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Like most eukaryotes, brown algae live in association with bacterial communities that frequently have
beneficial effects on their development. Ectocarpus is a genus of small filamentous brown algae,
which comprises a strain that has recently colonized freshwater, a rare transition in this lineage. We
generated an inventory of bacteria in Ectocarpus cultures and examined the effect they have on
acclimation to an environmental change, that is, the transition from seawater to freshwater medium.
Our results demonstrate that Ectocarpus depends on bacteria for this transition: cultures that have
been deprived of their associated microbiome do not survive a transfer to freshwater, but restoring
their microflora also restores the capacity to acclimate to this change. Furthermore, the transition
between the two culture media strongly affects the bacterial community composition. Examining a
range of other closely related algal strains, we observed that the presence of two bacterial operational
taxonomic units correlated significantly with an increase in low salinity tolerance of the algal culture.
Despite differences in the community composition, no indications were found for functional
differences in the bacterial metagenomes predicted to be associated with algae in the salinities
tested, suggesting functional redundancy in the associated bacterial community. Our study provides
an example of how microbial communities may impact the acclimation and physiological response of
algae to different environments, and thus possibly act as facilitators of speciation. It paves the way for
functional examinations of the underlying host–microbe interactions, both in controlled laboratory
and natural conditions.
The ISME Journal (2016) 10, 51–63; doi:10.1038/ismej.2015.104; published online 26 June 2015

Introduction
Brown algae belong to the stramenopile lineage, a
group of eukaryotes that has evolved independently
of plants, animals and fungi for over one billion years
(Cock et al., 2011). Among brown algae, Ectocarpus
is a cosmopolitan genus of small filamentous species
with a long history of research (Charrier et al., 2008)
and has recently been established as a genomic and
genetic model for this lineage (Peters et al., 2004;
Cock et al., 2010). One of the particularities of
Ectocarpus is its high capacity to acclimate to
different environments, which has led to the development of a range of new approaches to study stress
tolerance in this organism (for example, Dittami
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et al., 2009; Ritter et al., 2010; Tonon et al., 2011;
Billoud et al., 2014). A key advantage of Ectocarpus
for this type of study is that a number of different
strains and ecotypes with different tolerance ranges
towards abiotic factors are available. Particularly
high tolerance ranges were observed with respect to
salinity: while most Ectocarpus isolates are marine,
at least one strain was isolated from a true freshwater
habitat at Hopkins River Falls, Australia (West and
Kraft, 1996). This freshwater strain (strain 371) is
able to grow in both freshwater and seawater,
adjusting its metabolism and cell wall structure to
the corresponding conditions (Dittami et al., 2012;
Meslet-Cladière et al., 2013; Torode et al., 2015).
In addition, Ectocarpus strains related to the
freshwater strain based on their internal transcribed
spacer sequences, have been found in other ‘extreme’
environments, such as on driftwood, or in areas of
highly variable temperature (Bolton, 1983). The
transition from marine environments to freshwater
is a particularly rare event in brown algae, and only
about 1% of brown algal species have colonized this

Brown algal phycosphere impacts algal acclimation
SM Dittami et al
52

habitat (Bold and Wynne, 1985). Although the exact
taxonomic position of the freshwater strain and
its relatives remains to be established, they do
not belong to the genome-sequenced Ectocarpus
siliculosus but constitute a sister species (Dittami
et al., 2011) that has separated from E. siliculosus
roughly 16 million years ago (Dittami et al., 2012).
So far, studies of acclimation to environmental
changes in Ectocarpus, and in algae in general, have
dealt primarily with the algae themselves, but very
little is known about the reaction of the associated
microbiome in response to these changes. Most,
if not all, eukaryotes (including Ectocarpus)
have evolved complex interactions with bacteria
(Zilber-Rosenberg and Rosenberg, 2008). There are
several examples where algal–bacterial associations
benefit algal hosts, and have become an integral part
of their biology (see Goecke et al., 2010; Hollants
et al., 2013 for recent reviews): epi- and endophytic
bacteria, for instance, are known to provide nitrate
(Chisholm et al., 1996) or vitamins (Croft et al., 2006)
to their hosts, thus increasing their fitness. Within
the Ectocarpales, an absolute dependence on
bacteria has been observed in E. fasciculatus as well
as Pylaiella littoralis, both of which do not develop
properly in axenic conditions, although algal growth
can be restored by addition of the cytokinin kinetin
to the culture medium (Pedersén 1968,1973).
In E. siliculosus, an uncultured bacterium closely
related to the order of Rhizobiales, and tentatively
named Candidatus ‘Phaeomarinobacter ectocarpi’, is
suspected to provide cytokinins as well as other
compounds to the alga (Dittami et al., 2014a).
Here, we first generate a census of bacteria found
in laboratory cultures of Ectocarpus, and then use
one example (strain 371) to re-examine acclimation
to low salinities focusing this time on the algal
phycosphere. We show that, even in closed laboratory systems, bacterial community composition was
clearly affected by changes in the culture conditions,
and that the presence of bacteria positively affected
the capacity of algae to acclimate to changing
salinities. This underlines the importance of integrative approaches that consider both host and
microbial symbionts to understand adaptation and
acclimation in eukaryotes.

Materials and methods
Overview of experimental setup

Two sets of experiments were carried out (Figure 1).
A first set aimed to generate a census of the bacterial
flora associated with 21 strains of Ectocarpus from
different geographic origins, all cultured in standard
seawater medium (SWM). It considered both bacteria
attached to the alga and bacteria found in the culture
medium, and was used to search for factors that
correlated with low salinity tolerance in these
strains. The second set of experiments focused on
the freshwater strain 371, and examined the
The ISME Journal

influence of the presence or absence of bacteria on
the salinity tolerance of this strain, as well as the
effect of acclimation to low salinity on the bacterial
flora attached to the alga.
Culture conditions and acclimation experiments

All 21 examined strains of Ectocarpus (Table 1) were
obtained from BEZHIN ROSKO (http://www.bezhin
rosko.com), and maintained in SWM or diluted
SWM (DSWM) in 140 mm Petri dishes in a culture
room at 13 °C. Seawater was collected offshore at
Roscoff (48°46’40’’N, 3°56’15’’W), 0.45 μm filtered,
diluted 1:20 with distilled water for DSWM and
autoclaved. Both media were then enriched with
autoclaved Provasoli nutrients (Starr and Zeikus,
1993), comprising sources of nitrate (270 μM), phosphate (glycerophosphate 15 μM), vitamins (vitamin
B12 0.5 nM, thiamine 97 nM and biotin 1.4 nM) and
trace metals (boron 31 μM, iron 3 μM, manganese
1.6 μM, zinc 127 nM, cobalt 28 nM). Light was provided at a photon flux density of 40 μmol m − 2 s − 1 for
12 h per day. All cultures were handled under
laminar flow hoods, limiting their exposure
to bacteria not present at the time of isolation. To
determine the capacity of the 21 examined strains to
acclimate to low salinity, cultures were transferred
directly from SWM to DSWM, and their growth was
monitored for 5 weeks. These experiments were
carried out in biological triplicates. In parallel, 16S
metabarcoding experiments were performed with all
of these strains in SWM as described below. DNA
from two replicate cultures was pooled and
sequenced together. Each of these pools was considered as one independent replicate for which both
algal and medium samples were examined.
For strain 371, which was originally isolated from
freshwater (West and Kraft, 1996), freshwater tolerance experiments were carried out not only with
standard non-antibiotic-treated cultures (I), but also
with antibiotic-treated cultures (II), as well as
antibiotic-treated cultures inoculated with 0.1% of
medium from non-treated cultures of strain 371 (III),
antibiotic-treated cultures inoculated with 0.1% of
medium from non-treated cultures of the purely
marine strain 32 (IV) and antibiotic-treated cultures
inoculated with 0.1% of sterile (autoclaved) medium
from non-treated cultures of strain 371 (V). Both
antibiotic-treated (VI) and non-treated cultures (VII)
were also transferred to fresh SWM as control.
Antibiotic-treated cultures inoculated with medium
from non-treated cultures were incubated under
standard conditions (SWM) for 1 week prior to
transferring algae to DSWM. Algal quantum yield
(Fv/Fm), a fluorometric marker for the efficiency of
photo system II, was determined 1 week after the
transfer using a Walz Phyto-pulse amplitude modulation fluorometer (Walz, Effeltrich, Germany) and
default parameters (Dittami et al., 2009). As this
procedure incurred a risk of contamination with
bacteria, separate cultures were used for these
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a

21 Ectocarpus strains

a1) How does low salinity tolerance vary between strains?
Experiment

Transfer culture from SWM to DSWM (3 replicates)
Analysis

Qualitative assessment of growth after 5 weeks

a3) What factors and
bacterial OTUs (if any) are
related to DSWM
tolerance?
Analysis

a2) Which bacteria are found in cultures of Ectocarpus sp.?
… in the medium?
… directly associated
with the alga?

Experiment

Correlation network of algal
characteristics and OTUs

16S metabarcoding (2
pooled replicates each,
only SWM)

Analyses (each strain is considered an independent replicate)

• Taxonomic comparison medium/alga
• Functional comparison medium/alga using
predicted metagenomes (PICRUSt)

b

Detailed analysis of strain 371 (freshwater strain)

b1) Do bacteria influence low salinity tolerance?
Experiment

Transfer cultures of strain 371 that have lost or regained their bacterial flora from SWM
to DSWM (3 replicates)
Analysis

Qualitative assessment of growth after 5 weeks

b2) What effect does acclimation to low salinity have on the bacteria associated with the alga?
Experiment

16S metabarcoding of 3 replicate cultures in SWM and in DSWM respectively (only
alga-associated bacteria)
Analysis

• Taxonomic comparison between bacterial flora in SWM / DSWM
• Functional comparison predicted metagenomes in the two conditions (PICRUSt)

Figure 1 Overview of the experimental setup. The two main experiments (a and b) are highlighted in gray, main scientific questions in
blue and corresponding experiments and analyses in green and red, respectively.

measurements and only one time point was sampled.
These experiments were carried out in biological
triplicates. Metabarcoding for strain 371 was
performed in both SWM and DSWM (biological
triplicates for algal samples, Table 1), and cultures
were grown in the respective medium for at least
2 months prior to sampling.

contrast). Random cultures were also selected for
DAPI staining or for plating on Zobell medium.
Filaments without detectable contamination were
transferred to autoclaved (diluted) seawater without
added Provasoli nutrients for 2 weeks, and then kept
in SWM or DSWM for at least 4 weeks to allow algae
to recover from the treatment. Only SWM, but not
DSWM cultures, survived these treatments.

Antibiotic treatments

Approximately 25 small algal filaments from either
SWM or DSWM were placed in 90 mm Petri dishes
with solid Zobell medium (Zobell, 1941) and antibiotic discs (Ampicillin 10 μg, Chloramphenicol
30 μg, Ciprofloxacin 5 μg, Erythromycin 15 μg,
Kanamycin 30 μg, Penicillin G 10 μg, Polymyxine
PB 50 μg, Rifampicin 30 μg, Tetracycline 30 μg and
Vancomycin 30 μg). The Petri dishes were then
incubated for 4 weeks in the aforementioned culture
conditions, and the absence of bacterial contaminants
verified microscopically (×800 magnification, phase

16S metabarcoding experiments and prediction of
microbial metagenomes

Metabarcoding experiments were carried out as
described in Supplementary File S1 for all
samples listed in Table 1. Bacterial 16S V3-V4
rRNA gene sequences were amplified following
Caporaso et al. (2012) (Supplementary Figure S2)
and using the primers given in Supplementary
Table S3. Approximately 5 × 106 pairs of raw sequence
reads were generated on the Illumina (San Diego,
CA, USA) MiSeq platform and processed as
The ISME Journal
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371

Bft 1a
Bft 15b
Par 10b
PAr 10n_2
PAr 27a
PAr 1027
Tam 2b
Tam 12b
Tam 18b
Tam 19c
Grh 6c
Kal 1c
Bri_1
Bri_3
DEV11_1a
Ter11_1
Ter11_2
Rsa001
Rsa002
Ec32b

Beaufort, USA
Beaufort, USA
Port Aransas, USA
Port Aransas, USA
Port Aransas, USA
Port Aransas, USA
Tampa, USA
Tampa, USA
Tampa, USA
Tampa, USA
Grinhigen, SW
Killvik, SW
Pill, UK
Pill, UK
Kingsbridge, UK
Terenez, FR
Terenez, FR
Muizenberg, RSA
Muizenberg, RSA
San Juan de Marcona, Peru

Hopkins River, AUS

Origin

1978
1978
1978
1978
1978
1978
1978
1978
1978
1978
1979
1979
2008
2008
2011
2011
2011
2004
2004
1988

1995

Year

DG Müller
DG Müller
DG Müller
DG Müller
DG Müller
DG Müller
DG Müller
DG Müller
DG Müller
DG Müller
DG Müller
DG Müller
AF Peters
AF Peters
AF Peters
AF Peters
AF Peters
D Schroeder
D Schroeder
AF Peters

J West

Isolator

FR668733
FR668734
FR668791
FR668792
FR668795
unpublished
FR668803
FR668804
FR668805
FR668806
FR668907
FR668909
unpublished
unpublished
unpublished
unpublished
unpublished
unpublished
unpublished
genome

FR668844

ITS accession

SWM
DSWM
SWM
SWM
SWM
SWM
SWM
SWM
SWM
SWM
SWM
SWM
SWM
SWM
SWM
SWM
SWM
SWM
SWM
SWM
SWM
SWM

Culture
medium

Yes
Yes
No
No
No
Yes
Yes
No
Yes
No
Yes
C.d.
C.d.
Yes
Yes
Yes
No
No
Yes
Yes
Yes
C.d.

Growth in
DSWM

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

No.
samples
0.15
0.18
0.34
0.14
0.50
0.14
0.20
0.35
0.53
0.37
0.27
0.24
0.17
0.65
0.37
0.17
0.43
0.27
0.20
0.31
0.13
0.18

Dsim

43
95
39
76
51
72
53
69
51
56
85
59
40
64
56
54
49
61
68
52
58
56

No.
OTUs

Culture medium

3
3
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

No.
samples

0.13-0.16
0.13-0.18
0.19
0.33
-c
0.12
0.12
0.27
0.22
0.50
0.27
0.20
0.39
0.16
0.70
0.13
0.21
0.17
0.09
0.70
-c
0.17

Dsim

Alga

74-84
71-80
61
53
19c
48
54
59
67
52
33
67
39
59
68
60
60
60
33
35
31c
59

No. OTUs

54

Abbreviations: DSWM, diluted seawater medium; f, female strain; ITS, internal transcribed spacer; m, male strain; OTU, operational taxonomic unit; sp, heterozygous sporophytes; SWM, seawater
medium. The capacity of a strain to grow in DSWM was determined in a separate experiment with three biological replicates. ‘C.d.’ = cell death, that is, cultures showed clear bleaching after 5 weeks
of exposure.
a
This strain is likely to represent a species different from the remaining strains, despite high phenotypic similarity.
b
This strain is the genome-sequenced purely marine strain of E. siliculosus.
c
For these samples, less than 7891 sequences were obtained and no diversity-index was calculated.

Sex

Name

Table 1 List of algal strains and samples used for 16S metabarcoding experiments.
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outlined in Supplementary Figure S4. We used the
Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt)
suite (Langille et al., 2013) to obtain an overview
of the genomic and metabolic features represented
by the bacterial communities in our samples. In this
analysis, the mean Nearest Sequenced Taxon
Index, calculated by PICRUSt to provide a reliability estimation of the metagenome predictions,
was in a normal range for all samples (0.08 ± 0.03
(s.d.), see Langille et al., 2013).

were generated using all correlations with Po0.001,
a threshold corresponding to a false discovery rate of
3.4% according to Benjamini and Hochberg (1995).
The resulting network was visualized using Cytoscape 3, and highly connected clusters identified
using the MCODE plugin version 1.4.0.beta2 (Smoot
et al., 2011).
Direct taxonomic comparisons of the microbial
composition in the three replicate samples of strain
371 in SWM and in DSWM were carried out using
t-tests as described for algal and medium samples
above, except that samples were considered
independent.

Statistical analyses and diversity assessment

All samples were subsampled to contain the same
number of sequences after cleaning (7891), and
samples with insufficient sequence coverage
removed from the dataset (Table 1). To identify
groups of similar samples, the Bray-Curtis index was
used as a dissimilarity measure and non-metric
multidimensional scaling (NMDS) of all data points
was carried out. In addition, separate NMDS
analyses were performed for only algal and only
medium samples, and both NMDS plots subjected to
a Procrustes comparison. These analyses were
performed in R v2.15.2 (R Core Team, 2014), using
the vegan 2.0–9 package (Oksanen et al., 2013).
To identify systematic differences in the taxonomic composition of algal and medium samples,
we removed rare sequences (o 10 occurrences), then
normalized counts using the total number of reads,
and log2(x+1)-transformed the dataset to resemble a
normal distribution. Each strain was considered as a
biological replicate, and paired t-tests were carried
out using STAMP 2.0 (Parks and Beiko, 2010).
A Benjamini Hochberg correction for multiple testing was applied, limiting the overall false discovery
rate to 5% (Benjamini and Hochberg, 1995). The
same procedure was also used to compare functional
KEGG categories inferred for each sample by
PICRUSt (Langille et al., 2013).
Local bacterial diversity was assessed using
Simpson’s diversity index Dsimpson as calculated
by mothur (Schloss et al., 2009). This index
constitutes a robust measure of alpha-diversity that
is biased towards the most abundant species, where
0 indicates maximal diversity and 1 indicates
complete dominance by a single species or operational taxonomic unit (OTU) (Magurran, 2004).
Kendall correlations between the abundance
of OTUs as well as other characteristics of the
samples, namely year of isolation of the culture, life
cycle stage (1 = homozygous gametophyte or parthenosporophyte, 2 = heterozygous sporophyte, see
Charrier et al., 2008), capacity to grow in DSWM
5 weeks after transfer (1 = visible growth, 0 = no
growth, − 1 = bleaching/cell death), sample type
(alga or medium) and diversity index, were
calculated using the PAleontological STatistics
software (PAST) version 3.01 (Hammer et al., 2001).
Correlation networks across the different samples

Data deposition

All custom scripts used in this study are available
at http://sdittami.altervista.org/16Stools/. Raw Illumina
reads were deposited at the European Nucleotide
Archive under project accession number PRJEB5542.

Results
Each Ectocarpus strain has its unique microbiome

Using 16S metabarcoding, we examined how bacterial
composition varied across different cultures of
Ectocarpus, and which bacteria were attached to
the algae or found in the medium. After data
processing (Supplementary Figure S4), 1.8 million
bacterial 16S rRNA gene reads with an average of
37 124 ± 18 496 (s.d.) sequences per sample were
obtained, corresponding to 438 OTUs at an
identity threshold of 97%, with 33 to 85 OTUs per
sample (Table 1). Intra-sample rarefaction curves
(Supplementary Figure S5) were close to saturation,
while inter-sample curves still increased when
examining all 21 selected strains, indicating that
the bacterial communities of algal strains differed
with respect to the individual bacterial taxa found.
On average, each algal strain contained 3.8 unique
OTUs (that is, OTUs not found in other strains). Only
a single OTU (identified as Roseobacter) was found
in all algal samples, and three OTUs (Marinobacter,
Alteromonas and a member of the OCS116 clade)
were found in all medium samples (Supplementary
Table S6). The taxonomic composition on higher
levels (phylum to order), however, was similar
across all samples. A vast majority of OTUs (92%
in medium samples, 87% in algal samples) were
identified as Proteobacteria (essentially Alphaand Gammaproteobacteria), and the remaining
sequences belonged almost exclusively to the
phylum Bacteroidetes (Figure 2). No archaebacterial
sequences were found in any of our samples, an
observation that may at least partially be related to
the fact that our primers targeted mainly eubacteria,
and were predicted to amplify only ca. 60% of
known archaebacterial species.
A comparison of dissimilarities between samples
showed a rather homogenous distribution of strains
and sample types, although we observed the
The ISME Journal
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Figure 2 Taxonomic distribution at the class and order levels of bacteria associated with the examined Ectocarpus strains (a) attached to
the algae and (b) found in the culture medium. * indicates other or unknown bacteria. See Supplementary Table S6 for the complete
dataset.

triplicates of strain 371 in DSWM and SWM to form
two distinct groups, reflecting the reproducibility of
the experiments (Figure 3). There was a group of
several algal samples isolated from Tampa, and
microbial communities of all DSWM samples (both
associated with the algae and found in the medium)
could be separated from SWM samples. In a few but
not all cases (especially Tam12b, Bft1a, Grh6c, 32,
Ec243 and Ec244), samples corresponding to the
medium were found not far from the algal samples,
but a Procrustes analysis of NMDS plots generated
separately for algal and medium samples revealed
that this was not a significant general trend (r = 0.38,
P = 0.12).

To further explore the observed absence of a clear
separation of algal and medium samples in the
NMDS plots, we performed direct comparisons of the
two sample types on an OTU basis by paired t-tests
using the different strains as biological replicates.
Although our data show quantitative differences in
the relative representation of OTUs in each strain,
the low overlap between the bacterial communities
of the 21 algal strains entails that these differences
were usually strain-specific and thus not statistically
significant. Moreover, qualitatively (that is, with
respect to the mere presence or absence of OTUs),
algal and medium samples of each strain were highly
similar (Supplementary Table S6), reflecting the fact
that algae and culture medium were in direct
physical contact.
Despite the lack of a general pattern at the level of
individual OTUs, we observed significant general
differences between alga-attached and free-living
bacteria on higher taxonomic levels across all 21
strains. As shown in Figure 2, Rhizobiales were ca.
The ISME Journal

Tam2b

Tam12b
Bft1a

Par1027

371(SWM)

Tam2b
Kal1c

Tam18b

Tam19c

Tam18b

371(DSWM)

Bft15b
Par1027

Bft1a

Grh6c
Grh6c
Par27a
Par10n2
Bri3
Par10n2
Ec242

Par10b
Tam19c

Bri1
371(DSWM)
32

Par27a

RSA001

Ec244

Ec243

371(SWM)
RSA002

Ec242
Bri1

Stress=0.26

32

Ec243

Bft15b
Ec244

Differences between alga-attached and free-living
bacteria

RSA001

Tam12b

Bri3
Kal1c

Figure 3 NMDS analysis displaying the Bray–Curtis dissimilarity
between bacterial communities from algal and medium samples.
Solid black dots refer to algal samples, while gray outlined dots
with labels in italics refer to medium samples. All data were
resampled to contain 7981 reads per sample; two algal samples
with low read coverage (RSA002 and Par10b) were discarded.

sevenfold more abundant attached to the algae,
while Rhodospirillales were 13-fold more abundant
in the medium. Moreover, an analysis of the
predicted metabolic capacities encoded by the
bacterial communities attached to algae and by
free-living bacteria in the culture medium revealed
a number of systematic differences (Figure 4). On a
high hierarchical level (that is, KEGG level 2 in
PICRUSt), membrane transport and biosynthesis of
secondary compounds were predicted to be significantly more represented in alga-associated bacteria,
while cell motility and several KEGG terms related to
signaling and repair were predicted to be more
represented in free-living bacteria. Specific examples

Brown algal phycosphere impacts algal acclimation
SM Dittami et al
57

Basic KEGG terms

Higher level KEGG terms

Relative abundance of KEGG terms in algal samples
Medium

Alga

Cell Motility
Signal Transduction
Glycan Biosynthesis and Metabolism
Folding, Sorting and Degradation
Replication and Repair
Cellular Processes and Signaling
Biosynthesis of Other Secondary Metabolites
Membrane Transport
Flagellar protein FliS
Disulfide bond formation protein DsbB
Transcription elongation factor GreB
Phosphatidylglycerophosphatase A [EC:3.1.3.27]
Methyl-accepting chemotaxis protein
ADP-ribose pyrophosphatase [EC:3.6.1.13]
Hypothetical protein
Lipoprotein
tRNA-dihydrouridine synthase B
UPF0042 nucleotide-binding protein
Homocysteine methyltransferase [EC:2.1.1.14]
Rod shape-determining protein MreD
Mannose-1-phosphate guanylyltransferase [EC:2.7.7.13]
Protease I [EC:3.2.-.-]
2-isopropylmalate synthase [EC:2.3.3.13]
NADP-dependent aldehyde dehydrogenase [EC:1.2.1.4]
Glucuronate isomerase [EC:5.3.1.12]
Cell cycle response regulator CpdR
Pilus assembly protein CpaD
Cell cycle sensor histidine kinase DivJ [EC:2.7.13.3]
6-phosphogluconate dehydrogenase [EC:1.1.1.44]
Localization factor PodJL
D-threo-aldose 1-dehydrogenase [EC:1.1.1.122]
L-rhamnose mutarotase [EC:5.1.3.-]
L-seryl-tRNA(Ser) seleniumtransferase [EC:2.9.1.1]
Type VI secretion system protein ImpA
20%

30%

40%

50%

60%

70%

80%

Figure 4 KEGG categories predicted to be differentially represented in bacterial communities found attached to the algae or free-living in
the algal culture medium (false discovery rateo5%). Bars represent the relative abundance of a KEGG term in bacterial communities
attached to the algae divided by its mean relative abundance in algal and medium samples (mean of 21 strains ± s.e.). For example, 0%
would denote a KEGG term predicted only in genomes of free-living bacteria, 100% a KEGG term predicted only in bacteria directly
associated with the algae, and 50% a KEGG term predicted to be equally represented in both sample types. Metagenomes were inferred
using PICRUSt.

for this are proteins belonging to Type VI secretion
systems (bacteria associated with algae) and flagellar
proteins (free-living bacteria).
The abundance of selected OTUs correlated with other
algal and bacterial characteristics, including the
strains’ capacity to grow in low salinity

We built an association network to identify and
visualize groups of OTUs from the 21 strains, the
presence of which was significantly correlated
(Kendall correlations, Po0.001, Figure 5a). This
revealed two clusters of highly correlated OTUs in
the network, the first (Figure 5b) comprising OTUs
most abundant in strain 371 and in algal strains
isolated from Tampa (Florida), and the second
(Figure 5c) comprising OTUs characteristic for
cultures originating from Port Aransas and Tampa.
In addition to OTUs, we also observed three
characteristics of the algal culture to be correlated,
namely year of isolation, life cycle stage and capacity
to grow in DSWM (Figure 5 and Table 1). Notably,

sporophyte cultures (heterozygous phase) generally
had a higher chance of tolerating a transfer from
SWM to DSWM; at the same time, no clear links
between freshwater tolerance and the origin of the
21 strains could be established. Furthermore, the
presence of some OTUs was correlated with certain
characteristics of the algal culture (Figure 5d). For
instance, the presence of Haliea sp. and of an
unclassified member of the Sphingomonadales was
positively correlated with the capacity of cultures to
grow in DSWM, and only three OTUs, Maricaulis,
Gaetbulicola and Roseovarius, were significantly
impacted by the age of the culture and most
abundant in recently collected strains (2004–2011).
The overall bacterial diversity found in our cultures,
however, was not significantly correlated with either
the age of the culture or its capacity of survival in
low salinities and only one member of the Hoflea
group (OTU0001) was found to be more abundant in
communities with high diversity.
Lastly, three OTUs, two Sphingomonas and one
Acinetobacter, were more frequently found attached
The ISME Journal
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Figure 5 Correlation networks of OTUs (blue) and alga-related factors (yellow). Blue edges represent significant (Po0.001; false
discovery rateo3.4%) positive correlations (Kendall-tau), red edges significant negative correlations. Panel a represents an overview of the
network; panels b and c represent tightly connected groups as identified using the MCODE plugin in Cytoscape; panels d and e show subnetworks containing only the direct neighbors of selected alga-related factors; ‘n. c.’ = non cultivated.

to Ectocarpus, while three others (Croceibacter,
Thalassospira and an unclassified Alphaproteobacterium) were more abundant in the culture medium
(Figure 5e).
Bacteria facilitate algal growth under low salinities, but
are impacted by changes in salinity

In our experiments focusing on strain 371 (Figure 1,
part b), that is, the strain originally isolated from
freshwater, we found that DSWM tolerance depended
on the presence of bacteria in the culture medium:
this strain did not survive antibiotic treatments when
cultured in DSWM, and cultures treated with
antibiotics in SWM did not survive the transfer to
DSWM, even after several weeks of recovery. The
The ISME Journal

only way we have found so far to re-establish the
capacity of antibiotic-treated cultures of strain 371 to
acclimate to DSWM was to inoculate them with a
small quantity (that is, we tested 0.001 × volume) of
culture medium from non-antibiotic-treated cultures
(Figure 6a). The identity of the non-treated culture
was important: medium from a purely marine strain
of E. siliculosus, strain 32, did not restore growth,
whereas medium from the freshwater strain 371 did.
Furthermore, sterilizing the medium of xenic strain
371 by autoclaving prior to inoculation removed the
beneficial effect on DSWM tolerance. Finally, inoculating cultures of the marine strain 32 with medium
from strain 371 did not result in DSWM-tolerant
cultures of strain 32 (not shown). These results
were confirmed by Fv/Fm measurements, which
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strain 32

Sterile med.
strain 371
Fresh SWM

Transfer to DSWM (day 0)

0 days

3 weeks

5 weeks

0.8

a

a

c

ac

Fv/Fm

0.6
0.4
0.2

b

b

b

0

Figure 6 (a) Growth of cultures of strain 371 after different treatments and transfer from SWM to DSWM. ‘Medium strain 371’, ‘Medium
strain 32’ and ‘Sterile med. strain 371’ refer to the inoculation of the antibiotic-treated culture of strain 371 with 0.1% (v/v) of medium
from non-treated cultures of strains 371 and strain 32, respectively, where strain 32 is a purely marine strain of Ectocarpus and ‘sterile’
medium was autoclaved prior to inoculation. All experiments were carried out in triplicates and yielded highly similar results, but only
one replicate is shown here. Differences in morphology between algae cultivated in DSWM and SWM have been previously described
(Dittami et al., 2012), and may be related to the described differences in the bacterial phycosphere. (b) Quantum yield (Fv/Fm) of cultures
kept under identical conditions as in panel a, 1 week after the transfer to fresh medium. Means with different letters are significantly
different (Tukey’s HSD, Po0.05). Fv/Fm is a measure of photosystem II efficiency and rapidly decreases in response to stress.

were in a normal range (0.4–0.7) for growing cultures
and o0.1 for cultures that did not exhibit growth
(Figure 6b).
After having shown that bacteria have an effect on
the capacity of algae to acclimate to DSWM, we were
interested in the effect of algal acclimation to DSWM
on the bacterial community. We therefore carried out
a direct comparison of the relative composition of
the community associated with strain 371 grown in
SWM and DSWM (Figure 7). While numerous
differences were observed at the genus level, most
higher-level taxonomic groups were nearly equally
abundant in both conditions. Exceptions here
were Flavobacteria (in particular Owenweeksia)
and Alteromonadales (especially Marinobacter and
Alteromonas), which were both most abundant in
SWM. The dominant genus in DSWM was Stappia
sp., which accounted for 30.4% of the sequences in
this condition. Interestingly, both OTUs positively
correlated with growth in freshwater in the 21
examined strains (see Figure 5d), that is, Otu0056
(a non-classified member of the Spingomonadales)
and Otu0059 (Haliea, Alteromonadales), did not
exhibit significant differences in abundance between

SWM and DSWM. In contrast to these taxonomic
variations, a direct comparison of the KEGG categories associated with the bacterial communities in
the two conditions did not reveal any significant
differences (data not shown).

Discussion
It is well-established that seaweeds live in association with bacteria and other microbes, several of
which have positive effects on algal growth and
development (Wahl et al., 2012; Egan et al., 2013),
and some seaweeds have been suspected to actively
select specific bacterial communities (for example,
Staufenberger et al., 2008). However, very little is
known about these effects under changing environmental conditions and in small filamentous algae
such as the brown algal model Ectocarpus. Here, we
examined the bacterial communities associated with
laboratory cultures of Ectocarpus and their behavior
during the acclimation to a drastic environmental
change: the transition from seawater to freshwater
medium.
The ISME Journal
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Figure 7 Bacterial community composition associated with algae of strain 371 grown in DSWM and SWM. Taxonomic groups
significantly overrepresented in DSWM or SWM (false discovery rateo5%, n = 3) are highlighted in yellow or blue, respectively. Only
taxonomic groups represented by at least 10 sequences were considered.

Conserved trends in phycospheres across lineages

The recruitment of plant microbiomes is thought to
be governed by a combination of random processes
(Hubbell, 2001) and selective properties related to
the niche (Peterson et al., 2011), analogous to the
competitive lottery model proposed for the colonization of coral reefs (Sale, 1979). Corresponding
observations have been made, for example, during
the formation of the phyllosphere in Arabidopsis
The ISME Journal

(Maignien et al., 2014) or in biofilms on green algae
(Burke et al., 2011). In both cases, strong taxonomic
differences were observed between samples and over
time, but functional equivalency of the bacterial
communities was suspected within the pool of
bacteria with the necessary properties to colonize
the niche (referred to as guild). Our observations in
laboratory cultures of Ectocarpus are consistent with
this model: on a species or genus level, the
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composition of bacteria between algal cultures was
highly variable, supporting the presence of random
processes. However, compared with free-living
bacteria in the medium, the genomes of bacteria
predominantly attached to algae were enriched
notably in membrane transport and secondary
metabolism, and impoverished with respect to cell
mobility. Although these comparisons were based
purely on predictions made from 16S rRNA gene
sequences, several of the observations are plausible:
flagellar proteins, which were predicted to be less
abundant in our algal samples, for example, are
usually downregulated during biofilm formation
(Guttenplan and Kearns, 2013), and may even be
dispensable (Deligianni et al., 2010), while Type VI
secretion systems, which were predicted to be more
abundant in our algal samples, are transmembrane
transporters frequently involved in pathogenesis but
also suspected to function in other biotic interactions
with hosts (Coulthurst, 2013). Thus, although the
predicted overrepresented functional categories
need to be interpreted with caution, we nevertheless
consider our analysis to provide a good indication
for the existence of functional enrichments in our
system. This supports the existence of a guild of
bacteria suitable to live in association with Ectocarpus,
at least in a culture environment. Interestingly, as in
field samples of Ulva (Burke et al., 2011), this guild
comprised mainly alpha- and gammaproteobacteria,
which together represented 91% of all sequences in
our samples—far more than the approximately
50–70% typical for marine bacterioplankton
(Pommier et al., 2007; Zinger et al., 2011).
These findings are important for three reasons.
First, they suggest a high degree of convergence with
respect to mechanisms governing algal–bacterial
interactions in different systems: competitive lottery
models may be applied to explain observations
across different phyla (from the green lineage to
stramenopiles), and in algae of different levels of
morphological complexity. Second, traces of these
mechanisms can still be detected in laboratory
cultures that have been isolated from their natural
environment for 2 to 35 years. This implies that
the laboratory model Ectocarpus does not only
provide a controlled platform that can be manipulated to gain functional understanding of the system,
but that the forces governing bacterial recruitment
in these cultures may still be similar to those
encountered in the field. Lastly, these findings have
consequences for our understanding of the biology of
Ectocarpus cultures, which are discussed in the
section below.
Acclimation of Ectocarpus to changing salinities
requires changes in both the alga and its associated
bacterial community

Bearing in mind that algae, including Ectocarpus as
shown above, select a suitable bacterial flora and
may depend on it to furnish nutrients, growth factors

and vitamins, we were interested in how algal–
bacterial interactions influence and are influenced
by a radical change in salinity, that is, that from
seawater to freshwater. It is plausible that such a
strong abiotic change would alter not only the host
but also the associated bacterial community, especially because this is a transition only rarely made by
marine microbes (Logares et al., 2009). Here, we
demonstrate that, in our system, this is indeed the
case: not only does a change in salinity significantly
modify dominance patterns in the phycosphere of
the examined strain, we have also shown that the
bacterial flora strongly affects the adaptive capacities
of the system. This factor is still only rarely taken
into consideration when studying adaptation and
acclimation in eukaryotes.
So, what is necessary for an algal holobiont to be
able to acclimate to freshwater? Clearly, factors that
lie within the alga have a major role: our correlation
analyses indicate that life cycle stages of the algae are
linked significantly with growth in freshwater.
Exclusively vegetative reproduction in the sporophyte life cycle stage has previously been reported in
Fucus populations adapted to low salinities in the
Baltic Sea (Tatarenkov et al., 2005), and the freshwater strain 371 is indeed a sporophyte that, to our
knowledge, has never produced haploid gametophytes in a laboratory setting (see Charrier et al.,
2008 for a review of the Ectocarpus life cycle). In
connection with this, we have previously identified
the alga’s capacity to modify its cell wall composition, and in particular the degree of sulfation, as
another possible factor for acclimation (Dittami et al.,
2012; Torode et al., 2015). Here, we have shown that
bacteria also have a role in algal acclimation, but so
far, there was no indication that they produce
compounds that specifically aid algae to acclimate
to freshwater. A plausible alternative hypothesis is
that bacteria provide essential services for the algae
in general, such as the production of compounds that
are crucial for algal growth. Thus, for an algal culture
to acclimate to drastic environmental changes, it
needs to be endowed with an associated microbiome
that is able to do the same and continue to provide
these services in the new conditions, or, alternatively, it needs to be able to recruit new bacteria to
replace essential microbial functions. As our acclimation experiments were carried out in a closed
system without external source of bacteria, only the
former of the two possibilities was available. Dominance patterns in the bacterial flora changed
significantly as a result of exposure to different
salinities, but this did not result in a detectable
modification of the community functions represented
by the predicted metagenomes. Therefore, we propose
that the modified bacterial community in DSWM
cultures may still fulfill the same functions for the
algae as in SWM. In the light of this hypothesis, we
expected that, in a closed culture environment, algal
strains with high bacterial diversity would have a
higher chance of possessing a bacterial community
The ISME Journal
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capable of functioning in freshwater, yet no such
correlation was observed. Instead, only the abundance
of two OTUs was positively correlated with this factor.
It may be coincidental that these OTUs exhibited
similar relative abundances in DSWM and SWM
cultures (Figure 7), that is, they, like the algae, thrived
in both conditions, but they represent promising
subjects for future targeted experiments.

Conclusion
Laboratory strains of small filamentous algae possess
complex bacterial communities, which may exert
beneficial effects on the growth and survival of the
alga. On the basis of our culture experiments with
the freshwater strain 371, we argue that, when an
alga acclimates to environmental changes, this
implies that the associated bacterial community
needs to be able to follow the alga. This crucial
factor is frequently overlooked when studying how
an organism reacts to changes in the environment.
The freshwater strain 371 constitutes an excellent
model to study the role of bacteria during algal
acclimation. It can be cultured in a controlled
environment, and bacteria induce a phenotype that
is easily measured and of evolutionary interest, as
drastic changes in habitat frequently lead to rapid
evolutionary radiation events (Lee and Bell, 1999).
One of the upcoming challenges is to understand the
interactions between algae and bacteria in changing
salinities on a functional and metabolic level and to
examine their importance in the field. A possible
approach towards elucidating these interactions is
the use of metabolic networks to model potential
metabolic fluxes between algae and bacteria during
the acclimation process (Dittami et al., 2014b).
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