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Abstract Symbiotic cellulolytic microcosms represent a
promising microbial agent for enhancing degradation of cel-
lulosic materials in biotechnological processes. In this study,
structurally stable lignocellulose-degrading microbial com-
munities were constructed from cellulolytic seed culture from
sugarcane bagasse compost using swine manure and Napier
grass as co-digested carbon sources under static acrobic con-
dition at 55 °C. The lignocellulolytic microbial consortium
enriched in peptone and yeast extract-based medium
(PLMC) showed higher cellulose-degrading activity com-
pared to lignocellulolytic microbial consortium isolated in
the water-based medium (WLMC). The composite microbes
in both consortia were originated from the seed culture and the
co-digested substrates according to denaturing gradient gel
electrophoresis profile. PLMC exhibited higher CMCase,
xylanase, FPase, and avicelase activities in the supernatant
than those of WLMC and was capable of degrading 70 % of

P4 Chakrit Tachaapaikoon
chakrit.tac@kmutt.ac.th

The Joint Graduate School of Energy and Environment, King
Mongkut’s University of Technology Thonburi, Bangkok 10140,
Thailand

Enzyme Technology Laboratory, National Center for Genetic
Engineering and Biotechnology, Thailand Science Park,
Pathumthani 12120, Thailand

Genome Institute, National Center for Genetic Engineering and
Biotechnology, Thailand Science Park, Pathumthani 12120, Thailand

Excellent Center of Waste Utilization and Management, National
Center for Genetic Engineering and Biotechnology at King
Mongkut’s University of Technology Thonburi, Bangkok 10150,
Thailand

Pilot Plant Development and Training Institute, King Mongkut’s
University of Technology Thonburi, Bangkok 10150, Thailand

filter paper within 1 week. PLMC was capable of degrading
substrate with higher efficiency than the control by 11.7, 9.2,
15.5, and 11.9 % of total solid, suspended solid, volatile solid,
and volatile suspended solid, respectively. The work demon-
strated the potential of cellulolytic microcosms enriched by
this approach on enhancing conversion efficiency in biogas
production from cellulosic wastes.

Keywords Co-digestion - Hydrolysis - Microbial
consortium - Napier grass - Swine manure

1 Introduction

Lignocellulose, the main composition of the plant cell wall, is
a complex mixture of polysaccharides by the highly crystal-
line and ordered cellulose fibers, connected to matrix of the
amorphous hemicellulose such as xylan, galactomannan, pec-
tic substances, and other polysaccharides that shielded by the
rigid lignin, making it highly recalcitrant to physical, chemi-
cal, and biological attacks. The efficient conversion of ligno-
cellulose by enzymes and/or microorganisms would be highly
necessary. Hydrolysis of lignocellulosic fibrous component is
usually the rate-limiting step in anaerobic digestion, resulting
in low methane yield and conversion rate from wastes rich in
plant fiber [1]. In order to improve economic viability of the
anaerobic digestion process, several approaches including
physical, chemical, thermochemical, and biological pretreat-
ments have been studied for increasing susceptibility of ligno-
cellulose to microbial digestion which result in greater overall
methane yield [2].

Enhancement of bio-digestibility of lignocellulosic wastes
by microbial processes is a promising strategy due to its
simplicity, low capital cost, and low consumption of energy
and chemicals with competitive economic feasibility [3].
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Degradation of lignocelluloses in nature involves synergistic
and cooperative actions of various cellulolytic,
hemicellulolytic, and lignolytic microorganisms [4], particu-
larly by the role of anaerobic bacteria under anoxic condi-
tions. Several researchers have reported the construction of
symbiotic cellulolytic microbial consortia which reduced
community complexity compared to the ones existed in na-
ture by successive sub-cultivation of target cellulosic sub-
strates under mesophilic and thermophilic conditions.
These microbial consortia were capable of degradation of
their respective cellulosic wastes including rice straw [5],
sugarcane bagasse [6], and switch grass [7]. The applicabil-
ity of cellulolytic microbial consortia on enhancing efficien-
cy in anaerobic digestion efficiency has been demonstrated
in recent years with the uses of various fiber-rich substrates
such as cassava residue [8], paper factory wastes [9], wheat
straw [10], and rice straw [11], resulting in significant in-
crease in biogas yield.

Biogas production from swine manure is widely used in
small- and large-scale farms as an economically feasible ap-
proach for waste treatment and generation of heat and power
for local uses. The use of active cellulolytic consortium on
enhancing anaerobic digestion of the fibrous fraction in swine
manure, resulting in increasing biogas conversion yield and
rate along with improving cellulose and hemicellulose remov-
al efficiencies, has been reported [11, 12]. Co-digestion of
swine manure with other cellulosic materials, for example
with various energy crop residue, has also received an increas-
ing attention with advantages on reducing nitrogen toxicity
from swine manure while increasing organic loading in the
system [13, 14]. Napier grass (Pennisetum purpureum) is a
fast-growing energy crop which has been introduced for bio-
gas production in several countries as a co-digested or main
substrate in anaerobic digestion processes [15]. Compared to
other energy crop, Napier grass contains higher essential nu-
trients to support microbial growth with high biomass produc-
tivity at relatively inexpensive cost [16]. In order to increase
efficiency on bio-methane production from swine manure co-
digested with Napier grass, a thermophilic cellulolytic micro-
cosm was isolated using swine manure and napier grass as the
major carbon and nitrogen sources in water-based and synthet-
ic medium-based media, resulting in the construction of a
highly efficient cellulolytic consortium which can co-exist
with native microflora in the waste substrates which solves
the problems related to stability of introduced cellulolytic mi-
crocosms previously constructed in synthetic complex media
[12]. To our knowledge, there has been no reported co-
digestion between swine manure and napier grass.
Therefore, the microcosms were constructed and character-
ized for their community structure by using denaturing gradi-
ent gel electrophoresis (DGGE) and enzymatic activity pro-
files and showed high efficiency on degradation of the co-
digested cellulosic substrates.

@ Springer

2 Materials and methods
2.1 Inoculum seed and substrate preparation

Swine manure was collected from a farm in Ratchaburi prov-
ince, Thailand. The total solid (TS) and volatile solid (VS) of
swine manure were 250 + 2 and 186 + 1 g kg™ ' fresh, respec-
tively, according to standard method for the Examination of
Water and Wastewater [17]. Napier grass was supplied by
UAC Public Company Limited (Chiang Mai, Thailand). The
Napier grass sample contained 320 + 3 and 293 + 2 g kg ' of
TS and VS, respectively. The Napier grass was cut and sieved
through 0.5 mm sieved by an ultracentrifuge mill machine
(ZM 200, Retsch, Dusseldorf, Germany) before use. The
swine manure and Napier grass samples were used with no
sterilization. The microbial seed samples were randomly col-
lected from decayed bagasse compost at Eastern Sugar and
Cane PLC in Sa Kaeo province, Thailand. All samples were
kept at 4 °C.

2.2 Isolation of lignocellulolytic microbial consortium

The symbiotic cellulytic microcosms were isolated using sug-
arcane bagasse compost as the seed cultures according to the
method modified from Haruta et al. [5]. One gram of the
bagasse compost was inoculated into 40 ml of distilled water
or PCS medium (0.1 % yeast extract, 0.2 % CaCOs, 0.5 %
peptone, 0.5 % NaCl) containing 2 g fresh swine manure and
2 g of napier grass without sterilization of the substrates in a
50-ml screw-cap tubes with a Whatman no. 1 filter paper strip
(1 x 10 cm) (Whatman, Maidstone, Kent, UK) as an indicator
for cellulase activity. The mixture was incubated at 55 °C
under static condition. When the filter paper strip disintegrated
(approximately 4—10 days), 4 ml (10 % of total volume) of the
culture was then transferred into fresh medium. The procedure
was repeated until a structurally stable cellulolytic microbial
community was obtained as indicated by DGGE analysis. The
lignocellulosic microbial consortium was maintained by con-
tinual sub-cultivation as described above or in sterile water
with 20 % glycerol with no cellulosic substrate at —80 °C for
long-term storage. The structurally stable consortium was
used for all subsequent experimental studies. The structurally
stable lignocellulosic microbial consortia grown in water or
PCS-based media were designed as WLMC and PLMC,
respectively.

2.3 Denaturing gradient gel electrophoresis of 16S rRNA
fragments analysis

Total genomic DNA was extracted from the selected
lignocellulolytic microbial community by the method described
by Zhou et al. [18]. The purified DNA was used as a template for
amplification of the partial 16S rDNA fragment using 7ag DNA
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polymerase (Fermentas, Vilnius, Lithunia) according to the man-
ufacturer’s protocol with 338GC-F forward primer, which was
attached to a GC clamp at the 5'-terminus (5'-cgcccgec
gegegegocgoocgaoocggaoocacggogasactectacgggaggca-3', GC
clamp sequence is underlined), and 518R reverse primer (5'-
attaccgcggcetgetgg-3'). Reactions were performed in a
MyCycler thermal cycler (Bio-Rad Laboratories, Hercules,
CA). The temperature profile consisted of 94 °C for 3 min,
followed by 30 cycles of denaturation at 94 °C for 1 min, anneal-
ing at 55 °C for 1 min, and extension at 72 °C for 2 min, followed
by a final extension step at 72 °C for 3 min. The profiles of
amplified 16S rDNA fragments were analyzed by DGGE on
the DCode™ system (Bio-Rad) according to Wongwilaiwalin
et al. [6].

2.4 Cellulosic substrate degradation efficiency

The efficiency of cellulolytic microcosms on cellulosic sub-
strate degradation was assessed by inoculating 4 ml of the
lignocellulosic microbial consortia cultivated for 7 days into
40 ml of the respective fresh medium containing the cellulosic
substrates and a filter paper strip in a 50-ml screw-cap tube as
described above. All cultures were incubated under static con-
dition at 55 °C for 7 days. The supernatant fractions after cell
pelleting were analyzed for TS, VS, suspended solid (SS), and
volatile suspended solid (VSS) removal efficiency using a
standard method [17].

2.5 Enzyme activity analysis

The culture supernatants of lignocellulosic microbial consortia
and their controls taken at 7 days of cultivation were clarified
by centrifugation at 7500xg for 15 min and used for enzyme
profile analysis. Lignocellulose-degrading activities in the su-
pernatant were analyzed based on the amount of liberated
reducing sugars using the 3,5-dinitrosalisylic acid (DNS)
method as described in Rattanachomsti et al. [19]. One hun-
dred microliter reactions contained the appropriate dilution of
enzyme in 50 mM sodium phosphate buffer, pH 7.0, and
0.5 % (w/v) of the corresponding substrate: carboxymethyl
cellulose for CMCase activity, microcrystalline cellulose
Avicel® for avicelase activity, and beechwood xylan for
xylanase activity. The reaction was incubated at 60 °C for
10 min and the amount of reducing sugars was determined
from the absorbance measurements at 540 nm and interpolat-
ed from a standard curve of the corresponding sugars. The
filter paper (FPase) activity was assayed using a 1 X 1 cm
(50 mg) Whatman filter paper no. 1 as the substrate as de-
scribed above and incubated at 60 °C for 4 h. Assay reactions
were performed in triplicates and the mean was reported with
standard deviation <5 %. One international unit (IU) was de-
fined as the amount of enzyme which produced 1 pmol of
reducing sugar in 1 min.

3 Results and discussion
3.1 Lignocellulolytic microbial consortium isolation

Structurally and functionally stable cellulolytic microcosms
originating from microflora in bagasse compost were obtained
by successive sub-cultivation on swine manure and milled
Napier grass under facultative anoxic conditions. After several
rounds of sub-cultivations, the most active consortia of PLMC
and WLMC were selected as a representative from each line
based on their cellulose-degrading capability. According to
the DGGE patterns, the community structures of both consor-
tia tended to stabilize after 7-12 rounds of successive sub-
cultivations with a typical incubation time of 4—7 days for
PLMC and 7-10 days for WLMC (Fig. 1) for each batch cycle
as observed from >70 % filter paper disintegration. The sub-
cultivation procedure can be continuously repeated for more
than 30 generations in 9 months with no significant loss in
functional activity.

PLMC and WLMC showed differences in their 16S rRNA
gene patterns according to DGGE analysis. Their community
profiles were also markedly different to those of water-base
medium without seed consortium (WC) and PCS-based media
without seed consortium (PC) as controls which contained
only the native microflora in swine manure and napier grass,
suggesting modification of the native microbial community
structures in the substrates by the seed cultures from bagasse
compost. The DGGE pattern of WLMC contained eight major
bands while band no. 5 was the most dominated one based on
the band’s intensity (Fig. 1a). Band nos. 7 and 8 were found
conserved between WLMC and the control WC suggesting
that they represented native bacteria in the co-digested sub-
strates that can co-exist with the bacteria in cellulolytic seed
cultures. The DGGE pattern of PLMC contained nine major
bands (Fig. 1b). Compared with the PC control, band nos. 3, 4,
6, 8, and 9 were suggested to represent the bacteria originated
from the substrates that can co-exist with the ones from ba-
gasse compost (bands 1 and 2). The more complex band pat-
terns of PLMC compared to WLMC strongly suggested that
the enrichment of more diverse bacteria due to nutrient in the
PCS medium. As no significant changes were observed during
the sub-cultivation of WLMC (7th—11th generations) and
PLMC (8th—12th generations), the results thus indicate struc-
tural stabilities of the microcosms comprising of composite
microbes from the seed cellulolytic culture in the background
of co-existed microflora in the native co-digested substrates
due to the selective effects from carbon/nitrogen sources, tem-
perature, and oxygen availability during the sub-cultivation
process. Interestingly, several reports to date have demonstrat-
ed the successful anaerobic co-digestion of livestock wastes
and lignocelluloses such as swine manure and rice straw [20],
chicken manure and corn stover [21], chicken manure with
coconut/coffee grounds/cassava [22], dairy manure, and
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Fig. 1 DGGE profiles of
lignocellulosic microbial
consortium from WLMC profiles
between 7th and 11th generations
with indicated band nos. 1-8, WC
was native background microbe
in distilled water (a); PLMC
profiles between 8th and 12th
generations with indicated band
nos. 1-9, PC was native
background microbe in PCS
medium (b)

wheat straw [14]. However, none has reported the co-
digestion between swine manure and Napier grass.

Many previous studies showed the successful construction
of structurally and functionally stable cellulolytic microbial
consortia from rice straw [5] and switch grass [7] and obtained
stable communities within approximately ten rounds of sub-
cultivation. These microbial consortia isolated under
mesophilic or thermophilic temperatures under facultative an-
oxic conditions contained clostridia as the major cellulolytic
microbes together with various co-existed non-cellulolytic
facultative bacteria, for example beta-proteobacterium and
Rhodocyclaceae which have roles on consuming oxygen in
the system to generate anaerobic conditions to promote the
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growth of cellulolytic clostridia [8]. Their metabolic roles on
controlling pH and removal of inhibitors were also demon-
strated [23].

3.2 Cellulosic substrate degradation efficiency analysis

Degradation efficiency of the co-digested swine manure and
Napier grass substrates by the PLMC and WLMC was evalu-
ated in comparison to the controls containing swine manure
and Napier grass in PC (PCS-based medium) and WC (water-
based medium). After 7 days of incubation, the samples were
collected and analyzed for the remaining weight of the sub-
strates (Fig. 2). The WLMC consortium showed no significant
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degradation efficiency compared with its WC (as control).
While the PLMC was capable of degrading substrate with
higher efficiency than the control PC by 11.7, 9.2, 15.5, and
11.9 % of TS, SS, VS, and VSS, respectively, this result
proved that PLMC had the ability to destruct the mixed sub-
strate within the first week much better than the control culture
containing only native microflora in the co-digested sub-
strates. The lower activity of WLMC could be due to the lower
nutrient content in the media which could lead to less active
cellulolytic microcosms. Variation in lignocellulosic substrate
degradation efficiency was in the range of 30-60 % after
7 days of incubation using different cellulolytic microbial con-
sortia on several agricultural wastes, e.g., bagasse cane, corn
stover, rice straw, and paper pulp waste [6]. The ratio of inoc-
ulum volume to substrate also showed effects and correlation
with substrate degradation efficiency [12]. The optimum in-
oculum volume of the microcosms to the substrates could be
further studied to increase their lignocellulose degradation ef-
ficiency for further application in biotechnological processes.

3.3 Lignocellulolytic enzyme activity profiles

Lignocellulolytic enzyme activities comprising of CMCase,
xylanase, FPase, and avicelase were examined in the superna-
tant fraction of the microcosms at 7 days of incubation
(Fig. 3). The FPase and avicelase from PLMC and WLMC
were not significantly different to those of the controls.
Xylanase activity from WLMC (0.07 IU/ml) was nearly equal
to WC control, whereas that of PLMC (0.12 TU/ml) was sig-
nificantly higher than that of PC and also slightly higher than
that of WLMC. Both microcosms showed higher CMCase
activity compared with its control. The highest CMCase ac-
tivity of 0.12 TU/ml was found for PLMC. The trend of en-
zyme profile from previous lignocellulosic microbial consor-
tia demonstrated that the CMCase activity slightly increased
then maintained after 1-2 days after seed, inoculation while
the xylanase activity showed higher activity compared to the

cellulase activities, which is higher than CMCase activity, and
then decreased during the late phase of batch cycle [6, §].

4 Conclusion

The structurally stable symbiotic cellulolytic microbial micro-
cosms were constructed in this study. The consortia comprised
composite microbes from both the seed cellulolytic culture co-
existed with the microflora from the co-digested substrates.
This study is the first report of co-digestion between swine
manure and Napier grass. The results suggested the potential
of using the cellulolytic microcosms for enhancing degrada-
tion of cellulosic materials in anaerobic digestion. Moreover,
the microcosms developed in this study could be potent can-
didates for further application on enhancing degradation of
cellulosic substrates in anaerobic digestion and other biotech-
nological processes.
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