1' frontiers
in Microbiology

REVIEW
published: 22 December 2017
doi: 10.3389/fmicb.2017.02561

OPEN ACCESS

Edited by:
Mike Taylor,
University of Auckland, New Zealand

Reviewed by:

Ravindra Pal Singh,

John Innes Centre (BBSRC),

United Kingdom

Olga Pantos,

Institute of Environmental Science and
Research (ESR), New Zealand

*Correspondence:
Alejandro H. Buschmann
abuschma@uilagos.cl

Specialty section:

This article was submitted to
Microbial Symbioses,

a section of the journal
Frontiers in Microbiology

Received: 10 April 2017
Accepted: 11 December 2017
Published: 22 December 2017

Citation:

Florez JZ, Camus C, Hengst MB and
Buschmann AH (2017) A Functional
Perspective Analysis of Macroalgae
and Epiphytic Bacterial Community
Interaction. Front. Microbiol. 8:2561.
doi: 10.3389/fmicb.2017.02561

Check for
updates

A Functional Perspective Analysis of
Macroalgae and Epiphytic Bacterial
Community Interaction

July Z. Florez"2, Carolina Camus?, Martha B. Hengst?® and Alejandro H. Buschmann'2*

" Programa de Doctorado en Ciencias mencién Conservacion y Manejo de Recursos Naturales, Universidad de Los Lagos,
Puerto Montt, Chile, ? Centro i~mar and CeBiB, Universidad de Los Lagos, Puerto Montt, Chile, ° Departamento de Ciencias
Farmacéuticas, Universidad Catdlica del Norte and CeBiB, Antofagasta, Chile

Macroalgae are photosynthetic, multicellular, sessile eukaryotic organisms that offer
diverse habitats for the colonization of epiphytic bacteria, therefore establishing biological
interactions of diverse complexity. This review focusses on the interactions between
macroalgae and their Epiphytic Bacterial Community (EBC); the main aims are to
ascertain whether (1) the epiphytic bacterial groups differ at the phylum and genus levels
of the macroalgae; (2) the methodologies used so far to study these microorganisms
are related in any way to eventual variations of the EBCs on macroalgae; and (3) the
EBC of macroalgae has a functional means rather a simple taxonomic grouping. Results
showed firstly the taxonomic grouping of macroalgae does not explain the composition
and structure of the EBCs. Secondly, the methodology used is important for describing
EBCs; and thirdly, multiple bacteria can have the same function and thus to describe the
functionality of EBCs it is important to recognize host-specific and generalist bacteria. We
recommend the incorporation of a complementary approach between the taxonomic
composition and the functional composition analyzes of EBCs, as well as the use of
methodological tools that allow analysis of interactions between the EBCs and their
hosts, based on the “holobiont” concept.

Keywords: epiphytic bacteria, macroalgae, holobiont, biological interactions, host-specific

INTRODUCTION

Macroalgae are photosynthetic, multicellular, sessile eukaryotic organisms that play an important
role in marine ecosystems as primary producers and habitat engineers, providing shelter and
food for various organisms (i.e., Bulleri et al, 2002; Fraschetti et al., 2006; Almanza et al,
2012). Macroalgae surface represents a suitable biotic habitat, being constantly colonized by
microscopic stages of different types of epibionts (i.e., Buschmann et al., 1997; Rao et al., 2007) and
microorganisms (Bolinches et al., 1988; Jensen et al., 1996). Different associations between bacteria
and macroalgae have been the subject of research during past decades, such as studies undertaken
by Provasoli and Pintner (1980) showing that the growth of bacteria with morphogenic activity
depends on the production of exudates by macroalgae, implying that some metabolites released by
the alga may be precursors or activators of adaptive enzymes producing morphogenetic substances.
One of the principal interactions documented in the literature, reveals defense mechanisms of
macroalgae controlling the formation of bacterial biofilms on their surfaces (Lu et al., 2008; Nylund
et al., 2008). Nevertheless, the importance of taking a functional focus on the complex ecological
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interactions that these microorganisms can establish with their
hosts is only recently emerging (Zhang et al., 2015).

Bearing in mind the enormous diversity of bacteria that
inhabit marine ecosystems (Whitman et al, 1998), and the
heterogeneity of habitats provide by macroalgae as substrate
(Wahl et al, 2012), opportunities to establish symbiotic
relationships between these two groups are particularly
frequent (Grossart, 2010; Wichard, 2015). This is supported by
several studies showing that the composition and structure of
macroalgae surface-associated bacterial communities differ from
those found in the surrounding water column (Moran et al,
2008; Staufenberger et al., 2008; Lachnit et al., 2009a; Bengtsson
et al., 2010; Michelou et al, 2013; Mancuso et al., 2016).
Similarly, the specificity of microorganisms associated with
different macroalgae groups have also been reported. Lachnit
et al. (2009a) studied the epiphytic bacterial communities of
the species Delesseria sanguinea, Fucus vesiculosus, Saccharina
latissima (formerly Laminaria saccharina) and Ulva compressa in
two different habitats, and reported greater similarity between
bacterial communities of the same macroalgal species inhabiting
different environments, compared to those sharing the same
habitat. Similar results were described by Hengst et al. (2010) for
U. compressa and Lessonia nigrescens. Also, Barott et al. (2011)
showed that macroalgal genus belonging to different phyla were
colonized by specific bacterial communities. According to the
literature, the different physiological and biochemical properties
of different macroalgal groups could provide some explanation
for the specificity of bacteria-macroalgae interactions (Beleneva
and Zhukova, 2006; Goecke et al., 2010). For example, secondary
metabolites found in macroalgae may be associated both with
defense mechanisms against some bacterial groups (Armstrong
et al., 2001; Lam et al., 2008; Wiese et al., 2009), and facilitation
mechanisms, favoring the settlement of other microorganisms
(Lachnit et al., 2009b). In addition to these interactions, epiphytic
bacteria fulfill a wide variety of functions for their host, such as:
providing growth factors and vitamins (Provasoli and Pintner,
1980; Croft et al., 2005; Singh et al.,, 2011), nitrogen fixation
(Penhale and Capone, 1981), and pathogenic activity (Vairappan
et al.,, 2001) among others. In view of the aforementioned, it
would appear that the ecology and development of macroalgae
cannot be fully understood without considering the interaction
with their associated microorganisms (Egan et al., 2013). For this
reason, various authors have suggested the use of the holobiont
concept as a perspective to analyze and understand the result
of these interactions (Barott et al., 2011; Egan et al., 2013; Aires
et al., 2015).

In this context, the methodology used to study the EBCs
associated to macroalgae plays a very important role, since
the resolution obtained by the methodology selected may
leave out relevant groups of microorganisms. Traditionally,
culture-dependent and microscopy methods have been used
to obtain information about the composition and structure of
these communities (Friedrich, 2012). Nevertheless, it has been
shown that only <1% of the bacteria found in the natural
environment are cultivable (Eilers et al., 2000). From the nineties
onwards, molecular tools have been incorporated based on the
polymorphism of the 16S rRNA gene, such as FISH (Tujula et al.,

2010), DGGE (Longford et al., 2007; Bengtsson et al., 2010), and
clonal analysis and Sanger sequencing (Fisher et al., 1998; Ashen
and Goft, 2000; Meusnier et al., 2001; Hengst et al., 2010) to
characterize the epiphytic microorganisms of macroalgae. These
methods are a higher degree of more sensitivity compared to
previous ones, allowing a more precise identification of the
different taxa. The need to identify the function carried out
by these bacteria, both in the environment and their hosts, is
currently being analyzed, thanks to the recent incorporation of
molecular methodologies with even higher resolution, such as
deep sequencing techniques (e.g., Pyrosequencing and Illumina;
Luo et al, 2012). These techniques, make possible to obtain
more specific and objective information to describe the bacterial
composition of natural environments, using community DNA
samples obtained directly from macroalgal surfaces. In addition,
the study of these communities from a functional perspective,
have glimpsed the effect of these microorganisms on their hosts
and, in turn, identified possible responses of the host to these
effects (Rosenberg et al., 2010; Burke et al., 2011a).

The previously described aspects highlight the importance
of addressing issues regarding the specificity of the bacterial
groups associated with the macroalgae, the levels of taxonomic
resolution used to analyze possible biological interactions and
the incorporation of functional information in explanations
relating the composition and structure of epiphytic bacterial
communities. For these reasons, the present review focusses on
establishing the state of the art regarding the knowledge of the
interactions between macroalgae and their epiphytic bacterial
communities. The main objectives of this review are determining
whether (1) the epiphytic bacterial groups differ at the phylum
and family level and according to the macroalgae genus; (2) the
methodologies used for the study of these microorganisms are
related to the possible differences between the different groups
of macroalgae; and (3) whether the epiphytic bacterial groups
associated with the macroalgae functionally interact beyond a
purely taxonomic approach.

MATERIALS AND METHODS

The information analyzed in this study was based on research
articles obtained through the web search engine of the Google
Scholar database, using the following keywords: “seaweed” OR
“macroalgae” OR “epiphytic” OR “bacterial” OR “communities”
and the total coincidence “epiphytic bacterial communities on
seaweed,” from which the oldest article found was from 1970.
The selection of these keywords was based on the objective
of this work oriented to the search of literature in which the
epiphytic bacteria were considered from a community approach
and not as isolated strains. The documents were filtered using
the following selection criteria: (1) minimum information such
as the identification of the bacterial groups at phylum level, (2)
well-described methodology used to detect the bacterial groups.
A total of 72 studies were obtained by this search and only 32
fulfilled the above described criteria.

The studies selected were categorized based on (1) macroalgal
phylum (Chlorophyta, Heterokontophyta, and Rhodophyta);

Frontiers in Microbiology | www.frontiersin.org

December 2017 | Volume 8 | Article 2561


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Florez et al.

Epiphytic Bacterial Communities on Macroalgae

(2) macroalgal genus; and (3) methodology used [culture-
dependent methods (CDM), molecular methods (MM),
culture-dependent + molecular methods (CDM + MM),
Pyrosequencing, and Illumina-Mi-Seq]. The analysis of the
traditional molecular methods and the Next Generation
Sequencing (NGS) technologies (Pyrosequencing and Illumina)
was carried out separately due to the differences in the detection
of bacterial taxa that are found in low abundances within the
communities. The information related to the bacterial groups
was treated as presence/absence data in each article consulted,
both at the phylum and family level. In addition, classes of
proteobacteria were included in the analysis. The classification of
bacterial taxa identified for each macroalgae were considered as
described by each author in the original paper. The percentages
of identity 84, 86, and 92% were considered for the taxonomic
assignment at phylum, class and family level, respectively, as
suggested by Yarza et al. (2014).

Different approaches were used to analyze the information.
To compare the Epiphytic Bacterial Community (EBC) at the
phylum and class level, a Venn diagram was created, using
Venny 2.1 online software (Oliveros, 2007), which provided
the percentage of bacterial taxa (phylum and Proteobacteria
class) present in each group of macroalgae, calculated based on
the number of total taxa found in the literature consulted. A
comparative analysis of the EBCs among different macroalgal
genus was undertaken using heatmap-type graphs. For this
purpose, abundance was defined as the frequency of appearance
of different epiphytic bacterial taxa reported for each macroalgal
genus in the literature consulted. In addition, the following
scale was defined for the analysis of the information: rare
bacteria were those mentioned only once in the literature and
common bacteria are those that appear at least mentioned twice
in the literature. Finally, a cluster analysis was used to group
the data, based on a Bray-Curtis dissimilarity matrix, using
the average distance criterion (http://cc.oulu.fi/~jarioksa/opetus/
metodi/sessio3.pdf) and a cut off was assigned on each case,
based on the clustering obtained for the different categories of the
specific analysis (i.e., macroalgae phylum, used methodology).
The latter was undertaken using R v0.99.892 statistical software
(http://www.R-project.org). Information for analysis of epiphytic
bacteria functionality was only obtained from 23 of the studies
identified, which focused on evaluating some type of specific
function as specified in the methodology of each of the selected

papers.

RESULTS

Between 1970 and 2016, 32 studies related to epiphytic bacteria
on macroalgae have been published incorporating the key words
and the selection criteria used in this review. The investigations
described a total of 24 macroalgal genera associated with
epiphytic bacteria, 13 Heterokontophyta (54.2%), 8 Rhodophyta
(33.3%), and 3 Chlorophyta (12.5%; Table S2).

The results obtained show that Heterokontophyta,
Chlorophyta, and Rhodophyta macroalgae, shared 52% of
the bacteria (Figure 1). Some bacterial phyla were only reported

in certain macroalgal groups, such as Aquificae, Chlorobi,
Dyctioglomi, Lentisphaerae, and Tenericutes for Rhodophyta
(20%) and Gemmatimonadetes for Heterokontophyta (4%).

Analyzing the information at macroalgal genus level and
considering the bacterial taxonomic assignment at the phylum
and class level, the Laurencia (Rhodophyta) genus presented
the greatest bacterial diversity (21 taxa), followed by Ulva
(Chlorophyta) (16 taxa) and Laminaria (Heterokontophyta) (13
taxa). While some genera with less diversity correspond to
Tauya, Alaria, Arthrothamnus, Desmarestia, Splachnidium, and
Chordaria (Heterokontophyta) and Asparagopsis, Polysiphonia,
and Camphylaephora (Rhodophyta).

Regarding the distribution patterns of bacterial groups in the
different macroalgal genera, it was observed that Proteobacteria
was the only phylum present in all macroalgal genera. However,
within the Proteobacteria, the classes Alphaproteobacteria,
Betaproteobacteria, Deltaproteobacteria, Gammaproteobacteria,
and Epsilonproteobacteria showed variations, both within and
among different macroalgal genera. According to the above,
the highest bacterial abundances were found in the genus
Laminaria and Ulva, corresponding to the Gammaproteobacteria
and Alphaproteobacteria, as well as the Bacteroidetes and
Planctomycetes. In general, the highest values for bacterial
abundance were associated with genera of different macroalgal
phyla, Laminaria and Delisea (Heterokontophyta), Gracilaria
and Porphyra (currently Pyropia) (Rhodophyta), and Ulva
(Chlorophyta) (Figure 2). In addition, the formation of 3 groups
was observed (cut off point = 45% similarity) (Figure S1), but
there was no discrimination among macroalgal phyla (Figure 2).
For example, a higher similarity was found between the genera
Laminaria and Ulva (different phyla) than Laminaria and
Macrocystis or between Ulva and Halimeda, which belong to the
same phyla (Figure 2).

Bearing in mind that many bacteria phyla and classes
are shared among different macroalgal genera, (value = 1,
color key of Figure2), we present a specific description for
them in Figure 2. Rare bacterial taxa (i.e., those reported only
once) were present in only 9 of the 24 macroalgal genera
analyzed, corresponding to 4 for Heterokontophyta, 3 for
Rhodophyta, and 2 for Chlorophyta (Figure 3). The genera
Laurencia and Lobophora present a higher number of rare
bacterial taxa than the rest of the macroalgae. Some of these
were exclusively described for genus Laurencia, for example
Aquificae, Chlorobi, and Dictyoglomi, and for genus Lobophora
the group Gemmatimonadetes. While in the genera Cystoseira,
Porphyra, Ulva, Halimeda, and Laminaria, at least 2-3 bacterial
taxa were observed for each macroalgal genus. On the contrary,
in other macroalgae, such as Delisea and Ectocarpus there
is only a few rare bacteria, represented by the Cloroflexi
and Epsilonproteobacteria groups, respectively. It is worth to
mention that more studies have been carried out on some
particular macroalgal genera, such as the case of Laminaria (n
= 10) and Ulva (n = 8) than in other species (Figure 3).

Although at the phylum and class level of bacteria, it was
possible to identify certain grouping among the macroalgal
genera, when analyzing the information in terms of taxonomic
assignment of bacteria at the family level, a different grouping
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FIGURE 1 | Comparison of phyla of epiphytic bacteria reported for the different phyla of macroalgae (Chlorophyta, Heterokontophyta, and Rhodophyta).
Proteobacteria classes were included because some articles included this taxonomic level. The percentage values were calculated based on the total number of
bacterial phyla found in the literature consulted (n = 25) and represented in a Venn Diagram to indicate the bacteria that are shared among macroalgal phyla, as well

as the methodology used in each of the 25 studies (Table S1).

pattern was obtained (cut-off point = 30% similitude; Figure
S2), but still without discriminating between macroalgal
phyla (Figure4). The highest abundance values were found
associated with genera of different macroalgal phyla such
as  Pyropia, Asparagopsis and Gracilaria (Rhodophyta),
Laminaria (Heterokontophyta), and Ulva (Chlorophyta).
Within these genera, the most abundant bacterial groups were
Rhodobacteraceae, Flavobacteriaceae, Pseudoalteromonadaceae,
Pseudomonadaceae, Alteromonadaceae, Sphingomonadaceae,
Vibrionaceae, Granulosicoccaceae, Saprospiraceae,
Planctomycetaceae, and Sphingobacteriaceae. Furthermore,
it was observed that, of a total of 66 bacterial families, 18 were
associated particularly with Pyropia, 7 with Laminaria, 3 with
Ulva, and 1 with Asparagopsis (Figure 4).

The methodology used to study the EBCs-macroalgae
association was considered an important factor for the analysis
of the results, since each one allows obtaining a different
resolution for the bacterial taxonomic classifications (Suenaga,
2012). According to this review, the taxonomic resolution
is relevant when seeking to differentiate between genera of
macroalgae based on their EBCs. At the level of phylum and
Proteobacteria class, there was no discrimination between genera

of macroalgae (data not shown). However, increasing the degree
of taxonomic resolution of bacteria at the family level, formed
3 groups corresponding to the macroalgal phyla (cutoff =
30% similarity; Figure S3). For this reason, the bacterial family
level was used to analyze the importance of the methodology
in the differentiation of macroalgae EBCs (Figure5). The
results showed that Pyrosequencing was the method detecting
a greater number of particular families (11 families), followed
by molecular methods (10 families), Illumina (7 families), and
to a lesser extent, by culture-dependent methods (5 families).
The greatest bacterial abundances were obtained for the families
Rhodobacteraceae, Flavobacteriaceae, Pseudoalteromonadaceae,
Pseudomonadaceae, Alteromonadaceae, Sphingomonadaceae,
Burkholderiaceae, Commamonadaceae, and Halomonadaceae
(Figure 5). When grouping by bacterial family, higher
similarities were found between molecular methods and Illumina
technology (e.g., Mi-Seq), than with other methodologies and, in
turn, culture-dependent techniques present least similarity with
other methodologies.

Finally, 23 of the studies analyzed in this review, evaluated
different functions of the epiphytic bacteria associated with
the macroalgae. The results showed that the functions of
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FIGURE 2 | Abundance and distribution of epiphytic bacteria, at the level of phylum and class of Proteobacteria, associated to macroalgal genera of the different
macroalgal phyla: Chlorophyta (C), Heterokontophyta (H), and Rhodophyta (R). Proteobacteria classes were included because some articles included this taxonomic
level. The scale in the upper left shows the correspondence between colors and abundance values of bacteria. Abundance was defined as the number of
Presences/Absences of epiphytic bacteria reported for each macroalgal genus in the literature consulted (n = 32). The bacterial phyla were ordered from highest to
lowest abundance value. “Unclassified” are microorganisms that could not be classified in any group. “Unidentified” classified as bacteria, but could not be strongly
identified. Taxonomic classification corresponded to those used in the literature consulted (Tables S2, S3).

these bacteria are associated with antibacterial activity (21.8%),
degradation of the macroalgal compounds (18.75%), induction
of morphogenesis (18.7%), and pathogenic activity (12.5%;
Figure 6). However, studies have also focused particularly on
some of these effects in the different groups of macroalgae, for
example, the effect of degradation of macroalgal compounds
in Heterokontophyta, the effects of pathogenic activity or
interkingdom cell to cell communication in Rhodophyta and, the
bacterial effects on macroalgal morphogenesis and sporulation
processes, both in the release induction and settlement, in
Chlorophyta (Figure 6).

Some of these bacterial functions are general and can be
carried out by different families, but others are specific to
only one type (Figure 7). Of a total of 34 families of epiphytic
bacteria reported, a total of 8 functions were analyzed in
this review. Seventeen bacterial families were related to
only one function, including Saprospiraceae (pathogenesis),

Piscirickettsiaceae (morphogenesis induction), Halobacteriaceae
(degradation of macroalgal compounds), and Streptomycetaceae
(antibacterial activity). While the families Alteromonadaceae,
Halomonoadaceae, = Hypomonadaceae,  Flavobacteriaceae,
Pseudoalteromonadaceae, Rhodobacteraceae, and Vibrionaceae
were related to between 4 and up to 6 functions from the ones
categorized in this review (Figure 7).

DISCUSSION

Differentiation among Macroalgae Based
on Their EBC

The first result found in this review showed that the EBC
found on the different macroalgal phyla have some differences
(Figure 1), but only a low percentage (20% for Rhodophyta, 4%
for Heterokontophyta, and none for Chlorophyta) of the bacterial
phyla and classes appears to be specific to some macroalgal
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FIGURE 3 | Relative abundance of rare epiphytic bacteria, at the phylum level and class of Proteobacteria, associated to macroalgal genera of the different macroalgal
phyla: Chlorophyta (C), Heterokontophyta (H), and Rhodophyta (R). Proteobacteria classes were included because some articles included this taxonomic level. Rare
epiphytic bacteria were defined as those that were only mentioned once in the literature consulted. The percentage values for each bacterial phylum were calculated in
relation to the total number of rare epiphytic bacteria associated with each macroalgal genus according to the literature consulted (n = 32). Bacterial phyla were
ordered from more to less common among macroalgal genus. The taxonomic classification corresponded to those used in the literature consulted (Table S4).

phyla. The differences could be explained due to the specific
cell wall polysaccharides found on each macroalgal phyla (e.g.,
agar, carrageenan, alginate, ulvans; Popper et al,, 2011), and
the capability of epiphytic microorganisms to produce specific
enzymes for their degradation (Martin et al., 2014). In addition,
the production and exudate of secondary metabolites by the
different macroalgae can selectively attract or repel some bacteria
(Collén and Davison, 2001).

Similar results were reported by Burke et al. (2011b), who
demonstrated that U. australis does not possess a core bacterial
community. Previous research recognizes that the species U.
australis has relatively few chemical protection mechanisms
against colonizers, which could lead to less selectivity with
regards to the bacterial diversity in the environment, and
increase the importance of bacteria that carry out this protective
function (Holmstrom et al., 2002). Most of the literature
on Chlorophyta macroalgae included in our analysis used U.
australis as a biological model, hence it is possible that this
may have contributed to the scarce reports of bacteria specific
to this phylum. Therefore, it is expected that the analysis of
epiphytic communities of other green macroalgae species, may
contribute to establish the presence of bacteria taxa unique to
this group, which is currently unknown. In contrast, various

studies have shown the antifouling capacity of macroalgae from
Heterokontophyta (Borchardt et al., 2001; Saha et al, 2011)
and Rhodophyta (Maximilien et al, 1998; Manefield et al,
1999), where chemical interference in bacterial communication
mechanisms for biofilm formation has been identified. Some
studies such as those carried out by Manefield et al. (1999) and
Rasmussen et al. (2000) demonstrated the antifouling activity of
D. pulchra (Rhodophyta) through the production of furanones.
Rasmussen et al. (2000) demonstrated that furanones not only
interfere intraspecific cell to cell communication in bacteria,
but also interspecific communication. In this sense, furanones
reduce bacterial motility inhibiting the serrawettin production,
a bacterial surfactant that decrease surface tension for swarming
(probably an important process for a successful bacterial
colonization on macroalgal surface). In addition, furanones
can control bacterial colonization of surfaces by interfering
with the mechanism of bacterial communication (e.g., Quorum
Sensing), more specifically, with acyl homoserine lactone (AHL)
dependent gene transcription at the level of the LuxR like
regulatory protein (Manefield et al., 1999; Rasmussen et al., 2000).

Some of the bacterial phyla shared by the three macroalgal
groups are Proteobacteria, Bacteroidetes, Verrucomicrobia,
Planctomycetes, Firmicutes, and Cyanobacteria, which have

Frontiers in Microbiology | www.frontiersin.org

December 2017 | Volume 8 | Article 2561


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Florez et al.

Epiphytic Bacterial Communities on Macroalgae

-
]
S
|

=
N'E

S

&

: N
w S
- 3

: B

=

<

E
- 3 -

[ |

0
=
° 1

I‘.

Macroalgal genus

8] 8 8 8 8 2 2 s 2 8 8 2 ¥ ¥Y R OB 2 8 8
S EEEEEEEREEEREE RS REE
S S S = 3 28 3 ¥y =S S 8 £ 8 8 & &S
§ I TS5 §T ST _85irp T s
5 8 S § S 288 8 & 2 S =2 5]
J g O S§§ 833853 2L § =
S § =3 K I 5
IS & 3 ~ <
S S
H R C

FIGURE 4 | Abundance and distribution of epiphytic bacteria, at the family level, associated to macroalgal genera of the different macroalgal phyla: Chlorophyta (C),
Heterokontophyta (H), and Rhodophyta (R). The scale in the upper left shows the correspondence between colors and abundance values of bacteria. Abundance was
defined as the number of Presence/Absences of epiphytic bacteria, at the family level, reported for each macroalgal genus in the literature consulted (n = 32). The
bacterial family were ordered from highest to lowest abundance value. Taxonomic classification corresponded to those used in the literature consulted (Table S5).
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frequently been reported as macroalgae-surface associated
microorganisms (Bengtsson et al., 2010; Lachnit et al., 2011;
Mancuso et al., 2016). While the phyla Chlorobi, Chloroflexi,
Deinococcus-Thermus,  Fusobacteria, Lentisphaera, and
Spirochaetes and the Epsilonproteobacteria class, are included
in the least frequent bacteria on the macroalgae surface (Barott
et al,, 2011). However, some genera from the phylum Chlorobi
and Spirochaetes have been described as having cellulose
degrading potentials (Berlemont and Martiny, 2013), and
according to the results of this review, have been reported using
molecular methods and NGS technologies. The wide range
of habitats where Epsilonproteobacteria can be found it has
also been described, due to their ability to grow under aerobic,
microaerobic, or anaerobic conditions; although these have
been especially related to extreme environments with suboxic
to anoxic conditions (Campbell et al, 2006). This evidence
suggests a possible bias depending on the study interest and the
methodology used for its detection, which will be discussed later.

At macroalgal genus level, the results showed that there is
no clear similarity pattern between macroalgae genera (within
the same phylum) with respect to their associated bacterial
community. As an example, greater similarity was obtained
between Laminaria and Ulva instead of other genera of their own
taxonomic grouping. This contrasts with the findings of Lachnit
et al. (2009a), they compared the EBCs of different species of
the three macroalgal phyla, and found greater differences in the
associated bacteria at the phylum level rather than species level.
These results were attributed to different chemical compositions
and effectiveness in attraction or deterrent mechanisms specific
to each macroalgal phylum (Potin et al, 2002). Nevertheless,
the results obtained by Staufenberger et al. (2008) and
Bengtsson et al. (2010), among the kelp S. latissima and
Laminaria hyperborea, the most abundant bacteria associated

with the former species belonged to the Planctomycetes and
Verrucomicrobia phyla, while these groups were notably absent
in the latter species. The above suggest that the composition and
structure of EBC associated with macroalgae does not depend
exclusively on the taxonomic grouping of their hosts, but also
to other factors such as the characteristics of the environment,
seasonality and the development status of the host, affecting
significantly the selection of the EBCs (Bengtsson et al., 2010;
Campbell et al., 2015). For the purpose in this review, the analysis
was performed at the macroalgal genus level, since some of these
have been frequently used as biological models in each of their
respective groups (e.g., Laminaria, Gracilaria, and Ulva).

When discrimination was based on the presence of rare
bacteria (at the phylum and class level), total number of
macroalgal genera dropped from 24 to 9. This coincides with the
proposals by Lynch and Neufeld (2015), indicating that certain
bacteria with low representation within the community, may
contribute to differentiate the habitats in which they develop.

Among the 9 genera, Laurencia and Lobophora stand out as
having the greatest number of rare bacteria. However, according
to the functional redundancy hypothesis (Naeem, 1998), more
than one bacterial taxon can carry out a specific function. In
other words, it can be a bias trying to establish differences or
similarities between macroalgae only based on the presence of
rare taxa without considering its functionality.

Although variations in the macroalgae EBCs can be found
at different taxonomic levels, there is little distinction in
these microorganisms at the higher taxonomic levels (Hollants
et al, 2012). Thus, the detection of groups of bacteria
allowed us to establish a larger differentiation among the
macroalgal genera. The analysis of our information, moving
from phylum and class level of bacteria to family level, resulted
in a greater differentiation between macroalgal genera. In
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other words, a greater number of families were assigned to
particular macroalgal genus. This information is in accordance
to Penesyan et al. (2009), that by comparing the EBCs
of the macroalgae D. pulchra and U. australis, found less
overlapping at the bacterial species level than at the phylum
level.

Importance of Methodology in

Differentiating Macroalgal EBCs

The methodology used to study macroalgal EBCs can be an
important factor in identifying and understanding the diversity
and function of bacteria inhabiting the macroalgal surface
(Egan et al., 2008). Our results showed that the methodological
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approximations used in different studies on macroalgal EBCs,
provided information with different degrees of resolution.
Some bacterial diversity patterns have been identified based on
their classification at higher taxonomic levels. However, more
information is required at the lower taxonomic levels (e.g.,
family, genus, species) to establish greater differentiation. This
information is validated with the results of this review.

During the 1950, culture-dependent methods were adopted
attempting to determine the bacteria associated with macroalgae.
Nevertheless, as the culturable bacteria only correspond to <1%
of those present in natural environments (Eilers et al., 2000), the
information obtained by these methodologies is insufficient to
study the EBC.

Selective culture methods and a very general taxonomic
assignment are used, based on morphology and biochemical tests
(Hollants et al., 2012). A study carried out by Bengtsson et al.
(2011) showed that bacteria isolated through cultures differ from
those that dominate the EBC of the Heterokontophyta species
L. hyperborean under natural conditions. This complicates
the fully understanding of the interactions among these
organisms as some of the bacteria involved in these interactions
could not be detected. The results obtained in this review,
show that the number of bacterial families found using
culture-dependent methods was lower than those identified
with culture-independent methods, which coincides with the
previous discussions in this paper. Thus, although it is
important to emphasize that culture-dependent methods are
still an appropriate methodological approach to characterize the
metabolic properties of microorganisms, these are not adequate
to understand their function at community level or to establish
the occurrence of biological interactions between the host and
EBC.

With the subsequent development of molecular methods
(e.g., DGGE, T-RFLP’, Clonal analysis) some of the limitations
associated with the detection of non-culturable bacteria have
been overcome. Nevertheless, this type of approximation creates
difficulties regarding taxonomic assignment of bacteria, due to
the co-migration of fragments with different sequences (Vallaeys
et al,, 1997), and the detection of less abundant groups (Muyzer
and Smalla, 1998; Douterelo et al., 2014). It is possible to improve
the limited sensitivity to detect rare members of the community
by hybridization analysis with specific probes for each taxon,
but the technique remains limited only to the organisms for
which such probes have been developed (Muyzer and Smalla,
1998). In this review, the number of bacterial taxa found with
molecular methods, was greater than those identified using
cultures, which allowed more precise characterization of the
EBCs associated with the macroalgae. Different studies have used
these methodologies to generate information, at the phylum
level, about some of the factors that can affect the abundance,
composition and structure of these microbial communities,
such as the macroalgae section (Staufenberger et al., 2008), its
phenotype (Balakirev et al., 2012), and the site and conditions
inhabited (Hengst et al., 2010; Bengtsson et al., 2012).

Over the past few years, many of the limitations mentioned
above have been overcome. The NGS technologies have enabled
different phylogenetic studies of the EBCs associated with the

macroalgae to be conducted. These studies use DNA obtained
directly from environmental samples, with a high degree of
resolution and taxonomic assignment, as well as being relatively
low in terms of cost and effort (Handelsman, 2004; Douterelo
et al, 2014). Among these NGS technologies, the platforms
used with greatest frequency are Roche 454 (Pyrosequencing)
and Illumina/Solexa (e.g., Mi-Seq or Hi-Seq), although, Illumina
is currently replacing Roche 454 as the method of sequencing
chosen by most of these studies (Douterelo et al., 2014). Contrary
to expectations, when comparing the results obtained with both
technologies in our analysis, a greater number of unique families
were detected through Pyrosequencing. This finding may be due,
in order to the methodology comparisons considered in this
study, most of the information found on bacteria corresponded
to phylum and family level, which could reduce the capacity
to discriminate among the NGS technologies. According to
the literature, the sequencing error of the Pyrosequencing
and Illumina platforms is comparable (Douterelo et al., 2014),
indicating that we can analyze and compare data obtained
by both methodologies as performed in this study. Within
the families detected, we can highlight Oceanospirillaceae
(Pyrosequencing), Rhodospirillaceae, Flammeovirgaceae, and
Microbulbiferaceae (Illumina), to which belong some bacteria
with functions described in their association with macroalgae,
as it will be discussed in the following section. Families
with high abundance were also found, mainly belonging to
the Proteobacteria phylum, characterized as one of the most
commonly reported groups of bacteria within the EBCs of
macroalgae in marine environments (Mancuso et al., 2016).

In general, each methodology has its advantages and
disadvantages and can provide valuable information depending
on the study approach, the level of resolution required,
the availability of specialized equipment and the availability
of financing (Douterelo et al., 2014). However, due to the
possible biases associated with each methodology, the integration
of multiple methods to obtain more complex analyzes on
microbial diversity in natural environments should be considered
(Kozdroj and van Elsas, 2001; Dahllof, 2002). According to this,
Giovannoni and Stingl (2007) suggest that, culture approaches,
together with the information provided by the metagenomic
analysis, are a powerful combination. On the other hand, cells
in culture allow to study the whole organism, instead of trying
to infer their physiological characteristics. While the genomic
and metagenomic data may reveal the metabolic potential that
is not known, metabolic pathways, regulatory circuits, and
conservation between cultivable and non-culturable bacteria.

Importance of the Functional Focus in

Analysis of Macroalgae-Associated EBCs

Compared with the traditional focus of analysis, where the
study of macroalgal EBCs was limited to their composition
and structure, a perspective based on the holobiont concept
has recently emerged, which recognizes that the ecology
and development of the macroalgae cannot be understood
without considering the interactions with their associated
microorganisms (Barott et al,, 2011; Egan et al, 2013; Aires
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et al., 2015; Wichard et al., 2015). The development of NGS
technologies has enabled studies with this holistic focus to be
conducted, since in addition to facilitating the detection of an
enormous microbial diversity, yet still unknown, also allows to
generate knowledge that facilitates the understanding of a variety
of functions associated with the bacteria in their interaction
with the macroalgae. The study of the functional genes, which
that can be associated with a specific function, is essential when
linking microbial diversity to specific ecological functions. In
conformity with the above, different functions carried out by the
bacteria associated with macroalgae have been identified. This
review showed that most of the studies are focused on evaluating
antibacterial activity, which makes sense if we consider that the
surface of the macroalgae is an important source of substrate and
nutrients, and, as such, can be a highly competitive environment
(Armstrong et al., 2001). Other aspects evaluated also include the
effects associated with the degradation of macroalgal compounds
(e.g., alginate and mannitol, among others; Bengtsson et al,
2011), the induction of macroalgal morphogenesis (Matsuo
et al, 2003, 2005; Singh et al, 2011; Spoerner et al.,, 2012;
Grueneberg et al., 2016), pathogenic activity (Wang et al.,
2008), antifouling activity (Holmstrom et al., 2002), and the
prevention or stimulation of sporulation and/or settlement of
macroalgae spores (Matsuo et al.,, 2003; Patel et al., 2003; Rao
et al., 2007; Singh et al., 2015; Wichard, 2015). In general, some
of these functions have been deeply studied in certain macroalgal
phyla; however, more than being related to characteristics of
the macroalgal groups, these results could be conditioned by
the objectives of the studies considered in this review, and
the recurrent use of certain biological models. As an example,
the case of the species U. australis where different authors
have suggested a low chemical defense capacity and indicated
the importance of identifying the antibacterial potential of
its EBC, which could be adopting this role (Egan et al., 2000;
Holmstrom et al., 2002; Goecke et al., 2010). However, studies
have not been limited to this group of macroalgae. Wiese et al.
(2009) found that 49% of bacteria isolated from S. latissima
presented antimicrobial activity, which differs from the isolated
planktonic bacteria, in which the percentage of bacteria with
this potential was significantly lower. Some bacteria reported
with antibacterial activity, in the different macroalgal phyla,
correspond to members of the Pseudoalteromonadaceae,
Pseudomonadaceae, Aeromonadaceae, Alcaligenaceae,
Halomonadaceae, Hyphomonadaceae, Micrococcaceae,
Streptomycetaceae, families, among others.

Effects of microorganisms on morphological development has
been extensively covered in Chlorophyta albeit based on isolated
bacteria but not from EBCs. In a pioneering research, Provasoli
(1958) demonstrated that “the typical thallus was never obtained
in bacteria free cultures in Ulva sp.” but also found that Ulva
responds to plant hormones (e.g., indolacetic acid and kinetins),
suggesting that bacterial surrounding probably produce similar
molecules, leading algal development. Afterwards, Provasoli
and Pintner (1980) observed a loss in normal morphology
of U. lactuca when it was kept in axenic cultures, and its
subsequent recuperation through re-inoculation with previously
isolated bacteria from the macroalgae surface. Similar results
were reported for the Chlorophyta Monostroma oxyspermum,

U. pertusa, U. conglobate, and U. intestinalis (Matsuo et al,
2003) and Ulva fasciata (Singh et al, 2011), in Pyropia
yezoensis (Rhodophyta) (Fukui et al.,, 2014) and in Ectocarpus
sp. (Heterokontophyta) (Tapia et al., 2016). A well-characterized
association between bacteria and macroalgae was described
by Matsuo et al. (2003) in M. oxyspermum, demonstrating
that axenic gametes inoculated with Roseobacter sp. MS2 and
Cytophaga MS6 could induce cell division, cell differentiation
and cell wall formation. In the same way, Spoerner et al. (2012),
demonstrated that U. mutabilis development also depends
on a microbial core composed by three Proteobacteria (i.e.,
Roseobacter, Sulfitobacter, and Halomonas) and a Bacteroidetes
from the Cytophaga genus.

Recently, Wichard et al. (2015) propose to Ulvales as a
good model species to study inter-kingdoms interactions, based
on that they require a symbiosis with bacteria to reach a
normal morphogenesis; although the mechanisms have not
been completely elucidated. Chemical compounds mediating
communication between bacteria or bacteria-alga, has been
studied for a longtime; however only two of them have been
characterized, acyl homoserine lactone (AHL; Wheeler et al.,
2006) and thallusin (from Cytophaga sp. strain YM2-23; Matsuo
et al., 2005). These compounds exert differential effects on the
algal life cycle; for example, AHL from several gram-negative
bacteria, attract and induce settlement of Ulva zoospores (Joint
et al., 2002); and particularly in U. intestinalis is mediated by
a chemokinetic mechanism (Wheeler et al., 2006). Otherwise,
thallusin induced morphogenesis in M. oxyspermum, but also
stimulated the normal germination in germfree spores from U.
pertusa and U. intestinalis (Matsuo et al., 2003, 2005).

Interestingly, studies undertaken by Burke et al. (2011a,b)
revealed differences in the composition of the EBCs among
individuals of the species U. australis inhabiting the same site,
while the functional composition was very similar. This suggests
that for analyzing the composition, structure and interactions of
the EBCs associated with the macroalgae, the key level would be
the functional bacterial genes rather than bacterial species alone
(Burke et al., 2011a).

While Campbell et al. (2015) suggests an integrative vision in
which the combination of processes influencing the composition
and structure of the EBCs associated with macroalgae is
considered. Their results demonstrate that the composition
of EBC on Phyllospora comosa (Heterokontophyta) is not
habitat-specific (effect of local conditions), but host-specific.
Therefore, although EBCs may vary between sites depending on
available taxa, some bacteria may remain driven by specific host
traits.

Since the family was the lowest taxonomic level used to
compare the information in the present study, we found some
bacteria associated with different functions within the same
family, such as the case of Alteromonadaceae, Halomonadaceae,
Hypomonadaceae, Flavobacteriaceae, Pseudoalteromonadaceae,
Rhodobacteraceae, and Vibrionaceae. Furthermore, these
families were detected in the EBCs of macroalgal genus in
different phyla by several of the methodologies analyzed, and
associated with antimicrobial activity function, one of the most
documented functions (Patel et al, 2003; Rao et al, 2005;
Penesyan et al., 2009; See Table S7).
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In contrast, the families Alcaligenaceae, Microbulbiferaceae,
Micrococcaceae, — Streptomycetaceae,  Verrucomicrobiaceae,
Xanthomonadaceae (associated with an antimicrobial activity),
Saprospiraceae, Bacteriovoracaceae, Rhodospirillaceae,
Flammeovirgaceae (associated with a pathogenic activity),
Halobacteriaceae (associated with macroalgal compound
degradation), and Piscirickettsiaceae  (associated ~ with
morphogenesis induction), were only associated with one
particular function. They were all found in the EBCs of the
Heterokontophyta and Rhodophyta phylum, and some were
detected particularly using NGS technologies, which reflects
the importance of using high resolution methodologies.
Wang et al. (2008) analyzed the culturable epiphytic bacteria
associated with a disease of Saccharina japonica (formerly
Laminaria japonica), and found that a high proportion of the
isolated bacteria corresponded to the genus Pseudoalteromonas
(Pseudoalteromonadaceae), which is recognized as producing
proteolytic enzymes that can decompose the macroalgal cell wall
and cause disease. Nevertheless, on re-infecting algae healthy
tissue with isolated bacteria, the disease did not materialize,
suggesting that the pathogenic bacteria causing the diseases may
belong to the non-culturable fraction of the EBC (Wang et al,,
2008).

CONCLUSION

This review analyzed the EBCs associated with macroalgae using
different taxonomic levels of bacteria and conclude that: (1)
The taxonomic grouping of macroalgae does not explain the
composition and structure of the EBCs. (2) It is important to
distinguish between the methodology used to describe EBCs
considering the best characterization of bacterial groups with a
higher degree of resolution. (3) Since different bacteria can have
the same function, it is important to recognize host-specific and
generalist bacteria, to describe the functionality of EBCs. In this
review, we recommend the incorporation of a complementary
approach between the taxonomic composition and the functional
composition analyzes of the EBCs, as well as the use of
methodological tools that enable analysis of interactions between
the EBCs and their hosts, based on the holobiont concept.
Furthermore, given the complexity of macroalgae as a live
substrate responding and interacting with its epiphytic bacterial
community, the information on the composition and structure
of the associated bacterial communities must be complemented
with studies focusing on possible responses of macroalgae to
functional interactions with their associated microorganisms.
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Finally, it is recognized that bacteria can have positive and
negative effects on their interaction with macroalgae (Goecke
et al.,, 2010, 2013b). In this review, we included several studies
with results showing positive effects of epiphytic bacteria on
macroalgae, such as the induction of morphological development
(Matsuo et al., 2003; Grueneberg et al., 2016) and the anti-
microbial activity (Holmstrom et al., 2002; Rao et al, 2007;
Wang et al.,, 2009), as well as the negative effects, for example,
pathogenic bacteria (Wang et al, 2008; Case et al, 2011;
Zozaya-Valdes et al., 2015) and bacteria related to macroalgae
degradation (Wang et al., 2008; Martin et al., 2015).

However, from this study it is clear that many of the
examples have been studied using only one or very few groups
of macroalgae. Thus, for example, the effect of bacteria on
the induction of morphogenesis has been extensively studied
in green algae (Wichard, 2015), but lesser in brown and
red. For this reason, the positive or negative interactions
that epiphytic bacteria may establish with macroalgae, are still
limited to state generalizations. This makes it necessary to
continue carrying out studies to deepen the global understanding
of the macroalga-bacteria relationship within the holobiont
concept.
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