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Abstract

This study focused on the effect of the variation of intermediate volatile fatty acids (VFAs) caused by the change
of organic load on methane production and methanogenic community shift during anaerobic digestion (AD). Eight
groups with different F/I (VSfood wastes:VSsludge) were conducted, while the inoculation sludge had a same amount.
Operational performance for every groups was monitored by assessing biological activity, methane production,
concentration of VFAs. The major intermediate VFAs of anaerobic digestion were acetate, propionate, iso-butyrate,
n-butyrate, n-valerate and iso-valerate; and acetate and n-butyrate were the most abundant components. The
increasing of F/I changed the predominant VFAs type from acetic acid to n-butyric acid, while the total VFAs
concentration increased. Besides, the methane production increased and then decreased, and reached the
maximum (170.3 ml/g added VS-1) at F/I of 1. The methanogenic diversity was screened using the high-throughput
sequencing, which shown VFAs had a significant impact on the archaeal community as the dominant archaea
shifted from Methano bacterium to Methano sarcina.

Keywords: Food waste; Anaerobic digestion; Volatile fatty acid;
Methane; Methanogens

Introduction
Due to the rapid growth of urban populations and changes in

consumption patterns, the amount of food waste (FW) produced in
China has quickly increased yearly, which accounts for about 60% of
the total municipal solid waste (MSW) collected and transported in
China in 2006 [1,2]. FW with great producing mount creates many
challenges in terms of environmental protection and public health
[3,4]. However, FW contains a large amount of volatile organic
compounds mainly in terms of single sugars, starch and protein, which
are nutrient-rich organic material to produce biogas and other energy-
rich organic compounds as end-products by anaerobic digestion (AD)
[5]. AD has been a desirable solution for waste management owing to
its low emission of secondary pollutants, its utilization as a renewable
energy source, and its high economic feasibility [6,7].

AD is a complex biochemical process for the utilization of organic
materials, which involved a series of metabolic reactions such as
hydrolysis, acidogenesis, and methanogenesis [8]. And the biggest
drawback for the AD is that the methanogens are highly sensitive to
environmental change, especially the variation of pH. A sudden change
of pH could lead to an entire system failure, which could be mainly
attributed to the activity loss of acid-sensitive glycolytic enzymes [9].
On the other hand, acetogens producing some volatile fatty acids
(VFAs) are more robust to environmental change than methanogens
[10,11]. Considering the metabolic pathway of anaerobic processes, the
concentrations of VFAs could be considered as good indicators of
anaerobic reactor performances, specifically in the activity of acetogens
and methanogens. Because of the character of high volatile organic

compounds for FW, the accumulation of VFAs easily occur during the
AD process, which would result in a severe acidification with a sharp
pH drop [10,11]. To stabilize the anaerobic process and increase
methane yields, it is necessary to study the effects of intermediate VFAs
produced on the methane production and methanogenic community
shift during the anaerobic digestion.

So far, most of previous studies have centered on analyses of the
effects of pH on anaerobic hydrolysis and acidification of food waste,
but few no systematic studies focused on the effect of intermediate
VFAs produced on diversity methanogenic community shift.
Nowadays, comprehensive understanding depth of the microbial
community is impeded by the low sequencing depth. Many
traditionally molecule technology approaches, such as denaturing
gradient gel electrophoresis (DGGE), single-strand conformation
polymorphism (SSCP), and terminal restriction fragment length
polymorphism (T-RFLP), are limited to reveal higher microbial
diversity in the environment due to the limitation in number of DNA
templates sequenced [12]. Based on the analysis 16S rRNA gene, high-
throughput sequencing (HTS) technologies (e.g., HiSeq 2000, HiSeq
2500, MiSeq) have been an attractive option to fully explore the
microbial composition and diversity in the environment, which are
lower cost, rapid analysis, and higher accuracy [12,13]. This method
could support many unrevealed details about the variation of
methanogenic community structure with VFAs inhibition caused by
different FW dosage during AD.

To achieve a stable maximum methane production, this study was
performed to study the effects of intermediate VFAs on biogas
production and methanogenic community shift during anaerobic
digestion with FW as the sole substrate under different organic loading
rate (OLR) represented by F/I (VSfood wastes:VSsludge) with 0.2 L
inoculum. The variations of VFAs (including formic acid, acetic acid,
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propionic acid, and butyric acid), Dehydrogenase activity and
coenzyme F420 (7, 8-didemethyl-8-hydroxy-5-deazariboflavin
derivative) were analyzed and compared. And methane production
potential, was also assessed. At the end of reaction, the methanogenic
community were analyzed by the high-throughput sequencing to
reveal the shift of methanogenic community structure.

Materials and Methods

Inoculum and substrates
Anaerobic digester sludge (ADS) was used as the inoculum for

initiating the digestion reactions in each test. The ADS were taken
from an anaerobic digester in Municipal Engineering Ltd., Wuhan
University in Wuhan. FW was collected from the canteen in Wuhan
University, Wuhan. And the properties of ADS and FW were shown in
the Table 1. The indigestible compositions FW, such as plastic and
chopsticks were selected out before they were crushed and
homogenized. The homogenized substrates were kept in a −20°C fridge
till for anaerobic digestion.

Inoculum sludge Food waste

pH 7.20 ± 0.00 6.90 ± 0.01

TS (%,) 3.86 ± 0.01 26.84 ± 0.01

VS (%,) 1.44 ± 0.01 29.36 ± 0.01

The moisture content% 96.14 ± 0.01 73.16 ± 0.01

C/N 7.12 ± 0.01 20.46 ± 0.01

Table 1: The characteristics of inoculum sludge and food waste.

Anaerobic digestion of food waste
The batch digestion in lab-scale was carried out in 1 L conical flasks

with working volume of 0.8 L at temperature of 37 ± 1°C. ADS added
was 0.2 L for every conical flask, and was diluted with MQ-water to 0.8
L working volume. To study the variation of intermediate VFAs
produced during the anaerobic digestion of food waste on biogas
production and methanogenic community, the difference OLRs
represented by F/I (VSfood wastes:VSsludge) were set to 0, 0.5, 1.0, 2.0, 4.0,
8.0, 12.0 and 20.0 with 0.2 L ADS, which were used in experimental
groups H0, H1, H2, H3, H4, H5, H6 and H7, respectively. Before the
start of reaction, the headspace of each bottle was purged with N2 for
20 min. The bottles were shaken by hand with shaking frequency of 2
times per day and 2 min for every shaking. No alkalinity or buffering
agent was added into the system before the reaction, and the pH value
was not adjusted during the process. Three parallel reactions were set
for the experiment.

Analytical methods
Biogas samples were collected from the headspaces of the bottles

using aluminum gas collecting bags. The concentrations of CH4, H2
and CO2 were quantified by a GC (GC-2030, Tet Instrument, China)
equipped with a thermal conductivity detector (TCD) and a 2 m
stainless column packed with Porapak TDS201 (60/80 mesh). The
operating temperatures of the column and detector were kept at 80°C
and 110°C, respectively. High purity nitrogen was used as the carrier

gas at the flow rate of 500 ml.min−1. At each time interval, the total
volume of biogas production was measured by drainage method.

The method to analysis of VFAs was similar to that described in Liu
et al. [14] and Li et al. [15] with minor modifications. Samples were
harvested by centrifugation at 14,000 × g for 10 min, the supernatant
was lyophilized. After lyophilization, the samples were redissolved the
sample in chloroform. 1 μL of sample was injected into the Agilent
7890/5975 GC-MS system (Agilent Technologies) in Key Laboratory of
Combinatorial Biosynthesis and Drug Discovery (Wuhan University).
The HP-INNOWax column (30 m × 0.25 mm × 0.25 μm) (Agilent
Technologies) was used for GC-MS analysis. The GC-oven
temperature was programmed from 60°C (2 min) to 240°C (2 min) at
10°C/min and the flow rate of carrier gas was 1 mL/min. 250°C of
interface temperature, 230°C ion-source temperature, an electron-
impact ionization (EI) of -70 eV with a full scan ranging from 10 to
350 m/z, and a solvent delay of 5 min. Peak identification of target
compounds was based on the retention times and full scan spectra of
the standards.

Dehydrogenase activity was determined with the use of 2,3,5-
triphenyltetrazoliumchloride (TTC) [16]. The coenzyme F420 was
measured by a spectrophotometer [17].

DNA extraction, Polymerase Chain Reaction (PCR)
amplification and pyrosequencing
The eight samples were collected at the end of the experimental

groups H0, H1, H2, H3, H4, H5, H6 and H7 (15 days in total),
respectively. And then these samples were frozen at -20°C for further
DNA extraction.

The total DNA was extracted by PowerSoil DNA Isolation Kit (MO-
BIO, USA), and then the highthroughput 16S rRNA sequencing
technology was adopted to analyze the changes of microbial
community structure in reactors under different OLR. During the PCR
amplification process, the archaeal 16S rRNA sequences were
amplified by using the primer pair of forward primer Arch 338F (5’-
ACTCCTACGGGAGGCAGCA-3’) [18] and reverse primer 806R (5’-
GGACTACHVGGGTWTCTAAT- 3’). After appropriate treatment,
the supernatants were used for DNA extraction, PCR amplification,
and pyrosequencing. The Illumina MiSeq platform (PE300, CA, USA)
was applied for sequencing of the complete genome of collected
samples following the manufacturer’s instructions.

Results

Biogas production under different F/I
The cumulative methane production potential at different F/I was

illustrated in Figure 1, which indicated that the change of F/I not only
affected the methane production, but also impacted the composition of
the produced biogas. Figure 1a shown the cumulative methane
production under different F/I; Figure 1b clearly indicated the
component of biogas at the end reaction under difference F/I. Since
methane was not produced from the blank, the values of the blank
were not shown in Figure 1. Frist, the cumulative methane production
increased as the F/I ratio, and then decreased with the further
increasing of F/I. The methane yield at 96th h with F/I of 0.5, 1, 2, 4,
8,12 and 20 was 105.3, 170.3, 128.8, 69.7, 28.6, 12.3 and 11.5 ml/g
added VS-1, respectively. So, the maximum cumulative methane
production (170.3 /g added VS-1) was obtained under F/I of 1, which
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was about 13.3 times higher than that under F/I of 20. Besides, another
obvious difference was the time to reach the stable phase under
difference F/I condition. The time to reach the stable phase with F/I of

0.5, 1, 2, 4, 8,12 and 20 needed about 7, 7, 11, 5, 3, 3 and 3days,
respectively.

Figure 1: The yield of biogas production (a) and the component of biogas (b) under different F/I.

As shown in the Figure 2, the components of biogas were hydrogen,
methane and carbon dioxide for every F/I, but the proportion of each
component was significant difference under different F/I. The
proportion of methane increased from F/I of 0 to 1, and then started to
sharply drop. It seemed that F/I of 1.0, used in group H2, exhibited the
maximum methanogenic activity. The proportion of dioxide carbon
had a similar trend: increased as the increase of F/I at low organic load,
and reached a maximum at F/I of 1, and then deceased. At low F/I, the
proportion of hydrogen was very low, but when F/I was beyond 2.0, it
increased with the increase of organic load.

Figure 2: Change of volatile fatty acids (VFAs) under different F/I.

The accumulation of VFAs under different F/I
VFAs are the main intermediate products that convert to methane

[19,20]. Figure 2 showed the variation of total VFAs and each
constituent under different F/I condition during AD. In the control
group, there was no any VFAs produced in the whole AD process. In
the group with F/I of 0.5, there was only a small amount acetic acid
produced. Notably, the concentration of acetic acid in the group H1
firstly increased, then decreased, at last there was no acetic acid.
However, the total of VFAs produced in the H2, H3, H4, H5, H6 and
H7 showed an upward trend during AD process. And the
concentration of VFAs sharply increased at the 1st day especially in the
high F/I (H5, H6 and H7). For example, in the group H7, the total
VFAs was 21.99 g/L at 24 h, which was about 0.647-fold of that at 96h.
Besides, the total VFAs produced at the same time among difference
groups increased as the increasing F/I. For example, the total VFAs in
the H0, H1, H2, H3, H4, H5, H6 and H7 at 96 h was 0, 0, 1.07, 4.99,
13.71, 18.02, 27.44 and 33.97 g/L, respectively. It was also found that
the main components of VFAs during AD process were mainly acetic
acid, propionic acid and N-butyric acid; and isobutyric acid; n-valeric
acid and iso-valeric acid were not or only found in trace amounts in
this experiment. The percentage of N-butyric acid increased with the
increasing the F/I, and accounted for about 67.2% of total VFAs at the
highest F/I of 20. The percentage of acetic acid and propionic acid
increased as the increasing of F/I, and then both declined. However,
although the concentration of acetic acid and propionic acid had a
drop in the high F/I group, their concentrations were still high. Such as
in the group F/I of 20, the concentration of acetic acid, propionic acid
and N-butyric acid were 3.41 g/L, 2.79 g/L and 13.24 g/L, respectively.

Characterization of coenzyme F420 and dehydrogenase
activity in acetic acid inhibition

For anaerobic digestion, the process stability and high treatment
efficiency mainly depend on the good match of the hydrolysis/
acidogenesis process and methanogenesis process. There are two main
methanogenesis for the methanogenesis process: the hydrogenotrophic
methanogenesis and aceticlastic methanogenesis [21]. The coenzyme
F420 as H+ carriers only existing in hydrogenotrophic methanogenesis
process is crucial to the whole of the AD process [21]. Hence, the
concentration of coenzyme F420 can reflect the methanogenic activity.
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As shown in the Figure 3a, the maximum concentrations of
coenzyme F420 in group H1, H2, H3 H4, H5, H6 and H7 was 0.009,
0.017, 0.015, 0.014, 0.011 and 0.012 mmol/L-1, respectively. In the
group H2, the maximum concentrations of coenzyme F420 was the
highest in all groups. As the increasing of F/I, the maximum
concentrations of coenzyme F420 decreased. Under the high F/I, the
concentrations of coenzyme F420 just increased a little at the initial 8h,

then decreased. And at the end, the concentrations of coenzyme F420
was very low for the high F/I. Besides, the time need to reach the
maximum concentration of coenzyme F420 became long as the
increasing of F/I, and then became shorter and shorter with the further
increasing of F/I. The time obtained maximum concentrations of
coenzyme F420 in group H1, H2, H3 H4, H5, H6 and H7 was the 12th

h, 18th h, 30th h, 12th h, 12th h and 6th h, respectively.

Figure 3: Variation of coenzyme F420 (a) and the final concentration of dehydrogenase under different F/I

Dehydrogenases is one of the most important enzymes, and is used
as an indicator of overall microbial activity, which occur intracellular
in all living microbial cells [22,23]. To study the effect of VFAs on the
activity of microbial community, the samples were token at the end of
reaction for every group, and the result was shown in the Figure 4. The
concentration of dehydrogenase in every group was very different.
Firstly, its concentration increased with the increasing of F/I, and
reached the maximum at F/I of 2.0; then it sharply decreased.

Figure 4: The shift of methanogenic community under different F/I.

Effect of VFAs on the methanogenic community under
different F/I

During anaerobic digestion process, high F/I easily lead to VFAs
inhibition, which usually effects the variation of methanogenic
community structure in the bioreactor [24]. Therefore, the effects of
intermediate VFAs produced by the increasing of F/I on the
methanogenic community structure were analyzed at the end of each
stage used the 16S rRNA high throughput sequencing technique. The
results showed in Figure 4.

The effective gene sequences of individual sample were assigned to
different taxa levels (from species to genus). In this study, the major
groups (genera and phyla) were referred to those with a relative
abundance no less than 1%. At the genus level (Figure 4), most of
archaea were affiliated to the five-major genus: Methanobacterium,
Methano sarcina, Methanobrevibacter, Methanocorpusculum and
Methanosaeta, which in total accounted for 40.04% (H0),99.00% (H1),
98.80% (H2), 94.51% (H3), 98.97% (H4), 92.47% (H5), 97.00% (H6)
and 71.73% (H7) of the archaeal community. As shown in the Figure 4,
the dominant archaeal genera in the reactors at the low F/I (H0, H1,
H2, H3 and H4) are mainly Methanobacterium, Methanosarcina and
Methanocorpusculum. While the Methanosarcina became more and
more dominant in the high F/I. Besides, the most obvious shift of
archaeal community structure under difference F/I was the change in
relative abundance of Methanobacterium and Methanobrevibacter,
especially Methanobacterium. When the F/I increased from 0 to 4.0,
the relative abundance of Methanobacterium firstly increased from
25.43% (H0) to 75.89% (H2), and the decreased from 52.64% (H3) to
6.91%(H7). The relative abundance of Methanosarcina in H0, H1, H2,
H3, H4, H5, H6 and H7 was about 2.5%, 14.27%, 13.89%, 6.84%,
23.49%, 19.55%, 42.88%, and 69.81%, respectively. These data
indicated that in general the Methanosarcina presented an upward
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trend as the increasing of F/I. The relative abundance of Methanosaeta
(acetoclastic methanogens) [25] and Methanocorpusculum also had
some obvious change. The relative abundance of Methanosaeta and
Methanocorpusculum was 8.82% and 22.46% in H5 with F/I of 8, and
they both would decrease in lower or higher F/I. Among all the
archaeal at the genus level, the change of the relative abundance of
Methanobacterium was the strongest.

Discussion

The relationship of methane yield, coenzyme F420 and
dehydrogenase with VFAs

VFA concentration is an important indicator in an anaerobic
reactor, specifically for the activities of acetogenic bacteria and
methanogens. Changes in VFAs could indicate the stability of the
anaerobic reactor. Besides, the changing of VFAs concentration was the
major influencing factor of pH during AD. The desired range for
methanogens is generally between 6.6 and 7.6, which mean that an
appropriate VFA concentration was very crucial to anaerobic digestion
system. At the beginning, the biological activity for all microorganism
was high in every reactor. So, the generation of VFAs was immediate,
and massive VFAs were produced. Under the low F/I, the VFAs
produced by acetogens was few, and could be quickly metabolized by
methanogens, so there was almost no accumulation of VFAs. In
comparison, high amount of VFAs would be quickly produced under
high F/I by the acetogens and lead to a sharp drop of pH, which
inhibited, or even killed methanogens. Hence, the VFAs couldn’t be
timely converted to methane. Meanwhile, due to its ability to endure
low pH, acetogens continued to produce VFAs. At last, the VFAs
inhibition occurred, which caused an imbalance of the methanogenic
process due to the considerable increase of VFAs [26]. Methanogen is
very sensitive to the change of environment [27]. So, VFAs
accumulation and pH decline could suppress the methanogens activity
and digestion efficiency [28]. The methane yield decreased with the
increasing of total VFAs concentration. Especially at the high VFAs
concentration, the decrease of methane yield was very remarkable.
Besides, propionic acid is considered to be more toxic than acetate to
methanogens, the high concentration of propionic acid may be one of
the reasons for lower methane production at high F/I.

As shown in the Figure 2, the accumulation of VFAs would quickly
happened at the high F/I, which mean the methanogenic process was
inhibited rapidly, and the inhibition became more and more with the
increasing of total VFAs concertation, so the concentrations of
coenzyme F420 was very low during the AD process with the high F/I;
on the contrary, initially there were enough food and appropriate
concertation of VFAs, so the methanogenic community were very
active at the low F/I. However, as the food ran out with the AD process
going on, there was not enough food for the growth and metabolism of
methanogens the hydrogenotrophic methanogenesis, so the
concentrations of coenzyme F420 firstly increased and then decreased
at low F/I/. Because the microorganism, especially methanogenic
community, are very sensitive with the change of pH, and even die at
low pH. Hence, the dehydrogenase was very low at high F/I.

Archaeal community dynamics
The result of high throughput sequencing shown that

Methanobacterium, Methanosarcina, Methanobrevibacter,
Methanocorpusculum and Methanosaeta were the main bacteria at the

genus level. It is well known that only these two methanogens –
Methanosarcina and Methanosaeta – can use acetate as a substrate for
methane production and that they compete for acetate. However,
Methanosarcina had both hydrogenotrophic and acetoclastic
methanogenesis pathways, this is, it not only could use acetate, but also
H2 plus CO2, and methyl compounds for methane production; while
Methanosaeta could use only acetate for methane production. Hence,
Methanosarcina are expected to be favored with high acetate
concentrations under high F/I concentrations; whereas Methanosaeta,
with higher affinity for acetate, are expected to be disadvantageous for
use at high acetate concentrations. As shown in the Figure 4, the
relative abundance of Methanosarcina was high at the high F/I.
Methanobacterium and Methanobrevibacter were the
hydrogenotrophic methanogen, which could use H2 plus CO2 and
formate for methane production [25]. Therefore, Methanosarcina and
Methanobrevibacter/Methanobacterium would remain as mainly
contributors of the methane production from acetate and H2 plus CO2
under the high F/I conditions. The inhibition of the activity of
hydrogenotrophic methanogens including Methanobrevibacter and
Methanobacterium might be related to the propionate accumulation in
the high F/I [29]. These archaeal community dynamics suggested that
hydrogenotrophic methanogens were more significant during the early
stages of the AD process perhaps because acetoclastic methanogens
were easily inhibited by the accumulation of volatile fatty acids such as,
propionate.

Conclusion
The results of this study shown that the methane yield had a very

close linked with the variation of intermediate VFAs. High F/I leaded
to produce excessive VFAs, and acetic acid and n-butyric acid were the
main inhibitory VFAs, especially the acetic acid, to which aceticlastic
methanogenesis is more sensitive than hydrogenotrophic
methanogenesis. Therefore, compared with aceticlastic
methanogenesis only using acetic acid, the microbial species using
acetic acid, CO2/H2 or methyl compounds might have a potential to
adapt well to excessive F/I compared, which suggested that the
imbalance between the two methane metabolic pathways would lead to
low methane production. Besides, the results of the high-throughput
sequencing also indicated that the methanogencic community
composition was similar under difference F/I, however, the structure
was different. And the high-throughput sequencing further indicated
that the accumulation of intermediate VFAs mainly leaded to the
dominant archaea shifted from Methanobacterium to Methanosarcina.
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