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RNA-seq reveals cooperative metabolic interactions
between two termite-gut spirochete species in
co-culture
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The hindguts of wood-feeding termites typically contain hundreds of microbial species. Together
with their insect host, these gut microbes degrade lignocellulose into usable catabolites. Although
past research revealed many facets of the stepwise flow of metabolites in this scheme, not much is
known about the breadth of interactions occurring between termite-gut microbes. Most of these
microbes are thought to depend on, and to have co-speciated with, their host and each other for
millions of years. In this study, we explored the interactions of two spirochetes previously isolated
from the very same termite species. As hydrogen (H2) is the central free intermediate in termite-gut
lignocellulose digestion, we focused on interactions between two closely related termite-gut
spirochetes possessing complementary H2 physiologies: one produces H2, while the other
consumes it. In vitro, these two Treponema species markedly enhanced each other’s growth.
RNA sequencing resolved the transcriptomes of these two closely related organisms, revealing that
co-cultivation causes comprehensive changes in global gene expression. The expression of well
over a 100 genes in each species was changed 4twofold, with over a dozen changed 410-fold.
Several changes implicating synergistic cross-feeding of known metabolites were validated in vitro.
Additionally, certain activities beneficial to the host were preferentially expressed during consortial
growth. However, the majority of changes in gene expression are not yet understandable,
but indicate a broad, comprehensive and mutualistic interaction between these closely related,
co-resident gut symbionts. The results suggest that staggeringly intricate networks of metabolic
and gene interactions drive lignocellulose degradation and co-evolution of termite gut microbiota.
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Introduction

A bacterium’s capacity to perform physiological
tasks in isolation is not necessarily predictive of
how it performs in the natural environment. Take for
example the classic model bacterium, Escherichia
coli, a versatile organism that degrades many
substrates under many growth conditions in pure
culture (Boone et al., 2001). In environmental
context, much less is known about its physiology
(Chang et al., 2004). E. coli probably degrades only a
few substrates in situ, because it is outnumbered
and likely outprocessed by a diversity of other
specialists. Likewise, some species do not express
certain traits when grown alone, and what appears
to be a cryptic activity only blooms when growth

occurs in the presence of other species (Straight
et al., 2007). Lastly, host-associated organisms may
respond to cues from their host, and in response
catalyze activities that impact the host (Palmer et al.,
2007). Neither of these activities are typically
recapitulated during standard cultivation regimes.

Physiological analyses of model organisms, like
E. coli above, have greatly benefited from high-
throughput tools, especially microarrays (Chang
et al., 2004). However, arrays require extensive
design and ground-truthing before even the first
experiment can be performed. These constraints are
significant, considering that the number of candi-
date organisms for expression studies has exploded
in this era of genome sequencing. Moreover, any
successful interpretation of array data becomes
complicated when investigating global gene expres-
sion of closely related species (sharing high nucleic
acid similarities) grown in either defined
co-cultures or their natural habitats. The probe-
binding nature of the microarray approach is not
well suited to distinguish between conserved
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nucleotide sequences. Thus, array-based studies on
co-cultures and communities are essentially limited
to examples involving species having very different
genomes (Saleh-Lakha et al., 2005).

Breakthroughs in next-generation sequencing not
only allow the comparison of expression from
highly similar sequences, but also dramatically
expedite the pace at which data can be gathered
from less-well-studied microbes (Holt et al., 2008;
Yoder-Himes et al., 2009) and complex biological
environments (Gilbert et al., 2008; Urich et al.,
2008). Although transcriptomic calculations are
now possible, studies of co-cultures and intact
environments are challenging, as they entail inher-
ent difficulties when making comparisons and
contrasts. For one, it is very difficult to directly
compare the gene expression patterns of cultures
when the growth conditions are very dissimilar, and
this is the case when environmentally reliant
symbionts are removed from their environment—or
even one from another in defined co-culture.
Furthermore, common RNA-seq techniques do not
differentiate the direction in which a transcript is
oriented, and there appears to be times when anti-
coding RNAs are present, which may not be fully
accounted for by many studies (Dornenburg et al.,
2010). However, studies of transcriptional output in
different conditions do allow one to analyze the
impact of individual microbes at a particular point
of time, and to produce testable hypotheses about
the functions of different members of a microbial
community, issues at the crux of molecular micro-
bial ecology.

In this study, we combined the use of classic
microbiological cultivation techniques with next-
generation sequencing to explore gene expression
patterns underlying the metabolic interactions
between closely related bacteria that had been
isolated from the same microliter-in-scale termite
hindgut environment.

The gut communities of wood-feeding termites
ferment the polysaccharide fractions of lignocellu-
lose, ultimately providing the termite with com-
pounds such as carbon and energy substrate acetate,
amino acids and other essential growth factors
(Odelson and Breznak, 1983; Brauman et al., 1992;
Abe et al., 2000). During the course of lignocellulose
fermentation, the free intermediate hydrogen (H2) is
produced and accumulates to concentrations
near saturation (Pester and Brune, 2007), before
being consumed by homoacetogenic gut bacteria and
methanogenic archaea (Breznak and Switzer, 1986;
Brauman et al., 1992). It has been estimated that
H2þCO2 acetogenic bacteria supply their termite
host with up to a third of its acetate supply (Breznak
and Switzer, 1986). Together, the fermentation and
CO2-reductive acetogenesis-derived acetate can con-
tribute up to 70–100% of the termite host’s energy
requirements (Drake, 1994).

In this study, we have sought to reveal possible
interactions occurring between two previously

isolated termite-gut treponemes: Treponema primitia
ZAS-2 and Treponema azotonutricium ZAS-9.
These two species reside in close proximity in the
hindgut of the dampwood termite Zootermopsis
angusticolis (Graber et al., 2004), wherein (as in
most termites) a diversity of spirochetes constitute a
large portion of the total gut microbiota (Breznak,
2002). Previous studies suggest that these bacteria
have separate physiological roles in the complex
mutualism (Leadbetter et al., 1999; Lilburn et al.,
2001; Graber and Breznak, 2004; Graber et al., 2004).
However, to what extent they interact with and
impact each other and other gut species is less well
examined. Certainly, T. primitia is known to depend
on an essential growth factor, folate, derived from
other gut microbiota (Graber and Breznak, 2005).
T. azotonutricium fixes nitrogen (Lilburn et al.,
2001) and produces H2 as a fermentation product
(Graber et al., 2004), whereas T. primitia is an H2-
consuming CO2-reducing homoacetogen (Leadbetter
et al., 1999). Their complementary H2 physiologies
and their close proximity to each other in the small
termite-gut environment begs the question of
whether they might engage in other interactions.
The genomes of T. azotonutricium and T. primitia
are relatively large (3.86Mb and 4.06Mb, respec-
tively (Graber et al., 2004) compared with other
sequenced treponemes (T. denticola 2.84Mb (Sesha-
dri et al., 2004); T. pallidum 1.14Mb (Fraser et al.,
1998)). We sought to identify genes that may be
relevant to interspecies interactions by analyzing
global gene expression during consortial growth of
the two, via Illumina transcript-sequencing technol-
ogy (Illumina, San Diego, CA, USA).

Materials and methods

Bacterial strains and culture media
T. primitia (ZAS-2) and T. azotonutricium (ZAS-9)
cultures were grown in 4-YACo media (4% yeast
autolysate) supplemented with 20mM maltose and
80% H2 and 20% CO2 in the headspace. Cultures
were grown in 5ml volumes in 25-ml Balch
tubes, with crimp top stoppers in the dark at room
temperature. Vitamin, amino-acid and cofactor
preparations used to supplement media were as
follows:

Vitamin B7: 0.3–0.5mg biotin (Sigma Aldrich,
St Louis, MO, USA) was added per culture tube.

Vitamin B6: 120–200 mg pyridoxal-HCl and
pyridoxal-phosphate (Sigma Aldrich) were added
per culture tube.

B12 and corrinoids: 30–50 mg of one of the
following: (1) hydroxocobalamin acetate salt,
(2) hydroxocobalamin hydrochloride, (3) methyl-
cobalamin and (4) cyanocobalamin (Sigma Aldrich),
was added per culture tube.

Tryptophan: 60–100mg tryptophan (Sigma Aldrich)
was added per culture tube.
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RNA isolation and processing
Total RNA was isolated from two biological repli-
cates per growth condition. Procedures for sample
preparation followed from the standard Illumina
protocol for RNA-Seq sample preparation available
from the manufacturer (Illumina). In short, RNAwas
isolated using RNeasy kit (Qiagen, Valencia, CA,
USA) as per the manufacturer’s protocol. Samples
were run through the RNeasy procedure twice,
with the optional DNase treatment performed in
both instances. Total RNAwas fragmented using the
Ambion RNA fragmentation kit (Ambion, Austin,
TX, USA) and protocol. First-strand complementary
DNA was prepared following the SuperScript II
method (Invitrogen, Carlsbad, CA, USA), using the
Invitrogen hexamer random primers to ensure low
primer bias. Second-strand complementary DNAwas
subsequently synthesized by adding to the first-strand
reaction second-strand buffer (500mM Tris-HCl pH
7.8, 50mM MgCl2, 10mM dithiothreitol), deoxyribo-
nucleotide triphosphate (0.3mm), RNaseH (2Uml�1;
Invitrogen #18021-014), Invitrogen hexamer primers
and DNA polymerase I (Invitrogen). The final reaction
volume for second-strand synthesis was 100ml, and
reactions were carried out at 16 1C for 2.5h.

Complementary DNA sequencing
Fragmented second-strand complementary DNA
samples were submitted to the Caltech Sequencing
Core facility (Pasadena, CA, USA). Libraries were
sequenced as 37-mers using the standard Solexa
(Illumina) protocol and pipeline. Sequencing depth
information is summarized in Supplementary Table 3.

RNA-Seq data analysis
Illumina raw data provided by the GERALD
(Illumina) software package were aligned to a FASTA

file containing both T. azotonutricium (ZAS-9) and
T. primitia (ZAS-2) genomes using the Maq short read
aligning program (Wellcome Trust Sanger Institute,
Hinxton, UK). For initial analysis of mapping quality
(see Table 1), zero or one misses were allowed per
read. All subsequent samples were analyzed with a
maximum of one mismatch allowed.

Reads from biological replicates were first com-
pared with each other (a) graphically after mapping
onto the two genomes, and then (b) by looking for
differences in fold regulation when compared in all
pairwise combinations of other replicates of interest.
Biological replicates broadly were far more similar
to each other than to other samples. Reads from
biological replicates were merged and averaged for
all further analysis.

To exclude reads that may align ambiguously
(that is, to either genome), we assembled hypothe-
tical databases of all possible 370-mer sequences for
each genome, and mapped them to the opposing
genome with one mismatch allowed. Additionally,
a database of pooled Illumina sequencing data
from each pure culture was also aligned to the
opposing genome. Reads that ambiguously mapped
were excluded from transcriptional analysis. Gene
expression values were determined by normalizing
the number of reads mapped to a particular gene
(excluding ambiguous regions) divided by the size
of the gene (also excluding ambiguous regions). The
resulting value is the normalized reads per kilobase,
in a manner consistent with the gene expression
index calculations of previously published reports
(Yoder-Himes et al., 2009). In order to adjust for
intensity between samples, the ribosomal signal
from each sample was used as a standard, and each
sample’s intensity was multiplied by a factor that
would yield an equal ribosomal RNA (rRNA) signal.

In considering up- or downregulated genes, a
cutoff of twofold increase in transcription was used.

Table 1 A hypothetical short sequence data set and experimental RNA-sequencing data preferentially aligned to the cognate genome

Total DB size Total hits
(% rRNA)

Non-rRNA hits Unique locia Genes with
a hit (%)

Hypothetical
Exact 3 855 671 6518 (45%) 2923 2923 109 (2.8%)
1 miss 3 855 671 14086 (27%) 10 283 10283 290 (7.6%)

Actualb

Before mask 10943994 1 936998 (99.9%) 1525 575 161 (4.1%)
After maskc 542 600 646 (0%) 646 340 139 (3.6%)

Actuald

Before mask 15151014 2 400846 (99.9%) 1280 409 194 (4.8%)
After maskc 427 444 380 (0%) 380 204 151 (3.8%)

Abbreviation: rRNA, ribosomal RNA.
aUnique loci refer to the number of distinct non-ribosomal sequences of T. primitia that had at least one hit.
An in-silico-generated data set of all possible 37 base-pair sequences in the genome of T. azotonutricium (hypothetical) and the RNA-seq data from
a sample of T. azotonutricium (denoted as ‘Actualb’ in the table) were mapped to the genome of T. primitia. Database size describes the number of
short sequences in the data sets. The total hits column displays the number of short sequences that mapped to the T. primitia genome, and the
percentage of hits that align to ribosomal 16S or 23S.
cAfter mask sequences are those remaining after the most similar sequences between the two genomes were removed from sampling.
dRefers to the RNA-Seq data from a sample of T. primitia, when mapped to the genome of T. azotonutricium.
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Additionally, except in the case of functional groups
and gene clusters used to generate Supplementary
Table 1, only genes with greater than 50 adjusted hits
per kb of coding DNAwere considered in analyses.

Signal intensities were visualized graphically
by converting Maq-aligned reads into a .BAR file
using the Cisgenome software, and viewed on the
Cisgenome browser (Stanford University, Stanford,
CA, USA) (Ji et al., 2008).

Quantitative RT-PCR of several T. azotonutricium
genes:

clpX (TREAZ# 737).
Endo-1,4-beta-xylanase A precursor (TREAZ#

2717).
Endo-1,4-beta-xylanase A precursor (TREAZ#

2718).
Glycoprotein gp2, Endo-1,4-beta-xylanase A

precursor (TREAZ#2716).
These qRT measurements reveal expression ratios

similar to those reported by RNA-Seq.

Quantitative PCR
In all, 100 ml samples from bacterial cultures were
taken daily. Samples were centrifuged at 13 000 g for
5min, aspirated, resuspended in an equal volume
of dH2O, and frozen for later use. Quantitative PCR
on bacterial samples followed, using primers
specific for the clpX gene of either T. primitia or
T. azotonutricium. Quantitative PCR primers of 20bp
length were designed, with the following sequences:

T. azotonutricium clpX (fwd): 50-GGAACTTTTCG
ATGCTCTGC-30

T. azotonutricium clpX (rev): 50-GCGCTTAAGGT
CTTCCCTCT-30

T. primitia clpX (fwd): 50-CTCCCGTTTCATTTCT
TCCA-30

T. primitia clpX (rev): 50-GAAATGTTAGACGCCC
TCCA-30

Primers were designed to have a roughly equal
amplification product length to avoid large differ-
ences in fluorescence intensities. Each pair of
primers was tested for melting temperature, speci-
ficity and amplification efficiency, and was found to
be specific and suitable for q-PCR (each having an E
factor greater than 1.75). Quantitative PCR reactions
were performed with the iTaq SYBR Green PCR
kit and a DNA engine chromo-4 qPCR instrument
(Bio-Rad, Hercules, CA, USA). A standard curve of
known dilutions of T. primitia and T. azotonutricium
genomic DNA was performed with each set of
experiments. Triplicate q-PCR reactions were used
for each data point. To obtain genomic cell equivalent
units, the ribosomal copy number was obtained from
the standard curve calculations, and divided by 2 to
account for the number of 16S copies in each genome.

Results and discussion

Full and accurate analysis of transcript pools from
two closely related organisms grown together relies

on the ability to distinguish between highly homo-
logous sequences. Therefore, before analyzing the
experimental data, we determined the frequency of
cross-identification between the two treponemes
used in this study. To do this, a data set of all
possible short nucleotide sequences (37 bp, the
exact length of the reads) from each genome was
generated in silico and aligned to the genome of the
other species (Materials and methods). The results
(Table 1) demonstrate that only a small number of all
possible 37-bp sequences (6518, ca. 0.15%) are
identical in both bacteria. A large percentage of
these, ca. 45%, are r16S and r23S RNAs, whereas
greater than 97% of all non-rRNA genes are
completely unique (that is, do not contain a single
sequence read having an exact match to the other
genome). Relaxing the stringency to allow one
mismatch per 37-bp sequence does not yield
dramatically less favorable results, with over 92%
of the genes being completely unique. Moreover, in
no case was a single gene in either genome fully
masked; all genes in both organisms had at least one
unique 37-bp identifier. This resolution allows
complete transcript discrimination and genome-
wide analysis in co-culture experiments.

Experimental considerations compelled us to
analyze the background noise expected in actual
data. To this end, a database totaling nearly 11
million RNA-Seq reads from T. azotonutricium was
mapped to the combined genomes of both bacteria.
As predicted, the majority of reads (9 million;
82.5%) aligned to T. azotonutricium, and practically
all (over 99.9%) of the reads that did map to
T. primitia were rRNA (Table 1) This result was
expected, as ribosomal transcription typically
comprises over 90% of the total transcript pool
(Neidhardt and Curtiss, 1996), and rRNAs are
typically the most conserved sequences between
the genomes (the small subunit rRNA has 93%
nucleotide similarity; (Graber et al., 2004)). When all
rRNA sequences, except highly variable regions and
sequences with up to one mismatch similarity, were
masked from the analysis, only 646 reads from one
species mapped to the other genome. This led us to
conclude that this method was effective at discri-
minating the signals from two similar genomes. The
reciprocal analyses yielded similar trends, and are
presented in Table 1.

For gene expression profiling, bacterial cultures of
T. primitia, T. azotonutricium and their co-culture
were grown on 4YACo medium supplemented with
H2 and maltose (Graber et al., 2004). The growth
kinetics of each species was followed as a function
of genome copy number, that is, using qPCR of
unique chromosomal DNA markers from each
genome. These measurements reveal that initially
each species grew at similar rates, whether in pure
or co-culture (shaded region, Figure 1). However,
after this initial growth phase, the growth of each
species was markedly stimulated in both rate
and yield in co-cultures, relative to growth in
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monoculture. The greater effect was observed for
T. azotonutricium (Figure 1). Importantly, although
these two species might compete for anabolic
nutrients in the medium’s yeast autolysate base, at
no point were the two species observed to have any
negative impact on each other’s growth. All samples
for gene expression analysis were collected during a
period within the later, synergism-dominated
growth phase (OD600E0.35) (Figure 1). Overall, a
large set of genes, consisting of approximately 7%
of all T. azotonutricium and 4.5% of all T. primitia-
coding regions, were differentially regulated as a
function of co-cultivation (Supplementary Table 2).
In agreement with growth measurements, several
genes related to cell division and other aspects of
growth are upregulated in co-cultures (Supplemen-
tary Table 2). The observation that in the later
growth phase co-cultures maintain near-log phase

growth rates (while the pure cultures are nearing
or entering stationary phase) can also be used
to explain the differences between transcript pools
in the co-cultures. This is especially true for
T. azotonutricium, for which samples were taken
in a late stage to allow for sufficient cell growth.

The positive co-culture growth effect on
T. primitia might be anticipated when considering
the H2 physiologies of the two species. Fermenting
gut microbes, including T. azotonutricium, provide
homoacetogens like T. primitia a source of H2 (Pester
and Brune, 2007). In the culture media, an initial
amount of H2 gas (80%), which roughly mimics
physiological conditions within the gut, was sup-
plied in the headspace but was not replenished
during growth. Previously, the growth of T. primitia
has been observed to be noticeably restricted if H2 is
not initially supplied in the medium (Graber and
Breznak, 2004). Thus, one predicted aspect of
synergy between the two strains is the continued
production of H2 by T. azotonutricium, as this gas is
consumed by T. primitia. Indeed, T. primitia genes
associated with H2 utilization were differentially
regulated in co-cultivation: among the most highly
upregulated T. primitia genes were those that
encoded several hydrogenase-like proteins; in turn,
the genes for several other hydrogenase-like proteins
are markedly downregulated during co-cultivation
(Table 2, Supplementary Table 1). These findings are
consistent with previously published reports of
hydrogenase expression in methanogenic H2 con-
sumers (Desulfovibrio vulgaris), when cultured
together with a hydrogen producer (Walker et al.,
2009).

When the two treponemes were co-cultured, an
additional effect on T. primitia genes associated
with CO2-reductive acetogenesis was observed.
In pure culture, both a selenocysteine-containing
(fdhFsec) and a non-selenocysteine (fdhFcys) variant
of the enzyme formate dehydrogenase, which cata-
lyzes an early step of the Wood–Ljungdahl pathway,
were transcribed (Matson et al., 2010). During
growth in co-cultures, the selenocysteine form
of the enzyme was upregulated, whereas the non-
selenium form was downregulated (Table 2, Supple-
mentary Tables 1 and 4).

Co-cultivation with T. primitia significantly
enhanced the growth rate and yield of T. azoto-
nutricium (Figure 1). Examination of the gene
expression data and the genome sequences of the
two treponemes suggested several potential growth
factors that might be involved in the interaction.
The differential regulation of many genes involved
in corrinoid production or transport, vitamin B7

(biotin), vitamin B6 (pyridoxal phosphate) and
coenzyme-A (Table 2, Supplementary Table 1), was
observed. In the case of vitamin B7, several relevant
regulatory or transport genes are downregulated
when T. azotonutricium is co-cultivated with
T. primitia (Table 2, Supplementary Table 1), but
only the latter has a complement of the genes to

Td  1 Td  2 Yield

T. primitia 32.2 179 0.43

T. prim co-culture 30.9 78.5 0.69

T. azotonutricium 64 158.8 0.2

T. azoto co-culture 49 59.5 0.07
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Figure 1 Synergistic growth effects in co-culture of termite-gut
treponemes. Quantitative PCR measurements are given for
T. primitia and T. azotonutricium abundance in either pure
culture (solid lines) or co-culture (dashed lines). The growth
phase in which bacteria in both pure cultures and co-cultures
grow at roughly equal rates is marked by a shaded box. RNA-
sequencing samples were taken at approximately 160hours
(co-culture), 210h (T. primitia) and 260h (T. azotonutricium).
These collection times are in the later growth phase and are
marked by arrows on the X axis. Samples were run in triplicates,
and the s.d. is denoted by error bars. Growth rates and yield of
each sample are summarized below the curve. Yields are in
number of genomic equivalents per ml. Doubling times were
calculated from data points either within the first 117h of growth
(Td1) or within the productive stage of growth that proceeds
(Td2).
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synthesize B7 (Supplementary Figure 1). Similarly,
an important gene for the synthesis of vitamin B6

precursors (for example, phosphoserine aminotrans-
ferase) (Lam and Winkler, 1990) and several genes
that require vitamin B6 for full activity were
also downregulated during consortial growth of
T. azotonutricium (Table 2, Supplementary Table
1). The enzyme responsible for producing the active
form of vitamin B6 (pyridoxal kinase) is exclusive to
the genome of T. primitia (Supplementary Figure 1).
Finally, key genes for coenzyme-A biosynthesis
are absent in T. azotonutricium but present in
T. primitia (Supplementary Figure 1).

One explanation for the upregulation of genes
that transport vitamin B7 or require vitamin B6 for
activity is that as the bacterial population size
increases, the amount of available vitamins is
increasingly scarce, and thus bacteria are more
reliant on importing and using what little vitamins
are present.

To examine if any of these candidate growth
factors might be relevant to the observed synergistic
growth of the species during their co-culture, the
growth medium of T. azotonutricium pure cultures
was supplemented. The results (Figure 2) demon-
strate that vitamin B6, and to a lesser extent B7 and
coenzyme-A, have a positive impact on growth.
None of the corrinoid or B12 preparations tested
improved the growth of T. azotonutricium, nor were
the additions of any of these supplements observed
to have any beneficial effect on the growth of
T. primitia.

In addition to the candidate cofactors and vita-
mins that were identified and explored above, we
note that a number of hypothetical genes are
also regulated differently in co-culture (Figure 3,
Supplementary Table 2). The large number of these
genes suggests that additional processes may
be involved in complex mutualistic symbiosis.

The abundance of genes regulated by these condi-
tions also serves to underscore the large effects that
growth in the presence of other microbes has on
the physiology and behavior of another bacterial
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Figure 2 Positive growth effects of the vitamins B6, B7 and
coenzyme-A on T. azotonutricium. T. azotonutricium growth rate
and yield benefit from the addition of vitamin B6, coenzyme-A
and vitamin B7 work in consortia with B6 to further increase the
yield and rate of the culture media. Data from duplicates were
averaged and plotted.

Table 2 Major groups of transcriptionally up- and downregulated genes in co-culture

Process Function Up in co-culture Down in co-culture

Treponema primitia
Metabolism Hydrogen and C1 metabolism 5 7
Vitamins and cofactors B12 and corrinoid related 2 23

Tryptophan/phenylalanine/tyrosine biosynthesis 10
Amino acids Methionine synthesis and transport 3

Isoleucine/leucine/valine transport 2

Treponema azotonutricium
Vitamins and cofactors B12 and corrinoid-related 8

Biotin transport, regulation, metabolism 3
Vitamin B6 precursor synthesis 1
Enzymes requiring B6 for activity 3

Amino acids Isoleucine/leucine/valine biosynthesis 4
Serinea 3
Cysteinea 2

Regulated genes and gene clusters of T. primitia and T. azotonutricium are listed by major cellular pathways. Included are genes with clear
annotation and fold change that is above background (see Materials and methods), and which are discussed in the manuscript. The values in the
up and down columns describe the number of genes associated with a specific process.
aSome genes involved in the serine and cysteine biosynthesis pathways require vitamin B6, and appear in both categories.
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species. Looking ahead, it is possible that the
accumulation of expression studies of microbial
communities can be used to highlight uncharacter-
ized genes that act as putative symbiosis determi-
nants.

A hallmark of several insect–microbe symbioses is
the bacterial production of factors vital to the host,
including vitamins, cofactors and essential amino
acids (reviewed in Moran, 2006). Vitamins B6 and
B7, the production of which appears to aid in the
growth of T. azotonutricium when it is grown in
co-culture with T. primitia, have a role in the sym-
biosis between tse-tse flies and their endosymbiont
Wigglesworthia glossinidia brevipalpis (Akman
et al., 2002). Genes for several amino-acid biosynth-
esis pathways were upregulated during the con-
sortial growth of the two treponemes, including
those for aromatic amino acids and methionine
biosyntheses in T. primitia, and for branched-chain
amino acids in T. azotonutricium (Table 2). Together
these represent six out of ten amino acids known to
be essential in insects (Gil et al., 2003). Curiously,
the tryptophan synthesis pathway appears to be
absent in the diazotroph T. azotonutricium, but the
expression of these genes was highly induced in
T. primitia when the two were grown together.
Past studies had revealed that T. azotonutricium is
capable of growth as a bona-fide N2-fixing bacterium
(Lilburn et al., 2001), yet required that the medium
be supplemented with yeast autolysate while doing
so, presumably at least in part to complement its
need for tryptophan. Thus, our results suggest that
the fixation of N2, ultimately into a full suite of
essential amino acids, is a consortial activity in the
N-limited lignocellulose-degrading environment of

the termite gut. In the case of the branched-chain
amino acids (for which both strains appear to have
all required biosynthetic components), co-cultiva-
tion stimulates expression of key synthesis genes
in T. azotonutricium and key transport genes in
T. primitia (Table 2, Supplementary Table 1). Taken
together, the gene expression patterns observed
during the consortial growth of the two species
suggest a streamlined division of biosynthetic labor
and shared production of key nutrients.

The upregulation of essential amino-acid bio-
synthesis genes in co-culture suggests that their
production may also benefit the host and other
community members, as these essential amino acids
are often implicated in insect/bacteria symbioses
(Shigenobu et al., 2000; Gil et al., 2003; Nakabachi
et al., 2006). The recently published genomes of
two endosymbionts of termite-gut protozoa have
also suggested the importance of other aspects of
amino-acid and vitamin production in the symbiosis
(Hongoh et al., 2008a, b).

The genomes of intracellular endosymbionts of
insects are often highly reduced (Shigenobu et al.,
2000; Akman et al., 2002; Gil et al., 2003; Nakabachi
et al., 2006; Hongoh et al., 2008a, b) and underlie the
obligate reliance of these bacteria on nutrients and
factors supplied by the host. In return, many such
endosymbionts act almost exclusively as essential
amino acids and vitamin factories, capable of little
else (Shigenobu et al., 2000; Akman et al., 2002;
Gil et al., 2003; Nakabachi et al., 2006). In contrast,
these termite-gut spirochetes are not intracellular
residents of their host’s tissues, and have compara-
tively large genomes, suggesting that they are
capable of performing many more tasks in their
species-rich symbiotic environment than their
endosymbiontic counterparts. Several of these tasks,
as implicated by expression and activity data from
this and previous studies, are presented in Figure 4.
They include acetate production during sugar
fermentation and CO2-reductive acetogenesis, H2

cycling, nitrogen fixation, amino-acid biosynthesis
and vitamin and co-factor production (Leadbetter
et al., 1999; Lilburn et al., 2001; Graber et al., 2004).
In return, the termite provides its microbiota with
finely ground particles of recalcitrat carbon and
energy source, lignocellulose and a controlled
environment.

In addition to providing insights into the symbio-
tic interactions of these two treponemes in the
context of the termite gut, the RNA-Seq data that
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Figure 3 The expression of a large number of genes in both
bacterial species is effected by co-culturing. The number of genes
with expression levels regulated by twofold, fourfold, sixfold,
eightfold and 10-fold (X axis) plotted for T. primitia (solid lines),
T. azotonutricium (dashed line) and both species (dotted line).
Best-fit lines were added to aid in data visualization. The area
below the dark-shaded box shows the number of genes that are on
average twofold regulated, and also have three of the four possible
biological replicate combinations above 1.7-fold regulated. The
values below the light gray shade are genes that are on average
twofold regulated, and in which all four biological replicate
combinations are above 1.7-fold regulated.
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Figure 4 Schematic representation of the symbiosis between
T. primitia and T. azotonutricium and the termite host.
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were mapped onto the two genomes also provided
information on genes and intergenic transcripts
that had not yet been predicted. For example, on
scanning the two genomes for intergenic loci with
high gene expression, we were able to identify seven
highly transcribed intergenic regions in the two
genomes. Five of these are between previously
annotated genes of T. primitia (between gene pairs
175:176, 2323:2324, 2456:2457, 2870:2871 and
3885:3886). The other two intergenic transcripts
were in T. azotonutricium (between gene pairs
486:487 and 953:954). The high transcript levels of
these genes are displayed in Supplementary Table 4,
and are generally higher than those of mRNAs from
the predicted, annotated genes. Upon further analy-
sis we were able to predict a putative role for three of
these intergenics. All three of these newly annotated
genes appear to be ribozymes, with RnaseP genes
being found in both genomes and what appears to be
tmRNA in the genome of T. primitia. There remains
an inherent difficulty in the in-silico identification
of genes based on predictions of RNA folding
(as opposed to proposing canonical open reading
frames after scanning all possible translation read-
ing-frames). Thus, RNA-Seq provides a wet-bench
experimental method to aid in the identification
of non-canonical open reading frames. Data on the
expression of one of these genes, the tmRNA from
the genome of T. primitia, are provided in Figure 5a.

Apart from intergenic sequences, we have scruti-
nized graphical displays of transcripts to identify
atypical transcription patterns in the two genomes.
An interesting example of an atypical transcript
pattern is a gene that had overly abundant tran-
scripts towards the gene center, as opposed to the
two ends (Figure 5b). In order to determine which
transcripts for this region of the gene were in the
coding direction or noncoding (antisense) direction,
we used qRT-PCR primers specific for either direc-
tion, targeting different areas of the gene. As shown
in Figure 5b (and inset), whereas the coding
transcripts are relatively constant throughout the
gene, a large amount of transcripts in the antisense
direction are present toward the gene center. This
highly transcribed anti-sense region contains six
evenly spaced direct repeats of unknown function,
but which may help to explain the periodicity
of transcript depth observed in the central portion
of the gene. This finding is similar to those detailed
in a recent publication that uses a variation of
the RNA-seq protocol to compose a genome-wide
map of both coding and antisense transcripts
(Dornenburg et al., 2010).

Conclusions

This work reveals that, when grown together,
two termite-gut Treponema species influence
each other’s gene expression in a far more compre-
hensive and nuanced manner than might have been

predicted based on the results of previous studies on
the respective pure cultures. Although H2-based
interactions are predicted by known physiologies,
using new techniques we find a division of labor
between the bacteria, and uncover unforeseen
symbiotic interactions. On the road to understand-
ing the even more complex interactions that occur
among the hundreds of microbial species residing in
termite and other gut environments, we believe that
studies of defined microbial consortia of represen-
tative strain isolates become a promising avenue
toward gaining a better understanding of such
systems. Despite the inherent difficulties in compar-
ing transcript signals from different organisms and
co-cultures (as in this study), we expect that deep
RNA sequencing will enable and expedite such
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Figure 5 Transcription mapping of intergenic and atypical
transcripts. (a) A graphical representation of transcripts mapped
onto an annotated portion of the T. primitia genome containing
one of several identified intergenic transcripts in this study. The
sequence is similar to that of a tmRNA. Anotated genes are
displayed as block arrows below the mapped reads. (b) An
atypical transcript pattern in a putative glycohydrolase gene of
T. azotonutricium (TREAZ 2717, shaded block arrow) shows a
high transcript density in the gene center with repetitive pattern.
Data from qRT-PCR experiments differentiating coding (black
bars) from antisense (white bars) are shown in the inset box, and
correspond to the section of the gene analyzed. qRT-PCR was
performed with direction-specific primers in the amino-terminal
domain (NTD), central portion (MID), and carboxy-terminal
domain (CTD) of the gene.
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studies, revealing genes and interactions under-
lying the associations, and aiding in the develop-
ment of many new hypotheses and new directions of
research.
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