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Abstract
Marine algae have unique defense strategies against microbial infection. However, their

mechanisms of immunity remain to be elucidated and little is known about the similarity of

the immune systems of marine algae and terrestrial higher plants. Here, we suggest a pos-

sible mechanism underlying algal immunity, which involves hexose oxidase (HOX)-depen-

dent production of hydrogen peroxide (H2O2). We examined crude extracts from five

different red algal species for their ability to prevent bacterial growth. The extract from one

of these algae, Ptilophora subcostata, was particularly active and prevented the growth of

gram-positive and -negative bacteria, which was completely inhibited by treatment with cat-

alase. The extract did not affect the growth of either a yeast or a filamentous fungus. We

partially purified from P. subcostata an enzyme involved in its antibacterial activity, which

shared 50% homology with the HOX of red seaweed Chondrus crispus. In-gel carbohydrate
oxidase assays revealed that P. subcostata extract had the ability to produce H2O2 in a hex-

ose-dependent manner and this activity was highest in the presence of galactose. In addi-

tion, Bacillus subtilis growth was strongly suppressed near P. subcostata algal fronds on
GYP agar plates. These results suggest that HOX plays a role in P. subcostata resistance
to bacterial attack by mediating H2O2 production in the marine environment.
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Introduction
Marine algae, like terrestrial higher plants, are plagued by diseases caused by pathogenic bacte-
ria (reviewed by [1–4]). It has been suggested that marine algae may be susceptible to disease
caused by opportunistic bacteria, that become pathogenic in response to environmental change
or decrease in host defense [2]. Therefore, little is known about the molecular mechanisms
underlying defense against pathogen attack in marine algae. In contrast, the immune systems
of terrestrial plants have been well-documented (reviewed by [5–6]). Marine algae are known
to share basic mechanisms for pathogen recognition and signaling with terrestrial plants
(reviewed by [1, 3, 7]). For example, oxidized polyunsaturated fatty acids, collectively known as
oxylipins, play regulatory roles in the immune responses of certain marine algae, as well as ter-
restrial plants [8–9]. Another example of the conserved immune response between marine
algae and terrestrial plants is microbe-associated molecular patterns (MAMPs)-induced
immune responses. In terrestrial higher plants, Flg22, a 22-amino acid peptide in the N-termi-
nal part of flagellin, is known to induce an immune response [10–12]. In female gametophytes
of the red alga, Saccharina japonica, the Flg22-induced immune response is associated with an
oxidative burst, a rapid and massive production of reactive oxygen species (ROS), such as
superoxide (O2

-) and hydrogen peroxide (H2O2) [13]. In red algae, such as Gracilaria conferta
and Chondrus crispus, cell-wall oligosaccharides trigger a signal transduction cascade leading
to an oxidative burst and a hypersensitive response (HR), which is local, and rapid pro-
grammed cell death [5, 14–18]. In marine algae, pharmacological studies have suggested that
oxidative bursts are induced by an NADPH oxidase; this mechanism is similar to the oxidative
burst that occurs during the immune response in terrestrial higher plants [3, 7, 19, 20]. Addi-
tionally, in silico research into the genome of the brown alga, Ectocarpus siliculosus, identified a
number of genes encoding proteins that contain ligand-binding and signal-transduction
domains, such as leucine-rich or tetratricopeptide repeat (LRR/TPR) domains, which are
involved in direct or indirect pathogen recognition in higher plants [21]. On the other hand,
marine algae have evolved their own defense system. Indeed, many algae appear to constitu-
tively produce defense compounds, such as halogenated secondary metabolites, at high levels
[22–23]. For example, the red alga Bonnemaisonia hamifera is coated with the metabolites at
sufficiently high concentrations to protect itself against bacteria [24].

Investigations of the immune responses of algae (seaweeds) at various biological levels are
necessary to determine the impact of biotic interactions in the marine environment and to
understand the evolution of innate immunity in eukaryotes. In this study, we investigated the
antibacterial activity of extracts from five red algal species. We partially purified an enzyme
involved in the antibacterial activity of the red alga P. subcostata; the enzyme was identified by
homology analysis as a hexose oxidase (HOX). We propose that HOX-mediated H2O2 produc-
tion represents a defense mechanism against a broad range of bacteria in marine algae.

Materials and Methods

Red algal material and preparation of crude extracts
The red algae Ptilophora subcostata, Scinaia japonica, Galaxaura elegans, Callophyllis japonica,
and Gelidium elegans were collected in the intertidal during zone summer on the Enoshima
shore (GPS coordinates 35°18'28.2"N, 139°29'13.9"E), Kanagawa, Japan. Collection did not
require specific permission and these red algae are not protected species. Freshly collected
fronds were washed with cold water and stored at −80°C. For each sample, 1.8 g of algal fronds
were homogenized in 25 mM Tris-HCl buffer (pH 7.2) and centrifuged at 15,000 g for 15 min.
The volume of the supernatant was adjusted to 50 ml with 25 mM Tris-HCl buffer (pH 7.2).

HOX-Mediated H2O2 for the Antibacterial Activity in P. subcostata

PLOSONE | DOI:10.1371/journal.pone.0149084 February 11, 2016 2 / 11



Antibacterial activity assay
An agar well diffusion assay was performed as described previously [25]. Spores of B. subtilis
ATCC 6633 (107 CFU/ml) were spread onto GYP agar plates containing 2% (w/v) D-glucose
(Wako), 0.5% (w/v) yeast extract (Difco), 0.5% (w/v) Bacto-peptone (Difco), and 1.5% (w/v)
agar (Difco), pH 6.0. Holes were made in the agar plates using a 5-mm diameter cork borer.
Then, 60 μl of algal extract sample were added to each hole. The agar plates were incubated at
4°C for 2 h followed by 37°C for 16 h. The antibacterial activity was estimated by measuring
the diameter of each clear growth-inhibition zone.

Alternatively, to measure antibacterial activity, we used a 96-well microtiter plates assay
methods, which we developed. A total of 196 μl of B. subtilis ATCC 6633 (105 CFU/ml) culture
and 4 μl of algal extract sample were added to each well, and the plate was cultured in GYP liq-
uid medium containing 2% (w/v) D-glucose, 0.5% (w/v) yeast extract, and 0.5% (w/v) Bacto-
peptone, pH 6.0 at 37°C for 16 h. The algal extract samples were serially diluted ten-fold and
then applied to each well. After incubation, the optical density at 660 nm (OD 660) was mea-
sured using a microtiter plate reader (MTP-300, Corona). We converted the antibacterial activ-
ity of the P. subcostata extracts to kanamycin resistance values. B. subtilis ATCC 6633 was
cultured with or without kanamycin in 96-well microtiter plates as discussed above and the
OD 660 nm was measured (S1 Fig). We used the following criteria for antibacterial activity: an
OD 660 nm of<0.2 indicated antibacterial activity and that activity value was converted to
0.025 μg of kanamycin activity, and an OD 660 nm> 0.2 indicated no antibacterial activity.
The total activity was calculated from the dilution ratio and the kanamycin volume.

Effect of catalase on antibacterial activity of P. subcostata extracts
The algal extracts were incubated with 0, 1, 2 mg/ml of catalase (E.C.1.11.1.6, Sigma) in 25 mM
Tris-HCl buffer (pH 7.2) at 37°C for 16 h. The catalase-treated extracts of P. subcostata were
applied on agar diffusion assay.

Heat treatment and ultrafiltration
The extracts were treated at 30, 40, 50, 60, 70, 80, 90 or 100°C for 10 min. For ultrafiltration,
three (10, 50, and 100 kDa) molecular-weight-cutoff filters (Millipore) were used. The samples
were subjected to an agar well diffusion assay to measure antibacterial activity.

Purification of antibacterial components from P. subcostata
For each sample, 274 g of algal fronds were homogenized with 25 mM Tris-HCl (pH 7.2) and
centrifuged at 15,000 g for 15 min. Ammonium sulfate was added to the supernatant to yield a
100% saturated solution and proteins were precipitated by centrifugation. The pellets were
resuspended in 25 mM Tris-HCl buffer (pH 7.2) and dialyzed overnight against 25 mM Tris-
HCl buffer (pH 7.2) to remove salt. The dialyzed samples were subjected to anion exchange
chromatography on DEAE Sepharose FF (250 ml, Amersham Biosciences) and the column
was eluted with 0.17 M, 0.27 M, and 0.37 M NaCl in Tris-HCl buffer (pH 7.2). The 0.27 M
NaCl fraction, which had antibacterial activity, was subjected to gel filtration chromatography
using Toyopearl HW-65S resin (particle size 20–40 μm, Tosoh), and the column was eluted
with 25 mM Tris-HCl buffer (pH 7.2) at a 24 ml/min flow rate.

Hexose oxidase activity assay
HOX activity was measured by coupling with ferrous oxidation-xylenol orange (FOX assay) as
described previously [26]. Samples were incubated with 2% (w/v) of each hexose compound
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(D-glucose, lactose, cellobiose, D-galactose, and maltose) as substrate in 20 μl of 25 mM Tris-
HCl buffer, pH 7.2 at 37°C for 16 h. The amount of H2O2 was measured using the FOX assay.

In-gel carbohydrate oxidase assay
The in-gel carbohydrate oxidase assay was performed as described previously [27]. Samples
after gel filtration were separated on an 8% native-PAGE gel, which was then stained with 0.5
mg mL-1 4-chloro-1-naphthol, 5 units mL-1 horseradish peroxidase, and 100 mMD-glucose in
25 mM Tris-HCl buffer, pH 7.2. Activity appeared as a blue band on a clear background. GOX
from Aspergillus niger was used as the positive control.

Determination of N-terminal amino acid sequence
Extracts from P. subcostata were subjected to SDS–PAGE and then transferred electrophoreti-
cally to a PVDHmembrane (0.22 μm pore size; Millipore). After CBB staining, 29 kDa and 40
kDa polypeptides were excised from the membrane and subjected to automatic Edman degra-
dation on a peptide sequencer (Model 492, Applied Biosystems).

Results

Broad-spectrum antibacterial activity of a P. subcostata extract
To assay marine algae for antibacterial activity, we measured the effects of extracts from five
red algal species—S. japonica, Galaxaura elegans, C. japonica, Gelidium elegans, and P. subcos-
tata—on the growth of the gram-positive bacterium B. subtilis using an agar well diffusion
assay. An agar plate spotted with extracts from P. subcostata displayed clear growth-inhibition
zones of over 10 mm in diameter (Fig 1A). Extracts from C. japonica displayed growth-inhibi-
tion zones of less than 7 mm in diameter (Fig 1B). Extracts from S. japonica, Galaxaura elegans,
and Gelidium elegans did not affect B. subtilis growth (Fig 1B). In addition, we examined the
growth-inhibitory effects of extract from P. subcostata against gram-positive bacteria, gram-
negative bacteria, a yeast, and a filamentous fungus. The algal extract prevented the growth of
all of the bacteria tested (Table 1). In contrast, the yeast and filamentous fungus were not
affected by the algal extract (Table 1). These results suggest that P. subcostata has activity
against a variety of bacteria.

Characterization of antibacterial activity in P. subcostata extract
We examined the pH sensitivity of the antibacterial activity of the P. subcostata extract. The
antibacterial activity of the extract was highest in Tris-HCl buffer, pH 7.2 and activity
decreased with increasing pH. Therefore, we used Tris-HCl buffer, pH 7.2 for extraction of the
antibacterial substance(s).

To examine thermal stability, we measured the antibacterial activity of the extract after incu-
bation for 10 min at 30, 40, 50, 60, 70, 80, 90 or 100°C. The relative antibacterial activity was
expressed as the percentage of the maximum value at 30°C. The antibacterial activity was
completely lost at temperatures over 80°C and was reduced by 50% at 60°C (Fig 2). This result
indicated that the substance(s) with antibacterial activity in P. subcostata extract was thermo-
labile.

Next, we determined the approximate molecular mass of the substance(s) showing antibac-
terial activity. The extracts were passed through three filters with molecular weight cutoffs of
10, 50, and 100 kDa. Each retentate and permeate fraction obtained after ultrafiltration was
subjected to an agar well diffusion assay of its antibacterial activity. The retentate fractions
from the 10, 50, and 100 kDa molecular-weight-cutoff filters exhibited antibacterial activity,
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indicating that the antibacterial substance(s) in P. subcostata extract has a molecular
weight> 100 kDa. To identify the molecular mass of the antibacterial substance(s), we sub-
jected the P. subcostata extract to purification using column chromatography. We first carried
out ammonium sulfate precipitation, followed by anion exchange chromatography and gel fil-
tration (Table 2). Antibacterial activity was measured at each step and converted to kanamycin
resistance values (see Materials and Methods). The antibacterial activity in the sample after
anion exchange chromatography and gel filtration was 24060 μg/μg protein and 4254 μg/μg
protein, respectively (Table 2). The activity after gel filtration was lower than that after anion

Fig 1. Antibacterial activity of extracts from five red algae. The algal extracts were applied to GYP agar plates onto which B. subtilis spores had been
spread and their antibacterial activities were estimated by measuring the diameter of the clear inhibition zones after 16 h of incubation at 37°C. (A) Agar well
diffusion assay showing inhibition of B. subtilis growth by P. subcostata extract. Upper, treated with kanamycin sulfate solution as a control. Lower, treated
with P. subcostata extract. Growth-inhibition zones were observed. (B) Antibacterial activity of five red algae. *Diameter of growth-inhibition zone: -, 0 mm; +,
~7 mm; ++, 7–10 mm; +++,�10 mm.

doi:10.1371/journal.pone.0149084.g001

Table 1. Antibacterial spectrum of P. subcostata extract against bacterial strains, yeast and filamen-
tous fungus.

Strain Antibacterial activity*

Escherichia coli k-12 +++

Escherichia coli JCM 1649T +++

Pseudomonas aeruginosa IAM 1415T +++

Staphylococcus aureus IAM 1098 +++

Bacillus subtilis ATCC 6633 +++

Bacillus subtilis ATCC 6633 spore +++

Bacillus subtilis NRIC 0068 +++

Bacillus subtilis NRPL B-558 +++

Bacillus subtilis PCI 219 +++

Bacillus cereus IAM 1729 +++

Bacillus megaterium NRIC 1009 +++

Listeria monocytogenes IDD 577 +++

Listeria monocytogenes IDD 578 +++

Listeria monocytogenes IDD 579 +++

Listeria monocytogenes IDD 580 +++

Candida albicans 3147 -

Penicillium decambens IAM 7275 -

* Diameter of growth-inhibition zone; -, 0 mm; +, ~7 mm; ++, 7~10 mm; +++, 10 mm~.

doi:10.1371/journal.pone.0149084.t001
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exchange chromatography, possibly because P. subcostata contains several antibacterial sub-
stances, one of which was lost during gel filtration.

HOX was associated with antibacterial activity in P. subcostata extract
To identify the proteins with antibacterial activity, we subjected the partially purified sample to
SDS–PAGE and then CBB staining. As shown in Fig 3A, two major bands with molecular

Fig 2. Thermal sensitivity of the antibacterial activity of the P. subcostata extract. The extract was
incubated for 10 min at the indicated temperatures and subjected to an agar well diffusion assay. Relative
antibacterial activity was calculated with activity from samples treated at 30°C as 100%. Representative data
from three independent experiments with similar results are shown.

doi:10.1371/journal.pone.0149084.g002

Table 2. Partial purification of antibacterial component(s) from P. subcostata.

Purification Steps Total Protein Total Activity Specific Antibacterial Activity

(μg) (mg)* (μg**/μg protein)

Crude Extract 1144 650 568

100% Ammonium Sulfate Precipitation 1562 444 284

DEAE Sepharose FF 100 2400 24060

Toyopearl HW 65 S 18 75 4254

* Total activity shows antibacterial activity converted to kanamycin value (see materials and methods).

** Specific antibacterial activity shows kanamycin value (μg) per 1 μg proteins.

doi:10.1371/journal.pone.0149084.t002
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masses of 29 kDa and 40 kDa were detected. We analyzed the N-terminal amino acid
sequences of the 29 kDa and 40 kDa polypeptides using N-terminal Edman degradation. The
N-terminal amino acid sequence of the 29 kDa polypeptide was determined to be VHATENT
FIQDDTMDYPIYAL (Fig 3B). On the other hand, Edman degradation of the 40 kDa polypep-
tide failed to yield an identifiable amino acid, suggesting that the N-terminus is blocked. A
BLAST database search showed that the N-terminal amino acid sequence of the 29 kDa poly-
peptide shared 50% identity and 95.5% similarity with a hexose oxidase (HOX) from the red
alga Chondrus crispus [28] (Fig 3B). HOX can oxidize a variety of hexoses with concomitant
reduction of molecular oxygen to H2O2 [29]. To examine HOX activity in the partially purified
sample, we performed an in-gel H2O2 assay. The partially purified sample was separated by
native-PAGE and then the gel was placed into solutions containing D-glucose and 4-chloro-
1-naphthol (Fig 3C). In this assay, 4-chloro-1-naphthol is oxidized by H2O2 to generate a blue/
purple compound. The two bands were detected specifically by this 4-chloro-1-naphthol stain-
ing (Fig 3C), suggesting that they correspond to the monomer and homodimer of HOX (see
Discussion).

HOX has wide substrate specificity toward hexoses, whereas glucose oxidase (GOX) is
highly specific for glucose [28]. To determine whether the partially purified sample was a HOX
or GOX, we measured H2O2 generation in the presence of hexoses (D-glucose and D-galactose)
and hexose disaccharides (lactose, cellobiose, and maltose) using a ferrous oxidation-xylenol
orange (FOX) assay. The partially purified sample produced H2O2 from all of these hexoses
(Table 3). This result suggested that these hexoses were substrates of the isolated enzyme and
that the enzyme was HOX, rather than GOX.

The antibacterial activity of P. subcostata was mediated by H2O2

produced by HOX
To determine whether the H2O2 associated with the identified HOX mediates the antibacterial
activity of P. subcostata, we first investigated the effect of catalase on the bacterial growth-

Fig 3. Association of HOX with the antibacterial activity of P. subcostata. (A) CBB staining image of the
sample after SDS–PAGE. The bands indicated by arrows were subsequently subjected to N-terminal Edman
degradation-peptide sequencing analysis. (B) Alignment of the N-terminal amino acid sequence of the 29
kDa polypeptide with that of C. crispusHOX. The amino acid sequence of the 29 kDa polypeptide shared
50% homology and 95.5% similarity with that ofC. crispusHOX. (C) In-gel HOX activity assay. The sample
was subjected to native PAGE and then stained with 4-chloro-1-naphthol to detect HOX activity. The arrows
indicate the detected bands.

doi:10.1371/journal.pone.0149084.g003
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inhibitory activity in algal extract. We incubated the P. subcostata extract in the presence or
absence of catalase for 16 h and subsequently examined its effect on bacterial growth. The treat-
ment of 1 mg/ml and 2 mg/ml catalase completely abolished the antibacterial activity of the P.
subcostata extract (data not shown).

Next, to examine whether the HOX from P. subcostata required hexose for its antibacterial
activity, we placed algal fronds on GYP agar plates with or without D-glucose inoculated with
B. subtilis spores. B. subtilis spores grew on the GYP agar plates without D-glucose in the pres-
ence of algal fronds. In contrast, bacterial growth was strongly suppressed near the algal fronds
on GYP agar plates containing D-glucose (Fig 4).

Discussion

Red algae, P. subcostata and C. crispus, HOXmight form heterodimar
The form of an enzyme is and important determinant of its activity. Our results suggested that
P. subcostataHOXmight form a homodimeric structure, as did the HOX of C. crispus. The
molecular mass of C. crispusHOX was reported to be approximately 110 kDa [28] and 130
kDa [30]. Hansen and Stougaard have suggested that the open reading frame of the isolated
cDNA corresponded to a polypeptide of molecular mass 62 kDa, and that the enzyme formed a
homodimeric structure [28]. Hansen and Stougaard [28] also reported that the purified C. cris-
pusHOXmigrated as a single band in native PAGE, where three bands of molecular mass
29 kDa, 40 kDa, and 62 kDa were observed in SDS-PAGE and these molecular masses sug-
gested that the two smaller polypeptides were cleavage products derived from the 62 kDa poly-
peptide. Similarly, in P. sbucostataHOX, two bands of molecular mass 29 kDa and 40 kDa in
SDS-PAGE might be cleavage products derived from the polypeptide and it might formed a
homodimeric structure. The antibacterial activity in P. subcostata extract was suggested to be

Fig 4. Suppression ofB. subtilis growth near P. subcostata. Algal fronds of P. subcostata were placed on
a GYP agar plate onto which B. subtilis spores had been spread, then incubated at 37°C for 18 h. Bacterial
colony formation was strongly suppressed near P. subcostata algal fronds.

doi:10.1371/journal.pone.0149084.g004

Table 3. Substrate specificity for P. subcostata HOX.

Sugar H2O2

(μmol H2O2 / μg protein)

D-Glucose 156

Lactose 152

Cellobiose 147

D-Galactose 190

Maltose 158

doi:10.1371/journal.pone.0149084.t003
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mediated by HOX, a homolog of the C. crispusHOX (Fig 3). C. crispusHOX is synthesized as a
precursor propeptide and then cleaved into two smaller polypeptides determined by SDS-PAGE
to have molecular masses of 40 kDa and 29 kDa [28]. The data in Fig 3A suggest that the 40 kDa
and 29 kDa polypeptides of P. subcostatawere HOX. These polypeptides might be produced by
cleavage from the corresponding precursor propeptide of HOX, similar to C. crispusHOX. Thus,
HOXmight be conserved between these two species of red algae. More determination of the
amino acid sequences of these two bands from P. subcostata would support the conclusion that
the two bands are indeed corresponding to HOX and it was responsible for the antibacterial
activity.

Possible significance of HOX-mediated H2O2 production in P.
subcostata
HOX has the highest substrate specificity for hexoses. C. crispusHOX has broad substrate spec-
ificity for hexoses [28, 30, 31]. It was exhibited by the enzyme with respect to hexoses (D-glu-
cose and D-galactose) and disaccharides (lactose, cellobiose and maltose) and the activity
ratios were high with hexoses and low with disaccharides [28, 30, 31]. On the other hand, our
results suggested that the substrate specificity of the P. subcostataHOX did not differ markedly
between hexoses and disaccharides unlike the C. crispusHOX. What is the natural substrate of
HOX in P. subcostata? One candidate is galactose, which is a major component of the cell walls
of marine red algae [14, 16]. Interestingly, H2O2 was produced most abundantly in the pres-
ence of galactose (Table 3). Galactose derived from cell-wall injury might act as a substrate for
HOX.

C. crispus HOX was suggested to be synthesized as a precursor prepropeptide that contains
a signal peptide for secretion and is presumably localized on the cell surface [28]. Similarly, P.
subcostataHOXmight be present on the cell surface. What is the biological significance of the
cell surface localization of HOX and H2O2 production? There are at least two hypotheses, both
of which involve algal immunity. The first hypothesis is direct activity against microbes. H2O2

production strengthens algal defense at the site of injury to prevent microbial invasion of the
algal tissue. The second hypothesis is an indirect role of H2O2 on algal antimicrobial defenses.
H2O2 might be responsible for oxidative cross-linking of cell wall components to protect the
alga [14, 32, 33]. HOX-produced H2O2 might be involved in cell wall repair in association with
antibacterial activity. Purification of the HOX enzyme in a further study would enable its role
in H2O2 production and antibacterial activity to be determined.

Differences in substrate specificity between HOX and GOXmay reflect
differences in the defense systems of marine algae and terrestrial plants
Honeydew from terrestrial plant flowers has antibacterial activity [27, 34]. Tobacco nectarin V
is a flavin-containing berberine bridge enzyme-like protein with GOX activity that is involved
in the defense against bacterial infection in nectar [27]. Nectarin V is secreted into nectar in
flowers and metabolizes the glucose in nectar to generate H2O2 [27]. The production of high
levels of H2O2 restricts the growth of microorganisms, which are spread by insects as they suck
nectar [27]. It is interesting to note that terrestrial plants contain GOX in nectar, while sea-
weeds contain HOX in their fronds. We suspect that these differences arise from differences in
their polysaccharide composition. The disaccharide sucrose and its component glucose are
major sugars in nectar [35], while various polysaccharides exist in the cell walls and intercellu-
lar spaces of algal fronds [16]. P. subcostata extract had the ability to resist a broad spectrum of
bacteria (Table 1). Pathogenic bacteria to seaweeds tend to be opportunistic [2]. However, it
remains unclear whether HOX-mediated H2O2 production is a functional mechanism to resist
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pathogenic bacteria in marine environments. Therefore, further studies are required to make
sure that whether HOX contribute to the red algae innate immune system or not. Comparison
of the defense systems of seaweeds and terrestrial plants will increase our understanding of the
evolution of plant immunity in different environments.

Supporting Information
S1 Fig. Antibacterial activity of kanamycin. (A) 96 well plate assay showing growth inhibition
of B. subtilis by kanamycin treatment. Upper 4 wells, treated with kanamycin 0.0125 μg / well;
Lower 4 wells, treated with kanamycin 0.025 μg / well. Growth-inhibition was observed in
lower 4 wells. (B and C) Microscopic image of the solution of upper 4 wells (B) and lower 4
wells (C). B. subutilis was proliferated in (B), but not in (C). (D) B. subutilis was cultured with
or without kanamycin in 96 well titer plates and measured OD 660 nm.
(PDF)

Acknowledgments
We thank Ms. Y. Makino of NIBB for her helpful support with peptide sequencing.

Author Contributions
Conceived and designed the experiments: KO CI. Performed the experiments: KO. Analyzed
the data: KO KY NH. Wrote the paper: KO KY NHMN.

References
1. Cosse A, Leblanc C, Potin P. Dynamic Defense of Marine Macroalgae Against Pathogens: From Early

Activated to Gene-Regulated Responses. Advances in Botanical Research. 2007; 46:221–66.

2. Egan S, Fernandes ND, Kumar V, Gardiner M, Thomas T. Bacterial pathogens, virulence mechanism
and host defence in marine macroalgae. Environ Microbiol. 2014; 16(4):925–38. doi: 10.1111/1462-
2920.12288 PMID: 24112830

3. Weinberger F. Pathogen-induced defense and innate immunity in macroalgae. Biol Bull. 2007; 213
(3):290–302. PMID: 18083968

4. Gachon CM, Sime-Ngando T, Strittmatter M, Chambouvet A, Kim GH. Algal diseases: spotlight on a
black box. Trends Plant Sci. 2010; 15(11):633–40. doi: 10.1016/j.tplants.2010.08.005 PMID: 20833575

5. Jones JD, Dangl JL. The plant immune system. Nature. 2006; 444(7117):323–9. PMID: 17108957

6. Cook DE, Mesarich CH, Thomma BP. Understanding Plant Immunity as a Surveillance System to
Detect Invasion. Ann Rev Phytopathol. 2015; 53:541–63.

7. Potin P, Bouarab K, Salaun JP, Pohnert G, Kloareg B. Biotic interactions of marine algae. Curr Opin
Plant Biology. 2002; 5(4):308–17.

8. Bouarab K, Adas F, Gaquerel E, Kloareg B, Salaun JP, Potin P. The innate immunity of a marine red
alga involves oxylipins from both the eicosanoid and octadecanoid pathways. Plant Physiol. 2004; 135
(3):1838–48. PMID: 15247395

9. Wang X, Chen H, Chen J, Luo Q, Xu J, Yan X. Response of Pyropia haitanensis to agaro-oligosaccha-
rides evidenced mainly by the activation of the eicosanoid pathway. J Appl Phycol. 2013; 25(6):1895–
902.

10. Felix G, Duran JD, Volko S, Boller T. Plants have a sensitive perception system for the most conserved
domain of bacterial flagellin. Plant J. 1999; 18(3):265–76. PMID: 10377992

11. Gomez-Gomez L, Boller T. Flagellin perception: a paradigm for innate immunity. Trends Plant Sci.
2002; 7(6):251–6. PMID: 12049921

12. Gomez-Gomez L, Felix G, Boller T. A single locus determines sensitivity to bacterial flagellin in Arabi-
dopsis thaliana. Plant J. 1999; 18(3):277–84. PMID: 10377993

13. Wang SS, Zhao FY, Wei XJ, Lu BJ, Duan DL, Wang GG. Preliminary study on flg22-induced defense
responses in female gametophytes of Saccharina japonica (Phaeophyta). J Appl Phycol. 2013; 25
(4):1215–23.

HOX-Mediated H2O2 for the Antibacterial Activity in P. subcostata

PLOSONE | DOI:10.1371/journal.pone.0149084 February 11, 2016 10 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0149084.s001
http://dx.doi.org/10.1111/1462-2920.12288
http://dx.doi.org/10.1111/1462-2920.12288
http://www.ncbi.nlm.nih.gov/pubmed/24112830
http://www.ncbi.nlm.nih.gov/pubmed/18083968
http://dx.doi.org/10.1016/j.tplants.2010.08.005
http://www.ncbi.nlm.nih.gov/pubmed/20833575
http://www.ncbi.nlm.nih.gov/pubmed/17108957
http://www.ncbi.nlm.nih.gov/pubmed/15247395
http://www.ncbi.nlm.nih.gov/pubmed/10377992
http://www.ncbi.nlm.nih.gov/pubmed/12049921
http://www.ncbi.nlm.nih.gov/pubmed/10377993


14. Kupper FC, Kloareg B, Guern J, Potin P. Oligoguluronates elicit an oxidative burst in the brown algal
kelp Laminaria digitata. Plant Physiol. 2001; 125(1):278–91. PMID: 11154336

15. Weinberger F, Friedlander M, Hoppe HG. Oligoagars elicit a physiological response inGracilaria con-
ferta (Rhodophyta). J phycol. 1999; 35(4):747–55.

16. Potin P, Bouarab K, Kupper F, Kloareg B. Oligosaccharide recognition signals and defence reactions in
marine plant-microbe interactions. Curr Opin Microbiol. 1999; 2(3):276–83. PMID: 10383869

17. Bouarab K, Potin P, Correa J, Kloareg B. Sulfated Oligosaccharides Mediate the Interaction between a
Marine Red Alga and Its Green Algal Pathogenic Endophyte. Plant Cell. 1999; 11(9):1635–50. PMID:
10488232

18. Hara-Nishimura I, Hatsugai N. The role of vacuole in plant cell death. Cell Death & Differentiation.
2011; 18(8):1298–304.

19. Lamb C, Dixon RA. THE OXIDATIVE BURST IN PLANT DISEASE RESISTANCE. Ann Rev Plant Phy-
siol Plant Mol Biol. 1997; 48:251–75.

20. Wojtaszek P. Oxidative burst: an early plant response to pathogen infection. Biochem J. 1997; 322 (Pt
3):681–92. PMID: 9148737

21. Zambounis A, Elias M, Sterck L, Maumus F, Gachon CM. Highly dynamic exon shuffling in candidate
pathogen receptors,. . .What if brown algae were capable of adaptive immunity? Mol biol evol. 2011; 29
(4):1263–76. doi: 10.1093/molbev/msr296 PMID: 22144640

22. Faulkner DJ. Marine natural products. Natural product reports. 2001; 18(1):1–49. PMID: 11245399

23. Cabrita MT, Vale C, Rauter AP. Halogenated compounds frommarine algae. Mar Drugs. 2010; 8
(8):2301–17. doi: 10.3390/md8082301 PMID: 20948909

24. Nylund GM, Cervin G, Hermansson M, Pavia H. Chemical inhibition of bacterial colonization by the red
alga Bonnemaisonia hamifera. Marine Ecology Progress Series. 2005; 302:27–36.

25. Tagg J, McGiven A. Assay system for bacteriocins. Appl Microbiol. 1971; 21(5):943. PMID: 4930039

26. Hao Z, Kasumba I, Aksoy S. Proventriculus (cardia) plays a crucial role in immunity in tsetse fly (Dip-
tera: Glossinidiae). Insect BiochemMol Biol. 2003; 33(11):1155–64. PMID: 14563366

27. Carter CJ, Thornburg RW. Tobacco nectarin V is a flavin-containing berberine bridge enzyme-like pro-
tein with glucose oxidase activity. Plant Physiol. 2004; 134(1):460–9. PMID: 14730073

28. Hansen OC, Stougaard P. Hexose oxidase from the red alga Chondrus crispus. Purification, molecular
cloning, and expression in Pichia pastoris. J Biol Chem. 1997; 272(17):11581–7. PMID: 9111074

29. Rand T, Qvist KB, Walter CP, Poulsen CH. Characterization of the flavin association in hexose oxidase
from Chondrus crispus. FEBS J. 2006; 273(12):2693–703. PMID: 16817897

30. Sullivan JD Jr., Ikawa M. Purification and characterization of hexose oxidase from the red alga Chon-
drus crispus. Biochimica et Biophysica Acta (BBA)—Enzymology. 1973; 309(1):11–22.

31. Groen BW, De Vries S, Duine JA. Characterization of hexose oxidase from the red seaweedChondrus
crispus. FEBS J. 1997; 244(3):858–61.

32. Torres MA, Jones JD, Dangl JL. Reactive oxygen species signaling in response to pathogens. Plant
Physiol. 2006; 141(2):373–8. PMID: 16760490

33. Weinberger F, Pohnert G, Berndt M-L, Bouarab K, Kloareg B, Potin P. Apoplastic oxidation of L-aspara-
gine is involved in the control of the green algal endophyte Acrochaete operculataCorrea & Nielsen by
the red seaweedChondrus crispus Stackhouse. J expt botany. 2005; 56(415):1317–26.

34. Kwakman PH, te Velde AA, de Boer L, Speijer D, Vandenbroucke-Grauls CM, Zaat SA. How honey
kills bacteria. FASEB J. 2010; 24(7):2576–82. doi: 10.1096/fj.09-150789 PMID: 20228250

35. Nicolson S, Thornburg R. Nectar chemistry. Springer: Dordrecht; 2007. p. 215–63.

HOX-Mediated H2O2 for the Antibacterial Activity in P. subcostata

PLOSONE | DOI:10.1371/journal.pone.0149084 February 11, 2016 11 / 11

http://www.ncbi.nlm.nih.gov/pubmed/11154336
http://www.ncbi.nlm.nih.gov/pubmed/10383869
http://www.ncbi.nlm.nih.gov/pubmed/10488232
http://www.ncbi.nlm.nih.gov/pubmed/9148737
http://dx.doi.org/10.1093/molbev/msr296
http://www.ncbi.nlm.nih.gov/pubmed/22144640
http://www.ncbi.nlm.nih.gov/pubmed/11245399
http://dx.doi.org/10.3390/md8082301
http://www.ncbi.nlm.nih.gov/pubmed/20948909
http://www.ncbi.nlm.nih.gov/pubmed/4930039
http://www.ncbi.nlm.nih.gov/pubmed/14563366
http://www.ncbi.nlm.nih.gov/pubmed/14730073
http://www.ncbi.nlm.nih.gov/pubmed/9111074
http://www.ncbi.nlm.nih.gov/pubmed/16817897
http://www.ncbi.nlm.nih.gov/pubmed/16760490
http://dx.doi.org/10.1096/fj.09-150789
http://www.ncbi.nlm.nih.gov/pubmed/20228250

