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Abstract. To better understand the comparative effects between pretreatment and bioaugmentation methods
on the promotion of corn straw biogasification efficiency, we analysed the cellulase activity, cellulose
degradation rate, surface structure characteristics, and biogas production of corn straw that had been pretreated

with aerobic microbial consortium (AMC). In addition, we also studied the effect of bioaugmentation using
anaerobic microbial consortium (ANMC) on corn straw biogasification efficiency. The results from our study
demonstrated that the cumulative methane generated from AMC and ANMC were 233.09 mL-g-1 VS and
242.56 mL-g-1 VS, which was increased compared to the control by 6.89% and 11.23%, respectively. We
also observed that ANMC could also function to dramatically promote methane content during the anaerobic
digestion of corn straw. This study demonstrated that AMC and ANMC were both able to promote the
biogasification efficiency of corn straw, however, ANMC was found to perform better compared to AMC.

1 Introduction

The energy crisis and environmental pollution have
become two major problems in the development of the
world today (Yan et al, 2012). Straw biomass
biogasification technology is one of the key technologies
existing today that have the potential to effectively
alleviate these problems. Indeed, straw biomass
biogasification is widely employed for the treatment of
organic waste and the production of methane (Bond and
Templeton, 2011; Rouches et al., 2016). However, the
efficiency of straw biogasification is currently relatively
low due to its recalcitrance that has been demonstrated to
restrict the resource utilization process of agricultural
waste (Zheng et al, 2014). Therefore, some
measurements like pretreatment and/or bioaugmentation
should be adopted to increase biogas production from
lignocellulosic material, further to resolve such
technological difficulties.

Pretreatment technology can be carried out in an effort
to improve lignocellulose hydrolysis and further promote
methane yields (Hua et al, 2016). Previous studies have
studied the effect of different pretreatment methods on the
enhancement of the anaerobic digestion efficiency of
lignocellulosic ~ material. For example, methane
production from reed which was pretreated with steam
explosion was found to be increased by 89% (Lizasoain et
al., 2016), while that of rice straw that was pretreated with
fungus was observed to be increased by 78.3% (Mustafa
et al., 2016). In general, the pretreatment methods utilized
in biogas production can be classified into three different
categories: physical, chemical, and biological (Wen et al.,
2015). Biological pretreatment uses microorganisms to

digest the cell walls of plant biomass and has generated
attention within the field due to its low energy
consumption, cost-effectiveness, and environmental
friendliness (Agbor et al., 2011; Zheng et al., 2014).
Microbial consortium represents one of the efficient
biological pretreatment methods and has been
demonstrated to be able to impose synergistic effects
among different functional microorganisms. In addition,
it can remove feedback inhibition of metabolites and
promoting lignocellulose degradation efficiency in
comparison with that when a single strain is used, or
physical and chemical methods are used (Chandel and
Singh, 2011; Zhong et al., 2016). The use of microbial
consortium for pretreatment has been demonstrated to be
advantageous for large-scale biomass production due to
the fact that, in the majority of cases, lignocellulosic
feedstock sterilization is not necessary, which could help
to lower costs and save time (Bruni et al., 2010; Lu et al.,
2009; Zheng et al., 2014; Hua et al, 2016). In general,
there are two main microbial consortiums that are utilized
for the pretreatment of lignocellulosic biomass. These
include one type that gains directly from a special
environment, such as rumen fluid or digested sludge. The
other types, including MC1 (Hua et al, 2016; Yuan et al.,
2016), WSD-5 (Wen et al., 2012), XDC-2 (Zhang et al.,
2016), and MCHCA (Poszytek et al., 2016) are all
generated from the natural environment (soil, sludge, etc.).
It has been demonstrated that both two types of microbial
consortium can function to promote the biogasification
efficiency of straw inordinately.

Bioaugmentation, which is used to improve refractory
organics catabolism via the addition of selected strain/s or
mixed cultures to biological systems, was initially
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introduced into AD processes in recent years as an
alternative method aimed to increase biofuel product yield,
such as ethanol, hydrogen, and methane (Wei, 2016). In
comparison with biological pretreatment methods aimed
to improve biogas production from lignocellulosic
materials, the bioaugmentation technique possesses
certain advantages, including the requirement of less time,
lower costs, less dry matter loss, and toxicity delimiting
(Wei, 2016; Town and Dumonceaux, 2016). According to
recent studies, the bioaugmentation technique was
confirmed to accelerate acidification, further improving
biogas production from lignocellulosic materials (Yang et
al., 2016; Weiss et al., 2016).

The effects of pretreatment using different microbial
consortium on the biogasification efficiency of
lignocellulosic materials was studied previously (Wen et
al., 2015), as well as the effects of different
bioaugmentation patterns on biogas production (Martin-
Ryalsetal.,2015; Yang et al., 2016). However, there exist
few studies regarding the comparative effects of
pretreatment with either microbial consortium or
bioaugmentation using lignocellulolytic microbes on the
production of biogas from lignocellulosic biomass. In this
study, we aim to understand which method performs
better. The results obtained from this study are beneficial
as they can be used to screen and optimize treatment
methods for the efficient degradation of lignocellulose. In
addition, these studies will provide further insight into
resolving the technical bottleneck of the straw biogas
project in China.

2 Materials and methods

2.1 Experiment materials

Corn straw was collected from farmland in a suburb of
Chengdu, China. The collected straw was air-dried and
shredded into 5 mm pieces. Digested sludge obtained
from a pig farm was used as inoculum. Feedstock and
inoculum characteristics are presented in Table 1.

Table 1. Characteristics of corn straw and digested sludge

TS (%) VS (%) C (%) N (%)
Com  ¢79120.11 78.8140.04 36.5940.04 0.73+0.02
straw
Digested 5 o7 005 1.6840.05 ND. N.D.
sludge

Note: N.D. None determination

Aerobic microbial consortium for pretreatment
(AMC) : Constructed with the experiment including the
Congo red screening, cellulase activity, and antagonism
determination in sequence. It was comprised of
Paenibacillus cucumis (1 strain, derived from bamboo
insect), Bacillus altitudinis (2 strains, derived from rumen
fluid), Bacillus subtilis (3 strains, derived from soil), and
Lysinibacillus halotolerans (1 strain, derived from rumen
fluid).

Anaerobic microbial consortium for bioaugmentation
(ANMC): Stable, derived from bamboo insect, and
enriched to 21 generations via successive generations.

Clostridum sp. was the dominate microorganism in
ANMC.

Culture medium : KH,POs 1.0 g, NaCl 0.1 g,
MgS04+7H,0 0.3 g, NaNO; 2.5 g, FeCl3 0.01 g, CaCl, 0.1
g, HO 1L, and 0.5 g-L"! cellulosic materials.

2.2 Pretreatment of corn straw

5 g corn straw and 10 mL AMC liquid (10% inoculation)
were mixed with 100 mL medium in a 250 mL shake flask.
The flask was then incubated at 30 C with shaking at
160 rpm for 3 d. This was defined straw pretreatment
solution, which can be used for following anaerobic
digestion of AMC group directly. Additional samples
were then dried and utilized for lignocellulose content
determination and scanning electron microscope analysis.

2.3 Anaerobic digestion

Batch anaerobic digestion of pretreated corn straw was
carried out as follows. The ratio of straw to digested
sludge used was 1: 1 based on volatile solid content. A
500 mL glass bottle with a working volume of 350 mL
was utilized for this assay. A total of 3 test groups were
set up as follows.

AMC: Straw pretreatment solution (5 g corn straw,
100 mL medium and 10 mL aerobic microbial consortium)
was combined with 235 g digested sludge after 3 d
pretreatment.

ANMC: 5 g corn straw, 100 mL medium and 10 mL
anaerobic microbial consortium were directly added to
235 g digested sludge;

Control group (Ctrl): 5 g corn straw, 100 mL medium
and 10 mL ultrapure water were added to 235 g digested
sludge.

In addition, a blank control group (235 g digested
sludge only) was also used. All reactions were carried out
under mesophilic (35£2) C conditions using a water
bath. A total of three replicates were carried out for this
assay.

2.4 Analysis methods

2.4.1 Conventional physical and chemical indicators
analysis

Total solids (TS) and volatile solids (VS) were both
measured according to standard methods (APHA, 2012),
while lignocellulose contents were measured using
standard methods described by NREL in the USA
(National Renewable Energy Laboratory, 2015). Carbon
and nitrogen were both measured using a Vario MICRO
select elemental analyzer (Elementar, Mt. Laurel, NJ,
USA).

Biogas production was analysed using water
displacement, while biogas composition was quantified
using gas chromatography equipment (GC122, Shanghai
Instrument-electric  Analysis Instrument Co., Ltd.,
Shanghai, China) equipped with a thermal conductivity
detector (TCD) (Zhu, et al. 2017). The stainless-steel
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column that was used for these analyses was packed with
Porapak Q. The injector, oven, and detector temperatures
were set to 120, 120, and 150 C, respectively. Nitrogen
was used as the carrier gas and the flow was maintained
at 30 mL-min-1.

The concentration of volatile fatty acids was analysed
using a gas chromatography instrument (GC102,
Shanghai Instrument-electric Analysis Instrument Co.,
Ltd., Shanghai, China) equipped with a flame ionization
detector (FID). The injector, oven, and detector
temperatures were set to 160, 210, and 230 C,
respectively. Nitrogen was used as the carrier gas, and the
flow rate was maintained at 30 mL-min-1.

2.4.2 Enzyme activity analysis

Single strain and microbial consortium were cultured in
HM medium (KH2PO4 1.0 g, NaCl 0.1 g, MgSO4«7H20
0.3 g, NaNO3 2.5 g, FeCl13 0.01 g, CaCI2 0.1 g, CMC-Na
5g,and H20 1 L) at 30 C for 3 d. Liquid samples were
centrifuged at 8,000 rpm for 10 min. This centrifuged
sample was used as crude enzyme liquid, and its activity
was measured according to standard methods (DNS)
(Oppert et al., 2010; Shi et al., 2011). Carboxymethyl
cellulose enzyme activity (CMCase), cellobiase, and filter
paper enzyme (FPase) were also analyzed in this study.
The filter paper (Whatmanl, 1 c¢mx6 cm), sodium
carboxymethylcellulose (1%), and salicin (2%) were used
as substrates for FPase, CMCase and cellobiase analysis,
respectively. The enzyme activity was determined
according to the reducing sugar (glucose) concentration
that was generated from the enzyme catalysis of enzyme
protein in unit time (Shi et al., 2011).

2.4.3 Scanning electron microscope analysis

Straw samples prior to and following pretreatment were
utilized for scanning electron microscopy (HITACHI
TM-1000, Japan) analysis.

2.5 16S rDNA analysis

Sludge samples were collected from both treated and
untreated digesters following a 40-d anaerobic digestion.
These samples were stored in an ultra-low temperature
freezer at -80 C for future DNA extraction and
subsequent microbial community structure analysis.
These analyses were completed by a Sequencing
company.

3 Results and discussion

3.1. Lignocellulose degradation rate of straw

The lignocellulose degradation rate is one indicator which
represents the biodegradability of straw biomass
following pretreatment. Both the lignocellulose contents
and the degradation rate of corn straw pretreated with
AMC are shown in Table 2. The cellulose, hemicellulose,
and lignin content of corn straw that was pretreated for 3

d using AMC were 0.25, 0.23 and 0.14 g-g-1, respectively.
These levels were comparatively reduced compared to the
control by 16.7%, 17.9%, and 12.5%, respectively. These
results demonstrated that AMC can affect degrading
cellulose. According to these results, we found that
hemicellulose was degraded faster in comparison to
cellulose. This was due to the fact that the primary
composition of hemicellulose was carbohydrates, which
are easy to degrade. These included xylan,
glucuronoxylan, arabinoxylan, glucomannan, and
xyloglucan, which have increased variability in structure
and composition compared to cellulose, and function to
maintain a comparatively higher degradation rate during
the pretreatment process (Van Dyk and Pletschke, 2012).
Therefore, in contrast to cellulose, hemicellulose was
shown to be relatively easy to hydrolyze, with the
monomeric sugars and acetic acid produced able to be
subjected to bioconversion for the production of biogas
and other useful byproducts (Nanda et al., 2014).
Cellulose is a polymer that consists of glucose units
connected by B-1-4 glycosidic bonds (Li et al., 2014) and
is wrapped by lignin, making it more difficult to
hydrolyze. Lignin is a complex polyphenyl aromatic
compound that linked via ester bonds. It tightly binds
cellulose and hemicellulose to form plant primary and
secondary cell walls (Nanda et al., 2014). In addition,
lignin is resistant to degradation and acts as an obstacle
for the effective utilization of cellulose and hemicellulose
(van Kuijk et al., 2015). Therefore, the aim of microbial
consortium  pretreatment was to destroy the
lignocellulosic structure, which can assist in improving
the hydrolysis process, further to promote the
biogasification efficiency of lignocellulosic materials.

Table 2. Lignocellulose contents of corn straw before and after

pretreatment by AMC
Before After .
Degradation

pretreatment  pretreatment o

(eg!) [@gh 0V
Cellulose 0.30+0.80 0.25+0.95 16.7
Hemicellulose 0.28+0.25 0.23+0.29 17.9
Lignin 0.16+£0.26 0.14+0.03 12.5

3.2 Cellulase activity

Cellulose degradation is a complex biological process and
is accomplished with the synergistic effects of various
cellulases. Therefore, we analyzed the activity of three
common cellulases, including FPase, CMCase, and
Cellobiase (Xu et al., 2018) in this study. As depicted in
Table 3, the FPase, CMCase, and Cellobiase activity
levels were determined to be 0.33 U-mL-1, 1.69 U-mL-1
and 0.013 U-mL-1, respectively, all of which were
beyond the superior limit of a single strain. This result
agrees with the conclusion that lignocellulose
degradability of microbial consortium is much greater
than that of a single strain (Wang et al., 2011a).



E3S Web of Conferences 118, 01032 (2019)
ICAEER 2019

https://doi.org/10.1051/e3sconf/201911801032

Table 3. Cellulase activity of single strain and microbial

consortium AMC
Single strain AMC (U-mL™)
(U'mL™"
FPase 0.05~0.17 0.33
CMCase 0.3~0.8 1.69
Cellobiase 0~0.01 0.013

3.3 Scanning electron microscope analysis

The apparent morphological structural changes of corn
straw prior to and following microbial consortium AMC
pretreatment are depicted in Fig. 1. Obvious structural
destruction was observed, which was accompanied by a
larger specific surface area in pretreated straw. The
untreated straw surface was observed to be regular and
smooth (Fig. 1a), while the pretreated straw surface was
observed to be rough and fragmented (Fig. 1b). This was
due to the fact that various cellulases which were secreted
from microbial consortium AMC exerted synergistic
effects on the destruction of the lignocellulosic structure,
which  benefited the efficient degradation of
lignocellulose and its subsequent hydrolysis and
fermentation (Zhong et al., 2016).

Y

* .
“

(b) After pretreatment [+

TM-1000_0161 200 um

Fig.1 Electric microscope scanning graph of untreated and
pretreated corn straw (% 500 times)

3.4 Performance of anaerobic digestion

Biomethane production is a key indicator for the
evaluation of biomass energy conversion and
biogasification efficiency (Hu et al., 2015). We studied
the cumulative amount of methane generated from
untreated and pretreated corn straw (Fig. 2) in order to
understand the differences between the effect of
pretreatment with AMC versus bioaugmentation with
ANMC on corn straw biogas production. According to the
results from this study, the cumulative amounts of
methane that was generated from ANMC and AMC were
242.56 mL-g-1 VS and 233.09 mL-g-1 VS, which was
increased with respect to the control by 11.23% and
6.89%, respectively. In general, ANMC was observed to
perform better than AMC. This could be due to the fact
that AMC pretreatment promoted the process of straw
hydrolysis to saccharification, but meanwhile consumed
some carbohydrates in order to meet the demands of its
growth. Therefore, there were less carbohydrates
remaining to be used for subsequent anaerobic digestion,
further offsetting the promoting effect of AMC on the
biogasification efficiency of straw. In contrast, ANMC
primarily consists of Clostridum sp., a species that
enhances bacterial and archaeal diversity and quantities,
and further promotes the hydrolysis and biogas
production of lignocellulosic materials (Aydin, 2016).
Therefore, when the previous advantages of
bioaugmentation over pretreatment methods are taken
into consideration, we found that bioaugmentation with
ANMC was better choice for promoting biomethane
production of corn straw, compared with pretreatment
using AMC.

= ANMC
250 4 * AMC
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Time (d)

Fig.2 Changes of cumulative methane production during
anaerobic digestion of corn straw
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Fig.3 Changes of methane content during anaerobic digestion
of corn straw
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In this study, we also analysed methane content (Fig.
3). Changes in methane content of AMC were found to be
similar to control samples, which were found to gradually
increase to approximately 50%, where they remained
stable following 10 d. In regard to ANMC, we determined
that its methane content was less than that of AMC and
control samples at the initial stage, but exceeded control
levels up to 61.4% following 10 d, followed by a gradual
decrease where it remained stable at approximately 54%.
These results demonstrated that bioaugmenting ANMC
could function to improve corn straw methane content
during the anaerobic digestion process.

Volatile fatty acids (VFAs) represent important
indicators for the evaluation of the balance of both
hydrolytic acidification and methane production (Wang et
al., 2009). VFAs (acetic acid, propionic acid, and butyrate
acid) generated from both untreated and pretreated corn
straw are depicted in Fig. 4. Throughout the process, from
the start to 16 d, the VFAs concentration of ANMC was
observed to be remarkably higher compared to that of
AMC and control samples. This is likely due to the fact
that Clostridum sp. from ANMC resulted in the
production of short chain volatile substances during the
metabolic process. The peak value was observed to appear
at 6 d, which was increased to 2169.4 mg-L-1. It has been
previously demonstrated that VFAs have only a little
effect on anaerobic digestion when it is at a concentration
of less than 4125 mg-L-1 (Wang et al., 2011b). In addition,
these were found to produce short chain volatile acids,
including acetic acid and butyric acid, which were
beneficial for the subsequent methanogenesis process
(Yuan et al., 2016). That explains why the cumulative
methane production of ANMC was observed to be the
greatest among the three test groups, even though its VFA
concentration was still the highest.

2500 5
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| \ —+— AMC
- 4 T
5 1500 | \ r
D [ Y
z ‘
< 4000 4 |
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’
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0 10 20 30 40

Time (d)

Fig.4 Changes of VFAs concentration during anaerobic
digestion of corn straw

In general , both pretreatment with AMC and
bioaugmentation with ANMC were found to have a
promoting effect on the biogasification efficiency of corn
straw, however, these effects were still limited in
comparison to other related studies (Zhong et al., 2011;
Zhang et al., 2015). For example, the total biogas and
methane production generated from straw that had been
pretreated with microbial consortium for 15 d was found

to be increased by 33.1% and 75.6%, respectively (Zhong
et al., 2011). According to the study by Zhang et al.,
bioaugmentation using Acetobacteroides hydrogenigenes
was found to increase cellulose and hemicellulose
removal rates and improve methane yield by 19-23%
throughout the anaerobic digestion process of corn straw
(Zhang et al.,, 2015). However, no matter whether
pretreatment or bioaugmentation was utilized, the total
biogas and methane production in this study was found to
increase only by 13.02% and 11.23%. This could be
attributed to the pretreatment time used in this study (only
3 days), which failed to efficiently degrade lignocellulosic
materials into soluble substrate, compared with other
studies used much longer times (Hua et al., 2016; Yuan et
al., 2016; Zhong et al., 2011). An alternative reason could
be related to the fact that the parameters used for this test
were not optimized, which could have inhibited the
efficient operation of anaerobic digestion. In addition,
these results also indicated that the promoting effect of
microbial consortium that was generated in this study was
limited and requires further optimization. Fortunately, the
comparative results regarding the effects of pretreatment
with microbial consortium and bioaugmenting the
lignocellulolytic microbes on the biogas production of
lignocellulosic biomass could provide novel insights
related to the screening and optimization of an efficient
treatment method for the degradation of lignocellulose.

3.5 Microbiological structure

analysis

Community

We studied the microbiological community structure to
understand differences in the type and quantity of
microorganisms that exist between pretreatment and
bioaugmentation methods (Fig. 5 and Fig. 6). We found
that with both bacterium and archaeas, the microbial
community compositions at the phylum level were similar
in AMC and ANMC. In general, bacterium was found to
be primarily comprised of Firmicutes and Bacteroidetes,
while Euryarchaeota and Crenarchaeota were mainly
archaeas. The phylum of Firmicute comprises numerous
hydrolytic and acidogenic bacterium, facilitating the
transformation of biopolymers to organic acids (Stolze et
al. 2015). Importantly, methanosarcina was found to be
the dominant microorganism in both AMC and ANMC,
which suggests that it plays a leading role in the
production of biogas from corn straw treated with AMC
and ANMC. We found that methanosarcina accounted for
8% in ANMC, while only 7% in AMC. These results
agree with previous results showing that ANMC
performed better than AMC regarding the enhancement of
biogas production.

It is important to note that we observed an altered
microbiological community structure in ANMC.
Therefore, this suggests that the introduced strains were
undetectable in the microbial community at the
completion of anaerobic digestion, as similarly described
by Cater et al. (Cater et al., 2015). The observed changes
in the microbial community could be due to competition
for substrate and/or specific ecological niches between
bioaugmented  microorganism  and  indigenous
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populations, or due to inhibition resulting from antibiotics
or some type of metabolic inhibitor (Veen et al., 1997).
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4 CONCLUSIONS

In this study, we examined the comparative effects of
pretreatment and bioaugmentation methods on biogas
production of lignocellulosic biomass. We demonstrate
that the cumulative methane generated from corn straw
which was pretreated with microbial consortium (AMC)
and bioaugmentated with anaerobic lignocellulolytic
microbes (ANMC) was increased by 6.89% and 11.23%,
respectively. ANMC was observed to perform better
compared to AMC in regards to its ability to improve
biogas production. In particular, we found that ANMC
was able to dramatically promote methane content
throughout the anaerobic digestion of corn straw. When
taking into consideration the previously described
advantages of bioaugmentation over pretreatment
methods, ANMC was determined to be a better choice for
the promotion of biogasification efficiency.
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