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A B S T R A C T

Thiosulfinates, a natural antibiotic, existed in all parts of Allium, therefore might be accumulated in large
amounts in food waste (FW). FW was often added into waste activated sludge (WAS) anaerobic digestion process
as a kind of supplement for nutrition balance. However, the impact of thiosulfinates on methane production and
the possible approach to mitigate its inhibition on the co-digestion process could be available in few literatures.
This work was carried out in a series of batch experiment at pH 7.0 ± 0.2 and 35 ± 1.0℃ to promote the
further understanding of this process. The experimental results showed that the methane accumulation de-
creased from 270.6 ± 13.4 to 16.7 ± 7.0mL/g VSS (volatile suspended solids) when the initial concentration
of thiosulfinates increased from 0 to 2.5 μg/g VSS. The activities of functional enzymes (F420 and CoM) were
inhibited by 99.06% and 99.82% compared with control group when reactor contained 2.5 μg/g VSS thiosulfi-
nates. Furthermore, different temperature, pH, and combination pretreat were applied to impair the inhibition of
thiosulfinate. Compared with no pretreatment group, methane yield was increased by 2.26, 32.18 and 42.2-fold,
respectively which group was under pretreatment method of heat (100℃), alkali (pH 9) and combination.
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1. Introduction

More than 1.3× 1010 tonnes of food waste (FW) are generated each
year worldwide, creating serious social, environmental and economic
issues (FAOSTAT-FAO, 2017; Xu et al., 2018). FW is primarily disposed
of by landfilling, incineration, or composting (Hagos et al., 2017).
However, considering the negative environmental effects of those
methods, anaerobic co-digestion is more desirable (Braguglia et al.,
2018). Currently, anaerobic digestion is mainly applied in wastewater
treatment plants to dispose of excess sludge, which is rich in microbial
activity, and the primary products are hydrogen and methane (Wang
et al., 2018a). The anaerobic digestion process main include hydrolysis
stage, acidogenesis stage and methanogenesis stage, while, the methane
produces from last stage and the yield rely the initial organic loading
(Liu et al., 2019a; Zhao et al., 2019). A carbon source must be fre-
quently added into the anaerobic digester to increase the organic
loading and augment the product yield (Zhou et al., 2018). FW, which
contains abundant organic matter and chemical energy, could be con-
verted to biogas or high-value-added carbon-containing compounds
through anaerobic co-digestion (Wainaina et al., 2018). Accordingly,
many studies have evaluated FW as a cost-effective carbon source for
addition in anaerobic digesters (Qin et al., 2019; Chen et al., 2015). FW
is increasingly being treated via anaerobic co-digestion with waste ac-
tivated sludge (WAS) with the goal of producing green energy and re-
cycling carbon (Zhou et al., 2018; Liu et al., 2019b; Zhang et al., 2014).
To promote sustainable development and produce more green energy, it
is critical to optimise the efficiency of anaerobic co-digestion (Liu et al.,
2019a; Zhang et al., 2014). Thus, many studies have explored the ef-
fects of a variety of factors on anaerobic co-digestion, included tem-
perature, pH and inhibitors (Table S1). From previous study, the en-
hanced production of methane during anaerobic co-digestion could
through use of adjustment temperature, pH, C/N ratio, pre-treatment
and organic loading. Meanwhile, various inhibitors exist in real anae-
robic co-digestion project that worth pay more focus.

Thiosulfinates, which are natural broad-spectrum antibiotics, are
abundant in Allium species (e.g. onion, garlic and shallots), which are
used widely in dishes worldwide and are considered as health foods
(Putnik et al., 2019; Rose et al., 2018). Thiosulfinates accumulate in
large amounts in FW with the measure of consumption of Allium aug-
ment over the world. In 2017, the total yield of onion, garlic and
shallots reached 33.3 million metric tonnes worldwide (FAOSTAT-FAO,
2017). As Allium is used as a condiment in most dishes, most Allium
from each dish will become FW. Meanwhile, the consumption of Allium
was uncertainly from country to country and cuisine. Thus, the con-
centration of thiosulfinates in FW was hardly quantification exact, and
the maximum containing possibility could reach 0.31mg/g of FW
(Table S2). Allicin (diallyl thiosulfinate) is an important thiosulfinate
found in garlic (Focke et al., 1990; Lilia et al., 2017), and its maximum
concentration is approximately 16.2 mg/g of fresh garlic (Putnik et al.,
2019; Chen et al., 2017; Fratianni et al., 2016). Allicin forms when
alliin and alliinase come into contact when the plant’s cellular structure
is damaged (Martins et al., 2016). Notably, allicin is detected in many
Allium species, not just garlic, as shown in Table S2. The process of
allicin production is shown in Fig. 1 (Gruhlke et al., 2010). Allicin plays
roles in several key biochemical processes, including electron transfer
and DNA transcription (Wills, 1956; Kubec et al., 1997; Rodrigues and
Percival, 2019). As a result, many researchers have studied the med-
icinal value of thiosulfinates and the active ingredients of Allium spe-
cies. However, few studies have reported the effects of thiosulfinates on
methane production during the anaerobic co-digestion of FW and WAS.
Thiosulfinates can be degraded into multiple active sulfur-containing
compounds by heat or oxidation step by step such as diallyl sulfide
(DAS), diallyl disulfide (DADS), and diallyl trisulfide (DATS) (Lilia
et al., 2017), which exhibit broad-spectrum antibacterial effects as well
(Borlinghaus et al., 2014). Thus, the effects of the degradation products
of thiosulfinates on methane generation during the anaerobic co-

digestion of FW and WAS should also be considered.
The purpose of this work was to evaluate the potential effects of

allicin, a common thiosulfinate found in Allium species, on methane
production during the anaerobic co-digestion of FW and WAS along
with the mechanism of those effects. First, the effects of allicin on
methane production in an anaerobic co-digestion system were explored
by comparison to an allicin-free system during different stages of
anaerobic co-digestion: solubilisation, hydrolysis, acidogenesis and
acetogenesis. Next, the effects of thiosulfinates during the methano-
genesis stage were evaluated by analysing the relative activities of en-
zymes involved in methane production, including coenzyme F420
(F420), CoM and NADH. Meanwhile, the ability of thiosulfinates to da-
mage the cellular structure was evaluated based on the concentrations
of lactate dehydrogenase (LDH) and DNA in the fermentation liquor.
Based on the results, the mechanism by which thiosulfinates affects
methane yield from anaerobic fermentation was explored. Finally, we
compared different thiosulfinate pre-treatment methods designed to
weaken the inhibition of methane production by thiosulfinates during
the anaerobic co-digestion of FW and WAS.

2. Materials and methods

2.1. The source and characteristics of WAS, FW and inocula

Raw sludge was obtained from a secondary sedimentation tank at a
municipal wastewater treatment plant in Changsha, Hunan, China. The
raw sludge was percolated through stainless-steel mesh (2.0mm) and
then allowed to settle for 24 h at 4 °C before being used in anaerobic
fermentation experiments. The main characteristics of the concentrated
WAS were as follows: pH=6.8 ± 0.2; total suspended solids
(TSS)=22,450 ± 427mg/L; VSS=13,110 ± 164mg/L; total che-
mical oxygen demand (TCOD)=15,251 ± 227mg/L; soluble chemical
oxygen demand (SCOD)=403 ± 9mg/L; total protein=8194 ±
319mg COD/L; and total carbohydrate=993 ± 107mg COD/L.

Table S2 shows the differences in FW from different sources.
Because the initial characteristics of real kitchen waste fluctuates
greatly. In this study, the FW simulated kitchen waste to control the
fermentation mixture various characteristics to approximate in the
multi-batch test. The FW was obtained from a supermarket in
Changsha, Hunan, China and compounded in the laboratory. The FW
mainly contained rice, vegetables, and meat with the following com-
position (g/kg of FW): rice, 400; cabbage, 350; pork, 200; and tofu, 50.
The FW was shredded and mixed in a blender and then stored at 4 °C
before experimental use. The main characteristics of the experimental
FW were as follows: pH=5.38 ± 0.2; TSS= 160.9 ± 10 g/L;
VSS=116 ± 9 g/L; TCOD=275 ± 5 g/L; total protein= 40.2 ±
3.1 g COD/L; and total carbohydrate= 126.8 ± 6.1 g COD/L.

Seed sludge (SD) from WAS was habituated in the laboratory, and
the initial SD characteristics were consistent with the above char-
acteristics of WAS. The main domestication process was as follows: Raw
sludge (900mL) was added to 1.0-L serum bottles, and the bottles were
flushed with nitrogen gas for 10min to remove oxygen. Next, all bottles
were capped with rubber stoppers and sealed. Subsequently, SD was
cultured in an air-bath shaker at 35 °C ± 1 °C with a stirring speed of
200 revolutions per minute (RPM). The SD in all bottles was then
supplemented with FW (4 ± 0.1 g) every 48 h. The acclimation process
was ended when methane production in the bottle was stable. The main
characteristics of SD after acclimation were as follows:
pH=7.0 ± 0.2; TS=68 ± 4.6 g/L; and VS 42.5 ± 2.3 g/L. The
methanogens community main involved Methanosarcina and
Methanosaeta (Wu et al., 2019; Liu et al., 2019c; Huang et al., 2019a).
Finally, the SD was washed three times using ultrapure water to remove
soluble organic matter before use.
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2.2. Batch experiment for methane production from anaerobic co-digestion
of FW and WAS in the presence of different dosage of thiosulfinates

Batch experiments were carried out in four identical serum bottles.
The initial effective working volume of each bottle was 1000mL. The
purpose of the batch experiments was to assess the effect of thiosulfi-
nates on methane production during the anaerobic co-digestion of FW
and WAS. WAS, FW and thiosulfinates were added into the serum
bottles and mixed. The initial characteristics of each reactor are shown
in Table 2. Based on previous studies, the mass ratio of FW to WAS to
SD in this work was 3:5:1 (Luo et al., 2018; Zhao et al., 2017). The total
volume of the fermentation liquor was brought to 500ml using ultra-
pure water. The design and mark method of amount dosage of thio-
sulfinates in this work is shown in Table 1. Meanwhile, thiosulfinates
became into FW after pretreatment usually. Thus, this work set the
mixture test group which simultaneous contained thiosulfinates of dif-
ferent pretreatment method so that closer to its real situation in FW. All
reactors were flushed with nitrogen gas for 5min to remove oxygen and
guarantee anaerobic culturing conditions. Subsequently, all bottles
were capped with rubber stoppers, sealed, and cultured in an air-bath

shaker (35 °C ± 1 °C) at a stirring speed of 150 RPM for 15 d. The pH of
each reactor during the experimental period was adjusted to 7.0 ± 0.2
with NaOH or HCl solution (4M). All reactors were again flushed with
nitrogen for 2min after each sampling to maintain anaerobic condi-
tions. The entire anaerobic co-digestion experiment lasted for 15 d to

Fig. 1. Alliinase catalyze alliin to produce allicin and its degradation production.

Table 1
The main characteristics of each test group at initial a,b.

Parameter CK G1(F) G1(H) G1(M) G2(F) G2(H) G2(M) G3(F) G3(H)

pH 7.0 ± 0.2 7.0 ± 0.2 6.9 ± 0.2 6.9 ± 0.2 7.0 ± 0.2 7.0 ± 0.2 7.0 ± 0.2 6.9 ± 0.2 6.9 ± 0.2
TSS (g/L) 34.1 ± 2.3 34.2 ± 2.0 34.2 ± 2.4 34.3 ± 2.9 34.3 ± 3.8 34.3 ± 2.9 34.4 ± 3.1 34.4 ± 2.8 34.4 ± 3.8
VSS (g/L) 25.9 ± 1.1 26.0 ± 1.1 26.0 ± 1.2 26.3 ± 1.2 26.2 ± 1.3 26.2 ± 1.2 26.0 ± 1.5 26.3 ± 1.9 26.6 ± 1.9
TCOD (g/L) 115.7 ± 6.8 115.8 ± 6.2 115.8 ± 6.2 115.9 ± 7.4 115.8 ± 8.5 115.9 ± 7.6 116.1 ± 6.6 116.0 ± 7.7 116.2 ± 7.9
Total protein (g COD/L) 10.4 ± 2.0 10.5 ± 2.2 10.3 ± 2.1 11.3 ± 1.9 11.0 ± 1.2 11.2 ± 1.1 11.4 ± 2.1 11.6 ± 1.8 11.5 ± 2.1
Total carbohydrate (g COD/L) 46.1 ± 3.2 46.1 ± 3.7 46.2 ± 3.3 46.3 ± 3.1 46.2 ± 3.2 46.2 ± 3.1 46.3 ± 3.1 46.4 ± 2.9 46.4 ± 3.2
FA/TT c NONEd OF1e OH1e 0.04 OF2e OH2e 0.2 1 0
WAS/FW/SD 5/3/1

a Results are the averages and their standard deviations of triplicate tests.
b The identifications of all experimental groups in this study where consist as shown in this table.
c FA: no pre-treatment, TT: total thiosulfinates (1.0 mg/L).
d NONE: none allicin added.
e OF1: only no pre-treatment allicin 0.1mg/L, OH1: only heat pre-treatment allicin 0.1mg/L, OF2: only none pre-treatment allicin 0.5mg/L, OH2: only heat pre-

treatment allicin 0.5mg/L.

Table 2
Effects of thiosulfinate addition on degradation rate of model compounds from
co-digestion system on 3da.

Group BSA (%) Dextran (%) Glucose (%) Acetate (%)

CK 16.1 ± 0.7 27.1 ± 1.8 40.9 ± 2.3 51.2 ± 2.6
G1(F) 16.5 ± 0.9 27.8 ± 1.9 40.5 ± 2.1 49.5 ± 2.3
G2(F) 18.2 ± 0.6 30.5 ± 1.7 39.1 ± 1.8 42. 7 ± 2.4
G3(F) 26.6 ± 1.3 43.9 ± 2.1 31.5 ± 2.2 8.5 ± 0.1
G1(H) 16.2 ± 1.1 27.3 ± 1.9 40.8 ± 1.9 50.2 ± 1.2
G2(H) 16.7 ± 1.2 28.1 ± 2.0 40.3 ± 2.0 46.1 ± 1.6
G3(H) 19.3 ± 0.8 32.1 ± 2.1 38.1 ± 2.2 25.7 ± 0.8
G1(M) 19.5 ± 0.7 32.6 ± 2.2 37.8 ± 1.9 25.1 ± 1.3
G2(M) 20.7 ± 0.9 34.5 ± 2.2 36.7 ± 2.1 22.3 ± 1.1

a Results are the averages and their standard deviations of triplicate tests.
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clearly understand the effect of thiosulfinates on methane generation
from the anaerobic co-digestion of FW and WAS.

2.3. Assessing the effects of thiosulfinates on each stage of biochemical
metabolic from anaerobic co-digestion

A batch experiment including nine identical serum bottles, each
with a working volume of 1000mL, was carried out to explore the ef-
fects of thiosulfinates during five different biochemical metabolic
stages: hydrolysis, acidification, acetogenesis, homoacetogenesis and
methanogenesis(Zhao et al., 2019; Xu et al., 2019). These metabolic
processes generally occur together and are not readily differentiated in
anaerobic co-digestion system (Zhao et al., 2019). Hence, in this work,
simulated substrates were used to analyse the biochemical metabolic
process of each stage of anaerobic co-digestion system in the presence
of thiosulfinates. The effects of the thiosulfinates on the metabolic
process was evaluated by comparing the degradation rates of the fer-
mentation substrate and activities of functional enzymes in anaerobic
co-digestion systems containing different levels of thiosulfinate (Wang
et al., 2018b).

In the hydrolysis test, because of the complexity of the poly-
saccharide component of FW, FW was replaced by bovine serum al-
bumin (BSA, a model protein compound) to simplify the chemical
analysis. Dextran (9.8 g/L), SD (125mL), and different levels of thio-
sulfinates (dosages listed in Table 2) were added to nine reactors. Ul-
trapure water was then added so that the final volume in all bottles was
500mL. The pH value of the mixture in all bottles was adjusted to
7.0 ± 0.2 with NaOH or HCl solution (4M). All reactors were flushed
with nitrogen gas for 5min to remove oxygen. All bottles were then
capped with rubber stoppers, sealed then remain in an air-bath shaker
(35 ± 1 ℃) at stirring speed of 150 RPM and sustained 5 day. Each
group was sampled at a specific time to analysis TCOD, volatile fatty
acids (VFAs), SCOD, total protein, methane production and the activ-
ities of key enzymes.

The acidification test was performed in the same way as the hy-
drolysis test except that the main organic loading (FW) in co-digestion
system was replaced with anhydrous glucose (a model monosaccharide
compound) at a concentration of 1547.2mg COD/L.

The acetogenesis test was performed in the same way as the hy-
drolysis test except that the main organic loading (FW) in the co-di-
gestion system was replaced by n-butyric acid (11 g/L).

The homoacetogenesis test assessed the effect of thiosulfinates on
hydrogen consumption. Hydrogen is an important component in me-
thane production. Methane can be produced from H2 and CO2 via
homoacetogenesis (Liu and Chen, 2018; Wang et al., 2019a). The
homoacetogenesis test was carried out using the same approach as the
hydrolysis test. However, all reactors were flushed with mixed gas
(hydrogen, carbon dioxide, and nitrogen in a ratio of 4:1:5) for 10min
to ensure the presence of abundant hydrogen in the anaerobic fer-
mentation system.

The methanogenesis test was performed in the same way as the
hydrolysis test except that the main organic loading (FW) in the co-
digestion system was replaced by sodium acetate.

2.4. Analytic methods

Throughout all experiments, SCOD, total protein, allicin con-
centration, total carbohydrate, and VFA content in the liquid phase
along with hydrogen and methane concentrations in the gas phase were
measured each day.

The total gas volume was determined by releasing the pressure in
the pedestal fermentation tank to equilibrate the tank pressure with the
room pressure according to the method reported in Ref. (Oh et al.
(2003)), and different yield of gas was used different volume bottle
(100–500ml) collection that it aimed to reduce the error in measure
process. The cumulative of hydrogen and methane gas were calculated

by the following equation (Wang et al., 2015).

= + × ×V V V C V Ca b a b n b n b n b n b, , 1 , , , 1 , 1 (1)

where, Va b, mean the cumulative volumes of hydrogen gas in sampling
day, Va b, 1 mean the volume of collecting at before the day, Vn b, and
Vn b, 1 means total gas volume in the current and previous time intervals,
Cn b, and Cn b, 1 means respectively concentration of gas production de-
tection by gas chromatography in the current and previous time in-
tervals.

TSS and VSS were determined using the weight loss method (Wu
et al., 2019), while pH was measured using a PHS-3C digital acidity
metre (Zhao et al., 2018). Total protein and carbohydrate were de-
termined using the Lowry-Folin method with BSA as the standard and
the phenol-sulfuric acid method with glucose as the standard, respec-
tively (Huang et al., 2019b; Chen et al., 2018). VFAs were determined
using the method described in Ref. (Zhao et al. (2016)), and total VFAs
were calculated as the sum of acetic, propionic, n-butyric, iso-butyric,
n-valeric and iso-valeric acids. The methane and hydrogen fractions in
the generated gas were determined using gas chromatography
(GC112A, China) with the parameters used in previous studies (Wang
et al., 2015; Wu et al., 2018).

The relative activities of functional enzymes (acetyl-CoA, butyryl-
CoA, OAATC, F420, and CoM) involved in the biochemical metabolism
of microorganisms during anaerobic co-digestion were determined
using previously reported methods (Mu and Chen, 2011; Wang et al.,
2018c; Li et al., 2015). Thiosulfinates were detected by high-perfor-
mance liquid chromatography, as previously reported (Bocchini et al.,
2001; Leontiev et al., 2018), and the detail of analytical conditions was
shown in Text S1.

3. Results and discussion

3.1. Effect of different initial levels of thiosulfinates on methane yield from
anaerobic co-digestion of WAS and FW

Fig. 2 shows the methane yield as a function of time for anaerobic
co-digestion in the presence of different initial thiosulfinate con-
centrations. The methane yield of the reactor without thiosulfinates
increased regularly with fermentation time from day 3 to 25; no sig-
nificant increase in yield was observed between days 25 and 30 d (p <
0.05), in agreement with previous findings (Zhao et al., 2017). The
lowest methane yield in this study was observe in reactor G3(F) with an
initial thiosulfinate concentration of 2.5 μg/g VSS. In this reactor, al-
most no methane was detected before day 21, and the maximum total
methane production was only 16.72 ± 7.0ml/g VSS, 6.17% that of the
control group. And the test of mark as G1(F) which was under same
pretreatment as G3(F) and the initial concentration of thiosulfinates as
10% of G3(F) showed that the yield of methane was 157.3 ± 11.6ml/g
VSS, it was decreased by 41.9% that of control group, as shown in
Fig. 2(A). Cumulative methane yield was inhibited with increasing
thiosulfinate concentration, similar to the effect observed in other re-
actors with different pre-treatments, including heat treatment and
mixing. For heat pre-treatment, the methane yield decreased from
249.4 ± 10.5 to 59.5 ± 10.3ml/g VSS as the initial concentration of
thiosulfinates increased from 0.05 to 2.5 μg/g VSS. Further chemical
statistical analyses demonstrated that the maximal methane production
was correlated with the initial thiosulfinate concentration in the
anaerobic co-digestion system (R2= 0.9005), as shown in Fig. 2. The
presence of allicin and its degradation products DAS, DADS and DATS
inhibited methane production in the anaerobic co-digestion system. As
shown in Fig. S2, the cumulative methane yields were only
138.3 ± 16.6, 127.7 ± 15.3, and 117.2 ± 14.1ml/g VSS when the
concentrations of DAS, DADS and DATS in the reactors were 0.25 μg/g,
respectively. The methane yields from the reactors containing the
lowest dosages (0.25 μg/g VSS) of allicin, DAS, DADS and DATS were
only 58.3%, 51.2%, 47.3%, and 43.4% that of the reactor without any
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thiosulfinates. These results demonstrate that the presence of thio-
sulfinates in anaerobic co-digestion systems can affect methane yield,
and the effects are likely related to the biochemical properties of
thiosulfinates during the metabolic processes of microorganisms.
Therefore, we explored the effects of thiosulfinates on different mi-
croorganism metabolic stages during anaerobic co-digestion in the
following.

3.2. Impacting of thiosulfinates on different metabolic stages during
anaerobic co-digestion

Anaerobic co-digestion can be broken down into five stages.
Although methane production occurs during the final stage (Wang
et al., 2018a), the methane yield also depends on the first four stages.
Thus, the methane yield is affected by the composition and yield of
products in the first four steps (Qin et al., 2019). Therefore, this work
evaluated the effect of thiosulfinates on each stage of the anaerobic co-
digestion of FW and WAS.

The FW used in this study mainly contained carbohydrate, cellulose
and protein, which consisted in the fermentation substrate as a granular
state (Zhao et al., 2017). The effect of thiosulfinates on the solubilisa-
tion of substrates in the co-digestion system was attributed to the
changes in soluble proteins and carbohydrates in the fermentation li-
quid in this study (Wang et al., 2018a). As shown in Fig. 3, the car-
bohydrate and protein contents in the fermentation liquid first

increased and then decreased with fermentation time in all experi-
mental groups. The maximum values of soluble carbohydrate and so-
luble protein in the control group were 11,976.9 ± 731.9 and
1693.4 ± 87.2mg COD/L, respectively. These values were much
greater in the systems with thiosulfinates in the fermentation liquid.
The maximum concentrations of carbohydrate and soluble protein in-
creased from 13,227.7 ± 892.7 and 1854.8 ± 135.2mg COD/L to
19,703.1 ± 702.1 and 2795.1 ± 108.9mg COD/L as the thiosulfinate
dosage increased from 0.25 to 2.5 μg/g VSS, respectively. These results
indicate that the release of organic substrates was enhanced by the
presence of thiosulfinates.

Table 2, which shows the degradation rates of BSA, dextran, glu-
cose, and sodium acetate, indicates that thiosulfinates facilitated BSA
and dextran degradation. The experimental degradation rates of BSA
and dextran were consistent with the results shown in Fig. 3 and
showed that the degradation of organic substrates was facilitated by the
presence of thiosulfinates. For example, the degradation rates of BSA
and dextran in reactor G3(F), which contained the highest level of
thiosulfinates (2.5 μg/g VSS), were enhanced by 65.2% and 62.0%
compared to the control, respectively (Table 2). However, the opposite
trend was observed for glucose and acetate degradation. The glucose
degradation rates for content thiosulfinates group that it was 40.5%,
39.1%, and 31.5%, which was less than no addition group 0.9%, 4.4%,
and 23%, respectively. Meanwhile, the acetate degradation rate was
49.5%, 42.7%, and 8.5% which was less than control group by 3%,

Fig. 2. Accumulated hydrogen production of anaerobic co-digestion system exists different conditions of thiosulfinate (A). The correlation between the different
initial concentration of allicin (classical thiosulfinate in Allium) in fermentation substrate and the maximal methane production (B). Error bars represent standard
deviation of triplicate tests.

Fig. 3. Effect of thiosulfinate on the alteration of soluble carbohydrate (A) and protein (B) during whole experimental time. Error bars represent standard deviation of
triplicate tests.
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16.6%, and 83.4%, respectively.
In the anaerobic co-digestion of FW and WAS, VFAs was key in-

termediate products of methane generation (Wang et al., 2015). Fig. 4
shows the effects of different thiosulfinates concentrations on VFAs
production. The decrease in VFA yield with fermentation time was
greater in the reactors containing thiosulfinates compared to the control
group. The VFA yield was affected to repress most when the thiosulfi-
nates had not pre-treatment into anaerobic co-digestion system, for
example group G3(F). Fig. 4(B) shows the different VFAs (acetic, pro-
pionic, iso-butyric, n-butyric, iso-valeric, and n-valeric acids) detected
in each reactor. Acetic, butyric and propionic acids were the primary
VFAs detected in the reactors containing thiosulfinates. Acetic, pro-
pionic, iso-butyric, and n-butyric acids may be formed directly from the
fermentation of carbohydrates and proteins; in contrast, VFAs with
higher molecular weights (e.g., valeric acids) are largely produced via
protein digestion (Qin et al., 2019). In the FW used in this work, the
carbohydrate content was higher than the protein content far away
(Table 1). Thus, few valeric acids were produced in all reactors. Pro-
pionic and butyric acids are easily biodegraded to acetic acid under
anaerobic conditions (Liu and Chen, 2018), as reflected by the results of
this study. Notably, the proportion of propionic acid out of total VFAs
increased from 9.4% to 45.1% as the thiosulfinate concentration in-
creased from 0 to 2.5 μg/g VSS, while the proportion of butyrate acids
(including iso-butyrate and n-butyrate) decreased from 59% to 20.1%.
Meanwhile, the ramification of thiosulfinates (e.g. DAS, DADS, DATS)
inhibited VFAs production as well (Fig. S2). These organic sulfides were
mainly the primary metabolites of allicin, which inhibited VFA pro-
duction even more strongly. In this study, DAS, DADS and DATS at the
concentration of 1.0mg/l decreased VFA yield from 598.5 ± 39.9mg/
g (control) to 251.8 ± 19.0, 117.7 ± 11.0, and 133.3 ± 21.6mg/g
VSS, respectively. Furthermore, COD balance analysis was showed in
Table S3. It was detected the ratio of influent COD of the control and
G3(F) reactors converted to methane by 61.1% and 0.06%. The results
of chemical analysis showed the effects of thiosulfinates in methano-
genesis stage on anaerobic co-digestion system that it appeared differ-
ence with the results of solubilisation stage.

3.3. Cellular integrity and functional enzyme activity during anaerobic co-
digestion

According to previous studies, the structural integrity of digestive
cells can be evaluated based on the evaluation of LDH and DNA in the
supernatant of the fermentation reactor (Wang et al., 2018c). Higher
LDH and DNA concentrations in the supernatant indicate a smaller
number of intact cells with metabolic functions. Meanwhile, the

produce of methane in the methanogenesis stage is primarily restricted
by NADH, acetyl-CoA, F420, and CoM (Liu and Chen, 2018; Wang et al.,
2018c). NADH is an important compound in bacterial metabolism
during anaerobic co-digestion that it joined almost all anaerobic fer-
mentation metabolic processes of microorganisms (Zhang et al., 2019).
Acetyl-CoA is a reference enzyme indicative of the acetic acid produc-
tion ability of digestion bacteria; it is also a key precursor of metha-
nogenesis (Qin et al. (2019); Wang et al. (2019b)). F420 and CoM are
functional enzymes involved in methane production (Wang et al.,
2018c). Thus, we estimated the effects of thiosulfinates on methane
production during methanogenesis based on the relative activities of
the above enzymes.

As shown in Fig. 5(A), significantly more LDH and DNA was re-
leased in the reactors containing thiosulfinates compared to the control.
The LDH released in reactors G3(F) and G3(H) were 28% and 19.3%
greater than in the control reactor, while the released DNA was en-
hanced by 21.7% and 16.3%, respectively. Because the detection time
of functional enzymes was the day when thiosulfinates cannot be de-
tected in fermentation liquor of all reactors. Thus, these experimental
phenomena of functional enzymes possible explained the experimental
results that the methanogens disabled the ability to restore methane
production in a short period of the time that after the allicin entirely
degradation in this study. Meanwhile, the degradation products of al-
licin after heat treatment also inhibited methane production during
anaerobic co-digestion.

Fig. 5(B) shows the relative activities of the functional enzymes
involved in methane production during the anaerobic co-digestion of
FW and WAS. The experimental results demonstrated the relative ac-
tivity of acetyl-CoA and NADH were inhibited by no pretreatment
thiosulfinates during anaerobic co-digestion of FW and WAS. Never-
theless, the phenomenon of inhibition for acetyl-CoA activity was not
signification when thiosulfinates after heat pretreatment, even ap-
peared promotion in G1 group. Meanwhile, the relative activity of
NADH was significantly inhibited in all reactors containing 2.5 μg/g
VSS of thiosulfinates, regardless of pretreatment. The relative activities
of acetyl-CoA and NADH were only 60.5% and 66.9% of those of the
control group, respectively, when the thiosulfinates dosage was 2.5 μg/
g VSS without pre-treatment. There was a highlight phenomenon worth
more notable that relative activity of F420 and CoM was extremely in-
hibited in all reactors, that them were hardly detected during the ex-
perimental period. The strongest relative activity of F420 and CoM were
still only 3.5% and 1% of control group from all test group, and the
detection time was the day that allicin cannot be detected. This may be
because the degradation products of allicin competed with F420 for
electrons and directly reacted with the sulfhydryl groups of CoM (Foyer

Fig. 4. Cumulative VFA production in each reactor during whole experimental period (A) and percentage of specific VFAs in each reactor (B). Error bar represents
standard deviation of triplicate tests.
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et al., 2002). Thus, the functional enzymes involved in methane pro-
duction were inactivated by thiosulfinates, resulting in the reduction in
methane generation.

Allicin can quickly penetrate into the cell membrane and bind to
thiol-proteins in microorganisms, thereby inhibited metabolism.
However, the inhibitory effects of the degradation products of allicin
(DAS, DADS, and DATS) on the metabolism of digestion cells were
stronger than that of allicin (Putnik et al., 2019; Rose et al., 2018).
Thus, the relative activities of F420 and CoM were still observably in-
hibited by allicin in the groups subjected to heat treatment, as shown in
Fig. 5(B).

3.4. Summary of the effects of thiosulfinates on anaerobic co-digestion

Fig. 6 shows the overall mechanism by which thiosulfinates inhibit
methane production during anaerobic co-digestion. The mechanism is
based on two primary observations. First, thiosulfinates decreased the
relative activities of functional enzymes involved in methane metabo-
lism. Allicin contains a pair of coupled sulfur atoms, which constitute a

reactive group (-S (O) - S -), and thus exhibits broad-spectrum bacter-
iostatic function (Borlinghaus et al., 2014). The reactive group can bind
sulfhydryl groups in several key coenzymes, leading to the inactivation
of metabolic function (Oh et al., 2016). These coenzymes (NADH, F420,
and CoM) are pivotal catalysts in microbial metabolism for methane
production (Li et al., 2019). Thus, methane production is entirely in-
hibited when the biochemical activities of functional enzymes is in-
hibited by thiosulfinates during anaerobic co-digestion. Those bio-
chemical characters of thiosulfinates probably explained that the yield
of methane almost could not detect during the experimental period
when reactor of anaerobic co-digestion in presence of thiosulfinates at
launch time. Second, thiosulfinates can inhibit spore germination and
mycelia growth and even lead to cell dormancy or death in certain fungi
(Viswanathan et al., 2014; Yu et al., 2010a). The release of LDH and
DNA was enhanced by the presence of thiosulfinates in anaerobic co-
digestion reactors, which mean the amount of digestion cell that still
existed biochemical functional is reduced (described in chapter 3.3).
Based on previous research for the effects of thiosulfinate on cell
structure completely of microorganism, it was shown that allicin causes

Fig. 5. Release of DNA&LDH in anaerobic co-digestion system under different pretreatment with addition same level dosage of thiosulfinate (2.5 μg/g VSS) (A), and
relative activities of functional enzymes in all reactors (B). The detection time was after allicin degradation entirely. Error bar represents standard deviation of
triplicate tests.

Fig. 6. The effects of thiosulfinates on the metabolic pathways for methane production during anaerobic co-digestion process.

Z. Tao, et al. Journal of Hazardous Materials 384 (2020) 121363

7



an oxidation of glutathione that results in a shift of the cellular redox-
potential to a range correlating with the induction of apoptosis (Schafer
and Buettner, 2001). Meanwhile, using some biochemical analysis
methods had confirmed that allicin pushes microorganism cells into
apoptosis via the “oxidative route” (Yu et al., 2010b).

3.5. Pretreatment reduces the inhibitory effects of thiosulfinates on methane
generation during the anaerobic co-digestion of FW and WAS

As discussed in Section 3.1, thiosulfinates inhibited methane pro-
duction during the anaerobic co-digestion of FW and WAS. Here, the
effects of different pre-treatment methods on the inhibitory effect of
thiosulfinates on methane generation were evaluated. The disability of
biochemical activities of allicin may be caused by synthetic pathway
blocked, reactive group damaged or physical loss of compounds (Chen
et al., 2017). As many researchers had shown that temperature, time
and alkali are the main factors involved in the catabolism of organic
compounds (Liu et al., 2019c). Thus, based on the biochemical char-
acteristics of allicin and its derivatives, two pre-treatment methods
were selected: heat treatment and alkali treatment. These pre-treatment
methods are expected to damage the structural stability of allicin
(Méndez Lagunas and Castaigne, 2008). The experimental parameters
are listed in Table 3.

As shown in Fig. 7, the methane production was restored to various
degrees after pre-treatment compared with control group without
treatment. Fig. 7 shows the cumulative methane production is increased
by 125.6%, 198.4%, and 238.1% on the 15th day that compared the
test group (H, A, M) with control group under same dosage of thio-
sulfinates. The chemical analysis showed that the optimal pre-treatment
method was a combination of heat and alkali pretreatment. Using this
optimal pre-treatment method, methane generation was restored to
21.6 ± 0.6ml/g VSS. This experimental result was similar to batch
experiment which was shown in Section 2.2. The possible reason was

allicin that it treated with heat and alkali to produce ramification (DAS,
DADS and DATS), and these ramifications also inhibit methane pro-
duction from anaerobic co-digestion in this work. Furthermore, the
methane production from anaerobic co-digestion of FW and WAS is
increased from 0.5 ± 0.2 to 128.6 ± 3.5ml/g VSS when thiosulfi-
nates is pretreated by temperature augment from 0 to 200 ℃, as shown
in Fig. S4(A). Meanwhile, the alkali treatment test is appeared similar
experimental phenomenon with pH value increased, as shown in Fig.
S4(B). These two kinds of pretreatment method could restore methane
yield at 90% of no thiosulfinates group in this work, as Fig. S4 de-
scribed. Based experimental results, heat (200 ℃) and alkali (pH=20)
treatment seems thoroughly damage chemical construct of thiosulfi-
nates leading to its inhibition ability almost disable on methane pro-
duction. These results indicate that the inhibitory effects of allicin and
its derivatives were reduced by heat and alkali treatment. Alkali
treatment had a greater effect than heat treatment, and the combination
of heat and alkali treatments was the most effective method.

4. Conclusion

This study is demonstrated that thiosulfinates, as a natural broad-
spectrum antibiotic, inhibit methane production during anaerobic co-
digestion in a dose-dependent manner, and it was diffusely presences in
FW. The derivatives of allicin (DAS, DADS, and DATS) exhibited similar
inhibitory effects to allicin. Thiosulfinates and its derivatives sig-
nificantly reduced the production of butyric acid and hydrogen from
glucose during the acidification stage (butyrate acid and acetic acid
production) of anaerobic co-digestion and caused the fermentation to
switch to propionic acid fermentation. Meanwhile, thiosulfinates
greatly inhibited the relative activities of functional enzyme (F420 and
CoM) involved in the methanogenesis stage of methane production.
Thiosulfinates also damaged the cell membrane structure and induced
apoptosis. Heat- and alkali-based pre-treatment was found to mitigate
the inhibition of methane generation by thiosulfinates. With the tre-
mendous amount of FW generated worldwide, this work provides new
insights for improving methane production during anaerobic co-diges-
tion as a strategy to reduce pollution.
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