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Abstract—The aim of the present study was to isolate and characterize the cellulose-degrading bacteria from
the gut of the local termite, Microcerotermes diversus (Silvestri), inhabiting the Khuzestan province of Iran.
The microorganisms capable of growing in the liquid medium containing cellulose as the only source of car-
bon were isolated and their cellulolytic activity on CMC-containing media was confirmed by the congo red
clearing zone assay. The isolates were identified based on biochemical characteristics and the phylogenetic
analysis of 16S rRNA gene fragments. The results of the present study show that three cellulose-degrading
bacteria isolated from local termite guts belonged to the genera Acinetobacter, Pseudomonas and Staphylococ-
cus and four cellulose-degrading bacteria belonged to Enferobacteriaceae and Bacillaceae families. Several
isolates recovered from separate termite Microcerotermes diversus samples closely clustered in phylogenetic
trees indicating high similarity and the abundance of particular cellulolytic strains. Bacillus BSB and Acine-
tobacter 1.9B hydrolyzed cellulose faster than the other isolates (with CMCase activity of 1.47 and
1.22 U/mL, respectively). The stability of CMCase produced by Bacillus B5SB over a broad range of pH and
high temperature indicated that the enzyme may be of great commercial value.
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Cellulases have attracted much interest because of
the diversity of their applications [1, 2]. However, the
major bottleneck of comprehensive application of cel-
lulase in industry is the high cost of the enzyme pro-
duction. Substantial cost reduction may be possible by
exploring ways of cellulose conversion using microor-
ganisms that produce cellulolytic enzymes. It is there-
fore imperative to look for microorganisms that have a
high rate of cellulase production [3].

Cellulase research has been concentrated mostly in
fungi but there is increasing interest in cellulase pro-
duction by bacteria [4]. Bacteria that have a high
growth rate as compared to fungi have a good potential
to be used in cellulase production. Bacterial cellulases
are more effective catalysts. However, bacteria are not
widely used for cellulase production. Isolation of a
novel microbial strain, having hyper productivity of
cellulase with more activity and high stability against
temperature and pH might make the process econom-
ically attractive [1].

! The article is published in the original.
Corresponding author; e-mail: z.pourramezan@gmail.com

Bacteria inhabit a wide variety of environmental
and industrial niches, which produce cellulolytic
strains that are extremely resistant to environmental
stresses [5].

It has been suggested that termite gut microbiota
has a significant impact on cellulose degradation [6].
In fact, in tropical and subtropical regions termites
play an important role in the degradation of organic
matter and in the turnover of complex biopolymers,
such as wood and other cellulose- and hemicellulose-
containing materials [7].

The gut microbiota enables termites to efficiently
hydrolyze cellulose. The cellulase activity of termite
hindgut is attributed to cellulose-degrading bacteria
[8]. Termites are diverse in their feeding habits that
lead to diverse microbiotas.

In this study, the diversity of culturable aerobic and
facultatively anaerobic cellulose-degrading bacteria in
the gut of local termite Microcerotermes diversus (Sil-
vestri) is addressed that has not been described yet, in
order to obtain a more precise idea of their occurrence
in termites and determine their ability to yield high
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levels of extracellular cellulases to use as probable ap-
plication in the industry.

MATERIAL AND METHODS

Termites. Twenty adult termite workers Microcero-
termes diversus (Silvestri) were collected from decom-
posing logs. Separate termite colonies near the Shahid
Chamran University of Ahwaz, Iran, were used for
collecting termite samples. These termites are widely
distributed throughout the khuzestan province.

Screening of cellulose-degrading bacteria. For the
isolation of the gut bacteria, termites were surface ster-
ilized with 70% ethanol and washed with sterile dis-
tilled water. All further steps were performed under
sterile conditions. Ten entire guts were removed from
the freshly killed termites and disrupted by passing
through a syringe needle. The disrupted gut debris was
suspended in 1 mL of mineral medium 1 containing
0.01% MgSO,, 0.1% (NH,),S0,, 0.2% KH,PO,,
0.7% K,HPO,, 0.05% Na citrate. Medium 1 was sup-
plemented either with filter paper strips (medium 1a)
or 0.1% carboxymethylcellulose (medium 1b). The in-
oculated media were incubated aerobically and anaer-
obically at 30°C for up to 1 week.

Liquefaction of CMC or solubilization of filter
paper was used as a primary indication of cellulases
production. Microorganisms capable of growing in
cellulose-containing media were isolated and their
cellulolytic activity was confirmed by a congo red
clearing zone assay. The zone of cellulose hydrolysis
was apparent as a clear area in the otherwise congo red
stain background in CMC agar plates [9, 10]. The ratio
of the clear zone diameter to colony diameter was
measured in order to select the highest cellulase activ-
ity producer [11].

The microorganisms with cellulolytic activity were
subcultured further to get the pure colonies. Culture
broth of cellulose-producer bacteria was sampled at
different time during growth to determine cell density
by measurement of absorbance at 600 nm and enzyme
production by carboxymethyl cellulase hydrolysis.

Enzyme activity assay. Cellulose activity was mea-
sured by determination of reducing sugar released
from CMC or filter paper through DNS (dinitrosali-
cylic acid) method [12]. For comparison between all
isolates the same ODy,, was used to eliminate the bio-
mass effect on the evaluation.

Isolates were grown under optimal condition
(pH 6.0, 37°C) for cellulase production. Cells were
separated from the cultivation medium after centrifu-
gation at 4800 rpm for 20 min at 4°C and the superna-
tant was used as the source of extracellular crude en-
zyme. Supernatants of all isolates were collected when
the ODyg,was 0.5, 0.7,0.9, 1, 1.3 and 1.5. All these su-
pernatants were incubated for 1 h at 40°C in 30 mL of
50 mM Na-acetate buffer (pH 5.5) with 2% CMC
(Merck) for CMCase assay or whatman no. 1 filter pa-
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per strip (1 x 6 cm) for FPase assay. After 1 h the reac-
tion was stopped by using of DNS (Merck). The
amount of reducing sugar released in the hydrolysis
was measured. Controls for carbohydrate produced
from substrate and of the enzyme preparation were in-
cluded. The supernatants at ODgy, = 1 had the highest
activity in most of the isolates, so this cell density was
used for comparison between all of the isolates.

One unit of cellulase was defined as the amount of
enzyme which produced 1 pumol glucose equivalent
per hour under the assay conditions. The absorbance
was measured with the WPA Biowave 11 UV/Vis Spec-
trophotometer (Biochrom, Cambridge, UK) at
546 nm. The amount of released reducing sugars was
determined using a standard curve recorded for glu-
cose.

The cellulases with higher activity were investigat-
ed for pH and temperature tolerance in order to use in
industry. The influence of temperature on the catalytic
activity of cellulases was determined by measuring the
enzyme activity at temperature range from 30—80°C
under the standard assay conditions. The influence of
pH on the enzymatic activity was determined by mea-
suring the enzyme activity at varying pH value ranging
from 3 to 9 at optimum condition.

Identification of the bacterial isolates. Preliminary
identification of isolates was performed using mor-
phological and physiological characteristics. Physio-
logical characteristics were determined based on sev-
eral biochemical tests such as oxidase, catalase, motil-
ity, triple sugar iron (TSI), hydrogen sulphide (H,S)
and gas production, indole, methyl red, Simmon’s ci-
trate, and Voges Proskaeur. The results were compared
with Bergey’s Manual of Determinative Bacteria [13].

For molecular identification, the bacterial DNA
was extracted using the Diatom DNA extraction kit
(Genefanavaran, Iran) according to the protocol.
The nearly full length 16S rRNA gene of the purified
bacterial DNA was amplified using the eubacterial
specific primers fD1 (5'-CCGAATTCGTCGACAA-
CA GAG-TTTGATCCTGGCTCAG-3") and rP1
(5'-CC-CGGGATCCAAGCTTACGGTTACCT-
TGTTA-CGACTT-3') [14]. The amplification reactions
contained 10 mM Tiis-HCI1 (pH 8.3), 50 mM KClI,
1.5mM MgCl,, all four dNTPs (each at 0.2 mM),
50 pmol of each primer, 2.5 units of 7ag DNA polymerase
(Fermentas Inc., Glen Burnie, MD, United States), and
1—10 ng of template DNA in a 100-pL total reaction
volume. A hot-start procedure (4 min, 94°C) was used
before the enzyme was added to prevent nonspecific
annealing of the primers. PCR was performed in a
BioRad C1000™ thermal cycler (Bio-Rad Laborato-
ries, Hercules, United States) with 30 cycles of 94°C
for 1 min, 62°C for 30 s and 72°C for 1 min. This was
followed by a final extension step of 7 min at 72°C and
the PCR product was kept at 4°C. The PCR products
were analyzed using agarose gel electrophoresis. PCR
products were purified using the High Pure PCR
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Table 1. 7 strains of environmentally isolated bacteria from the Gut of Termite Microcerotermes diversus with their acces-

sion numbers and cellulase activity (U/mL)

Isolate | Genus or family GenBank accession number | CMCase (U/mL) at ODgy, = 1 | FPase (U/mL) at ODg¢y, = 1
B2A Bacillaceae GU458349 0.73£0.12 0.5%0.16

L12 Enterobacteriaceae GU458350 0.24 £0.11 0.17 £ 0.11

B3 Staphylococcus GU458351 0.66 £ 0.11 0.49 £0.12

B5B Bacillaceae GU458352 1.47 £ 0.11 1.04 £0.13

L2 Enterobacteriaceae GU458353 0.34 £0.12 0.27 £ 0.11

L8A Pseudomonas GU458354 0.84 £0.13 0.6 £0.15

L9B Acinetobacter GU458355 1.22 +0.11 0.86 +£0.20
Table 2. Biochemical characterization of the isolates

Test L2 L8A L9B L12 B5B B3 B2A

Gram reaction _ _ _ _ + + +
Shape Rods Rods Rods Rods Rods Cocci Rods
Motility — — — — + + +
Oxidase — + — — — — —
Catalase - + + — - - —
V-P reaction — — — — — — —
Methyl red + - — + + + —
Use of citrate + + + + — + +
TSI Acid/Alk Alk/Alk Acid/Alk Acid/Alk Acid/Alk Alk/Alk Acid/Alk
H,S production in TSIA — - - - — — —
Gas production in TSIA — — — — — — —
Cleanup Micro Kit (Roche, Berlin, Germany) ac- RESULTS

cording to the manufacturer’s suggestion. PCR prod-
ucts were directly sequenced using the BigDye Termi-
nator Cycle Sequencing Ready Reaction Kit and ana-
lyzed on an ABI Prism 3130 automated DNA
sequencer (Applied Biosystems, Foster City, CA).

The sequences were blasted using the NCBI
genomic BLAST program by comparing each
sequence with all available archaeal and bacterial
sequences. Additional 16S rRNA gene sequences were
obtained from the GenBank, EMBL, and DDBJ
nucleotide sequence databases. All the sequences
were aligned using Clustal X version 1.81 [15]. Multi-
ple alignments were verified manually in BioEdit ver-
sion 7.090. Neighbor-joining phylogenetic trees of
gram-negative and gram-positive bacteria were sepa-
rately constructed with MEGA version 4 [16]. The
reliability of the branching and clustering pattern was
estimated from 1000 bootstrap replicates.

The sequence data determined in this study were
submitted to GenBank and published with the acces-
sion numbers GU458349 to GU458355.

Among the bacterial isolates, 7 strains were select-
ed by the Congo red test. Upon further quantitative
determination of cellulose degrading enzyme, all
7 isolates displayed activity of cellulase (CMCase) be-
tween 0.24—1.47 U/mL with the highest enzyme ac-
tivity demonstrated by the isolate B5SB. Table 1 shows
all identified strains, their accession numbers and cel-
lulase activity at ODgy, = 1. Some biochemical param-
eters of these strains were investigated and the results
were compared with Bergey’s Manual of Determina-
tive Bacteria (Table 2).

Four isolates identified as gram-negative bacteria
were able to grow both in aerobic and anaerobic con-
ditions and were considered facultative anaerobes.

L8A was a non-motile gram-negative bacillus with
a big cream, mucoid colony on nutrient agar that
clustered with Pseudomonas putida by more than 90%
16S rRNA gene sequence similarity, indicating that
L8A belonged to the genus Pseudomonas. Pseudomo-
nas L8A show a relatively high CMCase activity
(0.84 £0.13 U/mL) at OD¢, = 1.

L9B was a gram-negative, spherically shaped, aer-
obic and non-motile bacterium. Based on Bergey’s
MICROBIOLOGY Vol. 81
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Fig. 1. Phylogenetic tree of the gram-negative isolates rooted with B. subfilis as the outgroup. The scale bar represents 0.02 sub-
stitutions per base position. Circles indicate the cellulose-degrading isolates. Bootstrap values above 70 from 1000 replicates are

shown for each node.

manual and 16S rRNA sequence homology, L9B was
identified as a member of Acinetobacter genus. Acine-
tobacter 1.9B showed the highest CMCase activity
(1.22 £ 0.11 U/mL) among gram-negative bacteria.

L2 and L12 were characterized as gram-negative
non-motile bacteria and identified as the members of
Enterobacteriaceae family. The phylogenic analysis in-
dicated that L2 and L12 cluster with the genus Salmo-
nellaby more than 80% 16S rRNA gene sequence sim-
ilarity, confirming that these isolates belong to the En-
terobacteriaceae family but not to any known species
(Fig. 1). L2 and L12 isolates show the lowest
CMCase activity among all isolates (0.34 = 0.12 and
0.24 £0.11 U/mL, respectively).

Three isolates grew in aerobic conditions and all
were identified as gram-positive bacteria.
MICROBIOLOGY Vol. 81
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B2A and B5B were both characterized as gram-
positive, motile bacilli that clustered with Bacillaceae fam-
ily by more than 80% 16S rRINA gene sequence similarity,
but not with any known species (Fig. 2). B5SB isolate
showed the highest CMCase activity (1.47 = 0.11 U/mL)
among all the isolates. B3 was a gram-positive non-
motile bacillus that closely clustered with Staphylococ-
cus warneri by more than 80% 16S rRNA gene se-
quence similarity, suggesting that B3 belonged to the
genus Staphylococcus. Staphylococcus B3 had relative-
ly low CMCase activity (0.66 = 0.11 U/mL).

Among all cellulases, those from Bacillus BSB were
found to be thermostable up to 80°C. Presence of sig-
nificant activity at 80°C (about 28% of maximum) and
at 60°C (about 50% of maximum) indicated that this
enzyme may be of great commercial value (Fig. 3). In-
dustrial processes are generally carried out at elevated
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Fig. 2. Phylogenetic tree of the gram-positive isolates rooted with E. coli as the outgroup. The scale bar represents 0.02 substitu-
tions per base position. Circles indicate the cellulose-degrading isolates. Bootstrap values above 70 from 1000 replicates are shown
for each node.

temperature; therefore thermostable enzymes are re-
quired for industrial applications [17]. Thermostabili-
ty profile of the enzyme showed that enzyme was thor-

oughly stable at 40 and 50°C. It was found that B5B
isolate CMCase has activity over a broad range of pH
(Fig. 4). Maximum activity was expressed at pH 6.
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Fig. 3. Effect of temperature on the CMCase activity pro-
duced from Bacillus BSB.

Fig. 4. Effect of pH-value on the CMCase activity pro-
duced from Bacillus B5B.
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DISCUSSION

Although a large number of microorganisms can
degrade cellulose, only a few of them produce signifi-
cant quantities of free enzyme capable of completely
hydrolyzing crystalline cellulose. Bacterial cellulases
are either cell-bound or extracellular. In this work, a
number of microorganisms capable to produce extra-
cellular cellulases belonged to the gut microbiota of
Microcerotermes diversus (Silvestri) was investigated.

Microcerotermes diversus Silvestri (Isoptera: Ter-
mitidae), an important pest in Ahwaz (Khouzestan,
Iran) [18], is an extremely destructive structural wood
pest, and is considered to be the major species with a
wide distribution in Iran, Iraqg and Oman [19]. In fact,
the impact of bacteria on cellulose degradation in the
termite gut has always been a matter of debates. Early
studies showed that no cellulose-degrading bacteria
were present among the dominant termite species, us-
ing both aerobic and anaerobic techniques, but novel
studies resulted in isolation of cellulose-degrading
bacteria from a number of termite species and it seems
that each termite species hosts different bacterial spe-
cies [20, 21]. Due to the diversity of termite species,
each species (e.g. Microcerotermes diversus Silvestri)
needs to be separately studied.

Beside strict anaerobes, aerobic and facultatively
anaerobic microbes also occur in the termite gut [7].
The results of the present survey show that there are
different aerobic, facultatively anaerobic or mi-
croaerophilic cellulolytic bacteria present in the gut of
Microcerotermes diversus (Silvestri). Strictly anaerobic
cellulolytic bacteria were not investigated in this study.

A few cellulose-degrading bacteria such as Strepro-
myces, Pseudomonas, Acinetobacter, Ochrobactrum,
Clostridium, Cellulomonas, Bacillus, Paenibacillus,
Brevibacillus, Eubacterium, Serratia, Citrobacter, and
Klebsiella have been isolated and identified from some
termite species [22]. Cellulolytic bacteria identified in
our study belong to different bacterial families. L2 and
L12 are identified as the new genera of Entrobacteri-
aceae family. Cellulase activity has been shown in
some members of Entrobacteriaceae family, such as
Erwinia carotovora [23]. The cellulolytic activity of
Enterobacteriaceae family in other termite species has
occasionally been reported [24].

L9B was found to belong to Acinetobacteriaceae. Cel-
lulase production has been shown for several members of
Acinetobacteriaceae family; cellulolytic Acinetobacteri-
aceae have been isolated from termite species [24].

As the results of the phylogenetic analysis indicat-
ed, L8A closely clustered with Pseudomonas putida.
Some members of the genus Pseudomonas, such as
P. fluorescens, have been reported to produce cellulase
enzymes [25].

Isolate B3 clustered with the members of the genus
Staphylococcus. Cellulase activity is not a property
commonly found in Staphylococci. However, cellu-
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lolytic staphylococci have been occasionally isolated
from termites [26].

Bacillaceae family has many cellulolytic members
[27], and B5B and B2A isolates belong to it. Other
studies also frequently reported the isolation of cellu-
lolytic bacilli from termites [24]. According to Wenzel
et al. (2002) main portion of the cellulolytic strains
from the gut of the termite Zootermopsis angusticollis is
assigned to the genera Bacillus and Paenibacillus and
the Flexibacter group [8], and according to Taechapo-
empol et al. (2011) all the effective cellulase-produc-
ing bacteria isolated from Thai higher termites of ge-
nus Microcerotermes were identified Bacillus sp. by
the 16S rRNA gene sequencing method [28].

In our study, the high similarity of B5SB and B2A, as
well as L2 and L12, in the phylogenetic tree, may re-
flect the numerical abundance of Bacillaceae and En-
trobacteriaceae family in the Microcerotermes diversus
(Silvestri). CMCase activity of B5B isolate is higher
than that of Bacillus sp. isolated from sago pith waste
by Apun et al. (2000) [10] and of Bacillus pumilus EB3
isolated by Ariffin et al. (2006) [11].

Generally, microbial cellulases from mesophilic
sources have been found to have temeperature optima
of about 35—45°C and optimum pH of 4.0—8.0 [29].
Comparison of the characteristics of CMCase from
B5B isolate reveals that the CMCase has an advantage
over other fungal cellulases. Higher optimum pH and
temperature can lead to a higher reaction rate. Cellu-
lase from Bacillus B5SB was found to be stable in the
range of acidic pH at 60°C. These properties suggest
that the Bacillus B5B has the potential to produce
highly stable cellulase enzyme which might be used as
key enzyme in the production of bioethanol from cel-
lulose.

Newly isolated Acinetobacter 1.9B hydrolyses car-
boxymethyl cellulose faster than Acinetobacter anitra-
tus that was isolated by Ekperigin (2007) [30], from the
haemolymph of the giant African snail, Archachatina
marginata. Acinetobacter L9B has the potential for cel-
lulase production and is promising in view of use in the
future.
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