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Abstract: The complex symbiotic relationship between wood-feeding termites and microorganisms inhabiting their
intestinal tracts is a fascinating phenomenon in nature. To understand the physiological functions of symbiotic micro-
organisms, bacteria were isolated from the gut homogenate of Reticulitermes chinensis with different media and culture
conditions. Under aerobic conditions, 105 bacterial strains were isolated with 1/5 LB medium, 1/3 TSB medium and a
modified basal mineral medium, MM-4. Most dominant isolates were bacteria in the genera Bacillus (27.6%) and Lac-
tococcus (21.9%). Under anaerobic conditions, 60 bacterial strains were isolated with 1/5 LB medium, 1/3 TSB medium
and a modified Peptone-Yeast medium. The predominant isolates were bacteria in the genus Enterobacter (41.7%) and
Citrobacter (33.3%). Many of these bacterial isolates shared high sequence similarity (>98%) in 16S rRNA genes
to bacterial clones obtained from the same termite and the other wood-feeding termites or cockroaches. Several bacteri-
al species such as Deinococcus and Gryllotalpicola were isolated from termite gut for the first time. Characterization of
these isolates showed that (i) most of Enterobacteriaceae and Lactococcus strains were able to hydrolyze uric acid; and
(ii) many of the Bacillus and Streptomyces strains presented endo-fB-1,4-glucanase activity. The preliminary results of
this work gave us hints of possible functions of symbiotic bacteria in nitrogen recycling and cellulose degradation in the
gut of wood-feeding termites.
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1. Introduction

ood-feeding termites can efficiently decom-
Wpose lignocellulosic materials and play im-

portant roles in the carbon cycle in various
ecosystems. The ability of cellulose degradation relies
on the symbiotic association between wood-feeding
termites and their intestinal symbionts!). The gut mi-
crobiota of wood-feeding lower termites comprises

eukaryotes (protists), as well as prokaryotes (bacteria

and archaea). Although evidences have showed that
eukaryotes play important roles of cellulose degrada-
tion in lower termites®?, the physiological functions
of most prokaryotic symbionts are still not clear. Mi-
croscopic observation and molecular investigation
showed that microbiota was extremely diversified in
the gut of wood-feeding lower termitest.. Culture-
independent investigations revealed that the dominant
bacteria in the gut of wood-feeding lower termites
such as Reticulitermes speratus and Reticulitermes san-
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tonensis were strict anaerobes like Spirochaetes, Elu-
simicrobia, Firmicutes and Bacteroides® ). However,
most of these bacteria have not been successfully cul-
tivated and their physiological properties remained
unclear. Under anaerobic conditions, nitrogen-fixing
Enterobacter agglomerans was isolated from Copto-
termes formosanus'®.. In addition, Streptococcus, Bac-
teroides, Enterococcus, and Enterobacter have been
isolated from R. flavipes®*®. More elegant experi-
ments with specifically designed media led to the pure
cultures of methanogens and spirochetes from the gut
of R. flavipes and Zootermopsis angusticollist** 4. An
attempt to isolate cellulolytic bacteria from the gut of
Z. angusticollis showed that some Cellulomonas, Ba-
cillus and Paenibacillus species can degrade carbox-
ymethylcellulosel™®). Despite all these efforts, com-
pared with the huge diversity of prokaryotic sym-
bionts in the gut of lower termites revealed by cul-
ture-independent methods, the amount of cultivated
prokaryotic symbionts was still very small. More stra-
tegies including the use of low-nutrient media and
nutrient-dependent media were needed for the cultiva-
tion of hitherto uncultured microbes®*",

In this study, we tried to use a nutrient dependent
isolation approach to cultivate so far uncultured bac-
terial symbionts from the gut of a wood-feeding lower
termite, Reticulitermes chinensis (Snyder) (lsoptera:
Rhinotermitidae). The preliminary characterization of
the newly isolated bacterial strains gives us hints of
possible physiological functions of symbiotic bacteria
in the gut of wood-feeding lower termites.

2. Materials and Methods

2.1 Collection of Termites

A colony of R. chinensis was collected in Shizi Mou-
ntain, Wuhan, China. Termite species was identified by
the analysis of morphological characteristics and mi-
tochondrial cytochrome oxidase subunit Il genest*®.
The colony was maintained in the laboratory in po-

lyethylene containers on a diet of pine wood and water.

Only worker termites were used in the experiments.

2.2 Culture Media and Isolation of Bacteria

Bacteria were isolated from gut homogenates of 10
worker larvae under aerobic conditions with three me-
dia, a fivefold diluted LB medium (1/5 LB, g/L:
Tryptone, 2; Yeast extract, 1; NaCl, 2), a threefold
diluted tryptic soy broth (1/3 TSB, 10 g/L TSB, Bacto;
Becton Dickinson), and a modified basal mineral me-

dium, MM-4. To prepare the solid medium, 15 g
agar was added to per liter of each medium. Under
anaerobic conditions bacteria were isolated from gut
homogenates of 10 worker larvae with the 1/5 LB
medium, the 1/3 TSB medium, and a modified Pep-
tone-Yeast medium (PY, g L: Refined tryptone 0.5;
Tryptone 0.5; KH,PO, 0.2; Na,HPO,;12H,0 0.5;
NH4CI 0.3; MgSO,4-7H,0 0.02; CaCl,-2H,0 0.1; Fe-
S04 7H,0 0.02; Sterile water 1L; pH 7.0). For all the
three anaerobic media, 0.5 g/L L-cysteine was used as
a reductant and resazurin (10 mg/L) was used as an
oxygen indicator. A trace element solution®” and a
seven-vitamin solution™ were filtered through a 0.22
um membrane (Millipore, MA, USA) and added to
each medium as supplements. Gut dissection and ho-
mogenate preparation were conducted according to the
method reported previously!*®. For the isolation of
aerobic bacteria the homogenates were serially diluted
(1:10) and inoculated to three different agar plates
(triplicate series) and incubated at 30°C for 10 to 14
days. For the isolation of anaerobic bacteria, all media
and utensils were degassed and charged with N, for
several times to remove oxygen before use. Termites
were dissected and the gut homogenates were pre-
pared in a glove box under the atmosphere of N, (2-5%
Hy). The diluted homogenates were first inoculated in
liquid media at 30°C for 10 to 20 days to enrich cul-
tures and then transferred into different agar plates
(triplicate series) and incubated at 30°C in the
glove box. Morphologically distinct bacterial colonies
were collected from each agar plate and purified after
three times of subculture.

2.3 Characterization of Bacterial Isolates

Bacterial isolates were identified based on 16S rRNA
genes with universal primers 27F%? and 1492R1%3.
Polymerase chain reaction (30 cycles) was carried out
as described previously!. PCR products were dige-
sted with restriction enzymes Msp | and Hae 1l for
aerobic cultivation and with Msp | and Afa | for anae-
robic cultivation to sort the isolates according to RFLP
profiles. 16S rRNA genes of isolates with different
RFLP patterns were sequenced and edited using La-
sergene Segman (DNASTAR, UK) and checked for
chimeras using the Pintail chimera check program[24].
The capability of uric acid nitrogen utilization of
anaerobic and facultative anaerobic isolates was de-
termined with the method modified from Potricus and
Breznak (1980)®!. Briefly, bacterial cells were inocu-
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lated in the anaerobic chamber on BHIU plates com-
prised double-layer agar (1.5%) of brain-heart infu-
sion (3.7%, Difco), 1.0% and 0.1% of UA, respec-
tively, in both the top and the bottom layers. The in-
oculated plates were incubated at 30°C for 5-15 days.
The colonies surrounded by a clear zone in the other-
wise opaque medium were counted as uricolytic bac-
teria.

The capability of cellulose degradation of aerobic
isolates was determined by screening the activity of
endo-B-1, 4-glucanase (EG) on Congo red agar plates
with the CMCNa (Carboxymethylcellulose sodium
salt) as substrate®®). Bacterial isolates with the activity
of endo-B-1, 4-glucanase were detected based on the
clear hydrolysis zones on the agar plates.

2.4 Phylogenetic Analysis

Sequences obtained were compared with the published
sequences in GenBank using Blast from NCBI (http:
/lwww.ncbi.nlm.nih.gov/BLAST). Fasta files of trim-
med sequences were input into RDP online alignment
tool®” and aligned according to secondary structure of
16S rRNA genes. Phylogenetic trees were constructed
with MEGAS5 package®® based on the alignments of
1350-bp sequences using maximum likelihood method
with Jukes-Cantor model. Bootstrap analysis with
1000 replicates was performed to determine the statis-
tical significance of the branching order.

3. Results

3.1 Bacterial Isolates Obtained from Aerobic and
Anaerobic Cultivation

Under aerobic conditions, a total of 105 bacterial str-
ains were isolated from three media and were identi-

fied as 24 different bacterial species based on the cha-
racteristics of morphology and 16S rRNA genes as
showed in Table 1. Most of these isolates belonged to
three bacterial phyla, Firmicutes (59.0%), Proteobac-
teria (28.6%) and Actinobacteria (7.6%). Within Fir-
micutes, all bacterial isolates were affiliated with four
genera, Bacillus, Lactococcus, Paenibacillus and Staphy-
lococcus with the proportions of 27.6%, 21.9%, 7.6%
and 1.9%, respectively. Most of the Proteobacteria
isolates were affiliated with the family Enterobacte-
riaceae in y-Proteobacteria subgroup, among them
Enterobacter (12 strains) and Dyella (11 strains) were
the dominant ones. The other bacterial isolates were
affiliated with the phyla Deinococcus-Thermus, Ver-
rucomicrobia and Bacteroidetes. Interestingly, one of
the bacterial strains (strain TM1) shared 16S rRNA
gene sequence similarity less than 94% with those of
all the other cultivated bacterial strains, which has b-
een characterized to be a new species in the genus
Deinococcus™. Five of the bacterial isolates (strains
TSB94, TSB14, TSB56, TSB47 and LB17) shared
similarity less than 98% in their 16S rRNA genes with
all the other cultivated bacterial strains (Table 1). Un-
der anaerobic conditions, 60 bacterial strains were
isolated from the gut of R. chinensis with 1/3 TSB, 1/5
LB and a modified PY medium as showed in Table 2.
The strains were identified as 7 distinct bacterial spe-
cies based on the morphological properties and 16S
rRNA genes. All these bacterial isolates belonged to 6
genera in two bacterial phyla, Proteobacteria (88.3%)
and Firmicutes (11.7%). Among these isolates, bacte-
ria affiliated with Enterobacter and Citrobacter in the
family Enterobacteriaceae were most abundant ones
with the proportions of 41.7% and 33.3% in all iso-
lated strains, respectively.

Table 1. Bacteria isolated from Reticulitermes chinensis under aerobic condition

Phylogenetic affiliation  Type strains* No. of strains

GenBank acc. No. of

Most closely related species (clones)/GenBank acc. No./Similarity

16S rRNA gene
Firmicutes
Lactococcus TSB55 15 JQ864363 Unc. bacterial clone CR_51, JX457182, 99%
TSB94T 8 JQ864364 Unc. Lactococcus clone Rs-B70, AB089061, 99%
Bacillus LB4 3 JQ864365 Bacillus sp. KZ_AaeF_Mal, GU726175, 99%
LB18 3 JQ864366 Bacillus firmus, HM030743, 99%
TSB100 23 JQ864367 Bacillus endophyticus KC851835, 99%
Paenibacillus TSB49 2 JQ864368 Paenibacillus sp. TSW02 , AB663503, 99%
TSB65 4 JQ864369 Paenibacillus sp. K-58, EU497638, 99%
TSB106 2 JQ864370 Paenibacillus ginsengagri, AB245383, 99%
Staphylococcus TSB33 1 JX291543 Staphylococcus sp., JF899874, 100%
TSB52 1 JX291544 Staphylococcus epidermidis, AB680360, 100%
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Continued

GenBank acc. No. of

Phylogenetic affiliation  Type strains* No. of strains Most closely related species (clones)/GenBank acc. No./Similarity

16S rRNA gene
Proteobacteria
Spingomonadaceae T™M7 1 JQ864386 Sphingomonadaceae bacterium, AB220140, 99%
Burkholderia TM6 1 JQ864384 Burkholderia sp. SBH-16, AB366338, 99%
TSB14% 3 JQ864385 Unc. Burkholderia clone Rc582, JQ617842, 99%
Enterobacter LB9 4 JQ864377 Enterobacter amnigenus, HQ242724, 99%
TSB75 3 JQ864378 Enterobacter sp. TM1-4, DQ068923, 99%
TM2 5 - Enterobacter sp. TM1-4, DQ068923, 99%
Trabulsiella LB10 2 JQ864379 Trabulsiella odontotermitis, DQ453130, 99%
Dyella LB15 1 JQ864383 Dyella sp. ST6D, GU458291, 99%
TSB78 10 - Dyella sp. ST6D, GU458291, 99%
Actinobacteria
Streptomyces TSB31 3 JQ864371 Streptomyces sp. TA4-8, AB562508, 100%
TSB67 3 JQ864372 Streptomyces griseus, EF588223, 99%
TM10 1 JQ864373 Streptomyces sp. 23bC, HM235460, 99%
Gryllotalpicolat TSB56 1 JQ864374 Gryllotalpicola daejeonensis. HQ832502, 98%
Verrucomicrobia
Opitutaceaet TSB47 2 JQ864375 Opitutaceae sp. TAV1, AY587231, 98%
Deinococcus-Thermus
Deinococcust TM1 1 HM214546 Deinococcus gobiensis, EU427464, 94%
Bacteroidetes
Chryseobacteriumt LB17 2 JQ864376 Chryseobacterium sp. PHD-9, DQ301786, 98%

*: Strains isolated from 1/5 LB were designated as LB; Strains isolated from 1/3 TSB were designated as TSB; Strains isolated from a mod-
ified basal Mineral Medium, MM-4 were designated as TM.

-1 16S rRNA gene sequences of the strains were the same as those of the other strains and were not submitted.

t: Strains with 16S rRNA gene similarity lower than 98% compared with the other isolates in the environments.

Table 2. Bacteria isolated from Reticulitermes chinensis under anaerobic condition

Phylogenetic affiliation Type strains No. of strains Ge{lgsa ?Ilél?lf.g’:r?é o Moségrll%s;!)l/( fggeﬂ;ﬁgiﬁﬁﬁ;ﬁgmy

Firmicutes
Lactococcus TSB6 2 JX291541 Lactococcus lactis, HQ591349, 99%

TSB11 3 JX291542 Unc. Lactococcus clone Rc598, AB522148, 99%
Staphylococcus LB7 2 JX291545 Staphylococcus sp., FJ380997, 100%
Proteobacteria

TSB7 7 JX291546 Enterobacter sp. RsN-1, AB673456, 99%
Enterobacter LB2 4 - Enterobacter sp. TM1-4, DQ068923, 99%

PY8 14 - Enterobacter sp. TM1-4, DQ068923, 99%

TSB4 6 JQ864380 Citrobacter sp. PM2, GU458277, 99%
Citrobacter LB4 1 - Citrobacter sp. PM2, GU458277, 99%

PY2 13 - Citrobacter sp. PM2, GU458277, 99%
vokenella TSB2 3 JQ864382 Yokenella strain CIP, IN175339, 99%

LB1 1 - Yokenella strain CIP, IN175339, 99%
Stenotrophomonas TSB10 4 JQ864381 Stenotrophomonas maltophilia, JQ579644, 99%

*: Strains isolated from 1/5 LB were designated as LB; Strains isolated from 1/3 TSB were designated as TSB; Strains isolated from modified
Peptone-Yeast medium were designated as PY.
-1 16S rRNA gene sequences of the strains were the same as the other strains and were not submitted.
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3.2 Phylogenetic Affiliation of Bacterial Isolates

Phylogenetic analysis showed that all the isolated ba-
cterial strains in the phylum Firmicutes were affiliated
with four genera (Lactococcus, Bacillus, Paenibacillus
and Staphylococcus) (Figure 1). Further analysis sho-
wed that many of the isolated strains shared high si-
milarity in 16S rRNA genes to those of the uncul-
tured bacterial clones obtained from the same termite
or the other termites and wood-feeding cockroaches.
For example, Lactococcus strain TSB11 (JX291542)
shared 99% sequence similarity in 16S rRNA genes
with those of the Lactococcus clone Rc598 (JQ617828)
retrieved from the same termite, R. chinensis. Strain
TSB94 (JQ864364) shared sequence identity higher

100

99

100

91

0.05
Figure 1. Phylogenetic tree of isolated Firmicutes strains.

than 99% in 16S rRNA genes with those of the Lac-
tococcus clone Rs-B70 retrieved from R. speratus®,
whereas Strain TSB55 (JQ864363) shared 99% sequ-
ence similarity with an uncultured bacterial clone CR_
51 retrieved from a wood-feeding cockroach (Figure 1).

Phylogenetic analysis showed that many bacterial
isolates were affiliated with several subgroups of Pro-
teobacteria especially Gammaproteobacteria (Figure
2). An Enterobacter strain TSB7 (JX291546) shared
sequence similarity higher than 98% in 16S rRNA
genes with those of the bacterial isolate RsN-1! and
clone Rs-M74 retrieved from R. speratus. The Ci-
trobacter strain TSB4 was closely related to a Citro-
bacter strain isolated from R. speratus[BO] whereas the

ﬂ[ Bacillus sp. LB8, R. chinensis, JQ864366
Bacillus firmus strain N12-3, HM030743
ﬂ| Bacillus sp. TSB100, R. chinensis, JQ864367
Bacillus endophyticus strain S2-F14, KC851835
100) Bacillus sp. LB4, R. chinensis, JQ864365
Bacillussp. KZ_AaeF_Ma1, GU726175
100| Staphylococcus sp. LB7, R. chinensis, JX291545
Staphylococeus sp. BQN4T-04, FJ380997
00 staphylococcus sp.TSB33, R. chinensis, JX291543
Staphylococcus sp. F1, JFB99874
Staphylococcus sp. TSB52, R. chinensis, JX291544
100! staphylococcus epidermidis, Culex quinquefasciatus, JN644522
100[ Paenibacillus sp. TSB65, R. chinensis, JQ864369
Paenibacillus sp. K-58, EU497638
100y Paenibacillus sp. TSB49, R. chinensis, JQ864368
Paenibacillus sp. TSW02, AB663503
97 100y Paenibacillus sp. TSB106, R. chinensis, JQ864370
Paenibacillus ginsengagri, AB245383
100; Unc. Lactococcus clone Rc598, R. chinensis, JQ617828
Lactococcus sp. TSB11, R. chinensis, JX291542
Lactococcus sp. TSB94, R. chinensis, JQ864364
Unc. Lactococcus clone GM.T.a_63, Tsaitermes ampliceps, KF145976
Lactococcus sp. TSB55, R. chinensis, JQ864363
99 ! Unc. Bacterium clone CR_51, Periplaneta americana, JX457182
75 Lactococcus raffinolactis, Cyprinus carpio, AB593336
Unc. Lactococcusclone RsStar323, R. santonensis, AB522148
100| Lactococcus sp. TSB6, R. chinensis, JX291541
! Lactococcus lactis strain SL(6), HQ591349
Streptococcus pyogenes, X59029
100, Ruminococcus flavefaciens, AF030450
Clostridium methylpentosum, Y 18181
Clostridium termitidis, X71854
Unc. Lachnospiraceae clone 290cost002-P3L-2299, EF454544
Clostridium propionicum, X77841
Clostridium butyricum, M59085
Aquifex pyrophilus, M83548

Phylogenetic tree of Firmicutes isolates constructed with the maximum likelihood method of Mega 5 based on the 16S rRNA gene sequences. Bac-
terial isolates obtained from this study were showed in bold. Aquifex pyrophilus was used as an outgroup. Bootstrap values (1000 replicates) higher

than 75% were shown. Bar represents 5% sequence divergence.
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75 [ Enterobactersp. TSBY, R. chinensis, JX291546

89| Enterobactersp. RsN-1, R. speratus, AB673456
Unc. clone Rs-M74, R. speratus, AB089115

Enterobacter amnigenus, AB004749
Enterobactersp. TSB75, R. chinensis, JQ864378

Enterobactersp. LB9, R. chinensis, JQ864377
Yokenellasp. TSB2, R. chinensis, JQ864382

96! Unc. clone f4s4, lion ant, DQOG8795
100 Citrobactersp. TSB4, R. chinensis, JQ864380

| 00 Citrobactersp. PM2, R. speratus, GU458277
100

100

99

99
100

Trabusiellasp. LB10, R. chinensis, JQ864379
Trabulsiella odontotermitis, O. formosanus, DQ453130

95 | 100 [ Stenotrophomonas sp. TSB10, R. chinensis, JQ864381
Stenotrophomonas maltophilia, DQO77704
100 | Dyellasp.LB15, R. chinensis, JQ864383
Dyella sp. ST6, R. speratus, GU458291
100 Unc. clone Re582, R. chinensis, JQ617842
Burkholderia sp. TSB14, R. chinensis, JQ864385
Burkholderia sp. Tne-841, EF139186 B
I_EBurkhofderia sp. TM6, R. chinensis, JQ864384
86 - Burkholderia unamae, AY221955

100 rSphingomonadaceae TM7, R. chinensis, JQ864386
100 L Sphingomonadaceae bacterium PB302, AB220140
Agrobacterium tumefaciens, M11223

8 1_|: Desulfovibrio termitidis, X87409
100 Unc. Desulfovibrionaceae clone, Nasutitermes sp., EF454937 5

Unc. Desulfovibrionaceae clone, cockroach, JN680666

0.05

Figure 2. Phylogenetic tree of isolated Proteobacteria strains.

Aquifex pyrophilus, M83548

Phylogenetic tree of Proteobacteria isolates constructed with the maximum likelihood method of Mega 5 based on the 16S rRNA gene sequences.
Bacterial isolates obtained from this study were showed in bold. Aquifex pyrophilus was used as an outgroup. Bootstrap values (1000 replicates)

higher than 75% were shown. Bar represents 5% sequence divergence.

Trabulsiella strain LB10 was closely related to T.
odontotermitis isolated from the fungus-cultivating
termite, Odontotermes formosanustY. These bacterial
isolates were grouped with their close relatives and
formed the y-Proteobacteria cluster in the phylogenet-
ic tree (Figure 2). In addition, the 16S rRNA genes of
strain TSB14 (JQ864385) were similar to those of
Burkholderia clone Rc582 (JQ617842) retrieved from
the same termite (R. chinensis) with sequence diverge-
nce less than 1%. All these Burkholderia strains inclu-
ding strain TM6 formed the B-Proteobacteria cluster.

3.3 Characterization of Major Groups of Cultiva-
ble Bacteria

Clear zone-forming experiment for anaerobic and fa-

cultative anaerobic bacterial isolates revealed that
many of these strains especially those belonging to the
family Enterobacteriaceae and Streptococcaceae can
hydrolyze uric acid as showed in Table 3. The urico-
lytic active bacterial strains showed clear hydrolysis
zones on the BHIU plates after the inoculation and
incubation for 5-15 days. The capability of the use of
uric acid indicated that these bacteria might involve in
nitrogen recycling in the intestine of R. chinensis.

The screen of cellulose degradation capability of
aerobic strains with CMCNa Congo Red plates sho-
wed that most of the Bacillus isolates (TSB100) and
part of the Streptomyces strains (TSB67) have en-
do-pB-1,4-glucanase activities, indicating that these bact-
eria might involve in cellulose degradation in the gut
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Table 3. Uricolytic activity of anaerobic and facultative anaerobic bacteria isolated from the gut of Reticulitermite chinensis

Closest relative species (clone) / GenBank acc.

Phylogenetic affiliation Type strain No. / Similarity No. of strains  Uricolytic activity
Enterobacter LB9 Enterobacter amnigenus, HQ242724, 99% 4 -
TSB75 Enterobacter sp. TM1-4, DQ068923, 99% 24 +
TSB7 Enterobacter sp. RsN-1, AB673456, 99% 7 -
PY8 Enterobacter sp. TM1-4, DQ068923, 99% 18 +
Trabulsiella LB10 Trabulsiella odontotermitis, DQ453130, 99% 2 +
Citrobacter TSB4 Citrobacter sp. PM2, GU458277, 99% 20 +
Yokenella TSB2 Yokenella strain CIP, IN175339, 99% 4 +
Stenotrophomonas TSB10 Stenotrophomonas maltophilia, JQ579644, 99% 4 -
Lactococcus TSB55 Unc. bacterial clone CR_51, JX457182, 99% 15 +
TSB9% Unc. Lactococcus clone Rs-B70, AB089061, 99% 8 -
TSB6 Lactococcus lactis, HQ591349, 99% 2 +
TSB11 Unc. Lactococcus clone Rc598, AB522148, 99% 3 +
Staphylococcus TSB33 Staphylococcus sp., JF899874, 100% 1 -
TSB52 Staphylococcus epidermidis, AB680360, 100% 1 +
Chryseobacterium LB17 Chryseobacterium sp.PHD-9(DQ301786) 98% 2 -
Opitutaceae TSB47 Opitutaceae sp. TAV1, AY587231, 98% 2 -

of R. chinensis. The other aerobic isolates like Paeni-
bacillus, Burkholderia and Chryseobacterium did not
present endoglucanase activities.

4, Discussion

4.1 Cultivation Strategies and the Diversity of Cul-
tivable Bacteria

It was reported that less than 1% microorganisms are
cultivable in natural environmentst®*3. Although mi-
crobiologists have made great efforts to cultivate bac-
teria from the gut of various termites since decades, so
far most of the key bacterial symbionts have not been
successfully isolated™.

Obviously more diverse bacterial species were iso-
lated in this study compared with previous researches.
Bacteria affiliated with fourteen genera in six families
were isolated under aerobic conditions (Table 1), whe-
reas bacteria in only seven genera of three families
were obtained from R. speratus®®!. Except strict aero-
bes like Bacillus and Paenibacillus, many facultative
anaerobes like Lactococcus, Enterobacter, Chryseo-
bacterium, etc. were isolated under aerobic conditions
from R. chinensis. Meanwhile, Lactococcus and bac-
teria affiliated with several genera in the family Ente-
robacteriaceae were successfully isolated under anae-
robic conditions, as the results of previous researches
on the other wood-feeding termitest®%. In addition
to these, bacteria in several genera, e.g. Deinococcus

and Gryllotalpicola were first reported to be isolated
from termite guts and were characterized as new bac-
terial species™**. Previously Streptomytes were iso-
lated only from higher termites like Macrotermes,
Amitermes and Microcerotermest*®. In this study,
seven Streptomytes strains (strains TSB31, TSB67 and
TM10) were first isolated from R. chinensis, a lower
termite. The higher diversity of cultivable bacteria
indicated that the strategies used in current study are
efficient for the cultivation of hitherto unculti-
vated bacteria from termite gut. Compared with anae-
robic cultivation, more bacterial species were isolated
under aerobic conditions. Although bacteria in several
genera like Lactococcus, Staphylococcus and Entero-
bacter were isolated from both aerobic and anaerobic
conditions, the phylotypes of those isolates in the
same genus were different.

Under aerobic conditions, bacteria affiliated with
ten genera were isolated from 1/3 TSB medium, whe-
reas bacteria affiliated with five genera were obtained
from 1/5 LB medium and MM-4 medium, respective-
ly (Table 1). Most of the bacteria isolated from 1/5 LB
medium (e.g. Trabulsiella, Chryseobacterium) and
MM-4 medium (e.g. Spingomonadaceae, Burkholde-
ria and Deinococcus) were phylogenetically different
from those obtained from 1/3 TSB medium, indicating
that the type of cultivable bacteria were nutrient-de-
pendent. Compared with 1/3 TSB medium and 1/5 LB
medium, MM-4 medium was less nutrient abundant,
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from which a new bacterial strain (strain TM1) that
shared 16S rRNA gene sequence similarity less than
94% to all the other bacterial isolates was isolated,
indicating that the use of oligotrophic medium was
efficient to get new bacterial species. The results ob-
tained from this study confirmed that the use of low-
nutrient and oligotrophic media was an efficient strat-
egy to get higher diversity of cultivable bacteria and
possibly more new bacterial species®*®,

4.2 Phylogeny of the Cultivable Bacteria

Although many bacteria were isolated from various
termite guts®®”), very few studies showed the phyloge-
netic relationships between cultivated bacteria and ba-
cterial clones obtained from the 16S rRNA gene clone
libraries established from various termites. In general,
previous work showed that the dominant bacterial
groups revealed by culture-dependent and culture-ind-
ependent approaches were quite different. Interesting-
ly, many bacterial isolates obtained from current study
shared high similarity (> 98%) in their 16S rRNA
genes to the bacterial clones retrieved also from the
same termite host or the other wood-feeding lower
termites and cockroaches. The bacterial pure cultures
form the basis for further studies of physiological
functions of bacteria in the complex microbes-termites
symbiotic system.

4.3 Physiological Functions of Cultivable Bacteria

Wood-feeding termites live on cellulolytic materials
that are typically lack of nitrogen sources in their diet,
therefore nitrogen fixation and recycling is very im-
portant for their nutrition®**%. Unlike Enterobacter
isolates obtained from C. formosanus® and Masto-
termes darwiniensis!*”, our study showed that all En-
terobacter isolates and other Enterobacteriaceae iso-
lates did not have nitrogen fixation activities (data not
shown). Interestingly, most of the Enterobacteriaceae
isolates, e.g. Enterobacter, Trabulsiella and Citrobacter
strains, can utilize uric acid nitrogen (Table 3). An ear-
lier study on R. speratus and Coptotermes formosanus
also showed that Enterobacter strains isolated from
lower termites can hydrolyze uric acid nitrogen".
However, no uricolytic Trabulsiella and Citrobacter
strains were isolated from those termites. Compared
with the previous study, relatively higher diverse uri-
colytic bacteria were isolated from R. chinensis.
Lactococcus strains were often isolated from ter-
mite gut homogenates. The 16S rRNA genes of Lac-
tococcus were also frequently detected from termite

clone libraries®”*® indicating that these bacteria play
important roles in the gut of termites. Previous studies
showed that Lactococcus may ferment sugars to lac-
tate when oxygen was limited in termite guts®%*!.
This study showed that in addition to sugar fermenta-
tion, most of the Lactococcus strains can utilize uric
acid in vitro (Table 3), as Lactococcus strain CD31
isolated from Cryptotermes domesticus®®”. The results
indicated that Lactococcus might also involve in ni-
trogen metabolism by the recycling of uric acid nitro-
gen in termite guts.

Unlike the use of selected media with specific sub-
strates, different bacterial isolates in the same lineage
obtained from this study presented functional diver-
gence. All Bacillus strains isolated from Z. angusticol-
lis with the media containing wood or filter paper
showed endo-B-1, 4-glucanase activity, either strong
or weak!*®). Most of the Bacillus isolates in this study
(represented by strain TSB100) showed high endo-B-1,
4-glucanase activity. However, some other Bacillus
isolates such as LB18 did not present endo-p-1, 4-glu-
canase activity. The same is true for Streptomytes iso-
lates, among which only strain TSB67 presented en-
doglucanase activities. Streptomytes strains isolated
from higher termites had been proved to have lignin
peroxidase activity and can degrade lignin®**!. wWhe-
ther the Streptomytes strains obtained from R. chinen-
sis can degrade lignin or not, requires further analysis.

5. Conclusion

In conclusion, the application of nutrient dependent
isolation approaches is an efficient strategy to iso-
late bacteria from the gut of R. chinensis under both
aerobic and anaerobic conditions. A higher diversity
of bacteria and more new bacterial species were iso-
lated compared with previous studies. Many bacterial
isolates were phylogenetically closely related to bac-
terial clones obtained from the same termite or other
termites, which is significant for the further research
of the symbiotic relationship between bacteria and
termites. Biochemical and physiological studies sho-
wed that in addition to uric acid nitrogen recycling,
symbiotic bacteria may also involve in lignocellulose
degradation in the gut of wood-feeding termites, such
as R. chinensis.
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