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Rhizobiales and related orders of Alphaproteobacteria comprise several genera of
nodule-inducing symbiotic bacteria associated with plant roots. Here we describe the
genome and the metabolic network of “Candidatus Phaeomarinobacter ectocarpi” Ec32, a
member of a new candidate genus closely related to Rhizobialesand found in association
with cultures of the lamentous brown algal model Ectocarpus. The “Ca. P ectocarpi”
genome encodes numerous metabolic pathways that may be relevant for this bacterium
to interact with algae. Notably, it possesses a large set of glycoside hydrolases and
transporters, which may serve to process and assimilate algal metabolites. It also
harbors several proteins likely to be involved in the synthesis of algal hormones such
as auxins and cytokinins, as well as the vitamins pyridoxine, biotin, and thiamine. As
of today, “Ca. P. ectocarpi” has not been successfully cultured, and identical 16S rDNA

CS 90074, 29688 Roscoff, France
e-mail: simon.dittami@sb-roscoff.fr;
tonon@sb-roscoff.fr

sequences have been found exclusively associated with Ectocarpus. However, related
sequences ( 97% identity) have also been detected free-living and in a Fucus vesiculosus
microbiome barcoding project, indicating that the candidate genus “Phaeomarinobacter ”
may comprise several species, which may colonize different niches.

Keywords: holobiont, algal-bacterial interactions, genome sequencing, metabolic network, symbiosis,
transporters, vitamins, phytohormones

INTRODUCTION of direct economic interest, e.g., as a source of alginates or for the
Most eukaryotes are known to live in association with bactgroduction of biofuels (Vei et al., 2013).

ria and have established mutualistic relationships with several ofGiven the difpculties cultivating and experimenting with large
them. The importance of these associations is becoming increkeslp-forming brown algae, and considering the large phylogenetic
ingly evident, especially in well-established benchmark moddistance between brown algae and other commonly studied mul-
such as the human gut (Ray, 2012), or plant root systemsier ticellular eukaryotes (including land plants and red- and green
et al., 201R Here, bacteria are known to play roles for instancalgae) of approximately 1.7 billion yearf3affrey et al., 2011), a

in nutrient assimilation or in pathogen resistance. Studies of sygodel organism was selected for this lineage: the small Plamen-
tems of hosts and their symbiotic bacteria, frequently referred tous brown alg&ctocarpus siliculog@arrier et al., 2008). This

as the holobionts, have provided important functional insightspecies was chosen because itis closely related to the kelp-forming
into the biology of these organisms. With respect to macrodlaminariales, both groups having separated approximately 100
gae, the importance of mutualistic relationships between algadlion years ago $ilberfeld et al., 20)Pand because it has a
and bacterial biobIms is well-established (Bartsch et al., 208@all genome, is easy to cultivate in the laboratory, and possesses
Wahl et al., 201R yet studies considering the algal-bacterial hola short life cycle which makes it suitable for genetic studies(s

biont are still rare Dittami et al., 2014). This is despite the factt al., 200}t Today, numerous tools have been established for this
that macroalgae, and especially large kelp-forest forming browrodel, comprising its complete genome sequericeck et al.,

algal species, constitute important structural elements of coastall0), genetic maps (Heesch et al., 2pamutant collection (e
ecosystems. They provide shelter and breeding grounds for Bsti et al., 2011), transcriptomics (Le Bail et al., 2008; Dittami
species and marine invertebratéxm(itelices, 2007), but are alset al., 200y and proteomics Contreras et al., 2008). Yet, as of
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today, very little knowledge is available about the bacteria asgenome oZobellia galactanivoraBsij’ (accession FP476056), a
ciated with this model system. Indeed, the only published dag@nome of a marine bacterium for which all protein sequences
currently available on the inBuence of bacterialgtocarpuare were subject to expert annotation. All of our manual annota-
studies carried out by M. PedersZn over 40 years @goe(sZn, tions were incorporated both into the Pnal genome release and
1968, 1969, 19]3They showed that antibiotic-treatdtttocarpus the draft metabolic network. The resulting curated metabolic
fasciculatysa sister species Bf siliculosysvhich separated from network is available in Pathway Tools via the SRI Registry of
the latter approximately 19 million years agDiftami et al., pathway/Genome Databases and on the public Pathway Tools
2019, exhibited poor growth and abnormal morphology, but thatserver of the Station Biologique de Roscoff (http://mlvtroscoff
these effects could be reversed by the addition of cytokinins. fr/). The manually annotated @a. P. ectocarpiO genome was
Here we address the question of algal-bacterial associationgéposited at the European Nucleotide Archive (ENA) under the
the brown algal modeEctocarpuby analyzing the nearly com- gccession number HG966617.
plete genome of a bacterium that was sequenced together with
E. siliculosusWe show that this bacterium belongs to a new;OMPARISON AND COMPLEMENTARITRARE ECTOCARP!” AND
mainly marine, genus closely related Rhizobiald$an order E. S|LICULOSUSETABOLIC NETWORKS
comprising numerous soil bacteria that enter mutualistic relan order to identify potential complementarities between tiga0
tionships with plant roots. Despite the fact that we have not begnectocarpi© metabolic network and the metabolic network of the
able to culture this bacterium, for which we propose the nam@ga it was sequenced with, the following analyses were carried
(CandidatusPhaeomarinobacter ectocarpi,O we found it to hgut. ForE. siliculosysin SBML ble of its metabolic network was
frequently associated with brown algae, and the analysis of disivnloaded from the EctoGEM website (http:/ectogieisa.fr/;
genome, as well as the reconstruction of its metabolic netwogigent et al. pers. com.). In the context of this study, we chose
enabled us to form several hypotheses about the biology of thistoGEMeombineda version of EctoGEM without functional
organism and the interactions it may have wiletocarpusThis  gap-blling, which we will refer to as the Onon-gap blled algal
type of knowledge contributes to our fundamental understancghretwork.O This was important for our analysis as we aimed to
ing of the functioning of algal-bacterial holobionts, but may alsgjentify possible gaps in EctoGEM that may be blled by reac-
prove useful in the context of the sustainable utilization of alga@ns carried out by the bacterium. An SBML version of the

as a natural resource. CCa. P. ectocarpiO metabolic network was then extracted from
Pathway Tools and merged with the non-gap Plled algal network
MATERIALS AND METHODS using MeMerge (http://mobyléiotempauniv-nantesfr/cgi-bin/
GENOME SEQUENCE, ANNOTATION, AND METABOLIC NETWORgortal.py#forms::memerge). In the context of this study, we refer
RECONSTRUCTION to this merged network as the Oholobiont network.O Following the

The genome sequence dE®P. ectocarpiO was obtained in thgrocedure outlined on the EctoGEM website, we used Meneco
course of theE. siliculosugenome project Cock et al.,, 2000 1.4.1 (https://pyppython.org/pypi/meneco) to test the capac-
It was assembled together with the algal genome and was avyil-of the holobiont network to produce 50 target metabolites
able from the download section of tHectocarpugenome por- that have previously been observed in xeRicsiliculosusul-
tal as sctg_1 (http://bioinformatigsshugentbe/orcae/overview/ tures Gravot et al., 2010; Dittami et al., 2Q¥tom the nutrients
Ectsi). Sctg_1 was identiPed as bacterial contaminant based@ind in the Provasoli culture medium as source metabolites.
the lack of introns and its circularity, and removed from thelhe exact list of target and source metabolites is available from
published dataset. To identify possible plasmids belonging to ttiee ECtoGEM website. Results obtained for the holobiont net-
same genome TBLASTN searches using known plasmid replizark were also compared to EctoGEM 1.0, the gap-pblled and
tion initiators were carried out against the compl&esiliculosus manually curated version of thE. siliculosusetwork, which
genome database, but yielded no results. Scgt_1 was oriemedrefer to as the Omanually curated algal networkO in this
according to the DnaA protein, and a Prst round of automatistudy.
annotations was generated using the RAST sererz (et al.,
2009. These annotations were used for functional comparisoiéXONOMIC POSITION AND DISTRIBUTIOGACH: ECTOCARPI”
between different bacteria with SEED view&wérbeek et al., Phylogenetic analyses with the predict&@h@. ectocarpiO 16S
2009. The generated GenBank ble with the automatic annoteBNA sequence were carried out with selected representative
tions was then used in Pathway Tools version 1R&§ et al., sequences of known orders #iphaproteobacteriégequences
2010 for metabolic network reconstruction including gap-pbllingwere aligned using MAFFTK@atoh et al., 2002 and con-
and transporter prediction. served positions manually selected in Jalview 2/8t¢rhouse
Manual annotation was performed for selected metabolit al., 2000 The Pnal alignment comprised 236 sequences with
pathways and gene families. Candidate genes were identit2d3 nucleotide positions. Neighbor-joining (NJ) analyses were
using bi-directional BLASTP searches with characterized prarried out using MEGAS5 Tamura et al., 2001 the Kimura
tein sequences retrieved from the UniProt database. In additidtyparameter substitution model, and 500 bootstrap replicates.
we used the transporter classibcation database (TCDB) as Téfey were complemented by maximum likelihood (ML) analy-
erence for transporters, and the carbohydrate active enzyses using RAXML 7.4.Z5{amatakis, 20Qand the GTR G+ |
(CAZYme) database CAZY.¢mbard et al., 2004as reference substitution model, which was estimated to be the most suit-
for CAZYmes. Finally, candidate sequences were compared todbt for ML analyses of our dataset using MEGAS. ML analyses
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were carried out with 100 bootstrap replicates. A second aligselate Ga. P. ectocarpiO according to the procedure described
ment comprising an extended set of 790 sequences was alslow.

generated and used in parallel. Results for this latter analysisGround algal cultures were transferred to approximately 5ml
and all sequence accessions are availab@aba sheet 1 The of liquid Zobell medium gobell, 194) and, after 1 week at
tree topology obtained was compared with results from RDIPeom temperature, aliqguots of the medium were plated on
classiber \(lang et al., 2007 To explore the distribution of Zobell agar plates. After 4 weeks, the grouddsiliculosusul-
CGCa PhaeomarinobacterO related sequences were searcheturierin Zobell medium was plated once more on both Zobell
via BLAST in the NCBI nr, 16S rDNA, and EnvDB databaseand M13 Schlesner, 198%gar plates (again at room temper-
in the megx.net databases version Foitmann et al., 201)) ature). In a parallel attempt, non-ground Plaments from the
in the Global Ocean Survey databasearthasarathy et al., same antibiotic-treated cultures were used to directly inocu-
2007, and in selected marine metagenome and metabarcddte 5ml aliquots of liquid Zobell and modibPed YEB medium
ing experiments deposited in the NCBI and ENA short rea( g/L peptone, 1 g/L yeast extract, 5 g/L sucrose, 0.24 g/L jgSO

archives. in Pltered autoclaved seawater, pH 7.2), which were incubated
at 20 C under continuous shaking for several weeks. However,
ATTEMPTS TO CULTURE P. ECTOCARPI” none of these attempts resulted in the isolation of bacterial

Several unsuccessful attempts were made to isolate and gﬂigures.

tivate @a. P. ectocarpiO after the discovery of the bacterial

genome. These experiments were carried out with the samMESULTS

antibiotic-treated culture ofE. siliculosustrain Ec32 (CCAP “CA.PHAEOMARINOBACTER"—A CANDIDATE GENUS CLOSELY
accession 1310/4, isolated from San Juan de Marcona, PétE)ATED TRHIZOBIALESREQUENTLY FOUND IN ASSOCIATION
also used for the sequencing of thBe siliculosugenome Cock WITH BROWN ALGAE

et al.,, 201D This culture had been treated with 7@@/mL So far, full-length 16S rDNA sequences with 100% identity to
penicillin, 36Qug/mL streptomycin, and 7@g/mL chloram- CGCa.P. ectocarpiO were found exclusively in the antibiotics treated
phenicol for at least 2 weeks, before it was transferred to autsltures used for the sequencing of tke siliculosugenome
claved natural seawater and treated once more withut@L (see section Attempts to CultureC@. P. ectocarpiO). However,
cefotaxime, 180 g/mL penicillin, 9Qug/mL streptomycine, and closely related sequences likely to belong to the same genus,
18pg/mL chloramphenicol. Finally, the culture was used tobe., sequences exhibiting 97D99% identi®yatkebrandt and
produce algal biomass in Provasoli-enrichétda(r and Zeikus, Gobel, 199 were found in selected marine sampldslfle J).
1993 and autoclaved natural seawater with added 1§0nL  Notably, a nearly complete 16S rDNA sequence with 99.3% iden-
penicillin, 90ug/mL streptomycin, 1@ g/mL chloramphenicol. tity to that of GCa. P. ectocarpiO was identibed on oil slicks
Prior to DNA extraction, samples of the culture were transat the surface of the Gulf of Mexicdrédmond and Valentine,
ferred to agar plates (autoclaved seawater with added Provas#flii). Another two bacteria featuring 97.5 and 94.7% 16S rDNA
nutrients, 0.1% sucrose, 1.5% agar) and no bacterial grondbquence identity, GMD21A06 and GMD21D06, were isolated
was detected after incubation of these plates at room tempé&oem the Sargasso Sea and cultivated in microdroplées(ler
ature for several weeks. As shown by the sequencing of #iel., 200p BLAST searches carried out against the NCBI 16S
nearly complete genome ofc@ P. ectocarpiO along with therDNA sequence database yield®&hpdopseudomonaslia KR-
genome ofE. siliculosyghe former bacterium was still presentl1-67 (DSM 11549; AB087720) as best hit. The 16S rDNA
in the algal cultures at this time and constituted the onlgequence of the strain KR-11J6ndicates that this strain belongs
major bacterial contaminant. The antibiotic-treated cultures wette the genufRhodobiumUsing the EzTaxon database, the prst hit
then once more transferred to autoclaved Provasoli-enrichéor the 16S rDNA sequence o€® P. ectocarpiO Ec32 was the
seawater without added antibiotics and used in the attempt toclassiPedRhizobiales Parvibaculum indic@81 (FJ182044;

Table 1 | Occurrence of * Ca. Phaeomarinobacter”-related 16S rDNA sequences ( 97% identity) in public genomic and metagenomic samples.

Origin Sample type Identity Accession

San Juan de Marcona, Peru Ectocarpus sp. culture 100% (1467 bp) ENA: HG966617
Port Aransas, USA Ectocarpus sp. culture 100% (404 bp) ENA: PRJEB5542
Kingsbridge, UK Ectocarpus sp. culture 100% (404 bp) ENA: PRJEB5542
Terenez, France Ectocarpus sp. culture 100% (404 bp) ENA: PRJEB5542
Hopkins Rive Falls, Australia Ectocarpus sp. culture 100% (404 bp) ENA: PRIJEB5542
Kiel Bight, Germany Fucus vesiculosus surface 99% (318 bp) SRA: SRP015929
Gulf of Mexico Surface oil slicks 99% (1322 bp) JNO018674
Sargasso Sea Bacterioplankton 98% (1326bp) AY162106

Kiel Bight, Germany Fucus vesiculosus surface 97% (318 bp) SRA: SRP015929

*Indicates the genome sequence analyzed here.
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Lai et al., 201)lwith 92% identity. BLAST searches against sev- Altogether, these BLAST analyses indicate tkt. 8 ecto-

eral metagenome and metabarcoding databa3ablé ) did carpiO belongs to the clasiphaproteobacterido determine

not reveal Oa. PhaeomarinobacterO-like sequences in datasthis exact taxonomic position of @& P. ectocarpiO within

for large kelp species, but in one data set Emtocarpusind the Alphaproteobacterigwo phylogenetic analyses were per-
one for Fucusrespectively. ThEctocarpudata set correspondsformed: one with a representative sample of 236 full-length 16S
to lllumina 16S rDNA metabarcoding experiments of bacteriEDNA sequences comprising all orders of the class, and a sec-
present in 20 different algal cultures, and amplicons with 100&td, extended analysis, comprising all available families. In the
identity to that of @a P. ectocarpiO were detected in Pve culesulting phylogenetic treesC@ P. ectocarpiO was located in a
tures from different locations. Th€ucusdata set correspondswell-supported clade composed of sequences from the uncul-
to a metabarcoding experiment based on 454-sequencing. Hemed bacterial clone 47-S-68 and of tdphaproteobacteria
samples were collected from the Kiel bight (Baltic Sea), & OGMD21A06 and GMD21D06Fjgure 1). It was linked to the
Phaeomarinobact@flike sequences were detected in 8 of 78 saspeciesParvibaculumvia a node with moderate support (85
ples. Interestingly, in th€ucusdata set, two different sequencesnd 63% in NJ and ML analyses respectively) in the reduced
were present: a more abundant sequence with 99% identity to thieylogenetic tree Kigure ) but not in the complete tree
16S rDNA sequence o€@P. ectocarpi,O and a second sequen(i®ata sheet 1. Given that the genu®arvibaculunis currently

with only 97% identity, suggesting the existence of differentassibed aRhizobialesand in agreement with the automatic
species associated with algae within this candidate genus.  classibcation obtained via RDP classiber, we could assume

FIGURE 1 | Taxonomic position of “ Ca. Phaeomarinobacter ectocarpi” values 50% are shown). Hypervariable regions were masked from the
Ec32 within the Alphaproteobacteria . The gure shows a neighbor-joining alignment. The Gammaproteobacterium Escherichia coli was used as

tree of 236 16S rDNA sequences with bootstrap support values obtained for outgroup. A more exhaustive tree of Alphaproteobacteria based on 790 taxa
this and a corresponding maximum likelihood tree, respectively (only is available inData sheet 1 .
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that @a. PhaeomarinobacteraceaeO also belongs to the orteP. lavamentivoranand 142 are specibc t€& P. ectocarpiO

of RhizobialesHowever, as seen from the phylogenetic treBmong the functions encoded specibcally Bad. ectocarpiO
presented byGruber-Vodicka et al. (2011)and the lack of we found genes involved in potassium homeostasis and bacte-
bootstrap support for an expanded order Rhizobialeginclud- rial chemotaxis, while, unlike iR. lavamentivoranse found no

ing Parvibaculum in our analyses Kigure 1, Datasheet}), genes encoding gene transfer agentsiisea sheet 2

we can conclude that the clade includin@aDP. ectocarpiO  Considering that Oa P. ectocarpiO is closely related to
and its relatives likely represents a new order. In any caseRhizobialgswhich comprise root nodule forming species, we
represents a new familyC&. PhaeomarinobacteraceaeO farsearched for genomic features specibcally related to nodule for-
nov., including @a. Phaeomarinobacter spp.O with specigsation, notably NOD, NIF, and FIX genes. Only three putative
CGCa. Phaeomarinobacter ectocarpiO and the straiGa. Ooperons containing a few of these genes were detected: one com-

Phaeomarinobacter sp.O GMD21A06 and GMD21D06. prising NifR, NodV, as well as three nitrogen regulation proteins
(Phect2856-Phect2861); one comprising PXNOQP (Phect807-

A COMPACT AND FUNCTIONAL GENOME WITHOUT THE 804); and one comprising PXGHIS (Phect803-800). While dele-

CHARACTERISTICS OF NODULE-FORMIRGBIALES tions at least in the latter two operons lead to defective symbiotic

The circular genome of @ P. ectocarpiO has a total sizgitrogen pxation in nodule-formingRhizobialegPreisig et al.,

of 3.4Mbp and contains 3298 predicted open reading framesgg), these operons may also be present in free-liRhgobiales
(Table 2 Figure 2. No plasmid replication initiator sequencesas is the case, e.g., B lavamentivorangurthermore, no sym-
were found in theE. siliculosugenome data, providing a loosebiotic islands were found, i.e., large clusters of symbiosis-related
indication of the absence of functional plasmids in the bacteriurgenes typical for nodule-forminBhizobiales absence of plas-

At the time of submission, the metabolic network o€&P. mids (MacLean et al., 200.7

ectocarpiO comprised 1558 enzymatic reactions organized in 279

pathways with a rather complete set of genes and pathways relatgg opmaTic ANALYSIS @RP. ECTOCARPI” ANDSILICULOSUS

to primary metabolism. They include the TCA cycle (PWY-591%etAoLIC NETWORKS DOES NOT REVEAL CLEAR EVIDENCE OF
PWY-6969), glycolysis (GLYCOLYSIS), the pentose phosphavipL EMENTARITY

pathway (NONOXIPENT-PWY, P21-PWY), purine and pyrimi—y jgentify possible complementarities between the metabolism
d"?e d,e nhovo syrjthe5|s (PWY-7227, PWY-7226, PWY'71,84)-f?5?yC‘D:a P. ectocarpiO and that of the alga it was sequenced
acid biosynthesis (PWY-4381, PWY-5971, PWY-6282) |nclud|mth' we merged the @ P. ectocarpi® metabolic network
cyclopropane fatty acids (PWY0-541) and fatty acid elongatigfish 4 non-gap Plled network of. siliculosusThis holo-
(FASYN-ELONG-PWY), and the synthesis of all major amingjont network was then compared to the non-gap blied algal
acids (IND-AMINO-ACID-SYN). Details on each of these pathpenyork with respect to its capacity to produce metabolites

ways can be found at hitp://pvelo-roscoffir/. _ previously detected irE. siliculosusultures. While the non-

According to the RAST SEED viewer, the closest avail plled algal network alone was able to produce 25 of the
genome to Oa P. ectocarpiO is that #arvibaculum lavamen-5q getected compounds, the holobiont network was able to
t|voraqu$-1T (91% identity in the 16S rDNA sequence), groduce 33 compounds, i.e., 8 additional compounds. These
bacterium isolated from a sewage treatment plant and of ec@qgitional compounds were palmitoleic acid (CPD-9245), cis-
nomic interest due to its capacity to degrade linear alkylbenzeRgy.cenate (CPD-9247), D-glycerate (GLYCERATE), glycolate
sulfonate (Schleheck etal, 201LIA functiongl comparison of (GLYCOLLATE), L-histidine (HIS), palmitate (PALMITATE),
the P. lavamentivoranand Q:a P. ectpcarplo genomes Showe_&earate (STEARIC_ACID), and L-tyrosine (TYR). The biosyn-
that both share 1523 predicted functions, while 322 are speciRgiic pathways for all of these 8 metabolites were manually
examined in both the bacterium and the alga.

With respect to the production of the fatty acids palmitoleic
acid, cis-vaccenate, palmitate, and stearate, @ B ecto-
carpiO network comprised the reaction EC 2.3.1.180 catalyzed
by Phect3123 and Phect2285, which was missing in the non-gap

Table 2 | Key statistics of the * Ca. Phaeomarinobacter ectocarpi”
Ec32 genome and of the reconstruction of its metabolic network.

Features Value

plled algal network. However, we were able to manually identify
Assembly size (bp) 3,415,905 Esi0069_0107 as a good candidate gene with this activity in the
G+C content 59% alga. Qa.P. ectocarpiO is furthermore able to produce glycerate
No. of protein-coding sequences 3298 via the reaction EC 1.1.1.81, but a gene encoding a 3-phospho-D-
Average CDS length (bp) 919 glycerate phosphatase had been added to the manually curated
ORFs manually annotated 402 algal network, and could account for the production of this
No. of predicted tRNA genes 40 metabolite byE. siliculosud-inally, the bacterial metabolic net-
No. of predicted rRNA operons 1 work contains the tyrosine biosynthesis | pathway (TYRSYN), but
No. of predicted metabolic pathways 279 the manual annotation of genes involved in the tyrosine biosyn-
No. of predicted enzymes 1161 thesis Il pathway (PWY-3461) in the alga allowed completing
No. of predicted enzymatic reactions 1558 this alternative pathway in the manually curated algal network
No. of predicted transporters 217 (Prigent et al. pers. com.). These data thus suggest that at least
No. of predicted transport reactions 77 6 of the 8 compounds that became producible by merging the
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FIGURE 2 | Overview of the “ Ca. Phaeomarinobacter ectocarpi” Ec32 genome. (A) illustration of the genome structure generated using CGView ( Stothard
and Wishart, 2005); (B) summary of subsystems identi ed using RAST ( Aziz et al., 2008).

algal and bacterial networks could also be synthesized by the afgelusters. For example, the cluster Phect395-Phect399 is related
without the bacterium. to a cobalamin (vitamin B12) import system. It is composed of
For the remaining 2 compounds that became producible ithe ABC transporter complex BtuCDF (Phect396-Phect398), an
the holobiont network compatto the non-gap Plled algal net- ATP:Cob(l)alamin adenosyltransferase (EC2.5.1.17, Phect395),
work, possible candidate genesEnsiliculosugere found, but and a cobalamin-specibc TonB-dependent receptor (BtuB, Phect
assigning an exact function to these genes was difbcult ba38€) Butzin et al., 20133 In the same way, the cluster Phect1895-
on sequence homology. This was the case for glycolate, wHiitect1901 is related to a phosphate transport system (PST). It
can be produced by@. P. ectocarpiO from glyoxylate via thés composed of an ATP-binding protein (Phect1899, PstB), two
activity of the protein encoded by Phect1668.Hnsiliculosua transmembrane proteins (Phect1897, PstC; and Phect1898, PstA),
potential candidate gene for this reaction could be Esi0002_0048d a solute-binding protein (Phect1895, PstS). The cluster also
but well-characterized stramenopile glyoxylate reductases are canprises a phosphate-specibc transport system accessory pro-
available to conbrm this hypothesis. The situation is similar féein PhoU (Phect1900), and a phosphate regulon transcriptional
L-histidine. Here theE. siliculosugenome is missing a histidinol regulatory protein PhoB (Phect1901). Among the primary active
phosphate phosphatase present@alP. ectocarpiO (Phect785)fransporters, we found a proton translocating NADH:quinone
but the specibcity of phosphatases based on sequence horowidoreductase complex | in charge of energy transduction. This
ogy is difbcult to deduce, and the siliculosugenome encodes complex is composed of only the 14 central subunits of respira-
several unknown phosphatases. Thus, although metabolic interry chain complexes and is organized in a cluster (Phect2755-
actions betweet. siliculosuand @a P. ectocarpiO cannot bePhect2768). However, these subunits are sufbcient to perform all
excluded for the production of these compounds, our analysis didoenergetic functions§ogachev and Verkhovsky, 2005
not provide clear indications supporting a bacterial role in the With respect to secondary transporters, the major facilita-
production of the 50 target metabolites considered. tor superfamily (MFS) and resistance-nodulation-cell division
(RND) superfamily are the most represented (21 and 20 pro-
A WIDE ARRAY OF TRANSPORTERS FOR UPTAKE AND EXCRETIOMSFrespectively). The MFS is a large and diverse group
NUTRIENTS AND METABOLITES of secondary transporters including uniporters, symporters,
A total of 217 predicted membrane transporters were identind antiporters. MFS proteins facilitate the transport across
bed Data sheet 3, and divided into three categories accordingytoplasmic or internal membranes of a variety of substrates
to their structure and function: pumps (primary active trans4including ions, sugar-phosphates, drugs, neurotransmitters,
porters), channels, and secondary transporters. nucleosides, amino acids, and peptides. In ti@ga.@P. ecto-
Primary active transporters inGa. P. ectocarpiO comprisecarpiO genome, six loci encode proteins related to sugar trans-
mainly ABC transporters (73 proteins). ABC proteins depend goort (Phect208, Phect229, Phect230, Phect372, Phect2869, and
ATP to transport various substances (e.qg., ions, peptides, nuclBtect3041), one locus is related to multidrug eflux (Phect272),
sides, amino acids, carbohydrates, and proteins)Ja ©. ecto- one locus encodes a probable 3-phenylpropionic acid transporter
carpi,O the genes encoding several ABC transporters are orgar{Rkect372), and 14 loci are uncharacterized (Phect111, Phect135,
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Phect930, Phect931, Phect9Bect1451, Phect1452, Phect1458leasing two molecules of glucos€aCP. ectocarpiO also pos-
Phect1462, Phect2092, Phect2417, Phect2418, Phect3215sessks candidate genes for the degradation of chitin and chi-
Phect3222). tosan. We found three enzymes of the CE4 family (Phect350,
Finally, we identibed a total of 30 channel/pore proteingda® Phect3110, and Phect1064; the latter encoding a chitin deacety-
P. ectocarpiO Transport systems of this type facilitate diffusiase, EC 3.5.1.41), as well as a GH46 chitosanase (Phect2482,
through transmembrane agueous pores or channels by an ener§% 3.2.1.132). These enzymes may act in synergy to degrade
independent process, without evidence for a carrier-mediatetitin: the CE4 enzymes convert N-acetyl-D-glucosamine into
mechanism. For example, Phect1483, Phect2180, Phect2444 Bugtlicosamine residues, resulting in chitosan motives in the
Phect2910 encode small-conductance mechanosensitive chanmassaccharide chain, which become substrates for the GH46
that participate in the regulation of osmotic pressure changehitosanase. The GH3 beta-N-acetylhexosaminidase Phect3011

within the cell. (EC 3.2.1.52) is also likely involved in chitin/chitosan catabolism.
Interestingly, no homologs of characterized alginate lyases were
CARBOHYDRATE ACTIVE ENZYMES found in GCa P. ectocarpi.O Nonetheless this bacterium features a

CAZYmes regroup enzymes involved in the degradation protein (encoded by Phect1448) highly similar to non-classibed
creation of glycosidic bonds and the modibcation of suggolysaccharide lyases from divelShaproteobacterisuch as
moieties. In the Oa.P. ectocarpiO genome, 66 CAZYmes belonglaricaulis mari¢CS10.
ing to 29 CAZY families were found. Among them, 9 glyco- The @a P. ectocarpiO genome contains 10 sulfatases
side hydrolase (GH) and 11 glycosyltransferase (GT) famili@cC 3.1.6.-): eight formylglycine-dependent sulfatases (Phect92,
have been identibed (s&ata sheet Jor detailed annotations). Phect373, Phect661, Phect142ect679, Phect1786, Phect2576,
These numbers are comparable to other phylogenetically clesel Phect2896), and two alkyl sulfatases (Phect38 and
(Figure ) Alphaproteobacterisauch as members of the cluster®hect1167). Some of the formylglycine-dependent sulfatases may
Hyphomicrobiacead Parvibaculumwhich contain 10D17 GH be involved in the degradation of sulfated polysaccharides, such as
and 8D15 GT families-{gure 3A Data sheet 4. sulfated fucans produced by brown alga&dhel et al., 20100
Enzymes essential to the biosynthesis of bacterial glycogéis hypothesis is strengthened by the presence of a GH29
are absent from the G&. P. ectocarpiO genome: there is nalpha-L-fucosidase (Phect1478, EC 3.2.1.51, GH29 family). This
glycogen/starch synthase (families GT3 and GT5), no 1,4-alpleazyme could act in synergy with sulfatases to release fucose from
glucan branching enzyme GIlgB (GH13_9 subfamily), and rsulfated fucose-containing polysaccharides or oligosaccharides,
4- -glucanotransferase (GH774ll and Morell, 2008 A glyco- and constitutes a unique feature @&P. ectocarpiO with respect
gen phosphorylase (GT35 family, the key enzyme for the rety-other Alphaproteobacteri&urthermore, we found two sulfo-
cling of intracellular glycogen) is also missing. In contrastransferases (Phect108 and Phect853). These genes are localized
QCa P. ectocarpiO possesses an alpha-amylase (Phect307% 8Gsters including glycosyltransferases from families GT2 and
3.2.1.1, family GH13) likely to help degrade extracellular ca&T4, and other carbohydrate-related proteins (UDP-glucose
bon sources, and the complete trehalose biosynthesis | pathwagpimerase, lipopolysaccharide proteiR)qure 3B. Therefore,
(TRESYN-PWY). Endogenous trehalose is likely recycled bythase sulfotransferases are most likely involved in the biosynthesis
exo-acting enzyme, a GH15 trehalase (Phect47, EC 3.2.1.@8gndogenous sulfated exopolysaccharides.

FIGURE 3 | Carbohydrate modifying enzymes. (A)  Number of CAZY families in the genome of “ Ca. Phaeomarinobacter ectocarpi” Ec32 and selected
Rhizobiales. (B) Organization of genes possibly involved in the degradation of sulfated fucans. GT, glycosyltransferase; ST, sulfotransferase.
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“CA.P. ECTOCARPI” ANDSILICULOSUSA\VE SIMILAR CAPACITIES  In contrast to the aforementioned vitamins, vitamin B12 can-
TO PRODUCE VITAMINS not be produced by either@ P. ectocarpiO d&. siliculosuThe
The metabolic network of € P. ectocarpiO was examine@Ca. P. ectocarpiO genome encodes only a few genes similar to
with respect to its potential for vitamin production, and thethose involved in aerobic or anaerobic cobalamin synthesis, and
retrieved pathways were assessed manu@lly.®ectocarpiO is the aforementioned presence of a vitamin-B12 importer indicates
able to produce vitamin B1 (thiamine, PWY-6894), B2 (Ravin#hat (Ca. P. ectocarpiO may itself be vitamin-B12 auxotroph. In
RIBOSYN2-PWY), B6 (pyridoxine, PWY0-845), B7 (biotinghe same vein, it has been recently described Ehatiliculosus
BIOTIN-BIOSYNTHESIS-PWY), C (ascorbate, PWY3DJ-354#&Lnot able to produce vitamin B12, but that it can grow with-
and PWY-6415), and K2 (menaquinone; PWY-5849, PWut external source of this compound. However, thesiliculosus
5839, and MENAQUINONESYN-PWY). Several of the gengenome contains numerous vitamin B12-dependent enzymes
involved in these pathways were predicted to be organized (irelliwell et al., 201} suggesting that vitamin B12 may neverthe-
transcriptional units. less be benebcial for the alga. Finally, the absence of a gene coding
In order to establish if these vitamins could be of physioloder a 2-dehydropantoate 2-reductase (EC 1.1.1.169) in b6t O
ical interest for brown algae, and in particullr siliculosyshe P. ectocarpiO ané&. siliculosusuggests that neither of these
ability of the latter alga to produce these vitamins was investirganisms is able to synthesize vitamin B5 (pantothenic acid).
gated. Corresponding genes were searched for in the algal genome
(Cock et al., 2000as well as in a recent metabolic networlBACTERIAL GROWTH FACTORS MAY INFLUENCE ALGAL GROWTH AND
reconstruction (http://ectogeririsafr/, Prigent et al., pers. com.) DEVELOPMENT
and compared to our results forGa. P. ectocarpi.O This anal-Auxin (indole-3-acetic acid, IAA) is an important plant hormone
ysis indicated that all of these vitamins can be produced kgr which several biosynthetic pathways have been described in
E. siliculosuindependently of the bacterium. Thiamine is arthe green lineage and in bacteria/¢odward and Bartel, 2005;
important co-factor for catabolism of amino acids and sughaPsi et al., 2007; Sugawara et al., J0DBese pathways gener-
ars, and several proteins in tlgctocarpugenome were found ally produce auxin from tryptophan (Trp) via different intermedi-
to contain a domain of the superfamily thiamin diphosphateates such as indole-3-pyruvate, tryptamine, indole-3-acetonitrile,
binding fold (THDP-binding), indicating that these enzymer indole-3-acetamide. TheGa. P. ectocarpiO genome encodes
depend on thiamin as a cofactor. Howevé, siliculosugslso several genes involved in the synthesis of auxin from these inter-
features a bacteria-like thiamine pyrophosphatase synthesis patiediates (PWY-3161, PWY-5025, PWY-5026), but genes neces-
way (PWY-6894), and no genes involved in thiamine transposary to produce these intermediates from Trp were not found.
have been identibed in the algal genome. Flavin is a preclrcultures ofE. siliculosyhiowever, several forms of auxin were
sor for the synthesis of Ravine adenine dinucleotide (FARetected despite the probable absence of key enzymes for its syn-
and Ravine mononucleotide (FMN), and the algal genome cothesis in the algal genomé.« Bail et al., 200 We therefore
tains numerous Ravoproteins and proteins with FAD bindingxamined the possibility of synergistic auxin production by both
domains. However, several enzymes similar to those involv@ga.P. ectocarpiO arfl. siliculosus
in bacterial/plant, fungal, and mammalian pathways for Ravin Three possible pathways were identipétg(re 4, all of
synthesis were identibed i. siliculosu§RIBOSYN2-PWY). them using Trp as substrate. In each case the brst step involves
Pyridoxine is degraded by the pyridoxal salvage pathway &o E. siliculosuencoded enzyme to produce the intermedi-
produce pyridoxal phosphate, a co-factor important for mangte that is then further metabolized by the bacterium. The
reactions related to amino acid metabolism (transaminatiofprst candidate pathway involves an ortholog of the pyridoxal-
deamination, and decarboxylation). 8. siliculosuthe salvage phosphate-dependent aminotransferase VAS1 (Esi0049_0056).
pathway for the synthesis of this compound has been idenfithis enzyme has been characterized\iabidopsis thalianand
bPed (PLPSAL-PWY). Biotin is a vitamin involved in sugar anchtalyzes the reversible conversion between indole-3-pyruvate
fatty acid metabolism, and several biotin-dependent carboxgnd Trp (Zheng et al., 2093 Indole-3-pyruvate can then be
lases, i.e., enzymes featuring a biotin-binding site (IPR001882ansformed to auxin via the activity of the bacterial indole-3-
have been annotated in thE. siliculosugenome. Again the monooxygenase (Phect959). In the second candidate pathway,
algal genome encodes two enzymes likely to catalyze The is transformed to indole-3-acetamide via the activity of a
three enzymatic reactions necessary to synthesize biotin frdnp-2-monoxygenase (Esi0058_0002) and a bacterial amidase
8-amino-7-oxononanoate (Esi0392_0016, a bifunctional dethi¢Phect929 or Phect1520). The last candidate pathway comprises
biotin synthetase/7,8-diamino-pelargonic acid aminotransferagbyee reactions: tryptamine is produced via the activity of a Trp
Esi0019 0088, a biotin synthase) (PWY0-1507). Ascorbate igd@narboxylase (Esi0099_0045), and acts as a substrate for a bacte-
essential vitamin in plants where it serves as antioxidant iifal amine oxidase (Phect596) producing indole-3-acetaldehyde.
chloroplasts and as a cofactor for some hydroxylase enzymesaldehyde dehydrogenase such as Phect2729 may then convert
(Smirnoff, 1999, and we found an L-galactose (plant-type) pathindole-3-acetaldehyde to auxin.
way for ascorbate synthesisHnsiliculosu$WY-882). Lastly, the  In addition to these three cooperative pathwa@adP. ecto-
E. siliculosugenome encodes several methyltransferases potearpiO also possesses an ortholog of an indole synthase (Phect
tially involved in the last step of vitamin K2 synthesis, in particulak840, 43% of amino acid sequence identity withAtsthaliana
for menaquinol-6, -7 and -8 (Esi0009_0155, Esi0182_0017, antholog), which may be implicated in a Trp-independent
Esi0626_0001). auxin biosynthesis pathway with indole-3-glycerol phosphate as
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FIGURE 4 | Genes involved in tryptophan-dependent auxin synthesis in “ Ca. Phaeomarinobacter ectocarpi” Ec32 (blue loci) and E. siliculosus
(brown loci).

substrate, although the different steps of this pathway remainisbpentenyladenine, and the LONELY GUY (LOG) gene family
be elucidated4{hang et al., 2008Regardless of the biosynthetids responsible for the conversion of cytokinin from an inactive
pathway, auxin produced byQa. P. ectocarpiO may be exportedo an active form. Homologs for genes involved in each of these
from bacterial cells by members of the auxin efBux carrier famitiiree steps have been identibed in ta®. ectocarpiO genome:
encoded by the bacterium, such as Phect1023 and Phect3211an IPT (Phect427), the two aforementioned cytochrome P450

Cytokinins are another important actor in plant developmentnonooxygenases, and Pnally two LOG homologs (Phect2557 and
and have functions related to auxiilfShowk et al., 20)3We Phect613). Other enzyme activities, such as those of zeatin iso-
therefore examined if theGa. P. ectocarpiO genome encoded thmerases (ZIs) or zeatin reductases (ZRs), have also been described
enzymes required to produce cytokinins. A well-known exante be involved in cytokinin biosynthesis, but no sequences are
ple of a cytokinin-producing bacterium iRhodococcus fascianswvailable for the corresponding enzymes, making it impossible to
This microorganism is a phytopathogenic actinomycete with gheck for the presence of these genes in the bacterial genome.
broad host range, and causes severe commercial losses in the
ornamental plant industry because it triggers malformations @ISCUSSION
shoots, referred to as leafy galls. In strRinfascian®188, the CCa.P. ectocarpiO Ec32, is a member of a new candidate species,
virulence determinants are encoded by a large conjugative linganus, and family closely related to the ordeiRiifizobialesSo
plasmid, pFiD188, and the pathology is induced by the secffef, only a few sequences corresponding to this genus have been
tion of a mix of six synergistically acting cytokinirf3g(try et al., found, all of them in aquatic environments, and frequently asso-
2010. Based on genes described to be importanFofascian® ciated with the brown algaeucusand EctocarpusThis indicates
produce cytokinins, we only found two loci ir0@. P. ectocarpiO that members of Ca. PhaeomarinobacterO are most likely spe-
(Phect1727 and Phect255), both similar to the cytochrome P4&@lized on this ecological niche. Several geneRhifobialeare
monooxygenase fasA. known to form mutualistic relationships with terrestrial plants,

In A. thaliang however, cytokinin biosynthesis is con+ut similar relationships with aquatic members closely related to
trolled by different genes~(Zbort et al., 2091 Here ATP/ADP  this order have not yet been described. With this in mind, we here
isopentenyltransferase (IPT) genes encode the rate-limitisgamine the possibility of mutualistic relationships betwe@a.O
enzymes in cytokinin biosynthesis. Eight IPT genes (AtIPPLectocarpiO arf. siliculosus
and AtIPT3 through AtIPT9) are involved in the synthesis
of the cytokinin precursor isopentenyladenine from dimethyBENEFICIAL EFFECTS OF BACTERIA ON THE ALGA: GROWTH FACTORS
lallyl pyrophosphate. Two cytochrome P450 monooxygenagedong-known benebcial effect of bacteria on algae is the pro-
(CYP735A1 and CYP735A2) then catalyze the hydroxylationdfction of growth factors. Experiments performed BgdersZn
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(1968, 1973)suggested thaE. fasciculatysa sister species ofwere present, thus neither supporting nor excluding a role of
E. siliculosyslepends on bacterial cytokinins for normal growthGCa. P. ectocarpiO in algal nutrient assimilation. Similarly, the
and development in standard culture media. Here we haagitomatic analysis of the complementarity between the metabolic
demonstrated that, at least from a genomic point of vie@aO networks of Qa. P. ectocarpiO anf. siliculosusdid not reveal

P. ectocarpiO has the capacity to produce such cytokinins &g conbPrmed metabolic reactions of the bacterium that com-

a pathway similar to thabf A. thaliana Furthermore, Oa. plete gaps in the network of the alga. On the other hand, this
P. ectocarpiO was the only major bacterial OcontaminantCanalysis only assessed the producibility of a limited set of target
our antibiotic-treated algal cultures based on sequence datamiétabolites and the minimal set of reactions needed to produce
E. siliculosydike E. fasciculatysiepends on bacterial cytokinins,them, excluding any generic reactions in either of the networks.
and given that during the optimization of the protocol for antibi-GCa. P. ectocarpiO possesses a wide variety of transporters as
otic treatments any conditions that did not yield well-growingypical also forRhizobiale¢Boussau et al., 20p4Transporters
cultures were discarded, this may not be a coincidence: this pfave previously been suggested to play key roles in inter-species
cedure may indeed have led to the active selection of an aligééractions ofRhizobialegMacLean et al., 200.7Some of these
culture containing at least one bacterium able to produce thesansporters may, for example, be involved in the exchange of
compounds. vitamins. Although our results indicate that siliculosusnd @a.

A second potential positive effect o€& P. ectocarpiO on P. ectocarpiO have similar capacities to produce vitamins, this does
E. siliculosumay be the synthesis of auxin. In a previous studgot exclude benebpcial effect of bacteria-produced vitamins on the
Le Bail et al. (2010detected auxin in antibiotics-treated culturesalga and/or vice versa. Indedd, siliculosus frequently culti-
of E. siliculosysnd demonstrated this hormone to play a role irvated in Provasoli-enriched seawater medium, which comprises
cell differentiation, but its biosynthetic pathway was only partialhiamine and biotin (compounds producible by both the bac-
reconstructed. Although the existence of new specibc enzymeteoum and the alga). Additional experiments with truly axenic
other derived pathways to synthesize auxi&irsiliculosusannot algal cultures would be required to verify if these vitamins actually
be excluded, our analyses show that auxin synthesis may odwemebt algal growth.
by @a.P. ectocarpiO or synergistically betwEesiliculosuand
the bacterium, assuming that intermediates can be exchangg@&AE—AN ENERGY SOURCE FOR BACTERIA

between both organisms. In the light of the high antibioticBenepcial effects Bctocarpusn GCa.P. ectocarpi,O on the other
I’ESIStance Of@. P. eCtocaI’pIO al"ld the faCt that |t doeS not grOWand are ev|dent MannAlphaproteobacterwe known to con-
on Zobell medium, which is commonly used to verify if an algahin few CAZYmes. A prominent example for this is the SAR11
strain is bacteria-free, the presence 8. ectocarpiO providesciade, which contains only the essential CAZYmes, allowing it
one possible explanation for the previous observation of auxin{g thrive under oligotrophic conditions Teeling et al., 20)2
E. siliculosusultures. However,Alphaproteobacterire generally not able to perform
While the advantage for alga-associated bacteria of being af@tosynthesis and are thus dependent on an external source of
to produce algal growth factors and thus to control the growt@arpohydrates and energy. This is also true ©a ®. ectocarpiO
of their substrate and source of energy is evident, an importaggr instance, this bacterium does not produce glycogen. However,
question is how an alga could benept from evolving a dependefqgss the capacity to synthesize trehalose, a sugar used by bacteria
on these factors. Given that growth factors act as regulators %Hjcompatible osmolyte or as structural componehig(/elles,
not directly in metabolic processes, we can speculate that thg@gg_ It may furthermore use trehalose as osmoprotector, as
factors may function or have functioned as signals between a'@ﬁ@gested faRhizobium etl{Reina-Bueno et al., 20).2
and bacteria: if the presence of a bacterium has direct (positive) o particularity of the Ga P. ectocarpiO genome is that,
effects on the metabolism or on other aspects of algal physiologijike manyAlphaproteobacteri@ata sheet 4, it also encodes
then perceiving bacteria-produced growth factors may help th§ enzymes required to recycle trehalose (GT20, GH15, trehalose-
alga to adjust and optimize its metabolism and growth depeng@:phosphatase)frown et al., 2011; Schleheck et al., 2011; Huo
ing on the surrounding bacterial Bora. In the following sectionst 5|, 2012: Martineau et al., 201This indicates that Ca P.
we will discuss the pOSSIblllty of such direct positive mteractlor&;tocarp,o may also utilize trehalose synthesizel. tsjliculo-
between Oa.P. ectocarpiO arfél siliculosus sus(Michel et al., 2010aas a carbon source. It is furthermore
predicted to have the capacity to degrade sulfated fucans, which,
POSSIBLE METABOLIC INTERACTION POINTS — FROM NITROGE®Nong with cellulose and alginate, represent a main component
ASSIMILATION TO VITAMINS of brown algal cell wallsMichel et al., 2010b; Popper et al.,
With the aid of genomic analyses and metabolic network recof91)). Finally, the non-classibPed polysaccharide lyase found in the
struction, we examined candidate processes that may undeg@nome of Oa.P. ectocarpiO constitutes a unique feature as none
positive effects of@a. P. ectocarpiO oBctocarpusThe bndings of the other selected\phaproteobacterieontain homologous
we obtained using this approach were mixed. For example, theteins. This protein may also be involved in the degradation of
CCa.P. ectocarpiO Ec32 genome did not contain features typicamponents from the cell wall of brown algae.
for the genomes of nodule-forminBhizobialesuch as symbio-  In addition to the degradation of brown algal polysaccharides,
sis islands, and we did not bnd any evidence for the prese@®a P. ectocarpiO is also able to degrade other external sources of
of a symbiotic plasmid. However, at least some of the operoaarbon such as chitin or chitosan. The former compound con-
responsible for nitrogen Pxation in nodule-formirighizobiales sists of beta-1,4-N-acetylglucosamine residues and is the main
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component of the cell wall / exoskeleton of fungi, diatoms, ariehta sheet 1 | 16S rRNA sequences and complete phylogenetic tree. ~ The
crustaceans. Chitosan is a deacylated form of chitin and also reserscript letter T in the “strain” column indicates type species and type
urally occurs in fungal cell walls. Although thE#P. ectocarpiO strains, respectively. The genera included between brackets means that
genome does not contain any GH18 chitinase, chitin and cHhe strains are probably misnamed. The taxonomic classi cation used was
tosan may be degraded through an alternative pathway usingb@ined from the EzTaxon server (http://www .ezbiocloud.net/eztaxon).
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