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Background
Initial interest inDechloromonas aromaticstrain RCB arose from its ability to

anaerobically degrade benzene. It is also able to reduce perchlorate and oxidize
chlorobenzoate, toluene, and xylene, creating interest in using this organism for
bioremediation. Little physiological data has been published for this mictbise.
considered to be a free-living organism.
Results

Thea priori prediction that th®. aromaticagenome would contain
previously characterized “central” enzymes involved in anaerobic aromatic
degradation proved to be false, suggesting the presence of novel anaerobicaromati
degradation pathways in this species. These missing pathways include the benzyl
succinyl synthaseb§ABC) genes (responsible for formate addition to toluene) and
the central benzoylCoA pathway for monoaromatics. In depth analyses usitggex
TIGRfam, COG, and InterPro models, and the creatiateafovoHMM models,
indicate a highly complex lifestyle with a large number of environmeataas and
signaling pathways, including a relatively large number of GGDEF domaialsig
receptors and multiple quorum sensors. A number of proteins indicate interactions
with an as yet unknown host, as indicated by the presence of predicted cell host
remodeling enzymes, effector enzymes, hemolysin-like proteins, adhesins, NO
reductase, and both type Ill and type VI secretory complexes. Evidence loh biofi
formation including a proposed exopolysaccharide complex with the somewhat rare
exosortase (epsH), is also present. Annotation described in this paper also reveal
evidence for several metabolic pathways that have yet to be observed expaiim

including a sulphur oxidation (soxFCDYZAXB) gene cluster, Calvin cycle enzymes



and nitrogen fixation (including RubisCo, ribulose-phosphate 3-epimerase, and nif
gene families, respectively).
Conclusions

Analysis of theD. aromaticagenome indicates there is much to be learned
regarding the metabolic capabilities, and life-style, for this micrcpaties.
Examples of recent gene duplication events in signaling as well as diogggena
clusters are present, indicating selective gene family expansiomrekasieely recent
event inD. aromaticas evolutionary history. Gene families that constitute metabolic
cycles presumed to credde aromaticas environmental ‘foot-print’ indicate a high
level of diversification between its predicted capabilities and those of its clos

relatives A. aromaticunmstr EbN1 andAzoarcusBH72.

Background
D. aromaticastrain RCB is a gram negative Betaproteobacterium found in soll

environments [1-6]. Other members of the Betaproteobacteria class raddrfou
environmental samples (such as soil and sludge) or are pathogens Ratst@sa
solanacearunin plants andNeisseria meningitidisy humans) and in general the
genusDechloromona$as been found to be ubiquitous in the environment.

A facultative anaerobd&®). aromaticawas initially isolated from Potomac
River sludge contaminated with BTEX compounds (benzene, toluene, ethylbenzene
and xylene) based on its ability to anaerobically degrade chlorobenzoate [8]. Thi
microbe is capable of aromatic hydrocarbon degradation and perchlorateaducti
and can oxidize Fe(ll) and.8 [6]. Although several members of the Rhodocyclales
group of Betaproteobacteria are of interest to the scientific communitydaeir

ability to anaerobically degrade derivatives of benzBn@romaticawas the first
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pure culture capable of anaerobic degradation of the stable underivitized benzene
molecule to be isolated [3]. This, along with its ability to reduce perchlorate (a
teratogenic contaminant introduced into the environment by man) and inquiry into its
use in biocells [1] has led to interest in using this organism for biorenwedeatd
energy production. Since the isolationdfaromatica other species @kzoarcus
have been found to possess the ability to anaerobically degrade benzene, but have not
been genomically sequenced [7].

The pathway for anaerobic benzene degradation has been partially deduced
[5], but the enzymes responsible for this process have yet to be identified, @ rem
elusive even after the intensive annotation efforts described here-in. Copversel
central anaerobic pathways for aromatic compounds described in various other

species were not found to be present in this genome [8].

Methods

Sequencing
Three libraries (3kb, 8kb and 30kb) were generated by controlled shearing

(Hydroshear, Genomic Solutions, Ann Arbor, MI) of spooled genomic DNA isolated
from D. aromaticastrain RCB and inserted into pUC18, pCUGIblu21, and pcclFos
vectors, respectively. Clonal DNA was amplified using rolling cincataplification

(http://www.jgi.doe.goVy and sequenced on ABI 3700 capillary DNA sequencers

(Applied Biosystems, Foster City, CA) using BigDye technology (PerkireEIm
Corporation, Waltham, MA). Paired end-reads [9] were used to aid in assembly, and
proved particularly useful in areas of repeats.

The Phrap algorithm [10, 11] was used for initial assembly. Finishing and
manual curation was conducted on CONSED v14 software [12], supplemented with a

suite of finishing analysis tools provided by the Joint Genome Institusdico
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cross-over errors were corrected by manual creation of fake reads tahguide
assembly by forcing the consensus to follow the correct path.

Gaps were closed through a combination of primer walks on the gap-spanning
clones from the 3 and 8kb libraries (identified by paired-end analysis in th&EDN
software) as well as sequencing of mapped, unique PCR products from freshly
prepared genomic DNA.

The final step required to create a finished single chromosomal sequence was
to establish the number of tandem repeats for a 672 base DNA sequence of unknown
length. This was done by creating the full tandem repeat insert from uniqueanpstr
and downstream primers using long-range PCR. We then determined the size of

product (amplified DNA) between the unique sequences.

Protein sequence predictions/orfs
Annotation done at Oak Ridge National Laboratory consisted of gene calls

using CRITICA [13], glimmer [14], and Generation

(http://compbio.ornl.gov/generation/index.shtnfinnotation at the Virtual Institute

for Microbial Stress and Survival (httpuMw.microbesonline.ongused bidirectional

best hits as well as recruitment to TIGRfam hidden Markov models (HMMSs), as
described in Alm et al. [15]. Briefly, protein coding predictions derived from NCBI

or identified using CRITICA, with supplemental input from Glimmer, were andlyze
for domain identities using the models deposited in the InterPro, UniProt, PRODOM,
Pfam, PRINTS, SMART, PIR SuperFamily, SUPERFAMILY, and TIGRfam
databases [15]. Orthologs were identified using bidirectional unique best hits with

greater than 75% coverage. RPS-BLAST against the NCBI COGs (Gloéter


http://compbio.ornl.gov/generation/index.shtml
http://www.microbesonline.org/

Orthologous Genes) in the CDD database were used to assign proteins to COG

models when the best hit E-value was%&ed coverage was >60%.

Manual curation
Each and every predicted protein in the VIMSS database [15] was assessed to

compare insights obtained from recruitment to models from the various databases
(TIGRfams, COGs, EC and InterPro). Assignments that offered the maostidefi
functional assignment were captured in an excel spreadsheet with dawfentile
proteins predicted in the VIMSS database. Extensive manual curation of the
predicted protein set was carried out using a combination of tools including the
VIMSS analysis tools, HMMs, and phylogenomic analysis, as described below.
Changes in gene functional predictions and naming were captured in the excel
spreadsheet, and predictions with strong phylogenetic evidence of function posted

using the interactive VIMSS web-based annotation interface.

Phylogenomic analysis: Flower Power , SCI PHY and H MM scoring
Phylogenomic profiling was done to derive functional assignments based on

near-neighbors or to confirm the absence of a given protein D. thewmatica
genome. Four basic approaches were used (see Fig. 1). In the first, we emipéoyed t
Flower Power and SCI-PHY (Subfamily Classification in Phylogenomidg)as

from the UCBerkeley web servdit{p://phylogenomics.berkeley.efil6, 17]) to

profile enzymes specifically from the near-neighBoaromaticumEbN1in creating
Hidden Markov Models (HMMs) that could be scored againsbtre@romatica
protein set. This approach allowed us to determine, with extremely high confidence,

whether a protein is truly not present in xearomaticagenome, whether or not


http://phylogenomics.berkeley.edu/

automatic annotation had identified it correctly. The same protocols wereyeahplo
as described in the following section, except for the selection of seed sequences.
Phylogenetic trees were assessed by comparing included speciespeiiimentally
published orthologs, and in some cases, HMMs were scored against the ful set of
aromaticaproteins (VIMSS annotation set) in order to compare relative probability
scores for individual proteins in the genome [17].

The second use of HMM modeling and phylogenomic tree-building was used
to create models for proteins of interest, with known function, to determine whether
orthologs are present in thbe aromaticagenome. Protein models were created based
on candidates having enzymatic function related to metabolic functi@n for
aromatica(eg benzylsuccinate synthetase), or for proteins that were suggested by
clusters oD. aromaticapredictions displaying pfam, COG, EC or TIGRfam
annotations indicating the possibility of pathways established in other orgaf@gm
theSOXcluster). For aromatic degradation enzymes, the BRENDA database

(http://www.brenda.uni-koeln.def18, 19] was used to select protein sequences for

enzymes of known function based on experimental evidence. A characterized protein
was used to seed a Flower Power HMM-based recruitment of all related ssxqquenc

from the Genbank non-redundant protein set, requiring an identity to existing
sequences ranging from 0.15 to 0.19 (0.18 most typically produced a robust
recruitment set while retaining specificity), and requiring globghatient. Species
represented in the recruited set were compared to all species chaedcsrhaving

that enzyme function, as captured in BRENDA, to assess overall coverage of know
enzyme candidates. Often, more than one enzyme was found to be responsible for the
same enzymatic process. Therefore, if deemed appropriate, a secoad Fdover

sequence recruitment was conducted using a seed sequence not captured in the first



set of homologous proteins, to create a second HMM model and phylogenetic tree
profile for the isozymic set. If the HMM model was to be scored against theefull
of D. aromaticaproteins, alignments weeglited using the Belvu alignment editing tool
[20] using the methods of Brown et al. [21]. The resulting modified alignment was
used to create HMMs using the w0.5 build and hmmscore utilities of UCSC as
employed by K. Sjolander [22-26]. HMMs were then scored against the corsgiete
of predicted proteins frorD. aromatica

The third approach was to carry al& novogeneration of HMMs for protein
sequences of interest that were not adequately described by either MIGRTDGs
models, or for which no models were available. Proteins or enzymes potentially
involved in the metabolic pathways or cell processes of particular interestiedn
aromaticaVIMSS protein set were used as seed sequences for Flower Power
recruitment of phylogenetically related proteins in the Genbank non-redundgant da
set. In a few instances, Flower Power alignments were used as inpet ECtFRPHY
utility, and then uploaded into PhyloFacts [27, 28]. Subfamilies generated using the
SCI PHY minimum-encoding-cost criteria were viewed in phylogenetest and the
functionality of the protein of interest was inferred based on clade (subgfamil
membership, ideally from the experimentally supported functionality of othezipsot
within the same clade [25, 26, 29]. During the course of this study, TIGRfams 7.0
was released, which contained several models that replicated ones genenaged dur
this study. In all cases where HMM modelling was used, their annotation feslict
agreed with ours.

In the fourth approach using HMM models, internal clustering dd all
aromaticaproteins (using the VIMSS protein set) was employed to create a set of

paralogous proteins within th& aromaticagenome. Clustering of proteins within



theD. aromaticagenome was carried out using an internal suite of computational
tools as employed by K. Sj6lander, UCBerkeley [16]. This analysis resulteel in t
identification of full-length paralogs within tH2. aromaticagenome. Comparison of
sets of paralogs allowed identification of putative enzymes forming sggugteps in
a given catabolic pathway, many of which display physical proximity aloeg
chromosome (eg the mhp families of proteins). It also allowed identificatio
smaller subunits in multi-enzyme complexes, which were often missed bytte hi

throughput annotation pipelines employed.

Gene Family Expansion
The clustered set of predicted proteins (putative paralogs) was also used as a

candidate set to search for protein paralogs that are candidates for reeent ge
duplication events. After an initial assessment of the VIMSS gene

information/homolog data, candidate proteins were used as seed sequences for Flower
Power and internal tree-viewing tools or SCI-PHY analyses. These two epgsoa
employed the neighbor-joining trees using the Scoredist correction satthmng i

Belvu alignment editor, or the SCI-PHY utility and tree viewer. In eithhse

resulting phylogenomic tree builds were assessed for contiguous proteineadignm

with two or more proteins frorD. aromatica. If the most similar homolog (% amino

acid identity between aligned sequences) was also frol.taeomaticagenome, the

protein set is considered to be a candidate for a gene duplication event, eith@.in the

aromaticagenome or in a predecessor species.



Resequencing to verify absence of plasmid structure
After finishing theD. aromaticagenome, analysis of the annotated gene set

revealed the notable absence of several anaerobic aromatic degradatioyg#thtva
were expected to be present, due to their preserfeeairomaticumEbN1 (an
evolutionary near-neighbor, as determined by 16sRNA phylogeny). Becauge man
catabolic pathways are encoded on plasmid DNA, we felt it was important tadeecl
this possibility. We re-isolated DNA from a clonal preparatio® odromaticathat
experimentally supported anaerobic benzene degradation, using three different
plasmid purification protocols, each based on different physical parametetweal
generated a single band of DNA. The protocol that generated the highésifyi

DNA was used to create a complete, new library of 2kb inserts, and the library was

submitted to sequence analysis using the protocols previously cited.

Results

Overview of Gene and Protein Features
The finished sequence fbr. aromaticareveals a single circular, closed

chromosome of 4,501,104 nucleotides created from 130,636 screened reads, with an
average G+C content of 60% and an extremely high level of sequence coverage
(average depth of 24 reads/base; see Table 1). Specific probing for plasmids
confirmed no plasmid structure was present in the clonal species sequenckd, whic
supports anaerobic benzene degradation. It is noted however that the presence of two
tra clusters (putative conjugal transfer genes; VIMSS582582-582597 and
VIMSS582865-582880), as well as plasmid partitioning proteins, indicates this
microbial species is likely to be transformationally competent and thuig ickbe

able to support plasmid DNA structures.
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The Virtual Institute for Microbial Stress and Survival (VIMSS,

http:/Avww.microbesonline.ofgand the Joint Genome Institutgtp://genome.jgi-

psf.org/finished_microbes/decar/decar.home hteport 4170 and 4204 protein
coding genes, respectively (Table 2). Cross-database comparisons tohessure t
highest probability of capturing candidate orfs for analysis were made. Tbetynaj
of proteins are shared between data sets. Variations in N-termini stavveite
noted, both between JGI and VIMSS datasets and between initial and later annotation
runs (approximately 200 N-termini differences between four runs of orf predictions
were noted for the initial two annotation runs, Joint Genome Institutes, done at Oak
Ridge National Laboratories — ORNL, and VIMSS).

The most definitive functional classification, TIGRfams, currently co88%
of predicted proteins, leaving 2802 genes with no TIGRfam classification ébée T
2). Many proteins in the non-covered set were investigated further using K.
Sjolander’'s HMM building protocols (many of which are available at
http://phylogenomics.berkeley.edu), to supplement TIGRfams. The Clusters of
Orthologous Genes (COG) assignments were used for classification in thesfami
signaling proteins, but specific function predictions for these proteins ajsivae
further analyses. The metabolic and signaling pathways are discussedareldte
identity of orthologs within these pathways are based on analysis of phylogenomic
profiles of clusters obtained by HMM analysis, with comparison to proteins having

experimentally defined function.

Anaerobic aromatic degradation — absence of known e nzymes indicates novel
pathways
Given that one of the primary metabolic capabilities of interest for this

microbe is anaerobic degradation of benzene, we first sought to identify keyesnzym
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for anaerobic degradation of monoaromatic compounds iD theomaticagenome
Fumarate addition to toluene via benzylsuccinate synthase is recognibed as t
common mechanism for anaerobic degradation by a phylogenomically diverse
population of microbes [30-32] and has been called “the paradigm of anaerobic
hydrocarbon oxidation”[33]. Benzoyl CoA is likewise considered a central
intermediate in anaerobic degradation, and is further catabolized via benzoyl CoA
reductase (BcrAB) [33]. IA. aromaticunEbN1, ten major catabolic pathways have
been found for anaerobic aromatic degradation, and nine of the ten converge on
benzoyl-CoA [34].

To explore this difference between the two genomes further, all charadteriz
anaerobic aromatic degradation pathways from near-neighl@omaticunEbN1
[35] were defined by HMMs to establish presence or absence of proteins in both the
D. aromaticaandAzoarcusBH72 genomes (see FiglA for methodology). A key
catalytic enzyme or subunit for each enzymatic step was used as a sesttsdq
recruit proteins from a non-redundant set of Genbank proteins for phylageneti
analysis. Benzylsuccinyl synthase, presemt.iaromaticunEbNL1 [35, 36] as well as
Thauera aromatic8], andGeobacter metallireducen87], is surprisingly absent
from the genomes of bo. aromaticaandAzoarcusBH72 (see Table 3)D.
aromaticadoes encode a protein in the pyruvate formate lyase family, but further
analysis shows that it is more closely related td&heolihomolog of this protein
(which is not involved in aromatic catabolism) than to BssA.

For all pathways except the ubiquitous phenylacetic acid catabolic cluster,
which is involved in the aerobic degradation of phenylalanine, and the PpcAB
phenylphosphate carboxylase enzymes involved in benzoate degradation, all key

anaerobic aromatic degradation proteins presefit aromaticunEbN1 are missing
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from theD. aromaticagenome (Table 3), and the majority are also not present in
AzoarcusBH72. The lack of overlap for genes encoding anaerobic aromatic enzymes
between these two species was completely unexpected, a&. lavtmaticunEbN1

andD. aromaticaare metabolically diverse degraders of aromatic compounds. In
generalAzoarcuBH72 appears to share many families of proteins @ithromatica

that are not present i aromaticunEbN1 (eg signaling proteins, noted below).

The extremely high divergence of encoded protein families in this functional
grouping differs from the general population of central metabolic and housekeeping
genes:AzoarcusBH72,Azoarcus aromaticurebN1 andD. aromaticaare
evolutionarily near-neighbors within currently sequenced genomes, as defineg both b
the high level of protein homology within house-keeping genes (defined by the COG
J family of proteins), and 16sRNA sequenéaoarcusBH72 andA. aromaticum
EbN1 display the highest percent homology between housekeeping proteins within
this triad, with 138 of the 156 COG J protein®iraromaticumEbN1 displaying
highest similar to their BH72 counterparts. On average these two genopiag dis
83.5% amino acid identity across shared COG J prot@naromaticais an outlier
in the triad, with slightly higher similarity tAzoarcusBH72 thanA. aromaticum
EbN1 (43 ofD. aromaticas 169 COG J proteins are most homoloué to
aromaticumEbN1 orthologs with an average 71% identity, and 67 are most

homologous tAzoarcusBH72 with an average 72% identity).

Aerobic aromatic degradation
D. aromaticaencodes several aerobic pathways for aromatic degradation,

including six groups of oxygenase clusters that each share a high degree ntseque

similarity to the phenylpropionate and phenol degradation (Hpp, Mhp) pathways in
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Comamonaspecies[38, 39]. Themhpgenes oE. coliandComamonasre involved

in catechol and protocatechuate pathways for aromatic degradation via hgtiooxy
oxidation, and subsequent ring cleavage of the dioxygen species. Only one of these
clusters encodes anhpAlike gene; it begins with VIMSS584143 MhpC, and is
composed of orthologs of MhpABCDEF&R, and is in the same overall order and
orientation as th€omamonasluster as well as thHe. coli mhpgene families [40].
These pathways are also phylogenomically related to the biphenyl/poigetdal
biphenyl (Bhp) degradation pathwaysHeeudomonadpecies [40]. FdComamonas
testosteronithis pathway is thought to be associated with lignin degradation [39].
Hydroxyphenyl propionate (HPP), an alkanoic acid of phenol, is the substrate for
Mhp, and is also produced by animals in the digestive breakdown of polyphenols
found in seed components [41]. Each gene cluster appears to represent a multi-
component pathway, and is made up of five or more of various combinations of
dioxygenase, hydroxylase, aldolase, dehydrogenase, hydratase, dgesdard
thioesterase enzymes.

Interestingly, the single predicted MhpA proteirDnaromatica
(VIMSS584155), which is predicted to support an initial hydroxylation of a
substituted phenol substrate, shares 64.4% identipptalococcu®hpB 3-(2-
hydroxyphenyl) propionate monooxygenase (GI1:8926385) vs. 26.4@ofoamonas
testosteron{GI1:5689247), yet the remainder of thiep genes in th&@odococcushp
clade do not share synteny with hearomaticamhpgene cluster.

Other aromatic oxygenases
Two chromosomally adjacent monooxygenase clusters, syntenic to genes

found inBurkholderiaandRalstoniaspp, indicate thdD. aromaticamight have broad
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substrate hydroxylases that support the degradation of toluene,chioyides, and
TCE.

One monooxygenase gene cluster, composed of VIMSS581514 to 581519, is
orthologous to ththuA1UBVA2@moAECDBF/touABCDEF/phIKLMNO&nd
tboc2ABCDERgene families (froni. stutzeri, R. pickettiandBurkholderiaJS150;
see Table 4). This gene cluster includes a transport protein that is orthologous to
ThuX/TodX/XyIN (VIMSS581520). Specificity for the initial monooxygenase is not
known, but phylogenetic analysis places VIMSS581514 monooxygenase with near-
neighbors TbhA [42], reported as a toluene and aliphatic carbohydrate
monooxygenase (76.5% sequence identity), and BmoA [43], a benzene
monooxygenase of low regiospecificity (79.6% sequence identity). The regilmois
highly syntenic with, and homologous to, thebtAECDBF (AY552601) gene cluster
responsible foP. mendocinag ability to utilize toluene as a sole carbon and energy
source [44].

Just downstream on the chromosomeps@dmp/phh/phe/aplike cluster of genes,
composed of the genes VIMSS812947 and VIMSS 581535 to 581540. Overall,
chromosomal organization is somewhat differenCfoaromaticaas compared to
RalstoniaandBurkholderia D. aromaticahas a seventeen gene insert that encodes
members of thenhplike family of aromatic oxygenases between the tandem
oxygenase clusters (see Fig. 4), with an inversion of the second region comired to
eutrophaandBurkholderia Clade analysis indicates a broad substrate phenol
degradative pathway in this cluster, with high sequence identity to the TOM gene
cluster ofBradyrhizobiumwhich has the ability to oxidize dichloroethylene, vinyl
chlorides, and TCE [45, 46]. The VIMSS581522 response regulator gene that occurs

between the two identified monooxygenase gene clusters shares 50.3% idehat

-15 -



ThaureaaromaticatutB gene and 48.2% to tfiRkseudomonasp. Y2 styrene response
regulator (identified by phylogenetic analysis). VIMSS581522 is lilaelyet

involved in the chemotactic response in conjunction with VIMSS581521 (histidine
kinase) and VIMSS581523 (methyl accepting chemotaxis protein), which would
confer the ability to display a chemotactic response to aromatic compounds.

Overall, several mono- and di-oxygenases were found in the genome,
indicatingD. aromaticahas diverse abilities in the aerobic oxidation of heterocyclic
compounds.

There are several gene clusters indicative of benzoate transport and
catabolism. All recognized pathways are aerobic. The benzoate dioxyghkrsise
BenABCDR is encoded in VIMSS582483-582487, and is very similar to (and clades
with) the xylene degradatiomy(XYZ) cluster ofPseudomonasas well as gene
clusters inAzotobacter vinelandiR. eutrophaBurkholderig andCorynebacterium
glutamicum

There is also ahcaAoxygenase gene cluster, embedded in one ohtipe
clusters (see Fig. 3). Specificity of the large subunit of the dioxygenase
(VIMSS582049) appears to be most likely for a bicyclic aromatic compound, as it
shows highest identity to dibenzothiophene and naphthalene dioxygenases.

Dechloromonas aromatica’s sensitivity to the enviro nment

Cell Signaling
D. aromaticahas a large number of genes involved in signaling pathways,

with 383 predicted signaling proteins categorized in COG T (signal transaucti
mechanisms) and a total of 395 proteins (nearly 10% of the genome) eitheedecruit
to COG T or possessing annotated signal transduction domains. Signaling appears to

be an area that has undergone recent gene expansion, as twelve recent gene
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duplication events in this functional group are predicted by phylogenetic analysis, as
described in a later section.

Complex lifestyles are implicated in large genomes with diverselgigna
capability, and in general genomes with a very large number of annotated open
reading frames (orfs) have high numbers of predicted signal transducinggrate
shown in Fig. 5, though some species, sudRraslococcuRHA1 andPsychroflexus
torquesare notable exceptions to this trend. However, assessment of COG T
population size relative to other genomes with a similar number of predicted orfs (Fig
5) indicates thaD. aromaticais one of a handful of species that have a large relative
number of signaling proteins vs similarly sized genomes. Other organismyidigpla
this characteristic includglagnetospirilum magnetotacticumMS-1, Stigmatella
aurantiaca, MyxococcuganthusDK1622,Magnetospirillum MagneticurAMB-1,
Ocenospririllum spMED92,Hahella chejuensi&CTC2396 andesulfuromonas
acetoxidans Within the Betaproteobacteri@hromobacterium violaceuand
Thiobacillus denitrificandiave a relatively large number of signaling cascade genes,
but still have far fewer than found ih aromatica with 308 predicted COG T
proteins (7% of the genome) and 158 COG T proteins (5.6% of the genome),
respectively predicted in these two microbial species, vs the 383 ndded in
aromatica

Histidine kinase encoding proteins are particularly well-representdd91
predicted histidine kinase proteins, including a large number of nitrate/nitrogen
responsive elements. Furthermore, the presence of 47 putative histidine kinases
predicted to contain two transmembrane (TM) domains, likely to encode membrane-
bound sensors (see Fig. 2), suggestsDharomaticais likely to be highly sensitive

to environmental signals. Nearly half (48%) of the predicted histidine kiaases
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contiguous to a putative response regulator on the chromosomal DNA, indicating they
likely constitute functionally expressed kinase/response regulator p&iisisT
atypically high for contiguous placement on the chromosome vs most other genomes
assessed, but is still less than the number reportéd tmli, where 26 or the 29
histidine kinases are organized contiguously with response regulators [47].

A relatively high level of diguanylate cyclase (GGDEF domain [48-50])
signaling capability is implied iD. aromaticaby the presence of 57 proteins
encoding a GGDEF domain (Interpro IPR000160) or a GGDEF response regulator
(COG1639) [48].E. coli, for comparison, encodes 19. This gene family also appears
to have undergone recent expansion in this microbe’s evolutionary history. Microbes
having a large number of proteins or even a diverse array of COG T elementsado not
priori encode a large number of GGDEF elementStagnatella aurantiaca
Myxococcus,XanthusDK1622 andBurkholderia pseudomall€68, by contrast, have
very large genomes with extensive COG T populations, yet each have 20 or fewer
proteins identified as having GGDEFdomains (see Table 5Paahloroccusspp.
appear to have none. Converséygeanospirillumhas a relatively small genome, yet
has 112 proteins identified as likely GGDEF domain/IPR0O00160 proteins.
GGDEF/EAL domain response regulators have been implicated in root colonization
in Pseudomonas putiddatilla et al. 2007); irE. colithe GGDEF domain-
containing YddV protein upregulates the transcription of a number of cell wall
modification enzymes [50], and in point of fabt,aromaticas VIMSS581804, a
GGDEF domain containing homolog of the Yd&Vcoli protein, occurs upstream of

a cluster of sixteen cell wall division proteins (VIMSS581805-581820).
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Cellular interactions with community — quorum sensi ng
Quorum sensing uses specific membrane bound receptors to detect autoinducers

released into the environment. It is involved in both intra- and inter-speciesydensit
detection [51, 52]. Cell density has been shown to regulate a number of cellular
responses, including bioluminescence, swarming, expression of virulence, factors
secretion, and motility (as reviewed in Withers et al. 2001[53]).

D. aromaticaencodes six histidine kinase receptor proteins that are similar to
the quorum sensing protein QseCkofcoli (VIMSS580745, 582451, 582897,

583274, 3337577 (formerly 583538), and 583893), five of which co-occur on the
chromosome with homologs of the CheY like QseB regulator, and two of which
appear to be the product of a recent duplication event (VIMSS583893 & 3337577).
Of the six QseC homologs, phylogenetic analysis indicates VIMSS582451 is most
similar to QseC fronk. coli,where the QseBC complex regulates motility via the
FIhCD master flagellar regulatorf). aromaticaencodes homologs of both FIhC and
FIhD (VIMSS582640 and 582641).

N-acyl-homoserine lactone is the autoinducer typical for gram negative
bacteria [54]. HoweveRalstoniaBetaproteobacteria have been reported to display a
diversity of candidate cell density signaling compounds other than AHL [5&Da
aromaticalacks any recognizable AHL synthesis genRalstonia eutrophandR.
solanacearuniikewise encode several proteins in s gene family (seven each in
R. eutrophastrains JMP and H16, five R. solanacearumatrain GMI1000 and six in
strain UW551). Identification of the signaling agent®iraromatica whether there
is shared chemistry with tHealstoniaspecies, and the utility of having a diverse

array of putative quorum sensing proteins, remains to be determined.
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Cellular interactions with the environment — stress
Carbon Storage

Poly-hydroxyalkanoates (PHAS) store carbon energy, are synthesizethéom
catabolism of lipids, and constitute up to almost 90% of the dry weight of the
Betaproteobacteria speci@emamonas testosterd®6]. These lipid-like
carbon/energy storage polymers are found in granular inclusions. PhaR candidate
VIMSS583509 (as identified by phylogenetic clustering) is likely to be thdatgy
protein and is found near other proteins associated with PHA granule biosynthesis and
utilization inD. aromatica(VIMSS583511-513).

Phasins are relatively small proteins (180-200 aas) that have been shown to
associate with PHA inclusions [57]. There are six copies of phasin-tgpens,
with indications of recent gene duplication for three of the phasin-type proteins
(VIMSS581881, 582264, and 3337571 (formerly 583582). There are also three
homologs of the active subunit patyhydroxybutyrate polymerase (PhaC orthologs)
and two pha reductase candidates present in a direct repeat, which is also found in
Legionella pneumophilalnterestingly, one PhaC-like protein, VIMSS583511, is
70% identical to NodG oAzospirillum brasilensea nodulation protein [58]. No
PhaA-like ketothiolase ortholog is present. The presence of an amplified gene pool
for carbon storage granulesiin aromaticamay confer the ability to survive under
low nutrient conditions, and poly-3-hydroxybutyrate accumulation has recently been

observed irA. aromaticunEbN1cultures displaying reduced growth [59].

Phosphate
Inorganic polyphosphate storage appears likely, as both polyphosphate kinase

(Ppk, VIMSS582444) and exopolyphosphatase (Ppx, VIMSS583870) are present.
These genes are similar to those encodé&saudomonas aerugingsa that they are

in disparate regions of the chromosome [60]. Polyphosphate has been implicated in
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stress response due to low nutrients in the environment [61], and also in DNA uptake
[62].

Phosphate transport appears to be encoded in a large cluster of genes
(VIMSS581746-581752), and the response to phosphate starvation by the PhoH

homolog VIMSS583854.

Cellular interactions with community/environment — secretion
Typel secretion
Fifteen transport clusters include a ‘TolC-like’ outer membrane component,
and recent gene family expansion is noted within several families oftfeB8porters
for this genome. Identification of paralogs within the genome reveals ABC
transporters as the largest populated family of genes, simiarcali [63] (and to
most microbes in general). TolC was originally identifiegircoli as the channel
that exports hemolysin [64], and hemolysin-like proteins are present. Two groups of
ABC transporters occur as a cluster of five transport genes; thesmfiygonent
transporters have been implicated in the uptake of external macromolecules [65].
The presence of putative lytic factors, lipases, proteases, antimisrobial
invasins, hemolysins, RTXs and colicins near potential type | transport systems
indicate that these might be effector molecules usdd. layomaticafor interactions
with host cells (eg. for cell wall remodeling). Iron acquisition is likelpé
supported by a putative FeoAB protein cluster (VIMSS583997, 583998), as well as
several siderophore-like receptors and a putative FhuE protein (outer membrane
receptor for ferric iron uptake; VIMSS583312). Other effector-type protidiesy to
be involved in cell/host interactions (and which in some species have a role in
pathogenicity [66]), are present in this genome. Adhesins, haemagglutinins, and

oxidative stress neutralizers are relatively abundabt swromatica A number of
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transporters occur near the six putative soluble lytic murein transglgisesy

indicating potential cell wall remodeling capabilities, possibly for hoktrezation.
Homologs of these transporters were shown to support invasin-type functions in other
microbes [66]. Interaction with a host is further implicated by: VIMSS581582,
encoding a potential cell wall-associated hydrolase, VIMSS581622, encoding a
predicted ATPase, and VIMSS581623, encoding a putative membrane-bound lytic
transglycosylase.

Eleven tandem copies of a 672 nucleotide insert comprise a region of the
chromosome that challenged the correct assembly of the genome, and finighing thi
region was the final step for the sequencing phase of this project (sezds)eth
Unexpectedly, analysis of this region revealed a potential open reaaiing fr
encoding a very large protein that has been variously predicted at 4854, 2519 or 2491
amino acids in size during sequential automated protein prediction analyses
(VIMSS3337779/ formerly 582095). This putative protein, even in its smallest
configuration, contains a hemolysin-type calcium-binding region, a cadiiei
domain, and several RTX domains, which have been associated with adhesion and
virulence. Intragenic tandem repeats have been observed in other genomes and have
been shown to be functionally relevant in fungi, where they encode cell walhgrotei
[67]. Internal repeats of up to 100 residues with multiple copies have also been found
in proteins fromvibrio, Colwellia, BradyrhizobiumandShewanellaspp. (termed

“VCBS” proteinsas defined by TIGRfam1965).

Other potential effector proteins include: three hemolysin-like proteins
adjacent to type | transporters, eight proteins with a predicted hemadyaiaer
function, including VIMSS583067, a hemolysin activation/secretion protein,

VIMSS580979, hemolysin A, VIMSS583372, phospholipase/hemolysin,
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VIMSS581868, a homolog of hemolysin lll, predicted by TIGRfam1065 to have
cytolytic capability, VIMSS582079, a transport/hemolysin, and VIMSS581408, a
general hemolysin. Five predicted proteins have possible LysM/invasinrdgmai
including: VIMSS580547, 581221, 581781, 582766, and 583769. One gene,
VIMSS583068, encodes a putative 2079 amino acid filamentous haemagglutinin, as
well as a hasA-like domain, making it a candidate for hasA-like function (IsasA i

hemophore that captures heme for iron aquisition [68]).

Type Il secretion
Besides the constitutive Sec and Tat pathwysromaticahas several

candidates for dedicated export secretons of unknown function.

Type Il candidates include a cluster of nine genes, with 3-4 putative orthologs
of PUIDEFG interspersed with a lytic transglycosylase and a hemolysin
(VIMSS582071-582085). This region is syntenic to an eight gene cluster in
Thiobacillus denitrificansseveral phylogenomically related BetaproteobactdRia (
solanacearum, R. eutropha, Chromobacterium violaceundA. aromaticum EbN1)
encode a similar gene cluster of 10-11 type Il secretion proteins.

Another candidate for type Il secretion occurs from VIMSS581889 to
VIMSS581897. It includepulDEFG type subunits and &xeA ATPase like protein.
It is bracketed by signaling components histidine kinase, adenylate ¢yuldsa
protein bearing similarity to the nitrogen response reguipt (VIMSS581898),
which has been shown to be involved in\#dsimilation in other species [69].

In addition, there is a nine-gene cluster that encodes several proteied tela
toluene resistance (VIMSS581899 to 581906).

A pilus-like gene cluster (which can also be classified as type Nts@T)

occurs in VIMSS584278-584553, which encode a putative hydrolase, lytic
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transglycosylase, cation transporter, pilin peptidase, pilin ATPase and PalF-ty
protein. This assembly resembles other pilin assemblies associatedaditiment to
a substrate, such as the PilA/chitin regulated pilus that is responsible iimthdsit
colonization inVibrio cholerag[70].

Another large pilus-like cluster (VIMSS584160-584173) occurs in close

proximity to themhpCEFDBAR oxygenase genes (see eg VIMSS58445i{R).

Type Ill secretion
D. aromaticahas been shown to be chemotactic under various circumstances.

The flagellar proteins (FIAEFGHIJKLMNOPQR, FlaABCDEFGHIJ&e followed

by an additional cluster of 15 chemotaxis/signal transduction genes (VIMSS580462-
580476), and homologs of FIhC and D regulatory elements required for the
expression of flagellar proteins [71], identified by phylogenetic efusg, are also
present. SincB. aromaticahas a flagellum and displays chemotactic behavior, it is
likely that the flagellar gene cluster is solely related to locomotion, thopghllty
secretion systems can also encode dedicated protein translocation mesinaeri
deliver bacterial pathogenicity proteins directly to the cytosol of eukaryost cells

[72].

Type IV secretion
There are two copies of a twenty-one gene cluster that includes témeputa

conjugal transfer (Tra) sex-pilus type genes indharomaticagenome
(VIMSS582582-582601 and VIMSS582864-582884), indicating a typelV secretion

structure that is related to non-pathogenic cell-cell interactions [73].
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Type VI secretion
A large cluster of transport proteins that is related to the virulencei@ssbc

genetic locus HIS-1 dPseudomonas aeruginosad the VAS genes &f. cholerae

[74, 75] includes homologs of hcpl, lcmF and clpV (as VIMSS583005, 582995 and
583009, respectively, iD. aromatica see Table 6). This IcmF-associated (IAHP)
cluster has been associated with mediation of host interactions, via export toir effec
proteins that lack signal sequences [75], and most bacteria that contaiollstefs

are pathogenic agents that associate with eukaryotic cell hosts [76]. Furtlesicevi
for typeVI secretion is found in the presence of three proteins containing a Vgr
secretion motif modeled by TIGRfam3361, which is found only in genomes having
type VI secretory apparatus.

Biofilm formation
There is a rather large cluster of exopolysaccharide export (epsjpsasdoc

genes, including a proposed exosortase (epsH, VIMSS582792). Presence of the eps
family proteins (VIMSS582786, VIMSS582790-582801) indicates capsular
exopolysaccharide production, associated with either host cell interactiolsliing

root colonization[77]) or biofilm production in soil sediments [7B}. aromaticais

one of a small number of species (19 out of 280 genomes assessed by Haft et al [78])
that also encodes the PEP-CTERM export system. The PEP-CTERM signait prese
in sixteen proteins in this genome, are proposed to be exported via a potential
exportase, represented in this genome by epsH (VIMSS582792). The presence of
proteins encoding this putative exportase is seen only in genomes also enoeding t

eps genes.
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Metabolic Cycles
Nitrogen

D. aromaticaclosely reflects several metabolic pathway&otapsulatus
which is present in the rhizosphere, and its assimilatory nitrate/niulitetaese cluster
is highly similar to theR. capsulatusluster [79]. Encoded nitrate response elements
also support a possible plant association for this microbe, as nitrate can act as a
terminal electron acceptor in the oxygen-limited rhizosphere. Alterhgtnviérous
oxide (NO) reduction can indicate the ability to respond to anti-microbial NO
production by a host (used by the host to mitigate infection [80]).

Nitrate is imported into the cytosol by NasDEFTBacillus subtilis[81]. A
homologous set of genes are encoded by the cluster VIMSS580377-580380, and a
homolog ofnarK is immediately downstream at VIMSS580384, and is likely
involved in nitrite extrusion. Upstream, a putatnasA/nirBDC cluster (assimilatory
nitrate and nitrite reduction) is encoded neamiteXL-like nitrate response element.
VIMSS580393 encodes a nitrate reductase that is homologous to the NasA cytosolic
nitrate reductase dflebsiella pneumonia1]. Community studies have correlated
the presence of NasA-encoding bacteria with the ability to use nitrtie asle
source of nitrogen [82]. The large and small subunits of nitrite reduciiaBe (
VIMSS580390 anahirD-like ferredoxin gene, VIMSS580391), are immediately
adjacent to a transporter with a putative nitrite transport function (Nir(afisein,
VIMSS580389). The NirB orf is also highly homologoustih NasB (nitrite
reductase) and NasC (NADH reductase which passes electrons to N&d&h)élla
pneumoniae HMMs created from alignments seeded by the NasB and NasC genes
scored at 3.28° and 4.0, respectively, to the VIMSS580390 NirB proteiD.
aromaticais similar toMethylococcus capsulatus, Ralstonia solanacearum,

PolaromonasandRhodoferax ferrireducen®r nasA, nirB andnirD gene clusters.
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However, the presence of the putative transpoit€ (VIMSS580389) shares unique
similarity to theE. coliandSalmonella niBCD clusters.

Putative periplasmic, dissimilatory nitrate and nitrite reduction, which are
candidates for denitrification capability [83], are encoded byiti2l and
napDABCD genes (VIMSS 3337807/581796-581799). A probable cytochrome ¢’ is
encoded by VIMSS582015. Although most denitrifiers are free living, plant-
associated denitrifiers do exist [84]. There is no dissimilatorytaeitesluctive
complexnarGHIJ, but rather, NarG and NarH-like proteins are found in the
evolutionarily-related perchlorate reductase alpha and beta subunits [4]. These
proteins are present in tperABCDcld cluster, VIMSS582649-582652 and
VIMSS584327, as previously reported faechloromonaspecies [85].

Ammonia incorporation appears to be metabolically feasible via a putative
glu-ammonia ligase (VIMSS583081), which incorporates free ammonia into the cell
via ligation to a glutamic acid. It is encoded near an ABC transport comiplex.
addition, a putative carbon-nitrogen ligase (VIMS583083) would form glutamine
from the above product, using glutamic acid as an amido-N-donor, and thus as a
nitrogen source. An ammonium transporter and cognate regulator are liketiednc
in the Amt and GInK-like proteins VIMSS581101 and 581102.

Urea catabolism as a further source of nitrogen is suggested by twemtiffe
urea degradation enzyme clusters. The first co-occurs with a urea AB@etans
system, just upstream of a putative nickel-dependent urea amidohydurkesse]
enzyme cluster (VIMSS583666, 583671-583674, and VIMSS583677-583683). The
second pathway is suggested by a cluster of urea carboxylase/allophanalasiey

enzymes (VIMSS581083-581085) [86].
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Nitric oxide (NO) reductase
The chromosomal region aroubd aromaticas twonosZ homologs is

notably different from near-neighbo#s aromaticunEbN1andRalstonia
solanacearumwhich encode a nosRZDFYL cluster. Instead, two identiosd
reductase-like genes (annotatechasZl andnosZ2, VIMSS583543 and

VIMSS583547) are adjacent to two cytochrome c553s, a ferredoxin, metal transport
accessory proteins, and are uniquely embedded within a histidine kinase/response
regulator cluster. This indicates the NO response might be involved in calliisgy

and as a possible general detoxification mechanism for nitric oxide.

Nitrogen Fixation
Nitrogen fixation capability ilD. aromaticais indicated by a complex aff-

like genes (see Table 7), that include putative nitrogenase alpha (NifD,
VIMSS583693) and beta (NifK, VIMSS583694) subunits of the molybdenum-iron
protein, an ATP-binding iron-sulfur protein (NifH, VIMSS583692), and the
regulatory protein NifL (VIMSS583623). The nitrogen-fixatioih genes present in
the free-living soil microbézotobacter vinelandshare significant sequence
homology and synteny 0. aromaticafor this protein family.D. aromaticafurther
encodes a complex that is likely to transport electrons to the nitrogenasadg us
six subunitrnfABCDGE-like cluster (VIMSS583616-583619, 583621 and 583622)
that is phylogenomically related to tRénodobacter capsulaticomplex used for
nitrogen fixation [87]. There is a secomd-like NADH oxidoreductase complex
composed of VIMSS583911-583916, of unknown involveméntaromaticum

EbN1 andAzoarcusBH72 each encode twaof-like clusters as well.

-28 -



Hydrogenases associated with nitrogen fixation
Uptake hydrogenase works with the nitrogen fixation cycle in root nodule

symbionts to increase efficiency of nitrogen fixation via oxidation of the cdywed
hydrogen (H) [88]. D. aromaticaencodes a cluster of 29 predicted orfs
(Hydrogenase-1 cluster, VIMSS581358-581387; Table 8) that includes a hyasege
cluster syntenic to theoxKGZMLOQR(T)V genes found izotobacter vinelandii,
which reversibly oxidize Kin that organism [89] This cluster is followed by a
second hydrogenase (Hydrogenase-2 cluster, VIMSS581373-581379). The
hydrogenase assembly proteingpABF and CDE are also present (VIMSS581368-
581370 and 581380-581381, and VIMSS3337851 (formerly 581382) as well as
proteins related to the hydrogen uptalkeg) genes of various rhizobial microbes
[88]. The second region, with tlhgp andhydlike clusters, lacks overall synteny to
any one genome. It does, however, display regions of genes that share wythteny
other rhizobial microbes, witRhodoferax ferrireducermoducing the highest
percent identity across the cluster, both in terms of synteny and proteinyidentit

Interestingly, VIMSS581384 encodes a homolog of the HoxA hydrogenase
transcriptional regulator, which has been shown to be expressed only during
symbiosis in some species [90].

Regulation is indicated by homologs of NtrX (VIMSS581123) and NtrY
(VIMSS581124); the NtrXY pathway comprises a two-component signaling system
involved in the regulation of nitrogen fixation Azorhizobium caulinodam®RS571
[91].

Embedded in the hydrogenase cluster are two gene families involved in urea
metabolism (Table 8). This includes the urea transport proteins (UrtABCDE) and

urea hydrolase enzyme family (Ure protein family).
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Carbon Fixation, the Calvin-Benson-Bassham cycle
The genes indicative of carbon fixation, using the Calvin cycle, are present in

theD. aromaticagenome. This includes Ribulose 1,5-bisphosphate carboxylase
(RuBisCo, VIMSS581681), phosphoribulokinase (cbbP/PrkB, VIMSS581690), and a
fructose bisphosphate (VIMSS581693) of the Calvin cycle subtype. The RuBisCo
cbbMgene is of the fairly rare type Il form. This sub-type is shared loyyaadew
microbial species, and. aromatica’sdisplays a surprisingly high 77% amino acid
identity to thecbbM gene found in the deep-sea tube wiftia pachyptilasymbiont

[92], though all species encoding this form displays fairly high amino acid
conservation. Further putative cbb proteins are encoded by VIMSS581680 & 581688,
candidates for cbbR (regulator for the cbb operon) & cbbY (found downstream of
RubisCo inR. sphaeroidef03]), respectively.

There is a potential glycolate salvage pathway indicated by the peesenc
phosphoglycolate phosphatase (Gph, VIMSS583850). Phosphoglycolate results from
the oxidase activity of RuBisCo in the Calvin cycle, when concentrations of carbon
dioxide are low relative to oxygen. Rualstonia (Alcaligenes) eutroplzand
Rhodobactesphaeroidesthe PGP genelfb2) is located on an operon along with
other Calvin cycle enzymes, including RuBisCo. This gene, however, is removed
from the othecbb genes on the chromosomeldnaromatica

TheccdNOQP gene cluster codes for a cbb-type cytochrome oxidase that
functions as the terminal electron donor toi®the aerobic respiration of
Rhodobacter capsulatfi84]. Note that this cluster is present in a large number of

Betaproteobacteria.
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Reverse TCA
2-oxoglutarate:ferredoxin oxidoreductase (also known as 2-oxoglutarate

synthase, okor) is a key enzyme in the reductive TCA pathway, fixing carbon
through CQ incorporation into succinyl-CoA. This pathway was suggesteD.for
aromatica[95]. TheD. aromaticacandidate for this key enzyme in the reverse TCA
pathway is not a robust fit to the 2-oxoglutarate synthase model, but appears to be an
indole pyruvate oxidoreductase, which has been shown instead to oxidize aryl
pyruvates generated by the transamination of aromatic amino acids.nZyngee
forms aryl acetyl-CoA derivatives in peptide fermentation [96] or peptide catabol
[97]. HMM analysis produced a score of ¥ éor VIMSS580731 against an
alignment of known 2-oxoglutarate synthases, vs. a score of ®e model of

indole pyruvate oxidoreductases. This indicates this gene is more likely to be
involved in peptide catabolism rather than @ orporation using the reverse TCA
cycle. Comparison of the gene cluster alignmewt.taromaticumEbN1

corroborates this conclusion, as the gene cluster aromaticais syntenic to the
indolepyruvate ferredoxin oxidoreductase isotyp@.ciromaticunmEbN1, which
carries multiple paralogs of the cognate 2-oxoglutarate syntkageyénes

(EC1.2.7.3).

Wood-Ljungdahl
The Wood-Ljungdahl pathway also appears to be absent, due to the lack of the

enzyme carbon monoxide dehydrogenase (EC1.2.99.2; COG1151). Although a CoxL
carbon monoxide dehydrogenase candidate (VIMSS583262) is present, it clusters
with putative aldehyde dehydrogenases withinBhgponicungenome. It does not
cluster with either form | or form Il of CO dehydrogenase that have been

characterized in other Betaproteobacteria [98].

-31-



Sulfur
Sulfate and thiosulfate transport appear to be encoded in the gene cluster

composed of an OmpA type protein (VIMSS581631) followed by orthologs of a
sulfate/thiosulfate specific binding protein Sbp (VIMSS581632), a CysU or T
sulfate/thiosulfate transport system permease T protein (VIMSS58163@\é C
ABC-type sulfate transport system permease component (VIMSS581634), and a
CysA ATP-binding component of sulfate permease (VIMSS581635).

In addition, candidates for the transcriptional regulator of sulfur assonilat
from sulfate are present and include: CysB, CysH, and Cysl (VIMSS582362, 582360
and 582362, respectively).

The cytoplasmic sulfur reductase SorAB [99] is not presedt eromatica
nor A. aromaticumEbN1, although it is found in several other Betaproteobacteria,
includingR. metallidurans, R. eutrophR. solanacearumC. violaceumandB.
japonicum

A probable sulfur oxidation enzyme cluster is present and contains homologs
of SoXFRCDYZAXB [100], with a putative SoxCD sulfur dehydrogenase, SoxF
sulfide dehydrogenase, and SoxB sulfate thiohydrolase, which is predicted to support
thiosulfate oxidation to sulfate (see Table 9). A syntsaigene cluster is also
found inAnaeromyxobacter dehalogefadthough it lacksoXR) andRalstonia
eutropha but not inA. aromaticunEbN1. Thiosulfate oxidation, however, has not
been supported under the laboratory conditions tested thus far, and experimental

support for this physiological capability awaits further investigation.
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Gene Family Expansion
To determine candidates for recent gene duplication events, extensive

phylogenomic profile analyses were conducted for all sets of paraldigs genome.
Flower Power recruitment and clustering against the non-redundant Genbairk prote
set was done, and the resulting alignments were analyzed using the treegl&adi
PHY or Belvu based neighbor-joining utilities. The alignment of two or Dore
aromaticaprotein sequences in a clade such that they displayed higher % identity to
each other than to orthologs present in other species (as one would expect for vertical
inheritance patterns of single genes) was interpreted as an indication eftdepos
recent duplication event, either in thearomaticagenome itself or in a progenitor
species. Results of this analysis are shown in Table 10.

Potential gene family expansion is indicated in several functional groups,
including the following: signaling proteins (including cAMP signaling,itlise
kinases, and others), as well as Mhp-like aromatic oxidation complexes, Nos proteins
hemolysins and transport proteins.

Most duplications indicate that a single gene, rather than sets of genes, wer
replicated. An exception is the Tra/Type IV transport cluster (VIMSS58383601
and VIMSS582864-582884) noted previously. In the protein sets for the histidine
kinase/response regulator, duplication of histidine kinase appears to occur without
duplication of the adjacent response regulator. The paralogs created by recent
duplication events are typically found well-removed from one another on the
chromosome, although some tandem repeats of single genes were noted. However,

the highest percent identity was not found between pairs of genes in tandem repeats

Discussion
One of the more striking findings is the absence of key enzymes for

monoaromatic degradation in the absence of oxygen. It has generally beeadassum
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that two of these, those for benzoyl-CoA reduction and fumarate addition to toluene,
occur as central intermediaries for all anaerobic aromatic degr@ier33]. These
enzymes have been identified in other soil microbes, sudhoasatoleum
aromaticumEbN1andGeobacter metallireducenthat carry out catabolic cycles that
are similar tdD. aromatica’s andA. aromaticunEbNL1 is a near-neighbor B,
aromaticain phylogenomic tree profiling.

Populated KEGG maps in the IMG and VIMSS databases, based on BLAST
analyses, indicate the presence of some of these enzymearmmatica yet more
careful analysis shows the candidate enzymes to be members of a genayal f
rather than true orthologs of the enzyme in question. The most reliable predfetion-
function approaches for genomically sequenced protein orfs are obtained using the
more computationally intensive HMM modeling and scoring utilities. This allbess t
protein in question to be assessed by phylogenetic alignment to protein families or
sub-families with experimentally known function, providing much more accurate
predictions [101, 102]. Both TIGRfams and COGs families, which also employ
HMM models, were highly informative in deducing protein family membership for
this genome, particularly for highly conserved metabolic pathways (Ti@$3fand
signaling families of proteins (COGSs).

However, the majority of catabolic enzymes of interesDfoaromaticaare
not covered by TIGRfams or COGs families. For this reason Flower Power
clustering, SCI PHY subfamily clade analysis, and HMM scoring weretosed
ascertain the presence or absence of proteins of interest. HMM models faylbenz
CoA reductase and benzylsuccinylsynthase, previously denoted as “central” to
anaerobic catabolism of aromatics, give clear evidence that these erargmes

present in this genome. Moreover, the set of recruited proteins for both benzoyl-CoA
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reductase and benzyl-succinyl synthase indicate they are not as uniaesdint as
has been suggested.

Comparative genomics have previously established that large amounts of
DNA present in one species can be absent even from a different strain withiméhe sa
species [103]. In addition, the underestimation of the diversity of aromatic ¢atabol
pathways (both aerobic and anaerobic) has been noted previously [104], and a high
level of enzymatic diversity has been seen for pathways that have the sging st
and end products, including anaerobic benzoate oxidation [IDEromaticaitself
appears to be a diverse source of protein function through gene family expansion of
signaling proteins, dehydrogenases, quorum sensors, phasinshagenes.

The lack of anaerobic pathways seen in other microbes for the degradation of
aromatic organic compounds, together with the observation that anaerobic
degradation of benzene occurs at relatively sluggish reaction rates, isdnzdtthe
pathways incumbent iD. aromaticafor aromatic degradation, occurring under
anaerobic conditions, might serve in a detoxification role.Another intriguing
possibility is that oxidation is dependent on intracellularly produced oxygen, which is
likely to be a rate-limiting stepAlicycliphilus denitrificansstrain BC couples
benzene degradation under anoxic conditions with chlorate reduction, utilizing the
oxygen produced by chlorite dismutase in conjunction with a monooxygenase and
subsequent catechol degradation for benzene catabolism [106]. A similar raechani
may account for anaerobic benzene oxidation coupled to perchlorate and chlorate
reduction inD. aromatica However, anaerobic benzene degradation coupled with
nitrate reduction is also utilized by this organism, and remains enigibjatic

Relatively little is known about the overall metabolic capabilities of this

organism, and the majority of these predictions have not yet been obseviradl In
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point of fact, both carbon fixation and nitrogen fixation gene families, as wéléas t
soxgene cluster, were found during annotation of the predicted protein set. Except
for nitrogen fixation, which is generally supporteddachloromonaspp (personal
communication, JD Coates), growth conditions supporting these metabolic
capabilities have not yet been found.

The large number of signaling proteins present in the genome indicate a
potentially complex lifestyle for this species.

The presence of sevegdeC/Bgene pairs indicates the possibility of specific
responses that are dependant on different sensing strategies. In otles; speci
expression of ABC exporters is regulated by quorum sensing systems [G8]; gen
family expansion is indicated in the ABC export gene pool as well as the gseC/B
sensors iD. aromatica

Several gene families are present that indicate interactions wittagyeti&
host species, including response elements that potentially neutralize host defens
molecules, in particular nitric oxide and other nitrogenous spebieshloromonas
spp. have been found in anoxic rice root communities, and increase relative to other
microbial species in the root community in the presence of added nitrate [L07].
aromaticacan respire on nitrate, but the typical denitrification pathway is not present
in this organism (for comparison, see Philippot et al. 2001 [108]), as the enzyme
complexes responsible for the first step, nitrate reduction, and the last step, nit
oxide reductase, do not fit canonical models. The first step, typicallycaurtdy
membrane bound nitrate reductase (NarDKGHJI), is instead represented by a
perchlorate reductase that is evolutionarily related to the Nar proteinshichit w
utilizes perchlorate, rather than nitrate, as the electron accé&ptaromaticas

nosRZDFYLloperon lacks the nosRFYL genes, and displays other notable differences
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with most nitrate reducing microbes. Rather thanmmsZgene (the reductase for
nitrous oxide), this gene has been duplicated, resulting in two idembsAfenes in
the genome, along witosD, and anapGH-like pair that potentially couples quinone
oxidation to cytochrome q reduction. These genes are embedded in a cluster of
signaling histidine kinase/response regulator genes. The Epsilonproteabacter
Wolinella succinogenesvith its “unprecedentediosgene cluster [109], is quite
similar toD. aromaticafor nosgenes (that is, both have twosZgenes, aosDgene
and anapGHpair in the same order and orientation), butwhesuccinogenegenome
lacks the embedded signaling protein cluster. Further, the NirD1 and NapDABC
(VIMSS 3337807/581796-581799) proteins, along with the cytochrome ¢’ protein
(VIMSS582015), which has been shown to bind nitric oxide (NO) prior to its
reduction [110], are all present, and potentially act in detoxification roles. Inadjene
it appears that nitrogen species are important in a number of signalingieagac
this organism. It has been shown that formation of anaerobic biofilfs of
aeruginosawhich cause chronic lung infections in cystic fibrosis) require NO
reductase when quorum has been reached [111], so a role in signaling and complex
cell behavior is possible.

Surprisingly,W. succinogenesshares other genome features ilth
aromatica. It encodes only 2042 orfs, yet has a large number of signaling proteins,
histidine kinases, and GGDEF proteins relative to its genome size. It alsosmtode
genes, several genes similar to virulence factors, and similatitg initrous oxide
enzyme cluster noted abov@/. succinogenes evolutionarily related to two
pathogenic speciesiélicobacter pyloriandCampylobacter jejun), and displays
eukaryotic host interactions, yet is not known to be pathogenic [M8fio fischeri

likewise shares several pathogenic congenersWitho spp that are pathogenic, yet
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its cohort of identified pathogen-like effector molecules are involved in symbiosis
with squid bioluminescent membranes [113], and the distinction between effector
molecules causing a pathogenic interaction and a symbiotic one is unclear.

The type IV pili systems might be involved in biofilm development, as
interactions with biofilm surfaces are affecteddrge-generating motility structures,
including type IV pili and flagella [114]in E. coli, biofilm formation is dependenh
the presence of conjugative plasmids [115, 116], and biofilms have been proposed to
be ecological niches in which conjugation is highly favored [114]. Although plasmids
were not found in the sequenced genoegromaticadisplays many predicted
proteins that indicate the uptake of external DNA is possible and perhaps ewen likel
Further, quorum sensing is a deciding input for biofilm formation, and the presence of
an exopolysaccharide synthetic cluster lends further support for biofilm formdt
is intriguing that derivatives of nitrous oxide, which is an evident substral® for
aromaticg are a key signal for biofilm formation vs cell dispersion in the micRabe
aeruginosg117].

The presence of thebldVl gene suggests the ability to carry out the
energetically costly fixation of CQthough such functionality has yet to be observed,
and carbon dioxide fixation capability has been found in only a few members of the
microbial community. The cbbM subtypes is also not typical: Whindobacteria
in a genotype analysis of purple nonsulfur bacteria in aquatic sedirRaotsoferax
fermentans, Rhodospirillum fulvuandRhodospirillum rubrunwere found to be the
only isolates of purple nonsulfur bacteria that carrycthtaM type Il isoform of
RuBisCo (the subtype found . aromatica[118]).

In Leptospira interroganswhich use mammalian reservoir hosts, the presence

of 79 genes that encode the two-component sensor histidine kinase-response regulator
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proteins has been proposed to be due to a complex array of environmental signals,
both inside and outside the host [119], and in the cyanobactiidstoc punctiforme,
the high number of signal transductants is attributed to a complex lifestigleread
symbiotic competence [120]. Cyanobacteria in general appear to encode large
numbers of signaling proteins, as seen in Fig. 5. In conidagfmetospirillum
magneticums a free-living microbe that does not have an observed host relationship,
yet which has a high number of signaling molecules[121]. In that species, signaling
capability is suggested to support high sensitivity to different environmeick$o de
instrumental for energy taxis. The underlying dynamics are further watgal by

the finding that the Betaproteobacteritalstonia solanacearums a rhizosphere
symbiont, yet has far fewer signal transducing proteins encoded in its génanD.
aromatica Never-the-less, the capability for diverse response to various
environmental signals appear most likely to be associated with a symibestigié

for D. aromatica,given the many other proteins implicated in interaction with a host

species.

Conclusions
Dechloromonas aromaticstrain RCB appears to support a highly complex

lifestyle which likely involves both biofilm formation and interaction with a

eukaryotic host. It lacks predicted enzyme families for anaerobic acomati
catabolism, though it supports degradation of several aromatic species in tieabse
of oxygen. The enzymes responsible for this metabolic function remain to be
identified and characterized. It also encodes proteins suggestive of ttyetalbik
nitrogen and Cg) as well as thiosulfate oxidation. Converse to aromatic degradation,
these enzymatic functionalities have yet to be experimentally derataustrin short,

this genome was full of surprises.
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The utility of TIGRfams and COGs families in these analyses cannot be
overstated. New releases of TIGRfams during the course of this anabxsdepr
new insights and identified new functionality (malonate degradation cluster, PE
Cterm transport and the epsH putative translocon, and urea degradation all were
identified in the TIGRfam 7.0 additions). The HMM model building and assessment
utilized as the major annotation approach for this study was employed to cover those
protein families of interest that are not currently covered by TIGRfams. NM¢edit
K. Sjolander’'s modelling and analysis tools, which are highly similar to those used to
produce TIGRfams models. Overall, the extensive use of HMMs during this analysis
allowed high confidence in predicted protein function, as well as ascertdaing t
given gene is actually not present. This proved to be of enormous importance given
the large number of characterized pathways for aromatic degradatioretafant

in this genome.
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Figure 1

A'grobic degradation of aromatic compounds: multiple Mhp-like dioxygenase clusters. Each of the six mhp-like
gene clusters in the D. aromatica genome is depicted. Recent gene duplications between individual proteins are shown by a pur-
ple connector between duplicates. Naming convention was chosen for simplicity and consistency, and names all proteins paral-
ogous to a given Mhp protein with the Mhp name (MhpABCDEF or R), but does not imply enzymatic specificity for the
substrates listed here-in, though the general enzymatic reaction is highly likely to be conserved. Mhp: meta cleavage of hpp,
(hydroxyphenyl)propionate. MhpA, 3HPP hydroxylase; MhpB, DHPP 1,2-dioxygenase; MhpC, 2-hydroxy-6-ketonona-2,4-diene-
dioate hydrolase; MhpD, 2, deto-4-pentenoate hydratase; MhpE, 4-hydroxy-2-ketovalerate aldolas; MhpF, acetaldehyde dehy-
drogenase.

Figure 1. Annotation pipeline using HMM models.
Hidden Markov Models were used in various steps to aid in annotation of proteins

predictions from th®. aromaticagenome. Models were also made for proteins of
interest to determine whether an ortholog of that protein exists [D.thematica
genome. A. Determining the presence or absence of enzymes of known function in

theD. aromaticagenome. Enzymes of known function that constitute the anaerobic
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aromatic catabolic pathways frodmomatoleum aromaticufBbN1 were used to seed
HMM models that were then either assessed for recruitmdht affomaticaproteins

to the model, or scored against thearomaticaprotein set. B. Determining the
presence or absence of enzymes of known function specifically from the the
BRENDA database, using the same protocol as (A). C. Proteins of intereshé&om
D. aromaticagenome were used as seed sequences in HMM recruitment schema to
determine putative function. Functional predictions were based on evolutionarily-
related proteins recruited to the same clade in phylogenomic tree prafilds.
aromaticaproteins were internally clustered to determine paralogous proteins within

the genome, for further analysis.
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Monooxygenase clusters
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Figure 2

Clagtabolic oxygenases of aromatic compounds: Synteny between D. aromatica, P. mendocina, Burkholderia and
R. eutropha. Orthologous gene clusters for P. mendocina, R. eutropha JMP134, Burkholderia JS150 and D. aromatica are shown.
D. aromatica possesses two oxygenase gene clusters that are syntenic to the tbc1 and 2 catabolic gene clusters of Burkholderia
15150, but with an inversion and insertion in the chromosome. Also shown are the tmo (toluene mono-oxygenase) toluene
degradative cluster of P. mendocina and the tbel & the2-like (tcb: toluene, chlorobenzene, and benzene utilization) gene cluster
of R. eutropha (VIMSS 896207-896222, Burkholderia protein names were used for consistency). The first seven orfs (encoding a
tbc1-like cluster) of R. eutropha JMP134 are orthologous to the PoxABCDEFG (phenol hydroxylase) and P0123456 genes of
Ralstonia sp E2 and R. eutropha H16, respectively. Orthologs can be identified as having the same size and color scheme.

Figure 2. Overview of predicted metabolic cyclesa  nd signaling proteinsin  D.
aromatica

Various metabolic cycles, secretory apparatus and signaling cagcadesed in the
annotation process are depicted. TM: transmembrane. Gene names are discussed in

the relevant sections of this paper.
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Total Cog T
Proteins Proteins

Stigmatella aurantiaca DW1/3-1

Dechloromonas aromatica RCB
Qceanospiriiium sp. MEDI2

agetovidans DSM 684 |

. RHA1

¥ Psychroffexus torquis ATCC 700755

- Auen

Number of predicted signaling proteins versus total protein count. Microbial genomes, displaying total number of
predicted open reading frames (orfs, left axis) and total number of predicted signaling proteins (defined as COG T, right axis).
Microbes displaying a high number of signaling orfs relative to total predicted proteins are labelled (above COG T line), as well
as two large-sized genomes having a relatively low number of annotated COG T proteins (labelled below COG T line).

Figure 3. Aerobic degradation of aromatic compound

dioxygenase clusters
Each of the sixnhplike gene clusters in tH8. aromaticagenome is depicted. Recent

s: multiple mhp-like

gene duplications between individual proteins are shown by a purple connector

between duplicates. Naming convention was chosen for simplicity and consistency,

and names all proteins paralogous to a given Mhp protein with the Mhp name

(MhpABCDEEF or R), but does not imply enzymatic specificity for that protemliya
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Figure 4

Overview of predicted metabolic cycles, membrane transporters and signaling proteins in D. aromatica. Various
metabolic cycles, secretory apparatus and signaling cascades predicted in the annotation process are depicted. TM: transmem-
brane. Gene names are discussed in the relevant sections of this paper. Areas of the cell depicting Nitrogen, Hydrogen, Carbon
and Sulfur cycles are indicated by "N," "H," "C." and "S."

Figure 4. Catabolic oxygenases of aromatic compoun  ds: synteny between D.
aromatica, Burkholderia JIMP104 and R. eutropha

Orthologous gene clusters fer mendocina, R. eutroplivP104 Burkholderiastr
JS150 andD. aromaticaare shown.D. aromaticapossesses two oxygenase gene

clusters that are syntenic to tifoel and 2 catabolic gene clustersBafrkholderiastr

JS150 [122], but with an inversion and insertion in the chromosome. Also shown are

thetmotoluene degradative cluster®f mendocing123] and thebcl & thc2-like
gene cluster oR. eutrophgfrom the VIMSS database)lhe first seven orfs
(encoding dbcl-like cluster) ofR. eutrophalMP104 are orthologous to the
PoxABCDEFG and P0123456 genedRa@istoniasp E2 andR. eutrophaH16,

respectively
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Figure 5

Sulfur oxidation (thiosulfate to sulfate) candidates in R. eutropha, R. palustris, and D. aromatica. Proposed model
for this periplasmic complex is as follows: SoxXA, oxidatively links thiosulfate to SoxY; SoxB, potential sulfate thiohydrolase,
interacts with SoxYZ (hydrolyzes sulfate from SoxY to regenerate); SoxCD, a sulfur dehydrogenase; oxidizes persulfide on
SoxY to cysteine-S-sulfate and potentially yields 6 electrons per sulphate; SoxC, sulfite oxidase/dehydrogenase with homology
to nitrate reductase, induced by thiosulfate; SoxDE, both c-type cytochromes with two heme-type binding sites; and SoxF, a
FAD flavoprotein with sulfide dehydrogenase activity. Cyt, cytochrome.

Figure 5. Number of predicted signaling proteins v ersus total protein count.
Microbial genomes, displaying total number of predicted open reading frames (orfs

left axis) and total number of predicted signaling proteins (defined asTC Oght

axis). Microbes displaying a high number of signaling orfs relative to totdicped
proteins are labelled (above COG T line), as well as two large-sized gemaving

a relatively low number of annotated COG T proteins (labelled below COG T line).

Figure 6: Sulfur oxidation (thiosulfate to sulfate ) candidates in R. eutropha, R.
palustris, and D. aromatica.

Proposed model (see Curr Opinion Microbiol 8:253-259) for this periplasmic complex
is as follows: SoxXA, oxidatively links thiosulfate to SoxY; SoxB, potentidhseil
thiohydrolase, interacts wtih SoxYZ (hydrolyzes sulfate from SoxYdenerate);

SoxCD, oxidizes persulfide on SoxY to cysteine-S-sulfate, a sulfur dehydsagena
yields 6 electrons per sulfate; SoxC, sulfite oxidase/dehydrogendskomiinlogy to

nitrate reductase, induced by thiosulfate; SoxDE, both c-type cytochromhesvai
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heme-type binding sites; and SoxF, FAD flavoprotein with sulfide dehydrogienas

activity. Cyt, cytochrome.

Tables

Genome Statistics Number
Genome length (bp) 4,501,104
Plasmids none
Depth of Coverage 24
Reads:

40kb 4399
8kb* 64680
3kb* 61325
PCR 196
Total used in final assembly 130600
Total in all contigs 132499
*includes primer-walking reads for finishing

5s rRNA 4

16s rRNA 4
23srRNA 4

Total number of predicted orfs:
VIMSS 4170
JGI 4204

Table 1 - Dechloromonas aromatica RCB genome.
Statistics for finishing th®. aromaticagenome, and resulting annotation, are shown.
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VIMSS

Total Number of Predicted Proteins (orfs)

TIGRFAMS:

Categorized by TIGRFAM (total: domain, hypothe

Categorized by TIGRFAM equivalog

Number of predicted orfs without any type of T

Number of predicted orfs with no annotation

Pseudogenes

Table 2 - Statistics for open reading frame predic

tical, equivalog)

IGRFAM coverage

Number
4170

1368
723
2802

539
41

Percent

100%

33%
18%
67%

13%
1%

Statistics for predicted coding sequences (orfs) in the VIMSS database.

Anaerobic aromatic pathways in

A. aromaticum EbNL1 - representative protein used for HMM

Azoarcus BH72

D. aromatica

Aromatoleum aromaticum str. EoN1 model ortholog RCB ortholog

1) phenylalanine

Pat VIMSS813888 : pat (COG1448; EC 2.6.1.57) - -

Pdc VIMSS817385 : pdc (COG3961) - -

Pdh VIMSS816687 : pdh (COG1012) - -

lorAB VIMSS813644 : iorA (COG4321) - ob

2) phenylacetate

PadBCD VIMSS816693 : padB - -

PadEFGHI VIMSS816700 : padl = =

PadJ VIMSS816701 : padJ = =

3) benzyl alcohol/benzaldehyde

Adh VIMSS815388 : adh (COG1062) - -

Ald VIMSS816847 : ald (COG1012; EC1.2.1.28) ob -

4) p-cresol

PchCF VIMSS813733: pchC (EC: 1.17.99.1) - -

PchA VIMSS815385 : pchC = =
VIMSS813734 : pchF (Vanillyl-alcohol oxidase (EC 1. - -
VIMSS815387 : pchF = =
VIMSS815384 : pchA (COG1012)

5) phenol

PpsABC VIMSS816923 : ppsA phenylphosphate synthase - -

PpcABCD VIMSS815367 : ppcA - -

6) 4-hydroxybenzoate

Pcak VIMSS816471 : pcaK (COG2271) - -

HbcL VIMSS816681 : hbcL1 4-hydroxybenzoate CoA ligase

HcrCBA VIMSS815644 : hcrB
VIMSS815645 : hcrA - -

7) toluene

BssDCABEFGH VIMSS814633 : bssA - -

BbsABCDEFGH(1J) VIMSS814644 : bbsH - -
VIMSS814645 : bbsG - -
VIMSS814647 : bbsF = =
VIMSS814649 : bbsD = =
VIMSS814651 : bbsB = =

8) ethylbenzene

EbdABC VIMSS814907 : ebdA - + (pcrA)

Ped VIMSS814906 : ebdB - + (pcrB)
VIMSS814905 : ebdC - + (perC)
VIMSS814904 : ebdD - + (pcrD)
VIMSS814903 : ped - -

9) benzoate

Benk VIMSS816652 : benk

BclA VIMSS815152 : bclA + -

BcrCBAD VIMSS813961 : berB = =

Dch Had Oah VIMSS813959 : berA = =

10) 3-Hydroxybenzoate

HbcL VIMSS813951 : hbcL 3-hydroxybenzoate CoA ligase - -

BcrADB'C'
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Table 3. Anaerobic aromatic degradation enzymes in near-neighbor
Aromatoleum aromaticum EbN1.

Anaerobic aromatic degradation enzymes in near-neightmonatoleum aromaticum
EbN1 are largely absent froAzoarcusBH72 andD. aromaticaRCB. Protein

profiles (HMMs) were used to detect the presence or absence of anaerohegnzy
involved in degradation of aromatic compounds, as described in [34, 36]. The
ethylbenzene dehydrogenase molybdenum-containing enzyme complex is described
by TIGRfams 3479, 3478 and 3482, which define a type 1l DMSO reductase family of

enzymes that includd3. aromaticas perchlorate reductase PcrABD subunits [4].
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VIMSSid Orthologs Putative function Size, aas Number of paralogs in genome
581514 ThuA1/TmoA/TouA/PhIK/Tbc2A methane/phenol/tolu  ene hydroxylase 501 1
581515 TbhuU/TmoE/TouB/PhIL/Thc2B toluene-4-monooxygen  ase 8 1
581516 TbuB/TmoC/TouC/PhIM/Thc2C ferredoxin subunit o fring-hydroxylating dioxygenase 111 1
581517 TbuV/TmoD/TouD/PhIN/Tbc2C monooxygenase 146 1
581518 TbhuA2/TmoB/TouE/PhlO/Thc2E hydroxylase 328 2
581519 TbuC/TmoF/TouF/PhIP/Tbc2F flavodoxin reductase 338 6
581520 ThuX/TodX/XyIN membrane protein; transport 464 1
581521 histidine kinase signal transduction 963 1
581522 NarL cheY like protein 208 30
581523 methyl-accepting chemotaxis protein chemotaxis sensory transducer, membrane bound 532 1
581524 4-oxalocrotonate tautomerase tautomerase 144 1
581525 oxidoreductase oxidoreductase/dehydrogenase 254 13
581526 MhpE aldolase 354 5
581527 MhpF EC1.2.1.10 Acetaldehyde dehydrogenase (acetylating) 305 5
581528 aldehyde dehydrogenase NAD+-dependent dehydrogenase (potential EC1.2.1.60 489 5
581529 ring-cleaving extradiol dioxygenase extradiol ring-cleavage dioxygenase 311 3
581530 aldolase aldolase 266 1
581531 S box domain signal transduction 143 1
584293 orf 63 1
581532 orf 80 1
584294 EAL domain containing protein diguanylate phos phodiesterase; signaling 65 1
581533 transcriptional regulator LysR-type 300 23
581534 response regulator, tbuT family activator of a  romatic catabolism 558 1
812947 PhcK/DmpK/PhhK/PheAl/Tch1A/AphK monooxygenase 89

581535 PhcL/DmpL/PhhL/PheA2/Tcb1B/AphL hydroxylase 329 2
581536 PhcM/DmpM/PhhM/PheA3/Tcb1C/AphM monooxygenase 89 1
581537 PhcN/DmpN/PhhN/PheA4/Tch1D aromatic hydroxyla se 517 1
581538 PhcO/DmpO/PhhO/PheA5/Tch1E/AphO aromatic hydr  oxylase 118 1
581539 PhcP/Dmp/PhhP/PheA6/TcblF/AphQ hydroxylase re  ductase 353 6
581540 ferredoxin 2Fe-2S ferredoxin, iron-sulfur binding site 112 1
581541 transcriptional regulator IPR0O00524: Bacterial regulatory protein GntR, HTH 235 5
581542 ring-cleaving extradiol dioxygenase IPR011588:  Glyoxalase/extradiol ring-cleavage 308 3
581543 orf 142 3
581544 aldehyde dehydrogenase EC1.2.1.8 Betaine-aldeh yde dehydrogenase 484 5
581545 MhpC 2-hydroxy-6-ketonona-2,4-dienedioic acid hydrolase 2 74 6
581546 MhpD 2-keto-4-pentenoate hydratase 296 8
581547 oxidoreductase EC1.1.1.100 3-oxoacyl-[acyl-car  rier-protein] reductase 264 13
581548 MhpF EC1.2.1.10 Acetaldehyde dehydrogenase (acetylating) 304 5

Table 4. Aromatic degradation in

D. aromatica: Mono- and Di-oxygenases.

The large cluster of aromatic degradation enzymes iDtla@omaticagenome

shown includes two mono-oxygenase clusters in a linear array én grematica

chromosome, with 17 predicted genes intergenically inserted, which emtqde

‘cluster 6’ (Fig. 3) and several predicted signaling proteins. The second

monooxygenase cluster is followed fmnp‘cluster 2'. (Fig. 3).

-59 -



Genome IPR000160, GGDEF domain

Prochlorococcus 0

Rhodobacter sphaeroides 2.4.1 16
Escherichia coli K12 19
Nostoc punctiforme 22
Ralstonia solanacearum 23
Aromatoleum aromaticum (formerly Azoarcus) EbN1 26
Ralstonia eutropha JMP134 28
Bradyrhizobium japonicum 35
Pseudomonas fluorescens Pf-5 40
Chromobacterium violaceum ATCC 12472 43
Magnetospirillum magneticum AMB-1 46
Azoarcus BH72 51
Shewanella oneidensis MR-1 54
Alteromonadales bacterium TW-7 55
Dechloromonas aromatica RCB 57
Hahella chejuensis KCTC 2396 65
Shewanella sediminis HAW-EB3 71
Desulfuromonas spp. 109

Table 5. Number of annotated diguanylate cyclase d  omains (IPR000160) in
various genomes .

Total number of proteins annotated with a GDDEF domain as quantified in the

VIMSS database.
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TIGRfam VIMSS id Ortholog TIGRfam description # Amino

Acids
TIGR03348 582995  IcmF-like lcmF homologs assodated wi  th type VI secretion systems 1270
TIGR03373 582996 Type VI secretion (minor 4) Found ex clusively in type VI secretion-associated gene clus  ters 327
- 582997  Outer membrane protein (OMP) OmpA/MotB-likep  rotein 261
TIGR03363 582998  Type VI secretion (chp* 8) Oneoftwo related families in type VI secretion systems that 365
contain an ImpArrelated N-terminal domain
TIGRO1646 & 582999  VgrG-like Rhs element Vgr protein 911
TIGR03361
TIGR03349 583000 Type VI secretion Type VI secretion  systems, IcmF family 257
TIGR03353 583001  Type VI secretion (chp 4) Associated  with type VI secretion loci 447
TIGR03352 583002 IcmF-associated homologous protein Associated with type VI secretion loci 189
(IAHP)
TIGR03558 583003  Type VI secretion (chp 5) Evp-like ( Edwardella virulence protein) 170
TIGR03555 583004  Type VI secretion (chp 2) Evp-like ( Edwardella virulence protein) 494
TIGR03344 583005  Hcp Hemolysin-coregulated protein Hem olysin coregulated protein, an exported, homohexame ric ring- 178
forming virulence protein from  Pseudomonas aeruginosa
TIGR03357 583006  Type VI secretion associated, lysozy me- Similar to acidic lysozyme activity for some phage- encoded 159
like members; representing a different subgroup where al | members
are associated with bacterial type VI secretion sys  tem
TIGR03359 583007  Type VI secretion (chp 6) Associated  with type VI secretion in a number of pathogenic 610
bacteria. Mutation is associated with impaired viru lence, such as
impaired infection of plants.
TIGR03347 583008  |AHP-related protein |AHP-related loc i, type VI secretion system 354
TIGR03345 583009 ClpVl Related to chaperone ClpB, but ~ ATPase function only 899
TIGR01646 & 583011 Type VI secretion Rhs element VgrP FoundinR hsclasses G and E 933
TIGR03361

Table 6. Type VI secretion cluster.
The type VI secretion locus is shown, with brief TIGRfam family description. Chp:

conserved hypothetical protein. Type VI secretion is a fairly recenttyided
secreton occurring in gram negative bacteria. It was initially asdcwith
pathogenicity, but has since been found to be involved in host interactions, and not

restricted to pathogens (see eg Bingle et al 2008 [124]).
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VIMSSid Ortholog Size, aa

583652 FIdA, flavodoxin typical for nitrogen fixation 186
583653 hypothetical protein 86

583654 NafY-1, nitrogenase accessory factor Y 247
583655 NifB, nitrogenase cofactor biosynthesis protein 500
583656 4Fe-4S ferredoxin 92

583657 Nitrogenase-associated protein 159
583658 flavodoxin 423
583659 ferredoxin, nitric oxide synthase 95

583660 2Fe-2S ferredoxin 120
583661 NifQ 190
583662 DraG 326
583663 Histidine kinase 1131
583664 Che-Y like receiver 308
583666 UrtA urea transport 420
583667/ 3337562 Cyanate lyase 147
583668 S-box sensor, similar to oxygen sensor arcB 794
583669 ABC transporter 398
3337561 Protein of unknown function involved in nitrogen fixation 72

583671 UrtB urea transport 525
583672 UrtC urea transport 371
583673 UrtD urea transport 278
583674 UnE urea transport 230
583677 UreH urease accessory protein 288
583678 Urea amidohydrolase gamma 100
583679 Urea amidohydrolase beta 101
583680 Urea amidohydrolase alpha/ UreC urease accessory protein 569
583681 UreE urease accessory protein 175
583682 UreF urease accessory protein 228
583683 UreG urease accessory protein 201
583685 nitroreductase 558
583686 ferredoxin, subunit of nitrite reductase 122
583691 DraT 328
583692 NifH nitrogenase iron protein EC1.18.6.1 296
583693 NifD nitrogenase molybdenum-iron protein alpha chain EC1.18.6.1 490
583694 NifK nitrogenase molybdenum-iron protein beta chain EC1.18.6.1 522
583695/ 3337559 Nif T 80

3337558 ferredoxin 63

583696 NafY-2 nitrogenase accessory factor Y 243
583710 NifW nitrogen fixation protein 137
3337555 NifZ 151
583711/ 3337554 NifM 271

Table 7. Putative nitrogen fixation gene clusteri  n D. aromatica.
The annotated nitrogen fixation homologs (Nif proteins) are embedded with a cluster

of urea transport and degradation genes (Ure, Urea amidohydrolase anddpurtra

families).
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VIMSS id Orthologs Putative function Size, aas

581358 HoxK/HyaA /Hup$S Hydrogenase-1 small subunit 363
581359 HoxG/HyaB/HupL Hydrogenase-1, nickel-dependent, large subunit 598
581360 HoxZ/HyaC/HupC Ni/Fe-hydrogenase 1 b-type cyt ochrome subunit 235

581361 HoxM/HyaD/HupD Hydrogenase expression/formation protein 204
581362 HoxL/HypC/HupF Hydrogenase assembly chaperone 100
581363 HoxO/HyaE/HupG Hydrogenase-1 expression 152
581364 HoxQ/HyaF/HupH Nickel incomporation into hydro  genase-1 proteins 287

581365 HoxR/Hupl Rubredoxin-type Fe(Cys)4 protein 66
581366 HupJ/(similar to HoxT) Hydrogenase accessory p  rotein 166
581367 HoxV/HupV Membrane-bound hydrogenase accessory protein 308
581368 HypA Hydrogenase nickel insertion protein 113
581369 HypB Hydrogenase accessory factor Ni(2+)-bindi  ng GTPase 352
581370 HypF Hydrogenase maturation protein 763
581371 ABC protein Periplasmic component, ABC transpo  rter 260
581372 GGDEF domain Signal transduction, GGDEF 523
581373 HybO Hydrogenase-2 small subunit 394
581374 HybA Fe-S-cluster-containing hydrogenase component 351
581375 HybB Cytochrome Ni/Fe component of hydrogenase -2 386
581376 HybC/HynA Hydrogenase-2 large subunit 570
581377 HybD/HynC Ni,Fe-hydrogenase maturation factor 159
581378 HupF/HypC Hydrogenase assembly chaperone 96
581379 HybE/HupJ Hydrogenase accessory protein 183
581380 HypC Hydrogenase maturation protein 81
581381 HypD Hydrogenase maturation protein 374
581382/ 3337851 HypE Hydrogenase maturation protein 330
581383 HoxX/HypX Formation of active hydrogenase 558
581384 HoxA Response regulator with CheY domain (sign  al transduction) 495

581385 HoxB/HupU Regulatory [NiFe] Hydrogenase small  subunit (sensor) 333

581386 HoxC/HupV Regulatory [NiFe] Hydrogenase large  subunit (sensor) 472

581397 HupT Histidine kinase with PAS domain sensor 4 48
581398 HoxN/HupN/NixA Nickel transporter 269

Table 8. Hydrogenase clusters associated with nitr ~ ogen fixation.
Hydrogenase-1 is composedhafx/hupgenes, hydrogenase-2 of thgb genes, and

the nickel insertion/maturation compld¥p, is present in two clusterbypABF and

hypCDE).
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VIMSSid  Ortholog Putative function Size, aas

582151 cytochrome ¢553 EC1.9.3.1 Cytochrome-c oxida se 200
582152 cytochrome ¢c553 EC1.9.3.1 Cytochrome-c oxidase 205
582153 SoxF FAD-dependent sulfide dehydrogenase 425
582154 cytochrome c553 EC1.9.3.1 Cytochrome-c oxidase 101
582155 transcriptional regulator DNA binding regulatory protein (ArsR family) 106
582156 SoxC EC1.8.3.1 Sulfite oxidase 448
582157 SoxD cytochrome ¢551/c552 348
582158 SoxY thiosulfate acceptor 155
582159 SoxZ thiosulfate acceptor subunit 103
582160 SoxA cytochrome ¢ heme-binding 271
582161 SoxX cytochrome ¢, monohaem 215
582162 SoxB thiohydrolase, regenerates soxY 573

Table 9. Putative sulfur oxidation (sox) cluster.
Potential sulfur oxidation clustesgxgenes) as annotated in fhearomatica

genome.
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Protein family function Number of Numbers of
duplicates triplicates

Transport 13 2
Signal transduction 12
Mhp family 6
Cytochromes 3
Transcription regulator 2
Phasin 1
Heavy metal dependent phosphohydrolase 1
Phospholipase

NosD

NosZ

NafY

Reductase, DMSO type
Enoyl CoA hydratase

N R R R R

Table 10. Candidates for gene expansion inthe  D. aromatica genome.
Proteins within the genome that show evidence of recent gene duplication are

tabulated by general functional group..Duplicates, triplicates and quadteplare
determined by adjacent clustering of thearomaticaproteins on a phylogenomic
tree profile. The percent identity between adjacent proteins is higher tindityitte
other species’ protein candidates, indicating a possible recent gene fgpaihs®n

event.
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