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Introduction

Termites thrive between the 47° latitude north and 47° latitude south, which
accounts for 68% of the Earth’s landscape. Their main area of distribution
is in tropical and subtropical regions (Krishna 1970; Myles 1999). The total
population is estimated to be 2.4 x 107 individual termites (Zimmermann
et al. 1982). Termites are assigned to 282 genera. The intestinal microbiota
of the higher termites including 71% of 2761 species lack flagellates. Ter-
mites (Isoptera) and ants (Formicidae) represent 80% of the individual
insects and 30% of the total animal biomass near Manaus in Brazil (Fittkau
and Klinge 1973). They process 28% of the Earth’s net primary production.
Termites release large amounts of gases and they are estimated to produce
about 1.5x 108 tonnes methane (total emission: up to 12.1x 108 tonnes),
2 x 10® tonnes hydrogen, 4.6 x 10'° tonnes of carbon dioxide, 1 x 107 tonnes
of carbon monoxide and 7 x 10° tonnes of dimethyl disulfide per year (Zim-
mermann et al. 1982; Hackstein and Stumm 1994; Hackstein et al. 1996).
Because of their intestinal flora termites are among the most important
wood- and litter-feeding insects (Wood and Sands 1978). In amber con-
taining the Miocene termite Mastotermes electrodominicus, a 20 million-
year-old fossil microbial community consisting of protists, spirochetes and
other bacteria has been observed (Wier et al. 2002). The gut microbes play
an indispensable role in the digestion of food. The dense gut microbiota
can include a variety of microorganisms from the domains Bacteria, Ar-
chaea, flagellates (formerly named Archaezoa) and also yeasts and fungi
(cf. Konig et al. 2002). Because of the interesting microbial symbionts
and their ecological importance in the global carbon cycle, termites have
attracted the interest of many scientists from different disciplines. The mi-
crobial flora is not distributed randomly in the gut, but plays certain roles
in the degradation of lignocellulose and occupies distinct microhabitats.
The degradation of lignocellulose in the oxygen-limited hindgut paunch
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formally occurs in three steps: a hydrolytic step, an oxidative/fermentative
step and methanogenic/acetogenic step.

In recent years, a large portion of the involved microorganisms was
characterized and their phylogenetic position was determined. Although,
several hundred microbial strains have been obtained in pure culture from
the termite gut, still a major portion of the microbial species has not been
isolated yet. The cultured species will be described in this chapter, while the
non-cultured microbial clones identified by SSU rRNA sequence analysis
is dealt with in Chapter 12.

11.2
Flagellates

Unique groups of flagellates (formerly named Archaezoa), which have
branched off very early in the evolution of the eukaryotes, are found in
the termites gut. These species seem not to occur elsewhere in nature
except in wood-eating roaches of the genus Cryptocercus. All protozoa
of the termite gut belong to the oxymonads, trichomonads and the hy-
permastigotes (Honigberg 1970; Yamin 1979; Radek and Hausmann 1993;
Brugerrolle et al. 1994; Viscogliosi et al. 1993; Keeling et al. 1998; Kitade
and Matsumoto 1998; Moriya et al. 1998; Brugerolle 2000; Brugerolle and
Konig 1995; Dacks and Redfield 1998; Ohkuma et al. 1998; Brugerolle and
Lee 2000a,b; Delgado-Viscoliosi et al. 2000). From 205 examined termite
species 434 species of flagellates were described up to 1979. The flagellates
occur in high number in the paunch (10°-10”) and they can occupy more
than 90% of the paunch volume (cf. Konig et al. 2002). Only three species
of the flagellate flora have been obtained in culture: Trichomitopsis ter-
mopsidis (Yamin 1978, 1980), Trichonympha sphaerica (Yamin 1981) from
Zootermopsis sp. and Trichomitus trypanoides from Reticulitermes santo-
nensis (Berchtold et al. 1995). Whether lower termites obligatory depend
on the flagellates is a matter of debate. We observed one colony of Zooter-
mopsis angusticollis and one colony of Kalotermes flavicollis, which lived
without flagellates.

11.3
Bacteria

The total number of prokaryotes in the hindgut of termites lies within
the range of 10’—10"! mI™" (Krasil’nikov and Satdykov 1969; Bignell et al.
1980b; To et al. 1980; Tholen et al. 1997; Berchtold et al. 1999). The bac-
terial groups from the termite gut identified by the 16S rDNA approach
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mainly belong to the spirochetes, proteobacteria, Gram positives and Bac-
teroides/Flavobacterium branch (Berchtold et al. 1994, 1999; Berchtold and
Konig 1996; Paster et al. 1996; Kudo et al. 1998; Ohkuma et al. 1999a-c;
Tokuda et al. 2000; Watanabe et al. 2003). Differences in domain-level pro-
files were correlated with the termite diet, e.g. methanogenic bacteria were
more abundant in soil-feeding termites compared to wood-feeding species
(Braumann et al. 2001). The predominant bacterial flora in the hindgut
contents is represented by spirochetes (Berchtold et al. 1994; Berchtold and
Konig 1996; Ohkuma et al. 1999b; Lilburn et al. 2000). Up to now three
species have been obtained in pure culture (Leadbetter et al. 1999; Graber
et al. 2004). Most isolates obtained in pure culture belong to the branch
of Gram positive bacteria and proteobacteria, but also isolates from the
Bacteroides/Fusobacterium branch were obtained (Table 11.1). Intestinal
bacteria are involved in the degradation of cellulose, hemicellulose and
aromatic compounds as well as nitrogen fixation. They also contribute to
the redox status of the gut.

11.4
Archaea

All Archaea identified in the termite gut belong to the families Methanobac-
teriaceae, Methanosarcinaceae and Methanomicrobiales and most identi-
fied species were assigned to the genus Methanobrevibacter (Braumann et
al. 2001; Frohlich and Koénig 1999b; Tokura et al. 2000). Three species of
the genus Methanobrevibacter have been obtained in pure culture from the
termite Reticulitermes flavipes: Mbr. cuticularis, Mbr. curvatus and Mbr.
filiformis (Leadbetter and Breznak 1996; Leadbetter et al. 1998).

11.5
Yeasts and Fungi

A variety of yeasts were isolated from the gut of the lower termites Mas-
totermes darwiniensis, Zootermopsis angusticollis, Zootermopsis nevaden-
sis, Neotermes jouteli-related termite, Reticulitermes santonensis, Heteroter-
mes indicola and the roach Cryptocercus punctulatus (Prillinger et al. 1996).
Between 107 and 5 x 108 yeast cells were found per ml gut contents in Zooter-
mopsis angusticollis and Neotermes castaneus. The isolates were assigned
to 13 different species, which belonged to the genera Candida, Crypto-
coccus, Debaryomyces, Pichia and Sporothrix. Some isolates were able to
hydrolyse xylan or cellulose (Schéfer et al. 1996; Wenzel et al. 2002).
Some filamentous fungi (Alternaria alternater, Aspergillus awamuri, As-
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Table 11.1. Bacterial isolates from the termite gut

Species

Branch: Gram-positive Bacteria

Termites

Subbranch: Gram positive bacteria with high G + C content

Order: Actinomycetales

Arthrobacter sp.

Aureobacterium sp.

Cellulosimicrobium variabile
Cellulomonas cellulans

Cellulomonas sp.

Kocuria varians
Microbacterium sp.

Micrococcus luteus

“Micromonospora acetoformici”

Micromonospora propionici
Rhodococcus equi

Nocardia sp.

Streptomyces sp.

Nasutitermes nigriceps (h)
Reticulitermes hesperus (1)
Reticulitermes santonensis (1)

Nasutitermes nigriceps (h)
Reticulitermes santonensis (1)

Mastotermes darwiniensis (1)
Zootermopsis angusticollis (1)

Nasutitermes nigriceps (h)

Neotermes castaneus (1)

Schedorhinotermes intermedius (1)

Heterotermes indicola (1)
Mastotermes darwiniensis (1)
Zootermopsis angusticollis (1)

Zootermopsis angusticollis (1)
Zootermopsis angusticollis (1)
Reticulitermes santonensis(l)

Reticulitermes lucifugus

Amitermes minimus (h)
Zootermopsis angusticollis (1)

Reticulitermes santonensis (1)

Nasutitermes nigriceps (h)
Cubitermes severus (h)
Heterotermes indicola (1)
Mastotermes darwiniensis (1)
Procubitermes aburiensis (h)
Zootermopsis angusticollis (1)

Subbranch: Gram-positive bacteria with low G + C content

Order: Bacillales

Bacillus brevis

Anacanthotermes ahngerianus (h)

Zootermopsis angusticollis (1)

H. Konig et al.

References

Kuhnigk et al.
(1994)

Kuhnigk et al.
(1994)

Bakalidou et al.
(2002)

Kuhnigk (1996)

Kuhnigk (1996);
Wenzel et al. (2002)

Wenzel et al. (2002)
Wenzel et al. (2002)
Kuhnigk (1996)

Sebald and Prévot
(1962)

Hungate (1946)
Kuhnigk (1996)

Kuhnigk and Konig
(1997);

Schifer et al. (1996)
Bignell et al.
(1980b); Kuhnigk
and Konig (1997);
Mannesmann and
Piechowski (1989);
Schifer et al. (1996)

Krasil’nikov and
Satdykov (1969);
Wenzel et al. (2002)
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Table 11.1. (continued)
Species

Bacillus cereu

Bacillus cereus-related isolate

Bacillus circulans-related isolate

Bacillus coagulans
Bacillus firmus

Bacillus licheniformis

Bacillus megaterium

Bacillus mycoides

Bacillus oleronius

Bacillus sp.

Bacillus sphaericus

Bacillus subtilis

Brevibacillus brevis

Listeria sp.

Paenibacillus macerans

Paenibacillus sp.

Termites

Anacanthotermes ahngerianus (h)

Nasutitermes nigriceps (h)
Neotermes castaneus (1)
Reticulitermes hesperus (1)
Reticulitermes santonensis (1)

Zootermopsis angusticollis (1)
Zootermopsis angusticollis (1)
Mastotermes darwiniensis (1)
Reticulitermes santonensis (1)

Reticulitermes santonensis (1)

Anacanthotermes ahngerianus (h)

Mastotermes darwiniensis (1)
Zootermopsis angusticollis (1)

Anacanthotermes ahngerianus (h)

Reticulitermes santonensis (1)

Schedorhinotermes intermedius (1)

Coptotermes acinaciformis (1)
Coptotermes formosanus (1)
Heterotermes indicola (1)

Odontotermes distans (h)
Odontotermes obesus (h)
Reticulitermes santonensis (1)
Zootermopsis angusticollis (1)

Anacanthotermes ahngerianus (h)

Reticulitermes santonensis (1)

Zootermopsis angusticollis (1)

Reticulitermes santonensis (1)
Zootermopsis angusticollis (1)

Mastotermes darwiniensis (1)

Zootermopsis angusticollis (1)

References

Krasil’nikov and
Satdykov (1969);
Kuhnigk and Konig
(1997);

Thayer (1976);
Schifer et al. (1996)

Wenzel et al. (2002)
Wenzel et al. (2002)
Schifer et al. (1996)
Kuhnigk (1996)

Kuhnigk and Konig
(1997); Kuhnigk et
al. (1994);

Schifer et al. (1996)

Krasil’nikov and
Satdykov (1969);
Kuhnigk (1996);
Mannesmann and
Piechowski (1989);
Wenzel et al. (2002)
Krasil’nikov and
Satdykov (1969)
Kuhnigk et al.
(1995)

Eutick et al. (1978);
Kuhnigk (1996);
Mannesmann and
Piechowski (1989)
Kuhnigk (1996);
Kuhnigk and Konig
(1997); Schiifer et
al. (1996)
Krasil’nikov and
Satdykov (1969);
Kuhnigk and Konig
(1997); Schiifer et
al. (1996)

Wenzel et al. (2002)

Kuhnigk et al.
(1994)

Schifer et al. (1996)
Wenzel et al. (2002)
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Table 11.1. (continued)
Species

Order Clostridiales

Acetonema longum

Clostridium mayombei

Clostridium sp.
Clostridium termitidis

Clostridium beijerinckii
Sporomusa aerivorans

Sporomusa termitida

Order Lactobacillales
Enterococcus avium

Enterococcus faecalis

Enterococcus faecium
Enterococcus sp.

Lactobacillus sp.
Lactococcus cremoris

Lactococcus lactis

Staphylococcus saprophyticus
Staphylococcus sp.

Streptococcus sp.

Termites

Pterotermes occidentis (1)

Cubitermes speciosus (h)

Mastotermes darwiniensis (1)
Nasutitermes nigriceps (h)

Nasitutermes lujae (h)

Coptotermes formosanus (1)
Thoracotermes macrothorax

Nasutitermes nigriceps (h)

Mastotermes darwiniensis (1)

Anacanthotermes ahngerianus (h)
Mastotermes darwiniensis (1)
Reticulitermes flavipes (1)

Mastotermes darwiniensis (1)
Reticulitermes flavipes (1)

Reticulitermes flavipes (1)
Reticulitermes flavipes (1)

Reticulitermes santonensis (1)
Reticulitermes flavipes (1)
Thoracotermes macrothorax(h)

Reticulitermes santonensis (1)

Nasutitermes exitiosus (h)
Nasutitermes graveolus (h)
Nasutitermes walkeri (h)

Nasutitermes exitiosus (h)
Coptotermes lacteus (1)
Cryptotermes primus (1)
Heterotermes ferox (1)
Mastotermes darwiniensis (1)
Schedorhinotermes intermedius (1)
Reticulitermes flavipes (1)

H. Konig et al.

References

Kane and Breznak
(1991)

Kane et al. (1991)

Kuhnigk et al.
(1994)

Hethener et al.
(1992)

Taguchi et al.(1993)
Boga et al. 2003

Breznak et al.
(1988)

Kuhnigk (1996)

Bauer et al. (2000);
Krasil’nikov and
Satdykov (1969);
Kuhnigk (1996)

Schifer et al. (1996)
Tholen et al. (1997)

Schultz and
Breznak (1978)
Schultz and
Breznak (1978)
Bauer et al. (2000);
Kuhnigk (1996);
Schultz and
Breznak (1978)
Kuhnigk (1996)

Eutick et al. (1978)

Eutick et al. (1978);
Kuhnigk (1996);
Potrikus and
Breznak (1980)
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Table 11.1. (continued)
Species

Branch: Proteobacteria
Division: a-Proteobacteria

Order: Rhizobiales

Ochrobactrum anthropi

Rhizobium-related isolate

Rhizobium etli-related isolate
Order: Sphingomonadales

Sphingomonas sp.

Division: S-Proteobacteria
Order: Burkholderiales

Alcaligenes faecalis

Alcaligenes sp.
Alcaligenes xylosoxidans

Burkholderia cepacia

Burkholderia sp. strain VE22

Burkholderia sp.

Comamonas acidovorans

Division: y-Proteobacteria
Order: Pseudomonadales

Acinetobacter baumanii

Acinetobacter sp.

Termites

Heterotermes indicola (1)
Nasutitermes nigriceps (h)
Neotermes castaneus (1)
Mastotermes darwiniensis (1)
Reticulitermes santonensis (1)

Nasutitermes nigriceps (h)

Zootermopsis angusticollis (1)

Zootermopsis angusticollis (1)
Mastotermes darwiniensis (1)

Reticulitermes santonensis (1)

Reticulitermes hesperus (1)
Mastotermes darwiniensis (1)

Coptotermes formosanus (1)
Nasutitermes nigriceps (h)
Zootermopsis angusticollis (1)
Reticulitermes santonensis (1)

Coptotermes formosanus

Heterotermes indicola (1)

Nasutitermes nigriceps (h)

Mastotermes darwiniensis (1)
Nasutitermes nigriceps (h)

Nasutitermes nigriceps (h)

References

Kuhnigk (1996);
Kuhnigk et al.
(1994); Schiifer et
al. (1996)

Kuhnigk et al.
(1994)

Wenzel et al. (2002)

Frohlich and Konig
(1999b); Kuhnigk
(1996); Wenzel et al.
(2002)

Kuhnigk and Konig
(1997)

Thayer (1976)
Kuhnigk (1996)
Mannesmann and

Piechowski (1989);
Schifer et al. (1996)

Harazono et al.
(2003)

Kuhnigk (1996)

Kuhnigk and Konig
(1997); Kuhnigk et
al. (1994)

Kuhnigk and K6nig
(1997); Kuhnigk et
al. (1994); Schifer
et al. (1996)

Kuhnigk and K6nig
(1997)
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Table 11.1. (continued)
Species

Pseudomonas aeruginosa

Pseudomonas cepacia
Pseudomonas citronellolis
Pseudomonas fluorescens
Pseudomonas luteola

Pseudomonas putida

Pseudomonas sp.

Order: Aeromonadales

Aeromonas sp.

Order: Enterobacteriales

Citrobacter freundii

Citrobacter sp.

Citrobacter amalonaticus

Termites

Kalotermes flavicollis (1)
Mastotermes darwiniensis (1)
Nasutitermes nigriceps (h)
Reticulitermes santonensis (1)

Reticulitermes santonensis (1)
Mastotermes darwiniensis (1)
Kalotermes flavicollis (1)
Reticulitermes lucifugus (1)

Nasutitermes nigriceps (h)
Reticulitermes lucifugus (1)

Coptotermes formosanus (1)
Kalotermes flavicollis (1)
Nasutitermes nigriceps (h)
Reticulitermes lucifugus (1)
Odontotermes obesus (h)
Odontotermes distans (h)

Kalotermes flavicollis (1)
Nasutitermes nigriceps (h)

Coptotermes formosanus (1)
Neotermes jouteli-related (1)

Nasutitermes nigriceps (h)
Mastotermes darwiniensis (1)
Neotermes castaneus (1)
Odontotermes obesus (h)
Odontotermes distans (h)
Reticulitermes flavipes (1)
Reticulitermes santonensis (1)

Neotermes castaneus (1)

H. Konig et al.

References

Kuhnigk and Konig
(1997); Kuhnigk et
al. (1994);
Mannesmann and
Piechowski; (1989)
Schifer et al. (1996)

Kuhnigk and Kénig
(1997)

Kuhnigk and Kénig
(1997)

Mannesmann and
Piechowski (1989)

Mannesmann and
Piechowski (1989)

Kuhnigk et al.
(1994);
Mannesmann and
Piechowski (1989)

Kuhnigk (1996);
Mannesmann and
Piechowski (1989)

Mannesmann and
Piechowski (1989)

Kuhnigk (1996);
Mannesmann and
Piechowski (1989)

Kuhnigk (1996);
Mannesmann and
Piechowski (1989);
Potrikus and
Breznak (1980);
Schultz and
Breznak (1978)

Mannesmann and
Piechowski (1989)
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Table 11.1. (continued)
Species

Citrobacter diversus

Citrobacter sp.

Enterobacter aerogenes

Enterobacter agglomerans

Enterobacter cloacae

Enterobacter sp.

Enterobacter sakazaki

Escherichia coli
Hafnia alvei
Hafnia-related sp.

Klebsiella oxytoca

Termites

Coptotermes formosanus (1)
Neotermes castaneus (1)

Neotermes jouteli-related (1)

Reticulitermes lucifugus (1)

Coptotermes formosanus (1)

Mastotermes darwiniensis (1)

Coptotermes formosanus (1)

Anacanthotermes ahngerianus (h)

Coptotermes formosanus (1)

Anacanthotermes ahngerianus (h)

Coptotermes formosanus (1)

Mastotermes darwiniensis (1)

Nasutitermes nigriceps (h)
Odontotermes obesus (h)
Odontotermes distans (h)
Reticulitermes lucifugus (1)

Reticulitermes santonensis (1)

Coptotermes acinaciformis (1)

Coptotermes lacteus (1)
Heterotermes ferox (1)

Mastotermes darwiniensis (1)

Nasutitermes graveolus (h)
Reticulitermes flavipes (1)

Reticulitermes santonensis (1)
Schedorhinotermes intermedius (1)

Reticulitermes santonensis (1)

Anacanthotermes ahngerianus (h)

Coptotermes formosanus (1)

Odontotermes distans (h)
Odontotermes obesus (h)

Coptotermes formosanus (1)

References

Mannesmann and
Piechowski (1989);
Schifer et al. (1996)

Harazono et al.
(2003)

Krasil’'nikov and
Satdykov (1969);
Kuhnigk et al.
(1994);
Mannesmann and
Piechowski (1989);
Schifer et al. (1996)

Mannesmann and
Piechowski (1989);
Potrikus and
Breznak (1977)

Krasil’nikov and
Satdykov (1969);
Kuhnigk (1996);
Mannesmann and
Piechowski (1989)

Eutick et al. (1978);
Krasil’nikov and
Satdykov (1969);
Kuhnigk et al.
(1994); Schultz and
Breznak (1978)

Schifer et al. (1996)

Krasil’nikov and
Satdykov (1969)

Mannesmann and
Piechowski (1989)

Kuhnigk (1996)

Mannesmann and
Piechowski (1989)
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Table 11.1. (continued)

Species

Klebsiella pneumoniae

Klebsiella sp.

Serratia ficaria

Serratia marcescens

Serratia sp.

Order: Xanthomonadales

Xanthomonas maltophilia

Xanthomonas sp.

Division: 6-Proteobacteria

Desulfovibrio termitidis

Desulfovibrio intestinalis

Desulfovibrio desulfuricans

Desulfovibrio giganteus

Termites

Mastotermes darwiniensis (1)

Coptotermes formosanus (1)

Reticulitermes santonensis (1)

Coptotermes formosanus (1)
Mastotermes darwiniensis (1)
Neotermes jouteli-related (1)
Reticulitermes hesperus (1)

Reticulitermes lucifugus (1)

Nasutitermes nigriceps (h)
Kalotermes flavicollis (1)
Reticulitermes lucifugus (1)
Odontotermes obesus (h)

Zootermopsis angusticollis (1)

Heterotermes indicola (1)

Cryptocercus punctulatus (roach)

Mastotermes darwiniensis (1)

Cubitermes speciosus (h)
Reticulitermes santonensis (1)

Cubitermes speciosus (h)

Branch: Bacteroides/Flavobacterium

Order: Bacteroidales

Bacteroides termitidis

Order: Flavobacteriales

Reticulitermes flavipes (1)

Flavobacterium menigosepticum Reticulitermes lucifugus (1)

H. Konig et al.

References

Kuhnigk et al.
(1994);
Mannesmann and
Piechowski (1989);
Schifer et al. (1996)

Mannesmann and
Piechowski (1989)

Kuhnigk et al.
(1994); Schiifer et
al. (1996)

Kuhnigk et al.
(1994);
Mannesmann and
Piechowski (1989);
Thayer (1976)

Mannesmann and
Piechowski (1989)

Kuhnigk (1996);
Mannesmann and
Piechowski (1989)

Kuhnigk (1996)

Frohlich et al.
(1999); Trinkerl et
al. (1990)

Frohlich et al.
(1999)

Braumann et al.
(1990); Kuhnigk et
al. (1996)

Braumann et al.
(1990)

Potrikus and
Breznak (1980)

Mannesmann and
Piechowski (1989)
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Table 11.1. (continued)

Species Termites References
Flavobacterium sp. Mastotermes darwiniensis (1) Eutick et al. (1978);
Reticulitermes santonensis (1) Schifer et al. (1996)

Order: Fusobacteriales

Fusobacterium sp. Reticulitermes flavipes (1) Schultz and
Breznak (1978)

Order: Sphingobacteriales

Spirosoma-related sp. Zootermopsis angusticollis (1) Wenzel et al. (2002)

Branch: Spirochetes

Treponema primitia Zootermopsis angusticollis (1) Graber et al. (2004)

Treponema azotonutricium Zootermopsis angusticollis (1) Graber et al. (2004)

Designation of the branches according to Woese et al. (1990). Designation of the orders
according to Madigan et al. (2001): 1, lower termite; h, higher termite

pergillus clavatus, Aspergillus flavus, Aspergillus nidulans, Cladosporium
sp., Paecilomyces fusiporus, Rhizopus stolonifer) have also been isolated
from gut fluids of termites (Rajagopal et al. 1979, 1981). Whether they grow
with mycelia in the termite gut has yet to be demonstrated.

11.6
Microhabitats

The digestive system of termites consists of the foregut with the crop and
the gizzard, the midgut and the hindgut (Fig. 11.1; Noirot 1995; Noirot and
Noirot-Thimotheé 1969). Despite their small volumes of about 0.5-10 pl,
the hindguts of termites are morphologically complex systems. The hindgut
consists of five segments (P1-P5): the proctodeal segment, the enteric valve,
the paunch, the colon and the rectum. The paunch is the microbial fermen-
tation chamber, but the midgut and colon also contain microorganisms.

The termite gut can be described as an anaerobic gradient system, which
is constantly supplied with oxygen via the epithelium. Examinations us-
ing microelectrodes have shown a pronounced spatial differentiation of
termite hindguts with respect to pH (Noirot and Noirot-Timotheé 1969;
Brune and Kiihl 1996) and axial or radial gradients of oxygen or hydrogen
concentrations (Veivers et al. 1980, 1982; Brune 1998; Brune et al. 1995a,b;
Ebert and Brune 1997; Schmitt-Wagner and Brune 1999). In the case of
Mastotermes darwiniensis oxygen diffusion gradients could be detected up
to 100 um below the epithelium (Berchtold et al. 1999).
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Fig.11.1. The intestinal system of the Australian termite Mastotermes darwiniensis.
a Workers and soldiers of Mastotermes darwiniensis. b Intestine. F=foregut with salivary
glands, esophagus, crop and gizzard; M midgut; MT Malpighian tubules; H hindgut; P1
proctodeal segment of the hindgut followed by the enteric valve; P34 thin-walled part of the
paunch; P3b thick-walled part of the paunch; P4 colon; P5 rectum; bar 5 mm

The pH of the midgut is about neutral and that of the hindgut is in the
range between 6.0 and 7.5. In higher termites such as Odontotermes obesus
parts of the gut have an alkaline pH up to 10.4 (Noirot and Noirot-Timotheé
1969; Bignell and Anderson 1980; Paul et al. 1986). The soil-feeding termites
in particular possess more elongated and compartmentalized hindguts
than wood-eating termites. Microscale pH measurements with microelec-
trodes demonstrated alkaline pH values of up to 12 in parts of the gut
(Brune and Kiihl 1996).

The paunch of termites is about 108 times smaller than a rumen resulting
in a 500 times larger oxygen influx per unit volume (Brune 1998). Because
of the small size the passage time of the food through the intestinal tract is
only about 24 h (Breznak 1984). These facts have significant influences on
the composition of the microbial flora. In the hindgut of termites strictly
aerobic and microaerophilic bacteria could be isolated (Kuhnigk et al. 1994;
Kuhnigk and Konig 1997; Wenzel et al. 2002).

In the termite gut four distinct microhabitats can be distinguished: the
gut lumen, the surface and the cytoplasm of the flagellates and the gut
epithelium. Electron microscopy studies of termite guts have shown that
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prokaryotes occur either suspended in the contents, located within or on
the surface of flagellates, or they are attached to the gut wall (Breznak and
Pankratz 1977; Czolij et al. 1984-1986). Electron microscopic examinations
of the gut of Reticulitermes flavipes and Coptotermes formosanus revealed
that a heterogenous assemblage of bacteria colonize the gut (Breznak and
Pankratz 1977; Schultz and Breznak 1978). Most morphotypes were located
close to the epithelium. The midgut was scarcely colonized, but did pos-
sess distinctive cuboid-shaped, endospore-forming bacteria between the
microvilli of the epithelium. Similar observations were made with other ter-
mites (Bignell and Anderson 1980; Bignell et al. 1980a; Czolij et al. 1986).
Direct microscopic counts of bacteria ranged from 10° to 107 per gut and
that of protozoa up to 4 x 10* per gut of Reticulitermes flavipes, while about
10% colony forming units per gut were obtained (Breznak 1982; O’Brien and
Slaytor 1982).

Combining the rRNA approach with confocal laser scanning microscopy
and oxygen microelectrode measurements, the gut microbial community
within the hindgut of the wood-feeding Australian termite Mastotermes
darwiniensis was examined (Berchtold et al. 1999). The anterior part of
the paunch (P3a region) of Mastotermes darwiniensis is tightly packed
with large flagellates (1285 &= 244 cells of Deltotrichonympha operculata,
Deltotrichonympha nana, Koruga bonita, and Mixotricha paradoxa per
termite) (Berchtold et al. 1999). From the combined volume of the larger
flagellates it can be estimated that 95% of the anterior part of the paunch
(P3aregion) is occupied by flagellate protozoa. In Mastotermes darwinien-
sis approximately 90% of the DAPI-stained cells were associated with the
protozoa in the P3a region, only 2% were attached to the gut wall and the
rest were found in the residual liquid volume of the lumen fraction. In
contrast, the flagellate population in the P3b/P4 region was much smaller.
The flagellate cells represented only 10% of the total volume. The poten-
tially colonizable surface area provided by the flagellates in the P3a region
exceeds that of the wall by a factor of 18. In contrast to the P3a region
about 85% of the prokaryotes of the P3b region are attached to the wall.
The prokaryotic cell density on the P3b/P4 epithelium (2 x 10° mm™) is
considerably higher than that on the P3a surface (3 x 10* mm™2). The con-
centration of non-attached cells in the residual volume is higher in the P3a
region (7 x 10° cells ml™!) than in the P3b/P4 region (1 x 10° cellsml™!). The
flagellates preferentially colonize the paunch, while low numbers are found
in the colon (P4 region) (Breznak and Pankratz 1977; Yoshimura et al. 1992;
Berchtold et al. 1999).

It is surprising that strictly anaerobic bacteria such as methanogens
(Leadbetter and Breznak 1996; Leadbetter et al. 1998), sulfate reducers
(Berchtold et al. 1999) and clostridia (Tokuda et al. 2000) occur also at-
tached to the aerated gut epithelium. Beside the gut epithelium (Leadbetter
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and Breznak 1996; Leadbetter et al. 1998) methanogens occur as ecto- and
endosymbionts of flagellates (Frohlich and Konig 1999a,b,c; Tokura et al.
2000). Ectosymbiotic bacteria of flagellates can easily be detected by elec-
tron microscopy (Radek et al. 1992, 1996; Dyer and Khalsa 1993; Radek
and Tischendorf 1999) or after staining the cells with ethidium bromide
(Frohlich and Kénig 1999a).

Ectosymbiotic spirochetes have been identified on the surface of flagel-
lates (Iida et al. 2000; Noda et al. 2003). Mixotricha paradoxa, a trichomonad
from the hindgut of the Australian termite Mastotermes darwiniensis Frog-
gatt, is a rare example of a movement symbiosis between eukaryotic and
prokaryotic microorganisms (Cleveland and Grimstone 1964). The surface
of Mixotricha paradoxa is covered with spirochetes and a rod-shaped bac-
terium. The four flagella at the anterior end seem only to alter the direction
of movement, while the ectosymbiotic spirochetes propel the flagellate cells.
Based on a 16S rDNA sequence analysis after a semi-specific PCR and sub-
sequent fluorescence in situ hybridization applying helper oligonucleotides
and a denaturing step of the 16S rRNA, three different spirochete clones
could be clearly identified on the surface of the protozoal cells (Wenzel
et al. 2003). They belonged to the Treponema cluster. The rod shaped bac-
terium showed highest 16S rDNA sequence similarity to Bacteroides-related
species. Due to its low phylogenetic relationship to its next relatives in the
data base it should represent a so far undescribed species.

11.7
Lignocellulose Degradation

The microbiology of the gut ecosystem of termites has been summarized
in several review articles (Breznak 1982; O’Brien and Slaytor 1982; Brez-
nak and Brune 1994; Varma et al. 1994). Formally, the microbial degra-
dation of lignocellulose can be divided into three stages (Table 11.2; cf.
Konig et al. 2002); a hydrolytic stage, a fermentative/oxidative stage and
a methanogenic/acetogenic stage. These stages have been proved by mi-
crobial isolates (cf. Konig et al. 2002). The molecular aspect of cellulose
degradation in the termite gut is described in Chapter 9.

11.7.1
The Hydrolytic Stage of Lignocellulose Degradation

Termites have different feeding habits. They can feed on wood, grass, dung,
humus and soil. The passage of the food through the digestive tract needs
24 h (Breznak 1984). Therefore, this symbiotic system degrades wood much
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more efficiently than fungi. The symbiosis between termites and the gut
flora can be described as a synergistic interaction of a mechanical rasp
provided by the termites and of microbial enzymes located in the gut.
The fermentation products are acetic acid, propionic acid and butyric acid
(mol%; 94, 3.3, 2.3 in Reticulitermes flavipes; 98.6, 1.3, 0.0 in Zootermopsis
angusticollis) and the gases CO,, H, and CH,4 (Odelson and Breznak 1983).

Wood consists of cellulose, hemicellulose, and lignin (Fengel and We-
gener 1984). Since the 1920s it has been known that termites hydrolyse cellu-
lose (Cleveland 1924; Beckwith and Rose 1929; Dickmann 1931) The extent
of cellulose degradation is between 59 and 99% (Seifert and Becker 1965;
Esenther and Kirk 1974; Mishra 1979). In lower termites wood particles are
endocytosed by the archaezoa (Honigberg 1970). The isolated flagellates
Trichomitopsis termopsidis and Trichonympha sphaerica from Zootermop-
sisneed cellulose for growth (Yamin 1980, 1981; Odelson and Breznak 1985).
These protozoa have significant cellulose and hemicellulose-degrading ac-
tivities. Cellulase genes in flagellates have been identified (Othoko et al.
2001; Li et al. 2003). Cellulose is fermented to acetate, CO,, and H,. Ac-
etate is mainly used by the termites as an energy source and is oxidized to
CO,.

A different situation was found in the case of the flagellates of the most
primitive Australian termite Mastotermes darwiniensis (Li et al. 2003). Two
endoglucanases with similar apparent molecular mass of approx. 36 kD
have been isolated. Surprisingly, the N-terminal sequences of these cellu-
lases exhibited significant homology to cellulases of termite origin, which
belong to glycosyl hydrolase family 9. The corresponding genes were de-
tected not in the mRNA pool of the flagellates, but in the salivary glands
of Mastotermes darwiniensis. This showed that cellulases isolated from the
flagellate cells originated from the termite host. Using a PCR-based ap-
proach DNA encoding cellulases belonging to glycosyl hydrolase family 45
were obtained from micromanipulated nuclei (Fréhlich and Kénig 2000) of
the flagellates Koruga bonita and Deltotrichonympha nana. These results
indicated that the intestinal flagellates of Mastotermes darwiniensis take
up the termite’s cellulases from gut contents, probably attached to wood
particles. Koruga bonita and Deltotrichonympha nana possess at least their
own endoglucanase genes, which are still expressed, but without significant
enzyme activity in the nutritive vacuole. These findings give the impression
that the gut flagellates of Mastotermes darwiniensis are heading towards
a secondary-loss of their own endoglucanases and they use exclusively
termite cellulases.

Cellulose digestion by bacteria was discussed controversially (Thayer
1978; Slaytor 1992). Several cellulolytic bacteria were isolated from ter-
mites (Wenzel et al. 2002; cf. Konig et al. 2002). In contrast to the ru-
men, where strictly anaerobic cellulolytic bacteria belonging to the genera
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Ruminococcus, Butyrivibrio and Bacteroides are present, the cellulolytic
bacteria in the termite gut are facultatively anaerobic or microaerophilic
bacteria. Species of the genera Bacillus are predominant with titers of
up to 10’ ml™! gut contents (Wenzel et al. 2002). Cellulolytic yeasts have
also been isolated from Zootermopsis angusticollis and Mastotermes dar-
winiensis (Wenzel et al. 2002). The isolates from Zootermopsis angusticollis
belong to the genus Sporothrix. Fungus-growing termites of the subfamily
Macrotermitinae culture the fungus Termitomyces sp. in their nests. To-
gether with the fungal nodules they probably consume fungal cellulolytic
enzymes (Martin 1991; Rouland et al. 1991; cf. Chap. 17). Termites them-
selves produce also cellulases (Yokoe 1964). Recently the corresponding
gene was sequenced (Watanabe et al. 1998; Tokuda et al. 1997, 1999; Li et
al. 2003). In Reticulitermes speratus the main portion of the cellulolytic
activities (cellulase, glucosidase) were found in the salivary glands, while
the xylanolytic activities (xylanase, xylosidase) were found in the anterior
part of the hindgut (Inoue et al. 1997).

Hemicelluloses are chemically complex and include different heteropoly-
saccharides such as arabinans, galactans, glucans, mannans, and xylans.
The most common polyose is xylan. The complete degradation of xy-
lan requires a synergistically acting set of enzymes: endo-f-1.4-xylanase,
B-xylosidase, a-glucuronidase, a-L-arabinosidase, acetylesterase and feru-
loyl- or p-coumaroyl esterase (Fengel and Wegener 1984; Varma et al. 1994).
The full set of enzymes required for release of all constituents of xylan has
not been found in a single bacterial isolate from the termite gut (Saxena et
al. 1993; Schifer et al. 1996). Hemicellulose is degraded through synergistic
activities of the glycolytic enzymes. An effective hemicellulose-degrading
community of microbes is found in the termite gut (Breznak and Brune
1994; Varma et al. 1994; Schéfer et al. 1996). Hemicelluloses are degraded
between 49 and 78% (Mishra 1979). The xylan degrading bacterial isolates
mainly belong to the actinomycete- and Clostridium-branch of Gram posi-
tive bacteria as well as enterobacteria and Pseudomonas, Acinetobacter and
Ochrobactrum species (Schéfer et al. 1996).

Based on the analysis of termite faeces some authors reported between
5% and 83% of lignin degradation (Seifert and Becker 1965; Butler and
Buckerfield 1979; Cookson 1988). The involvement of gut microbes was not
determined. In order to approach the problem of microbial lignin degrada-
tion in the gut the degradation of lignin monomers, other aromatic com-
pounds, and dimeric lignin model compounds by the intestinal flora was
studied (Kuhnigk et al. 1994; Brune et al 1995a; Kuhnigk and Konig 1997).
From the lower termites Mastotermes darwiniensis and Reticulitermes san-
tonensis and from the higher termite Nasutitermes nigriceps anaerobic,
facultatively anaerobic and aerobic bacterial strains were isolated in media
containing lignin monomers or other aromatic compounds. Most of the
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monomeric aromatic compounds and dimeric model compounds were de-
graded in the presence of oxygen by the mixed gut flora and pure cultures.
Under anaerobic conditions the side chains of the aromatic compounds
were only modified, but the aromatic ring was not split. Decarboxylation
and reduction of the double bond in the side chain of phenyl propane
derivatives were obtained in the absence of oxygen. Synthetic dehydro-
genative lignin was not degraded under anaerobic or aerobic conditions.
The results suggested that in the termite hindgut the breakdown of the
aromatic ring systems requires oxygen (Kuhnigk et al. 1994), which is most
probably supplied via the aerated paunch epithelium.

Besides stomodeal and proctodeal food exchange termites feed also on
their own faeces. During passage of wood particles through the digestive
tract they are inoculated with microorganisms. Members of bacterial gen-
era, especially of Gram positive bacteria, belonging to the actinomycete
branch, such as Streptomyces sp. (Pasti and Belli 1985; Pasti et al. 1990;
Schifer et al. 1996) which are believed to attack lignin, also were isolated.
However, the breakdown activities of the gut isolates seems to be negligi-
ble, exceptin Nasutitermes takasagoensis. In this termite lignin components
were found to be degraded in significant amounts (28%; Kato et al. 1998).
The microorganisms may start to attack lignin near the aerated gut epithe-
lium and they continue their activity outside of the gut. The faecal pellets
may also be inoculated by fungi in the nest. Therefore, repeated recycling
of faecal material may increase the efficiency of the digestion of wood par-
ticles by a termite colony. This procedure may be a kind of extracorporal
digestion. In fungus combs of the fungus-growing termite Macrotermes
gilvus the mutualistic fungus Termitomyces sp. was shown to progressively
degrade lignin and thus enhance the digestibility of cellulose for the ter-
mites (Hyodo et al. 2000). Laccase activity acquired probably from fungi,
was only found in fungus-growing termites of the genera Macrotermes,
Odontotermes and Pseudacanthotermes (Mora and Lattaud 1999). Wood
contains a large number of extractable low-molecular weight compounds
such as phenols, tannins and terpenoid (Fengel and Wegener 1984), which
may be used by aromatics-degrading bacteria. The degradation of these
extractives may not only provide fatty acids as carbon sources for the host,
but represents also a detoxification, since these compounds are known to
be harmful to insects.

The majority of termite species are considered to be humivorous. In
feeding experiments with *C-labeled humic model compounds labeled
either in their proteinaceous or aromatic building blocks as substrates,
it was shown that the peptide moiety were selectively digested, but the
aromatic components seemed not to be an important food source of hu-
mivorous termites such as Cubitermes orthognathus, Cubitermes umbratus
and Thoracotermes macrothorax (Ji et al. 2000).
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11.7.2
The Oxidative/Fermentative Stage of Lignocellulose Degradation

A diverse variety of bacterial strains, belonging mainly to the Gram positive
bacteria and proteobacteria have been isolated. They are able to degrade
monosaccharides and oligosaccharides, which are produced during the
hydrolysis of cellulose and hemicellulose. Oligosaccharide-hydrolyzing en-
zyme activities of the isolates have been determined (Schifer et al. 1996).

11.7.3
The Methanogenic/Acetogenic Stage
of the Lignocellulose Degradation

In the third step of lignocellulose degradation three physiological prokary-
otic groups are involved: methanogenic bacteria, homoacetogenic bacteria
and sulfate reducing bacteria. Symbiosis between animals and intestinal
methanogens is widespread (Hackstein und Stumm 1994; Hackstein et al.
1996). High amounts of methane are released into the atmosphere by ter-
mites (Zimmermann et al. 1982; Martius et al. 1993; Rouland et al. 1993).
Acetogenesis and methanogenesis were considered to be the most impor-
tant terminal electron-accepting processes in the hindgut of termites (Brau-
mann et al. 1992). Methanogens detected in the termite gut belong to the
families Methanobacteriaceae, Methanosarcinaceae and Methanomicro-
biales (Braumann et al. 2001; Ohkuma et al. 1999c¢). At least for xylophagous
termites, acetate is the major end product of microbial fermentation in the
gut (Breznak and Switzer 1986). Acetate can be used by the termites as
an energy and a carbon source. Relatively high concentrations of acetate
(58—81 mmol I"!) have been found (Odelson and Breznak 1983). The ho-
moacetogens belong to the genera Acetonema, Clostridium, and Sporomusa.
Spirochetes occur free living and attached to the surface of protozoa. One
homoacetogenic isolate has been described (Leadbetter et al. 1999).

Until now, all sulfate-reducing bacteria isolated from the termite gut
belong to the genus Desulfovibrio (Braumann et al. 1990; Trinkerl et al.
1990; Frohlich et al. 1999b; Kuhnigk et al. 1996) and have been assigned to
four species (D. desulfuricans, D. giganteus, D. intestinalis, D. termitidis ).
Up to 107 living cells per ml paunch content were counted in Mastotermes
darwiniensis and Reticulitermes santonensis (Kuhnigk et al. 1996). When
termites were fed with cellulose powder moistened with a Na,SO, solution,
the total number of sulfate reducers in the gut contents increased up to
108 ml™! in Reticulitermes santonensis and Heterotermes indicola. Typical
features of Desulfovibrio are the incomplete oxidation of electron donors to
acetate, and the capacity of hydrogen consumption (Cypionka 2000). This
genus is also able to reduce oxygen with hydrogen (Knallgas reaction).
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Microaerophilic conditions, with a constant inflow of oxygen via the
epithelium, are found near the gut epithelium (Brune et al. 1995b). Sul-
fate reducing bacteria, alike methanogens, have been found attached to the
aerated gut epithelium (Berchtold et al. 1999). The sulfate concentration
in the termite gut (0.3—0.7 mmol1™") is higher than in fresh water sedi-
ments (Kuhnigk et al. 1996). Under hydrogen limitation sulfate reducers
may outcompete acetogenic and methanogenic bacteria. The nutritional
versatility of acetogens may be one of the reasons, why they outcompete
methanogens in xylophagous termites (Breznak and Blum 1991). Experi-
ments with Cubitermes spp. showed a difference in the spacial activity of
methanogens and acetogens (Tholen and Brune 1999) depending on the hy-
drogen concentrations. The anterior regions of the gut of Cubitermes spp.
accumulated hydrogen, whereas the hydrogen concentration in the pos-
terior hindgut was below the detection limit (Schmitt-Wagner and Brune
1999). All three groups may principally co-exist, although differences in the
number of methanogens and acetogens have been found in wood-feeding
and soil-feeding termites (Braumann et al. 1992).

Sulfate-reducing Desulfovibrio species are thus able to catalyze all reac-
tions of a complete sulfur cycle (Cypionka 2000). Desulfovibrio termitidis
has been found in the termite Heterotermes indicola and in the wood-
feeding roach Cryptocercus punctulatus, which live in Asia and North
America (Frohlich et al. 1999). Likewise, Desulfovibrio intestinalis exists in
geographically remote hosts, Mastotermes darwiniensis from Australia and
Odontotermes obesus from India. Two species, Desulfovibrio desulfuricans
and Desulfovibrio giganteus, were found in the termite Cubitermes specio-
sus (Braumann et al. 1990). Based on the fact that members of the same
Desulfovibrio species can be found in phylogenetically and geographically
remote hosts, it may be speculated that Desulfovibrio species have repeat-
edly and independently colonized the intestine or were already present in
termites before the separation of the continents. Belonging to the phys-
iological group of sulfate reducers, members of the genus Desulfovibrio
are anaerobes, although some exhibit strong oxygen tolerance (Cypionka
2000). Termites benefit from the Desulfovibrio species, which produce ac-
etate, and thus provide nutrition for their hosts. In co-culture Desulfovibrio
desulfuricans, from the gut used the fermentation products of other fer-
mentative gut bacteria and produced mainly acetate. They also contribute
to the anoxic milieu of the gut by producing hydrogen sulfide and removing
oxygen with hydrogen or low molecular weight organic or reduced sulfur
compounds. The isolates were able to oxidize sulfur compounds such as
sulfide, thiosulfate and sulfite. Sulfide was oxidized to sulfate as indicated by
the amount of sulfide to oxygen consumed (molar ratio: 1:2). Performing
a complete sulfur cycle the desulfovibrios can balance the redox status
of the gut contents. This activity would allow sulfate recovery and keep
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a complete sulfur cycle running. Sulfide reoxidation could prevent toxic
effects of H,S. Only substrates that are of no direct use for the termites
(H,, formate) were oxidized completely, while others were transformed to
acetate. Rates of oxygen consumption were as high as 1,570 nmol O, min™!
(mg protein) ! with electron donors in excess, which is also the case in
the termite gut. These are the highest respiration rates of sulfate-reducing
bacteria ever measured. These rates exceed by far the respiration rates of
typical aerobes or facultative anaerobes such as Escherichia coli (300 nmol
O, min™! (mgprotein) ™) (Kuhnigk et al. 1996).

A sulfate-reducing bacterium was also enriched from the gut of the rose-
chafer Pachnoda marginata, which showed the highest 16S rDNA sequence
identity (93%) to Desulfovibrio intestinalis and Desulfovibrio strain STL1
(Drége et al. 2005). Compared to Mastotermes darwiniensis (1 x 107 cells
of SRB per ml gut contents), sulfate reducing bacteria occur in higher
numbers in the gut contents of Pachnoda marginata reaching cell titers of
up to 2 x 10® cells per ml gut contents. In vitro sulfate reduction rates were
determined with SRB from the gut contents of the termite Mastotermes dar-
winiensis and the beetle Pachnoda marginata. Due to the higher cell titer,
the sulfate reduction rate of Pachnoda marginata was 104 nmolh™ ml™!
and, therefore, 21 times higher than that of Mastotermes darwiniensis. In
addition, in vivo sulfate reduction was detected in Mastotermes darwinien-
sis, which indicates that sulfate reducers play an active role in the sulfur
metabolism in the termite gut.

11.8
Nitrogen Fixing Bacteria

Wood is deficient in nitrogen (Fengel and Wegener 1984). Nitrogen fixation
hasbeen demonstrated in all families of termites, and atmospheric nitrogen
is a considerable nitrogen source for xylophagous termites (Tayasu et al.
1994; Golichenkov et al. 2002). Several bacteria have been isolated with the
capability to fix molecular nitrogen. They belong to the genera Enterobacter
(Potrikus and Breznak 1977), and Desulfovibrio (Kuhnigk et al. 1996) as well
as Rhizobium-/Sinorhizobium-related (Wenzel et al. 2002) and Treponema-
related strains (Lilburn et al. 2000). The nitrogen-fixing bacteria improve
the nitrogen balance of their hosts. In the gut of the termite Neotermes
koshunensis expression of nitrogen fixation genes was detected by direct
amplification of the nifH cDNA from mRNA (Noda et al. 1999; Ohkuma
et al. 1999a). Seasonal patterns of nitrogen fixation in termites was found.
The nitrogenase activity was found to be highest in autumn and spring,
and lowest in winter and summer (Curtis and Waller 1998).
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11.9
Intracellular Symbiosis

While all examined species of cockroaches have been shown to harbour
intracellular bacteria in specialized cells (mycetocytes, bacteriocytes) of
the fat body, in termites bacteriocytes are restricted to Mastotermes dar-
winiensis. All of these bacteria have been assigned to the same eubacterial
lineage, with the intracellular bacteria of Mastotermes darwiniensis as the
sister group to the cockroach bacteria. (Bandi et al. 1997). They belong
to the Blattabacterium group of the Bacteroides/Flavobacterium branch.
These symbionts are thought to have originated from a bacterium that
infected an ancestor common to cockroaches and termites. Furthermore,
non-mycetocyte intracellular bacteria are widespread in termites, which
belong to the Wolbachia group (Bandi et al. 1995, 1997).

11.10
Conclusions

The symbiotic ecosystem “termite gut” can be described as a mechanical
rasp provided by the host, which grinds wood down to a micron scale
and a fermentation chamber of microbial and termite’s own hydrolytic
enzymes. Microbial genera containing species with the ability to produce
polysaccharide- or oligosaccharide-degrading enzymes are combined in
Table 11.2 (stages 1 and 2). The goal of this symbiotic system is to con-
vert lignocellulose mainly to acetate, propionate and butyrate (Odelson
and Breznak 1983) and microbial cells. The advantage for the host is the
capability to use hardly degradable compounds as a food source, while the
microflora has a constant substrate supply from the host. The low chain
fatty acids produced by the microbiota are used by the termites as an energy
and a carbon source. The gases hydrogen, methane and carbon dioxide are
released in significant amounts into the atmosphere. Lignin seems not to be
degraded during the passage through the gut, but is excreted. The ecosys-
tem “termite gut” is small, but the microbial flora and the interactions
between the microbiota and their host are very complex. Termites play
a significant ecological role in the mineralization of organic material, espe-
cially of lignocellulose. Further studies of this exciting ecosystem may also
lead to novel biotechnological applications of the wood-degrading flora.

Acknowledgements. We thank the Deutsche Forschungsgemeinschaft, the
Umweltzentrum der Johannes Gutenberg-Universitit (Mainz) and the
Fonds der Chemischen Industrie for financial support.



294 H. Konig et al.
References

Bakalidou A, Kampfer P, Berchtold M, Kuhnigk T, Konig H (2002) Cellulosimicrobium
variabile sp. nov., a cellulolytic bacterium from the hindgut of the termite Mastotermes
darwiniensis. IJSEM 52:1185-1192

Bandi C, Sironi M, Damiani G, Magrassi L, Nalepa CA, Laudani U, Sacchi L (1995) The
establishment of intracellular symbiosis in an ancestror of cockroaches and termites.
Proc R Soc Lon B 259:293-299

Bandi C, Sironi M, Nalepa CA, Corona S, Sacchi L (1997) Phylogenetically distant intracel-
lular symbionts in termites. Parasitologia 39:71-75

Bauer S, Tholen A, Overmann J, Brune A (2000) Characterization of abundance and diversity
of lactic acid bacteria in the hindgut of wood- and soil-feeding termites by molecular
and culture-dependent techniques. Arch Microbiol 173:126-137

Beckwith TD, Rose EJ (1929) Cellulose digestion by organisms from the termite gut. Proc
Soc Exp Biol Med 27:4-6

Berchtold M, Konig H (1995) Phylogenetic position of two uncultivated trichomonads
Pentatrichomonoides scroa Kirby and Metadevescovina extranea Kirby from the hindgut
of the termite Mastotermes darwiniensis Froggatt. System Appl Microbiol 18:567-573

Berchtold M, Kénig H (1996) Phylogenetic analysis and in situ identification of uncultivated
spirochetes from the hindgut of the termite Mastotermes darwiniensis. System Appl
Microbiol 19:66-73

Berchtold M, Ludwig W, Konig H (1994) 16S rDNA sequence and phylogenetic position of
an uncultivated spirochete from the hindgut of the termite Mastotermes darwiniensis
Froggatt. FEMS Microbiol Lett 123:269-274

Berchtold M, Breunig A, Kénig H (1995) Culture and phylogenetic characterization of
Trichomitus trypanoides Duboscque & Grasseé 1924, n. comb.: a trichomonad flagellate
isolated from the hindgut of the termite Reticulitermes santonensis Feytaud. ] Eukar
Microbiol 42:388-391

Berchtold M, Chatzinotas A, Schonhuber W, Brune A, Amann R, Hahn D, Konig
H (1999) Differential enumeration and in situ localization of microorganisms in
the hindgut of the lower termite Mastotermes darwiniensis. Arch Microbiol 172:
407-416

Bignell DE, Anderson JM (1980) Determination of pH and oxygen status in the guts of lower
and higher termites. ] Insect Physiol 26:183-188

Bignell DE, Oskarsson H, Anderson JM (1980a) Specialization of the hindgut wall for
the attachment of symbiotic microorganisms in a termite - Procubitermes aburiensis
(Isoptera, Termitidae, Termitinae). Zoomorphol 96:103-112

Bignell DE, Oskarsson H, Anderson JM (1980b) Distribution and abundance of bacteria
in the gut of a soil-feeding termite Procubitermes aburiensis (Termitidae, Termitinae).
] Gen Microbiol 117:393-403

Boga HI, Ludwig W, Brune A (2003) Sporomusa aerivorans sp. nov., an oxygen-reducing ho-
moacetogenic bacterium from the gut of a soil-feeding termite. Int J Syst Evol Microbiol
53:1397-404

Braumann A, Koenig JF, Dutreix ], Garcia JL (1990) Characterization of two sulfate-reducing
bacteria from the gut of the soil-feeding termite, Cubitermes speciosus. Antonie van
Leeuwenhoek 58:271-275

Braumann A, Kane MD, Labat M, Breznak JA (1992) Genesis of acetate and methane by gut
bacteria of nutritionally diverse termites. Science 257:1384-1386

Braumann A, Dore ], Eggleton P, Bignell D, Breznak JA, Kane MD (2001) Molecular phylo-
genetic profiling of prokaryote communities in guts of termites with different feeding
habits. FEMS Microbiol Ecol 35:27-36



11 Diversity and Lignocellulolytic Activities of Cultured Microorganisms 295

Breznak J A (1982) Intestinal microbiota of termites and other xylophagous insects. Annu
Rev Microbiol 36:323-343

Breznak JA (1984) Biochemical aspects of symbiosis between termites and their intestinal
microbiota. In: Anderson JM, Rayner ADM, Walton DWH. (eds.). Invertebrate Microbial
Interactions. Cambridge University Press. Cambridge pp 173-203

Breznak JA, Pankratz HS (1977) In situ morphology of the gut microbiota of wood-eating
termites [Reticulitermes flavipes (Kollar) and Coptotermes formosanus (Shiraki)]. Appl
Environ Microbiol 33:406-426

Breznak JA, Switzer JM (1986) Acetate synthesis from H; plus CO, by termite gut microbes.
Appl Environ Microbiol 52:623-630

Breznak JA, Blum JS (1991) Mixotrophy of the termite gut acetogen, Sporomusa termitida.
Arch Microbiol 156:105-110

Breznak JA, Brune A (1994) Role of microorganisms in the digestion of lignocellulose by
termites. Annu Rev Entomol 39:453-487

Breznak JA, Switzer ] M, Seitz HJ (1988) Sporomusa termitida sp. nov., an H,/CO,-utilizing
acetogen isolated from termites. Arch Microbiol 150:282-288

Brugerolle G (2000) A microscopic investigation of the genus Foaina, a parabasalid protist
symbiotic in termites and phylogenetic considerations. Eur ] Protistol 36:20-28

Brugerolle G, Konig H (1997) Ultrastructure and organisation of the cytoskeleton in Oxy-
monas, an intestinal flagellate of termites. ] Eukar Microbiol 44:305-313

Brugerolle G, Lee ] J, (2000a) Phylum Parabasalia. In The Illustrated Guide to The Protozoa,
second edition, Volume I and I, Edited by J. J. Lee, G. F. Leedale, P. Bradbury, Society of
Protozoologists, Lawrence, Kansas, pp 1196-1250

Brugerolle G, Lee JJ (2000b) Order Oxymonadida. In: Lee JJ, Leedale GF, Bradbury P (eds)
The Illustrated Guide to The Protozoa2. ed., vol 2, Society of Protozoologists, Lawrence,
Kansas, pp 1186-1195

Brugerolle G, Breunig A, Konig H (1994) Ultrastructural study of Pentatrichomonoides sp.,
a trichomonad flagellate from Mastotermes darwiniensis. Eur ] Protistol 30:372-378

Brune A (1998) Termite guts: the world’s smallest bioreactors. TIBTECH 16:16-21

Brune A, Kiihl M (1996) pH profiles of extremely alkaline hindguts of soil-feeding termites
(Isoptera: Termitidae) determined with microelectrodes. ] Insect Physiol 42:1121-1127

Brune A, Miambi E, Breznak JA, (1995a) Roles of oxygen and the intestinal microflora in the
metabolisms oflignin-derived phenylpropanoids and other monoaromatic compounds.
Appl Environ Microbiol 61:2688-2695

Brune A, Emerson D, Kiihl M]J, Breznak A (1995b) The termite gut microflora as an oxygen
sink: microelectrode determination of oxygen and pH gradients in guts of lower and
higher termites. Appl Environ Microbiol 61:2681-2687

Butler JH, Buckerfield J C (1979) Digestion of lignin by termites. Soil Biol Biochem 11:
507-511

Cleveland LR, (1924) The physiological and symbiotic relationships between the intestinal
protozoa of termites and their hosts, with special reference to Reticulitermes flavipes
Kollar Biol Bull 46:117-127

Cleveland LR, Grimstone AV (1964) The fine structure of the flagellate Mixotricha paradoxa
and its associated microorganisms. Proc R Soc Lond Ser B 159:668-686

Cookson LJ (1988) The site and mechanisms of *C-lignin degradation by Nasutitermes
exitiosus. ] Insect Physiol 34:409-414

Curtis AD, Waller DA (1998) Seasonal patterns of nitrogen fixation in termites. Functional
Ecol 12: 803-807

Cypionka H (2000) Oxygen respiration by Desulfovibrio species. Ann Rev Microb 54:827-848

Czolij R, Slaytor M, Veivers PC, O’Brien RW (1984) Gut morphology of Mastotermes
darwiniensis Froggatt (Isoptera: Mastotermitidae). Int J Insect Morphol Embryol
13:337-355



296 H. Konig et al.

Czolij R, Slaytor M, O’Brien RW (1985) Bacterial flora of the mixed segment and the hindgut
of the higher termite Nasutitermes exitiosus Hill. (Termitidae: Nasutitermitinae). Appl
Environ Microbiol 49:1226-1236

Czolij R, Slaytor M, O’Brien RW (1986) Bacterial flora of the mixed segment and the
hindgut of the higher termite Nasutitermes exitiosus Hill (Termitidae, Nasutermitinae).
Appl Environ Microbiol 49:1226-1236

Dacks JB, Redfield R], 1998 Phylogenetic placement of Trichonympha. ] Eukaryot Microbiol
45:445-447

Delgado-Viscogliosi P, Viscogliosi E, Gerbod D, Kulda ], Sogin ML, Edgcomb VP
(2000) Molecular phylogeny of parabasalids based on small subunit rRNA se-
quences, with emphasis on the Trichomonadinae subfamily. ] Eukaryot Microbiol
47:70-75

Dickman A (1931) Studies on the intestinal flora of termites with reference to the ability to
digest cellulose. Biol Bull 61:85-92

Droge S, Limper U, Emtiazi F, Schonig I, Pavlus N, Drzyzga O, Fischer U, Konig H (2004)
In vitro and in vivio sulfate-reduction in the gut contents of the termite Mastoter-
mes darwiniensis and the rose-chafer Pachnoda marginata. ] Gen Appl Microbiol:
Submitted.

Dyer BD, Khalsa O (1993) Surface bacteria of Streblomastix strix are sensory symbionts.
Biosystems 31:169-180

Ebert A, Brune A (1997) Hydrogen concentration profiles at the oxic-anoxic interface:
a microsensor study of the hindgut of the wood-feeding lower termite Reticulitermes
flavipes (Kollar). Appl Environ Microbiol 63:4039-4046

Esenther G R, Kirk T K (1974) Catabolism of aspen sapwood by Reticulitermes flavipes
(Isoptera: Rhinotermitidae) Ann Entomol Soc Am 67:989-999

Eutick ML, O’Brien RW, Slaytor M (1978) Bacteria from the gut of Australian termites. Appl
Environ Microbiol 35:823-828

Fengel D, Wegener G (1984) Wood. Chemistry, Ultrastructure, Reactions. Walter de Gruyter,
Berlin

Fittkau J, Klinge H (1973) On biomass and trophic structure of the Central Amazonian rain
forest ecosystem. Biotropica 5:2-14

Frohlich J, Konig H (1999a) Ethidium bromide: a fast fluorescent staining procedure for
the detection of symbiotic partnership of flagellates and prokaryotes. ] Microbiol Meth
35:121-127

Frohlich J, Kénig H (1999b) Rapid isolation of single microbial cells from mixed natural
and laboratory populations with the aid of a micromanipulator. System Appl Microbiol
22:249-257

Frohlich J, Konig H (2000) New techniques for the isolation of single prokaryotic cells. FEMS
Microbiol Rev 24:567-572

Frohlich ], Sass H, Babenzien HD, Kuhnigk T, Varma A, Saxena S, Nalepa C, Pfeiffer P, Konig
H (1999) Isolation of Desulfovibrio intestinalis sp. nov., from the hindgut of the lower
termite Mastotermes darwiensis. Can ] Microbiol 45:145-152

Golichenkov MV, Kostina NV, Ul’ianova TA, Dobrovol’skaia TG, Umarov MM (2002) Char-
acteristics of nitrogen fixation and denitrification in Termites Neotermes castaneus,
Zootermopsis angusticollis, and Reticulitermes lucifugus. Biol Bull Russ Acad Sci 29:
172-175

Graber JR, Leadbetter JR, Breznak JA (2004) Description of Treponema azotonutricium sp.
nov. and Treponema primitia sp. nov., the first spirochetes isolated from termite guts.
Appl Environ Microbiol 70:1315-20

Hackstein JHP, Stumm CK (1994) Methane production in terrestrial arthropods. Proc Natl
Acad Sci USA 91:5441-5445



11 Diversity and Lignocellulolytic Activities of Cultured Microorganisms 297

Hackstein JHP, Langer P, Rosenberg J (1996) Genetic and evolutionary constraints for
symbiosis between animals and methanogenic bacteria. Environ. Monitoring and As-
sessment 42:39-56

Harazono K, Yamashita N, Shinzato N, Watanabe Y, Fukatsu T, Kurane R (2003) Isolation
and characterization of aromatics-degrading microorganisms from the gut of the lower
termite Coptotermes formosanus. Biosci Biotechnol Biochem 67:889-92

Hethener P, Brauman A, Garcia JL (1992) Clostridium termitidis sp. nov., a cellulolytic
bacterium from the gut of the wood-feeding termite, Nasutitermes lujae. System Appl
Microbiol 15:52-58

Honigberg BM (1970) Protozoa associated with termites and their role in digestion. In: K.
Krishna and F. M. Weesner (Eds.). Biology of Termites.Vol. II. Academic Press. New York,
pp 1-36

Hungate RE (1946) Studies on cellulose fermentation. II. An anaerobic cellulose decompos-
ing actinomycetes, Micromonospora propionici sp. nov. ] Bacteriol 51:51-56

Hyodo FT, Inoue ], Azuma I, Tayasu I, Abe T (2000) Role of the mutualistic fungus in lignin
degradation in the fungus-growing termite Macrotermes gilvus (Isoptera; Macroter-
mitinae). Soil Biol Biochem 32:653-658

lida T, Ohkuma M, Ohtoko K, Kudo T (2000) Symbiotic spirochetes in the termite hindgut:
phylogenetic identification of ectosymbiotic spirochetes of oxymonad protists. FEMS
Microbiol Ecol 34:17-26

Inoue T, Murashima K, Azuma JI, Sugimoto A, Slaytor M (1997) Cellulose and xylan uti-
lization in the lower termite Reticulitermes speratus. ] Insect Physiol 43:235-242

JiR, Kappler A, Brune A (2000) Transformation and mineralization of synthetic '*C-labeled
humic model compounds by soil-feeding termites. Soil Biol Biochem 32:1281-1291

Kane MD, Breznak JA (1991) Acetonema longum gen. sp. nov., an H,/CO, acetogenic bac-
terium from the termite, Pterotermes occidentis. Arch Microbiol 156:91-98

Kane MD, Baumann A, Breznak JA (1991) Clostridium mayombei sp. nov., an H,/CO,
acetogenic bacterium from the gut of the African soil-feeding termite, Cubitermes
speciosus. Arch Microbiol 156:99-104

Kato K, Kozaki S, Sakuranaga M (1998) Degradation of lignin compounds by bacteria from
termite guts. Biotechnol Lett 20:459-462

Keeling P, Poulsen N, McFadden GI (1998) Phylogenetic diversity of parabasalian sym-
bionts from termites, including the phylogenetic position of Pseudotrypanosoma and
Trichonympha. ] Eukaryot Microbiol 45:643-650

Kitade O, Matsumoto T (1998) Characteristics of the symbiotic flagellate composition within
the termite family Rhinotermitidae. Symbiosis 25:271-278

Konig H, Frohlich J, Berchtold M, Wenzel M (2002) Diversity and microhabitats of the
hindgut flora of termites. Recent Res Devel Microbiology 6:125-156

Krasil’nikov NA, Satdykov SI (1969) Estimation of the total bacteria in the intestines of
termites. Microbiology 38:289-292

Krishna K (1970) Taxonomy, physiology, and distribution of termites. In: K. Krishna and
E M. Weesner (Ed.). Vol. II. Academic Press, New York. pp 127-152

Kudo T, Ohkuma M, Moriya S, Noda S, Ohtoko K (1998) Molecular phylogenetic identifi-
cation of the intestinal anaerobic microbial community in the hindgut of the termite,
Reticulitermes speratus, without cultivation. Extremophiles 2:151-161

Kuhnigk T (1996) Charakterisierung Lignocellulose abbauender und Sulfat reduzierender
Bakterien aus dem Termitendarm. Thesis University, Ulm

Kuhnigk T, Kénig H (1997) Degradation of dimeric lignin model compounds by aerobic
bacteria isolated from the hindgut of xylophagous termites. ] Basic Microbiol 37:205-211

Kuhnigk T, Borst E, Ritter A, Kimpfer P, Graf A, Hertel H, Konig H (1994) Degradation of
lignin monomers by the hindgut flora of termites. System Appl Microbiol 17:76-85



298 H. Konig et al.

Kuhnigk T, Borst EM, Breunig A, Konig H, Collins MP, Hutson RA, Kampfer P (1995)
Bacillus oleronius sp. nov., a member of the hindgut flora of the termite Reticulitermes
santonensis. Can ] Microbiol 41:699-706

Kuhnigk, T, Branke ], Krekeler D, Cypionka H, Kénig H (1996) A feasible role of sulfate-
reducing bacteria in the termite gut. System Appl Microbiol 19:139-149

Leadbetter JR, Breznak JA (1996) Physiological ecology of Methanobrevibacter cuticularis
sp. nov. and Methanobrevibacter curvatus sp. nov., isolated from the hindgut of the
termite Reticulitermes flavipes. Appl Environ Microbiol 62:3620-3631

Leadbetter JR, Crosby LD, Breznak JA (1998) Methanobrevibacter filiformis sp. nov., a fila-
mentous methanogen from termite hindguts. Arch Microbiol 169:287-292

Leadbetter JR, Schmidt TM, Graber JR, Breznak JA (1999) Acetogenesis from H; plus CO,
by spirochetes from termite guts. Science 283:686-689

Li L, Frohlich J, Pfeiffer P, Kénig H (2003) Termite’s symbiotic gut Archaezoa are becoming
living metabolic fossils. Eukaryotic Cell. 2:1091-1098

Lilburn TG, Byzek KR, Kim KS, Breznak JA (2000) Nitrogen fixation in spirochetes. Abstr.
Gen Meeting ASM 100:475

Madigan MT, Martinko JM, Parker ] (2001) Brock Mikrobiologie. Goebel W. (Ed.) Spektrum,
Heidelberg

Mannesmann R, Piechowski B (1989) Verteilungsmuster von Garkammerbakterien einiger
Termitenarten Mat Org 24:161-177

Martin MM (1991) The evolution of cellulose digestion in insects. Phil Trans R Soc London
B 333:281-288

Martius CR, Wassmann U, Thein A, Bandeira H, Rennenberg, Jung W, Seiler W (1993)
Methane emission from wood-feeding termites in Amazonia. Chemosphere 26:623-632

Mishra SC (1979) Studies on deterioration of wood by insects. IV. Digestibility and di-
gestion of major wood components by the termite Neotermes bosei Snyder (Isoptera:
Kalotermitidae). Mat Organismen 14:269-277

Mora P, Lattaud C (1999) Screening termite species for laccase: role of symbiotic fungi.
Insect Sci Appl 19:51-55

Moriya S, Ohkuma M, Kudo T (1998) Phylogenetic position of symbiotic protist Dinenympha
exilis in the hindgut of the termite Reticulitermes speratus inferred from the protein
phylogeny of elongation factor 1 alpha. Gene 210:221-227

Myles TG (1999) Phylogeny and Taxonomy of the Isoptera. XIII Intl. Congress Intl. Union
for the Study of Social Insects 29: Adelaide, Australia.

Noda S, Ohkuma M, Usami R, Horikoshi K, Kudo T (1999) Culture-independent characteri-
zation of a gene responsible for nitrogen fixation in the symbiotic microbialcommunity
in the gut of the termite Neotermes koshunensis. Appl Environ Microbiol 65:4935-4942

Noda S, Ohkuma M, Yamada A, Hongoh Y, Kudo T (2003) Phylogenetic position and in situ
identification of ectosymbiotic spirochetes on protists in the termite gut. Appl Environ
Microbiol 69:625-33

Noirot C (1995) The gut of termites (Isoptera). Comparative anatomy, systematics, phy-
logeny. I. Lower termites. Ann Soc Entomol Fr 31:197-226

Noirot C, Noirot-Timotheé C (1969) The digestive system. In: K. Krishna and F. M. Weesner
(Eds.). Biology of Termites.Vol. I. Academic Press, New York, pp 49-88

O’Brien RW, Slaytor M (1982) Role of microorganisms of termites. Aust ] Biol Sci 35:239 -262

Odelson DA, Breznak JA (1983) Volatile fatty acid production by the hindgut microbiota of
xylophagous termites. Appl Environ Microbiol 45:1602-1613

Odelson DA, Breznak JA (1985) Nutrition and growth characteristics of Trichomitopsis
termopsidis, a cellulolytic protozoan from termites. Appl Environ Microbiol 49:614-621

Ohkuma M, Ohtoko K, Grunau C, Moriya S, Kudo T (1998) Phylogenetic identification
of the symbiotic hypermastigote Trichonympha agilis in the hindgut of the termite



11 Diversity and Lignocellulolytic Activities of Cultured Microorganisms 299

Reticulitermes speratus based on small-subunit rRNA sequence. ] Eukaryot Microbiol
45:439-444

Ohkuma M, Noda S, Kudo T (1999a) Phylogenetic diversity of nitrogen fixation genes in the
symbiotic microbial community. Appl Environ Microbiol 65:4926-4934

Ohkuma M, Iida T, Kudo T (1999b) Phylogenetic relationships of symbiotic spirochetes in
the gut of diverse termites. FEMS Microbiol Lett 181:123-129

Ohkuma M, Noda S, Kudo T (1999¢c) Phylogeny of symbiotic methanogenes in diverse
termites. FEMS Microbiol Lett 171:147-153

Ohtoko K, Ohkuma M, Moriya S, Inoue T, Usami R, Kudo T (2001) Diverse genes of cellulase
homologues of glycosyl hydrolase family 45 from the symbiotic protists in the hindgut
of the termite Reticulitermes speratus. Extremophiles 4:343-349

Paster BJ], Dewhirst FE, Cooke SM, Fussing V, Poulsen LK, Breznak JA (1996) Phylogeny of
not-yet-cultured spirochetes from termite guts. Appl Environ Microbiol 62:347-352

Pasti MB, Belli ML (1985) Cellulolytic activity of actinomycetes isolated from termites
(Termitidae) gut. FEMS Microbiol Lett 26:107-112

Pasti MB, Pometto AL III, Nuti MP, Crawford DL (1990) Lignin-solubilizing ability of acti-
nomycetes isolated from the termite (Termitidae) gut. Appl Environ Microbiol 56:2213-
2218

Paul J, Sarkar A, Varma AK (1986) In vitro studies of cellulose digesting properties of
Staphylococcus saprophyticus isolated from termite gut. Curr Sci 55:710-714

Potrikus C J, Breznak JA (1977) Nitrogen-fixing Enterobacter agglomerans isolated from
guts of wood-eating termites. Appl Environ Microb 33:392-399

Potrikus CJ, Breznak JA (1980) Uric acid-degrading bacteria in guts of termites Reticuliter-
mes flavipes. Appl Environ Microbiol 40:117-124

Prillinger H, Messner R, Konig H, Bauer R, Lopandic K, Molnar O, Dangel P, Weigang F,
Kirisitis T, Nakase T, Sigler L (1996) Yeast associated with termites: a phenotypic and
genotypic characterization and use of coevolution for dating evolutionary radiations in
asco- and basidiomycetes. System Appl Microbiol 19:265-283

Radek R, Hausmann K (1993) Symbiontische Flagellaten im Termitendarm. In: Ex-
tremophile Mikroorganismen in ausgefallenen Lebensraumen. Hausmann K, Kremer B
P (Eds.) VCH, Weinheim, pp 325-339

Radek R, Tischendorf G (1999) Bacterial adhesion to different termite flagellates: ultrastruc-
tural and functional evidence for distinct molecular attachment modes. Protoplasma
207:43-53

Radek R, Hausmann K, Breunig A (1992) Ectobiotic and endocytobiotic bacteria associated
with the termite flagellate Joenia annectens. Acta Protozool 31:93-107

Radek R, Roesel ], Hausmann K (1996) Light and electron microscopic study of the bacterial
adhesion to termite flagellates applying lectin cytochemistry. Protoplasma 193:105-122

Rajagopal S, Rao DR, Varma AK (1979) Association of fungi in the termite gut. Curr Sci
48:998-999

Rajagopal S, Rao DR., Varma AK (1981) Fungi from worker termite gut, Odontotermes
obesus (Rambur) from northern India. Nova Hedwigia 34:97-100

Rouland C, Lenoir E, Lepage M (1991) The role of the symbiotic fungus in the digestive
metabolism of several species of fungus- growing termites. Comp Biochem Physiol
99A:657-663

Rouland C, Braumann A, Labat M, Lapage M (1993) Nutritional factors affecting methane
emission from termites. Chemosphere 26:617-622

Saxena S, Bahadur J, Varma A (1993) Cellulose and hemicellulose degrading bacteria from
the termite gut and mound soils of India. Ind ] Microbiol 33:55-60

Schifer A, Konrad R, Kuhnigk T, Kdmpfer P, Hertel H, Konig H (1996) Hemicellulose-
degrading bacteria and yeasts from the termite gut. ] Appl Bacteriol 80:471-478



300 H. Ko6nig et al.

Schmitt-Wagner D, Brune A (1999) Hydrogen profiles and localization of methanogenic
activities in the highly compartmentalized hindgut of soil-feeding higher termites (Cu-
bitermes spp.). Appl Environ Microbiol 65:4490-4496

Schultz JE, Breznak JA (1978) Heterotrophic bacteria present in hindgut of wood-
eating termites [Reticulitermes flavipes (Kollar)]. Appl Environ Microbiol 35:
930-936

Sebald M, Prévot AR (1962) Etude d’une nouvelle espéce anaérobic stricte Micromonospora
acetoformici n. sp. isolée de 'intestin postérieur de Reticulitermes lucifugus var. santo-
nensis. Ann. Inst. Pasteur Paris 102:199-214

Seifert K, Becker G (1965) Der chemische Abbau von Laub- und Nadelholzarten durch
verschiedene Termiten. Holzforschung 19:105-111

Slaytor M (1992) Cellulose digestion in termites and cockroaches: what role do symbionts
play? Comp. Biochem Physiol 103B:775-784

Taguchi, F, Chang-Jun D, Mizukami N, Saito TT, Hasegawa K and Morimoto M (1993)
Isolation of a hydrogen-producing bacterium, Clostridium beijerinckii strain AM21B,
from termites. Can ] Microbiol 39:726-730

Tayasu, I., Sugimoto A, Wada E, Abe T (1994) Xylophagous termites depending on atmo-
spheric nitrogen. Naturwissenschaften 81:229-231

Thayer DW (1976) Facultative wood-digesting bacteria from the hindgut of the termite
Reticulitermes hesperus. ] Gen Microbiol 95:287-296

Thayer DW (1978) Carboxymethylcellulase produced by facultative bacteria from the hind-
gut of the termite Reticulitermes hesperus. ] Gen Microbiol 106:13-18

Tholen A, Brune A (1999) Localization and in situ activities of homoacetogenic bacteria
in the highly compartmentalized hindgut of soil-feeding higher termites. (Cubitermes
spp.)- Appl Environ Microb 65:4497-4505

Tholen A, Schink B, Brune A (1997) The gut microflora of Reticulitermes flavipes, its relation
to oxygen, and evidence for oxygen-dependent acetogenesis by the most abundant
Enterococcus sp. FEMS Microbio Ecol 24:137-149

To LP, Margulis L, Chase D, Nutting WL (1980) The symbiotic microbial community of the
sonoran desert termite: Pterotermes occidentis. Biosystems 13:109-137

Tokuda, G, Watanabe H, Matsumoto T, Noda H (1997) Cellulose digestion in the wood-
eating higher termite, Nasutitermes takasagoensis (Shiraki): distribution of cellulases
and properties of endo-beta-1.4-glucanase. Zool Science 14:83-93

Tokuda, G, Lo N, Watanabe H, Slaytor M, Matsumoto T, Noda H (1999) Metazoan cellulase
genes from termites: intron/exon structures and sites of expression. Biochim Biophys
Acta 1447:146-159

Tokuda G, Yamaoka I, Noda H (2000) Localization of symbiotic clostridia in the mixed
segment of the termite Nasutitermes takasagoensis (Shiraki). Appl Environ Microb
66:2199-2207.

Tokura M, Ohkuma M, Kudo T (2000) Molecular phylogeny of methanogens associated with
flagellated protists in the gut and with the gut epithelium of termites. FEMS Microbiol
Ecol 33:233-240

Trinkerl M, Breunig A, Schauder R, Konig H (1990) Desulfovibrio termitidis sp. nov.,
a carbohydrate-degrading sulfate-reducing bacterium from the hindgut of a termite.
System Appl Microbiol 13:373-377

Varma A, Kolli BK, Paul ], Saxena S, Kénig H (1994) Lignocellulose degradation by microor-
ganisms from termite hills and termite guts: a survey on the present state of art. FEMS
Microbiol Rev 15:9-28

Veivers PC, O’Brien RW and Slaytor W (1980) The redox state of the gut of termites. J Insect
Physiol 26:75-77



11 Diversity and Lignocellulolytic Activities of Cultured Microorganisms 301

Veivers, PC, O’Brien RW, Slaytor M (1982) Role of bacteria in maintaining the redox potential
in the hindgut of termites and preventing entry of foreign bacteria. J Insect Physiol
28:947-951

Viscogliosi E, Philippe H, Baroin A, Perasso R, Brugerolle G (1993) Phylogeny of trichomon-
ads based on partial sequences of large subunit rRNA and on cladistic analysis of
morphological data. ] Euk Microbiol 40:411-421

Watanabe H, Noda H, Tokuda G, Lo N (1998) A cellulase gene of termite origin. Nature
394:330-331

Watanabe Y, Shinzato N, Fukatsu T. (2003) Isolation of actinomycetes from termites’ guts.
Biosci Biotechnol Biochem 67:1797-801

Wenzel M, Schonig I, Berchtold M, Kdmpfer P, Konig H (2002) Aerobic and facultatively
anaerobic cellulolytic bacteria from the gut of the termite Zootermopsis angusticollis. ]
Appl Microbiol 92:32-40

Wenzel M, Radek R, Brugerolle G, Kénig H (2003) Identification of the ectosymbiotic bacteria
of Mixotricha paradoxa involved in movement symbiosis. Eur ] Protistol 39:11-23

Wier A, Dolan M, Grimaldi D, Guerrero R, Wagensberg J, Margulis (2002). Spirochete and
protist symbionts of a termite (Mastotermes electrodominicus) in Miocene amber. Proc
Natl Acad Sci U S A 99:1410-3

Woese CR, Kandler O, Wheelis ML (1990) Towards a natural system of organisms: Proposal
for the domains Archaea, Bacteria and Eucarya Proc Natl Acad Sci 87: 4576-4579

Wood, TG, Sands WA (1978) The role of termites in ecosystems. In: J. V. Brian (Ed.) Produc-
tion Ecology of Ants and Termites. Cambridge University Press, Cambridge, pp 245-292

Yamin MA (1978) Axenic cultivation of the cellulolytic flagellate Trichomitopsis termopsidis
(Cleveland) from the termite, Zootermopsis. ] Protozool 25:535-538

Yamin MA (1979) Flagellates of the orders Trichomondida Kirby, Oxymonadida Grassé, and
Hypermastigida Grassi & Foa reported from lower termites (Isoptera families Mastoter-
mitidae, Kalotermitidae, Hodotermitidae, Termopsidae, Rhinotermitidae, and Serriter-
mitidae) and from the wood-feeding roach Cryptocercus (Dictyoptera: Cryptocercidae).
Sociobiology 4:4-119

Yamin MA (1980) Cellulose metabolism by the termite flagellate Trichomitopsis termopsidis.
Appl Environ Microbiol 39:859-863

Yamin MA (1981) Cellulose metabolism by the flagellate Trichonympha from the termite is
independent of endosymbiotic bacteria. Science 211:58-59

Yokoe Y (1964) Cellulase activity in the termites, Leucotermes speratus, with new evidence
in support of a cellulase produced by the termite itself. Scientific Papers of the College
of General Education, Univ Tokyo 14:115-120

Yoshimura T, Tsunoda K, Takahashi M (1992) Distribution of the symbiotic protozoa in the
hindgut of Coptotermes formosanus Shiraki (Isoptera: Rhinotermitidae). Jpn. ] Environ
Entomol Zool 4:115-120

Zimmerman PR, Greenberg JP, Wandiga SO, Crutzen PJ (1982) Termites: a potentially large
source of atmospheric methane, carbon dioxide, and molecular hydrogen. Science 218:
563-565





