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cellulolytic fungi. Even in the wood-feeding guilds, which include all lower termites, food preferences range from sound to
extensively decayed woods.
A wide variety of nitrogen fixation rates of termite species
are known (1, 4, 5). Within the same species, large variations in
nitrogen fixation rates have been demonstrated. At least one
reason for the variations is the nitrogen content of the termite
diet fed prior to the assay (5). Considering the variations in
nitrogen-fixing activity and the presence of evolutionarily diverse termite species, differences in microbial populations and
differences in the constituents of the resident microorganisms
responsible for nitrogen fixation in the gut of termites are of
significant interest and need to be elucidated in order to understand the termite symbiotic systems.
Identification depending on culturing microorganisms may
provide limited information on the microbial diversity and the
types of organisms that fix nitrogen in termites, because only a
few nitrogen-fixing microorganisms have been isolated from
termites (12, 18, 31). Moreover, a majority of the members of
the symbiotic community in the termite gut have been shown to
be as yet uncultivated microorganisms, as demonstrated by
culture-independent analyses based on comparisons of PCRamplified 16S rRNA genes (2, 24–27, 29, 33). However, a
similar molecular approach, comparative analysis of a PCRamplified nitrogen fixation gene, nifH, has provided evidence
for a remarkable and previously unexpected diversity of nitrogen-fixing microorganisms in the gut of the lower termite Reticulitermes speratus (28). The gene nifH encoding dinitrogenase reductase is evolutionarily conserved and has often been
used as the basis for detecting nitrogen-fixing microorganisms
in natural microbial communities (3, 16, 34, 39, 40, 42, 43).
Comparative analysis of the nifH gene can provide information
about the phylogenetic identity of nitrogen-fixing organisms.

A symbiotic relationship between termites and microorganisms inhabiting their gut enables termites to live exclusively on
lignocellulosic materials (4, 6). Nitrogen fixation in termites is
one of the crucial aspects of the symbiosis, since the diet of
termites is usually low in nitrogen sources (1, 4, 5). The nitrogen fixation activity is associated with the gut microorganisms.
Ecologically, termites thrive in great abundance and they play
important roles in the turnover of lignocellulose derived from
dead plant materials. Considering their great abundance, the
ability of termites to fix atmospheric N2 may also play a hitherto unrecognized role in fertilization of ecosystems by replenishing combined nitrogen compounds. For example, it is
known that termites are preyed upon by various carnivores as
important nitrogen sources (36, 41).
Termites are comprised of a complex assemblage of evolutionarily diverse species, roughly divided into so-called lower
and higher termites (17). The lower termites, which comprise
six families, harbor a dense and diverse population of both
prokaryotes and flagellated protists in their gut. The higher
termites comprise only one family but three-quarters of all
termite species, and they also harbor a dense and diverse array
of prokaryotes. However, the higher termites typically lack
flagellated protists, and they have a more elaborate morphology and social organization than do the lower termites. The
higher termites, especially, show considerable variation in their
feeding behavior, which is not limited to xylophagy. Some feed
exclusively on soil, presumably deriving nutrition from the humic compounds therein, and others cultivate and consume
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Nitrogen fixation by the microorganisms in the gut of termites is one of the crucial aspects of symbiosis, since
termites usually thrive on a nitrogen-poor diet. The phylogenetic diversity of the nitrogen-fixing organisms
within the symbiotic community in the guts of various termite species was investigated without culturing the
resident microorganisms. A portion of the dinitrogenase reductase gene (nifH) was directly amplified from
DNA extracted from the mixed population in the termite gut. Analysis of deduced amino acid sequences of the
products of the clonally isolated nifH genes revealed the presence of diverse nifH sequences in most of the
individual termite species, and their constituents were considerably different among termite species. A majority
of the nifH sequences from six lower termites, which showed significant levels of nitrogen fixation activity, could
be assigned to either the anaerobic nif group (consisting of clostridia and sulfur reducers) or the alternative
nif methanogen group among the nifH phylogenetic groups. In the case of three higher termites, which showed
only low levels of nitrogen fixation activity, a large number of the sequences were assigned to the most divergent
nif group, probably functioning in some process other than nitrogen fixation and being derived from methanogenic archaea. The nifH groups detected were similar within each termite family but different among the
termite families, suggesting an evolutionary trend reflecting the diazotrophic habitats in the symbiotic community. Within these phylogenetic groups, the sequences from the termites formed lineages distinct from those
previously recognized in studies using classical microbiological techniques, and several sequence clusters
unique to termites were found. The results indicate the presence of diverse potentially nitrogen-fixing microbial
assemblages in the guts of termites, and the majority of them are as yet uncharacterized.
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TABLE 1. Nitrogen fixation (C2H2 reduction) activity of termites examined in this study
Termite species

Nitrogen fixation activitya
(nmol of C2H4 formed/
h/g [wet wt])

Collection

Termite family

Origin

b

Date

Rhinotermitidae
Rhinotermitidae
Kalotermitidae
Kalotermitidae
Kalotermitidae
Termopsidae

Ogose
Okinawa
Okinawa
Iriomote
Okinawa
Yakushima

October 1996
April 1997
August 1996
April 1997
August 1996
July 1997

Higher termites
N. takasagoensis
O. formosanus
P. nitobei

Termitidae
Termitidae
Termitidae

Iriomote
Iriomote
Iriomote

October 1997
April 1997
April 1997

16
79
210
33
31
34
0.7
ND
2.5

a
The activity was measured within 3 days after collection, except for G. fuscus, in which case it was 2 months after collection. Values are the averages of duplicate
assays performed separately. ND, not detected.
b
All collection sites were in the Japan Archipelago. The Ogose district is in the Saitama prefecture at latitude 36°N. Yakushima Island is in the Kagoshima prefecture
at latitude 30°N. Okinawa Island and the Iriomote Island are in the Okinawa prefecture at latitudes 26 and 24° N, respectively.

In this report, in an effort to compare the constituents of
symbiotic nitrogen-fixing microorganisms in the gut of evolutionarily diverse termites, a portion of the nifH gene was PCR
amplified and characterized. The nifH sequences obtained
were compared among termite species. Phylogenetic analysis
of the cloned nifH sequences revealed that the diazotrophic
populations in the termite gut are far more diverse than previously recognized.
MATERIALS AND METHODS
Termites and nitrogen fixation activity. The termites examined in this study
and the time and place of sample collection are shown in Table 1. Nitrogen
fixation activity was measured by the acetylene reduction assay (30). Thirty to 200
live workers (or pseudergates) of the termite species were placed in a stoppered
10-ml bottle containing 16% C2H2. After incubation at room temperature for 1
to 3 h, a 0.1-ml gas sample was assayed for C2H4 by using a flame ionization gas
chromatograph (Shimazu GC-14B) fitted with packed column J (3 mm by 1 m;
GL Science) containing Porapak T (80/100 mesh). Helium was the carrier gas (30
ml/min), and the column temperature was 50°C.
DNA extraction, PCR amplification, and cloning. DNA was extracted from the
mixed population of microorganisms in the whole gut of the termites as described previously (24, 26). The nifH gene was amplified from the extracted DNA
by PCR with EX Taq DNA polymerase (Takara) according to the manufacturer’s
instructions. The reaction conditions were 30 cycles of 94°C for 30 s, 48°C for
45 s, and 72°C for 2 min. The PCR primers used were IGK and YAA (28), which
are specific for a portion of the nifH gene corresponding to amino acid positions

11 to 165 of the Klebsiella pneumoniae nifH sequence. The amino acid sequences
of these two primers are the most widely conserved sequences within nifH. PCR
products of the expected size (approximately 0.47 kb) were isolated by electrophoresis by using a low-melting-point agarose gel (Seaplaque GTG; FMC Bioproducts) and purified by means of the Wizard PCR prep DNA purification
system (Promega). In the case of Neotermes koshunensis, the purified PCR
product was cloned in pUC119 as described previously (28). All of the other
purified PCR products were cloned in pGEM-T (Promega) according to the
manufacturer’s instructions.
FLT-RFLP analysis. The primers used for the fluorescently labeled terminalrestriction fragment length polymorphism (FLT-RFLP) analysis were IGK-Cy5
(5⬘-TGYGAYCCNAARGCNGA-3⬘ labeled at the 5⬘ end with Cy5; synthesized
and purified by Pharmacia) and YAA. The reaction conditions were the same as
those for the standard PCR described above. The products of the expected size
were purified as described above and then digested with HhaI. The lengths of the
fluorescently labeled terminal restriction fragments from the PCR products were
determined after electrophoresis by means of an automated sequencer, ALFred
Express (Pharmacia), and analyzed by using Fragment Manager software (Pharmacia).
Nucleotide sequencing and phylogenetic analysis. Plasmid DNAs were prepared from randomly picked recombinant clones and used as templates for
sequencing performed by using the Dye Primer Cycle Sequencing Kit (Applied
Biosystems) with sequencing primers T7 and SP6 and an automatic sequence
analyzer (Applied Biosystems model 377). The names assigned to the clones are
shown in Table 2. The previously determined nifH sequences included in comparisons in this study were retrieved from the GenBank, EMBL, and DDBJ
nucleotide sequence databases. Sequences were aligned by using the CLUSTAL
W package (38) and then corrected by manual inspection. Phylogenetic analyses
were restricted to unambiguously aligned amino acid residues. The programs

TABLE 2. Assignment of the nifH clones from the symbiotic microbial community in the gut of termites to phylogenetic groups
Termite species

Clone name
taga

R. speratusb
C. formosanus
N. koshunensis
C. domesticus
G. fuscus
H. sjoestedti
N. takasagoensis
O. formosanus
P. nitobei

RSN-TKY
CFN
NKN
CDN
GFN
HSN
NTN
OFN
PNN

a

Number of clones
Proteocyano

1
0
3
0
0
0
0
0
0

Anaerobe

anfmethano

Pseudo
nif

Other

Frameshiftc

Total

Different
AAd

Different
DNAe

18
23
5
8
12
1
11
0
2

0
0
10
10
2
22
0
1
0

3
1
4
4
6
0
12
23
20

0
0
0
0
4
0
0
0
0

4
0
1
1
0
1
1
0
0

26
24
23
23
24
24
24
24
22

13
11
12
15
14
6
15
7
13

23
15
20
21
14
15
17
7
16

Termite origins of the isolated clones were clarified with these clone name tags.
Numbers of clones derived from R. speratus are cited from reference 28 and are restricted to those amplified with the primer pair of IGK and YAA.
As in the previous report on the analysis of nifH sequences in R. speratus (28), clones having significant similarity to nifH but with frameshift-like mutations, showing
no translation of the nifH protein, were isolated from the four termites.
d
Number of clones with different amino acid (AA) sequences found in a single termite species.
e
Number of clones with different DNA sequences found in a single termite species.
b
c
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Lower termites
R. speratus
C. formosanus
N. koshunensis
C. domesticus
G. fuscus
H. sjoestedti
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used to infer phylogenetic trees were those contained in the PHYLIP package
(11). PROTDIST with the Dayhoff PAM matrix option was used to calculate
evolutionary distances. Phylogenetic trees were constructed from evolutionary
distance data by the neighbor-joining method (32), implemented through the
program NEIGHBOR. A total of 100 bootstrapped replicate resampling data
sets for PROTDIST were generated with the program SEQBOOT, to provide
confidence estimates for tree topologies (10).
Nucleotide sequence accession numbers. The nifH sequences determined in
this study will appear in the DDBJ, EMBL, and GenBank nucleotide sequence
databases under accession no. AB011841 to AB011964.

RESULTS
Nitrogen fixation activity in diverse termites. Nitrogen fixation was measured in six lower termites and three higher
termites by the acetylene reduction assay (Table 1). All six
lower termites exhibited significant levels of nitrogen fixation
activity. Among them, the highest activity was found in N.
koshunensis. On the other hand, three higher termites, including a wood feeder (Nasutitermes takasagoensis), a fungus
grower (Odontotermes formosanus), and a soil feeder (Pericapritermes nitobei), exhibited only low levels of activity.
FLT-RFLP analysis of the amplified nifH genes. In the six
lower termites which exhibited relatively high levels of nitrogen
fixation activity, the variation in the amplified nifH sequences
was examined and the sequences were compared among the
termite species by FLT-RFLP analysis (Fig. 1). This technique
is based on RFLP analysis but it differs from conventional
RFLP analysis in that a single fluorescent fragment from one
terminal side forms the sole focus of the analysis, in contrast to
the profile of multiple fragments in RFLP analysis (7, 21). In
FLT-RFLP analysis of PCR-amplified DNA from a mixed
population, the single fragment length corresponds to a unique
sequence or a subclass of sequences. Thus, this technique is
expected to be useful for measuring sequence variation and
comparing community structures in the ecosystems under investigation. In most of the lower termites, a remarkable diversity of the amplified nifH sequences was detected. Although
some terminal restriction fragments (T-RFs) were common

among several termites, the profiles of the T-RFs were quite
dissimilar among the termite species. The results indicated that
the nitrogen fixation genes within the members of the symbiotic microbial community in the termite gut were significantly
different among the various termite species. Thus, we decided
to further analyze the amplified nifH sequences by cloning and
sequencing.
Only one major and a few minor T-RFs were detected in the
FLT-RFLP profiles of nifH sequences from R. speratus and
Hodotermopsis sjoestedti, suggesting low levels of heterogeneity
of the amplified nifH sequences. In the case of R. speratus, for
which nifH sequences have already been reported (28), the
FLT-RFLP profile was congruent with that predicted on the
basis of the cloned sequences. A majority of the cloned nifH
sequences shared identical predicted T-RFs, and they were
phylogenetically clustered together in the anaerobe nif group
(see below). Nevertheless, a small degree of heterogeneity of
around a 10% difference in amino acid residues was observed.
Although the three higher termites exhibited only low levels
of nitrogen fixation activity, amplification of nifH genes was
successfully attained in each case. We also cloned the amplified
nifH sequences in the case of these higher termites. Because
the results of both the FLT-RFLP and the cloning analyses
were well correlated in the case of R. speratus and the other
termites (see below), we did not conduct the FLT-RFLP analysis in the case of these higher termites.
Cloning and analysis of nifH sequences. The nucleotide
sequences of around 24 clones in our libraries of nifH sequences were analyzed for each termite species. We found
several completely identical DNA sequences and completely
identical amino acid sequences within the library of a single
termite species (Table 2). Completely identical amino acid
sequences were also encountered four times in comparisons
between different termite species: between NKN12 and RSNTKY19 (in this case, the nucleotide sequence was also identical), NKN9 and OFN35, GFN8 and PNN16, and OFN1 and
PNN31. From eight termite species, 125 different nucleotide
sequences which encoded 92 different amino acid sequences
were newly identified in this study (these numbers do not
include the previously reported sequences from R. speratus
[28]). These results indicate that notably heterogeneous nitrogenase sequences are present in the symbiotic microbial community in the gut of termites, and most of them are different
between termite species.
As shown in Fig. 1, the amplified nifH sequences derived
from H. sjoestedti exhibited low heterogeneity in the T-RFs. In
fact, a majority of the nifH clones from H. sjoestedti (22 of 24)
shared predicted T-RFs of identical length and shared high
sequence similarity (less than two amino acids difference). In
the case of the other termites, most of the dominant T-RFs
detected could be assigned to isolated clones. The sequences
corresponding to the T-RFs of 57 and 143 bases in Coptotermes
formosanus and that of 65 bases in Cryptotermes domesticus
could not be identified, suggesting that further sampling of
clones in these termites should give more diversity of nifH
sequences.
Phylogenetic locations. The nifH amino acid sequences from
the termites were compared with each other and with sequences in the databases, and their phylogenetic relationships
were investigated. Figure 2 shows a large phylogenetic tree
representing four major groups of nifH sequences; the proteobacteria-cyanobacteria (proteo-cyano) group, the anaerobe
group, the alternative nif methanogen (anf-methano) group,
and the pseudo nif group. These four groups corresponded to
the previously recognized group of nifH phylogeny (8). As
described previously (8) and in this report (see below), the

Downloaded from http://aem.asm.org/ on October 21, 2019 by guest

FIG. 1. Comparison of the diversity of nifH genes in the guts of six termite
species by FLT-RFLP analysis. Electropherograms of HhaI-digested nifH sequences amplified with a fluorescence-labeled primer are shown. Base lengths
are indicated below the electropherograms. Electropherograms: A, R. speratus;
B, C. formosanus; C, N. koshunensis; D, C. domesticus; E, G. fuscus; F, H.
sjoestedti.
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pseudo nif group is the most divergent nif group and is considered to function in some process other than nitrogen fixation. nifH sequences from the termites are present in each of
the four groups; however, the majority of the sequences belong
to three of the four groups, the anaerobe group, the anfmethano group, and the pseudo nif group. Table 2 summarizes
the number of clones in each phylogenetic group detected (see
below). The nifH sequences from termites were not dispersed
among the nifH sequences described thus far; instead, most of
the termite sequences seemed to form several sequence clusters (Fig. 2).
Interestingly, the sequences GFN1 and GFN24 could not be
assigned to any of the four nifH phylogenetic groups, indicating
that these genes were derived from a novel, as yet uncharacterized group of organisms. They clustered with the proteocyano, anaerobe, and anf-methano groups, as supported by a
99% bootstrap value, but are clearly distinct from these three
groups and deeply branched, suggesting that they might not
involve nitrogen fixation as do members of the pseudo nif

4929

group. GFN1 and GFN24 share 90.0% amino acid identity but
show less than 70% identity to the other nifH sequences. The
nucleotide sequence of each of the other two clones derived
from Glyptotermes fuscus was found to be identical to GFN1.
One nifH sequence derived from R. speratus (RSN-TKY17)
and one from N. koshunensis (NKN19) were found to belong to
the proteo-cyano group. The RSN-TKY17 sequence which was
assigned into the ␤- and ␥-proteobacteria clusters is most
closely related to the sequences of Azoarcus spp. within the
␤-proteobacteria cluster (14), especially to that of Azoarcus
indigens (94.7% amino acid identity). The NKN19 sequence
showed significant similarity (90.9% amino acid identity) with
the sequence of nifH derived from zooplankton in the Gulf of
Mexico (GM24) (42). They also shared a unique sequence
feature, a 12-amino-acid residue insertion (42), suggesting the
presence of related nitrogen-fixing organisms in both the termite and the zooplankton. The NKN19 sequence seemed to
root with the ␣-proteobacteria cluster; however, analysis of the
zooplankton sequence led to its placement in the ␥-proteobacteria cluster (42). Since NKN19 and the zooplankton sequence
are deeply branched within the proteo-cyano group, the identity of these organisms is difficult to predict. The nucleotide
sequences of each of the other two clones derived from N.
koshunensis were found to be identical to NKN19.
Anaerobe nif group. Figure 3 shows the phylogenetic relationships of the nifH sequences in the anaerobic group, which
includes sequences from clostridia, sulfate reducers, and Methanosarcina barkeri 227. The termite-derived nifH sequences
formed three clusters (clusters I to III). Two large clusters (I
and II), which corresponded to termite clusters I and II in the
previous analysis of nifH sequences derived from R. speratus,
respectively (28), are related to sequences from clostridia,
Clostridium pasteurianum and Clostridium cellobioparum. Cluster II, especially, includes the sequence from C. cellobioparum,
suggesting that the sequences belonging to this cluster may be
derived from clostridia. Cluster I, however, consists only of the
termite sequences and forms a distinct lineage within the
anaerobe nif group, indicating the presence of unique nitrogen-fixing microorganisms in termites. Also, the third cluster
(III) includes no sequences related to those of cultivated organisms. The sequences in cluster III are related to a sequence
from rice roots that was amplified by PCR without cultivation
of the resident microorganism (39), suggesting the presence of
similar diazotrophic habitats in both ecosystems. Other than
the sequences within these three clusters, there were also two
minor clusters consisting only of a few sequences. The sequences CDN28 and RSN-TDY3 clustered together and are
related to that of Desulfovibrio gigas (83.9 and 83.5% amino
acid identity, respectively). These two sequences are somewhat
related to those from marine environments, especially zooplankton (copepod)-associated sequences (3, 42). As discussed
previously (3, 42), similar diazotrophic anaerobes might inhabit the guts of both invertebrates. Three sequences derived
from termites, CDN14, NTN30, and RSN-TKG3, were
grouped together with nifH2 of M. barkeri 227, although the
grouping was not supported by bootstrap analysis. The presence of methanogenic archaea in the termite gut is well known
(19, 20, 26, 27, 33); thus, these sequences are presumed to
originate from gut methanogens.
anf-methano group. Figure 4 shows the phylogenetic relationships of the nifH sequences in the anf-methano group.
Most of the sequences in this group are derived from termites
of the families Kalotermitidae and Termopsidae. Two clusters
(designated as anf-methano clusters I and II) comprised only
of termite-derived sequences are present in this group, and the
clustering was supported by high bootstrap values (100 and
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FIG. 2. A large phylogenetic tree showing the relative positions of the major
nifH groups and the major clusters of nifH genes isolated from the microbial
communities of termite guts. The tree was constructed by the neighbor-joining
method, and bootstrap values above 50 from 100 resamplings are shown for each
node. Chlorophyll iron proteins were used as outgroups. The scale bar denotes
0.20 substitutions per site. Shaded wedges indicate the clusters consisting of
sequences derived from termites. The depths and widths of the wedges reflect the
branching lengths and the numbers of clones within the clusters, respectively.
The proteo-cyano group includes conventional nifH sequences from proteobacterial clades (␣, ␤, and ␥), Frankia spp., and cyanobacteria. The anf-methano
group represents anfH genes of molybdenum- and vanadium-independent nitrogenases and functional molybdenum-dependent nitrogenase genes from methanogenic archaea. The anaerobe group includes sequences from (low G⫹C
gram-positive) clostridia, sulfate reducers (␦-proteobacteria), and M. barkeri
(methanogenic Archaea domain). The pseudo nif group includes sequences from
divergent genes of methanogens that might not encode active nitrogenases. The
roman numbers indicate the clusters consisting of the sequences from termites in
each group (Fig. 3 to 5 and see text).

N2 FIXATION GENES IN DIVERSE TERMITES
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FIG. 3. Phylogenetic relationships of nifH sequences within the anaerobe group. The tree was constructed by the neighbor-joining method based on 90-amino-acid
alignment positions corresponding to positions 45 to 129 in the K. pneumoniae nifH protein. Bootstrap values above 50 from 100 resamplings are shown for each node.
The sequences of K. pneumoniae and Azotobacter vinelandii anfH were used as outgroups. The scale bar shows 0.10 substitutions per site. Three clusters (I, II, and III)
consisting of sequences from termites are indicated. Numbers in parentheses denote numbers of clones having identical amino acid sequences from a single termite
species (clones with unique sequences are not shown).
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92%, respectively). Except for NKN23, all of the termite-derived sequences in the anf-methano group belong to one of
these two clusters. The members of anf-methano clusters I and
II share more than 94 and 91% amino acid identity, respectively, in clear contrast with the lower rates of relatedness
among members of the clusters in the anaerobe groups. This
observation indicates that these sequences are derived from
closely related organisms and that they are shared among several termite species. The sequences from organisms in the
domain Bacteria seem to form a monophyletic lineage in the
anf-methano group, although the monophyly was not supported by bootstrap analysis. This lineage contains all of the
termite-derived sequences in the anf-methano group, suggesting their eubacterial origin. However, the identity of the corresponding nitrogen-fixing microorganisms could not be predicted because the branching order was unstable and not
supported by bootstrap analysis. anf-methano cluster II includes most of the sequences derived from H. sjoestedti (22 of
24), indicating that the microorganisms represented by them
are a major population in diazotrophic habitats in the gut and
thus are responsible for nitrogen fixation in H. sjoestedti.
Pseudo nif group. Figure 5 shows the phylogenetic relationships of the nifH sequences in the pseudo nif group, which is
deeply branched in the large nifH phylogenetic tree (Fig. 1).
The known members of this group were derived from methanogenic archaea and were considered to function in some
process other than nitrogen fixation. Most of the sequences
derived from the higher termites, especially those from O.
formosanus and P. nitobei, were assigned to the archaea group.
The sequences from the termites form four clusters within this
group (designated as pseudo nif clusters I to IV), which were
significantly supported by bootstrap analysis (62, 100, 77, and
98% support, respectively). Most of the members of cluster I
are sequences derived from lower termites. All four sequences

in cluster II are derived from the higher termites O. formosanus and P. nitobei. A majority of the sequences from O. formosanus (17 of 24) were found to be identical to OFN1 in
cluster II. Clusters III and IV seem to be somewhat related;
however, the grouping was not supported by bootstrap analysis.
Cluster IV consists of the most diverse sequences but includes
the nifH sequence of M. barkeri DSM800, suggesting that the
sequences in this cluster may have originated from Methanosarcina-related organisms.
DISCUSSION
The nitrogen fixation gene nifH was isolated from members
of the symbiotic microbial community in the gut of evolutionarily diverse termites by a culture-independent approach and
analyzed phylogenetically. Remarkably diverse nifH sequences
were isolated from each termite species, and most of the nifH
sequences were found to be novel and distantly related to those
of cultivated organisms or as yet unidentified organisms detected in other environments (3, 34, 39, 40, 42, 43). The results
indicate the presence of potential diazotrophic habitats of unexpected diversity in the gut of termites, which are as yet
unidentified and uncharacterized. Notably, identical nifH
amino acid sequences were scarcely isolated from different
termite species (only four times). The more termite species we
investigated, the more distinct were the nifH sequences isolated. Given the existence of more than 2,000 described species
on the earth, termites may be a rich reservoir of novel and
diverse microorganisms that potentially fix nitrogen.
Several species of nitrogen-fixing bacteria, including
Citrobacter freundii, Enterobacter agglomerans, and Desulfovibrio spp., have been isolated from the gut of termites (12, 18,
31). The first two belong to the ␥ subclass of proteobacteria,
and the termite-derived sequences RSN-TKY17 and NKN19
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FIG. 4. Phylogenetic relationships of nifH sequences within the anf-methano group. The tree was constructed by the neighbor-joining method based on 112-aminoacid alignment positions corresponding to positions 45 to 153 in the K. pneumoniae nifH protein. Bootstrap values above 50 from 100 resamplings are shown for each
node. The sequences of K. pneumoniae and C. pasteurianum nifH1 were used as outgroups. The scale bar shows 0.10 substitutions per site. Two clusters (I and II)
consisting of sequences from termites are indicated. Numbers in parentheses denote numbers of clones having identical amino acid sequences from a single termite
species (clones with unique sequences are not shown).

4932

OHKUMA ET AL.

APPL. ENVIRON. MICROBIOL.

were assigned to proteobacteria nifH clusters. The sequences
RSN-TDY3 and CDN28 are related to the nifH sequence of D.
gigas. Although the nifH genes of bacterial isolates from termites have not been characterized, these sequences may originate from organisms related to them. However, the number of
clones found to have these sequences was relatively few, suggesting that these represent minor populations in the termite
gut. On the other hand, the organisms presumably corresponding to the remaining clusters and/or sequences, which comprise
the majority of the isolated sequences, have not yet been identified or cultivated from termites as nitrogen fixers. The isolation of organisms related to clostridia and methanogens from
the gut of termites has been reported (13, 15, 19, 20), but their
nitrogen-fixing ability has not been reported. Thus, we have
little knowledge of the organisms responsible for nitrogen fixation in termites.
The nifH sequences isolated from the termites form several

unique clusters in the phylogenetic trees. They are not randomly distributed over the nifH taxa. Some particular types of
nitrogen-fixing microorganisms probably inhabit the gut of termites. Notably, sequences affiliated with the proteo-cyano
group were found to occur very rarely in the termite gut. Since
the proteobacteria are believed to comprise a substantial proportion of the gut microbial community (24) and since most of
the nitrogen-fixing organisms isolated from the gut of termites
are proteobacteria (12, 31), the extremely low abundance of
their nifH sequences was unexpected. The finding that the
minority of termite-derived nifH sequences were clustered in
the proteo-cyano group is in striking contrast to the results of
studies on nifH sequences derived from other natural environments, such as those from the picoplankton-size fraction of
oligotrophic oceans (42) and those from soil and litter in a
Douglas fir forest (40), where nifH sequences of the proteocyano group are rather predominant. The presence of large
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FIG. 5. Phylogenetic relationships of nifH sequences within the pseudo nif group, probably functioning in some process other than nitrogen fixation. The tree was
constructed by the neighbor-joining method based on 118-amino-acid alignment positions corresponding to positions 45 to 153 of the K. pneumoniae nifH protein.
Bootstrap values above 50 from 100 resamplings are shown for each node. Two chlorophyll iron protein sequences, that of Rhodobacter capsulatus bchL and that of
Plectonema boryanum frxC, were used as outgroups. The scale bar shows 0.20 substitutions per site. Four clusters (I, II, III, and IV) consisting of sequences from termites
are indicated. Numbers in parentheses denote numbers of clones having identical amino acid sequences from a single termite species (clones with unique sequences
are not shown).
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In N. takasagoensis, nifH sequences in the anaerobe group as
well as those in the pseudo nif group were present, although
the level of nitrogen fixation activity was very low. The results
imply that the existence of nifH sequences does not simply lead
to active nitrogen fixation. Since nitrogenases are strictly regulated at the transcriptional and posttranslational levels (9),
further analysis of the expression of nifH will be necessary in
order to determine whether the gene is functional in these
organisms and their contribution to nitrogen fixation in termites. Even in those termites showing high levels of activity,
whether the nifH sequences detected are really responsible for
nitrogen fixation in termites remains to be clarified. In fact, we
have shown that only restricted groups of the nifH sequences
are preferentially expressed in N. koshunensis, as determined
by analyzing the levels of nifH mRNA in the microbial population in the gut (23). Still, the potential nifH phylotypes described here will serve as an important basis for further studies.
Interestingly, some phylogenetic relationships between the
termite families and the nifH groups of symbiotic microorganisms are evident (Table 2). In the higher termites, which are
phylogenetically related and assembled into a single termite
family, Termitidae, the majority of the nifH sequences were
assigned to the pseudo nif group. In the lower termites, the
number of clones of nifH sequences belonging to the pseudo
nif group was few. Many of the nifH sequences assigned to the
anaerobe group were isolated from termites of the family Rhinotermitidae, and those belonging to the anf-methano group
were never found in this termite family. From the three members of the family Kalotermitidae, sequences assigned to either
the anaerobe group or the anf-methano group were isolated in
large numbers. The sequences in the anf-methano group are
exclusively derived from termites of either the family Kalotermitidae or the family Termopsidae. Surprisingly, all of the nifH
sequences from H. sjoestedti (family Termopsidae) were exclusively assigned to cluster II of the anf-methano group, with
only one exception. Of course, more analyses with more diverse termites are necessary to reach any definitive conclusion.
Nevertheless, these relationships are suggestive of the evolution of the symbiosis between termites and their nitrogen-fixing
inhabitants. Alternatively, these relationships can be simply
explained in terms of the nutritional ecology of the termites,
since their feeding behavior differs somewhat. The three termites of the family Kalotermitidae feed on dry and sound
wood. The termites of the family Rhinotermitidae are known
to be subterranean termites, whereas the termites of the family
Termopsidae are known as damp wood termites. The factors
affecting the choice of termites as diazotrophic habitats by
symbionts are as yet uncertain and remain to be clarified.
The culture-independent approach applied here has revealed that the major population responsible for nitrogen fixation in the gut of termites is a population of as yet uncharacterized microorganisms. The nifH sequence was found to be
a useful means of detecting them and predicting their taxonomy. Since cloning and sequencing are laborious tasks, FLTRFLP analysis may serve as a simpler but significantly informative technique for surveying community structures as
demonstrated in this study. Now that we have sequence data
on nifH genes from nine evolutionarily diverse termites, we can
predict the presence of a particular class of nitrogenase genes
within the microbial community in the termite gut, depending
on the presence of certain T-RFs in the FLT-RFLP analysis.
For example, the T-RFs of 161 and 172 bases are exclusively
derived from the nifH sequences in the anf-methano group,
and the T-RFs of 259 and 307 bases are derived from those in
the anaerobe group. However, since PCR amplification may
introduce some biases with respect to the gene composition of
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numbers of heterogeneous sequences clustering in the anaerobe group is common in several environments, such as in the
termite gut (this study and reference 28), rice roots (39), marine cyanobacterial mats (43), and enrichment cultures initiated with marine zooplankton (3), though clustering in the
proteo-cyano group was observed also in the study of rice
roots. However, a majority of the termite-derived sequences in
the anaerobe group form lineages distinct from those derived
from other environments (e.g., termite anaerobe clusters I and
II). These features may reflect differences in diazotrophic habitats dependent on the microbial ecosystems. Above all, the
most striking and distinctive feature of the sequences from the
other environments was the presence of those affiliated with
the anf-methano group in the gut of some termites. The anf
sequences have never been found in any other environment.
The alternative nitrogenase encoded by the anf gene differs
from conventional nitrogenases in terms of its metal components serving as cofactors (9). The alternative nitrogenase contains neither molybdenum nor vanadium and is expressed under conditions of molybdenum depletion. Metal availability
probably is a key factor determining the presence of nitrogen
fixation genes of the anf-methano group (discussed also in
reference 23).
Only low levels of nitrogen fixation activity were detected in
higher termites (Table 1). Of course, our experimental conditions might not be adequate to obtain optimal activity. For
example, there was an interval of several days between the time
of sample collection (the removal of termites from their nests)
and the assay, and they cannot be kept alive in vitro for a long
time after removal from their nests. In fact, a significant level
of C2H2 reduction activity (up to 50 nmol of C2H4 formed per
h per g [wet weight]) has been demonstrated in the case of the
wood-feeding higher termite N. takasagoensis (22). However,
little activity was found in the soil-feeding termite P. nitobei or
the fungus-growing termite O. formosanus (22). Based on the
results of stable isotope analyses in studies of both soil-feeding
and fungus-growing higher termites, nitrogen fixation appears
to contribute less to their nitrogen economy than in the case of
wood-feeding termites (35–37). As discussed previously, the
feeding habits and foraging preferences may obviate the need
for nitrogen fixation simply because their diet contains an
adequate amount of combined nitrogen (4).
In spite of the low levels of nitrogen fixation activity displayed by the higher termites examined here, various nifH
sequences were isolated from them. A large proportion of the
sequences isolated from the higher termites, especially from P.
nitobei and O. formosanus, were assigned to the pseudo nif
group. The results suggest that the product of the nifH gene in
the pseudo nif group may not be a functional nitrogenase. It
has been suggested previously that it may encode a product
that is not a nitrogenase based on the following criteria: their
high degree of divergence relative to other nifH groups; their
lack of nifD- or glnB-like open reading frames, found downstream from them; the inability by some members in this group
(Methanococcus voltae and Methanococcus jannaschii) to detect nitrogen fixation; their expression in Methanococcus
thermolithotrophicus; and their significant sequence similarity
with the iron proteins involved in bacteriochlorophyll synthesis
(reference 8 and the references therein). The variation in the
nifH sequences can be simply explained by the variation in the
methanogen species present, since it has been reported that
phylogenetically there is a greater variety of methanogen species in the gut of higher termites than in the gut of lower
termites (27). The dominance of the clones in this group probably reflects the absence of functional nitrogenase genes within
the gut community.
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the products, a quantitative approach is necessary to measure
real populations in the original sample. The nifH sequence
data described in this study will allow us to design sequencespecific probes and/or primers for specific detection, hybridization, and quantitative experiments. Although isolation and
cultivation of the corresponding microorganisms are advantageous for taxonomic and physiological characterization in detail, culture-independent approaches will provide valuable information about the nitrogen economy and the ecology within
the symbiotic community in the gut of termites.
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