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Abstract

Brown algae are important primary producers and ecosystem engineers in the ocean, and Ectocarpus has been established as a

laboratory model for this lineage. Like mostmulticellular organisms, Ectocarpus is associatedwitha community of microorganisms, a

partnership frequently referred to as holobiont due to the tight interconnections between the components. Although genomic

resources for the algal host are well established, its associated microbiome is poorly characterized from a genomic point of view,

limiting thepossibilitiesofusing these typesofdata to studyhost–microbe interactions. Toaddress thisgap inknowledge,wepresent

the annotated draft genome sequences of seventy-two cultivable Ectocarpus-associated bacteria. A screening of gene clusters

related to the production of secondary metabolites revealed terpene, bacteriocin, NRPS, PKS-t3, siderophore, PKS-t1, and homo-

serine lactone clusters to be abundant among the sequenced genomes. These compounds may be used by the bacteria to com-

municate with the host and other microbes. Moreover, detoxification and provision of vitamin B pathways have been observed in

most sequenced genomes, highlighting potential contributions of the bacterial metabolism toward host fitness and survival. The

genomes sequenced in this study form a valuable resource for comparative genomic analyses and evolutionary surveys of alga-

associated bacteria. They help establish Ectocarpus as a model for brown algal holobionts and will enable the research community to

produce testable hypotheses about the molecular interactions within this complex system.

Key words: brown algae, holobiont, alga-associated bacteria, biosynthetic gene clusters, detoxification, metabolic

networks.

Introduction

Brown macroalgae are important primary producers and

major ecosystem engineers on marine rocky shores, pro-

viding both shelter and nutrients for other forms of life

(Brodie et al. 2017). They belong to the stramenopiles,

an evolutionarily distinct lineage from the Achaeplastida,

which comprise red and green algae as well as land plants

(Charrier et al. 2008) and are of commercial importance in

several regions of the world (Koru 2013; Raja et al. 2013;

Venkatesan et al. 2015). Ectocarpus is a genus of brown

algae that has been established as a laboratory model for

this lineage (Peters et al. 2004) due to its small genome

(Cock et al. 2010), the possibility of cultivation in the lab,

and its short life cycle.

Like most if not all multicellular eukaryotes, brown algae,

including Ectocarpus, are associated with bacteria (Paix et al.

2019). These interactions may be so intimate that the term

holobiont has been suggested to describe the functional unit

of a host and its associated microbiome (Zilber-Rosenberg and

Rosenberg 2008; Douglas and Werren 2016). For instance,

it has been estimated that approximately half of all algae

(including 49 out of 83 surveyed stramenopiles) rely on their

bacteria associated to provide them with vitamin B12

(Croft et al. 2005; Tang et al. 2010). In Ectocarpus, associated
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bacteria are known to provide functions related to develop-

mental transitions and growth of the algae (Pedersen 1968;

Tapia et al. 2016). Furthermore, they may impact their capac-

ity to tolerate environmental stressors (Dittami et al. 2016).

Collections of cultivable bacteria provide a valuable re-

source to study the mechanisms underlying these interactions,

and in Ectocarpus three recent papers describe the generation

of culture collections. In Ectocarpus siliculosus Tapia et al.

(2016) have reported the isolation of 9 bacterial strains, and

in Ectocarpus subulatus KleinJan et al. (2017) cultivated 46

strains corresponding to 33 different bacterial genera from

algal surfaces. An additional 95 strains corresponding to 27

different genera have also recently been isolated from field

material of E. subulatus (Dittami et al. 2019).

In present study, we describe genomic resources for 72 of

these cultivable Ectocarpus-associated bacteria. Sixty-two

genomes were sequenced specifically for this study, plus ten

previously sequenced genomes from the same culture collec-

tion (Burgunter-Delamare et al. 2019) were also included.

These genomes constitute a valuable resource both to study

the genomic adaptations of bacteria to life on the surface of

brown algae, but also to generate hypotheses on potential

beneficial interactions between the bacteria and their host,

for example, via metabolic complementarity-based

approaches (Frioux et al. 2018). They furthermore constitute

a first step toward filling a big gap in our current knowledge:

The fact that currently (September 2019), based on our re-

search through Marine Metagenomics Portal (Robertsen et al.

2017; Klemetsen et al. 2018), only �100 draft and complete

bacterial genomes isolated from algae/seaweed are publicly

available in GenBank. Thus, the genomes from this study

could add a great amount of information to algal micro-

biomes and will promote other studies aiming to decipher

algal-microbial associations.

Materials and Methods

Bacterial Strains and DNA Extraction

Bacterial strains were isolated from a laboratory culture of

E.subulatus (strain CCAP 1310/19; KleinJan et al. 2017) as

well as from field samples of the same species (Dittami et al.

2019). Field samples were collected in March 2017 from two

locations along the Hopkins River, Victoria, Australia, a few

km upstream of Hopkins River falls, the original collection site

of strain CCAP 1310/19 (West and Kraft 1996): Framlingham

Forest reserve (–38.297064, 142.668291) and Kent’s Ford

(–38.191574, 142.698058). All bacterial strains were identi-

fied by Sanger-sequencing of the 16S rDNA gene using the

8F and the 1492R primer pair (Weisburg et al. 1991). Bacteria

were grown on 90 mm Petri dishes with R2A medium

(Reasoner and Geldreich 1985) Sigma–Aldrich at 19 �C for

4–7 days. Subsequently, a single colony was selected and

grown at 25 �C in liquid R2A medium overnight. The bacterial

genomic DNA was extracted using Promega Wizard Genomic

DNA purification kit following the manufacturer’s instruc-

tions. The extracted DNA was quantified using a Qubit and

its quality was determined using agarose gel electrophoresis.

Genome Sequencing, Assembly, and Annotation

Paired-end DNA libraries with an average insert size of 500 bp

were prepared using the Nextera XT DNA library kit (library

average size�1,100 bp). Libraries were then sequenced using

the Illumina MiSeq technology (V3, paired-end, 2� 300 bp

reads) at GENOMER platform (Station Biologique de

Roscoff), multiplexing �20 bacterial genomes per run. Raw

reads were first examined using FastQC (Andrews 2010).

Low-quality sequences were trimmed or removed using

Trimmomatic v.0.38 and a sliding window with a quality score

of 15 as well as a minimal read length of 36 bp as filters.

Trimmed read pairs were used for genome assembly with

SPAdes v.3.12.0 (Bankevich et al. 2012) using default param-

eters. Genomic sequences encoding parts of the ribosome

were identified using Barrnap v. 0.8 (https://github.com/tsee-

mann/barrnap) and 16S rDNA sequences used to search for

complete reference genomes in the GenBank. These refer-

ence genomes were used for scaffolding with Medusa version

1.6. Finally, gaps in the scaffolds were filled wherever possible

using GapCloser 1.12 (Li et al. 2010) and the resulting draft

genomes were annotated and prepared for submission to

public databases using the MicroScope platform (Vallenet

et al. 2017). The genomes were deposited at the European

Nucleotide Archive.

Phylogenomic Analyses

Phylogenomic relationships among all studied strains were

confirmed by running genome clustering based on pairwise

distances and Average Nucleotide Identity (ANI) between all

selected genomes using the Neighbor-Joining algorithm in

MicroScope. Furthermore, the closest genome has been pro-

vided for all genomes, based on their resulting Tetra-

nucleotide signature correlation index via the JSpeciesWS

tool (Richter et al. 2016).

In Silico Analysis of Bacterial Metabolism

Models of primary metabolism for each sequenced bacterium

were generated using the Pathway tools pipeline imple-

mented in the MicroScope platform. The output of this pipe-

line is a pathway completion value, that is, the ratio between

the number of reactions for a specific pathway in a bacterium

and the total number of reactions for that pathway defined in

the MetaCyc (Caspi et al. 2018) or KEGG (Kanehisa et al.

2008) databases. In addition, secondary metabolite-related

gene clusters were predicted using antiSMASH (Blin et al.

2017).
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Results and Discussion

Genome Characteristics

Here, we report the sequencing of 62 and the analysis of 72

genomes of Ectocarpus-associated bacterial strains corre-

sponding to 43 different genera and 16 different orders.

The individual strains as well as key attributes of their genome

sequences are listed in table 1. The genome size of all strains

ranged from 2.4 Mb to 6.8 Mb. The largest genome was that

of Imperialibacter sp. strain SDR9 from the Bacteroidetes and

the smallest was that of Micrococcus sp. strain 11B from the

Actinobacteria. The analyzed genomes showed diverse GC

contents with strains belonging to the Bacteroidetes and

Firmicutes exhibiting GC contents <40% (e.g., 30% in

Flavobacterium sp. 9AF) contrary to Actinobacteria, where

most strains exhibit GC contents over 70%. Overall, the GC

content was positively correlated with genome size (Pearson

correlation r¼ 0.73, P¼ 0.042). CheckM analyses (Parks et al.

2015) suggest that the sequenced genomes are nearly com-

plete (>98%, table 1) and free of or with very low levels of

contamination (<2.5%; supplementary table S1,

Supplementary Material online). The only exception was

Arthrobacter sp. strain 9V with 4.8% contamination (22

marker genes). This indicates that, overall, the presented

genomes are suitable for downstream analyses such as com-

parisons of metabolic capacities.

Phylogenomic Tree

Several of the sequenced bacteria in this study correspond to

bacteria with no or only few closely related sequences in the

databases. Notably, Enterobacterales bacterium 8AC, and

Moraxellaceae bacterium 17A could be confidently identified

only to the family level through RDP classifier (supplementary

table S1, Supplementary Material online), making these strains

candidates for new species or genera. Besides, fifteen strains

including Imperialibacter sp. EC-SDR9, Marinoscillum sp. 108,

Sphingomonas sp., AX6, and Novosphingobium sp., and

Burkholderiales bacterium 8X have low similarity (z-score be-

low cutoff< 0.989) with their closest genome-sequenced rel-

atives (based on the tetra-nucleotide signature correlation

index, table 1 and supplementary fig. S1, Supplementary

Material online). This phylogenomic analysis yielded a tree gen-

erally grouping together bacteria from the same taxon (sup-

plementary fig. S1, Supplementary Material online). However,

Imperialibacter sp. EC-SDR9 and Sphingobacterium sp. 8BC

from Bacteroidetes clustered with Firmicutes.

Secondary Metabolic Activities and Potentially Symbiosis-
Related Metabolites

Algal-associated microbes are likely to interact with both the

host and other microbes within the community. Secondary

metabolites are metabolites not essential for normal growth

of microorganisms, but they play a major role as chemical

signals for interaction with other microorganisms (Netzker

et al. 2015), restriction of pathogens (antimicrobial activities),

and biofouling (Wiese et al. 2009; Nasrolahi et al. 2012;

Susilowati et al. 2015). For instance, terpenes as the largest

class of natural compounds have protective roles against com-

petitors and are involved in interspecies signaling (Gershenzon

and Dudareva 2007; Yamada et al. 2015). Similarly, bacter-

iocins, peptidic toxins produced by bacteria, have been sug-

gested to play a role in pathogenesis by induction of cell lysis

(Li and Tian 2012). The annotation of the 72 bacterial

genomes with respect to genes involved in secondary metab-

olism obtained from AntiSMASH via the MicroScope platform

showed that all analyzed strains except Oceanicaulis sp. strain

350, had at least one secondary biosynthetic gene cluster.

Furthermore, 68% of genomes have at least one predicted

terpene cluster gene, followed by bacteriocin (40.2%), non-

ribosomal Peptide Synthetases (NRPS, 36%), Type 3 polyke-

tide synthases (PKS-t3, 33.33%), siderophores (23.6%), Type

1 polyketide synthases (PKS-t1, 20.8%), and homoserine lac-

tone synthesis genes (16.6%; fig. 1 and supplementary table

S1, Supplementary Material online). These genes are likely to

be at least partially involved in the communication with the

host and between microbes.

Detoxification Role of Symbionts and Provision of Vitamins

In terms of detoxification mechanisms, one pathway that was

complete in all studied genomes was the capacity to degrade

superoxide radicals. Moreover, 46 strains of 72 possessed the

complete pathway for glutaredoxin synthesis (fig. 1). This

mechanism is important for the degradation reactive oxygen

species (ROS), which are formed by the algae through meta-

bolic processes and in response to different stressors (Cosse

et al. 2007). ROS can cause significant damage to the cell;

thus, microorganisms have developed defense systems to de-

toxify ROS in order to survive.

Furthermore, the cyanate degradation pathway was com-

plete or semicomplete in all bacteria except in strains 8BE, 8AC,

and 8AQ. Cyanate is a common compound in marine environ-

ments and may serve as both an energy source for marine

microbes (Palatinszky et al. 2015) as well as a potential source

of nitrogen (Kamennaya et al. 2008; S�aez et al. 2019). Whether

thispathwayalsoplaysaroleduringthe interactionsofmicrobes

with their algal host, for example, by enabling the microbes to

provide nitrogen to their host, remains to be tested.

Finally, most genomes analyzed encoded nearly complete

or complete pathways for production of B vitamins like biotin

(B7), folate (B9), riboflavin (B2), thiamine (B1), and pyridoxine

(B6) (fig. 1). They may thus be contributors of vitamin B for the

algal host, as has previously been suggested for diatom-

bacteria associations (Behringer et al. 2018). All in all, these

studied metabolic features highlight the possible contribu-

tions of the alga-associated bacteria to maintain host fitness

and survival.

Resource for Algal Microbiology GBE
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The genomic resources provided here constitute a valuable

resource for comparative genomic analyses and evolutionary

surveys of alga-associated bacteria and will allow us to

produce testable hypotheses about the molecular interactions

between the microbes and their host. They may, among other

uses, facilitate metabolic complementarity centered approach

as proposed by Dittami et al. (2014), to identify potential ben-

eficial interactions between the partners. They will also form

the bases for more targeted molecular approaches, for exam-

ple, gene knockouts or gene expression analyses once specific

interactions are being targeted in coculture experiments.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.

Acknowledgments

We appreciate the LABGeM (CEA/Genoscope & CNRS

UMR8030), the France G�enomique and French

Bioinformatics Institute national infrastructures (funded as

part of Investissement d’Avenir program managed by

FIG. 1.—Heatmap of representative secondary metabolite clusters, detoxification-, and vitamin biosynthetic genes in the studied bacterial genomes. The

dendrogram represents a whole-genome phylogeny, secondary metabolite gene clusters were predicted via AntiSMASH, detoxification genes were iden-

tified based on the MicroCyc database, and vitamin biosynthesis capacities were assess based on KEGG entries. The color code represents the number of

genes per cluster (secondary metabolites) or the proportion of genes found in a particular organism and pathway.

Resource for Algal Microbiology GBE

Genome Biol. Evol. 12(1):3647–3655 doi:10.1093/gbe/evz278 Advance Access publication December 16, 2019 3653

Deleted Text: e.g.
Deleted Text: -
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evz278#supplementary-data


Agence Nationale pour la Recherche, contracts ANR-10-INBS-

09 and ANR-11-INBS-0013) for their technical support within

the MicroScope annotation platform and thank to Sylvie

Rousvoal for help with DNA extractions.

This study was supported partially by the CNRS

Momentum call, the ANR project IDEALG [ANR-10-BTBR-04]

“Investissements d’Avenir, Biotechnologies-Bioressources,”

and the European Union’s Horizon 2020 research and inno-

vation Programme under the Marie Sklodowska-Curie grant

agreement [624575 (ALFF)]. The funders had no role in study

design, data collection and interpretation, or the decision to

submit the work for publication.

Author Contributions

E.K. participated in the conception and design of the study,

sample processing, genome sequencing and assembly, data

analysis, writing the manuscript. E.G. participated in the ge-

nome assembling, submission of genomes to MicroScope,

and helped with the preparation of the figures. H.K. partici-

pated in the isolation of bacteria and genome sequencing.

G.T. and E.L. both contributed to the sequencing of the

genomes. E.C. participated in the assembling protocol and

revision. S.M.D. participated in the conception and design

of the study, isolation of bacteria, genome assembly and writ-

ing the manuscript. All authors approved the final draft.

Literature Cited
Andrews S. 2010. FastQC: a quality control tool for high throughput se-

quence data. In: Babraham Bioinformatics. Cambridge: Babraham

Institute.

Bankevich A, et al. 2012. SPAdes: a new genome assembly algorithm and

its applications to single-cell sequencing. J Comput Biol. 19(5): 455–

477. doi:10.1089/cmb.2012.0021.

Behringer G, et al. 2018. Bacterial communities of diatoms display strong

conservation across strains and time. Front Microbiol. 9:659.

Blin K, et al. 2017. antiSMASH 4.0-improvements in chemistry prediction

and gene cluster boundary identification. Nucleic Acids Res.

45(W1):W36–W41.

Brodie J, et al. 2017. The algal revolution. Trends Plant Sci. 22(8):726–738.

Burgunter-Delamare B, et al. 2019. Metabolic complementarity between a

brown alga and associated cultivable bacteria provide indications of

beneficial interactions. bioRxiv 813683. doi:10.1101/813683.

Caspi R, et al. 2018. The MetaCyc database of metabolic pathways and

enzymes. Nucleic Acids Res. 46(D1):D633–D639.

Charrier B, et al. 2007. Development and physiology of the brown alga

Ectocarpus siliculosus: two centuries of research. New Phytol.

177(2):319–332.

Cock JM, et al. 2010. The Ectocarpus genome and the independent evo-

lution of multicellularity in brown algae. Nature 465(7298):617–621.

Cosse A, Leblanc C, Potin P. 2007. Dynamic defense of marine macroalgae

against pathogens: from early activated to gene-regulated responses.

In: Adv. Bot. Res. Academic Press. p. 221–266.

Croft MT, Lawrence AD, Raux-Deery E, Warren MJ, Smith AG. 2005.

Algae acquire vitamin B12 through a symbiotic relationship with bac-

teria. Nature 438(7064):90–93.

Dittami SM, et al. 2016. Host–microbe interactions as a driver of acclima-

tion to salinity gradients in brown algal cultures. ISME J. 10(1):51–63.

Dittami SM, Eveillard D, Tonon T. 2014. A metabolic approach to study

algal–bacterial interactions in changing environments. Mol Ecol.

23(7):1656–1660.

Dittami SM, et al. 2019. Revisiting Australian Ectocarpus subulatus

(Phaeophyceae) from the Hopkins River: distribution, abiotic environ-

ment, and associated microbiota. bioRxiv 821579. doi:10.1101/

821579.

Douglas AE, Werren JH. 2016. Holes in the hologenome: why

host–microbe symbioses are not holobionts. mBio 7(2):

e02099–02015.

Frioux C, Fremy E, Trottier C, Siegel A. 2018. Scalable and exhaustive

screening of metabolic functions carried out by microbial consortia.

Bioinformatics 34(17):i934–i943.

Gershenzon J, Dudareva N. 2007. The function of terpene natural prod-

ucts in the natural world. Nat Chem Biol. 3(7):408–414.

Kamennaya NA, Chernihovsky M, Post AF. 2008. The cyanate utilization

capacity of marine unicellular Cyanobacteria. Limnol Oceanogr.

53(6):2485–2494.

Kanehisa M, et al. 2008. KEGG for linking genomes to life and the envi-

ronment. Nucleic Acids Res. 36 (suppl_1):D480–D484. doi:10.1093/

nar/gkm882.

KleinJan H, Jeanthon C, Boyen C, Dittami SM. 2017. Exploring the culti-

vable Ectocarpus microbiome. Front Microbiol. 8:2456. doi:10.3389/

fmicb.2017.02456.

Klemetsen T, et al. 2018. The MAR databases: development and imple-

mentation of databases specific for marine metagenomics. Nucleic

Acids Res. 46(D1):D692–D699.

Koru E. 2013. Seaweeds for food and industrial applications. In:

Muzzalupo I, editor. IntechOpen. p. 735–748.

Li R, et al. 2010. De novo assembly of human genomes with massively

parallel short read sequencing. Genome Res. 20(2):265–272.

Li Y-H, Tian X. 2012. Quorum sensing and bacterial social interactions in

biofilms. Sensors (Basel) 12(3):2519–2538.

Nasrolahi A, Stratil SB, Jacob KJ, Wahl M. 2012. A protective coat of

microorganisms on macroalgae: inhibitory effects of bacterial biofilms

and epibiotic microbial assemblages on barnacle attachment. FEMS

Microbiol Ecol. 81(3):583–595.

Netzker T, et al. 2015. Microbial communication leading to the activation

of silent fungal secondary metabolite gene clusters. Front Microbiol.

6:299. doi:10.3389/fmicb.2015.00299.

Paix B, Othmani A, Debroas D, Culioli G, Briand J-F. 2019. Temporal co-

variation of epibacterial community and surface metabolome in the

Mediterranean seaweed holobiont Taonia atomaria. Environ

Microbiol. 21(9):3346–3363.

Palatinszky M, et al. 2015. Cyanate as an energy source for nitrifiers.

Nature 524(7563):105–108.

Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. 2015.

CheckM: assessing the quality of microbial genomes recovered from

isolates, single cells, and metagenomes. Genome Res.

25(7):1043–1055.

Pedersen M. 1968. Ectocarpus fasciculatus: marine brownalga requiring

kinetin. Nature 218:776.

Peters AF, Marie D, Scornet D, Kloareg B, Mark Cock J. 2004. Proposal

of Ectocarpus siliculosus (Ectocarpales, Phaeophyceae) as a model

organism for brown algal genetics and genomics. J Phycol.

40(6):1079–1088.

Raja A, Vipin C, Aiyappan A. 2013. Biological importance of marine

algae—an overview. Int J Curr Microbiol Appl Sci. 2:222–227.

Reasoner DJ, Geldreich EE. 1985. A new medium for the enumeration and

subculture of bacteria from potable water. Appl Environ Microbiol.

49(1):1–7.

Richter M, Rossell�o-M�ora R, Oliver Glöckner F, Peplies J. 2016. JSpeciesWS:
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