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Abstract Marine macroalgae cannot develop normal mor-
phology under axenic conditions although normal morpho-
genesis can be sustained when certain bacteria are present. In
this study, bacteria that induced normal morphogenesis in the
red algaPyropia yezoensis (Nori) were identified. The bacteria
were isolated from algal media, thalli, tissue debris, and puri-
fied protoplasts during protoplast isolation from P. yezoensis
laboratory cultures. 16S rRNA gene sequence analysis
showed these bacterial isolates belonged to α-Proteobacteria
(12 groups), γ-Proteobacteria (3 groups), and Flavobacteria
(2 groups). Axenic protoplasts of P. yezoensis generated by
removing epiphytic bacteria were co-cultured along with the
bacterial isolates. Most axenic protoplasts showed irregular
morphogenetic and anaplastic cells; cells with normal mor-
phology were scarce. However, inoculation with 11 strains of
Hyphomonas (α-Proteobacteria) led to significantly higher
normal morphogenetic rates (4.5–7.3 %, P<0.01 or 0.05)
compared to axenic protoplasts (0.06 %). These Hyphomonas
strains were recovered from all experiments; thus, certain
Hyphomonas strains can induce normal morphogenesis in
P. yezoensis protoplasts. Direct inoculation of the
Hyphomonas strain exhibited higher morphogenetic activity

than inoculation of its extracellular and intracellular products.
This is the first study demonstrating the influence of specific
bacteria on protoplast morphology in marine macroalgae.

Introduction

Marine green macroalgae such as Ulva and Monostroma
cannot develop normal morphology when they are grown in
the absence of bacteria. For example, axenic thalli of Ulva
lactuca lose typical morphology resulting in small colonies of
uniseriate branching filaments [1]. Similar observations have
been made of axenic calli of Ulva linza [2] and callus-like
masses of Ulva pertusa [3]. Monostroma oxyspermum cells
also do not develop typical morphology under aseptic condi-
tions, growing solely as single cells or aggregates of single
cells [4]. However, the typical morphology of Ulva and
Monostroma was restored by reinfecting them with appropri-
ate bacteria or adding the filtrates of bacterial cultures [1–4].
These previous studies therefore suggest that the presence of
certain bacteria is essential for normal morphological growth
of marine macroalgae, and that specific bacteria play impor-
tant roles in algal morphology and growth.

The production of the marine red algae Pyropia and
Porphyra (Bangiales, Rhodophyta), known as “Nori” in Ja-
pan, is one of the largest aquaculture industries in East Asia
[5]. Pyropia and Porphyra are important edible species of
seaweeds in Japan and East Asia and are often used in Japa-
nese cuisine, e.g., sushi [6]. In particular, Pyropia yezoensis
(former name “Porphyra yezoensis”) is a highly valued sea-
weed crop. The life cycle of P. yezoensis is heteromorphic
with two alternating generations, a leaf gametophyte and a
filamentous sporophyte called conchocelis phase [7]. Further-
more, the gametophyte has a secondary life cycle character-
ized by the production of haploid monospores and the devel-
opment into new, leafy gametophytes [7]. The complexity of
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the natural life cycle is additionally compounded through the
required release and germination of conchospores and
carpospores.

The artificial isolation of protoplasts from thalli of Pyropia
and Porphyra using enzyme treatment was established in the
1980s [8, 9]. Pyropia and Porphyra protoplasts have since
been employed in cell biological, physiological, and genetic
investigations [10, 11]. Studies have demonstrated that proto-
plast cultures developed into various morphologies and grew
into leafy thalli [9, 12, 13]. Recently, axenic protoplast cul-
tures of P. yezoensis were generated by removing epiphytic
bacteria through a washing process and enzymatic preparation
[14]. These cultures were then used as experimental materials
to determine the draft genome sequence of P. yezoensis as
whole genome sequencing had proven difficult due to con-
tamination from bacterial DNA.

While numerous studies of bacteria associated with
macroalgal morphogenesis have focused on green macroalgae
such as Ulva and Monostroma [1–4], little research has ex-
amined this relationship with economically import red algae.
Previously, it was demonstrated that P. yezoensis conchospores
released from axenic filamentous thalli lost their typical mor-
phology and germinated into callus-like masses [15]. Subse-
quently, Yamazaki et al. [16] isolated bacterial strains, classi-
fied as α-Proteobacteria, showing morphogenetic activity
against the conchospores. However, there was no quantitative
approach to assess the bacterial effects on morphogenesis and
growth of the alga compared to the axenic control, and the
recovery of incubated bacteria and presence of bacterial con-
taminants were not examined. Due to constraints of themethod
employed by Yamazaki et al. [16], namely the 2-week
conchospore preparation with multiple antibiotics and the
low yield of 30–60 cells, this approach was not suitable for
testing a large number of bacterial strains. The use of proto-
plasts in place of conchospores, however, has two advantages:
(i) large numbers of protoplasts (106 cells/mL) are produced
from a few thalli within 6 h and (ii) the process used for
removing bacteria attached on the cell surface results in the
generation of axenic protoplasts. This is essential for the ex-
amination of the effects of many bacterial strains on morpho-
logical changes in protoplasts. As such, this study utilized
protoplasts of P. yezoensis to select bacteria capable of induc-
ingmorphogenesis of this alga and represents the first report on
bacteria that induce normal morphogenesis in the protoplasts
of marine plants.

In this study, we hypothesize that the bacterial community
inherent to the laboratory cultures of P. yezoensis may be
associated with the growth of the host. The purpose of our
investigation is to determine bacterial isolates associated with
normal morphogenesis in P. yezoensis protoplasts. As a first
step, we isolated various bacterial strains from laboratory
cultures of P. yezoensis by adding different antibiotics to the
algal culture in order to exploit the “hidden” bacteria. A total

of 259 isolates from P. yezoensis were evaluated in co-culture
experiments with axenic protoplasts. In addition, we also
recovered and identified bacteria from experiments where
bacteria were introduced and successfully demonstrated that
the cultures have been free of cross contamination.

Material and Methods

Cultivation of P. yezoensis

Monospores of P. yezoensis U-51 were cultured in sterile
modified half-strength SWM-III medium for approximately
5 weeks. The algal culture was incubated at 17 °C under
illumination of white fluorescent lamps (50 μmol m−2 s−1,
10:14 h light:dark cycle), and the algal medium was replaced
every week.

Protoplast Isolation from P. yezoensis

For isolation of protoplasts, a sample of the thalli weighing
about 50–100 mgwas used. The isolation procedure was done
with sterile instruments under a clean bench, according to the
modified method of Araki et al. [17]. In brief, the thalli were
immersed in 0.5 % citric acid (pH 2.0–2.3) for 90 s, and rinsed
twice in sterile 90 % natural seawater (NSW). The cleaned
thalli were cut with a microtome blade, and shaken with 2 %
papain solution for 30 min at room temperature (20–25 °C).
The supernatant was removed, and the precipitated cells were
washed thrice in 90 % NSW containing 0.7 M mannitol.
Enzyme solutions of agarase, β-1,4-mannanase, and β-1,3-
xylanase (1 unit/8 mL, Yakult pharmaceutical industry, To-
kyo, Japan) were added to the washed cells, and then the cell
suspension was shaken to lyse the cell walls for 60–90 min at
room temperature. The suspension was filtered with 20-μm
mesh filter to remove the undigested tissue debris (tissue
debris sample). The filtrate fraction containing the protoplast
cells was centrifuged, and then the protoplast pellet was
washed thrice in 90 % NSW containing 0.7 M mannitol
(protoplast sample).

Sample Preparation of P. yezoensis and Bacterial Isolation

After thalli were incubated in sterile modified half-strength
SWM-III medium for approximately 4 weeks, the thalli were
cultured in three different algal media for 1 week; one without
antibiotics as a control, one with ampicillin (10 mg/Lw/v), and
one with neomycin (10 mg/Lw/v). Since the presence of the
antibiotics ampicillin and neomycin in the algal medium did
not individually influence the growth of P. yezoensis, these
antibiotics were used to counter select against sensitive spe-
cies and enrich low-abundance insensitive bacteria species,
which may subsequently be isolated through plating. After

Hyphomonas induces normal morphogenesis in Pyropia protoplasts 557



1 week incubation in each algal medium, the samples of algal
media and thalli (13–19 mg) were collected directly from
culture flasks, and then tissue debris and protoplasts were
isolated from remained thalli (53–61 mg) according to the
method described above. The samples of thalli and tissue
debris were mixed with 8 and 20 ml of sterile 75 % NSW,
respectively, and vigorously shaken by hand. Each sample
was serially diluted 10-fold and a 0.1 ml subsample of opti-
mum dilution was spread on marine agar 2216 (BD, Franklin
Lakes, NJ) and 10-fold diluted marine agar 2216, and then
incubated at 20 °C for 14 days. In addition, 1 and 0.1 ml of
each dilution of the tissue debris and protoplast samples were
cultivated in three replicate tubes containing of marine broth
2216 by the most probable number (MPN) technique to
increase the detection limit. After incubation, viable bacterial
counts by plating on marine agar 2216 and 10-fold diluted
marine agar 2216, andMPN values were measured. TheMPN
counts of tissue debris and protoplast samples were enumer-
ated from the weight of thalli used in the experiment. Colonies
from each sample were randomly selected and purified.

DNA Extraction and PCR Amplification

For DNA extraction from bacterial isolates, a single colony
was suspended in TE buffer (10 mM Tris, 1 mM EDTA,
pH 8.0) containing 1 % Triton X-100 (v/v) and boiled at
100 °C for 5 min. An equal volume of chloroform-
isoamylalcohol (24:1v/v) was added to the suspension, and
then the protein was removed by centrifugation at 15,000 rpm
for 15 min. The suspension was used as template DNA. PCR
amplifications of 16S rRNA gene sequence were performed
using the universal primer set 27F and 1492R [18]. PCR
mixtures consisted of 2 μL of template DNA, 1× Ex Taq
Buffer, dNTP mixture containing 0.2 mM of each nucleotide,
0.5 units of Takara Ex Taq (Takara Bio, Shiga, Japan), 0.5 μM
of each primer in a total volume of 20μL. PCRwas performed
by initial denaturation at 95 °C for 3min followed by 30 cycles
of denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s,
extension at 72 °C for 1 min, and a final extension at 72 °C for
7 min, in a C1000 thermal cycler (Bio-Rad Laboratories,
Hercules, CA). Approximately 700 bp of the 5′ end of the
16S rDNA sequence was determined by automated DNA
sequencing (Model 3100; Applied Biosystems, Foster City,
CA) using the sequencing primer 27F.

Sequence and Phylogenetic Analysis

The partial 16S rRNA gene sequences obtained from each
sample were aligned using Clustal X programs [19]. The
phylogenetic distances among these sequences were calculat-
ed using MEGA version 4 [20]. Isolates showing >98 %
identity were assigned to the same phylogenetic group. The
representative isolates were selected from each phylogenetic

group, and the near full-length sequences of 16S rRNA gene
were determined using a combination of sequence primers
27F, 519F (positions 519–537 of E. coli CFT073 16S rRNA
gene), 800F (positions 768–787 of E. coli), 1190F (positions
1,169–1,188 of E. coli), 530R (positions 517–536 of E. coli),
760R (positions 716–735 of E. coli), 920R (positions 908–
926 of E. coli), and 1492R [18, 21]. These sequences were
compared against the GenBank database constructed in the
local BLAST database with BLASTN search [22]. A type
strain in the database showing the highest homolog with the
representative sequence has been described in the results
below. When the representative sequence was having >95 %
similarity to the type strain, the representative isolate was
assumed to belong to the same genus [23].

Nucleotide Sequence Accession Number

The 16S rRNA gene sequences of the representative strains
were deposited in GenBank/EMBL/DDBJ nucleotide se-
quence database under accession numbers AB583774 to
AB583776, AB689190, AB689191, AB695286 to
AB695288, and AB758562 to AB758592.

Co-cultivation of Protoplasts and Bacteria

Two hundred fifty-nine strains isolated from P. yezoensiswere
used in the co-culture experiment with axenic protoplasts.
Each isolate was cultured in marine broth 2216, and the
culture was diluted 10-fold with sterile 75 % NSW. In co-
cultured systems, sterile 90 % NSW supplemented with
NaNO3 (100 mg/Lw/v) and Na2HPO4·12H2O (20 mg/Lw/v)
was used as the culture medium (NP medium). Dilute bacte-
rial culture (10 μL; 105–106 CFU/well) was inoculated in a
24-well culture plate containing 1 mL of NP medium pre-
inoculated with 0.1 mL of the protoplast sample (102 cells/
well). In the control experiment, 10 μL of 10-fold diluted
marine broth 2216 with 75 % NSWwas added to the mixture.
The incubation was performed at 17 °C for 6 weeks in the
same conditions as described above. For selected strains, the
same experiments were replicated four times independently.

Morphological Observation of Protoplasts and Recovery
of Bacteria

After 6 weeks of incubation, the morphology and num-
ber of the protoplasts were observed under 40× magni-
fication using an inverted light microscope (ECLIPSE
Ti-S; Nikon Instech, Tokyo, Japan). Surviving proto-
plasts were categorized into four morphological groups:
normal morphogenetic, irregular morphogenetic, callus-
like, and anaplastic cells (Fig. 1). A normal morphoge-
netic cell was defined as a cell possessing one rhizoid
and normal cell division (Fig. 1d–f). An irregular
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morphogenetic cell was defined as a cell showing irreg-
ular cell division (Fig. 1b, e). The survival and normal
morphogenetic rates were calculated by dividing the
each cell number with the inoculated cell number. Data
were subjected to one-way ANOVA with Dunnett’s mul-
tiple comparison post hoc test. P<0.05 was considered
statistically significant. In order to recover the inoculat-
ed bacteria, one loop filled with the co-culture medium
incubated in each well was cultured on marine agar
2216 at 20 °C for 2 weeks, and then three representa-
tive colonies were selected and further purified. In
experiments inoculated with Hyphomonas sp. strain
LNM10-16, which showed higher morphogenetic activ-
ity, and Algimonas sp. type II strain 14A-2-1, which
showed low normal morphogenetic activity, changes of
these viable counts were investigated at initial inoculum
and 6 weeks after incubation.

Development of Hyphomonas-Specific PCR Method

Hyphomonas-specific PCR detection method was devel-
oped to identify isolates recovered from the culture

wells in which Hyphomonas strains were inoculated.
Near complete sequences of Hyphomonas strains were
compared with those of representative strains in other
phylogenetic groups, and then a Hyphomonas-specific
primer set of HyphoF1 (5′-TTTCACTACGGAATAGCT
CTT-3′; positions 137–157 of E. coli) and HyphoR1 (5′-
CTCCTGGTCTCTAGACTTCC-3′; positions 645–664 of
E. coli) was designed. The specificity of this primer set
was evaluated using genomic DNAs of the representa-
tive strains in the 17 phylogenetic groups isolated from
P. yezoensis. The PCR condition consisted of an initial
denaturation at 95 °C for 3 min followed by 30 cycles
of denaturation at 95 °C for 30 s, annealing at 55 °C
for 30 s, extension at 72 °C for 1 min, and a final
extension at 72 °C for 5 min. The PCR product was
analyzed by electrophoresis on a 2.0 % agarose gel.
After the specificity was confirmed by the representative
genomic DNAs, further isolations were identified ac-
cording to the description above. Accuracy of
Hyphomonas identification was confirmed by 16S rDNA
sequencing of bacterial isolations showing PCR-positive,
using the sequencing primer 27F.

a

b

c

d

e

f

Fig. 1 Representative
photographs showing the
morphologies of 6-week-old
protoplasts isolated from
P. yezoensis. a Anaplastic cell
without added bacteria. b
Irregular morphogenetic cell
without added bacteria. c Callus-
like cell without added bacteria. d
Normal morphogenetic cell
inoculated with Hyphomonas sp.
strain LNM-9. e Normal (arrow)
and irregular morphogenetic cells
inoculated with Hyphomonas sp.
strain LNM10-16. f Normal
(arrow) and callus-like cells
inoculated with Hyphomonas sp.
strain LNM10-16. Bars 40 μm
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Survival and Morphogenetic Activities of a Hyphomonas
Strain

Effects of viable cells and extracellular and intracellular prod-
ucts of Hyphomonas sp. on the survival and normal morpho-
genetic activities of P. yezoensis protoplasts were examined.
Hyphomonas sp. strain LNM10-16 that show the highest
normal morphogenetic activity was used for the experiments.
A pre-culture (2.5 mL) was inoculated into 600 mL of marine
broth 2216 and cultivated at 20 °C for 4 days with shaking at
120 rpm. The bacterial culture was centrifuged (10,000 rpm,
10 min), and the supernatant was filtered through a sterile
0.2-μm-pore-size filter (Cellulose acetate; Toyo Roshi Kaisha,
Tokyo, Japan) and used as culture supernatant. The cell pellets
were washed thrice in sterilized 75 % artificial seawater and
then resuspended in 10 mL of sterilized distilled water. The
resuspended cells were sonicated at 20 kHz and 150 W for
45 min using a sonicator (VP-30S; Taitec, Saitama, Japan),
and the undisrupted cells were removed by centrifugation
(10,000 rpm, 30 min, 4 °C). The filtered sample was used as
intracellular extract. A sample of viable cells was prepared as
10-fold dilution of the bacterial culture. In order to adjust to
the concentration of viable cells, samples of the culture super-
natants and intracellular extracts were diluted 10-fold and
600-fold, respectively. Then, 10 μL of each sample was added
to 1 mL of NP medium containing 102 cells of protoplasts.
Three independent experiments were performed as described

above. The statistical difference was determined by Student’s t
test. Difference with P<0.05 was considered significant.

Results

Enumeration of Viable Bacteria in P. yezoensis Samples

Details of the samples used for the bacterial isolation and
viable bacterial counts are shown in Table 1. When each
antibiotic was added to the algal medium, viable counts in
the samples with ampicillin and neomycin were not reduced
compared with those from algal medium without antibiotics.
The bacterial colony counts in the algal media ranged from
7.3×105 to 3.6×106 CFU/mL on marine agar 2216, and from
5.2×105 to 9.6×105 CFU/mL on 10-fold diluted marine agar
2216. Viable counts on the thallus surface ranged from 2.3×
106 to 3.3×106 CFU/g on marine agar 2216, and from 2.7×
105 to 1.1×106 CFU/g on 10-fold diluted marine agar 2216.
Bacterial abundance of the tissue debris without antibiotics
was less than detectable levels, but MPN counts of the tissue
debris with ampicillin and neomycin were 3.0×103 and 3.4×
102 MPN/g, respectively. MPN counts of the protoplasts
without antibiotics and with ampicillin were not detected,
but MPN counts of the protoplasts with neomycin were
7.5×102 MPN/g.

Table 1 Viable counts of bacteria in algal media, thalli, tissue debris, and protoplasts of the red alga P. yezoensis

Samples Cultivation groupa

Without antibiotics With ampicillin With neomycin

Sample
code

Bacterial
mediumb

Viable
counts
of bacteria

Sample
code

Bacterial
mediumb

Viable
counts
of bacteria

Sample
code

Bacterial
mediumb

Viable
counts
of bacteria

Algal media (CFU/ml) (CFU/ml) (CFU/ml)

SCM MA 7.3×105 SAM MA 2.1×106 SNM MA 3.6×106

SCM10 1/10MA 5.2×105 SAM10 1/10MA 9.6×105 SNM10 1/10MA 6.6×105

Thalli (CFU/g) (CFU/g) (CFU/g)

LCM MA 3.3×106 LAM MA 2.3×106 LNM MA 3.0×106

LCM10 1/10MA 4.8×105 LAM10 1/10MA 1.1×106 LNM10 1/10MA 2.7×105

Tissue debrisc (MPN/g) (MPN/g) (MPN/g)

NGCM MB ND NGAM MB 3.0×103 NGNM MB 3.4×102

Protoplastsc (MPN/g) (MPN/g) (MPN/g)

PGCM MB ND PGAM MB ND PGNM MB 7.5×102

a After thalli were incubated in half-strength SWM-III medium for approximately 4 weeks, the thalli were cultured in three algal media without
antibiotics, with ampicillin, and with neomycin for 1 week
bMA marine agar, 1/10MA 10-fold diluted marine agar, MB marine broth
c Bacteria in the tissue debris and protoplasts were not detected on MA and 1/10MA
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Bacterial Community Composition in P. yezoensis Samples

Taxonomic compositions of bacterial isolates from algal me-
dia, thalli, tissue debris, and protoplasts of P. yezoensis are
shown in Fig. 2. The predominant bacteria in the algal media
without antibiotics, with ampicillin, and with neomycin, were
Maritalea sp. type I, Alteromonas sp., and Marinobacter sp.
type II on marine agar 2216, respectively, and Alteromonas
sp., Roseovarius sp., and Hyphomonas sp. on 10-fold diluted
marine agar 2216, respectively. On the surface of the thalli
cultured without antibiotics, with ampicillin, and with neomy-
cin, the dominant bacteria were represented by Maritalea sp.
type I, Alteromonas sp., and Maritalea sp. type I on marine
agar 2216, respectively, and Alteromonas sp., Alteromonas
sp., and Marinobacter sp. type II on 10-fold diluted marine
agar 2216, respectively. Bacteria were not isolated from the
tissue debris and protoplasts without antibiotics, while
Sphingopyxis sp. was isolated from the tissue debris with
ampicillin, and the tissue debris and protoplasts with neo-
mycin. Based on the similarity in the partial sequences of
the 16S rRNA gene, 326 isolates from P. yezoensis were
divided into 17 groups within the class α-Proteobacteria,
γ-Proteobacteria, and Flavobacteria (Table 2). The
most frequently represented class α-Proteobacteria
(12 groups) consisted of the genus Maritalea (types I and
II) in the family Hyphomicrobiaceae , the genera
Hyphomonas and Algimonas (types I and II) in the family

Hyphomonadaceae, the genera Ahrensia, Antarctobacter,
Roseovarius , Sulf i tobacter ( types I and II) , and
Tropicibacter in the family Rhodobacteraceae, and the
genus Sphingopyxis in the family Sphingomonadaceae.
The class γ-Proteobacteria (three groups) was represented
by the genera Alteromonas and Marinobacter (types I and
II) in the family Alteromonadaceae, and the class
Flavobacteria (two groups) was restricted to the genera
Kordia and Polaribacter in the family Flavobacteriales.

Effects of Bacteria on Survival and Morphogenesis
of P. yezoensis Protoplasts

Two hundred fifty-nine bacterial isolates were selected from
326 isolates based on the number of isolates in each phyloge-
netic group. Each of the 259 bacterial isolates was separately
inoculated with axenic protoplasts in co-culture, and the aver-
age values of the survival and normal morphogenetic rates in
17 phylogenetic groups are shown in Fig. 3. In controls
without bacterial incubation, the survival and normal morpho-
genetic rates of the protoplasts were 5.4 and 0 %, respectively.
The mean survival rates of protoplasts were higher in
Hyphomonas sp. (n=24, 17.7 %), Algimonas sp. type I (n=
6, 18.2 %), and Algimonas sp. type II (n=12, 21.2 %) than
those of other phylogenetic groups (Fig. 3a). The inoculation
with Hyphomonas sp. showed the highest mean rates of
normal morphogenesis (n=24, 3.7 %) (Fig. 3b).
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Fig. 2 Taxonomic composition of bacterial cultures isolated from algal media, thalli, tissue debris, and protoplasts of the red alga P. yezoensis, based on
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Among the 259 isolates, 18 isolates that showed normal
morphogenetic rates of more than 3 % in the genera
Hyphomonas and Algimonas were used to analyze the role

of these strains in increased morphological changes (Fig. 4).
When the protoplasts were not inoculated with bacteria, the
survival and normal morphogenetic rates were 3.6 and

Table 2 Identification of bacterial strains isolated from P. yezoensis based on 16S rRNA gene sequences

Phylogenetic group

Class Family Genus Representative isolatesa Closest type strain Similarity
(%)

α-Proteobacteria Hyphomicrobiaceae Maritalea sp. type I SCM-20, SNM-9, LCM-3,
LNM-2

Maritalea porphyraec –

Maritalea sp. type II LNM-14 Maritalea porphyrae 98.8

Hyphomonadaceae Algimonas sp. type I 0C-17b, LNM-3 Algimonas porphyraec –

Algimonas sp. type II 14A-3b Algimonas ampicilliniresistensc –

Hyphomonas sp. SCM-2, SNM-14, LNM-9 Hyphomonas jannaschiana 98.3

Rhodobacteraceae Ahrensia sp. 0C-1b Ahrensia kielensis 97.1

Antarctobacter sp. SCM-21, LCM10-3 Antarctobacter heliothermus 99.6

Roseovarius sp. SAM-3, LAM-9 Roseovarius mucosus 99.0

Sulfitobacter sp. type I SCM-1, LCM10-1 Sulfitobacter mediterraneus 98.8

Sulfitobacter sp. type II SCM-4 Sulfitobacter mediterraneus 97.6

Tropicibacter sp. SNM-13 Tropicibacter
naphthalenivorans

97.4

Sphingomonadaceae Sphingopyxis sp. 14C-7b, LAM-6, LNM-15, Sphingopyxis litoris 99.6

NGAM-1, NGNM-3, PGNM-2

γ-Proteobacteria Alteromonadaceae Alteromonas sp. SCM-5, SAM-1, LAM-1 Alteromonas macleodii 99.6

Marinobacter sp. type I SCM-3, LCM-11 Marinobacter algicola 99.8

Marinobacter sp. type II SNM-1, LNM-5 Marinobacter alkaliphilus 100.0

Flavobacteria Flavobacteriaceae Kordia sp. LCM-6, LNM-4 Kordia algicida 97.3

Polaribacter sp. SNM-7, LCM-1, LAM-13,
LNM-20

Polaribacter porphyraec –

a The strain name is indicated by the sample code shown in Table 1
b The sample codes of OC and 14C show the same code of SCM. The sample code of 14A shows the same code of SAM
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0.06 %, respectively. Among the 18 strains, the incubation of
Hyphomonas sp. strains SCM-2, LNM-9, LNM-21, and
LNM10-16, Algimonas sp. type I strain LNM-3, and
Algimonas sp. type II strain 14A-2-1 significantly increased
the survival rates (20.0–24.3 %; P<0.01 or 0.05) compared to
that of the control without bacteria (Fig. 4a). Eleven strains of
Hyphomonas sp. (strains SCM-2, SNM-14, LNM-9, LNM-
21, LNM-24, SNM10-6, SNM10-12, SNM10-13, SNM10-
16, SNM10-19, and LNM10-16) showed significantly higher
normal morphogenetic rates (4.5–7.3 %; P<0.01 or 0.05) as
compared with that of the control (Fig. 4b).

Identification of Hyphomonas Strains Recovered
from Co-cultivation and Changes of Bacterial Abundance

The HyphoF1-HyphoR1 primer set was designed to
completely match the sequences of 11 strains of Hyphomonas
sp. The primer set of HyphoF1-HyphoR1 was able to specif-
ically amplify DNA of Hyphomonas strains among the 17
phylogenetic groups isolated from P. yezoensis. When the co-
culture medium with 11 strains of Hyphomonas sp. (strains
SCM-2, SNM-14, LNM-9, LNM-21, LNM-24, SNM10-6,
SNM10-12, SNM10-13, SNM10-16, SNM10-19, and
LNM10-16) was cultured on marine agar 2216, colonies with
same morphology were observed in each experiment. When a
total of 132 isolates were identified using the specific primer
set, all of these isolates were confirmed as Hyphomonas sp.
Furthermore, 16S rRNA sequences of 36 isolates from the co-
culture experiments with strains LNM10-16, SCM-2, and
LNM-9 showed almost 100 % similarities with those of the
inoculated strain, supporting that HyphoF1 and HyphoR1
primers were able to accurately detect Hyphomonas strains.

Changes of viable counts of Hyphomonas sp. LNM10-16
(a high normal morphogenetic strain) and Algimonas sp. 14A-
2-1 (a low normal morphogenetic strain) were investigated in
co-culture experiments. The initial viable count 2.2×
106 CFU/well of Hyphomonas sp. strain LNM10-16 changed
to 1.7×106 CFU/well at incubation of 6 weeks. The initial
abundance 1.2×106 CFU/well of Algimonas sp. strain 14A-2-
1 changed to 9.2×105 CFU/well at incubation of 6 weeks.

Survival and Morphogenetic Activities of a Hyphomonas
Strain

Survival and normal morphogenetic activities were higher
with viable cells than with culture supernatants and intercel-
lular extracts. The survival and normal morphogenetic activ-
ities of culture supernatants relative to those of viable cells
were significantly reduced by 10.5 % (P<0.01) and 9.3 %
(P<0.01), respectively. The survival activity of intercellular
extracts was significantly reduced by 30.0 % (P<0.01). The
normal morphogenetic activity of intercellular extracts was
not significantly different in that of viable cells (Fig. 5).

Discussion

In this study, we identified the bacteria that induce morpho-
logical changes in the protoplasts of the red alga P. yezoensis.
Incubation of Hyphomonas strains with axenic protoplasts
showed a significant increase in normal morphogenesis
(Fig. 4b). These strains themselves were isolated from the
healthy red alga and recovered in all co-culture experiments.
In the present study, the Hyphomonas strains fulfilled Koch’s
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postulates; therefore, these strains are considered to be asso-
ciated with the development of normal morphology in proto-
plasts of P. yezoensis.

We isolated bacterial cultures from various samples in
laboratory cultures of P. yezoensis. The addition of antibiotics
to algal cultures drastically changed bacterial floras and en-
abled us to isolateMaritalea sp. type II, Algimonas sp. type II,
Roseobacter sp., and Tropicibacter sp., which were, in gener-
al, less frequent and “hidden” in cultures without antibiotics
(Fig. 2). Within 17 phylogenetic groups associated with
P. yezoensis, Maritalea porphyrae (Maritalea sp. type I),
Algimonas porphyrae (Algimonas sp. type I), Algimonas
ampicilliniresistens (Algimonas sp. type II), and Polaribacter
porphyrae were novel species isolated for the first time
[24–27]. In previous culture studies of Pyropia spp.,
Aeromonas, Bacillus, Corynebacterium, Enterobacteriaceae,
Escherichia, Flavobacterium, Micrococcus, Phycisphaera,
Staphylococcus, and Vibrio have been identified on the basis
of phenotypic characteristics [28–30], which differed from
those bacteria observed in this study. On the other hand, a
culture-independent clone library method also detected the
sequences of Alteromonas sp., Marinobacter sp., and
Polaribacter sp. from the thalli of a laboratory strain of
P. yezoensis [31]. However, this study detected no clone
sequences related to α-Proteobacteria isolated in our study.
This result could be explained by the finding that the se-
quences of the 75F primer developed by Namba et al. [31]
were different from our α-Proteobacteria target sequences. It

was reported that bacterial communities in laboratory blades
of Porphyra umbilicalis which were treated with antibiotics
differed from those in field samples [32]; therefore, the bac-
terial floras observed in P. yezoensis laboratory cultures might
not fully reflect that in natural environments. However, be-
cause the laboratory thalli grew normally in the three algal
media, these strains were implicated in a role of increased
morphological changes.

Viable bacterial counts of the protoplasts (PGCM, PGAM,
and PGNM) were lower than in the algal media and on the
thallus surface (Table 1). The reduced viable counts of proto-
plasts may be attributed to the enzyme treatments and hyper-
tonic solution used for protoplast production. However, the
bacterial abundance of the protoplasts differed among three
cultivation groups with/without antibiotics. The presence of
neomycin caused low-level accumulation of Sphingopyxis sp.
(<103 MPN/g) in/on protoplasts (Table 1 and Fig. 2). Our
results suggested that even if an antibiotic was added to the
algal medium, it was difficult to exclude epiphytic bacteria
associated with P. yezoensis. On the other hand, the isolation
of protoplasts from thalli incubated in algal medium without
antibiotics allowed us to obtain a large number of axenic
protoplasts (Table 1, PGCM). Therefore, axenic protoplasts
without antibiotics were used as experimental material for the
bacterial incubation in this study. Evidence for the consistency
of the axenic status of the protoplasts was obtained throughout
four replicate experiments of bacterial inoculation. These
bacteria-free protoplasts have also been used as a powerful
material in genome analysis of P. yezoensis [14].

When protoplasts were cultured in NP medium with and
without bacteria, the incubated protoplasts exhibited four sur-
viving morphologies, i.e., normal morphogenetic, irregular
morphogenetic, callus-like, and anaplastic cells (Fig. 1). Sim-
ilar morphologies have been observed during the regeneration
of protoplasts from Pyropia and Porphyra [9, 12, 13]. It was
reported that callus cells also formed thalli from the edges [13]
or produced small cells which germinated into thalli [12]. In
most previous studies, thalli were treated with antibiotics prior
to protoplast isolation or antibiotics were added to the culture
medium for protoplast regeneration; however, the presence of
bacteria in the starting materials and bacterial contaminants
has not been fully examined. When protoplasts of P. yezoensis
were grown under axenic conditions, most of the axenic
protoplasts observed were either irregular morphogenetic or
anaplastic cells, and the number of normal morphogenetic
cells was the lowest (Fig. 4). Our results correspond with
those of a previous report showing that axenic conchospores
of P. yezoensis failed to attain typical morphology [15].

The effects of 17 phylogenetic groups, including 259 bac-
terial strains, on the surviving and normal morphologies of
protoplasts differed (Fig. 3). The differences among the 17
phylogenetic groups are likely to be attributed to the compe-
tition for nutrients between bacteria and protoplasts, or to the
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inhibition by either organism. Interestingly, the bacterial
strains that showed significantly higher levels in the survival
or normal morphogenetic rates were classified in the same
family, Hyphomonadaceae (the genera Hyphomonas and
Algimonas), on the basis of 16S rRNA gene sequences
(Fig. 4 and Table 2). In the co-culture experiments, the rela-
tionship between bacterial population and normal morphoge-
netic effect was not observed in 6 weeks incubation, suggest-
ing that the normal morphogenetic activity was specific for
Hyphomonas strains. Members of the genus Hyphomonas
have been characterized as having a biphasic life cycle
consisting of flagellated swarmer cells and prosthecate cells
that adhere to surfaces [33]. Other Hyphomonas strains are
ubiquitous members of seawater, hydrothermal vents, and
shellfish beds [33–35]. Using a culture-independent approach
based on the 16S rRNA gene, sequences related to the genus
Hyphomonaswere detected in blades of Porphyra umbilicalis
[32], which were cultured in a field. However, the distribution
and function of Hyphomonas strains on aquacultured or wild
species of Pyropia in natural environments is not clear.

A few strains that induce morphogenesis of conchospores
in P. yezoensis were identified as members of the family
Rhodobacteraceae (α-Proteobacteria) [16, 36]. These strains
were distinct from the strains identified in our study, although
the bacterial isolates associated with the morphogenesis of
P. yezoensis in our study also belonged to the class α-
Proteobacteria. In contrast, bacterial isolates involved in the
morphogenesis of calli or callus-like masses of the green algae
Ulva spp. belonged to a variety of taxonomic groups, includ-
ing α-Proteobacteria, γ-Proteobacteria, Bacteroidetes, and
Firmicutes [2, 3]. In this study, the direct inoculation of the
Hyphomonas strain into P. yezoensis protoplasts resulted in
high levels of survival and morphogenetic activities compared
to indirect inoculation. A substance known as “thallusin”,
which is produced by a strain of the Cytophaga-
Flavobacteria-Bacteroides group, was essential for the mor-
phogenesis ofMonostroma cells and the germination of Ulva
and Enteromorpha spores [37]; however, culture supernatants
of active bacteria did not induce morphogenesis in the callus-
like masses of U. pertusa [2]. It is not clear whether the
activity of the Hyphomonas strain in P. yezoensis is the same
as either of those observed in green algae or is a different
phenomenon altogether. Our results imply that each organism
may be dependent on the metabolites produced by the other.

Our bacteria belonging to the genera Hyphomonas and
Algimonaswere originally isolated from algal media and thalli
in the laboratory environments of P. yezoensis, and these
strains exhibited the survival or normal morphogenetic activ-
ities against protoplasts, which were artificially isolated from
the thalli and did not present typical morphologies throughout
the life cycle of the alga. An endophytic bacterial association
with macroalgae is known for a Rhodopseudomonas-like
bacterium of α-Proteobacteria isolated from the cytoplasm

of rhizoids of the green alga Caulerpa taxifolia that has the
potential to fix nitrogen in rhizoids [38]. In the red macroalga
Prionitis, endophytic bacteria ofα-Proteobacteria are respon-
sible for gall formation (abnormal tissue growth) by overpro-
duction of the phytohormone indole-3-acetic acid [39, 40].
From the results of this study,Hyphomonas strains might have
a specific effect on the synthesis of cell walls or initial differ-
entiation of protoplasts, unlike the phenomenon on the surface
of thalli. However, to our knowledge, there are no reports on
the biological meaning associated with interactions between
bacteria and protoplast cultures of marine macroalgae to sup-
port this speculation. The mechanism of action by which
Hyphomonas strains induce normal morphogenesis of
P. yezoensis protoplasts and detailed differences among
Hyphomonas strains need to be investigated in future studies.

In conclusion, the normal morphogenesis of axenic proto-
plasts is entirely dependent on the incubation with bacteria,
whereas the addition of Hyphomonas strains significantly
influences the development of normal morphology in proto-
plasts. This is the first report on the isolation of bacteria
associated with normal morphogenesis in protoplasts of ma-
rine algae; previously, the effects of bacteria on marine algae
have been evaluated using spores and calli, and relationships
between bacteria and protoplast regeneration of marine algae
have been poorly understood. This new technique using
P. yezoensis protoplasts and bacteria that induce normal mor-
phogenesis in the alga can be utilized for effective breeding in
aquaculture.
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