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Figure 2. Phylogenetic relationships among T. turnerae and selected gamma-proteobacteria. A maximum likelihood (ML) tree based on
comparative analysis of 16S rDNA (1,389 aligned characters) inferred using PHYML [99] as implemented in Geneious 3.8.5 (Biomatters Ltd.) is shown
for 23 related Pseudomonadaceae. Genbank accession numbers are indicated. Not shown but used in the analysis are 16S sequendésdhamichia

coli (AE014075 and U00096) arsalmonella typhimuriunfAE006468 and CP000026). Sequences were aligned manually using MacGDE 2.3 [Linton E:
MacGDE: Genetic Data Environment for MacOSX [http://www.msu.edliitone/macgde/] taking into consideration secondary structural information

[100]. Bootstrap proportions greater than 70% are expressed to the left of each node as a percentage of 1,000 replicates. The ML tree topology is
identical to the consensus tree generated with the same alignment using Mr. Bayes 3.0 (not shown) [101]. Bold taxon labels signify that a complete
genome sequence has been determined and is publicly available; asterisks denote symbionts of invertebrates and “M” denotes isolation from marine
environments.

doi:10.1371/journal.pone.0006085.g002

large number of homologues inferred among predicted operi. turnereand S. degradaiie ribosomal operons of most bacteria
reading frames (ORFs) (Figure 3A) and by the number of thesare composed of a 16S rRNA gemeg(followed by an internal
that have best or near best hits among these genomes in totaianscribed spacer (ITS1), a 23S rRNA gem, @ second internal
genome BLAST searches. Of the 3,502 predicted proteins in théranscribed spacer (ITS2) and finally a 5S rRNA gen®. (In
T. turneragenome that had at least one BLASTR (Ee-4) hittoa  addition to ribosomal operons with this canonical organization,
protein encoded by another genome (Combo, DB, Wu et al.,the genomes of. turneraend S. degradagach contain a single
unpublished), 1,670 had a best hit$o degradais40, 265 toC. occurrence ofrrs and rrl genes that are separated by putative
japonicudedal07, and 85 tdd. chejuen®€TC 2396. All other protein coding sequences (Figure 4) rather than a typical ITS1.
genomes had fewer best hits. The ITS1 region of most known gamma-proteobacteria ranges
Gene organization.  The genomes oT. turneraé&. degradans from , 250-1,000 nucleotides in length and encodes one or two
and C. japonicushare similar chromosomal content and tRNA genes but does not contain protein-coding genes [18]. In
organization and display a considerable degree of synteny wherontrast, S. degradarsontains two putative protein-coding
protein-coding regions are aligned (Figure 3B). An unusual sharesequences within this region while the comparable regiom.in
similarity is also observed in the organization of ribosomal genes iturneraencodes eight.
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Figure 3. Genomic comparison of T. turnerae, S. degradans, H. chejuensis and C. japonicus. (A) Venn diagram portraying occurrence of
predicted protein coding genes of homologous origin shared among the genomes of T. turnerae, S. degradans, H. chejuensis and C. japonicus. (B)
Synteny of predicted protein coding genes among the genomes of T. turnerae (x-axis, top and bottom) and S. degradans (y-axis, top) and C. japonicus
(y-axis, bottom) inferred using PROmer (PROtein MUMmer)[102]. Circular chromosomes are depicted linearly with the origins of replication at map
coordinates (0,0). Dots depict location of homologous proteins relative to the origins with red and blue representing homology on the same or
opposite strand, respectively.

doi:10.1371/journal.pone.0006085.9003

In both genomes, the intervening ORFs most proximal to the rrl strongly suggests that a common ancestral insertion resulted in the
are homologous putative heptosyltransferase genes. Moreover, the proximity of rrl and heptosyltransferase genes in both genomes and
remaining seven ORFs embedded in the ITS1 of T. turnerae also that this event was likely followed by at least four rearrangement
have homologues elsewhere in the S. degradans genome, five of events (Figure 4) to arrive at the extant gene orders. The large size
which are syntenic in both genomes. This gene organization of these insertions and alternating orientation of the contained
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Figure 4. Anomalous organization of ribosomal operon A (rrnA) in T. turnerae and S. degradans. One of three ribosomal RNA operons
(rrnA) in the T. turnerae genome displays unusual organization. In this operon, the small (rrs) and large (rrl) subunit ribosomal RNA genes are
separated by protein coding genes in both T. turnerae and S. degradans rather than by internal transcribed spacers (ITS) as in most bacteria. All
intervening genes have homologues in both genomes. The common location of homologous heptosyltransferase genes in both genomes suggests
at least one common ancestral insertion. Ribosomal rRNA genes are depicted in blue. Open reading frames (red, green, orange, and light blue) have
been colored to distinguish homologous genes. Dotted lines mark indel boundaries. Chromosomal locus coordinates are indicated to the right of
each depicted genome region and unique locus tag numbers are indicated beneath each locus without the preceding GenBank prefixes (TERTU_ for
T.turnerae or Sde_ for S. degradans, respectively).

doi:10.1371/journal.pone.0006085.9g004
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ORFs suggest that these rrs and rrl genes are no longer contained
within a single transcriptional unit in either genome.

Polysaccharide degradation systems of Teredinibacter

turnerae

Wood specialization. Like that of its closest known relative,
S. degradans, the T. turnerae genome is notable for containing an
unusually large number of protein domains involved in the
degradation of complex polysaccharides, including glycoside
hydrolases (GH), carbohydrate esterases (CE), pectin lyases (PL),
and carbohydrate binding modules (CBM). However, in contrast
to S. degradans, which is a generalist capable of degrading more
than 10 types of plant, algal, animal and fungal polysaccharides
[19,20,21], the T. turnerae genome lacks enzyme systems for
degradation of common marine polysaccharides including agar,
alginate, and fucoidan and has only comparatively sparse
representation of chitinase (two vs. seven in S. degradans) and
laminarinase (six vs. ten in S. degradans) genes. Enzymes for
degradation of the fungal polysaccharide pullulan are also absent
in T. turnerae. Instead, the gene content of the T. turnerae genome
suggests a high degree of specialization for degrading
polysaccharides associated with woody plant materials, including
cellulose, xylan, mannan, galactorhamnan and pectin.

The T. turnerae genome encodes a total of 123 ORFs dedicated
to processing complex polysaccharides. Of these ORFs, 95 encode
GH domains, 4 encode PL domains, 18 encode CE domains, and
4 encode both GH and CE domains (Supporting Information:
Tables S1, S2, and S3). The total number of GH domains in T.
turnerae is similar to that of S. degradans [10] and C. japonicus [16],

Complete Genome of T. turnerae

which places T. turnerae among the top 5% of over 750 bacteria
with sequenced genomes (BH & PMC, unpublished). Notably, T.
turnerae possesses a high number of CE domains per single genome
among these organisms (see Table 2), suggesting a considerable
investment in capacity for degrading hemicelluloses.

The diversity of GH domain families represented in the T.
turnerae genome is also comparable to those of the other cellulolytic
bacteria. The T. turnerae genome encodes catalytic domains
representing 38 different GH families. This compares to 38 in S.
degradans, 42 in C. japonicus, and 44 in a recently characterized
metagenome derived from a community containing over a
thousand bacterial types in the hindgut of the termite Nasutitermes
sp [22]. (Figure 5).

Although the absolute number and diversity of GH domains is
similar, the proportion of GH domains predicted to have activity
against components of woody plant materials (cellulose, xylan,
mannan, and rhamnogalactans) in the T. turnerae genome (Figure 5)
is 53%, nearly twice that of S. degradans (29%), C. japonicus (29%) or
the Nasutitermes sp. hindgut community (27%). Indeed, seven GH
families (GH6, GH9, GH10, GH11, GH44, GH45, and GH62)
are represented by at least twofold more domains in T. turnerae
than in C. japonicus or S. degradans. Each of these has predicted
activity against cellulose or xylan.

Multidomain and multicatalytic enzymes. The T. turnerag
genome is also unusual in the number of multicatalytic enzymes
(single proteins with multiple catalytic domains, each with distinct
predicted catalytic activities) that it encodes and in the domain
composition of these enzymes. While multidomain carbohydrases
are common, most are composed of a single catalytic domain plus

Table 2. Summary of carbohydrate binding and catalytic domains found per genome or metagenome.
Teredinibacter. turnerae Saccharophagus degradans Ccllvibrio japonicus Nasutitermes Community
Glycoside hydrolases (GHs) 101 130 122 704
Polysaccharide lyases (PLs) 5 33 14 10
Carbohydrate esterases (CEs) 22 15 19 n/d
Carbohydrate binding modules (CBMs) 17 136 93 10
doi:10.1371/journal.pone.0006085.t002
T. turnerae S. degradans C. japonicus Nasutitermes
53.5% 29.2% 29.5% 27.4%
B Cellulose/Xylan
B Agarose
& Chitin
Peptidoglycan
Laminarin
B Pectin
W Other plant polysaccharides
B Non-specific

Figure 5. Prevalence of GH domains as a function of substrate specificity. The genome of T. turnerae contains a larger proportion of
glycoside hydrolase (GH) domains with specificity for major wood components (cellulose, xylan, mannans, and rhamnogalactans) than do other
compared genomes and metagenomes. GH domains are sorted by known substrate specificity and presented as a fraction of the total number of GH
domains per genome. Substrate specificities are coded as follows: green = cellulose/xylan, (GH families 5, 6, 8, 9, 10, 11, 12, 44, 45, 51, 52, 62, and 74),
dark green=agarose (GH families 50 and 86), light green =chitin (GH families 18, 19, and 20), light grey = peptidoglycan (GH families 28 and 105),
dark grey=Ilaminarin (GH families 16 and 81), black = pectin (GH families 28 and 105), purple =other woody plant cell wall polysaccharides (GH
families 26, 53, and 67) and blue =GH domains with other specificities or specificities not uniquely predicted by family designation. Proportions are
expressed as a fraction of the total number of GH domains found in the genomes of Teredinibacter turnerae (101), Saccharophagus degradans (130),
Cellvibrio japonicus (122), and Nasutitermes termite hindgut metagenome community (704) respectively. The fraction of total GH domains with
specificity toward cellulose and xylan is indicated below each species name.

doi:10.1371/journal.pone.0006085.g005
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and none inC. japonicusconsistent with a specialization for components of T2S are arranged in a single large operon
degradation of hemicellulose or heteroxylan components of woodgspCDEFGHIJKLMN in the T. turneraegenome, as was
Interestingly, seventeen ORFs in theturneragenome contain  previously observed i8. degradans
CBMs that either lack associated catalytic domains or lack Type 3 and type 4 secretion systems. Secretion pathways
domains with putative carbohydrase activity (GH, CE, or PL are an important means by which intracellular symbiotic and
enzyme functions, Supporting Information: Table S4). Indeed twopathogenic bacteria modulate interactions with their hosts. Two of
of these link CBMs to domains predicted to function as seringhese, the T3 and T4 secretion systems, are known to play
proteases. The functions of these unassociated CBMs and unusuadportant roles in many plant and animal symbionts and
hybrids are unknown, but may involve modification of the surfacepathogens [47]. For example, T3 and T4 pathways are involved
of insoluble woody substrates, or modification of other proteins/in the establishment of symbiosis by the tsetse fly endosymbiont
enzymes bound to these surfaces. Sodalis glossinidiod the plant endosymbiori¥esorhizobium loti
Polyserine linker domains. The linker regions that join [48,49], respectively. Surprisingly, elements encoding T3 or
carbohydrase domains and CBMs Th turneraare also unusual, T4SSs are absent from the genomeTofturnerae
being uncharacteristically long and comprised nearly entirely of Type 6 secretion systems.  Interestingly, however, elements
serine residues. Linkers found in other carbohydrases commonlyf the T6SS, a Sec-independent secretion system only recently
consist of repeating proline, threonine and glycine residues. Whildescribed in Gram-negative bacteria [50,51], were identified in the
the functional significance of polyserine linkers (PSLs) is unknowgenome ofT. turnera¢ TERTU_1668-TERTU_1639). Reports
they appear to be characteristic of the carbohydrasds tfrnerae indicate that T6S can perform a myriad of functions including
and its closest relativ€s japonicasid S. degraddB3,38]. promoting biofilm formation, and attenuating or enhancing
The S. degradamenome encodes 46 carbohydrate activevirulence [50,52,53,54,55]. A protein secreted frdfibrio cholerae
proteins that contain PSLs. On average, these are composed of a T6SS-dependent manner can crosslink actin in macrophages
80% serine residues and are 39 residues in length [38]. Similarlyj56], thereby indicating that T6SSs are likely to directly
T. turneraencodes 42 carbohydrate active proteins containingtranslocate protein(s) into host cells. The fact thatturnerae
PSLs with an average serine content of 83% and average length edsides inside host cells as an endosymbiont and lacks T3 and T4
44 residues. Approximately one-third of GH and CE domain- secretion suggests that T6S might be a central mechanism for the
containing proteins are linked by PSLs to one or more CBMs, asnitiation and maintenance of the symbiotic interaction. Indeed, it
are most (75%) PL domains. Of the multidomain glycosidehas been demonstrated that T6S is a determining factor for host-
hydrolases, 80% of these also exhibit polyserine linker regionsspecificity in the symbiorRhizobium leguminosgTys8].
while all of the multidomain carbohydrate esterases and |n order to gain greater insight into the potential function of

polysaccharide lyases contain PSLs. T6S in T. turnerasve compared its T6SS locus structure and gene
content to that ofP. aeruginokisI-I, a well-characterized T6S

Bioinformatics evidence for secretion system gene locus, and to the T6S locus of its close relati®e,degradans

clusters (Figure 7). The T6S gene clusterTinturneragppears to encode all

In Gram-negative bacteria, several secretion systems af§0own essential proteins of the secretory apparatus (E valie:
available to catalyze the extracellular translocation of proteind0) (Figure 7A). Among these are genes encoding proteins with
and genetic material. For some secretion systems, (e.g. the typel®@mology to IcmF (TssM) and an AAAamily ATPase (TssH),
secretion system, or T2SS), proteins must first be exported acrogdich are hallmarks of the T6SS [59]. The T6SS generally
the inner membrane to the periplasm using the so-calledranslocates at least two proteins: haemolysin-coregulated protein
“conventional” or “broad-specificity” Sec pathway before trans{(Hcp) and the valine-glycine repeat protein G (VgrG)
location across the outer membrane. Other secretion systems ul#0,61,62,63]. Genes encoding these apparent substrates of the
complex multi-component protein assemblies that bypass the S&ystem are present in the T6SS cluster Tof turneraeand
pathway requirement and directly translocate proteins from thefurthermore, two other putativergrGgenes (TERTU_3731 and
cytoplasm to the extracellular milieu. Specialized secretionfERTU_2226) are located outside of the unit.
systems, such as types Ill, IV, and VI (T3SS, T4SS, and T6SS) Overall, these loci are highly similar, with 17 and 19 of thé>22
are often hallmarks of intracellular bacterial pathogens andaerugino$#SI-I genes conserved if. turneraand S. degradans
symbionts [39], and many of the secretion system substrateggspectively. Surprisingly, our analyses indicated that the overlap
termed “effectors,” have been shown to modify or disrupt host cein T6S gene between these organisms is not restricted to those
function [40,41,42]. genes that are widely conserved in other T6SSs. Moreover,

Type 2 secretion systems.  Genome sequence suggests thatdetailed comparisons of the proteins putatively involved in T6S
both Sec and Sec-independent (twin-arginine, Tat) pathwaysctivation in T. turnerasvith those ofP. aeruginpsprovided
contribute to protein translocation across the inner membéF.in  evidence that not only are essential proteins of this pathway
turnergéor reviews, see [43,44,45]). All essential components of theonserved and likely to be functional, but also, that the mechanism
Sec translocase encodedd®cA, secY, sacBsec@as well as gene of initiation and signal propagation may be as well. Sequence
products ofecD, secF, yaij@dyidCthat are peripherally associated alignment of Fhal with TERTU_1647{g showed that the site of
with the translocase have been identified. Both the co+hal phosphorylation (Thr362) is conserved in theturnerae
translational/SRP  pathway (involving the Ffh/SRP54 protein (Figure 7B). Likewise, similar to PpkA, a C-terminal
riboprotein and the FtsY receptor) and the postranslationalperiplasmic extension was observed in Titsturneraertholog
pathway (involving the SecB chaperone) of translocase targetifd ERTU_1640). As is typical in T6S kinases, there is no significant
appear to be present. Over 20% of the predicted proteins iffthe sequence similarity of this region between the species (data not
turneragenome were identified with N-terminal signal peptides byshown).

SignalP 3.0 [46] and are predicted to be Sec pathway substrates. Secretion and localization of carbohydrate-active
Proteins deposited in the periplasm by the Sec and Tat pathwaygroteins. As observed previously irC. japonicusnd S.
may be translocated through the outer membrane by the T2SSdegradanthe majority of carbohydrate active enzymes encoded
also known as the general secretory pathway. All known essentiay T. turnerasppear to be substrates of the type Il secretion system
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Figure 7. Type 6 secretion system (T6SS) gene clusters.  (A) Schematic representation of T6SS clustersTofturneragP. aeruginosand S.
degradans The T6SS units are arranged so that tlflea ortholog of each species is central. Genes are identified by locus tag numbers (below) and
according to the standardized nomenclature for T6SS proposed by Shal@tmal. [103] (above):tss core components in all T6SS unitsag: tss-
associated genes which are present in T6SS clusters in more than one bacterial species. Genes highlighted in color are discussed in the text and
homologous genes are represented by the same color. Genes indicated with light grey have not been clearly linked to T6S function or are not widely
conserved in T6S loci. T6SS core genes [104] are indicated in bold type. (B) Partial sequence alignment of the FHA domain-containing proteins
involved in posttranslational regulation of T6S if. turneraeand P. aeruginosaThe critical phosphorylation site (Thr362) is conserved in tfe
turneraeprotein.

doi:10.1371/journal.pone.0006085.9g007

(T2SS). Of the 99 GH and the 22 CE genes, 73 and 14 proteinsSeveral carbohydrases, including three endoglucanases
respectively are predicted to have an N-terminal signal peptide fofTERTU_2893, TERTU_3565, and TERTU_4054), were
secretion. Notably, four out of five candidate beta-glucosidases dietected only with SigmaCell as the sole carbon source (Table 3).
not have T2SS consensus signal peptides, suggesting tHaetection of cellodextrinase and xylose isomerase under all growth
cellobiose and/or larger polymers may be targeted by aconditions suggests that, as in other woody biomass-degrading
phosphotransferase transport system for further degradativenicroorganisms, expression of certain enzymatic activities
processing in the cytoplasm. Consistent with this notion, aequired for cellulose and xylan metabolism may be linked. This
candidate cellobiose phosphotransferase gene (TERTU_3237nay be resolved by further transcriptomic and/or proteomic
and three candidate cellobiose phosphorylase genesnalyses of T. turneraegrown on purified cellulose and
(TERTU_2767, TERTU_2762, and TERTU_0851) have been hemicellulose components. It should be noted that the methods
identified inT. turnerae used here target secreted proteins and may not efficiently detect
Over 180 proteins encoded by thEeredinibacigenome are cytoplasmic or periplasmic proteins, or proteins that bind
predicted to be lipoproteins (LipoP 1.0 program [64]) and so areirreversibly to insoluble substrates.
likely to become anchored to the outer face of the outer
membrane. Of these, 23 are associated with polysaccharidilitrogen metabolism
degradation. Localization of lignocellulose active proteins to the Nitrogen fixation. Wood is a carbon-rich but nitrogen-poor
outer membrane may provide some of the functional advantagesubstrate. Therefore, organisms that utilize wood as food may
to Gram-negative bacteria that cellulosomes provide for Grampenefit from alternate sources of nitrogen nutrition such as
positive bacteria. nitrogen fixation. The genome d&f. turnerarevealed a complete
Experimental analysis of the T. turnerae secretome. A set of nitrogen fixation genesiff organized in three main clusters
total of 123 proteins were identified under the assayed growthhat span nearly 60,000 bp, or 1% of the genome. The first cluster
conditions (Figure 8). Based on sequence data, most wetmntains nitrogenase accessory and regulatory genes including
predicted to be secreted proteins or lipoproteins, although aifQ, nifBAL and the electron transport complex genes
small proportion had no predicted N-terminal signal peptides andrnfABCDGE The second cluster contains the structural
were presumed to be cytoplasmic proteins released by cell lysisitrogenase genes encoded by thiéHDKT operon. The third
The number of proteins detected in spent medium after growth oncluster contains genesfENX whose gene products function to
SigmacCell (72 proteins), was more than three times greater thagynthesize nitrogenase molydenum-iron cofactors, as well as
that observed after growth on carboxymethyl cellulose (25ifUSVPWZMwhose gene products also function in nitrogen
proteins) or sucrose (23 proteins), possibly reflecting the greatéxation. The organization of the later gene cluster is particularly
demands of degrading insoluble polysaccharides. Two proteins, similar to the nif gene arrangement in strains @zotobagcter
predicted cellodextrinase (TERTU_0427) and a xylose isomerasgiazotrophic Gram-negative gamma-proteobacteria related to
(TERTU_4666), were expressed under all conditions testedPseudomonads. Consistent with this observation, sequence
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Figure 8. Secretome of 7. turnerae. Venn diagram depicting proteins
expressed during growth with indicated carbon sources. Numbers in
non-overlapping regions enumerate proteins that were uniquely
expressed and secreted under the indicated condition. Numbers in
overlapping regions enumerate proteins expressed and secreted under
multiple growth conditions.

doi:10.1371/journal.pone.0006085.9008

analysis of the T. turnerae NifH protein revealed that the closest
related sequence is the nifH gene from Pseudomonas stutzeri. These
data, along with the absence of nif genes in S. degradans, H. chejuensis,
and C. japonicus, are consistent with the notion that the nif cluster in
T. turnerae was acquired via horizontal gene transfer from a
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Pseudomonas-like bacterium, as has been proposed for nif genes in
other microbes [65].

Nitrogen assimilation. In addition to genes involved in
nitrogen fixation, about 40 genes in the genome of T. turnerae are
predicted to function in nitrogen assimilation. The majority of
these are dedicated to urea metabolism and transport. Specifically,
an operon containing urease and accessory genes (ureABCEFG) is
flanked by two operons (urtABCDE) dedicated to the energy-
dependent transport of urea. Urease and urea transporter genes
are also found in the genome of S. degradans and Hahella chejuensis,
suggesting that urea metabolism may be common to this lineage of
marine bacteria.

The T. turnerae genome also encodes eight genes (TERTU_3348,
TERTU_0619, TERTU_4234, TERTU_3878, TERTU_3828,
TERTU_ 2171, TERTU_1871, and TERTU_1053) predicted to
encode carbon-nitrogen (C-N) hydrolases. This prediction is
supported by the presence in each of these genes of a diagnostic
triad of conserved amino acid residues (Glu-Lys-Cys) required for
attack on cyano- or carbonyl carbon substrates. C-N hydrolases are
members of a protein superfamily containing 13 families, one of
which is responsible for nitrilase activity [66]. A putative nitrilase
function was assigned to a T. turnerae C-N hydrolase gene,
TERTU_4234 based on protein identity (81%) to a functionally
characterized nitrilase (AAR97393) [67]. TERTU_4234 is part of a
seven-gene operon named Nit1C (Supporting Information: Figure
S2) that is evolutionarily conserved from cyanobacteria through
myxobacteria. It has been proposed that NitlC genes may be
involved in detoxification of xenobiotic compounds from plants and
microbes [67] and in the production of a PKS/NRPS hybrid
antibiotic cystothiazole A (Feng et al., 2005). Nitrilases are
commercially important in the production of acrylamide and other
fine chemicals [68,69].

@ PLoS ONE | www.plosone.org
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Table 3. Examples of T. turnerae secreted carbohydrate active enzymes and associated proteins*.

ORF Predicted Function Domain Architecture AA MW (kD) LOC suc cmC SIG
TERTU_2703 carbohydrate esterase CE3-CBM10-CBM2 486 49 S 2 2 +
TERTU_0645 endoglucanase GH9-CBM10-CBM2 876 91 S + 2 +
TERTU_0607 endoglucanase GH9 580 63 S L 2 + 2
TERTU_0427 cellodextrinase CBM5-CBM10-GH5 699 75 S + + +
TERTU_0046 chitin/cellulose binding protein CBM33-CBM10 332 35 S 2 + +
TERTU_4506 xylanase GHS8 436 49 S, L 2 + +
TERTU_4054 endoglucanase GH44 556 63 S 2 2 +
TERTU_3603 acetylxylan esterase-xylanase CE6-CBM5-CBM10-GH10 952 100 S 2 2 +
TERTU_3565 endoglucanse CBM2-GH5 628 68 S 2 2 +
TERTU_2893 endoglucanse GH9-CBM3-CBM5-CBM10 875 93 S 2 2 +
TERTU_2567 carbohydrate binding protein CBM10-CBM5 1324 432 S 2 2 +
TERTU_2546 xylanase CBM2-CBM10-GH10 629 66 S 2 2 +
TERTU_1675 beta-1,3-glucanase GH16-CBM6 338 37 S 2 2 +
TERTU_1599 xylanase GH10-CBM6-CBM22-CBM22 955 103 S + 2 +
TERTU_1498 alpha-glycosidase GH31 977 110 S L 2 2 +
TERTU_0768 alpha-L-arabinofuranosidase GH51 515 58 S 2 2 +
TERTU_0766 carbohydrate binding protein CBM13-NPP1 392 43 S + 2 +
TERTU_2895 endo- and exoglucanase GH5-CBM5-CBM10-GH6 1010 106 S + + 2
"As determined by 2-D LC MS/MS on spent culture medium (see methods). Abbreviations: number of amino acid residues (AA), molecular weight (MW), predicted
protein localization (LOC), secreted (S), lipoprotein (L), sucrose (SUC), carboxymethycellulose (CMC), and SigmaCell (SIG).
doi:10.1371/journal.pone.0006085.t003
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Quorum sensing

Many symbiotic proteobacteria rely on quorum sensing, a
mechanism of bacterial population density-dependent gene
regulation, to structure their host-associated microbial communi-
ties. The genome of Teredinibacter does not appear to encode
homologues of known LuxI or LuxM-type AHL synthases, which
are commonly required for the synthesis of N-acyl homoserine
lactone quorum sensing signals. However, it is worth noting that
Nitrosomonas europea produces three AHLSs, even though the genome
of N. europea does not contain a canonical luxl or luxM [70]. A
LuxR-type protein (TERTU_2802), weakly homologous to known
AHL receptors, is encoded within the Teredinibacter genome. It is
not yet known whether this “orphan” LuxR protein may function
as a receptor for AHLSs produced by other bacteria. Some gamma-
proteobacteria (Salmonella, E. coli, Klebsiella) do not produce AHLS
themselves, but have functional AHL receptors that detect AHLS
produced by other bacteria within a microbial community [71].
The AHL receptor gene (sdiA) in these bacteria is considered to be
a horizontal acquisition that followed a loss of the conserved luxI-
luxR cluster [71]. The genome also does not appear to encode a
homologue of LuxS, a synthase of a furanone Al-2 signal [72].

In addition to AHL- or Al-2- mediated quorum sensing, social
behaviors in all gamma-proteobacteria are mediated by the
orthologues of the GacS/GacA two-component system [73,74].
The genome of T. turnerae encodes a GacS orthologue
(TERTU_1191) and a GacA orthologue (TERTU_2408). The
predicted periplasmic loop of GacS and its cytoplasmic linker
domain (responsible for the interactions with the yet unknown
signal) [75] appear to be the least conserved in this family of
orthologues. It is, therefore, not yet clear whether GacSt
responds to the same self-produced signal that was initially
characterized in pseudomonas [75]. Similar to other orthologues,
GacS+;. contains H302, D720 and H878, predicted to function in
autophosphorylation and phosphotransfer to GacA. The GacA is
most likely functional since it contains D54 (a predicted
phosphorylation site) and the highly conserved amino acid residues
(D8-D9, P58-161, T82-D86) that are predicted to interact with
D54. The GacS/GacA-mediated signal transduction in gamma-
proteobacteria requires an RNA binding protein CsrA (= RsmA),
which interacts with the small regulatory RNAs controlled by
GacS/GacA. The genome of T. turnerae is unusual in that it
appears to contain two CsrA homologues (TERTU_2809 and
TERTU_2436). TERTU_2809 was most similar to the annotated
csrA (rsmA) from Saccharophagus degradans, Cellvibrio japonicus, and
Pseudomonas mendocina. TERTU_2436 does not appear to have
orthologues in these related bacteria and is most similar to
TERTU_2809. The GacS/GacA-Csr system also contributes to
the regulation of genes involved in utilization of various carbon
sources and secondary metabolism [75].

Secondary metabolism

The T. turnerae genome contains nine gene clusters predicted to
encode secondary metabolite pathways, including multifunctional
and modular polyketide synthase (PKS) and non-ribosomal
peptide synthase (NRPS) enzymes, which are typically involved
in the production of bioactive molecules (Figure 9). Clusters were
delimited as groups of genes with homologues among secondary
metabolite pathways. The clusters range in size from 8 Kb
(Region 9) to 74 Kb (Regions 3 and 4) and contain many large
ORFs, such as TERTU_2858, a remarkable ,22 Kb in length
(Figure 9). Modular PKS and NRPS are enzymes that devote
separate modules, consisting of groups of catalytic domains, to
each elongation step of the growing molecular chain. Thus, size of
these enzymes is correlated to the size of the metabolites. The size
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and complexity of some of the clusters suggests that large, complex
metabolites are likely to be produced by T. turnerae. The combined
putative secondary metabolite pathways account for approximate-
ly 380 Kb, or nearly 7% of the T. turnerae genome. Thus, the
fraction of the genome devoted to secondary metabolism in T.
turnerae is comparable to that found in several Streptomyces species
considered to be secondary metabolism specialists [76,77].

A detailed analysis of the secondary metabolome of T. turnerae
T7901 is beyond the scope of this work and will be presented in a
separate manuscript; an overview is presented here. Three of the
clusters, 4, 6 and 7, are NRPS clusters, without PKS elements.
Region 7 contains genes homologous to biosynthesis of a
enterobactin-like catecholate siderophore, including a Dhb/Ent-
F-like NRPS (TERTU_4067) and a entCEBA-like operon required
for production (through conversion of the aromatic amino acid
chorismate) and activation of DHBA (TERTU_4059-4062)
(Figure 9, Region 7 ORFs in green) [78]. This region, predicted
to be responsible for siderophore biosynthesis and iron transport, is
the only one among the 9 detected clusters for which prediction of
the compound class was possible based on BLAST analysis of
ORFs. Completing the T. turnerae secondary metabolome are one
small (Region 9) and two large (Region 2 and 6) modular PKS
gene clusters. Regions 1, 3 and 8 are mixed clusters, containing
genes homologous to both NRPS and modular PKS functions
(Figure 9).

The large number and high complexity of NRPS and PKS
clusters observed in T. turnerae is in sharp contrast to that seen in
the sequenced genome of S. degradans. In an analysis of S. degradans
2-40 genomic database (http://genome.jgi-psf.org/finished_mic-
robes/micde/micde.home.html), we detected 5 loci containing
ORFs coding for hypothetical PKS/NRPS enzymes. These
regions, which total , 73 Kb in size, represent 1.43% of the S.
degradans 2—-40 genome. Only 3 of the putative enzymes (Sde_0688,
Sde_0689 & Sde_3725) exceed 2000aa in length and only one
(Sde_3725) is structurally more complex than a mono-modular
type | PKS. The predicted siderophore biosynthesis cluster in S.
degradans is smaller (17,690 bp) than its T. turnerae (32,073 bp)
counterpart. It remains to be determined whether the greater
complexity of these genes in T. turnerae is correlated with host
association.

Comparative analyses suggest that the NRPS and PKS clusters
of T. turnerae may have phylogentic origins distinct those of S.
degradans. As previously mentioned nearly half of all ORFs in the T.
turnerae genome with significant BLAST hits to another sequenced
genome have best hits to homologues in S. degradans. This is not the
case for PKS/NRPS clusters. For example, regions 1 and 2 are
PKS and/or NRPS enzymes with significant similarities (45-50%)
to recently characterized enzymes of Bacillus amyloliquefaciens from
the difficidin (Dfn), bacillaene (Bae), and bacillomycin D (Bmy)
biosynthesis pathways. These observations may suggest that some,
or possibly all, of the T. turnerae secondary metabolite regions may
have originated from lateral gene transfer events.

Bacteriophage, restriction-modification and mobile-DNA

The intracellular environment of T. turnerae is thought to
provide it limited exposure to mobile genetic elements. Nonethe-
less, the genome of T. turnerae indicates a history of exposure to
foreign genetic material, including bacteriophage (Supporting
Information: Table S5) and transposable elements. Two gene
clusters in the T. turnerae genome, cas/csd and cmr, are predicted to
function in generating and maintaining clusters of regularly
interspaced short palindromic repeats (CRISPRs) (Supporting
Information: Figure S3A). CRISPR and associated genes provide
bacteria with acquired immunity against infection by bacterio-
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total, 24 domains total). PFAM-A abbreviations are used for non-
CBM domains.

Found at: doi:10.1371/journal.pone.0006085.5004 (0.05 MB
DOC)

Table S5 Prophage associated genes in T. turnerae.
Found at: doi:10.1371/journal.pone.0006085.s005 (0.04 MB
DOC)

Figure S1 Circular representation of the chromosome of T.
turnerae T7901. Circular plots in order from outermost to
innermost rings: 1) and 2) predicted protein coding regions (blue),
tRNA genes (red), and rRNA genes (pink) in the forward and
reverse strands respectively, 3) local G+C content of the genome
(black), with high and low G+C regions represented by peaks
facing away from or toward the center of the figure respectively, 4)
GC-skew (positive values in green, negative in pink), and 5)
distance in base pairs from the predicted origin of replication.
Note that changes in the sign of GC skew correspond with and
support the predicted origin and terminus of replication.

Found at: doi:10.1371/journal.pone.0006085.s006 (2.15 MB TIF)

Figure S2 NitlC gene cluster organization. The genomic
context of the T. turnerae nitrilase gene (TERTU_04234) is shown
along with similar nitrilase operons (Nit1C) from other bacterial
genomes. Other proteins encoded by genes commonly found in
Nit1C clusters include 2 hypothetical proteins (hypl and hyp2), a
radical SAM superfamily protein (SAM, Pfam 04055), GCN-5
related acetyltransferse (GNAT, Pfam 00583), 59-phosphoryhosyl-
5-aminoimidazole synthase-related proteins (AIRS, Pfam 00586),
and a putative flavoprotein (Flavo).
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