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Abstract A Pseudomonas sp. strain WL2 that is able to
efficiently metabolize ethyl mercaptan (EM) into diethyl di-
sulfide (DEDS) through enzymatic oxidation was isolated
from the activated sludge of a pharmaceutical wastewater
plant. One hundred percent removal of 113.5 mg L' EM
and 110.3 mg L' DEDS were obtained within 14 and 32 h,
respectively. A putative EM degradation pathway that in-
volved the catabolism via DEDS was proposed, which indi-
cated DEDS were further mineralized into carbon dioxide
(CO»), bacterial cells, and sulfate (SO,>") through the trans-
formation of element sulfur and ethyl aldehyde. Degradation
kinetics for EM and DEDS with different initial concentra-
tions by strain WL2 were evaluated using Haldane-Andrews
model with maximum specific degradation rates of 3.13 and
133 g g ' h'!, respectively, and maximum degradation rate
constants of 0.522 and 0.175 h™' using pseudo-first-order
kinetic model were obtained. Results obtained that aerobic
degradation of EM by strain WL2 was more efficient than
those from previous studies. Substrate range studies of strain
WL2 demonstrated its ability to degrade several mercaptans,
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disulfides, aldehydes, and methanol. All the results obtained
highlight the potential of strain WL2 for the use in the bio-
degradation of volatile organic sulfur compounds (VOSCs).
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Introduction

Foul odors are always serious environmental issues, which
have also been identified as atmospheric contamination due to
a variety of adverse health effects on human beings (An et al.
2010; Charlson et al. 1987; Zhang et al. 2013). Odor emis-
sions are usually related to hydrogen sulfide (H,S), mercap-
tans (R-SH), organic sulfides (R-S-R), and disulfides (R-S-S-
R) (Barbosa et al. 2002; Hernandez et al. 2012; Zhang et al.
2013). As far as mercaptan is concerned, ethyl mercaptan
(EM) is always used as an intermediate and starting material
in the manufacture of plastics, insecticides, and antioxidants
and as an odorant to serve as a warning property for natural
gas (An et al. 2010; NRC US 2013). The low detection
threshold, high volatility, and potential toxicity of EM make
it inevitable to be treated as a main organic sulfur pollutant in
waste gas streams (NRC US 2013; Wan et al. 2011).

To date, common studies have focused on the removal of
EM using a continuous bioreactor (An et al. 2010; Arellano-
Garcia et al. 2010; Hernandez et al. 2012; Wan et al. 2011).
However, these studies showed that 100 % removal of EM
could only be achieved when low loading rate was applied
under higher empty bed residence times (EBRTs) of 110~
322 s. Therefore, isolation and identification of a highly
efficient strain for EM biodegradation is of great importance
to ensure its complete removal in an effective and economical
bioreactor system. Also, it is crucial to have a thorough
understanding of biodegradation characterization of EM
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(Rappert and Miiller 2005). For now, only two different kinds
of pure strains were isolated to evaluate the biodegradation
characteristics of EM using batch reactors (Sedighi et al. 2013;
Wan et al. 2010). Nevertheless, the degradation rates of EM
obtained from using these two pure strains are not satisfactory,
due to their longer incubation period at lower substrate con-
centrations. And little has been known regarding the forma-
tion of the final product, such as carbon dioxide (CO,),
biomass, and sulfate (S0,>"), during EM biodegradation by
pure cultures. Sedighi et al. (2013) have proposed a putative
pathway for EM degradation by Ralstonia eutropha without
indentifying organic intermediates or final products. Hence, a
comprehensive study on EM biodegradation pathway needs to
be further carried out.

In this study, a newly isolated Pseudomonas sp. WL2 that
is able to efficiently transform EM into diethyl disulfide
(DEDS) through the enzymatic oxidation was identified.
Characteristics of both EM and DEDS biodegradation were
discussed along with the increase of biomass concentration. A
complete pathway for EM biodegradation by Pseudomonas
sp. WL2 was presented. Besides, kinetic analysis for substrate
degradation and bacterial growth were fitted using Haldane-
Andrews model and pseudo-first-order model, respectively.
All the results would enhance the understanding of this novel
strain WL2 on the removal of volatile organic sulfur com-
pounds (VOSCs).

Material and methods
Chemicals and cultivation medium

Ethyl mercaptan, diethyl sulfide, diethyl disulfide, propyl
mercaptan, dipropyl sulfide, dipropyl disulfide, n-butyl mer-
captan, dibutyl sulfide, dimethyl sulfide, dimethyl disulfide,
methanol, methyl aldehyde, and ethyl aldehyde were obtained
from Aladdin Industrial Inc. (Shanghai, China) and Sigma-
Aldrich (Mainland, China). All other chemicals were of ana-
lytical grade, commercially available and used without further
purification.

Mineral salts medium (MSM) was applied for cultivation
and enrichment of bacterial strains. It contained the following
compositions per liter of deionized water: 1.5 g of NH,4CI,
0.2 gof MgCl,, 4.5 g of Na,HPOy, 1.0 g of KH,POy4, 0.01 g of
FeCl,-4H,0, 0.00002 g of CuCl,, 0.000014 g of H;BO;,
0.0001 g of MnCl,-4H,0, 0.0001 g of ZnCl,, 0.00002 g of
Na,Mo0O,-2H,0, and 0.00002 g of CoCl,*6H,0. The initial
pH value of the medium was about 7.13.

Isolation and identification of strain WL2

The bacterial strain used in this study was isolated from the
activated sludge of a pharmaceutical wastewater plant
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(Hangzhou, China) and cultured in 250-mL conical flasks
containing 100 mL liquid medium at 30 °C and 180 r min ™"
on a rotary shaker with 100 mg L' of EM as the sole source of
carbon and energy. The spread-plate method using R2A agar
plates was applied for isolation of pure strains. Single colonies
were transferred to additional new plates until homogenous
colonies were observed. Finally, the organisms were inoculat-
ed into the mineral medium with EM as the only carbon
source to prove their degrading ability.

The isolate was identified according to its phenotypic and
genotypic characteristics. The colony morphology of the iso-
lated strain was observed on agar plates after 36 h of culturing
at 30 °C. The cell morphology was observed using an H-7650
transmission electron microscope (Hitachi, Japan). Further
identification was completed by 16S ribosomal RNA
(rRNA) gene sequencing, as described in Su et al. (2013).

Substrate degradation by strain WL2

One hundred milliliters of the MSM were added to a 630-mL
serum bottle sealed with Teflon-faced silicone rubber septa
and parafilm, and a certain amount of liquid-phase substrate
was added to the sterilized bottles using a 50-uL gas-tight
microsyringe. The bottles were then sealed and shaken (30 °C,
180 r min ") for 2 h to ensure equilibrium of the substrate
between the headspace and the solution. The initial substrate
concentrations in the liquid phase of the batch reactors were
controlled at 22.7, 41.8, 71.7, and 113.5 mg L™ for EM and
24.6, 44.8, 86.2, and 110.3 mg L' for DEDS, respectively.
The batch reactors were incubated using 10 mL of the micro-
bial suspension from the mid-log phase of EM degradation,
with the initial cell concentration of 2.73 mg cell dry weight
(CDW)L™". A sterile control experiment was carried out to
evaluate the abiotic substrate loss when the biomass endoge-
nous decay rate was negligible.

EM degradation intermediates and final products

Strain WL2 was grown to the log phase in 630-mL serum
bottle containing 100 mL MSM with 20 pL of initial EM.
Solid phase extraction (SPE) was used to extract the interme-
diates with the microbial suspension for EM degradation. The
SPE cartridges used, 3 mL/60 mg N-methacrylate polymer-
divinylbenzene copolymer, were obtained from Shimadzu-GL
(InertSep Pharma, Shanghai, China). The cartridges were
conditioned as recommended by the manufacturer. The inter-
mediates formed during the EM transformation by strain WL2
was qualitatively analyzed using gas chromatography/mass
spectrometry (6890 N/5975B Inert XL MSD, Agilent, USA)
equipped with a HP-SMS capillary column (30 mx0.25 mm x
0.25 um, J&W Scientific, USA) and a flame ionization de-
tector. Helium (purity 99.999 %) was used as carrier gas with a
constant column flow of 1.0 mL min~'. The GC oven
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temperature was programmed from 50 °C (held 5 min) to
180 °C at 10 °C min™" (held 10 min). The injector temperature
was set at 180 °C. The mass spectrometry (MS) interface
temperature was set at 280 and 250 °C for the ionization
source. The mass spectra were obtained at 70 eV. All metab-
olites were identified by GC/MS by matching retention times
and ion spectra with authentic standards and NIST library
data.

The mineralization for EM degradation by Pseudomonas
sp. WL2 was confirmed by determining the final products,
including CO, production, bacterial yield, and sulfate produc-
tion. For determination of CO, production and bacterial yield,
each batch reactor was carried out in a sterilized 630-mL air-
sealed serum bottle (as described above) with initial added
mass of 4.2, 8.4, 16.8, and 25.2 mg for EM, respectively.

Accumulation of the sulfate concentration for different
initial EM consumed was analyzed to evaluate the sulfur
balance for EM transformation. The batch reactors were car-
ried out with initial added EM of 6.7, 15.1, and 23.5 mg,
respectively. After the substrates were fully consumed, 20 mL
of the microbial suspension was centrifuged, and 10 mL of the
supernatant was diluted to 100 times before determining the
sulfate concentration (mg L™"). A control test was established
by incubating 5 mL microbial suspension into 100 mL of
sulfate-free MSM without EM.

Substrate range of strain WL2

Substrate range of Pseudomonas sp. WL2 was also examined
through the degradation of several other VOSCs with similar
chemical structures, including propyl mercaptan, dipropyl
sulfide, dipropyl disulfide, n-butyl mercaptan, dibutyl sulfide,
dimethyl sulfide and dimethyl disulfide, and methanol, methyl
aldehyde, and ethyl aldehyde were also examined. The initial
addition of each possible growth substrate in the batch reac-
tors was controlled at 10 puL. Furthermore, accumulation of
the biomass concentration was calculated at the inoculation
time of 12 h, which was used to prove whether an organic
pollutant could be degraded by strain WL2 as growth
substrate.

Analytical methods

The gas chromatograph response to the gas-phase sample was
calculated to give the liquid-phase concentration. Assuming
the headspace and the liquid phase were in equilibrium, the
corresponding liquid-phase concentration could be calculated
using the following equation:

He=Sg/SL (1)

where S and Sg are the liquid-phase and the gas-phase
concentrations (mg L"), respectively, and H., is the

dimensionless Henry’s constant at 30 °C. Gas-phase sampling
was withdrawn at regular time intervals to determine the
liquid-phase concentration with 0.167 and 0.145 of the di-
mensionless Henry’s constants (Staudinger and Roberts 2001)
for EM and DEDS, respectively. Gas-phase VOSC samples in
this study were quantitatively analyzed using a gas chromato-
graph (Model 9790, Fuli, Zhejiang, China) with a DB-624
capillary column (30 m*0.32 mm=0.33 um, J&W Scientific,
USA) and a flame ionization detector. The temperatures of
injection port, oven, and detection port were set at 180, 180,
and 200 °C, respectively.

CO, contents was analyzed by injecting 200 pL gas-phase
samples into a 7890A gas chromatograph (Agilent Technolo-
gies) with a HP-Plot-Q column (30 m*0.32 mm =20 pm), and
a thermal conductivity detector was used. The column and
detector temperatures were set at 40 and 200 °C, respectively.

Bacterial growth in the batch reactor was monitored with a
spectrophotometer (722s, Leng-Guang Technology, China)
by measuring the optical density (OD) at 600-nm wavelength.
The cell concentration in milligram CDW per liter correlated
with different OD values were determined after 50 mL of cell
suspension was filtered and dried (24 h, 105 °C) using a
0.22-um microporous membrane filter (Xingya, Shanghai,
China) and then weighted.

The sulfate concentration was determined using an ion
chromatography system (ICS-2000, Dionex, USA), which is
equipped with suppressor and conductivity detector and an
AS11-HC column (4250 mm, Dionex, USA). The temper-
ature of column was controlled at 30 °C.

Kinetic model

Specific growth rates (i, h™') of strain WL2 with different
initial substrate concentrations were calculated as the follow-
ing relationship:
1 dX

=—X— 2
p= X (2)
where X is the biomass concentration (mg L") at the time of ¢
(h).

Furthermore, specific degradation rate (¢, gsgx 'h ') was
calculated according to the following equation:

1 dS

)_(XE 3)

g=-
where S is the substrate liquid-phase concentration (mg L") at
time (7).

The bacterial specific growth rate is often described using
Monod kinetics (Monod 1949). However, higher substrate
concentrations may become inhibitory to bacterial growth
(Hao et al. 2002). Therefore, a modified Monod type
(Haldane-Andrews model) was widely used to estimate the
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kinetic parameters, as described by the following equations
(Andrews 1968; Saravanan et al. 2009):

FnaxS

=T @
Ko+5+5 )
Ki
where Jimax is the maximum specific growth rate (h™"), K is
the Monod half-saturation constant (mg L") which indicates
the substrate concentration when half of the 1i,.x Was obtain-
ed, and K; is an inhibition constant (mg L™") which was used
to express the inhibitory effect of substrate concentration on
bacterial growth.

For estimating the maximum specific degradation rate
(¢max> gs€x 'h ') using the Haldane-Andrews model,
and fipnax In the above equation were replaced with ¢
and gmax, respectively, as in Eq. (4):

Gimax X S

— > 5
K+ S+ S?/K; ®)

q

Furthermore, various models, including zero-order model,
first-order model, and pseudo-first-order model, have also
been widely used for modeling the kinetics of VOC or VOSC
degradation (Saravanan et al. 2009; Silambrasan and Abra-
ham 2013; Wan et al. 2010). In this study, pseudo-first-order
model was also used to evaluate the degradation rate constant
for EM and DEDS biodegradation, as in Eq. (6).

InSi—InSy = _Klp X t (6)

where S; and S are the liquid-phase concentrations at the time
of 0 and #. K, is the degradation rate constants using pseudo-
first-order model. The model Egs. (2)—(6) were solved using
the nonlinear least squares regression analysis to estimate the
kinetic constants.

GenBank accession number
The 16S rRNA sequence of strain WL2 has been deposited in

the GenBank database under the accession number of
KF233595.

Results
Isolation and identification of strain WL2

In this work, a bacterial strain isolated from the activated
sludge of a pharmaceutical wastewater treatment plant, desig-
nated as WL2, was able to efficiently degrade EM as the sole
carbon and energy source. Strain WL2 has been deposited in
the China General Microbiological Culture Collection Center
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(CGMCC, Beijing, China) with accession no. 7898. It is an
aerobic, Gram-negative, nonspore, motile, and short rod-
shaped bacterium (Fig. 1a).

A 1334-bp 16S rRNA fragment amplified from the total
DNA of strain WL2 was partially sequenced. After alignment
with other 16S rRNA sequences in GenBank, a phylogenetic
tree was constructed (Fig. 1b), showing a high degree of
similarity (99 %) to Pseudomonas putida (GenBank accession
no. AM921634). Therefore, strain WL2 was identified as a
strain of Pseudomonas species (named Pseudomonas sp.
WL2).

Substrate degradation by Pseudomonas sp. WL2
Degradation of EM and DEDS with different concentrations

Degradation characteristics and bacterial growth for EM
as the sole substrate by strain WL2 were investigated. As
shown in Fig. 2a, 100 % removal of 23.3 mg L' EM was
observed at 5 h, while the removal efficiencies for initial
concentrations of 41.8, 71.7, and 113.5 mg L' at 6 h
were 91.1, 56.1, and 29.9 %, respectively. Within 5~14 h,
23.3~113.5 mg L' of initial liquid-phase EM were
completely metabolized. Different concentrations of the
major intermediate (DEDS) in the liquid phase were ac-
cumulated with the detectable maximum values of 13.6,
21.0, 40.6, and 66.4 mg L', respectively. Complete deg-
radation of DEDS was observed within 11~23 h (Fig. 2a).
The increase of biomass concentrations from 2.7~
3.5 mg CDW L' to 12.7~41.1 mg CDW L' was ob-
tained within 0~23 h, as shown in Fig. 2b. Although EM
could be spontaneously converted to DEDS during the
incubation period, only 3 % total loss of initial
233 mg L' EM in the control experiment was found
within 11 h (data not shown). Therefore, EM was quickly
transformed into DEDS through enzymatic oxidation by
strain WL2, and chemical oxidation of EM into DEDS
was negligible.

In the present study, strain WL2 was further examined
for its DEDS degradation characteristics accompanied by
the bacterial growth. As shown in Fig. 2c, 24.6~
110.3 mg L' of initial DEDS were degraded by strain
WL2 within 14~32 h. At 14 h, 97.2 % removal for the
DEDS with initial concentration of 24.6 mg L™ was ob-
tained, while 34.8~90.8 % of removal efficiency were
obtained for 44.8~110.3 mg L', After 32 h of the inocu-
lation, almost complete degradation was observed for
110.3 mg L™ of initial DEDS. As far as bacterial growth
is concerned, 12.4 , 18.6, 30.3, and 33.8 mg CDW L' of
the maximum biomass concentration for 24.6~
110.3 mg L' of initial DEDS were obtained at the time
of 14, 16, 23, and 32 h (Fig. 2d), respectively.
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Fig. 1 a Transmission electron
microscope (TEM) photograph of
strain WL2 (H-7650, Hitachi, Ja-
pan). b The phylogenetic tree for
strain WL2 and related strains
based on 16S rRNA gene se-
quences. Bootstrap values were
based on 1000 replicates.
Marinobacter maritimus
(FJ799007.2) was used as
outgroup
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Degradation intermediates and final products for EM
mineralization

According to GC/MS chromatogram of the SPE sample and
mass spectra of the major intermediate (Fig. S1 and Fig. S2 in
supplementary materials), DEDS (7.906 min, m/z=122.0) was
the identified intermediate during EM degradation. It was
concluded that strain WL2 could degrade EM as a carbon
source into DEDS through the enzymatic oxidation.

CO, production (mg) and bacterial yield (mg CDW) as
a function of different initial EM (mg) consumed was
presented in Fig. 3. It is obvious that higher CO, produc-
tion and bacterial yield in the batch reactors were
achieved when more substrate were consumed. For 4.2~
25.2 mg of initial EM degradation, there were 8.9~
29.0 mg CO, produced and 1.23~3.48 mg CDW accumu-
lated in the batch reactors after the substrate was
completely consumed within 24 h.

To examine the sulfate production from oxidation of EM,
water soluble metabolite in the liquid medium was determined
using ion chromatography after 2, 7, and 20 days of incuba-
tion, respectively. For this experiment, a control reactor was
used to measure the sulfate production originating from the
sulfur oxidation of 5 mL inoculum (the equivalent of 0.84 mg

Marinobacter maritimus (FJ799007.2)

(b)

EM added). The sulfate production was evaluated for different
initial VOSCs consumed, as shown in Table 1.

After different initial EM of 6.7, 15.1, and 23.5 mg were
fully consumed within 24 h, the sulfur in EM was transformed
into other inorganic sulfur compounds via DEDS. However,
inorganic sulfur compounds such as hydrogen sulfide (H,S),
sulfite, and thiosulfate were not detected in the gas phase/
liquid phase of the batch reactors. There was no sulfate im-
mediately formed after the EM was completely degraded
within 2 days. Also, after removing the bacterial cells by
centrifugation within the first 2 days, the supernatant was
cultured for 1 month and the sulfate concentration was not
detectable (data not shown). The presence of sulfate concen-
tration was found after 7 days of incubation. For 6.7 mg of
initial EM added, the sulfate concentration accumulated from
0 mg L' (2 days) to 15.6 mg L' (7 days) and then to
100.3 mg L' for 20 days of incubation (Table 1). For 15.1
and 23.5 mg of initial EM added, it would take longer incu-
bation period to be completely oxidized into the sulfate.

Degradation pathway

The major objective of this study was to establish the degra-
dation pathway that involved the complete mineralization of
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Fig. 2 EM and its major intermediate (DEDS) degradation (a) by
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EM by strain WL2. A complete pathway was proposed for
EM degradation by Pseudomonas sp. WL2 (Fig. 4). The EM
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35 10
304
* s
251
g
o 20 1% =
£ 3
Qg5 Y=1.23X R’=0.9804 @
Q 14
o 2
10+ &
, 12
54 Y=0.158X, R?=0.94704
0 T T T T 0

10 15
Ethyl mercaptan, mg

20 25

Fig. 3 Relationship between CO, production, bacterial yield, and differ-
ent EM consumed. Error bars indicate the standard deviation of duplicate
samples. Filled square, CO,; empty triangle, bacterial yield

@ Springer

Bw “0D

120
oo
100 h
- *
> o e
£ 80 .
5 \O\o .
S 60 " \
c N
8 AaN \‘
S 40 S A
o o
Ja}
@ 20+ ‘\ﬂ\g\\ . \
ol \;:.ﬁ& e RPRREEMN
0 4 8 12 16 20 24 28 32
Time, h
©
35
30 o
< 254
-
=
O 20
a )
o < .
g 1% /s
] /*/ Y
§ 107 i .
o K *
°] W *
0+ T T T T T T T T
0 4 8 12 16 20 24 28 32
Time, h
()
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DEDS degradation (¢) by Pseudomonas sp. WL2 along with bacterial
growth (d) for initial DEDS concentrations of24.6~110.3 mg L. Empty
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from the enzymatic oxidation by strain WL2. As other inor-
ganic sulfur compounds were not detected in the liquid, it was
speculated that formation of the elemental sulfur (S°) occurred
inside of the bacterial cells via the transformation of DEDS
before being further oxidized to sulfate. Ethyl aldehyde could
be a possible intermediate for EM degradation by strain WL2.
Combining the production of CO,, bacterial cells, and sulfate
with other possible intermediates, a putative degradation path-
way of EM by strain WL2 was presented.

Table 1 Accumulation trends of sulfate concentration after initial EM
was fully consumed

Initial EM (mg)  SO,* concentration (mg L")
2 days 7 days 20 days  Theoretical value
Control 0 23 12.6 13.0
6.7 0 15.6 100.3 103.9
15.1 0 159 325 2343
235 0 13.5 15.2 364.5
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Substrate range of Pseudomonas sp. WL2

Substrate range studies of Pseudomonas sp. WL2 were per-
formed to test its ability to degrade other sulfur compounds,
aldehydes, and methanol. The utilization of several other
organic compounds by strain WL2 is listed and compared in
Table 2. It can be seen that strain WL2 could efficiently
degrade EM, propyl mercaptan, and n-butyl mercaptan as
growth substrate with biomass concentration increasing to
16.3, 16.4, and 13.7 mg CDW L', respectively, within
12 h. Based on the increasing biomass for other organic sulfur
compounds, it is concluded that strain WL2 could also use
several organic disulfides as growth substrate, and organic
sulfides could not be metabolized by strain WL2. For exam-
ple, strain WL2 isolated with sole EM could not degrade
dimethyl sulfide and dimethyl disulfide, indicating these com-
pounds with methyl groups could not be degraded by
Pseudomonas sp. WL2, except to the utilization of methanol

Elemental sulfur

l

S0,*
Sulfate

(11.0 mg CDW L") and methyl aldehyde (1.8 mg CDW L)
for bacterial growth. In addition, degradation of ethyl alde-
hyde with a growth value of 10.2 mg CDW L™ was also
obtained.

Kinetic analysis

The relationships between specific growth (degradation) rates
and liquid-phase concentrations were shown with the experi-
mental data and the model fitting data (Fig. S3 in supplemen-
tary materials). Moreover, the corresponding kinetic constants
were obtained. For EM degradation, the experimental values
of specific growth rates and specific degradation rates for
initial concentrations of 22.7~113.5 mg L™" were estimated
at 0.120~0.166 h™' and 1.193~1.465 gggx 'h™',
respectively.

The kinetic constants of model fitting corresponding with
the specific degradation rate and specific growth rate of EM

Table 2 Utilization of VOSCs

Initial addition (mg)

Growth substrate Bacterial growth within 12 h (mg L™")

and other organic compounds by Pollutants

Pseudomonas sp. WL2
Dimethyl sulfide 8.5
Dimethyl disulfide 10.6
Ethyl mercaptan 8.4
Diethyl sulfide 8.4
Diethyl disulfide 9.9
Propyl mercaptan 8.4
Dipropyl sulfide 8.4
Dipropyl! disulfide 9.6
n-Butyl mercaptan 8.3
Dibutyl sulfide 84
Methyl aldehyde 8.2
Ethyl aldehyde 7.8
Methanol 79

- 0
- 0
+ 16.3

15.9
16.4

+ o+

20.1
13.7

+ o+

1.8
10.2
11.0

+ o+ o+
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were also shown (Fig. S3a in supplementary materials).
The estimated maximum specific growth rate (Umax=
0.379 h™') of strain WL2 was obtained with K =
23.01 mg L' and K;=60.98 mg L™'. In terms of the
specific degradation rate, ¢nax, Ks, and K; of strain WL2
for EM degradation were estimated at 3.13 gggx 'h™',
31.91 mg L™, and 103.19 mg L', respectively. Higher
K; value indicates that this strain could grow well at a
higher substrate concentration.

According to the kinetic analysis for DEDS degrada-
tion by strain WL2 using the Haldane-Andrews model
(Fig. S3b in supplementary materials), the maximum
specific degradation rate (1.33 gsgx 'h™ ') and maximum
growth rate (0.263 h™') were both lower than the esti-
mated kinetic parameters for EM degradation. Compara-
tively, Pseudomonas sp. WL2 degraded EM at a maxi-
mum specific degradation rate that is 2.35 times higher
than that for DEDS degradation. The corresponding
values of K, and K; were 52.98 and 81.77 mg L' for
bacterial growth while 22.57 and 65.68 mg L' for
DEDS degradation, respectively.

Table 3 presents the values of degradation rate con-
stants using pseudo-first-order models for both EM and
DEDS degradation by Pseudomonas sp. WL2. In terms
of EM degradation, the R*> values for the pseudo-first-
order model at initial concentrations of 23.3~
113.5 mg L' were greater than 0.99, indicating a best
fit using the pseudo-first-order model with the degrada-
tion rate constants K;, of 0.232~0.522 h™'. With the
increase of initial substrate concentration, the degradation
rate constant decreased because of the effects of substrate
inhibition. Similarly, the values of degradation rate con-
stant for DEDS degradation using the pseudo-first-order
model reached a maximum value 0.175 h™' at a lower
concentration of 24.6 mg L. It is indicated that
Pseudomonas sp. WL2 could degrade EM at a maximum
degradation rate constant that is 2.98 times higher than
that for DEDS degradation.

Table 3 Degradation rate constants using pseudo-first-order models for
both EM and DEDS degradation by Pseudomonas sp. WL2

Pollutant Initial concentration (mg L") Kip R

EM 233 0.345 0.999
41.8 0.522 0.997
71.7 0.400 0.998
1135 0.232 0.999

DEDS 24.6 0.175 0.997
44.8 0.174 0.999
86.2 0.138 0.999
110.3 0.060 0.999
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Discussion

In this study, strain Pseudomonas sp. WL2 was firstly reported
to efficiently mineralize EM via DEDS using a putative deg-
radation pathway. Besides, DEDS is always used as an inter-
mediate for bactericide and organic synthesis, and its
degradation by pure cultures was firstly studied. The ability
of strain Pseudomonas species to degrade EM was firstly
reported by Barreiros et al. (2008) for the mineralization of
the thiocarbamate herbicide molinate, indicating the transfor-
mation of EM via the possible intermediate (ethyl methyl
sulfide). In fact, several other studies have been conducted
to screen the pure cultures that are capable of utilizing EM as
the sole carbon and energy source using the batch reactors.
Sedighi et al. (2013) found that 115~320 mg m > of gaseous
EM was completely degraded by R. eutropha within 120~
168 h. Moreover, Wan et al. (2010) noted that complete
biodegradation of 2~4 mg L' EM in an aqueous medium
was achieved by a new Lysinibacillus sphaericus strain RG-1
within 96 h. Besides, EM could be oxidized by methyl mer-
captan oxidase, which was purified from Thiobacillus
thioparus TK-m grown on dimethyl sulfide (Gould and
Kanagawa 1992).

Degradation characteristics of EM and DEDS with differ-
ent initial concentrations by Pseudomonas sp. WL2 were
evaluated in terms of the growth rate and the degradation rate,
respectively. The bacterial cells in the liquid-phase were not
saturated at lower initial substrate concentration and the slight
increase of substrate concentration would be beneficial to the
substrate degradation and the bacterial growth of strain WL2.
Comparatively, both the degradation rates and bacterial
growth rates for EM were much higher than those for DEDS
by strain WL2. This was further confirmed by the kinetic
analysis using the Haldane-Andrews model and the pseudo-
first-order model, respectively. All of the results showed that
the degradation rates for EM by strain WL2 achieved in this
study were much higher (2.35~2.98 times) than those for
DEDS degradation. This probably indicated that transforma-
tion of DEDS is the limitation step for EM degradation by
strain WL2.

In the previous studies, Sedighi et al. (2013) have fitted the
kinetic parameters using the Monod model and obtained the
maximum specific degradation rate of 0.23 mgg gX_lh_1 and
K, of 1.379 mg L™ at the initial EM concentrations of 1~
4mgL ' by R. eutropha. These values were much lower than
those of strain WL2. Obviously, EM degradation rate of strain
WL2 is 13.6x10° times higher than that of R. eutropha.
Furthermore, the maximum degradation rate constant of
0.0308 h™' for EM degradation by L. sphaericus (Wan et al.
2010) was obtained using the pseudo-first-order model, which
was 0.059 times lower than that by strain WL2 (0.522 h™).
Results obtained that aerobic degradation of EM by strain
WL2 was more efficient than those from previous studies.
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In the process of aerobic biodegradation by microorgan-
isms, organic compounds are always aerobically degraded
into water and carbon dioxide and are used as the essential
carbon source for bacterial growth (Kennes et al. 2009). In
addition to the production of CO, and biomass, the sulfur
element in organic sulfur compounds would be transformed
into the final sulfate. Hence, CO, production, bacterial yield,
and sulfate production are important parameters to provide
valuable information on VOSC mineralization. Theoretically,
the stoichiometric ratio should be 1.416 mg in the case of
complete mineralization to CO, for 1 mg EM according to
Eq. (7). The coefficient of CO, production was estimated at
1.23 g ¢! for EM degradation by strain WL2. In addition, a
bacterial yield coefficient (0.158 g g ") of Pseudomonas sp.
WL2 was obtained (Fig. 3).

11
CHyCH,SH + —-0,2C0; + 3H,0 + S0, (7)

In the present study, 86.86 % of the carbon element in EM
was transformed into CO,, and the other carbon atoms were
used as the essential carbon source for bacterial growth when
the abiotic substrate loss was not taken into account. Both the
CO, production and bacterial yield coefficient proved that
strain WL2 could efficiently mineralize EM into harmless
products.

As reported previously, the elemental sulfur was always
formed and transformed into the final sulfate when metabo-
lizing the sulfur element in VOSCs (Li et al. 2010; Sipma et al.
2004; Zhang et al. 2013). According to Eq. (7), the stoichio-
metric ratio should be 15.5 mg L ™" of the sulfate formed under
complete mineralization of 1 mg EM. Based on the sulfur
balance analysis (Table 1), 96.5 % of the sulfur element was
oxidized to sulfate for 6.7 mg of EM by strain WL2, within
20 days. Only 13.9 and 4.2 % of the sulfur element were
converted into sulfate with the initial EM of 15.1 and 23.5 mg,
respectively, within 20 days. Similarly, previous research on
the biological oxidation of 2.5 mM methanethiol (MM) to
sulfate at neutral pH conditions within 350 h was also obtain-
ed via DMDS as intermediate (Sipma et al. 2004). Barreiros
etal. (2003, 2008) have reported that EM originating from the
initial breakdown of molinate could be mineralized to CO,
and sulfate by Pseudomonas chlororaphis ONI1 and
Stenotrophomonas maltophilia ON2 through the further
conversion to ethyl methyl sulfide. Moreover, Li et al.
(2010) has also reported the oxidation of elemental sulfur to
sulfate via thiosulfate by strain Fusarium solani THIFO1
isolated from deteriorated sandstones of Angkor monuments.

DEDS was identified as the first and major intermediate for
EM degradation by strain WL2. Similarly, Sipma et al. (2004)
found that biological oxidation of methyl mercaptan (MM)
was firstly oxidized into dimethyl disulfide (DMDS). Further-
more, formaldehyde was reported as a main intermediate for

methyl mercaptan degradation (Gould and Kanagawa 1992;
Zhang et al. 2013). Also, ethyl aldehyde could be degraded by
strain WL2 as a growth substrate (Table 2). Therefore, it was
speculated that ethyl aldehyde was a possible intermediate
along with the desulfuration of DEDS by strain WL2. Based
on the identified intermediates or final products for EM deg-
radation by Pseudomonas sp. WL2, a putative degradation
pathway was presented. Degradation pathway of EM was
previously proposed by Sedighi et al. (2013). And sulfate
production and the EM degradation pathway by R. eutropha
were discussed based on the putative pathway for the miner-
alization of the thiocarbamate herbicide molinate (Barreiros
et al. 2008). However, there was no direct evidence for ob-
serving the accumulation of the possible intermediates (ethyl
methyl sulfide or sulfide) in the above studies.

Besides, investigation on substrate range of Pseudomonas
sp. WL2 indicated strain WL2 is the most metabolically
VOSC-degrading organism. The ability of strain WL2 to
degrade several mercaptans, disulfides, aldehydes, and meth-
anol makes it a promising aspirant for the removal of indus-
trial VOSC emissions.

In conclusion, strain Pseudomonas sp. WL2 isolated from
the activated sludge of a pharmaceutical wastewater treatment
plant was able to efficiently degrade EM as the sole carbon
and energy source. Kinetic analysis for EM and DEDS deg-
radation with different initial concentrations was proved to be
more efficient than other pure cultures reported previously.
Also, it was shown that strain WL2 could oxidize EM to CO,,
bacterial cells and sulfate through enzymatic oxidation into
DEDS, indicating a novel pathway for EM degradation.
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