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Abstract Macroalgal surfaces are prone to being attached by bacteria. Epibacterial community structures on marine macroalgae
are host-specific but temporally and spatially variable. In this study, we investigated the structure of epibacterial communities on the
surfaces of four red macroalgae, Gracilaria lemaneiformis, Gloiopeltis furcata, Mazzaella sp. and Porphyra yezoensis, by analyzing
the sequences of 16S rRNA gene libraries. Healthy individuals of all macroalgae species were collected in winter from a farm at
Dalian, China. The results showed that the epibacterial communities were mainly dominated by a-Proteobacteria, y-Proteobacteria
and Bacteroidetes. Deinococcus-Thermus, Spirochaetes and e-Proteobacteria were also found. The majority of cloned sequences
shared the greatest similarity to those of culturable organisms. A large portion of sequences from the a-Proteobacteria homed in
Roseobacter clade, i.e., genera Ahrensia, Roseovarius, Litoreibacter, Octadecabacter, Thaiassobacter and Sulfitobacter, while
members of Bacteroidetes mainly belonged to family Flavobacteriaceae. The cloned sequences could be separated into 66 OTUs at
0.01 distance value, and rare common OTUs were found among libraries. At genus level, Pseudoalteromonas dominated Gr.
lemaneiformis and GI. furcata libraries, accounting for 72.2% and 47.3%, respectively. Sulfitobacter dominated P. yezoensis library,
accounting for 35.4%. A previously undefined cluster within Deinococcus-Thermus dominated Mazzaella sp. library, accounting for
24.6% of the all. These results indicated that a broad range of bacteria inhabited the surfaces of these macroalgae.
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algae have different strategies of modulating the growth
of surface bacteria (Keats et al., 1993; Xu et al., 2003,
Bhadury and Wright, 2004; Nylund and Pavia, 2005).
Epibacterial communities on marine macroalgae are
host-specific, which may vary temporally (Ashen and
Goff, 2000; Lachnit et al., 2009, 2011). Recently, many
scientists are engaging in the detailed investigation of the
epibacterial community of macroalgae. Yang et al. (2008)
isolated 63 bacterial strains from Porphyra yezoensis.
These isolates had high similarities with the members of
10 genera such as Pseudoalteromonas, Psychrobacter and
Bacillus. Lachnit et al. (2011) reported that epibacterial
community of Gracilaria vermiculophylla was dominated
by o-Proteobacteria and Bacteroidetes in summer. The
proportion of a-Proteobacteria increased while the abun-

1 Introduction

Macroalgae are important natural resources for a wide
variety of products, such as food, alginate, agar, carra-
geenan, fertilizers and animal feed additives. The vast
majority of macroalgae for these products are produced
by aquaculture. Macroalgae cultivation industry is devel-
oping fast in many countries in the world and algal culti-
vation in China accounts for a large portion of global an-
nual production (Roesijadi et al., 2010). Macroalgae can
only live in euphotic zone and many vital processes take
place at algal surface, e.g., the exudation and uptake of
nutrients, gases and the absorption of light. They release a
large amount of organic carbon into surrounding envi-
ronment (Sieburth, 1969), thus their surfaces are prone to

being attached by bacteria. Furthermore, these bacteria
may influence the interaction between macroalgae and
environment (Wahl, 2008). Controlling the epibacterial-
community is substantial for individual algae, and macro-

* Corresponding author. E-mail: txiao@ms.qdio.ac.cn

dance of Bacteroidetes decreased, and particularly the
phylum of Deinococcus presented only in winter. Epi-
bacteria are required for some macroalgae as they can
provide essential vitamins and growth factors to macro-
algae (Tsavkelova et al, 2006; Hodson et al., 2007).
Some bacteria can release chemicals, preventing the host
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algae from being biofouled by other organisms (Holm-
strom and Kjelleberg, 1999; Rao et al., 2007). However,
some bacteria on algal thalli are known as pathogens.
Pseudoalteromonas tetraodonis was assumed to cause
‘yellow spot disease’ in Porphyra yezoensis (Wang et al.,
2011), while Pseudoalteromonas elyakovii and P. bacte-
riolytica were believed to associate with ‘red spot dis-
eases’ in Laminaria japonica (Sawabe et al., 1998, 2000).
In addition, some isolates of Vibrio sp. were identified as
agar-digesting bacteria, which associated with ‘rotten
thallus syndrome’ of Gracilaria sp. (Celia, 1992).

To avoid the diseases caused by epibacteria, it is nec-
essary to investigate the distribution of epibacteria on
algal surface. Red macroalgae, especially some species of
genus FEucheuma, Gloiopeltis, Gracilaria, Grateloupia,
Mazzaella and Porphyra, are widely cultured in China,
whereas studies dealing with the epibacterial communi-
ties on the surfaces of these algae are scarce. In this study,
the composition of epibacterial communities on the sur-
faces of four red algae, Gracilaria lemaneiformis, Gloio-
peltis furcata, Mazzaella sp. and Porphyra yezoensis, was
unraveled by constrcting and sequencing 16S rRNA gene
libraries.

2 Materials and Methods
2.1 Sample Collection

Four species of marine red algae, Gracilaria lemanei-
formis, Gloiopeltis furcata, Mazzaella sp. and Porphyra
yezoensis, were collected on February 22™, 2008 from a
farm at Dalian, China. The samples were stored in sepa-
rate sterile plastic bags and placed on ice for transporta-
tion to laboratory within 12 h after sampling.

2.2 Detachment of Epibacteria

Bacteria were detached from samples with a procedure
described by Matsuo et al. (2003) with some modifica-
tions. In detail, 10g of thalli cut from different individu-
als (>10) were rinsed gently with sterile seawater three
times to remove debris and loosely attached bacteria.
Rinsed thalli were then transferred to a sterile 500 mL
Erlenmeyer flask containing 200 mL seawater and 20 g
glass beads (4—5mm in diameter). The epibacterial com-
ponents were detached by shaking (150 rmin ') for 10
min and the suspension was collected. The remainder of
the algae was treated with the same procedure four times.
Totally, about 1 L suspension containing the detached
bacteria was collected and then filtered through a 0.22 um
filter (Millipore). The filters attached with bacteria col-
lected from macroalgae were stored at —20°C for DNA
extraction.

2.3 DNA Extraction, PCR and Construction
of Libraries

Filters of the same algae were cut into pieces and
mixed under sterile conditions. Total DNA was extracted
following Fuhrman et al. (1988). Bacterial 16S rRNA
gene was amplified by PCR with universal bacterial
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primers 27F (5’-AGAGTTTGATCCTGGCTCAG-3’) and
1492R (5’-GGTTACCTTGTTACGACTT-3") (Weisburg
et al., 1991). The amplification condition was as follows:
an initial denaturation at 94°C for 10 min, followed by 30
cycles of denaturation at 94°C for 1 min, annealing at
50°C for 1 min and extension at 72°C for 1.5min, and an
extra extension at 72°C for 10 min. PCR products were
electrophorezed in 0.8% low-melting agarose gel and
purified with UNIQ-10 DNA Gel Extraction Kit (Sangon,
China). Purified PCR product was ligated with pMD18-T
vector (TaKaRa, China) and transferred into E. coli
Topl0 competent cells. The ampicillin-resistant trans-
formants were picked out according to colonial color
randomly.

2.4 Phylogenetic Analyses

The 16S rRNA gene inserts were sequenced using
primer 27F in SinoGenoMax Co., Ltd. (Beijing, China).
The resulting sequences were screened by Mallard
(Ashelford et al., 2006) and Bellerophon (Huber ef al.,
2004). Chimeras and other anomalies were excluded in
further analysis. Valid sequences were compared to
GenBank entries using basic local alignments tool
(BLAST) to determine their approximate phylogenetic
affiliation and 16S rRNA gene sequence similarities.
DOTUR software (Schloss and Handelsman, 2005) was
used to assign sequences to operational taxonomic units
(OTUs). Duplicate sequences were grouped into an OTU
at phylogenetic distance value of 0.01. Representative
sequences were aligned by Bioedit program. Phylogenetic
trees were constructed with MEGA software version 5.0
(Tamura et al., 2011) using Neighbor-Joining method
with Tamura-Nei model. The robustness of tree topolo-
gies was tested by 1000 bootstrap analyses.

2.5 Estimation of Bacterial Diversity

Coverage was calculated as:

c=1-2L,
N

where n; was the number of OTUs represented by one
clone in a library and N was library size (Good, 1953).
The Shannon-Wiener diversity index (H') was calculated
according to equation

H/:_Z(pi)(lnp[) 5

where p; is the proportion of total clones belonging to ith
OTU. The nonparametric Scpao; €stimator of species rich-
ness was calculated using the equation:

. R RA
2Fy+1) 2(F+1)°

Schaol = Sobs

where S, is the total number of OTUs, F is the number
of OTUs observed only once, and F, is the number of
OTUs observed twice (Kemp and Aller, 2004).
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2.6 Nucleotide Sequence Accession Numbers

All partial 16S rRNA gene sequences generated in this
study were submitted to GenBank database under the
accession numbers JX437116 to JX437131 and JX49-
4993 to JX495040.

3 Results
3.1 Clone Libraries and Statistical Analysis

Four 16S rRNA gene libraries (Gracilaria lemanei-
formis, Gloiopeltis furcata, Mazzaella sp. and Porphyra
yezoensis) were constructed, resulting in a total of 256
reliable sequences. The total number of positive clones
from each sample varied between 55 and 79 (Table 1),
generating 11-26 OTUs (defined by 0.01 distance value).
Good’s coverage values ranged from 73.68% to 93.67%.
The Shannon diversity indices for Mazzaella sp. and P.
yezoensis libraries were higher than those of Gr.
lemaneiformis and Gl. Furcata (Table 1). Rarefaction
analysis indicated that bacterial phylotypes were not
saturated in all four clone libraries and consequently the
full diversity of the bacterial communities was far from
being covered (Fig.1).

Table 1 Diversity indices (calculated at 0.01 distance value)
of 16S rRNA gene libraries

Libraries Clones OTUs % coverage Schor H'
Gr. lemaneiformis 79 11 93.67 13.66 1.19
Gl. furcata 55 15 87.27 19.34 1.96
Mazzaella sp. 57 26 73.68 39.24 2.82
P. yezoensis 65 20 87.69 23.56 2.41
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Fig.1 Rarefaction curves of the four 16S rRNA gene li-
braries at 0.01 distance value.

3.2 Phylogenetic Analysis of Sequences

All the 256 sequences were assigned to 66 OTUs. Only
one each OTU was used for tree calculations. Phyloge-
netic analysis of the partial 16S rRNA gene revealed that
libraries were mainly dominated by a-, y-Proteobacteria,
and Bacteroidetes (Fig.2). In addition, a few sequences
were affiliated to e-Proteobacteria, Spirochaetales and
Deinococcus-Thermus. The most obvious difference in
the composition of libraries was the relative abundance of
each group, as shown in Fig.2. Overall, 3-5 groups of
bacteria were found in GI. furcata, Mazzaella sp. and P.

yezoensis libraries whereas all sequences from Gr.
lemaneiformis fell into the y-Proteobacteria. The Gr.
lemaneiformis library showed low diversity at the bacte-
rial phylum level.

A total of 24 OTUs were grouped within a-Proteobac-
teria accounting for 32.7%, 21.1% and 26.2% of the se-
quences from GI. furcata, Mazzaella sp. and P. yezoensis
libraries, respectively. Most sequences were found to
cluster in proximity to seven genera: Robiginitomaculum,
Ahrensia, Roseovarius, Litoreibacter, Octadecabacter,
Thalassobacter, and Sulfitobacter (Fig.3a). Three closely
related OTUs (JX494967, JX495005 and JX495011) from
Mazzaella sp. and Gl. furcata libraries were tentatively
identified as a-Proteobacteria, but could not be affiliated
to any known group. Their closest matches in GenBank
(more than 99% similarity) were unculturable a-Proteo-
bacteria. Sequences affiliated to Robiginitomaculum,
Litoreibacter, Thalassobacter were only found in Maz-
zaella sp. library whereas no special genus within a-Pro-
teobacteria was found in GI. furcata and P. yezoensis li-
braries. Sequences related to Sulfitobacter were observed
in all the three libraries.

1001
80f
60F
4ot

20¢

Relative abundance (%)

) : 3
Gr: lemaneiformis G, furcata
m Spirochaeles ® Deinococcus-Thermus ® Bacteroidetes
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Mazzaellasp. P, yezoensis

Fig.2 Phylogenetic distribution of the four 16S rRNA
gene libraries.

v-Proteobacteria was frequently encountered in all four
libraries. Thirty five OTUs covered 100%, 58.2%, 45.6%,
and 27.7% of the sequences from Gr. lemaneiformis, Gl.
Sfurcata, Mazzaella sp., and P. yezoensis libraries, respec-
tively (Fig.2). Most sequences were related to established
phylogenetic groups containing culturable representatives,
i.e., Colwellia, Alteromonas, Pseudoalteromonas, Psy-
chromonas, Vibrio, Aliivibrio, Photobacterium, Moritella,
Oceanisphaera, Oleispira, Marinomonas, Psychrobacter,
Cocleimonas and Leucothrix (Fig.3b). Four OTUs (JX49-
5029, 1X494971, JX494988 and JX495019) from P. ye-
zoensis and Mazzaella sp. libraries, containing 10 se-
quences, were grouped with the clones obtained with cul-
ture-independent methods, suggesting that a few previ-
ously unrecognized y-Proteobacteria groups exist on the
surfaces of these algae. Sequences affiliated to Vibrio,
Photobacterium and Oceanisphaera were only found in
Gr. lemaneiformis library, while Alteromonas and Mari-
nomonas were only found in Gl furcata library, Aliivi-
brio and Oleispira were only included in Mazzaella sp.
library, and Moritella and Cocleimonas belonged to P.
yezoensis library. No genus was found in all four libraries.
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A single sequence related to Arcobacter of e-Proteobac-
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Fig.3 Phylogenetic tree of bacterial clones obtained in four algae. Operational taxonomic units (OTUs) were defined by
using a distance level of 1%. One access number from each OUT is displayed. The tree topology is based on
neighbor-Joining and bootstrap values lower than 50 are not shown. The scale bar indicates a genetic distance of 0.02. a,
a-Proteobacteria; b, y-Proteobacteria; ¢, Bacteroidetes. Only three most abundant phylotypes were shown in phylogenetic

trees.

Nine OTUs were assigned to the phylum Bacteroidetes.
Bacteroidetes was the dominant group of P. yezoensis
library (41.5% of the clones) and also abundant in Gl
furcata and Mazzaella sp. libraries (9.1% and 7.0% re-
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spectively). Sequences related to Winogradskyella and
Olleya were only found in P. yezoensis library while Po-
laribacter and Lacinutrix belonged to Mazzaella sp. and
Gl. furcata libraries, respectively. The remaining se-
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quences could not be affiliated to any known genus.

Two OTUs found in libraries of Mazzaella sp. and P.
yezoensis (1 and 2 sequences, respectively) were tenta-
tively identified as Spirochaetes, and they were distinct
from nearest relatives in GenBank (lower than 97% simi-
larity).

One OTU covered 24.6% of the whole sequence of
Mazzaella sp. library was affiliated to Deinococcus-
Thermus. The closest match in GenBank (99% similarity)
was unculturable clone GU451443 from macroalgal sur-
face (Lachnit et al., 2011).

4 Discussion

Phylogenetic analysis revealed that a-, y-Proteobacteria
and Bacteroidetes were the predominant groups on the
surfaces of the examined macroalgae. Generally, the three
phylogenetic groups found in the present study take part
in organic material degradation (Cottrell and Kirchman,
2000). The bacteria of these groups have already been
described in other investigations dealing with the epibac-
terial community of algae (Sapp et al., 2007).

Clones affiliated with a-Proteobacteria occurred more
frequently in the libraries of GI. furcata (32.7%), Maz-
zaella sp. (21.1%) and P. yezoensis (26.2%), but were not
found in Gr. lemaneiformis library. Roseobacter clade
(Rhodobacteraceae) within a-Proteobacteria represents
one of the most abundant, metabolically versatile and
ecologically important bacteria groups commonly found
in marine habitats, no matter whether cultivation-de-
pendent or independent assays were applied (Gonzalez
and Moran, 1997). They occur in a broad variety of ma-
rine environment (including plankton, sediments, sea ice,
macroalgal surface, efc.) and constitute about 25% of
marine communities, especially in coastal and Polar Re-
gions (Buchan et al., 2005; Piekarski et al., 2009). In the
present study, the majority of sequences falling within
a-Proteobacteria were related to Roseobacter clade, i.e.,
Ahrensia, Roseovarius, Litoreibacter, Octadecabacter,
Thaiassobacter and Sulfitobacter (Fig.3a), which was in
agreement with the previous observations on bacterial
communities from some Ulvacean alga (Tujula et al.,
2010). Tujula ef al. (2010) speculated that high proportion
of Alphaproteobacteria may be linked to DMSP utiliza-
tion. Many species of Roseobacter clade had the property
of DMSP degradation and assimilation with high effi-
ciency. Besides, bacteria within this clade were also
known to be ubiquitous and rapid colonizers of surfaces
in coastal environments (Dang and Lovell, 2000). In
Fig.3a, the presence of sulfite bacteria in the microflora of
the investigated red algae was remarkable, which was
consistent with the finding of Beleneva and Zhukova
(2006). Clones affiliated to Sulfitobacter dominated the
a-Proteobacteria group of Gl furcata, P. yezoensis li-
braries, and also were found in Mazzaella sp. library.
These gram-negative aerobic heterotrophs played an im-
portant role in cycling organic sulfur and were originally
isolated from seawater (Sorokin, 1995). They were also
isolated from starfish, seagrass (Ivanova ef al., 2004) and

found on the surface of macroalgae (Allgaier et al., 2003;
Beleneva and Zhukova, 2006). Seven clones of Gl fur-
cata library were closely related to Sulfitobacter sp.
LM-16 (AJ534237) which was isolated from surface of
brown algae Laminaria sp. (Allgaier et al., 2003). Two
clones in Mazzaella sp. library were affiliated to Sulfito-
bacter and closely related to an uncultured Ulva prolifera
associated clone (HM437338) (Liu ef al., 2011). Detailed
analysis of sequences (grouped at 0.01 distance level,
Figs.3a—c) revealed that rare OTUs were common among
libraries. These results showed that significant difference
existed in epibacterial community structure on the four
algae. Many studies had demonstrated that the structure
of epibacterial communities was host-specific but tempo-
rally variable (Lachnit ef al., 2011).

The most abundant group of bacteria detected on the
surface of four red algae was y-Proteobacteria. They
dominated three libraries, Gr. lemaneiformis (100%), GI.
furcata (58.2%) and Mazzaella sp. (45.6%), and were the
second dominant group in P. yezoensis library (27.7%).
The clones related to this group were mainly affiliated to
Colwellia, Pseudoalteromonas, Psychromonas, Moritella
and Leucothrix, etc. Pseudoalteromonas is a newly estab-
lished genus (Gauthier et al., 1995) and members of
Pseudoalteromonas have been found on living surfaces
especially of macroalgae (Skovhus et al., 2004, 2007;
Vynne et al., 2011). Previous studies have reported that
many species of Pseudoalteromonas can produce anti-
fouling agents against settlement of bacteria, fungi, algal
spores and invertebrate larvae (Holmstrom and Kjelleberg,
1999; Egan et al., 2001; Holmstrom et al., 2002). Other
reports stated that lipases and proteinases secreted by
Pseudoalteromonas could cause disease by degrading the
cell wall of macroalgae (Sawabe et al., 1998; Ivanova ef al.,
2002; Alekseeva et al., 2004). In our investigation, clones
belonging to Pseudoalteromonas dominated Gr. lemanei-
formis library obviously (57 clones, 72.2% of the total).
One OTU covering 55 clones shared 99% similarity with
P. haloplanktis and P. elyakovii (Fig.3a). The former is a
psychrophilic bacterium isolated from Antarctica, which
lives on organic remains of algae and can convert the
cellulose into an immediate nutritive form (Violot et al.,
2005). P. elyakovii had been isolated from spot-wound
fronds of L. japonica (Sawabe et al., 2000). Furthermore,
clones assigned to Pseudoalteromonas also dominated GI.
furcata library (47.3% of total clones). Their close rela-
tive was P. nigrifaceus (99% similarity), which lacked the
ability to hydrolyze most of the algal polysaccharides
(Ivanova et al., 2003). In a study of Smolina et al. (2005),
P nigrifaciens KMM 156 lipopolysaccharide and its
fragments were able to inhibit prokaryote and eukaryote
cells adhesion. It was difficult to relate the dominance
observed in this study to particular functional phenotypes,
because the Pseudoalteromonas are metabolically ex-
tremely diverse. As for the other two clone libraries,
Pseudoalteromonas-related clones were rarely found. In a
previous study, Skovhus et al. (2007) suggested that sam-
ples with the highest degree of fouling displayed the
highest Pseudoalteromonas diversity. The relative abun-
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dance of Pseudoalteromonas on the four red algaec maybe
indicated different degree of fouling.

Bacteria belonging to Bacteroidetes group are highly
diverse and are important members of the marine bacte-
rioplankton. They are found in a wide range of habitats
and are involved in organic material degradation (Fuhr-
man and Hagstrom, 2008). Members of Flavobacteriaceae
family within Bacteroidetes are commonly found on sur-
faces of marine macroalgae (Hengst et al., 2010; Tujula
et al., 2010; Lachnit ef al., 2011). Many literatures have
documented that some species of this group are important
for morphogenesis of macroalgae (Nakanishi et al., 1996;
Matsuo et al., 2003; Marshall et al., 2006). In this study,
Bacteroidetes was the most abundant group within clone
library of P. yezoensis and also found in the libraries of GI.
furcata and Mazzaella sp. (Fig.2). Clones of this group
were mainly assigned to Polaribacter, Winogradskyella,
Olleya and Lacinutrix. Twenty three clones related to
Olleya prevailed in the clone library of P yezoensis
(35.4% of the total library). Their close relative in Gen-
Bank was Olleya sp. WI-MY 15 (JQ327134), which was
isolated from wood falls in the South Sea in Korea (Lee
etal.,2013).

Fourteen clones (24.6% of the total) of Mazzaella sp.
library were assigned to Deinococcus-thermus phylum.
They couldn’t be related to any known isolates or clones
in the GenBank. Their presence is especially interesting
as Deinococcus species have been isolated from extreme
environments such as thermal springs and radioactive
residues (Makarova et al., 2001).

In summary, this study unraveled the composition of
epibacterial communities on the surfaces of four red algae
sampled from a farm at Dalian, China. However, the epi-
bacterial communities on macroalgae are quite complex
and dynamic. To better understand the subtle interaction
between epibacteria and host species, more detailed stud-
ies are needed.
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