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Abstract
Simultaneous biodegradation of malodorous 1-propanethiol (PT) and dimethyl sul�de (DMS) inoculated
with Pseudomonas putida S-1 and Alcaligenes sp. SY1 were investigated and interactions implicated
were explored. Results showed that PT was completely degraded in 33 h, while a lag of 10 h was
observed for DMS degradation alone, and the lag even extended to 81 h in the binary mixture. Mechanism
analysis found that the lag was mainly attributed to the exposure of DMS degrader (Alcaligenes sp. SY1),
rather than PT metabolites and PT degrader. The exposure time and PT concentration in�uenced the lag
duration much. Citric acid could effectively reduce the lag. Pseudo �rst-order model was proved suitable
for the description of PT degradation, revealing that PT degradation could be enhanced in presence of
DMS regardless of its concentration. A modi�ed Gompertz model, incorporated the lag phase, was
developed for the description of DMS degradation in the mixture, revealing that DMS degradation
depended on the initial PT concentration. When the lag was not considered, PT with low-concentration
could promote DMS biodegradation, while a higher concentration ( 20 mg·L−1) cast negative effect.

1. Introduction
Volatile organic compounds (VOCs) are widely considered as major precursors for the photochemical
smog and haze, imposing great threats on environment quality and human health. As a typical kind of
VOCs, volatile organic sulfur compounds (VOSCs) are highly toxic and malodorous with extremely low
smell threshold, (Padhi and Gokhale 2017). They are not only the main composition of traditional
malodor sources, i.e. waste water treatment plants, waste land�lls, livestock and poultry farm etc., but
also closely related with pharmaceutical chemicals, petroleum re�neries, papermaking and other
industries (Giri and Pandey 2013; Giri et al. 2014). So far, many treatment technologies, like condensation,
UV oxidation, regenerative thermal oxidization, catalytically incineration, adsorption etc., have been
employed for the disposal of odorous and hazardous organic compounds (Durme et al. 2008; Zhang et
al. 2017). Thereinto, biotechnology is one of the most applicable ways for the puri�cation of VOSCs, due
to its various advantages of ecological, low cost and no secondary pollution etc., especially for the waste
gas with high-volume and low-concentration (Jo and Shin 2010; Qiu and Deshusses 2017; Kennes and
Veiga 2013).

To date, numerous microorganisms have been acclimated and isolated for the degradation of VOSCs.
These microorganisms are usually highly speci�c, only one or one kind of VOSC compounds can be
e�ciently degraded. However, multiple waste gases usually coexist in practical situations. Unknown
interactions are likely to occur during their degradation processes, which may largely in�uence their
original degradation behaviors. It was reported that the removal of dimethyl sul�de (DMS) and dimethyl
disul�de were affected by the presence of methyl mercaptan and H2S (Wani, Lau, and Branion 1999; Li et
al. 2003). In addition, substrate interactions, including co-metabolism, sequential degradation,
competitive inhibition, uncompetitive inhibition, and noncompetitive inhibition, were also observed in
many studies (Chen et al. 2008; Chen et al. 2007; Chen et al. 2018; Zhou et al. 2011). Chignell et al.
claimed that an antagonistic interaction existed between P. putida KT2440 and Bacillus atrophaeus 1942
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when co-cultured on agar plates (Chignell et al. 2018). To be noted, negative effects (inhibition), rather
than positive effects (enhancement), were more frequently reported when several kinds of gases were
simultaneously degraded (Zhou, Huang, and Shen 2016; Bielefeldt and Cort 2005).

DMS and 1-propanethiol (PT) are two typical malodorous VOSCs in industrial parks (Han et al. 2018; Ras,
Borrull, and Marcé 2008). However, researches on their simultaneous removal were very limited. Recently,
a solid composite microbial inoculant composed of Alcaligenes sp. SY1 and Pseudomonas putida S-
1was successfully prepared, which showed improved removal performance and shortened start-up
period, when inoculated in biotrickling �lters (Chen et al. 2018). Nevertheless, the speci�c interactions
involved in their degradation process were untested, remaining to be elucidated.

Degradation kinetic study is an important analytical method to unveil the mechanism involved substrate
interactions. The Monod model is usually used in investigating the non-inhibitory biomass growth of a
pure culture with restricted substrate (Pala-Ozkok et al. 2012), and the effects of substrate inhibition on
biomass growth at high concentrations have been described by a special model based on Monod or
another model. For example, the sum kinetics with interaction parameter (SKIP) incorporating the
interaction factor Ii,j, was successfully employed for the description of the inhibitory interaction among
the degradation process of the mixture of tetrahydrofuran, ethylbenzene, benzene, and toluene by P.
oleovorans DT4 (Chen et al. 2014). Carvajal et al. found that the modi�ed Gompertz model could be well
employed to study the antagonistic interactions among benzene, toluene, ethylbenzene, and xylene, when
single and dual substrates were degraded by the activated sludge under anoxic condition (Carvajal et al.
2018).

In this study, the biodegradation performance of malodorous pollutants PT and DMS by the bacterial
strains P. putida S-1 and Alcaligenes sp. SY1 was investigated. The interactions between PT and DMS in
a dual-substrate biodegradation system were explored, the cause of long lag in DMS degradation was
carefully analyzed, and a modi�ed Gompertz model was developed to characterize the simultaneous
degradation behavior of PT and DMS. It is believed that the mechanism of the lag phase proposed here
may inspire more rational operation to obtain superior simultaneous removal e�ciency of multiple
gaseous pollutants coexisted in practical situations.

2. Materials And Methods

2.1. Chemicals and reagents
The chemicals used for culture were of analytical grade, the chemicals/solvents used for gas
chromatographic analysis were of chromatographic grade, and the odorant compounds DMS and PT
were in liquid form (> 99%). The mineral medium (MM) used in the batch experiment was composed of
4.5 g·L−1 Na2HPO4·12H2O, 1.0 g·L−1 KH2PO4, 1.5 g·L−1 NH4Cl, 0.023 g·L−1 CaCl2, 0.2 g·L−1 MgCl2, and 1

mL of trace element stock solution. The trace element stock solution contained 1.0 g·L−1 FeSO4·7H2O,

0.02 g·L−1 CuSO4·5H2O, 0.014 g·L−1 H3BO3, 0.10 g·L−1 MnSO4·4H2O, 0.10 g·L−1 ZnSO4·7H2O, 0.02 g·L−1
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Na2MnO4·2H2O, and 0.02 g·L−1 CoCl2·6H2O. The pH of the medium was adjusted to 7.0 by using
phosphate buffer solution. All chemicals and reagents were purchased from Sigma–Aldrich.

2.2. Microorganisms and culture conditions
Alcaligenes sp. SY1, a Gram-negative aerobic heterotrophic bacterium with DMS-degrading ability, was
isolated from activated sludge collected from a pharmaceutical factory (Taizhou, China) (Sun et al.
2016). P. putida S-1 was reported as the �rst P. putida strain capable of degrading malodorous PT (Chen
et al. 2016). These two strains were stored in China Center for Type Culture Collection under CTCC Nos. M
2014619 and M 2013444, and their 16S rRNA sequences were deposited in the GenBank database under
Accession Nos. KP162176 and KF640247, respectively. For inoculum preparation, P. putida S-1 was
initially incubated in R2A liquid medium, and Alcaligenes sp. SY1 was incubated in MM with 50 mg·L−1

DMS. Both strains were incubated on a rotary shaker (160 rpm) at 30°C.

2.3. Batch biodegradation experiment
All batch biodegradation experiments were carried out in 250 mL screw-capped Erlenmeyer �asks
containing 50 mL of sterile MM with different initial PT and/or DMS concentrations. The bacterial
inoculums were obtained at exponential growth phase by centrifugation at 6000 rpm for 10 min at 4°C,
washed with MM twice, and resuspended in MM at an optical density (OD600) of 0.1. To ensure the same
initial biomass concentration of both strains, we introduced 0.94 mL of P. putida S-1 suspension and 1
mL of Alcaligenes sp. SY1 suspension. When presented as the sole carbon source in the medium, >300
mg·L−1 of PT inhibited the growth of P. putida S-1, and high initial DMS (>200 mg·L−1) concentration
inhibited the growth of Alcaligenes sp. SY1. The concentrations of PT and/or DMS below the minimum
inhibitory concentration were selected in our batch biodegradation experiments. The initial substrate
concentrations were 50 mg·L−1 unless otherwise speci�ed, and the introduced volumes of pregrown cells
were consistent with the above-mentioned conditions.

During the experiments, the concentrations of substrates and biomass were determined at regular time
intervals until complete degradation. The initial concentrations of the substrates remained unchanged in
the control experiments without the strains, implying that abiotic loss could be neglected. All experiments
were performed in triplicate.

2.4. Analytical methods
The residual concentrations of PT and DMS were determined by gas chromatography (SHIMADZU GC-
14B, JAPAN) equipped with a �ame ionization detector and an RTX-1 column (30 m × 0.32 mm × 25 µm,
Restek, USA). PT and DMS could be balanced in vapor and aqueous phase in the sealed bottle within 30
min. Then, the aqueous concentrations of substrates were calculated from the measured concentration in
the gas phase by using the partition coe�cient (Henry’s coe�cient). The gas samples (0.8 mL) in the
headspace were withdrawn with a gas-tight syringe and injected into the GC to determine the gaseous
concentrations of PT and DMS. The temperatures of GC injector, oven, and detector were 200°C, 80°C,
and 230°C, respectively. The hydrogen and air �ow rates for FID were 40 and 450 mL·min−1, respectively.
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The CO2 concentration was determined by gas chromatography (Agilent Technologies, GC 6890 N, USA)
equipped with HP-Plot-Q column (30 m × 0.32 mm × 20 µm) and thermal conductivity detector. The
carrier gas was helium with a �ow rate of 5 mL min−1. The column and detector temperatures were 40°C
and 100°C, respectively.

The concentration of SO4
2− was determined with an ICS 2000 ion chromatograph equipped with Ionpac

AS19-HC separation column and DS conductance detector. The �ow rate of KOH was 1.0 mL·min−1, and
the column temperature was 30°C.

The intermediates of PT degradation were identi�ed using a gas chromatograph–mass spectrometer
(GC–MS, Agilent 7890N/MS 5975) equipped with an HP-5MS capillary column, as described elsewhere
(Chen et al. 2016). Solid-phase extraction with a C18 column was adopted for sample preparation.

Biomass concentrations were monitored by spectrophotometric absorbance at 600 nm (OD600) on a
spectrophotometer (Hitachi, Tokyo).

2.5. Kinetic modeling
In this study, the description of the degradation kinetics of the substrates (PT and DMS) under different
conditions is the main content of modeling. Among the mathematical models used to describe
biodegradation kinetics, the pseudo �rst-order model was applied in many cases (Elango, Kurtz, and
Freedman 2011; Boonnorat et al. 2014). It is de�ned as follows:

where q is the degradation rate constant of the substrate (h−1), So is the initial aqueous concentration of
the substrate, St is the substrate concentration in the liquid at time (t), and t is the reaction time. 

However, substrate interactions caused by the presence of co-substrate increase the uncertainty in the
degradation process. Thus, some of the modi�ed versions of general models that may provide an
improved �t to biodegradation must be considered. In food microbiology, several nonlinear regression
functions, such as the Gompertz model, have been widely used in describing microbial growth or
production. Zwietering et al. reparameterized the Gompertz function through replacing nonsensical
mathematical parameters with those with biological meaning and developed the Gompertz Kinetic model,
providing a function of the cumulative production (P) with time (Equation 2) (Zwietering et al. 1990). 

where Pmax is the maximum production, Rm is the maximum rate of production, λ is the lag phase, and
t is the elapsed time. The modi�ed Gompertz kinetic model with the incorporation of parameter λ
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provides the probability of modeling biodegradation process with lag. 

The new variable cumulative degradation D and maximum degradation potential Dmax were used in
describing substrate consumption as a degradation potential (Equation 3) (Carvajal et al. 2018). In this
present study, the experimental data in the degradation systems with two substrates may be �tted to the
modi�ed Gompertz kinetic model.

 

Experimental data were �tted to the models with a nonlinear curve �tting to estimate the kinetic
parameters of the models used. For the pseudo �rst-order model, substrate concentration versus time
was directly �tted, and the degradation rate constant q could be obtained. In the modi�ed Gompertz
model, the cumulative degradation at t (D(t)) was calculated using Equation (4), where C0 and Ct indicate
the initial substrate concentration and substrate concentration as a function of time, respectively.

1stOpt statistical analysis software was used for parameter determination (Zhang et al. 2013).
Levenberg–Marquardt and universal global optimization algorithms were used for calculating the
correlation coe�cient (R2).

3. Results And Discussion

3.1. Long lag occurred in DMS degradation in binary mixture
Figure 1 showed the individual and simultaneous biodegradation performance of 50 mg·L−1 PT and 50
mg·L−1 DMS by the bacterial strains of P. putida S-1 and Alcaligenes sp. SY1. And the cell growth was
also recorded. It could be seen that PT was degraded completely in 33 h almost without lag phase,
regardless of the presence of DMS. This indicated that the degradation of PT was not affected by the
presence of DMS. By contrast, it was not until 81 h later that DMS began to be biodegraded in the
presence of PT. And only a lag of approximately 10 h was observed when Pt was absent (Fig. 1a). Similar
phenomenon in double-substrate system were also previously reported (Chen et al. 2007; Hsieh et al.
2008). The biomass concentration expressed in OD600 increased with the degradation of PT, and then the
growth ceased and remained for a long time until the degradation of DMS started. Similar diauxic-growth
phenomena had also been observed in previous studies, when bacteria switched between electron donors
(Monod 1949; Lisbon et al. 2002). Notably, biomass growth continued, even after PT was completely
degraded, while the degradation of DMS was far from starting. Besides, the concentrations of CO2 and

SO4
2− kept on increasing, even though PT was completely depleted (Fig. 1b), which was probably

ascribed to the further mineralization of the intermediates of PT.
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Subsequently, the in�uence of the substance concentration on the degradation performance of PT and
DMS was investigated. As shown in Table 1, when the concentration of DMS was �xed at 50 mg·L−1, and
the concentration of PT was varied at 0, 10, 20, 50, and 100 mg·L−1, a lag of 11-117 h was observed
before the onset of DMS degradation, and the lag duration was extended with the increase of PT
concentration. When the concentration of PT in the dual-substrate mixture was 100 mg·L−1, its
degradation e�ciency could reach 90% in 28 h, however, the lag phase for DMS degradation was long as
117 h. The actual degradation times required for the 90% DMS removal ranged from 24–48 h. When the
PT concentration was 10 mg·L−1, 90% DMS could be degraded in 24 h, which was even shorter than that
without PT (34 h). By contrast, when the initial PT concentration was increased to 50 mg·L−1, the actual
degradation time for 90% DMS removal prolonged to 48 h. Thus, it could be concluded that PT
concentration in�uence the enhancement or the inhibitory effect on DMS degradation, when the lag was
not considered.

Table 1
Biodegradation of different initial concentrations of PT and 50 mg·L−1 DMS by P. putida S-1 and

Alcaligenes sp. SY1 in liquid culture.
Initial
PT
(mg/L)

Initial
DMS
(mg/L)

Time for
90% PT
removal (h)

Lag to DMS
degradation
(h)

Time for 90%
DMS removal
(h)

OD600 when
90% PT
removed

OD600 when
90% DMS
removed

0 50 / 11 45 / 0.075

10 50 8 33 57 0.018 0.080

20 50 11 57 93 0.037 0.96

50 50 21 81 129 0.051 0.108

100 50 28 117 153 0.085 0.148

3.2. The cause of the long DMS-degrading lag
To �nd out the cause of such lag-related inhibition, several control experiments were conducted.

Firstly, the degradation performance of DMS in presence of sole Alcaligenes sp. SY1 and both strains
were investigated. As displayed in Fig. 2, the degradation e�ciencies in both cases were analogous that
DMS was biodegraded completely in 60 h, which indicated that the presence of P. putida S-1 strain was
not the cause of the lag phase during DMS degradation.

Besides, it has been widely reported that the formation and accumulation of intermediates of one
substrate can cast inhibited in�uence on the degradation of another one (Hazrati, Shayegan, and Seyedi
2015; Reardon, Mosteller, and Rogers 2015). Since DMS could be degraded after a long lag duration,
when PT and its degrader P. putida S-1 were co-present in the medium. This suggested that Alcaligenes
sp. SY1 could survive in the possible soluble antagonistic compounds secreted by P. putida S-1, or the
concentration of antagonistic compounds might be low to completely kill Alcaligenes sp. SY1. Then the
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components and concentrations of the intermediates were detected, when PT was completely degraded
by P. putida S-1 (at 32 h of the whole process). The results showed that PT could be degraded into
dipropyl disul�de, 3-hexanol, 2-hexanol, 3-hexanone, and 2-hexanone, and their accumulated
concentrations in the solutions were all lower than 5 mg·L−1 (see Table 2). And as the degradation time
extended, such intermediates could be further degraded, resulting in the concentrations being less than
0.1 mg·L−1 after 58 h of degradation. Moreover, the variation trend of DMS degradation was almost
identical with the results of control group except for the lag, when PT was completely depleted,
intermediates were remained, and the biomass of P. putida S-1 was withdrawn from the liquid.
Furthermore, it was found that the addition of every intermediates of PT with a concentration of 5 mg·L−1

did not increase the lag phase of DMS degradation (data not shown). All these results robustly proved
that Alcaligenes sp. SY1 could only live by DMS, and the metabolites of PT degradation by P. putida S-1
were unrelated to the prolonged DMS-degrading lag.

Delightedly, when PT was present in the medium and P. putida S-1 was not added, DMS could not be
degraded by Alcaligenes sp. SY1. This suggested that PT itself may cast a detrimental effect on the
degradation of DMS. To con�rm this speculation, Alcaligenes sp. SY1 strains were exposed to 50 mg·L−1

PT for 24, 48, and 72 h. Then the cells were collected by centrifugation, washed and resuspended for
DMS degradation in fresh MM. As shown in Fig. 3, lag lasted approximately 90, 110, and 140 h,
respectively, and the longer the times exposed to PT, the longer the lag phase would last. And the lag
durations were even longer than that observed in Fig. 1b, which was consistent with the results in Table 1.
Therefore, it could be concluded that the concentration of PT and the exposure time of Alcaligenes sp.
SY1 to PT are concerned with the lag duration of DMS metabolism in the mixture.

Table 2
Variation of the intermediates that accumulated in the solution after PT depletion under the dual-

substrate condition.
Time
(h)

Dipropyl disul�de
(mg/L)

3-Hexanol
(mg/L)

2-Hexanol

(mg/L)

3-Hexanone
(mg/L)

2-Hexanone
(mg/L)

32 4.23±1.10 0.65±0.14 0.57±0.19 1.13±0.26 0.92±0.22

45 2.11±1.25 < 0.1 < 0.1 0.21±0.11 0.25±0.13

58 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1

3.3. Citric acid acted as an effective “lag reductor”
It is of great importance to shorten the lag phase of DMS degradation in a dual-substrate solution (Chen
et al. 2018). Adding extra carbon sources can probably enhance the degradation rate of pollutants
(Mukherjee and Bordoloi 2012). Some readily metabolized organic substrates, such as yeast extract,
tryptone, and glucose, might stimulate biomass growth, thereby improving the mineralization of
recalcitrant organic compounds (Chen, Chen, and Zhong 2009; Ziagova and Liakopoulou-Kyriakides
2007). It was also reported that benzene degradation could greatly enhanced by tetrahydrofuran, which
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could act as an “energy generator” (Zhou et al. 2011). Hence, to reduce the lag phase for DMS
degradation, various organic substrates, like yeast extract, tryptone, methanol, starch, acetone, and
sucrose, were added and their in�uence on DMS degradation was investigated and compared. As shown
in Fig. 4a, glucose, yeast extract, and citric acid were all bene�cial for the removal of DMS when PT
coexisted. And the addition of these three carbon sources exhibited varying reduction for the lag phase.
Citric acid demonstrated the optimal performance in decreasing the lag phase, only 24 h of lag was
observed before the onset of DMS degradation. Nevertheless, the DMS biodegradation rates after lag
phase under different conditions were similar with each other, regardless of the presence and kinds of the
supplements. However, the cause behind the superior effect of citric acid on lag reduction was complex
and remains unknown.

The addition of extra carbon sources could also enhance the biodegradation of PT, as shown in Fig. 4b,
which may shorten the exposure time of Alcaligenes sp. SY1 to PT and thus reduce the lag phase for
DMS degradation. However, the stimulation effect toward PT degradation upon the addition of citric acid
was not better than those upon glucose and yeast extract. As an easily metabolized organic substrate,
citric acid could also provide additional energy for DMS degradation, analogous to that of glucose and
yeast extract. Besides, it is the main substrate in Kreb’s cycle and hence probably producing energy more
easily. Moreover, Mahmud et al. found that citric acid could enhance the tolerance of Brassica juncea to
cadmium toxicity through upregulating the antioxidant defense and glyoxalase systems (Al Mahmud et
al. 2018), thus we speculate that citric acid may also improve the tolerance of Alcaligenes sp. SY1 to PT
toxicity.

3.4. Kinetics of PT and DMS biodegradation under single
and binary substrate conditions
Pseudo �rst-order model was �rst used to describe the biodegradation of substrates. The �tness of the
�rst-order model for PT degradation in the dual-substrate biodegradation tests was analogous to that
obtained under the single-substrate condition (Tables 3 and 4). The R2 values obtained for the
degradation of PT at low concentrations (0.931 and 0.926) were relatively higher than that obtained at
high concentrations (0.892 and 0.895). Under the dual-substrate condition, when the PT concentration
exceeded 10 mg·L−1, the model provided poor �tting results (R2<0.9). As shown in Fig. 5, the �tting curves
matched well with the experimental results in the �rst few hours, but it was then gradually deviated as the
biodegradation proceeded, when PT biodegradation was �tted with logarithmic mode. When the initial PT
concentrations were 10, 20, 50, and 100 mg·L−1, the values of the degradation rate constant q obtained
for PT degradation under the single-substrate condition were 0.16, 0.09, 0.04, and 0.03 h−1, respectively. A
negative correlation was found between q and PT concentration. The q obtained at every PT
concentration under the dual-substrate condition were slightly higher, which indicated that the presence
of DMS could slightly enhance the degradation of PT.
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Unfortunately, the pseudo �rst-order model failed to predict the kinetics of DMS biodegradation under the
dual-substrate condition. When PT and its degrader P. putida S-1 were co-present in the medium, the lag
phase accounted for more than 50% of the whole time of DMS degradation before the onset of DMS
degradation. Such lag phase made the modeling of the DMS removal process di�cult to describe.
Therefore, the lag phase must be excluded, and then, the Monod model was adopted for the description
of microbial growth (Strigul, Dette, and Melas 2009). Meanwhile, as the lag phase mattered the
completion of pollutant elimination, it also needed to be predicted. Nevertheless, conventional
mathematical models, such as the �rst-order model, Andrews model and SKIP model, which account for
the inhibition between dual substrate, failed to �t the experimental data in this study (data not shown).
Encouragingly, Christen et al. used the Gompertz model to calculate the maximum degradation rate of
phenol, and the results were well �tted (R2>0.98) (Christen et al. 2012). Inspired by this, the Gompertz
model was then adopted and modi�ed by incorporating λ as the lag phase, to describe the
biodegradation of DMS (Table 5 and Fig. 6). The R2 was higher than 0.97, and the maximum degradation
potential (Dmax) reached 1.00, con�rming the thorough degradation of PT and DMS in the whole
degradation process. The obtained lag phase parameters (λ) of DMS degradation were 16.19, 35.59,
69.38, 90.46, and 117.08 h, when mixed with PT at initial concentrations of 0, 10, 20, 50, and 100 mg·L−1,
respectively. All these values were in good accordance with the experimental lag phase of DMS
degradation illustrated in Table 1.

Table 3
Kinetics parameters estimated by the modi�ed Gompertz model and the �rst-order kinetic model for

the degradation of PT with different initial concentrations under single-substrate condition.
PT concentration

(mg/L)

The Modi�ed Gompertz model The �rst-order kinetic model

Dmax(mg/mg) Rm

(mg/(mg·h))

λ

(h)

R2 q

(1/h)

R2

10 1.00 0.48 2.32 0.996 0.16 0.931

20 1.00 0.32 4.20 0.998 0.09 0.926

50 1.00 0.15 5.88 0.998 0.04 0.892

100 1.00 0.10 6.44 0.997 0.03 0.895

The λ values at 2.32, 4.20, 5.88, and 6.44 h were recorded for PT degradation at concentrations of 10, 20,
50, and 100 mg·L−1 (Table 3) in single-substrate solution. The correlations between λ and PT
concentration were consistent with that reported in previous studies, i.e., the lag phase increased with the
initial substrate concentration (Juang and Tsai 2006; Christen et al. 2012). Notably, the barely detectable
lag phase of PT degradation could also be calculated using the modi�ed Gompertz model.

Compared with those in single-substrate solution, the λ values of PT degradation were relatively lower
and the maximum degradation rates Rm were relatively higher when the reaction was carried out in dual-
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substrate conditions, regardless of its initial concentration (Table 4). This indicated that PT degradation
could be promoted in the presence of DMS, similar to that obtained using the �rst-order model in terms of
the degradation rate constant q.

Table 4
Kinetics parameters estimated with the modi�ed Gompertz model and the �rst-order kinetic

model for the degradation of different initial concentrations of PT under dual-substrate
conditions with 50 mg·L−1 DMS.

PT concentration

(mg/L)

The Modi�ed Gompertz model The �rst-order kinetic model

Dmax

(mg/mg)

Rm

(mg/(mg·h))

λ

(h)

R2 q

(1/h)

R2

10 1.00 0.51 1.86 0.993 0.18 0.936

20 1.00 0.38 3.94 0.982 0.10 0.884

50 1.00 0.16 5.21 0.979 0.05 0.873

100 1.00 0.12 5.68 0.970 0.04 0.895

For DMS biodegradation, the Rm values were calculated to be 0.17, 0.13, 0.07, and 0.09 mg·mg−1·h−1 in

the presence of 10, 20, 50, and 100 mg·L−1 PT, respectively, but was 0.13 mg·mg−1·h−1 without PT
addition (Table 5). When the concentration of the co-substrate PT was 10 mg·L−1, the Rm of DMS
biodegradation was higher than that without PT. It could thus be inferred that, if PT-trigged lag was not
considered, a slight enhancement for DMS biodegradation after PT addition could be achieved at a low
PT concentration (e.g. 10 mg·L−1). Such enhancement might be attributed to the metabolism of the
degradation intermediate of DMS by PT-grown cells of P. putida S-1. This was the �rst study reported that
only lag prolongation, rather than degradation rate reduction, accounted for the biodegradation inhibition
of one pollutant by the other in a binary mixture. However, A PT concentration higher than 20 mg·L−1

could lead to lower Rm of DMS biodegradation. Two probable reasons may account for such results. One
was the competition between Alcaligenes sp. SY1 and P. putida S-1 for the limited mineral elements
during PT degradation; the other was the inhibition of high-concentration PT to the enzyme activity
responsible for DMS biodegradation.
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Table 5
Kinetics parameters estimated with the modi�ed Gompertz model for the

degradation of 50 mg·L−1 DMS in the dual-substrate solution with different
initial concentrations of PT.

PT concentration (mg/L) Dmax

(mg/mg)

Rm

(mg/(mg·h))

λ

(h)

R2

0 1.00 0.13 16.19 0.988

10 1.00 0.17 36.59 0.996

20 1.00 0.13 69.38 0.990

50 1.00 0.07 90.46 0.992

100 1.00 0.09 117.08 0.993

4. Conclusion
In this study, simultaneous biodegradation of malodorous 1-propanethiol (PT) and dimethyl sul�de
(DMS) with Pseudomonas putida S-1 and Alcaligenes sp. SY1 were investigated and related interactions
were explored. PT was completely degraded in 33 h, while a lag of 10 h was observed for DMS
degradation, and the lag was even extended to 81 h in the mixture. Careful analysis found that the lag
was mainly attributed to the exposure of DMS degrader (Alcaligenes sp. SY1) to PT, rather than the PT
metabolites and PT degrader. And the exposure time and PT concentration largely in�uenced the lag
duration. Citric acid could serve as an effective “lag reductor”, decreasing the lag to 24 h. Pseudo �rst-
order model was proved suitable for the description of PT degradation, revealing that the degradation of
PT could be enhanced in the presence of DMS regardless of its concentration. A modi�ed Gompertz
model incorporated the lag phase parameter λ was developed for the successful description of DMS
degradation in the presence of PT. And the effect of PT on DMS degradation depended on its initial
concentration. When the PT-triggered lag was not considered, low-concentration PT could promote the
biodegradation of DMS, while a higher concentration ( 20 mg·L−1) could cast negative effect. This is the
�rst report that only lag prolongation, rather than degradation rate reduction, accounted for the
biodegradation inhibition of one pollutant to the other. It is believed that the mechanism proposed in this
work may inspire more rational operation to obtain superior simultaneous removal e�ciency of multiple
gaseous pollutants coexisted in practical situations.
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Figures

Figure 1

Degradation of 50 mg·L−1 PT (●) and 50 mg·L−1 DMS (■) in single (a) and mixture (b). Symbols: (○)
biomass of P. putida S-1 from single PT degradation; (□) biomass of Alcaligenes sp. SY1 from single
DMS degradation; (△) total biomass from the mixture degradation; (▼) CO2 production; ( ) SO42−
production.
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Figure 2

Depletion of DMS under different conditions. Error bars indicate the standard deviation of triplicate
samples. Symbols: (□) Alcaligenes sp. SY1+DMS, (●) DMS + Alcaligenes sp. SY1 + P. putida S-1, (▼)
Alcaligenes sp. SY1+DMS+PT, (▲) DMS+ Alcaligenes sp. SY1+PT+ P. putida S-1, ( ) DMS and Alcaligenes
sp. SY1 were added into the solution where PT had been completely degraded and the biomass of P.
putida S-1 had been withdrawn.



Page 18/20

Figure 3

Biodegradation of DMS by Alcaligenes sp. SY1 exposed to 50 mg·L−1 PT for 0 (□), 24(●), 48(▲), and 72
h (▼). Error bars indicate the standard deviation of triplicate samples.
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Figure 4

Effect of supplements on DMS biodegradation (a) and PT biodegradation (b) in the dual-substrate
mixture. Error bars indicate the standard deviation of triplicate samples. Symbols: ( ) citric acid, (▲) yeast
extract, (▼) glucose; (○) control group without supplements.
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Figure 5

Time course of the relative concentrations (St/So) of 10 mg·L−1 PT (■—), 20 mg·L−1 PT (●----), 50
mg·L−1 PT (▲….), and 100 mg·L−1 PT (▼−∙−) in dual-substrate solution with 50 mg·L−1 DMS. Symbols
represent experimental data, the lines represent �rst-order kinetic model �tting. Vertical lines represent the
standard deviation between duplicate experiments.

Figure 6

Time course of the cumulative degradation of different concentration combinations of DMS and PT (a:
10 mg·L−1 PT with 50 mg·L−1 DMS; b: 20 mg·L−1 PT with 50 mg·L−1 DMS; c: 50 mg·L−1 PT with 50
mg·L−1 DMS; d: 100 mg·L−1 PT with 50 mg·L−1 DMS). Symbols represent experimental data [PT (●),
DMS (■)], whereas the lines represent Gompertz model �tting. Vertical lines represent the standard
deviation between duplicates under the same experimental condition.


