neoaurum R and M. neoaurum CICC 21097 almost stalled after 96
h, suggesting that the fermentation could be terminated at 96 h. The notable lower ADD yield of M.
neoaurum R might related to the formation of cell clumps in media (Fig. 1a); the clumps of rough M.
neoaurum R probably further hindered the uptake of the highly hydrophobic phytosterols which tended to
clump and disperse poorly in aqueous (Malaviya and Gomes 2008).
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Semi-expanded perlite as carrier for M. neoaurum R immobilization

Repeated-batch fermentation, in which immobilized cells are used as inocula for subsequent batches, is
an effective way to shorten the production cycle and enhance the bio-production efficiency (Zhou et al.
2020). Hence, several inorganic and organic materials, including semi-expanded perlite, lava rock,
activated carbon, expandable polyethylene, PVA hydrogel and luffa sponge, were employed as the carriers
for the immobilization of M. neoaurum R and M. neoaurum CICC 21097 (Fig. 3).

In the present of semi-expanded perlite and lava rock as the immobilization carriers, the ADD yields of M.
neoaurum CICC 21097 were slightly enhanced in the first batch, respectively reaching 0.70 and 0.74 g/L,
comparing with the free cell fermentation. However, the ADD yields of M. neoaurum CICC 21097 were
obviously hindered by the carriers activated carbon, expandable polyethylene, PVA hydrogel and luffa
sponge (Fig. 3). Although M. neoaurum CICC 21097 immobilized by lava rock had an excellent
performance in the first batch, the ADD yields precipitously dropped and the AD yields slightly increased
in the following two batches. When semi-expanded perlite as the carrier, the ADD yields of immobilized M.
neoaurum CICC 21097 was moderately decreased to 0.46 g/L in Batch 3. The batch yield of byproduct
AD yield of M. neoaurum CICC 21097 immobilized by semi-expanded perlite was about 0.05 g/L. Since
M. neoaurum CICC 21097 immobilized by semi-expanded perlite illustrated the highest average batch
production of ADD and lowest byproduct proportion in two steroid products, semi-expanded perlite was
chosen as the best carrier for M. neoaurum CICC 21097 immobilization.

Significantly, in the present of the same investigated carrier, the ADD productions of M. neoaurumR and
M. neoaurum CICC 21097 were quite similar, in contrast to the notable gap of ADD yields of the two
strains in free cell fermentation (Fig. 3). Especially, the ADD production of M. neoaurum R reached 0.69
g/L in the present of semi-expanded perlite in the first batch (Fig. 2b), which was the highest among the
ADD productions of the immobilized M. neoaurum R. The cycling performances of M. neoaurum R
immobilized by semi-expanded perlite, lava rock, activated carbon, expandable polyethylene or luffa
sponge were notably better than those of M. neoaurum CICC 21097 that was immobilized by the same
carrier. The ADD yields of M. neoaurum R immobilized by expandable polyethylene and luffa sponge
were almost constant and even increased during the three repeated batches, respectively. Although the
ADD production of perlite-immobilized M. neoaurum R slightly decreased to 0.59 g/L in Batch 3, the
average batch yield of ADD was the highest among the immobilized M. necaurum R and M. neoaurum
CICC 21097. Additionally, the average batch yield of byproduct AD of the M. neoaurum R immobilized by
semi-expanded perlite, lava rock, activated carbon, expandable polyethylene or luffa sponge were lower
than those of M. neoaurum CICC 21097 immobilized by the same carrier. Among them, the average AD
yield of perlite-immobilized M. neoaurum R was the lowest, reaching 0.026 g/L (Fig. 3). Therefore, semi-
expanded perlite and M. neoaurum R were chosen as the best combination for repeated-batch
fermentation to produce ADD in this study.

Optimization of ADD accumulation by immobilized M. neoaurum R
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In order to improve the ADD accumulation of immobilized M. neoaurum R, the additions of semi-
expanded perlite for cell immobilization and co-solvents for phytosterols were optimized by the one-
factor-at-a-time (OFAT) experiment and orthogonal array testing (Fig. 4 and Table 1). The investigated co-
solvents included sodium stearoyl lactylate (SSL), macroporous resin HPD826 and hydroxylpropyl-B-
cyclodextrin (HP-B-CD).

As shown in Fig. 4, with the increased of semi-expanded perlite amount, the ADD yield of M. neoaurum R
increased, but no obviously increase could be observed when the addition of the carrier was more than
160 g/L. SSL is a surfactant, which could help steroids dispense in aqueous media by forming oil-in-
water (O/W) emulsion (Monu et al. 2008). When SSL/phytosterols ratios (w/w) were 2:1 and 1:1, the ADD
yields were about 0.70 g/L, which was similar to the yield in media without SSL. However, with the further
increase of SSL, the yields decreased; and no ADD was generated when the ratio of SSL/phytosterols
reached 4:1. Hence, SSL as co-solvent could not enhance the ADD biosynthesis of the perlite-immobilized
M. neoaurum R. Resins were employed as adsorbents for steroids in several researches on steroid
biotransformation (Molchanova et al. 2007; Wang et al. 2021). In fermentation medium containing the
equal amount of macroporous resin HPD826 as phytosterols, ADD reached 1.11 g/L, which was 60.9%
higher than that in media without HPD826. When the HPD826/phytosterols ratio (w/w) further increased
to 4.1, the ADD production was further increased to 1.41 g/L. The yields of byproduct AD were increased
with the supplement of HPD826 as well, reaching 0.26 g/L when HPD826/phytosterols ratio (w/w) was
4:1. However, the structure of semi-expanded perlite broke down after about three weeks of repeated-
batch fermentation, might due to the strong adsorption of HPD826. Therefore, HPD826 was not the
desired co-solvent of phytosterols for the bioconversion by perlite-immobilized M. neoaurum R. HP-3-CD
contains a hydrophilic outside and a hydrophobic central cavity, which could form inclusion complexe
with phytosterols (Su et al. 2020). HP-B-CD could dramatically increase the ADD yield of the perlite-
immobilized M. neoaurum R without any side-effect on the immobilization carrier. In fermentation
medium containing 5 g/L HP-B-CD and 10 g/L phytosterols, ADD yield reached 1.58 g/L, which was
roughly double the data obtained in media without HP-B-CD. With the HP-B-CD/phytosterols ratio (w/w)
increased to 4:1, the ADD yield reached 3.62 g/L, with a molar yield of 73.7%. Additionally, as the
phytosterols content increased from 5 to 20 g/L in fermentation media containing equal amounts of HP-
B-CD as phytosterols, the ADD yields increase from 1.20 g/L to 2.88 g/L, but the ADD molar yield
decreased from 48.9-29.3%.

The semi-expanded perlite amount, phytosterols concentration and HP-3-CD/phytosterols ratio showed
positive effects on the ADD production of the perlite-immobilized M. neoaurum R, thus those factors were
selected for the Lq(3%) orthogonal design (Table 1). The levels of the factors were mainly selected by ADD
production, and took ADD molar yield, byproduct yield and cost were into consideration. In result of the
Lo(3%) orthogonal test, the ADD production of Test 3 reached 6.17 g/L, which was the highest among the

tests. The ADD molar yield of Test 3 was 62.8%, which was slightly lower than the highest data 73.5% of
Test 8. The byproduct AD of Test 3 was 0.72 g/L, which only occupied 10.45% in total C19-steroid
product (AD and ADD). The ranges (R) reflected the factors' sensitivity to the experimental result
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according to the orthogonal experiment (Pan et al. 2022), thus impacts of three factors on ADD
productions could be ranked as: HP-B-CD/phytosterols ratio > phytosterols concentration > semi-expanded
perlite amount. According to the analysis of kvalues, the optimal levels of the factors HP-3-
CD/phytosterols ratio (w/w), phytosterols concentration and semi-expanded perlite amount respectively
were 4, 20 g/L and 80 g/L, which are coincident with the levels of Test 3 in Table 1.

Extended repeated-batch fermentation of immobilized M. neoaurum R

Extended repeated-batch process (10 batches, 40 days) of M. neoaurum R immobilized by semi-
expanded perlite was carried out in fermentation media containing 20 g/L phytosterols, 80 g/L HP-3-CD
and 80 g/L semi-expanded perlite (Fig. 5a). The batch production of ADD was peaked at Batch 2,
reaching 7.90 g/L, with a ADD molar yield of 80.5%, which was 28.0% higher than that of Batch 1. Then
slightly fluctuations of ADD yields were observed during the repeated batch process, but the average ADD
batch yield reached 7.22 g/L. The byproduct AD was produced with an average batch yield of 0.75 g/L,
which was almost one-tenth of the average ADD yield. Surprisingly, the ADD yield of Batch 10 was
maintained 6.55 g/L, which was higher than that of Batch 1. The guaranteed ADD yields of the ten
batches fermentation indicated the possibility of more prolonged processes.

Semi-expanded perlite was changed from white to yellow color after the repeated-batch fermentation
(Fig. 5a and 5c¢). The SEM image of the carrier suggested that the porous structure of semi-expanded
perlite provided suitable beds for surface binding and the entrapment of M. neoaurum R. The adequate
retention of cells scattered on the carriers after the ten-batch fermentation, which supported strong ADD
production capacity in the ten repeat-batch fermentation (Fig. 5c).

Discussion

Perlite is a glassy volcanic rock with a rhyolitic composition. Commercially perlite includes any volcanic
glass that will expand when heated quickly, forming a lightweight frothy material (lvankovic et al. 2010).
Perlite usually goes to horticulture and construction industries, but several researches successfully used
perlite as a carrier for cell immobilizations. For example, the stability for oil degradation by Pseudomonas
sp. was enhanced by cell immobilized onto perlite (Emtiazi et al. 2005). A column system using perlite-
immobilized Saccharomyces cerevisiae as stationary phase was designed for the decontamination of
aflatoxin M1 in milk (Foroughi et al. 2018). Perlite was selected as the best support material for the
immobilization of Mycobacterium austroafricanum IFP 2012 that was capable of mineralizing methyl
tert-butyl ether (Lyew et al. 2007). According to the degree of expansion, perlite can be sub-categorized
into semi-expanded perlite and expanded perlite, and the density and strength of semi-expanded perlite
are superior to expanded perlite. In this study, the ADD yields of M. neoaurum R immobilized by expanded
perlite (data not shown) and semi-expanded perlite were both desirable, but the structure of expanded
perlite broke down after about three repeated batches of fermentation. Thereby, semi-expanded perlite
was employed as carrier for the immobilization of M. neoaurum R in this research.
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The extremely low aqueous solubility of phytosterols greatly limits the substrate bioaccessibility to M.
neoaurum during the steroid biotransformation. Multiple co-solvents of phytosterols were investigated to
enhance the steroid biotransformation (Zhao et al. 2021). Among the co-solvents, HP-3-CD that contains
hydrophilic outside and hydrophobic central cavity was frequently used. The proteome analysis of M.
neoaurum MNR M3C2 suggested that HP-B-CD not only could improve the solubilization of phytosterols,
but also could up-regulate the expression of most proteins involved in steroid metabolism (Su et al.
2020). In this study, the ADD yield of immobilized M. neoaurum R was dramatically enhanced by HP-3-
CD. The HP-B-CD was supplemented in a mass ratio (w/w) of 4:1 to phytosterols in this study, which was
roughly equivalent to the 1:1 molar ration (mol/mol) of HP-B-CD to phytosterols. Despite that the trend of
Fig. 3 and the results of some previous researches (Gao et al. 2015; Shen et al. 2012) implied that the
ADD yield of M. neoaurum R might be further enhanced by the higher molar ration of HP-3-
CD/phytosterols, but considering the cost, the upper limit of HP-B-CD/phytosterols mass ratio (w/w) was
set as 4:1 in this study.

M. neoaurum R was a rough variant of the smooth ADD-producing strain M. neoaurum CICC 21097. The
SEM image displayed that the cell surface morphotype of M. neoaurum R was rougher than that of M.
neoaurum CICC 21097. Similar cell surface morphotype change was also observed in smooth-to-tough
morphotype alteration of Mycobacterium mucogenicum (Kang et al. 2022) Researches on M.
mucogenicum, Mycobacterium abscessus, Mycolicibacterium smegmatis and Mycobacterium avium
strains revealed that the smooth-to-tough morphotype alterations should be related to the reduction of
cell wall glycopeptidolipid (GPL) production (Das et al. 2018; Gutiérrez et al. 2018). However, surveying
the gp/locus shows that several of the genes are absent in M. neoaurum, suggesting that factors other
than genes in the gp/locus might influence the colony morphotype (Behra et al. 2019). Hence, the
smooth-to-tough morphotype alterations in M. neoaurum CICC 21097 and M. neoaurum R was probably
resulted from the changes in the cell surface, although it might not GPL.

ADD was the major product of M. neoaurum R and M. neoaurum CICC 21097, although small amount of
AD was synthesized in fermentation media. Due to the shared metabolic pathway, ADD and AD were
frequently produced together (Amin et al. 2010; Zhang et al. 2021; Zhao et al. 2022), but AD is around one
tenth of the yield of ADD in this study. Intriguingly, the ADD production of M. neoaurum R was notably
lower than that of M. neoaurum CICC 21097 in free cell fermentation, but the gap of yield could be erased
by the addition of the immobilization carriers. The scatter of M. neoaurum R on carriers probably reduced
the formation of the large clumps that might hinder the uptake of the hydrophobic phytosterols (Malaviya
and Gomes 2008). Additionally, perhaps owing to the different cell surface properties, the cycling
performance of the immobilized M. neoaurum R were usually better than the immobilized M. neoaurum
CICC 21097. After optimizing the carrier of cell immobilization and the co-solvents of phytosterols, the
ADD productivity of M. neoaurum R immobilized by semi-expanded perlite reached 0.075 g/L/h during
the repeated-batch fermentation for 40 days. In past decades, several studies focused on the bio-
production of steroid-based drug intermediates by immobilized bacteria. However, calculating from the

data in the reports, the productivities (g/L/h) were usually of the order of 10™* to 10~ 3, which were not
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desirable for mass production (Amin et al. 2010; Claudino et al. 2008; Saab et al. 2010; Wendhausen et al.
2005). Until recently, the AD and ADD total productivity was greatly enhanced to 0.069 g/L/h during the
37 days’ repeated-batch fermentation of Mycobacterium sp. LZ2 that co-expressed VHb and MceG and
was immobilized by bagasse (Zhang et al. 2021). Therefore, comparing with the previous reports, the
ADD production and productivity of M. neoaurum R immobilized by semi-expanded perlite was
outstanding. Moreover, the stable batch yields of M. neoaurum R immobilized by semi-expanded perlite
suggested the possibility of more prolonged processes.

Conclusions

M. neoaurum R, a rough colony variant of the smooth M. neoaurum strain CICC 21097, showed rougher
cell surface morphotype than the parent strain in SEM image. Might owing to the different cell surface
characters, the immobilized M. neoaurum R showed higher ADD batch yields and better cycling
performance than M. neoaurum CICC 21097 immobilized by the same carrier. The ADD productivity of M.
neoaurum R immobilized by semi-expanded perlite reached 0.075 g/L/h during the repeated-batch
fermentation for 40 days, suggesting the potential of rough M. neoaurum R immobilized on semi-
expanded for prolonged repeated-batch fermentation processes. Moreover, although smooth strains that
could homogenously suspended in broth seemed to be preferred in the steroid bioconversion, the rough-
type variants of mycobacteria and mycolicibacteria might be able to find their place in the steroid
bioconversion by proper cell immobilization.
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Figure 1

Characterization of rough morphotype M. neoaurum R and smooth morphotype M. neoaurum CICC
21097. a M. neoaurum R colonies on LB agar, M. neoaurum R cultured in LB medium with shaking, and
SEM images of M. neoaurum R with magnifications of x20 000 and x40 000. b M. neoaurum CICC 21097
colonies on LB agar, M. neoaurum CICC 21097 cultured in LB medium with shaking, and SEM images of
M. neoaurum CICC 21097 with magnifications of x20 000 and x40 000
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Figure 2

Comparison of androstadienedione (ADD) productions of M. neoaurum R and M. neoaurum CICC 21097.
a The ADD and androstenedione (AD) productions by the free cells of M. neoaurum R and M. neoaurum
CICC 21097 in fermentation medium. b The ADD and AD production by M. neoaurumR and M. neoaurum
CICC 21097 in fermentation medium in the present of semi-expanded perlite.
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Figure 3

Repeated-batch fermentations of M. neoaurum R and M. neoaurum CICC 21097 immobilized by semi-
expanded perlite, lava rock, activated carbon, expandable polyethylene, PVA hydrogel or luffa sponge.
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Figure 4

Determination of the optimal amounts of semi-expanded perlite, phytosterols and the co-solvents for
phytosterols for the ADD production of immobilized M. neoaurum R using OFAT method. The

investigated co-solvents were sodium stearoyl lactylate (SSL), macroporous resin HPD826 and HP-B-CD.
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Figure 5

Extended repeated-batch fermentation of M. neoaurum R immobilized by semi-expanded perlite. a The
ADD productions of ten-repeated-batch fermentation by immobilized M. neoaurum R in optimum
medium. b Characterization of semi-expanded perlite. The magnifications of the SEM images were x400
and x5 000. ¢ Characterization of semi-expanded perlite harboring immobilized M. neocaurum R. Sample
were collected after ten-repeated-batch fermentation and the magnifications of the SEM images were
x400 and x5 000.
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