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Dimethyl disulfide (DMDS) is an important volatile organic sulfur compound with diverse applications
and substantial demand in the chemical, agricultural, and food industries. The challenges associated
with their chemical synthesis have spurred exploration of biological synthesis as an alternative

route. Nevertheless, there is limited research on the biosynthesis of DMDS, and the yield remains

low. In this study, strain W2-3, exhibiting high DMDS production, was isolated from aged tobacco
leaves collected in Hubei Province, China. Based on morphological characteristics, 16S rRNA gene
sequencing and phylogenetic analysis, the strain was identified as Alcaligenes faecalis. Through single-
factor experimental methods, an initial pH of 7 and temperature ranging from 19.5 to 30 °C were
demonstrated to be the optimal fermentation conditions for DMDS production. Under these optimized
conditions, the maximum yield of DMDS reached 213.49 mg/L, which was a 1.34-fold increase from the
pre-optimization yield of 159.86 mg/L. Moreover, optimization of sulfur sources and concentrations
showed that increasing methionine concentration led to higher DMDS production. Under sufficient
Met conditions, W2-3 achieved a peak of 2440.71 mg/L DMDS, representing an increase of 11.43-fold
compared to the control group without methionine supplementation. This yield significantly surpassed
the highest yield reported in the literature (40.06 mg/L) by 60.93-fold, establishing a new record for the
highest yield currently known. This study identifies A. faecalis W2-3 as a promising microbial chassis
for the biosynthesis of DMDS, characterized by a high yield and strong temperature adaptability. It
offers insights into the metabolic pathways and fermentation conditions for industrial-scale DMDS
production. As the first systematic optimization research aimed at enhancing DMDS production, it

fills a gap in the literature. Our findings pave the way for sustainable and efficient DMDS biosynthesis,
with significant implications for promoting its application in agriculture, industry, and environmental
management.
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Met Methionine

MTL Methanethiol
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KMBA 4-Methylthio-2-oxobutyric acid

MSDS 3-Methylthiopropanal

Cys Cysteine

LB Luria-Bertani

GC-MS  Gas chromatography-mass spectrometry

The continuous cultivation of cash crops has exacerbated soil-borne disease, leading to the widespread use of
fumigants such as methyl bromide (MB) and dazomet (DZ) for effective control of weeds, fungi, and pests.
However, studies have revealed that the application of MB fumigants has negative impacts on the stratospheric
ozone layer, the environment and human health, resulting in their prohibition'. DZ fumigants can alter the
predominant soil bacterial community, causing a notable reduction in microbial diversity and promoting the
growth of drug-resistant pathogens, which can disrupt soil function and health*. Given the limitations and
environmental concerns associated with MB and DZ, there is an urgent need for safer and more sustainable
alternatives. Dimethyl disulfide (DMDS) is a highly effective broad-spectrum fumigant that exhibits significant
inhibitory effects against various nematode species, such as Meloidogyne spp., soilborne fungi including
Fusarium spp. and Phytophthora spp., and weed seeds like Abutilon theophrasti and Digitaria sanguinalis>®.
Moreover, studies indicate that the application of DMDS for soil sterilization enhances the activity of functional
microorganisms involved in nitrogen cycling, thereby promoting nitrogen transformation’. DMDS fumigants
have the advantages of low harm and high efficiency®, making them the most promising alternatives to MB
and DZ fumigants, and potentially addressing the shortage of environmentally friendly and cost-effective
fumigants’. Beyond agricultural applications, DMDS is also used in the chemical and food industries. In the
chemical industry, it can be used in the petroleum and rubber sectors, serving as a solvent, regenerating agent,
softener, and plasticizer’. In the food industry, DMDS can be added as a flavor enhancer to impart a unique
taste and aroma to various food, such as cooked cabbagelo, cooked meat!!, and cheese!'2. Furthermore, it is also
an important sulfur source for enhancing coffee aroma in baking!>. Additionally, DMDS has potential anti-
inflammatory and vasodilatory properties; for instance, DMDS in onions can inhibit cellular inflammatory
responses induced by lipopolysaccharides, promoting vasodilation and reducing hypertension'*.

Currently, the production of DMDS primarily relies on chemical synthesis methods, such as methanethiol
oxidation, halogenated hydrocarbons, and dimethyl sulfate®. However, these traditional chemical synthesis
approaches often come with drawbacks like harsh reaction conditions, low product purity, difficulty in
purification, elevated cost, generation of toxic by-products, and environmental pollution. These limitations
hinder their industrial application. Consequently, the top priority is to identify more sustainable and efficient
production methods. Microbial processes typically involve mild reaction conditions, low production costs,
eco-friendly operations with no toxic by-products'>7, and hold potential for diverse applications spanning
industries, healthcare, and environmental protection'®. To conserve resources and enhance the efficiency of
product synthesis, microbial fermentation has emerged as a viable alternative for DMDS production!®2°.

There are few studies using microorganisms to synthesize DMDS. The strains capable of producing DMDS
mainly include Tuber melanosporum, Bacillus, Massilia putida, Serratia marcescens, and Burkholderia, among
them, Burkholderia has received more extensive research attention?!~2%, These studies primarily examine the
mechanisms by which DMDS-producing microorganisms regulate plant growth and enhance disease resistance,
while research on the specific metabolic pathways involved in the microbial synthesis of DMDS and its yield
regulation remains relatively limited?®-?’. Previous studies have demonstrated that these microorganisms
primarily synthesize DMDS through metabolic pathways involving sulfur-containing amino acids, such as
methionine. The biosynthetic process mainly consists of demethylation and sulfur transfer reactions related to
methionine, with key enzymes including methionine y-lyase and sulfur transferases?®. However, the complete
metabolic pathway for DMDS synthesis has not yet been fully characterized, and the functional validation of
key enzymes and their encoding genes remains inadequate, significantly limiting the application of metabolic
engineering for the efficient synthesis of DMDS. Additionally, resources for efficient DMDS-producing strains
are relatively scarce, and there is a lack of systematic screening methods, leading to slow progress in strain
development. Furthermore, the known natural strains typically yield low amounts of DMDS and are highly
susceptible to environmental factors, making it challenging to meet the demands of large-scale industrial
production.

Microbial synthesis represents a more environmentally friendly and potentially more effective method for
producing DMDS?. Since DMDS yield is crucial for its industrial applications®, this study aims to select efficient
strains for the synthesis of DMDS, elucidate the underlying metabolic pathways involved in DMDS biosynthesis,
and enhance DMDS production through the optimization of fermentation conditions, with the ultimate goal of
developing a cost-effective and scalable DMDS bioproduction platform.

Materials and methods

Chemicals and media

Methionine and cysteine were purchased from Shanghai Macklin Biochemical Co., Ltd., while other common
chemicals were purchased from China National Pharmaceutical Group Chemical Reagent Co., Ltd. or Oxoid
Corporation. Primer and bacterial genomic DNA extraction kits were purchased from Beijing Qingke Biological
Technology Co., Ltd. Selective medium (per liter): 13.3 g¢ K,HPO,-3H,0, 4 g KH,PO,, 0.2 g¢ MgSO,-7H,0,
1 g nicotine, 1 g Met, 0.5 mL microelements. Microelements: 0.05 g CaCl,-2H,0, 0.05 g CuCl,-2H,0, 0.008 g
MnSO,-H,0, 0.004 g FeSO,-7H,0, 0.1 g ZnSO,H,0, 0.1 g Na,MoO,-2H,0, 0.05 g Na,WO,-2H,0*"*!. For
the selective solid medium, 1.5% agar was added. Fermentation Luria-Bertani (LB) medium (per liter): 10 g
peptone, 10 g NaCl, 5 g yeast extract. High-pressure sterilization was performed at 115 °C for 30 min. Met or Cys
were added according to the indicated concentrations.
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Screening strains that produce DMDS

Five grams of tobacco leaf samples were pulverized and placed in 50 mL of selective liquid medium, shaken at
37 °C and 200 rpm for 40 min, then let it stand for 10 min. The supernatant from the upper layer was spread
after gradient dilution onto the solid selective medium plates, and incubated at 37 °C for 1-2 days. Following
the growth of individual colonies, those showing distinct differences in morphology, color, and size were
selected from the plates, and streaked for purification on LB agar plates. Subsequently, the selected strains were
activated and inoculated in LB medium, and then incubated at 37 °C and 200 rpm for 10-12 h to obtain the seed
liquid. The seed liquid was then inoculated into 50 mL of fermentation medium, ensuring an initial OD,, of
0.05. The same volume of sterile water was inoculated into the fermentation medium as a blank control. Each
saline vial was sealed with a rubber stopper. After 10 h of cultivation, 1 mL of headspace gas was sampled for
DMDS determination by gas chromatography-mass spectrometry (GC-MS). The strains identified as capable of
producing DMDS were utilized as the experimental strains in subsequent experiments.

Identification strain

The genome of strain W2-3 was extracted using a bacterial genomic DNA extraction kit , and sent to
Beijing Tsingke Biotechnology Co., Ltd, for 16 S rRNA sequencing using Sanger sequencing technology and
identification. Amplified with 16S rRNA universal primers (forward primer 27F: 5-~AGAGTTTGATCCTGGC
TCAG-3', reverse primer 5-ACGGCTACCTTGTTACGACTT-3"). The PCR amplification program comprised
an initial denaturation at 95 °C for 5 min, followed by denaturation at 95 °C for 30 s, annealing at 56 °C for
30 s, extension at 72 °C for 90 s for a total of 30 cycles, and a final extension at 72 °C for 5 min. Beijing Tsingke
Biotechnology Co., Ltd conducted the PCR product splicing, testing and sequencing. Comparison for similarity
was carried out in NCBI GenBank, utilizing the most similar (96-100%) known reference strain as a benchmark.
MEGA 6.0 software was employed to construct a phylogenetic tree and identify the species information of the
strain. Cell morphology was examined using a scanning electron microscope under cryo-field emission. For
detailed experimental methods, please refer to the Supplementary Information.

Detection method for DMDS

For quantitative analysis of DMDS production in bacterial strains, an in situ extraction method was employed
to mitigate the volatilization of DMDS due to the gases’ high diffusion and instability. Common extractants,
including n-hexane, cyclohexane, n-heptane, n-decane, n-dodecane, and dichloromethane were carefully
selected and optimized®®. Upon reaching an OD,, value of 0.2-0.3 in the fermentation broth, 10 mL of each
organic solvent extractant was added separately to the fermentation medium, and the culture was continued
for 48 h. Every 24 h, the upper organic layer was sampled and centrifuged at 14,000 rpm for 20 min, and 1
uL of the upper layer was subjected to gas chromatography analysis. Simultaneously, a control group (without
extractant addition) was established to compare the growth status of the strains. Chromatographic conditions:
HP-INNOWAX column (30 mx0.25 mm x 0.25 um); helium carrier gas; flow rate of 1.0 mL/min; injection
port temperature set at 250 °C, and a temperature program starting at 50 °C, holding for 3 min, with a gradual
increase of 10 °C/min up to 240 °C, followed by a 2 min hold, and further increased at a rate of 20 °C/min up
to 250 °C with a 5 min hold. For mass spectrometry analysis, the conditions include an EI ion source with an
ionization energy of 70 eV, an ion source temperature of 230 °C, quadrupole temperature at 150 °C, full scan
mode, and a mass scan range of 30 to 400 amu. The mass spectrometry library is NIST 08.

Exploration of the optimal fermentation conditions for strain W2-3

The seed liquid was inoculated into the fermentation medium with various initial pH values ranging from 3
to 11, while ensuring an initial ODy,, of 0.05. Once the 0Dy, of the fermentation broth reached 0.2 to 0.3,
10 mL of dodecane was added. Measurements of strain growth and DMDS production were taken at 24 and
48 h, respectively. Temperature optimization trials (12.5-40.5 °C) were carried out within the optimal pH range.
Furthermore, optimization of sulfur source types (Met and Cys) and their concentrations was performed under
the ideal temperature and pH conditions, with amino acid levels varying from 0 to 30 g/L (Met) and 0-20 g/L
(Cys), respectively. All fermentation experiments were conducted in triplicate, and the data were presented as
the mean + standard deviation. The conversion rate of DMDS in the fermentation broth was calculated using
Eq. (1) to evaluate the effect of adding amino acids on DMDS production.

The concentration of DMDS in the fermentation broth (g/L)
The concentration of supplemented amino acids (g/L)

(1)

Conversion rate =

Data analysis

The results were analyzed and column charts were made by GraphPad Prism and SAS. A one-way analysis of
variance (ANOVA) was conducted to assess the significance of differences among the various experimental
groups. All results were expressed as mean +standard deviation (SD). Mean values with different lowercase
letters indicate significant differences at p<0.05, while those with the same lowercase letters indicate no
significant difference at p>0.05.

Results

Isolation of DMDS-producing strains and extractant optimization

Using selective medium, over 100 strains were isolated from the aged tobacco leaves. Among these strains,
three exhibited an aroma resembling the DMDS standard during cultivation, which was characterized by a
sulfur gas odor. These strains were designated W2-1, W2-3, and W2-4. Subsequently, the three selected strains
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Fig. 1. GC-MS analysis of fermentation products of strain W2-3.
OD,, (Fermentation | Extraction agent peak
Extractant OD,, (Fermentation 24 h) | 48 IS) time DMDS peak time | DMDS peak situation
Control group 3.44 3.59 5.913 Normal DMDS peak was observed
N-hexane 0.196 0.191 2.033 - Not detected (significant toxic effect)
Cyclohexane 0.206 0.295 2.759 - Not detected (significant toxic effect)
N-heptane 1.284 2.375 2.442 - Flat peak was observed
Not detected (possibly due to the
N-decane 3.58 3.597 5.386 - peak of the extractant covering the
peak of DMDS)
N-dodecane 3.655 3.675 8.503 6.009 Normal DMDS peak was observed
Dichloromethane | 0.217 0.212 3.212 - Not detected (significant toxic effect)

Table 1. Extractant optimization. - Indicates no DMDS peak was detected under the conditions of this
extractant.

were fermented in salt bottles, and the headspace gas compositions were analyzed using GC-MS to determine
the production and quantity of DMDS generated. Notably, strains W2-1 and W2-4 were found to contain 12
different compounds each, whereas W2-3 displayed a simpler product profile, with CO, and DMDS as the main
products. Comparative analysis revealed that W2-3 demonstrated the highest capacity for DMDS production
and yielded the greatest amount of product (Fig. 1). As a result, W2-3 was chosen for further investigations.

To enhance the efficiency of product extraction and ensure precise quantification, an in situ recovery method
was employed, using various organic solvents for the optimization of extractants. As shown in Table 1, in
comparison to the control group, n-hexane, cyclohexane, and dichloromethane exhibited significant inhibitory
effects on the growth of W2-3, indicating potential toxicity towards this bacterial strain. Although n-heptane
showed a weaker inhibitory effect on W2-3, its extraction efficacy was subtle, resulting in a flat peak in detection.
Both n-decane and n-dodecane showed minimal impact on the growth of W2-3. However, n-decane was deemed
unsuitable as an extraction agent because its peak time overlapped with that of DMDS. In contrast, n-dodecane
demonstrated superior extraction efficiency, with a peak time that did not conflict with that of DMDS. Therefore,
considering the impact on the strain’s growth and the peak timings of the extraction agents, n-dodecane was
chosen as the extractant for subsequent experiments.

Identification of strain W2-3

The morphological characteristics of strain W2-3 are presented (Fig. 2). When cultivated on LB agar plates
for 24 h, W2-3 formed light yellow colonies. With extended cultivation to 48 h, the colony color progressively
darkened. The individual colonies exhibit a round shape, semi-transparency, an irregular periphery, and a slight
protrusion at the center (Fig. 2a). Scanning electron microscopy revealed rod-shaped cells with blunt rounded
ends, measuring approximately 0.6-1.8 um in length and 0.1-0.3 pm in width (Fig. 2b).

The 16S rRNA sequence database and genetic algorithm are now prominent tools for the classification
and identification of bacteria®. Comparative analysis of the 16S rRNA sequence of strain W2-3 against the
GenBank database revealed over 99% similarity with multiple Alcaligenes faecalis strains. The phylogenetic
tree, constructed using the Neighbor-Joining method (Fig. 3) for homology comparison, shows that strain
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Fig. 2. Colony and cell morphology of strain W2-3.(a) : The colony morphology of strain W2-3 after 48 h of
cultivation on LB agar plate; (b) : Scanning electron microscopy image of strain W2-3 cells.

96, Strain W2-3

Alcaligenes faecalis strain NBRC 13111(KU160539)
Icaligenes ammonioxydans strain HO-1(MN636701)
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LAlcaligenesfaecalis strain DSM 16503(OM074009)
31 Alcaligenes faecalis strain DSM 16503(ON597429)
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Pollutimonas nitritireducens strain JR1/69-2-13(NR184620)

0.01

Fig. 3. Phylogenetic tree of strain W2-3 and its related species.

W2-3 is closely related to Alcaligenes faecalis strain NBRC 13111. Following routine bacterial culture tests and
biochemical identification, and phylogenetic analysis, strain W2-3 was definitively classified as A. faecalis.

Exploration of optimal fermentation conditions for A. faecalis W2-3

To enhance the production of DMDS more efficiently, we investigated the optimal fermentation conditions for
the DMDS-producing strain A. faecalis W2-3. The initial pH optimization of the culture medium was carried
out first, and the optimization of pH results are presented (Fig. 4a,b). Strain W2-3 exhibited no growth in
fermentation media with initial pH values of 3, 4, 5, 10, and 11, and did not produce DMDS. At an initial pH
of 7, the DMDS titers at 24 h and 48 h were significantly higher compared to other pH conditions, reaching
the highest values of 154.53 mg/L at 24 h and 159.86 mg/L at 48 h. Initial pH of 8 and 9 showed lower DMDS
production, with no significant difference between them. Despite similar growth of strains at initial pH of 7
and 8, there was a significant difference in DMDS titers, necessitating further investigation. Much lower DMDS
production was observed at an initial pH of 6. Consequently, the following optimizations were conducted at an
initial pH of 7.

Temperature is the most critical environmental variable influencing the composition of functional genes
in microorganisms®, and plays a significant role in microbial metabolism®®. We examined DMDS production
at varying temperatures and identified the optimal temperature for DMDS production. The results of
temperature optimization are depicted (Fig. 4c,d). Strain W2-3 demonstrated rapid and comparable growth
across temperatures ranging from 19.5 to 40.5 °C, indicating strong temperature adaptability. Slower growth
was observed at 12.5 °C and 16 °C. After 24 h of growth, the highest production of DMDS was observed at
temperatures of 23 °C and 26.5 °C, with no significant differences noted. Similarly, after 48 h of growth, the
highest DMDS production was recorded between 19.5 and 30 °C, with no significant variations. The highest
production was 193.39 mg/L at 24 h, and 213.49 mg/L at 48 h under the 23 °C condition. The production
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Fig. 4. DMDS production and growth of A. faecalis W2-3 under different fermentation conditions. (a) DMDS
production under different pH conditions. (b) The growth of W2-3 under different pH conditions. (c) DMDS
production under different temperature conditions. (d) The growth of W2-3 under different temperature
conditions. e DMDS production with different concentrations of methionine. (f) The growth of strains under
different concentrations of methionine. g DMDS production with different concentrations of cysteine. (h)

The growth of W2-3 with different concentrations of cysteine. Error bars represent the SD. Mean values with
different lowercase letters are significantly different at p <0.05, and those with the same lowercase letters are
not significantly different at p >0.05.
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Methionine concentration (g/L)
Time (h) | 5 10 15 20 25 30
24 18.31% | 13.16% | 9.88% | 8.09% | 6.67% | 6.31%
48 32.49% | 17.85% | 13.7% | 10.6% | 8.87% | 8.14%

Table 2. Conversion rates of methionine to DMDS by W2-3 at varying methionine concentrations.

Species name Source Research contents Yield/titer References
Burkholderia pyrrocinia DMDS has been shown to have a significant impact on the defense enzyme activity of poplar seedlings,
JK-SH007 Py Poplar leading to a reduction in the incidence of diseases caused by three pathogens associated with poplar - 2
canker
ggg(_}(l)ollderm Sladioli Rice seedling | DMDS has been demonstrated to effectively suppress the growth of five plant pathogens - 2
Bacillus cereus C1L Soil This is the first report of DMDS as an induced systemic resistance (ISR) elicitor - %
Bacterium Bacillus sp. Soil DMDS produced by bacteria increases the availability of reduced sulfur, providing benefits to sulfur- B 2%
B55 deficient plants and those with impaired sulfur metabolism
Burkholderia pyrrocinia C}:?m h DMDS enh. Arabidopsi h and allevi ! diti 36
CNUCY 1] }lzosp ere S enhances Arabidopsis growth and alleviates salt stress conditions -
soi
Alcaligenes faccalis N1-4 Tea root DMDS has the capability to suppress the growth of Aspergillus flavus and inhibit aflatoxin production | _ 37
system soil during the storage of food products
Massilia putida 6NM-7T Tl}r}gsten mine | The strain 6NM-7"Il‘, whigh produces DMDS, is considered a new species of the genus Massilia and has | _ 38
tailings been named Massilia putida sp. nov
. Tea DMDS produced by Pt-3 has demonstrated significant efficacy in suppressing the growth of seven key 39
Serratia marcescens Pt-3 rhizosphere plant pathogens and causing substantial disruption to the cellular structure of fungi -
Burkholderia ambifaria Soil The generated DMDS has been demonstrated to impact the synthesis and permeability of pathogenic | _ I
H8 bacterial cell membranes
Tuber melanosporum Plant The produced DMDS is one of the unique aromatic compounds found in black truffles 40.06 mg/L 2z
Alcaligenes faecalis W2-3 | Tobacco leaves | Under sufficient Met conditions, W2-3 achieving a peak of 2440.71 mg/L DMDS 2440.71 mg/L | This study

Table 3. Comparison of the sources, functions, and production of published DMDS-producing strains with
this study. — Indicates DMDS production has not been reported in this literature.

of DMDS by W2-3 did not strictly correlate with its growth, as the optimal growth temperature range (19.5-
40.5 °C) did not align with the high DMDS production temperature range (19.5-30 °C). Strain grown at 40.5 °C
exhibited a cell density comparable to that grown at the high DMDS production temperature range. However, its
DMDS production was significantly lower. It is preliminarily speculated that this discrepancy may be related to
decreased enzyme activity for DMDS synthesis at this temperature. Notably, at temperatures between 19.5 and
30 °C after 48 h, the differences in DMDS production were negligible, indicating the strain’s robust temperature
adaptability for DMDS fermentation. Therefore, the industrial fermentation of DMDS using strain W2-3 does
not require a specific temperature, rather maintaining a range of 19.5 °C to 30 °C can efficiently synthesize
DMDS, conserving energy and reducing costs. Given the highest DMDS production at 23 °C, sulfur source
optimization was conducted at this cultivation temperature.

Exploration of metabolic pathways revealed that Met is a vital substrate for DMDS synthesis in most
microorganisms, while Cys can also be degraded to produce DMDS. Regarding experimental costs and amino
acid solubility, the maximum concentrations were set at 30 g/L for Met and 20 g/L for Cys. Strain growth was
unaffected by Met concentration, with growth tendency remaining similar across all Met concentration levels
(Fig. 4e,f). However, DMDS production was significantly influenced. DMDS production increased along with
rising Met concentrations, demonstrating a positive correlation. Notably, at a Met concentration of 30 g/L, DMDS
production reached 1892.16 mg/L at 24 h and 2440.71 mg/L at 48 h, representing the highest titer reported to
date. In contrast, elevated Cys concentrations (5-20 g/L) inhibited both strain growth and DMDS production
(Fig. 4g,h). DMDS titers and cell density decreased in conjunction with the increasing concentrations of Cys,
with no DMDS detected at 15 g/L and 20 g/L, indicating a negative correlation.

The conversion rate of DMDS produced by W2-3 at varying Met concentrations was calculated using formula
(1), with the results presented in Table 2. Although DMDS production increased with higher Met concentrations,
the conversion rate diminished at elevated Met levels. The optimal conversion rate of 32.49% was achieved at a
Met concentration of 5 g/L after 48 h of fermentation. Balancing production yield and conversion rate should be
a focal point for future research.

Discussion

Current research on DMDS predominantly centers on its functional characteristics and applications (Table 3).
In contrast, our study represents the first comprehensive report on the microbial biosynthesis and production
enhancement of DMDS. The Alcaligenes species is reported for the first time to be capable DMDS. This finding
enriches the available strain resources. Subsequently, fermentation conditions were systematically optimized,
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Fig. 5. The metabolic pathways for producing DMDS through the degradation of methionine.

which included optimizing extractants, adjusting the initial pH of the culture medium, and determining the
fermentation temperature and sulfur sources. As a result, DMDS production gradually increased. These efforts
filled an existing data gap in microbial-mediated DMDS vyield enhancement. Eventually, A. faecalis W2-3
achieved a high DMDS production of 2440.71 mg/L, which is 60.93-fold higher than the previously reported
maximum?!, highlighting the substantial potential of W2-3 as an industrial production strain. Notably, the W2-3
strain attains high-level DMDS production without genetic modification, positioning it as an ideal platform
for green biomanufacturing. This discovery not only elevates the industrial application value of A. faecalis but
also provides essential technical support for developing novel agricultural biopesticides and environmentally
friendly fragrance production processes. As such, it demonstrates significant scientific and applied potential
within the realm of green biomanufacturing.

The pH and temperature of the growth environment significantly influence the physiological and biochemical
processes of the microbial cells, thereby affecting the productivity of the desired product. The study found that an
initial pH of approximately 7.0 was optimal for DMDS production in A. faecalis W2-3 (Fig. 4). DMDS production
was observed across a pH range of 6.0 to 9.0. Both excessively high and low pH levels inhibit cell growth and
seriously affect DMDS synthesis. In contrast, W2-3 exhibited a broad temperature range for DMDS production
(16-40.5 °C), with the optimal range between 19.5 and 30 °C, indicating its strong temperature adaptability.
These characteristics are consistent with previously reported optimal pH and temperature ranges for A. faecalis
growth and the production of certain metabolites*!~**. The underlying mechanism may involve complex
regulatory processes in microbial metabolism, including the effects of pH and temperature on cell membrane
permeability, which regulate substrate uptake efficiency, as well as the modulation of the quantity, conformation,
and activity of key enzymes, such as methionine y-lyase (MGL)*. Notably, this strain’s strong temperature
adaptability (16-40.5 °C) exceeds that of conventional industrial bacterial strains, such as Escherichia coli and
Corynebacterium glutamicum, which typically have an optimal temperature range of 25-35 °C for compound
production. This broad temperature adaptability endows A. faecalis W2-3 a unique advantage, potentially
reducing energy consumption for temperature control during fermentation and indicating significant potential
for industrial application®”.

DMDS is produced via the degradation of Met or Cys'2. The Met-derived DMDS metabolic pathways are
relatively well understood, yet some regulatory mechanisms remain unclear. Conversely, the Cys-derived
pathway requires further investigation. Microbial synthesis of DMDS through Met degradation mainly involves
three main pathways (Fig. 5). The first pathway begins with the conversion of Met to methanethiol (MTL), along
with the generation of equimolar amounts of a-ketobutyrate and ammonia (Fig. 5a)%. This reaction is catalyzed
by MGL?® or C-S lyase (cysteine B- or y-lyase, CBL or CGL)", and the enzymes involved and the amount of MTL
produced vary among different microorganisms®®. MTL is then further auto-oxidized to DMDS. The second
pathway comprises two catalytic reactions initiated by the conversion of Met to 4-methylthio-2-oxobutyric
acid (KMBA) by aminotransferase. Subsequently, KMBA is converted to MTL catalyzed by C-S lyases (Fig. 5b).
The amount of MTL generated by this second route is limited?”. The third pathway branches from the second,
converting KMBA to 3-Methylthiopropanal (MSDS) through a spontaneous degradation or decarboxylation
reaction (Fig. 5¢). MSDS is then transformed into MTL via an unknown mechanism. Currently, there are no
comprehensive reports detailing the enzymes involved in the metabolic pathways of DMDS biosynthesis in A.
faecalis. The yield of DMDS increased significantly with the addition of exogenous Met, indicating that Met
serves as a key precursor for the biosynthesis of DMDS in A. faecalis W2-3. Given the high yield of DMDS
produced in W2-3, it is possible that one or multiple pathways may coexist simultaneously*s. While some
microorganisms can synthesize DMDS through the breakdown of the C-S bond in Cys*, the supplementation
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of exogenous Cys in this study did not elevate DMDS production; rather, it resulted in a decrease. This suggests
a potential absence of a Cys-derived DMDS metabolic pathway in strain W2-3 or an inhibitory effect of Cys on
Met degradation. Alternatively, the elevated concentration of Cys may affect the enzymes MGL or C-S lyases
directly®®, leading to reduced DMDS production. These findings further emphasize the uniqueness of this strain
in efficiently synthesizing DMDS via the methionine pathway and offer valuable insights for more in-depth
studies of its metabolic network.

Microbial genome sequencing is essential for uncovering significant functional modules and metabolic
pathways®->3, and is beneficial for promoting the high-level production of novel natural compounds®. Future
investigations may delve deeper into the genomics of A. faecalis W2-3, elucidate the metabolic pathway of
DMDS, and employ genetic engineering to enhance DMDS production more effectively at the molecular level.
For instance, the enzyme STR3, which catalyzes the direct conversion of Met and its transaminase product
KMBA into MTL, has been shown to improve DMDS production through overexpression®. This approach
could also be applied to A. faecalis W2-3 to further increase DMDS vyields. Additionally, strategies can be
developed to enhance the conversion rate of the precursor while simultaneously reducing production costs,
thereby facilitating industrial production processes.

Conclusion

In this study, a high-yield strain producing DMDS, A. faecalis W2-3, was isolated from aged tobacco leaves. Its
optimal growth conditions were explored, and its robust temperature adaptability was revealed. The optimal
pH for DMDS production by W2-3 is 7, with the most suitable temperature range being 19.5 to 30 °C. The
strain exhibited the capability to produce elevated levels of DMDS across a wide temperature range, with
the titers increasing in correlation with methionine concentrations, suggesting its promising potential as an
industrial chassis. Under sufficient Met conditions, W2-3 produced 2440.71 mg/L of DMDS, representing a
60.93-fold increase compared to findings from previous studies. A. faecalis W2-3 could serve as a valuable model
microorganism for DMDS production. Future research focusing on the metabolic and genetic mechanisms
underlying high production in the DMDS strain has the potential to significantly enhance the microbial synthesis
capacity of DMDS. Additionally, it is anticipated that higher productions may be attained through fermentation
processes in bioreactors.

Data availability
The datasets generated during the current study are available in the NCBI repository, the relevant accession
number for this strain is PQ671090 [https://www.ncbi.nlm.nih.gov/search/all/?term=PQ671090].
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