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Chapter 3

A PHYLOGENETIC ANALYSIS OF [FeFe] HYDROGENASE GENE DIVERSITY
IN THE HYDROGEN METABOLIZING GUTS OF LOWER TERMITES AND
ROACHES REVEALS UNIQUE, ECOSYSTEM-DRIVEN, ADAPTATIONS AND
SIMILARITY OF CRYPTOCERCUS AND LOWER TERMITE GUT COMMUNITIES

Abstract

Hydrogen is an important free intermediate in the breakdown of wood by termite gut
microbial communities, reaching concentrations in some species exceeding those
measured for any other biological system. We have designed and utilized degenerate
primers for the study of [FeFe] hydrogenase evolution and representation in the gut
ecosystems of roaches and lower termites. The primers target with specificity the largest
group of enzymatic [FeFe] hydrogenases identified in a termite gut metagenome
(Warnecke, F., et al. 2007. Nature 450: 560-569). Sequences were cloned from the guts
of lower termites, Incisitermes minor, Zootermopsis nevadensis, and Reticulitermes
hesperus, and two roaches, Cryptocercus punctulatus and Periplaneta americana. All
termite and Cryptocercus sequences were phylogenetically distinct from non-termite
associated hydrogenases available in public databases. This may be a consequence of
unique adaptations to their respective ecosystems. The abundance of unique sequence
OTUs cloned, as many as 21 from each species, highlights the physiological importance
of hydrogen to the gut ecosystems of wood feeding insects. The diversity of sequences
observed may be reflective of multiple niches to which the enzymes have adapted.
Sequences cloned from Cryptocersus and the lower termite samples, all wood feeding
insects, clustered closely with one another in phylogenetic and Unifrac analyses to the

exclusion of those from P. americana, an omnivorous roach. These results provide
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evidence for the importance of hydrogen metabolism to the gut ecosystems of wood

feeding insects. Moreover, they provide support for a close evolutionary relationship of

lower termites to wood roaches and a common origin of their symbiotic microbial

communities.
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Introduction

Hydrogen plays a prominent role in the digestion of wood by termites (1, 6, 13, 39, 40,
44). Hydrogen concentrations in the guts of some termites can reach concentrations
exceeding those measured for any other biological system (13, 16, 44, 46, 48, 49, 51).
Turnover rates have been measured in some species at fluxes as high as 33 m*/m’ gut
volume (44). The environment is also spatially complex, comprising a matrix of
microenvironments characterized by different hydrogen concentrations (8, 9, 13, 24, 25,
44).

This hydrogen is produced during the fermentation of lignocellulosic polysaccharides by
the symbiotic microbial community residing in the termite gut, particularly the protozoa
(15,17, 18, 40, 53, 57, 58). The termites are dependent upon this complex symbiosis for
the degradation of wood (2-4, 7, 10, 11, 39). The primary product of this symbiosis is
acetate, which the termites use as their primary carbon and energy source (41). Most of
the hydrogen produced in the gut is used by CO;-reducing bacteria to produce up to 1/3
of this acetate in reductive acetogenesis (1, 6, 26, 41, 44). Methanoarchaea consume only
a small portion of this hydrogen (1, 24).

The role of termites in global carbon cycling is well established (50, 61). It is, therefore,
of interest to further investigate factors influencing how the gut ecosystem processes
hydrogen so efficiently. Indeed, the termite gut has been reported as the smallest, most
efficient natural bioreactor degradation system known (44).

A rich diversity of hydrogenases were identified in the recently published Nasutitermes
gut metagenome (56). The vast majority of the hydrogenases — over 99% — were
classified as [FeFe] hydrogenases (56). Nasutitermes is a member of a group of termites

known as higher termites, which are distinguishable from lower termites by their
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characteristic lack of protozoa in their gut and by their more extensively segmented gut
anatomy (10, 21, 22, 27). Chapter 2 reports a total of 17 [FeFe] hydrogenase-like genes
in the genome sequences of three treponemes isolated from the gut of Zootermopsis
angusticolis indicating that lower termites too may be a rich source of [FeFe]
hydrogenase diversity.

Wood roaches, Cryptocercus punctulatus, are generally believed to share their most
recent common ancestor with all termites (20, 27, 30). In fact, termites have been
referred to as eusocial cockroaches (20). The gut ecosystem of Cryptocercus shares a
number of characteristics with termites. For example, they and termites are dependent
upon a complex mutualism with a microbial community in their gut to be able to derive
nutrition and energy from wood (5, 23, 42, 53). The predominant microbes found in the
cockroach gut are similar to those found in termites and, more specifically, protozoa are
believed to play an important role in this symbiosis (5, 23, 53). It is for this reason, and
as a consequence of evolutionary relationships (20), that Cryptocercus are most
specifically similar to a group of termites classified as lower termites. Moreover, the
Cryptocercus gut is anatomically similar to the lower termite gut (38).

The similarities of Cryptocersus to lower termites may extend to the metabolic activities
of their gut microbial communities. Hydrogen concentration profiles have been
quantified for the gut of the roach, Blaberus sp., and Cryptocercus may harbor similar
profiles along its gut (28). The gut microbes of Cryptocercus are capable of carrying out
reductive acetogenesis implying that hydrogen produced in the gut may be utilized in

acetate genesis (6, 28).
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Here we report a phylogenetic analysis of [FeFe] hydrogenase genes cloned from the guts

of roaches and lower termites using degenerate primers. The objective was to better
understand the diversity, adaptation, and evolution of the genes in these hydrogen-
metabolizing ecosystems.

Methods

Termites. Incisitermes minor collection Pasl termites were collected from a woodpile in
Pasadena. Reticulitermes Hesperus collection ChiA2 and Zootermopsis nevadensis
collection ChiA1 were collected at Chilao National Park in Southern California.

Termites were classified previously (43, 60) using insect mitochondrial cytochrome
oxidase subunit II (COXII) gene sequences (43). The COXII genes were amplified
directly from the DNA samples that hydrogenases were cloned from. COXII was
amplified using the primers CI-J-1773 and B-tLys and cycling conditions described by
Miura et al. (35) where FailSafe PremixD (Epicentre) and Expand High Fidelity Taq
(Roche) were substituted for the polymerase and buffers, respectively. Sequences were
edited and analyzed in the same manner as that described below for cloned [FeFe]
hydrogenase sequences. Samples were identified as belonging to the genus of the termite
harboring harboring the COXII sequence to which they were found most near in
phylogenetic analyses.

Cryptocercus punctulatus were kindly provided by Christina Nalepa (NC State
University). The adult sample was from a roach collected at Mt. Collins, and the nymph
sample was collected at the South Mountains. Periplaneta americana (HM208259) was
collected on the Caltech campus and identified as belonging to the genus of the roach
harboring the COXII sequence to which it was found most near in phylogenetic analyses

(43).
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DNA Extraction. DNA was extracted from whole dissected guts as described previously

(33). DNA concentrations were quantified using the Hoefer DyNAQuant 200
fluorometer and DNA quantification system (Amersham Pharmacia Biotech) according
to manufacturer instructions.

Primer Design. Degenerate primers for the amplification of [FeFe] hydrogenases
classified as belonging to “Family 3” by Warnecke et al. (56) were designed manually
from a multiple-sequence alignment, see Figure 3-S1 in the appendix to this chapter.
Family 3 [FeFe] hydrogenases, first described by Warnecke et al. (56), were the most
highly represented group of enzymatic hydrogenases observed in the Nasutitermes
hindgut metagenome sequence and have also been observed in the genome sequences of
treponemes isolated from the gut of Zootermopsis angusticolis, see Chapter 2. To
highlight their physiological relevance, Family 3 [FeFe] hydrogenases were the only
group of hydrogenases observed in the Nasutitermes gut metagenome whose in situ
translation was verified by mass spectroscopy (56).

Sequences were aligned using ClustalX available on the PBIL network protein sequence
analysis server (12). Included in the alignment were the two Family 3 [FeFe]
hydrogenase sequences previously identified in the genome sequences of two treponemes
isolated from a termite gut, see Chapter 2, and 9 Family 3 sequences identified in the gut
metagenome sequence of Nasutitermes (56). The [FeFe] hydrogenases of Desulfovibrio
vulgaris and Clostridium pasteurianum were included in the alignment because they are
the best characterized [FeFe] hydrogenases (37, 45). Also included in the alignment were
top BLAST hits identified using the termite gut treponeme Family 3 [FeFe] hydrogenase

sequences identified in the genomes of the treponemes isolated from a termite gut as
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queries against GeneBank. Sequences not having a termite origin were included in the
alignment to identify regions conserved across a broad evolutionary range. Upon
identifying these highly conserved regions, the consensus of the termite sequences in this
region was used for primer design.

A functional primer set and optimal conditions for gene amplification were determined
empirically. The primers amplify approximately 537 bp, or 51%, of the H domain (34,
54, 55) known to be highly conserved among all [FeFe] hydrogneases. The amplified
region corresponds approximately to the regions spanning T330-1494 and A209-1373 in
the [FeFe] hdyrogenases from C. pasteurianum (P29166) and D. vulgaris (YP_010987),
respectively. The sequences for the forward and reverse primers were
WSICCICARCARATGATGG and CCIIKRCAIGCCATIACYTC, respectively, where
“I” represents inositol. The peptide sequences targeted by the primers are highlighted in
Figure 3-S1 found in the appendix of this chapter.

Cloning. Primers were ordered from IDT DNA. Gene sequences were amplified from
template DNA using Expand High Fidelity Taq Polymerase (Roche), FailSafe Premix D
(Epicentre) and 0.1 or 10 ng of template DNA. The temperature cycling regimen was 5
min at 95°C, 35 x (30 s at 95°C, 30 s at 53°C, 1 min at 72°C), 10 min at 72°C, and final
cooling to 4°C. It was necessary to use 50 cycles to successfully clone sequences from
the P. americana sample.

Sequences amplified were cloned into TOP10 chemically competent E. coli (Invitrogen)
using the TOPO TA cloning kit (Invitrogen) according to manufacturer instructions.
RFLP Analysis. 96 clones were randomly selected for analysis. Each clone was

suspended in TE (Sigma) and used as a template for PCR. The cloned sequences were
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amplified by PCR using T7 and T3 primers, NEB Taq Polymerase (New England

Biolabs) and FailSafe Buffer H (Epicentre). The temperature cycling regimen was 5 min
at 95°C, 25 x (30 s at 95°C, 30 s at 55°C, 1.5 min at 72°C), 10 min at 72°C followed, and
final cooling to 4°C.

The products of each of these reactions were then subjected to digestion with HinPI1 and
the resulting restriction fragment length polymorphism (RFLP) patterns were analyzed by
agarose gel electrophoresis.

Sequencing. For each termite sample analyzed, cloned sequences representing each
unique RFLP pattern observed were arbitrarily selected for sequencing. Plasmids were
purified using a QIAprep Spin Miniprep Kit (Qiagen) and submitted to Davis Sequencing
for sequencing. The sequences obtained were manually trimmed in SeqMan, available
from DNA* as part of the Lasergene software suite, to remove the plasmid and
degenerate primer sequences.

The identity of each sequence as a hydrogenase was verified by BLASTing it against
GeneBank.

Phylogenetic Analysis. An operational taxonomic unit (OTU) was defined as those
peptide sequences sharing a minimum of 97% sequence identity. Sequences were
grouped into OTUs using the furthest-neighbor algorithm in DOTUR (47).

The ARB software environment (32) was used for phylogenetic analysis of hydrogenase
sequences. Sequence alignments were prepared using DIALIGN on the Mobyle server
(36). Trees were constructed using 173 unambiguously aligned amino acid positions
with distance matrix (Fitch), maximum parsimony (Phylip PROTPARS), and maximum

likelihood (PhylipPROML) treeing methods. The sequence database used within ARB
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contained 183 publically available protein sequences harboring H domains. Many of the

[FeFe] hydrogenase sequences were chosen from those highlighted in reviews by Meyer
(34) or Vignais (54). A number of sequences were identified by BLAST searches against
the NCBI GenBank non-redundant protein sequences database. The database also
included four protist [FeFe] hydrogenase sequences from the gut of Coptotermes
formosanus (19). 84 sequences of the 123 identified as containing H domains in the
termite gut metagenome database were of sufficient length to be included in the analysis.
The following sequences comprised the outgroup used to construct Figures 3-3, 3-4 and
3-5:  Pseudotrichonympha grassii (AB331668); uncultured parabasilid (AB331670);
Holomastigotoides mirabile (AB331669). The following Family 3 [FeFe] hydrogenase
sequences reported elsewhere, were also used to construct Figures 3-3, 3-4 and 3-5:
Treponema primitia strain ZAS-2 (HndAl, see Chapter 2); Treponema azotonutricium
strain ZAS-9 (HndA, see Chapter 2); Nasutitermes sp. gut (2004084376, JGI gene object
ID (56)).

Diversity and Sequence Richness Calculations. Chaol sequence richness and Shannon
diversity indices for each clone set were calculated using EstimateS version 8.0.0 for
Macintosh computers, written and made freely available by Robert K. Colwell
(http://viceroy.eeb.uconn.edu/EstimateS). OTUs and their respective sequence
abundances were used as input for the program. To visualize the evenness and diversity
of OTUs sequences represented in each clone library, collector’s curves were constructed
showing the number of sequences represented by each OTU.

Community Comparisons. Unifrac (31) was used for quantitative comparisons of

[FeFe] hydrogenase sequence libraries cloned from each insect sample. A maximum
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liklihood phylogenetic tree was prepared as described above. Each sequence library was

designated as a unique environment in the environment file used as an input to Unifrac
and the file was also used to input abundance weights. The environments were compared
using the Unifrac jackknife and principle component analysis calculations. Normalized
abundance weights were used in each calculation. The jackknife calculation was
completed with 1000 samplings and using 75% of the OTUs contained in the smallest
environment sample input as the minimum number of sequences to keep.

Results

[FeFe] Hydrogenases Cloned. At least 28 unique RFLP patterns were cloned from each
termite sample, see Table 3-1. The sequences could be grouped into 16, 20 and 21 OTUs
for the Incisitermes minor, Reticulitermes hesperus, and Zootermopsis nevadensus clone
sets, respectively. Sequences representing 28 and 37 unique RFLP patterns were cloned
from the C. punctulaus adult and nymph samples, respectively. Their corresponding
sequences could be grouped into 15 and 17 OTUs, respectively. 14 RFLP patterns were
cloned from the P. americana sample, which could be grouped into 8 OTUs.

Collector’s cures are provided as Figures 3-1 and 3-2. The Shannon diversity index and
Chaol species richness index for each sample are listed in Table 3-1. A list of all
sequences cloned in this study and their respective abundance weights is provided as
Table 3-S1.

Phylogenetic analysis of cloned sequences. In phylogenetic analyses, all hydrogneases
from the lower termite and Cryptocercus samples grouped within a single clade separate
from all previously sequenced non-termite associated bacterial [FeFe] hydrogenases in
the database, tree not shown. This clade contained both of the Family 3 [FeFe]

hydrogenases previously identified, see Chapter 2, in the genomes of treponemes isolated
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Chaol | Chaol 95% CI | Chaol 95% CI | Shannon
RFLPs® |OTUs” | Mean® | Lower Bound® | Upper Bound® | Mean®

C. punctulatus Adult 28 15 27.5 16.67 108.84 2

C. punctulatus Nymph 37 17 25.17 18.57 59.42 2.13
I. minor 28 16 17.13 16.13 26.02 2.46
P. americana 14 8¢ 5.25 5.01 9.73 1.27
R. hesperus 32 20 26.75 21.55 49.45 2.12
Z. nevadensis 37 21 41.25 24.97 124.16 2.57

*Number of unique restriction fragment polymorphism patterns (RFLPs) observed.

"Number of operational taxonomic units (OTUs); calculated using the furthest-neighbor
method and a 97% amino-acid sequence similarity cut-off.

‘Chaol species-richness index calculated using the classic method in EstimateS. OTUs
representing Family 3 [FeFe] hydrogenases with their respective abundances were used

as program inputs.

Shannon diversity index calculated using EstimateS. OTUs representing Family 3 [FeFe]
hydrogenases with their respective abundances were used as program inputs.

‘Only 5 of these OTUs represented Family 3 [FeFe] hydrogenase sequences, see Table 3-
S1, and were used in the calculation of diversity indices.
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Figure 3-1.
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Figure 3-1. Collector’s curves for lower termite samples. The horizontal brackets in
each figure indicate the number of OTUs comprising 75% of all sequences cloned. Each
bin represents an OTU calculated using the furthest-neighbor method in DOTUR (47)
with a minimum of 97% amino-acid similarity used as a cut-off. A) Incisitermes minor,
B) Reticulitermes hesperus, C) Zootermopsis nevadensis.



3-13
Figure 3-2.
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Figure 3-2. Collector’s curves for roach samples. The horizontal brackets in each
figure indicate the number of OTUs comprising 97% of all sequences cloned. Each bin
represents an OTU calculated using the furthest-neighbor method in DOTUR (47) with a
97% amino-acid similarity cut-off. A) Cryptocercus punctulatus Nymph, B)
Cryptocercus punctulatus Adult, C) Periplaneta americana.
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from a lower termite gut, 7. azotonutricum ZAS-9 and T. primitia ZAS-2. Three of the

sequence OTUs from P. americana fell outside of this clade. The families, as defined by
Warnecke et al., into which these “outlying” sequences fell are provided as a footnote to
Table 3-S1.

Phylogenetic analysis. Maximum likelihood trees for all termite, all roach, or the
collective set of all Family 3 [FeFe] hydrogenase sequence OTUs cloned in this study are
provided as Figures 3-3, 3-4, and 3-5, respectively. In an analysis of all Family 3 [FeFe]
hydrogenase sequences cloned in this study, Family 3 hydrogenases taken from the
genome sequences of 7. primitia ZAS-2 and T. azotonutricum ZAS-9 each formed
coherent clades with sequence OTUs from Zootermopsis nevadensis.

Community comparisons. Unifrac jackknife and principle component analyses were
used to cluser the [FeFe] hydrogenase sequences cloned from each insect sample.
Consistent with qualitative observations drawn from phylogenetic analyses, see Figures
3-4 and 3-5, the P. americana sequence community clustered to the exclusion of all other
Family 3 [FeFe] hydrogenase sequences, see Figures 3-6 and 3-7. The C. punctulatus
and lower termite samples clustered closely with each other.

Discussion

Sequence diversity and phylogeny. An analysis of cloned sequences representing the
largest family of [FeFe] hydrogenases observed in a termite gut metagenome, and the
only family verified by mass spectroscopy to be translated in situ (56), has revealed that
the guts of lower termites and woodroaches are rich reservoirs of [FeFe] hydrogenase
sequence diversity uniquely adapted to these small ecosystems. All sequence OTUs
grouped together to the exclusion of all other sequences in our database, data not shown.

This indicates that, as has been proposed for other environmental samples, the gut [FeFe]
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Figure 3-3.
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Figure 3-3. Phylogram of Family 3 [FeFe] hydrogenases cloned from the guts of
lower termites. The tree was calculated using a maximum likelithood (Phylip ProML)
method with 173 unambiguously aligned amino acid positions. Open circles designate
groupings also supported by either parsimony (Phylip PROTPARS, 1000 bootstraps) or
distance matrix (Fitch) methods. Closed circles designate groupings supported by all
three methods. Hydrogenase sequences taken from 7. primitia ZAS-2 and T. primitia
ZAS-9 are labeled as ZAS-2 (HndA1) and ZAS-9 (HndA), respectively. The sequence
labeled as “Metagenome” corresponds to the sequence with the gene identifier
2004084376 taken from a termite hindgut metagenome sequence (56).
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Figure 3-4. Phylogram of Family 3 [FeFe] hydrogenases cloned from the guts of an
Adult and Nymph C. punctulatus samples. See Figure 3-3 caption for description of
open and closed black circles and tree construction methods. All sequences cloned from
P. americana are highlighted by a grey box.
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Figure 3-5. Maximum likelihood tree of all cloned Family 3 [FeFe] hydrogenase
sequences. See Figure 3-3 caption for description of open and closed black circles and
tree construction methods. Each leaf represents an OTU. Leaves and branches
representing OTUs cloned from lower termites are in blue, from C. punctulatus are in
green, and from P. americana are in red. Hydrogenase sequences taken from 7. primitia
ZAS-2 and T. primitia ZAS-9 are labeled as ZAS-2 (HndAl) and ZAS-9 (HndA),
respectively. The sequence labeled as “Metagenome™ corresponds to the sequence with
the gene identifier 2004084376 taken from a termite hindgut metagenome sequence (56).
Tree drawn using Phylip drawgram (14).
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Figure 3-6.
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Figure 3-6. Unifrac jackknife clustering of all cloned Family 3 [FeFe] hydrogenase
sequences. The maximum-likelihood tree shown in Figure 3-5 and the OTUs with their
respective abundance weights given in Table 3-S1 were used as inputs to Unifrac. The
analysis was completed using normalized abundance weights, 1000 samplings, and
keeping a number of sequences equal to 75% of the number of OTUs represented by the
smallest sample analyzed (4 sequences). Each insect gut sample was designated as a
unique environment in calculations. The numbers designate the percentage of samplings
supporting a particular cluster.
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Figure 3-7.
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Figure 3-7. Unifrac principle components analysis of all cloned Family 3 [FeFe]
hydrogenase sequences. The maximum-likelihood tree shown in Figure 3-5 and the
OTUs with their respective abundance weights given in Table 3-S1 were used as inputs to
Unifrac. The analysis was completed using normalized abundance weights. Each insect
gut sample was designated as a unique environment in calculations. Ca = C. punctulatus
Adult, Cn = C. punctulatus Nymph, 1 = Incisitermes minor, P = P. americana, R =
Reticulitermes hesperus, Z. = Zootermopsis nevadensus.
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hydrogenases are uniquely adapted to their respective ecosystems. Further analysis

revealed a diversity of sequence clades, see Figures 3-3, 3-4 and 3-5. There is good
reason to believe that this is only a portion of a much larger diversity present in the guts
because only one of a total of 9 families of [FeFe] hydrogenases reported in the
Nasutitermes gut metagenome sequence was targeted in this analysis (56). Each coherent
clade may represent an adaptation to a niche or microenvironment shown previously to
exist in the guts of termites and roaches and have a measurable influence on bacterial
community structure (7, 9, 13, 28, 59). The sequence diversity shared among these
samples may point toward metabolic similarities of their respective symbiotic gut
microbial communities. The comparable lack of sequence diversity observed in P.
americana, further emphasized by a necessary increase in PCR cycle number to be able
to clone any sequences, may reflect a corresponding fundamental metabolic difference
from the other communities sampled. This makes sense because P. americana is an
omnivorous insect that does not consume wood, whereas the other insects sampled are
wood feeders.

As shown in Figures 3-3 and 3-5, the Family 3 hydrogenase sequences from the genome
sequences of 7. azotonutricium ZAS-9 and T. primitia ZAS-1 each fall within coherent
clades containing sequences from a Zootermopsis gut community. This is what one
might expect because both of the treponemes were originally isolated from Zootermopsis
angusticolis (26, 29). This provides further support for the relevance of these treponemes
and their respective hydrogenases to the ecology of the termite gut ecosystem from which

they were isolated.
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Community cross-comparisons. There was a clear separation between the P.

americana sequences and all other cloned [FeFe] hydrogenase sequences in phylogenetic
analyses (see Figures 3-4 and 3-5). This is what one might predict based upon the gross
nutritional differences between P. americana, which is an omnivorous household roach,
and the Cryptocercus and lower termite samples, which are all wood feeders. Unifrac
analyses (see Figures 3-6 and 3-7) provided quantitative support for this observed
separation and pointed toward a close similarity of the sequence communities cloned
from the Cryptocercus and lower termite samples. This similarity provides evidence for
a close relationship between the gut communities of these wood-feeding insects. This is
particularly interesting in light of previous proposals that lower termites are eusocial
roaches descended from Cryptocercus (30). Moreover, it provides further support for
hypotheses proposing a common origin for the gut communities of these two insects (42,
52).

Conclusions. Hydrogen plays a pivotal role in the digestion of wood by the gut symbiotic
microbial communities of termites (1, 6, 13, 39, 40, 44). Our findings support this
important role of hydrogen as a metabolic intermediate in wood degradation by
establishing wood feeding insects as rich resevoirs of [FeFe] hydrogenase gene sequence
diversity. Moreover, cloned sequences represent unique adaptations to their respective
ecosystems. The non-wood feeding, cockroach P. americana, harbored comparatively
few [FeFe] hydrogenase sequences. Clustering of the sequence communities of each
sample provides support for a close similarity between the gut communities of the wood
feeding insects sampled. This is in agreement with the currently accepted phylogenetic

relationship between wood roaches and lower termites as well as proposals of a common
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origin for the gut microbial communities of these insects (30, 42, 52). The rich variety of

[FeFe] hydrogneases observed in each of the lower termite and Cryptocercus samples
accentuates the important role of hydrogen as an intermediate in wood degradation by

xylophagous insects.
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Table 3-S1. Cloned sequences

Table 3-S2. Alignment used in primer design



Table 3-S1. Sequences cloned.

Incisitermes minor
collection Pas1

Reticulitermes hesperus

collection ChiA2

Zootermopsis nevadensis

collection ChiA1l

Phylotype? | Genotype? Number® | %°
Al Al 11 13
A4 A4, F11 5 6
B6 B6, B8, D11, G12 9 11
B9 B9 2 2
C4 C4 2 2
c9 C9 5 2
D1 D1, Hi1, G7, G2 14 16
D5 D5, E1, H8 8 9
E2 E2 1 1
E5 E5, H5 10 12
E9 E9 1 1
F1 F1, H12 10 12
F5 F5 4 5
F8 F8 1 1
G3 G3 2 2
Total: 85
Al A1, F2, A2, F11, A9, E3, C2 39 a1
A4 A4, D1, D6, G2, H2 i5 16
A6 A6 1 1
A8 A8 2 2
Bl Bl 10 10
B10 B10 1 1
Bi1 Bi1 1 1
C7 C7, F12 2 2
Cc9 C9, A10 2 2
D11 D11 2 2
D4 D4 1 1
D5 D5 1 1
El El 2 2
E5 ES5 2 2
F5 F5 1 1
G3 G3 1 1
G4 G4 1 1
H1 H1 3 3
H12 H12 1 1
H4 H4 8 8
Total: 96
Al10 Al10, E8, C4, H11 9 10
Al12 A12, G7, E3, F10, G5 6 6
A3 A3, G6, E5 12 13
A5 A5 1 1
A7 A7 1 1
B3 B3 9 10
B4 B4 1 1
B6 B6 1 1
B8 B8, E7, C1 6 6
B9 B9 5 5
C5 C5 1 1
D1 D1, E9 3 3
D10 D10, E12, F8 6 6
D4 D4 1 1
D8 D8, E10, F1, H2, C10 21 23
E1l E11l 1 1
E6 E6 3 3
F4 F4 2 2
G1 G1 2 2
H10 H10 1 1
H12 H12 1 1
93

Total:
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Continuing Table 3-S1.

Cryptocercus punctulatus nymph

Cryptocercus punctulatus adult

Periplaneta americana

Phylotype? Genotype® Number® | %°
Al Al, B1, B2 29 32
All All 4 4
A3 A3, F8, F9, G8, E7, F11 22 24
A8 A8, B12, D12, D8 6 7
A9 A9 1 1
B10 B10 1 1
B4 B4, E4 2 2
B5 B5, C12 2 2
B6 B6, E5, H7 5 5
Cc2 C2 1 1
C5 C5 1 1
C6 C6 2 2
Cc7 Cc7 1 1
C8 C8, D2 12 13
c9 C9 1 1
D11 D11, E2, G4 3 3
F1 F1 1 1
Total: 94
Al Al, C8, G1, H8, D9, G8, E5, F10 30 32
A6 A6 1 1
A7 A7 1 1
B12 B12 7 7
B8 B8 3 3
C1l C1 24 26
C1l1 C11, H7 3 3
C3 C3 1 1
C4 C4 3 3
C6 C6 10 11
D5 D5 1 1
E1l1 E1l1l, G9 3 3
E4 E4 3 3
H2 H2 2 2
H3 H3 1 1
Total: 93
A3 A3, B11, G10 3 11
B2 B2, A8, G9, H8, F2, A9, E8, C1 10 37
B3¢ B3 1 4
ce® C6, G4, H3, E7, F5, F4, H7 7 26
D4 D4, G11 2 7
D6 D6 2 7
F12¢ F12 1 4
G5 G5 1 4
Total: 27

3-33

*OTUs calculated using the furthest-neighbor method in DOTUR (47) with a 97% amino-

acid similarity cut-off.

*Number of cloned sequences grouped within each OTU.

‘Percent of cloned sequences represented by each OTU.

Sequences that could not be classified as belonging to any of the sequence families
defined by Warnecke et al. (56).

‘Sequence classified as belonging to the Family 7 hydrogenase sequence family defined
by Warnecke et al. (56).



ZAS-9

ZAS-2
22005586165
22005580432
32005575223
32005586899
32005580141
32005576126
32005576125
32005568632
32005562460

D. vulgaris

C. pasteurianum
bYP 4611421
bYP 0012136911
bYp 3073381
bZP 011896821
bZP 015740951
bzp 022037121
PNP 6225461

330 340 350 360

| | |
ADMIPNFSTAK] IKAYWAEKAGVDP
TDMIPNFSTAK] IKAYWAEKAGVNP
PDMIDNFSTAK] IKAYWAKKAGIAP
NDMIPNFSTAK] IKAYWAEKAGVNP
NDMIPNFSTAK IKAYWAEKAGVDP
TDMIPNFSTAK] IKAYWANKAGVNP
PDMIDNFSTAK] IKAYWAKKAGVAP
ADMIPNFSTAK] IKAYWAKKAGVAP
PDMINNFSTAK] IKAYWAGKAGVDP
TDMIPNFSTAK] IKAYWADKAGISP
ADMIPNFSTAK] IKAYWAGKAAVDP

PELLPHFSTCKSPIGMNGALAKTYGAERMKYDP
PELLNNLSSAKSPQQOIFGTASKTYYPSISGLDP
PDLLGHLSTCKSPQOMFGALAKTYYAQVSGIDP
PELAPNVSSAKSPQOMFGAVCKTYYAEKAGIDP
PELAPNVSSAKSPQOMFGAVCKTYYAEKAGIDP
PSYLEHISSCKSPQOMFGALAKTYYPENNGIDP
HDFIENLSSCKSPQOMFGAIAKSYYPTKADVDP
PELAPNVSSAKSPQOMFGAVCKTYYAEKSGIDP
PEFIDNLSTCKSPHMMMGALVKSYYAEKKGLDP

3-34

540 550

| |
YHFVEVMACRGGCIGGGG
WQFVEVMACRGGCVGGGG
YHFVEVMACRGGCVAGGG
YHFVEVMACRGGCVAGGG
YHFIEVMACRGGCIAGGG
YHFIEVMACRGGCIAGGG
YHFVEVMACRGGCVAGGG
YHFVEVMACRGGCVAGGG
YHFVEVMACRGGCIGGGG
YHFVEVMACRGGCIAGGG
YHFVEVMACRGGCIAGGG
YHFIEYMACPGGCVCGGG
YHFIEVMACHGGCVNGGG
YAFIEVMCCPGGCVAGGG
YHFIEIMACPGGCVGGGG
YHFIEIMACPGGCVGGGG
YHFIEIMACPGGCVGGGG
YHFIEVMGCEGGCINGGG
YHFIEIMACPGGCVGGGG
YHFIEVMGCPGGCIMGGG

Figure 3-S1. Alignment used to design degenerate primers to amplify Family 3
[FeFe] hydrogenases. The alignment was prepared using ClustalX on the PBIL network
protein sequence analysis server (12). C. pasteurianum = [FeFe] hydrogenase from C.
pasteurianum (45), D. vulgaris = [FeFe] hydrogenase from D. vulgaris (37), ZAS-2 =
Family 3 [FeFe] hydrogenase from 7. primitia ZAS-2, ZAS-9 = Family 3 [FeFe]

hydrogenase from 7. azotonutricium ZAS-9.

accession number.

“IMG Gene Object Identifier, "GenBank
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