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Abstract

Cellulose digestion in termites (Isoptera) is highly important for ecological reasons and applica-
tions in biofuel conversion. The speciose Termitidae family has lost flagellates in the hindgut and
developed diverse feeding habits. To address the response of cellulase activity to the differentia-
tion of feeding habits, a comparative study of the activity and distribution of composite
cellulases, endo-B-1,4-glucanase, and B-glucosidase was performed in seven common flagellate-
free termites with three feeding habits: the humus-feeding termites Sinocapritermes mushae
(Oshima et Maki), Malaysiocapritermes zhangfengensis Zhu, Yang et Huang and Pericapriter-
mes jiangtsekiangensis (Kemner); the fungus-growing termites Macrotermes barneyi Light and
Odontotermes formosanus (Shiraki); and the wood-feeding termites Nasutitermes parvonasutus
(Shiraki) and Havilanditermes orthonasus (Tsai et Chen). The results showed that in diverse
feeding groups, the wood-feeding group had the highest total composite cellulase and endo-f-1,4-
glucanase activities, while the fungus-growing group had the highest B-glucosidase activity. In
terms of the distribution of cellulase activity in the alimentary canals, the cellulase activities in
wood-feeding termites were concentrated in the midgut, but there was no significant difference
between all gut segments in humus-feeding termites. As for the fungus-growing termites, the
main site of composite cellulase activity was in the midgut. The endo-B-1,4-glucanase activity
was restricted to the midgut, but the primary site of B-glucosidase activity was in the foregut and
the midgut (Mac. barneyi). The functions of the gut segments apparently differentiated between
feeding groups. The results suggest that the differentiation of feeding habits in flagellate-free
termites was characterized by the distribution of cellulases in the gut rather than by variations in
cellulase activity.

( Keywords: B-glucosidase, endo-B- |,4-glucanase, fungus-growing termites, humus-feeding termites, Termitidae, wood-feeding
termites
Abbreviations: BG, -glucosidase; EG, endo-B-1,4-glucanase; FPase, composite cellulase for filter paper degradation
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Introduction

Termites (Isoptera) are the most efficient
decomposers of cellulose in xylophagous in-
sects and are very important for nutrient
cycling in natural ecosystems (Noble et al.
2009; Watanabe and Tokuda 2010). In addi-
tion, termites are considered excellent model
systems for studying the production of renew-
able bioenergy (Warnecke et al. 2007; Li et al.
2009). To elucidate the cellulose-digesting
mechanisms of termites and provide a refer-
ence for the development of cellulosic
ethanol, the investigation of cellulases in ter-
mites has recently become an important
research field (Rubin 2008; Willis et al. 2010).

Currently, there are over 2,600 described ter-
mite species around the world, in which
Termitidae makes up the bulk of extant ter-
mite species (Kambhampati and Eggleton
2000). In Termitidae, the hindgut flagellates
have been lost, and the flagellate-free termites
have differentiated into diverse feeding-
groups based on feeding preferences in re-
sponse to their ecology (Donovan et al. 2001).
Th patterns and characteristics of cellulases in
several flagellate-free termites have been stud-
ied (Watanabe and Tokuda 2010; Willis et al.
2010; Zeng et al. 2012), but there has never
been a comprehensive comparison of the pat-
terns and characteristics of cellulases between
the different feeding groups. To provide fur-
ther information about how cellulase activity
responds to the differentiation of feeding hab-
its, the activities and distribution of endo-f-
1,4-glucanase (EG; EC 3.2.1.4), B-glucosidase
(BG; EC 3.2.1.21), and the composite cellu-
lase (FPase) were compared between seven
common flagellate-free termites of China with
three different feeding habits, in which Ma-
laysiocapritermes zhangfengensis Zhu, Yang
et Huang, Pericapritermes jiangtsekiangensis
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(Kemner), Nasutitermes parvonasutus (Shira-
ki), and Havilanditermes orthonasus (Tsai et
Chen) were first reported.

Methods and Materials

Termites

From Termitidae, the humus-feeding termites
Sinocapritermes mushae (Oshima et Maki)
(Termitinae), Mal. zhangfengensis, and P. ji-
angtsekiangensis were collected on Luofu
Mountain. The fungus-growing termites Mac-
rotermes barneyi Light (Macrotermitinae) and
Odontotermes formosanus (Shiraki) were col-
lected on Luofu Mountain and Maofeng
Mountain. The wood-feeding termites N. par-
vonasutus ~ (Nasutitermitinae) and  H.
orthonasus were collected on Dinghu Moun-
tain. The termites are common species in the
Guangdong Province of China. Healthy adult
workers were selected and placed directly in
liquid nitrogen before enzyme extraction. The
feeding habits were divided based on the re-
port of Jones and Eggleton (2012). The
species were taxonomically identified using
Huang et al. (2000).

Preparation of crude enzyme

Crude enzyme was prepared using the same
procedure as described by Zeng et al. (2012).
Depending on the number of colonies col-
lected, three (S. mushae, Mal. Zhangfengensis
and H. orthonasus), four (P. jiangtsekiangen-
sis, Mac. Barneyi and N. parvonasutus), or
eight (O. formosanus) sets of guts were dis-
sected from worker termites. The guts were
divided into foregut (including salivary
glands), midgut, and hindgut. The guts were
homogenized in 500 pul of 0.1 M sodium ace-
tate buffer (pH 5.6) on ice. After
centrifugation at 12,000 rpm for 15 min at 4°
C, the supernatants were brought to a volume
of 500 ul by adding 0.1 M sodium acetate
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Table I. Total cellulase activity in the whole gut of the termite workers. Means + SE with different lower case letters represent
significant differences in the same column using Duncan’s multiple range test at the 0.05 probability level. FPase, the composite

cellulase; EG, endo-B-1,4-glucanase; BG, B-glucosidase.

: Total cellulase activity (U/mg protein)

Food type Species FPase EG g BG
Sinocapritermes mushae 0.230 +0.034 ab|0.204 £ 0.006 cd| 0.179 +0.011 b
Humus |Malaysiocapritermes zhangfengensis |0.198 £ 0.032 ab| 0.064 = 0.004 d | 0.044 =0.011 b
Pericapritermes jiangtsekiangensis |0.545 £ 0.209 ab [0.412 £ 0.022 ab | 0.282 £ 0.060 b
Fungus Macrotermes barneyi 0.209 = 0.023 ab|0.272 £ 0.032 be| 2.080 = 0.678 a
Odontotermes formosanus 0.128 £0.018 b [0.182 £0.028 cd| 2.060 £0.218 a
Wood Nasutitermes parvonasutus 0.612+0.120 a | 0.520 £ 0.066 a [0.603 +0.102 ab
Havilanditermes orthonasus 0.464 = 0.010 ab|0.406 = 0.005 ab| 0.371 £ 0.006 b

buffer and used as the enzyme extract. The
same volume of 0.1 M sodium acetate buffer
was used as the control.

Assay of cellulase activity

The composite cellulase was determined using
qualitative filter paper (for chemical analysis,
3.5 mg per piece) as the substrates. The activi-
ties of EG and BG were determined using 120
pl of 1% sodium carboxymethyl cellulose and
120 pl of 1% salicin as the substrates, respec-
tively. The determination conditions of
cellulase activity previously described were
referenced (Mo et al. 2004; Tokuda et al.
2004; Zeng et al. 2012). The substrates were
placed into microtubes with 120 pl sodium
acetate buffer (pH 5.6) after high temperature
sterilization, and the crude enzyme (12 pl)
was incubated with filter paper at 37° C for 60
min. Then, 120 pl of dinitrosalicylic acid solu-
tion was added, and the mixture was boiled
for 5 min and rapidly cooled to room tempera-
ture. Glucose production was detected
colorimetrically with a Victor 3 Multi-label
Microplate Reader (Perkin Elmer,
www.perkinelmer.com) at 540 nm, using glu-
cose as a standard. The protein content of the
sample was determined spectrophotometri-
cally at 660 nm according to the Coomassie
Brilliant Blue G-250 method (Lott et al.
1983), using bovine serum as a standard. One
unit of enzyme activity was defined as the
amount of enzyme capable of releasing one

umol of reducing sugar per minute. Specific
activity was expressed as units per mg protein.

Data analysis

The data were analyzed by one-way analysis
of variance with Duncan’s multiple range test
using SPSS for Windows (version 13.0, SPSS,
Inc., WWW-
01.ibm.com/software/analytics/spss).

Results

Total cellulase activities of the guts in ter-
mites

The data (Table 1) for the total cellulase ac-
tivities of whole guts in termite workers
showed that the FPase and EG activity of M.
parvonasutus was the highest of all termites
tested, and Mac. Barneyi had the highest BG
activity. As a whole, the mean FPase activity
of the wood-feeding and humus-feeding
groups were significantly higher than that of
the fungus-growing group, and the wood-
feeding group had the highest mean EG activ-
ity (Figure 1). However, the fungus-growing
group had the highest BG activity and was
significantly different from the other feeding
groups (Figure 1). Moreover, the significant
interspecific differences in the activities of
FPase, EG, and BG were neither found be-
tween wood-feeding termites nor between
fungus-growing termites, but the EG activities
were significantly different between P. jiangt-
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(Table 2. The composite cellulases (FPase) activity of the gut segments in the termite workers. Mean + SE with different lower )
case letters means significant difference in the same line using Duncan’s multiple range test at the 0.05 probability level.

FPase activity in each gut segment (U/mg protein)

Food type Species Foregut Midgut Hindgut
Sinocapritermes mushae 0.258 £0.046 a | 0.239£0.027 a | 0.324 £ 0.056 a
Humus |Malaysiocapritermes zhangfengensis | 0.207 =0.027 a | 0.200£0.046 a | 0.154 =0.012 a
Pericapritermes jiangtsekiangensis | 0.235+0.049a | 0.318 £0.085a | 0.205+0.038 a
Fungus Macrotermes barneyi 0.131 £0.026 b | 0.461 £0.113 a | 0.255 = 0.030 b
Odontotermes formosanus 0.086+0.012a | 0.126+0.022 a [0.132+0.018 a
Wood Nasutitermes parvonasutus 0.534+0.074b | 2.780+0.304 a | 0.832+0.120b
Havilanditermes orthonasus 0.551£0.037b | 1.901 =0.066 a | 0.515 = 0.008 b

(Table 3. The endo-fB-1,4-glucanase (EG) activity of the gut segments in the termite workers. Mean * SE with different lower

case letters means significant difference in the same line using Duncan’s multiple range test at the 0.05 probability level.

. EG activity in each gut segment (U/mg protein)

Hood type Dpesies Foregg I%Iuidgugt Hignggut
Sinocapritermes mushae 0.199 £0.021 a (0.212+0.016 a| 0.245+0.019 a
Humus |Malaysiocapritermes zhangfengensis |0.078 £ 0.012 a |0.078 £ 0.002 a| 0.067 = 0.003 a
Pericapritermes jiangtsekiangensis |0.326 £0.061 a |0.370 £0.090 a| 0.280 +=0.044 a
s Macrotermes barneyi 0.044 = 0.008 b [0.583 = 0.040 a| 0.446 £0.079 a
Odontotermes formosanus 0.079£0.011 b|0.145+0.020 a|0.103 £ 0.012 ab
Wood Nasutitermes parvonasutus 0.542 +0.062 b [2.768 = 0.246 a| 0.728 = 0.080 b
Havilanditermes orthonasus 0.439+0.015b|1.444 = 0.009 a| 0.402 =0.009b

(Table 4. The B-glucosidase (BG) activity of the gut segments in the termite workers. Mean * SE with different lower case letters]
means significant difference in the same line using Duncan’s multiple range test at the 0.05 probability level.

BG activity in each gut segment (U/mg protein)

Food type Species Foregut Midgut Hindgut
Sinocapritermes mushae 0.234£0.005b|0.235+0.015b|0.279 £ 0.008 a
Humus |Malaysiocapritermes zhangfengensis | 0.043 £ 0.003 a | 0.048 + 0.010 a | 0.039 £ 0.007 a
Pericapritermes jiangtsekiangensis |0.223 +0.047 a|0.329 +0.097 a|0.213 £ 0.039 a
Fungus Macrotermes barneyi 2.953+0.662 a|2.449+0.302a|1.061 =0.146 b
Odontotermes formosanus 2.663 £0.206 a [0.323+0.100b|0.112+0.018 b
Wood Nasutitermes parvonasutus 0.514+0.067 b|2.558 £0.263 a |0.896 +0.249 b
Havilanditermes orthonasus 0.411+£0.013a|1.413 +0.055 a |0.360 + 0.009 b

sekiangensis and the other humus-feeding
termites.

Distributions of cellulase activities in ter-
mites

Regarding the distribution of FPase and EG
activity in the guts of the termites, humus-
feeding termites did not show significant dif-
ferences between the three gut segments,
whereas wood-feeding and fungus-growing
termites had higher FPase and EG activities in
the midgut (Figure 2, 3). However, there were
intraspecific differences in the distribution of
FPase and EG activities between Mac. barneyi
and O. formosanus. FPase activities among
three gut segments of O. formosanus showed
no significant differences (Table 2, 3).

For distribution of the BG activity, the humus-
feeding group as a whole showed no signifi-
cant difference between segments (Figure 4),
but S. mushae had relatively high levels of BG
activity in the hindgut (Table 4). The midgut
was the primary segment in which BG activity
was found in the both fungus-growing and
wood-feeding termites (Figure 4), and Mac.
barneyi and H. orthonasus were found to have
relatively high levels of BG activity both in
the foregut and midgut (Table 4).

Discussion

Special attention has been recently given to
the activity and expression of termite cellu-
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lases (Watanabe and Tokuda 2010). There are
476 species of termites in China (Huang et al.
2000), and S. mushae, Mal. zhangfengensis, P.
Jjiangtsekiangensis, Mac. barneyi, O. formo-
sanus, N. parvonasutus, and H. orthonasus are
common higher termites in southern China.
Wood-feeding termites (N. takasagoensis, N.
walker, and N. exitiosus), fungus-growing
termites (O. formosanus, O. hainanensis, and
Mac. barneyi), and the humus-feeding termite
(S. mushae) have been previously assessed to
determine cellulase activities (Lu et al. 2010;
Willis et al. 2010; Zeng et al. 2012). However,
multinomial factors, such as temperature, sub-
strate, assay method, cellulose-digesting
division of worker, etc., are very important
when measuring the cellulase activity (Tokuda
et al. 2005; Fujita et al. 2008; Willis et al.
2010), so the data are often difficult to com-
pare among studies.

Filter paper, microcrystalline cellulose, and
cotton have been used as substrates to deter-
mine the existence of complete cellulases
(Willis et al. 2010), which have then been
used to reflect the composite digestibility of
naturally occurring cellulose. The results of
the present study indicated that the FPase ac-
tivities of wood-feeding and humus-feeding
termites were markedly higher than that of
fungus-growing termites, especially in N. par-
vonasutus and  P.  jiangtsekiangensis.
Furthermore, they showed that the midgut was
the primary site of FPase activity in wood-
feeding termites, which is consistent with the
report of Tokuda et al. (2005) for crystalline
cellulose hydrolysis. The distribution of total
enzymatic activity in the fungus-growing ter-
mite O. formosanus was no different among
the three gut segments, similar to the reports
of Tokuda et al. (2005) and Zeng et al. (2012),
but the fungus-growing termite Mac. barneyi
had a higher composite cellulase activity in
the midgut.

Li et al.

During the evolution of the Termitidae family,
both EG and BG expression shifted from the
salivary glands to the midgut (Lo et al. 2012),
but differences with regard to the cellulase
activity exist between termite species as well
as between termite groups. As for EG activity,
the present assay confirmed that EG activity
in wood-feeding termites was higher than that
of fungus-growers, and it was highly concen-
trated in the midgut (Tokuda et al. 2004; Lo et
al. 2011). However, O. formosanus was found
to have relatively high EG activity in the mid-
gut and hindgut rather than in the salivary
glands (Tokuda et al. 2004) or foregut (Mo et
al. 2004). In the humus-feeding termite S.
mushae, EG activities were not significantly
different between gut segments, rather than
mainly in the midgut as previously reported
(Tokuda et al. 2004). In the same way, the BG
activity of the wood-feeding termites was
most concentrated in the midgut, which agrees
with previous reports of BG activity (Tokuda
et al. 2004, 2005; Fujita et al. 2008; Tokuda et
al. 2009; Lo et al. 2011). Previous reports
have also indicated that fungus-growing ter-
mites had extraordinarily high BG activity,
and that the vast majority of BG activity in the
fungus-growing group was distributed in the
foregut, including the salivary glands (Zeng et
al. 2012). Significant differences of BG activ-
ity were not found among gut segments in the
humus-feeding group, but the main BG activ-
ity of S. mushae was in the hindgut.

Despite the low number of termites with dif-
ferent feeding habits that were assayed and
compared in this study, it appears that flagel-
late-free termites with diverse feeding habits
degrade cellulose primarily in the midgut.
Cellulase activity in flagellate-free termites
with different feeding habits showed more
differentiation in the gut distributions than
variations in cellulase activity.
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