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A B S T R A C T   

Saccharina japonica is a commercially farmed seaweed of global importance. However, disease occurrence during 
different stages of cultivation can result in substantial economic losses. Identification of the causative agents of 
disease remains a significant bottleneck to the large scale cultivation of S. japonica. In this study, an aerobic 
heterotrophic, flagellated, rod-shaped Gram-negative bacterial strain X-8 was isolated from the bleaching 
diseased S. japonica sporelings. Pathogenecity of strain X-8 was tested by re-infection assay. The ultrastructural 
changes of infected S. japonica cells by strain X-8 indicated that chloroplasts were the first organelle responding 
to X-8 infection with deformed structure and later followed by fragmented nucleus. However, the ultra-structure 
of mitochondria and cell wall remained intact during the re-infection. Based on 16S rRNA gene sequence, 
morphological and biochemical characteristics, strain X-8 was designated as Pseudoalteromonas piscicida X-8. The 
pathogenicity of P. piscicida X-8 was identified by Koch’s Postulate under laboratory conditions. Our results will 
not only help to establish a stable experimental model between the pathogenic bacteria and the host S. japonica 
to further elucidate the virulence mechanisms, but will also provide information for disease management to 
effectively prevent and mitigate the occurrence of bleaching disease of S. japonica at nursery stage.   

1. Introduction 

Seaweed diseases have increased recently with the global climate 
change (Zhang et al., 2020). It has been identified that various patho-
gens like bacteria, viruses, fungi and other eukaryotes are the causative 
agents for various macroalgal diseases (Gachon et al., 2010; Wang et al., 
2014). Isolation and identification of pathogenic organisms is of priority 
importance for the disease diagnosis and identification of virulence 
mechanisms. 

Bleaching disease frequently occurs in both wild and farmed sea-
weeds (Egan et al., 2014; Weinberger et al., 1994, 1997). So far, iden-
tification of pathogenic bacteria (Neil et al., 2011; Egan et al., 2013) and 
investigation of virulence mechanisms (Melissa et al., 2015a; Melissa 
et al., 2015b; Hudson et al., 2018) have been well-studied for the 
bleaching disease in the wild red seaweed Delisea pulchra. Tip bleaching 
disease was firstly reported in commercially cultivated agar-producing 
seaweed Gracilarja conferta in Israel (Weinberger et al., 1994). Disease 
symptoms included white necrotic tissues followed by thallus 

fragmentation. Corynebacterium–Arthrobacter and Flavobacter-
ium–Cytophaga were identified as the pathogenic bacteria for the tip 
bleaching disease (Weinberger et al., 1994, 1997). Further, Alteromonas 
sp. was found to be the pathogenic bacteria for thallus bleaching disease 
in brown seaweed Laminaria religiosa and could induce disease in axenic 
L. religiosa with deterioration and lesions on the thallus cellular layer 
(Vairappan et al., 2001). By combining 16S rDNA sequence analysis and 
biochemical characterization, Sun et al. (2012) reported that Thalasso-
spira sp. and Vibrio parahaemolyticus caused tip bleaching in healthy 
Gracilariopsis lemaneiformis. Although pathogenic bacteria were identi-
fied in the above commercially cultivated seaweeds, so far no virulence 
mechanisms of the pathogenic bacteria were elucidated. 

Saccharina japonica (synonymous of Laminaria japonica) is one of the 
most important commercially farmed seaweeds worldwide (Tseng, 
1994; FAO, 2016). China contributes 60% of S. japonica production and 
90% of alginate globally (FAO, 2016; Wang et al., 2014). Like the land 
crops, S. japonica suffers from various diseases at both nursery stage and 
in the field cultivation. Chinese researchers have made efforts on 
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isolation and identification of pathogenic bacteria triggering various 
diseases at nursery stage. Green rot/falling off disease was the most 
destructive disease at nursery stage of S. japonica (Tseng, 1962, 1985; 
Ding, 1992). During the occurrence of green rot/falling off disease, the 
sporelings were found to turn greenish and eventually turned soft and 
decayed. Finally, the sporelings fell off from the nursery substrata 
(Zhang et al., 1962; Wang et al., 2014). Alginic acid-decomposing bac-
teria were the potential pathogenic bacteria for the green rot/falling off 
disease (Chen et al., 1979, 1981). Alginic acid-decomposing bacteria 
were not a taxonomic terminology, but were referred to all of the bac-
teria which were capable of degrading alginate (Chen et al., 1979; 
Xiang, 2001), the main components of the cell wall of S. japonica. In 
addition, sulphate reducing bacteria and hydrogen sulphide-producing 
saprophytic bacteria, for example, Micrococcus, induced the malforma-
tion disease of sporelings which could make the sporelings die and drop 
off the nursery substrata (Wu, 1990). Thick stip-curl thallus disease was 
reported at the nursery stage of S. japonica and bacteroids were the 
pathogenic bacteria (Xiang, 2001). Sea water quality and bacterial 
infection can cause spot-rot disease at nursery stages (Xiang, 2001). 
Although some bacteria have been identified as the pathogenic bacteria 
responsible for various diseases, the virulence mechanisms haven’t been 
investigated (Wang et al., 2014). 

Recently, bleaching disease frequently occured during the nursery 
stage of farmed S. japonica (S. japonica farm’s communication). When 
the bleaching disease occurred, the tips (far from the meristematic tis-
sue) of the sporelings turned white and rotted, and finally the bleaching 
tissue fell off from the thalli (S. japonica farm’s communication). Be-
sides, compared to the healthy tissue, microscopic observations showed 
the tissue color of the bleaching-diseased sporelings was white and the 
chloroplasts gathered around the cell wall. Therefore, in this study, we 
aimed to isolate and identify the pathogenic bacteria responsible for the 
bleaching disease of sporelings by culture-dependent method, re- 
infection assay, 16S rRNA gene sequence and biochemical character-
ization. The results of this study will not only help to construct a stable 
experimental model between the pathogenic bacteria and the host 
S. japonica for further investigating the virulence mechanisms, but will 
also provide theoretical support for the disease management to prevent 
and mitigate the bleaching disease at nursery stage. 

2. Materials and methods 

2.1. Sample collection 

Bleaching diseased sporelings (10–20 mm) were collected from 
Rongcheng nursery of S. japonica(122◦35′56.13′′N，37◦12′36.49′′E) in 
Shandong Province, China on October 20, 2018. Diseased sporelings 
were stored in a sampling box with ice packs and were transported to the 
laboratory in Qingdao within 4 h. 

2.2. Bacterial isolation 

Bacterial strains were isolated from the bleaching diseased sporel-
ings by traditional culture-dependent method immediately after the 
bleaching diseased sporelings reached laboratory. Diseased sporelings 
were rinsed with sterilized filtered seawater (salinity: 30‰) at least 
three times to remove the loosely attached epiphytes. Then the diseased 
sporelings were cut into pieces with aseptic scissors and grinded to ho-
mogenate with aseptic mortar. After that, the homogenate was diluted 
with tenfold dilution method (Ying et al., 2019) and then 120 μL of each 
homogenate was spread on Zobell 2216 E marine agar (Oppenheimer, 
1952) and was cultured for 24 h at 25 ◦C. Distinct bacterial colonies 
were selected according to morphological characteristics, such as shape 
and pigment. Isolated strains were purified by re-streaking on the new 
Zobell 2216 E marine agar at least for three times. The purified bacterial 
strains were stored at − 80 ◦C with 30% (v/v) glycerin for further use. 

2.3. Re-infection assay 

Before the re-infection assay, the isolated bacteria were activated 
according to the following operations. Firstly, the stored bacteria were 
brought back to room temperature. Then, 20 μL of the bacteria were 
streaked on the Zobell 2216 E marine agar plates and were cultured at 
25 ◦C for 8 h. After that, single colony was selected and was inoculated 
into 100 mL fresh Zobell 2216E liquid medium and was cultured using a 
shaker incubator at 25 ◦C with 120 rpm for 8 h. Then subculture was 
processed by re-inoculating 1 mL of the bacterial culture into 100 mL of 
fresh Zobell 2216E liquid medium until the optical density at OD600 
reached ~0.5 (1.0 × 108 colony forming units (CFU) /mL), so that the 
culture was in exponential growth phase. 

Pathogenicity of each isolated bacterial strain was tested by re- 
infection assay. The healthy juvenile sporophytes (30–40 cm in 
length) were collected from Weihai Changqing Ocean Science & Tech-
nology Co., Ltd., Rongcheng, Shandong province, China, on December 
10, 2018 and were transported to lab within 4 h. Epiphytes were 
removed by rinsing with sterilized filtered seawater at least three times 
and then the edge of the thalli were cut into a small section (1.0 × 1.0 
cm2) with sterile surgical blade. The small sections were placed into the 
individual wells of 24-well plate. The infected group consisted of the 
small section of thalli in 1 mL of the isolated bacterial liquid (bacterial 
density: 1.0 × 108 CFU /mL). For the control group, only 1 mL of Zobell 
2216 E liquid medium was added to the small section of the thalli. 
Finally, the 24-well plates were incubated in a light incubator at 10 ±
0.5 ◦C with 60 μE m2 s− 1 for 24 h or 72 h (for scanning/transmission 
electron microscope). The incubating condition was similar to that of the 
nursery farm. During the 24 h of incubation, the inoculated tissues were 
collected and observed under light microscope (Nikon, Japan) at 12 h 
and 24 h, respectively. Replication level was 8 for both control and the 
infected groups. 

2.4. Observations of scanning electron microscope (SEM) and 
ultrastructural changes of the infected juvenile sporophytes by transmission 
electron microscope (TEM) 

Re-infection experiments were conducted following the methods 
described in Section 2.3, except that the healthy juvenile sporophytes 
with 50–70 cm in length were used for re-infection assay. Control and 
infected tissues were collected at 10 h, 30 h, 52 h, and 72 h after being 
infected with the pathogenic bacterial strains. The preparation sections 
for SEM was processed as follows: both control and the infected tissue 
sections were fixed in 3% gluteraldehyde for 3 h and then were rinsed 
three times for 30 min each time with 0.1 M PSB. Further, the samples 
were dehydrated for 30 min intervals each in 50, 70, 80, 90% and 100% 
ethanol for 30 min each time. Finally, the samples were critical-point 
dried and gold-coated. The samples were observed under electron mi-
croscope JOUQDSM-840 (JEOL, Japan). 

Sections for TEM were prepared as follows: the collected samples 
were fixed in 2.5% glutaraldehyde at 4 ◦C for 4 h and then were washed 
with 0.1 M PBS three times for 10 min each time. After 1% osmium 
tetroxide (OsO4) treatment at 40 ◦C for 2 h, then rinsed again with 0.1 M 
PBS buffer three times for 10 min each time. The samples went through 
graded series of ethanol/water (30%, 50%, 70%, 90% and 100%) for 10 
min at each concentration, except 100% was twice (Maurin et al., 1993). 
Then, the samples were fixed with spur’s epoxy resin and polymerized 
for 24 h at 37 ◦C, 45 ◦C, 65 ◦C respectively. The samples were sliced into 
ultrathin sections, which were immersed in lead nitrate and uranyl ac-
etate for 15 min, respectively. Finally, the ultrathin sections were 
observed and measured by using the JEM-1200EX TEM microscope 
(JEOL, Japan). 

Replication level was three for both control and the infected groups 
for both SEM and TEM samples, respectively. 
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2.5. Morphological observation of the pathogenic bacterial strain 

Morphological characteristics (namely colony shape, pigmentation) 
of the pathogenic bacteria were determined visually on Zobell 2216E 
marine agar after being cultured at 25 ◦C for 24 h. The cell morphology 
was characterized by applying both negative staining TEM and ultrathin 
section TEM. For preparation of negative staining samples, the patho-
genic strains were cultured at Zobell 2216 E marine broth at 25 ◦C for 24 
h. Then, the bacterial liquid was centrifuged at 13000 g for 30 min at 
4 ◦C to obtain the precipitate, which was immersed in 3.0% glutaral-
dehyde for 10 min. A small drop of the suspension was put on a carbon 
coated copper grid (w/v) for 3 min, following dried for 15 min at room 
temperature. Sample was examined under JEM 1200EX (JEOL, Japan) 
for TEM. 

With respect to the TEM ultrathin sections, preparation of bacterial 
precipitate was the same as negative staining. Bacterial precipitate was 
fixed with 2.5% (w/v) glutaraldehyde at 40 ◦C for 4 h and was rinsed 
with 0.1 M PBS at 10 min intervals for three times. Then the samples 
were fixed in 1% of osmic acid at 40 ◦C for 2 h and were rinsed with 0.1 
M PBS at 10 min intervals for three times. After that the samples were 
dehydrated with ethanol gradient concentration of 30%, 50%, 70%, 
80% for 10 min intervals and 100 % for 10 min twice. Finally, the 
samples were embedded in Epon812 Epoxy resin and were incubated at 
37 ◦C, 45 ◦C and 65 ◦C each for 2 h. Ultrathin sections were prepared by 
UltracutE machine and were stained with lead nitrate and uranyl acetate 
for 15 min. Ultrathin sections were observed under JEM 1200EX (JEOL, 
Japan) for TEM. 

2.6. Amplification and sequencing of the 16S rRNA gene and phylogenetic 
analysis 

Total DNA of pathogenic bacterial strains was extracted using the 
HiPure Soil DNA Kits (Magen, Guangzhou, China), the universal primers 
27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′-TACGGY-
TACCTTGTTACGACTT-3′) (Weisburg et al., 1991). PCR amplification 
system was performed in triplicate of 50 μL mixture containing 5 μL of 
10 × KOD Buffer, 5 μL of 2.5 mM dNTPs, 2 μL of each primer (5 μ M), 1 
μL of KOD Polymerase, 5 μL of template DNA and 22 μL of double 
distilled water. The PCR program was as followings: denaturation at 
94 ◦C for 6 min, followed by 27 cycles at 98 ◦C for 10 s, 62 ◦C for 30 s and 
68 ◦C for 30 s and a final extension at 68 ◦C for 10 min. Amplicons were 
run on 2% agarose gel. Purification of the amplicon followed the in-
structions of AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, 
Union City, CA, USA). The purified amplicons were sequenced (2 × 250) 
on the Illumina platform with the standard protocol. The 16S rRNA gene 
sequences of the pathogenic bacterial strains were deposited in the NCBI 
database. 

According to the EzBioCloud server (http://www. ezbiocloud. net) 
(Khalifa and Bekhet, 2017), the pairwise similarity values of the path-
ogenic strain and its closely related bacterial strains were calculated. 
The 16S rRNA gene sequences of related pathogenic bacterial strains 
were retrieved from the NCBI database (http://www. ncbi. nlm. Nih. 
gov). All of them were aligned by using the CLUSTAL X (Larkin et al., 
2007). Under mega version X (Kumar et al., 2018), phylogenetic trees 
were reconstructed based on the neighbour - joining (NJ) (Saitou and 
Nei, 1987). For NJ tree, the Kimura two- parameter model was chosen 
(Kimura, 1980). The robustness of each topology was checked by 1000 
bootstrap replications. 

2.7. Analysis of average nucleotide identity (ANI) 

In order to identify the pathogenic bacterial strain accurately, we 
further conducted the analysis of ANI. Pairwise comparison of ANI be-
tween pathogenic bacterium and its type species was analyzed based on 
BLAST+ (ANIb) from JSpeciesWSc (Richter et al., 2015). The two spe-
cies were considered to be the same species when the value of ANI was 

≥95%. 

2.8. Characterization of the pathogenic bacterial strain under Biolog Gen 
III microtest system 

Biochemical and physiological characterization of the pathogenic 
strains were evaluated by Biolog Gen III microtest system (Biolog, 
Hayward, CA, USA) according to the manufacturer’s protocol. Patho-
genic bacterial strains were cultured in Zobell 2216 E marine agar at 
25 ◦C for 24 h and then pathogenic bacterial colonies were re-suspended 
to the Biology fluid A until the turbidity of fluid A was 98% with a 
turbidimeter (Biology TM). 100 μ L culture bacteria were inoculated into 
each well of Gen III MicroPlate. After incubation at 25 ◦C for 24 h, the 
results were collected at 600 nm automatically by the standardized 
Micro station TM system (Biolog Inc., USA). Two wells were designed set 
as negative and positive controls by remaining color less and purple, 
respectively. 

3. Results 

3.1. Symptoms of bleaching disease and microscopic observations 

Symptoms of bleaching diseased sporelings exhibited white tips (far 
from the meristematic tissue), which finally fell off from the thalli (Fig. 1 
A, black arrows-indicated area). Compared to the healthy tissue (Fig. 1 
B), microscopic observations showed that the color of the bleached 
diseased tissue was white, and the chloroplasts assembled around the 
cell wall (Fig. 1 C, black arrows). 

3.2. Isolation of the pathogenic bacteria and pathogenicity test by re- 
infection assay 

Ten bacterial strains were isolated and purified from the bleaching 
diseased sporelings. Only isolated strain X-8 caused the bleaching dis-
ease in healthy juvenile sporophytes (Fig. 2 A). Compared to the control 
mimicked with sterilized seawater at 12 h and 24 h (Fig. 2 B, C), 
respectively, X-8 infected tissue with a density of 1.0 × 108 CFU /mL 
turned white to some extent at 12 h (Fig. 2 D), and became totally white 
at 24 h (Fig. 2 E). Assemblage of chloroplasts (black arrows in Fig. 2 D, 
E) near the cell wall was also observed in the X-8-infected cells at 12 h 
and 24 h, respectively. Disease symptoms caused by X-8 were the same 
as those symptoms observed in the individuals collected from the 
nursery farm. 

3.3. Observations of SEM and ultrastructural changes of infected tissue by 
strain X-8 

The normal morphology of healthy tissue of juvenile sporophytes 
looked smooth with clear cell morphology (Fig. 3 I). In the control 
experiment, SEM observations showed the cells shrank on the surface of 
tissue. Cell shrinkage became more prominent at 52 h and 72 h (Fig .3 C 
and D), respectively. However, there were more pathogenic bacteria on 
the surface of the infected tissue with no clear cell morphology at 10 h, 
30 h, 52 h and 72 h, respectively (Fig. 3 E, F, G, H). 

The normal morphology of chloroplasts, nucleus, mitochondria and 
cell wall was showed in Fig. 4 I. Compared to the control group at 10 h 
(Fig. 4 A), 30 h (Fig. 4 B), 52 h (Fig. 4 C) and 72 h (Fig. 4 D), respectively, 
the structure of chloroplasts and their thylakoids became deformed at 
10 h after infected by strain X-8 (Fig. 4 E). While, the structure of nucleus 
and mitochondria remained intact (Fig. 4 E). Ultrastructure of chloro-
plasts and thylakoids disappeared and nucleus deformation begun at 30 
h after infection with X-8 (Fig. 4 F). However, the outer membrane of 
chloroplasts and the nuclear membrane began to dissolve and nucleus 
became fragmented at 52 h (Fig. 4 G). The chloroplasts, the thylakoids 
and the nucleus were disintegrated and the boundary between the or-
ganelles was not obvious at 72 h after infection (Fig. 4 H). During the re- 
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infection, the structure of mitochondria and cell wall remained intact all 
the time. 

3.4. Morphological characteristics of strain X-8 

The colonies of strain X-8 on Zobell 2216E agar media were yellow 
and moist with neat edges (Fig. 5 A). Negative staining TEM indicated 
that strain X-8 was rod-shaped and was 0.5–1.0 μm wide and 1.0–2.0 μm 
long with a single polar flagellum (Fig. 5 B). The ultrastructure of strain 
X-8 was clear. The nuclear area in the cell could be clearly distinguished, 
and the nuclear region is scattered and not congregate (Fig. 5 C). 

3.5. Molecular identification and phylogenetic analysis 

The partial 16S rRNA gene sequence (1398 bp) of strain X-8 was 
uploaded to GenBank with accession numbers MH744667. Neighbour- 
joining phylogenetic tree was constructed based on 16S rRNA gene se-
quences, showing the phylogenetic positions of strain X-8 and the 
related Pseudoalteromonas species. The strain X-8 was most closely to 
Pseudoalteromonas piscicida JCM20779T with 99.86% similarity (Fig. 6). 
Analysis of average nucleotide identity (ANI) between strain X-8 and 
Pseudoalteromonas piscicida JCM20779T was 96.23%. 

3.6. Biochemical characterization of X-8 using biolog gen III microtest 
system 

Strain X-8 exhibited its ability to react positively to 66 (70.21%), 
partially positive to 12 (12.77%) and negatively to 16 (17.02%) out of 
the 94 different physiological and biochemical traits. X-8 grew on a wide 
range of sugars (e.g., D-Maltose, D-Trehalose, D-Cellobiose, Gentiobiose, 
Sucrosea-D-glucose, D-Fructose, Sucrose), polyvalent alcohols (e.g., D- 
Sorbitol, D-Mannitol, D-Arabitol, myo-Inositol), hexose-PO4 (e.g., D- 
Fructose-6-PO4, D-Fructose-6-PO4), Amino acid (e.g., L-Alanine, L- 
Arginine, L-Aspartic Acid, L-Glutamic Acid, L-Serine) and Sodium 
Lactate. D-Mannose, D-Fructose, Sucrose and D-Maltose, which indi-
cated in the red asterisk in Table 1, can be also utilized by Flavobacterium 
piscicida (synonymous of P. piscicida) described by Bein in 1954 (Bein, 
1954). 

Based on both ANI (96.23%) and the high similarity between 16S 
rRNA gene sequences of strain X-8 and Pseudoalteromonas piscicida 
JCM20779T, as well as the chemical characterization of strain X-8, it was 
designated Pseudoalteromonas piscicida X-8. 

Bacterial strain re-isolated from the bleaching diseased tissue re- 
infected by P. piscicida X-8 was identified to be the same bacterium ac-
cording to its 16S rRNA gene sequences. This result conformed to the 

Fig. 1. Bleaching diseased sporelings and macroscopic obser-
vations of the healthy and diseased tissue. 
A: bleaching diseased sporelings of S. japonica cultivated in the 
substrata, showing the white tip section (black arrows indi-
cated area); B: healthy tissue; C: bleaching diseased tissue, 
black arrows indicated the assembled chloroplast near the cell 
wall. 
Bars: A = 200 μm; B and C = 50 μm.   

Fig. 2. Re-infected assay of healthy juvenile sporophytes by 
strain X-8. 
A: healthy juvenile sporophytes for re-infection assay, red 
framed thalii were used for re-infection assay; B and C: healthy 
juvenile sporophytes mimicked with sterilized seawater at 12 
and 24 h, respectively. C and D: re-infected tissue by strain X-8 
at 12 h and 24 h respectively. Black arrows indicated the 
assemblage of chloroplasts near the cell wall. 
Bars, A: 2 cm; B, C, D and E: 150 μm.   
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Fig. 3. SEM observations of re-infected tissue by strain X-8. 
A，B，C，D were the control mimicked with the sterilized seawater at 10 h, 30 h, 52 h and 72 h, respectively; E, F, G and H were re-infected tissue by strain X-8 at 
10 h, 30 h, 52 h and 72 h, respectively. I: SEM observations of the normal morphology of surface of healthy juvenile sporophytes. 
CW: cell wall; C: chloroplasts; M: mitochondria; N: nucleus. Bars: 30 μm. 

Fig. 4. Ultrastructural changes of infected cells by strain X-8. 
A，B，C，D were the control mimicked with the sterilized seawater at 10 h, 30 h, 52 h and 72 h, respectively; E, F, G and H were re-infected tissue by strain X-8 at 
10 h, 30 h, 52 h and 72 h, respectively. I: TEM observations of healthy juvenile sporophytes, indicating the normal morphology of chloroplasts, nucleus, mitochondria 
and cell. Black arrows indicated mitochondria. 
CW: cell wall; C: chloroplasts; M: mitochondria; N: nucleus. Bars: A, B, D: 2 μm; C: 5 μm; E, F, G, H and I: 3.5 μm. 

X. Zhang et al.                                                                                                                                                                                                                                   



Aquaculture 546 (2022) 737354

6

Koch’s postulates and verified that P. piscicida X-8 was the pathogenic 
bacteria for bleaching disease of S. japonica. 

4. Discussion 

In this study, we isolated a pathogenic bacterium X-8 from the 
bleaching diseased sporelings of S. japonica. Strain X-8 resulted in 
bleaching disease in healthy juvenile sporophytes by re-infection assay 
in laboratory conditions. Chloroplasts were the firstly responded 
organelle to X-8 infection, which was the consistent to the previous 
studies by Wang et al. (2003a, 2003b). Further, the re-isolated bacterial 
strain in the bleaching diseased healthy juvenile sporophytes was 
identified as the same strain X-8 by blasting the 16S rRNA gene se-
quences, which was in compliance with Koch’s Postulate. Based on 16S 
rRNA gene sequence, ANI and the chemical characterization of strain X- 
8, we designated X-8 as Pseudoalteromonas piscicida X-8. P. piscicida X-8 
was a pathogenic bacterium responsible for the bleaching disease of 
S. japonica. 

Pseudoalteromonas piscicida was initially described as Flavobacterium 
piscicida by Bein in 1954, which was isolated from a dead fish in the “red 

tide” waters off the southwest coast of Florida (Bein, 1954). F. piscicida 
was re-assigned as P. piscicida in 1995 based on the phylogenetic anal-
ysis of its small subunit ribosomal DNA sequence (Gauthier et al., 1995). 
So far, there are 102 strains of P. piscicida and they are widely distributed 
in the marine environment (Chen et al., 2020). P. piscicida is an aerobic 
heterotrophic, flagellated Gram-negative with rod-shape. One of the 
general characteristics is that most of the strains own yellow pigments 
(Bowman, 2007). Some strains of P. piscicida species have been proven 
as the pathogenic bacteria for marine organisms (Bein, 1954; Hansen 
et al., 1965; Meyers et al., 1959). F. piscicida (synonymous of Pseu-
doalteromonas piscicida) was capable of killing fishes under laboratory 
conditions (Bein, 1954). P. piscicida showed pathogenic to fish including 
the fiddler crabs, like Uca pugnas and Uca pugilator (Hansen et al., 1965). 
Pseudoalteromonas piscicida Cura-d, isolated from the diseased eggs of 
two damselfish Amphiprion clarkii and Amblyglyphidodon curacao, 
increased the mortality of the eggs of A. clarkii (Nelson and Ghiorse, 
1999). Pseudoalteromonas piscicida O-7, which came from the gut of blue 
swimming crab Portunus pelagicus, showed pathogenicity against 
P. pelagicus (Talpur et al., 2011). So far, there have been no documents 
on P. piscicida responsible for seaweed diseases. However, some 

Fig. 5. Morphological characteristics X-8. 
A: morphology of strain X-8 colonies on Zobell 2216 E agar 
media; B and C: morphology of strain X-8 observed by negative 
staining TEM and by ultrathin section TEM respectively. 
Bars: A = 1 cm; B = 1 μm; C = 200 nm.   

Fig. 6. Neighbour-joining phylogenetic tree based on 16S rRNA gene sequences. 
All strains (except the outgroup) used in the tree belong to the genus ‘Pseudoalteromonas’. Percentage bootstrap values above 50% (1000 replicates) are shown at 
branch nodes. Bar = 0.020, substitutions per nucleotide position. Bacillus pumilus ATCC 7061T was used as an out group. 
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bacterial species from genus Pseudoaltermonas have been identified as 
pathogenic bacteria for seaweeds. Pseudoalteromonas bacteriolytica sp. 
nov. was the pathogenic bacteria causing red spot disease of S. japonica 
(Sawabe et al., 1998). Pseudoalteromonas sp. Y, could produce bromi-
nated antibiotic compounds and low molecular weight compounds 
which could cause rapid cell lysis and death of seaweeds (including 
Gymnodinium catenatum, Chattonella marina and Heterosigma akashiwo) 
(Lovejoy et al., 1998). Pseudoalteromonas sp. A25, isolated from the 
Ariake Sea, Japan, was described with strong algicidal activity (Mitsu-
tani et al., 2001). For the first time our study identifies P. piscicida X-8 as 
a pathogenic bacterium responsible for the bleaching disease of farmed 
S. japonica. 

Nursery stage of farmed S. japonica is significantly important, as it 
plays an important role in supplying the healthy sporelings for the field 
cultivation. Therefore, controlling disease at nursery stage is the most 
important task for the nursery farms of S. japonica. Isolation and iden-
tification of the pathogenic bacteria will be useful for correct diagnosis 
of seaweed diseases and with regard to disease management preventing 
and controlling the disease outbreaks. So far, different pathogenic bac-
teria have been identified for different diseases by merging conventional 
culture-dependent method and molecular identification by 16S rRNA 
gene sequences in China. Micrococcus (Wu, 1990) and alginic acid 
decomposing bacteria (Chen et al., 1979, 1981; Ding, 1990; Liu et al., 
2002; Wang et al., 2003a, 2003b) were identified as the pathogenic 
bacteria for the malformation disease and the green rot disease/falling- 
off of sporelings of S. japonica at the nursery stage respectively. In our 
study, bleaching disease was first reported in sporelings of S. japonica at 

nursery stage. Isolation and identification of pathogenic bacteria of 
P. piscicida X-8 enriched the pathogenic bacterial information in the list 
of economically important farmed seaweeds. 

Till date, research on the diseases of farmed S. japonica is still in its 
infancy. Disease outbreaks are the interactions of environmental factors 
(temperature, light intensity etc.), the defense ability of the host, and the 
presence of pathogenic bacteria (Egan et al., 2014). This undoubtedly 
increases the difficulty of pathological research of farmed S. japonica. 
Additionally, the isolation and identification of the pathogenic bacteria 
for farmed S. japonica is also difficult. The reason may include the fol-
lowings: (1) most of the pathogenic bacteria of seaweeds are opportu-
nistic pathogenic bacteria which exhibit pathogenic virulence only 
under certain conditions (Wang et al., 2014). (2) the pathogenic bacteria 
of S. japonica can rarely be successful cultured in vitro, most of them are 
unculturable (Zhang et al., 2020; Wang et al., 2021; Prof. Gaoge Wang’s 
pers. communication). (3) the disease of S. japonica may be due to the 
combined effect of multiple pathogenic bacteria (Gaoge Wang’s per-
sonal communications). Therefore, there will still be a long way to go for 
determining pathogenic bacteria for the cultivated S. japonica. 

5. Conclusions 

S. japonica is one of the commercially important seaweeds all over 
the world. Like the land crops, disease outbreaks occur at both nursery 
stage and field cultivation, which causes severe economic loss. Disease 
outbreaks change at different cultivating years because of the compli-
cated interactions of the cultivation environment, the host S. japonica 
and the opportunistic pathogenic bacteria. This makes it difficult to 
trace the pathogenic bacteria for the same disease. Therefore, isolation 
and identification of the pathogenic bacteria are still a bottleneck issue 
for the farmed S. japonica. However, identification of pathogenic bac-
teria is of primary importance for disease diagnosis and disease control, 
especially for the nursery stage. In this study, P. piscicida X-8 was 
identified as the pathogenic bacterium for the bleaching disease of 
S. japonica. Our results enrich the list of pathogenic bacteria for the 
farmed seaweeds and will help to establish a stable seaweed-pathogenic 
bacteria experimental model to further elucidate the virulence mecha-
nisms. This will help to develop appropriate disease management to 
effectively prevent and mitigate the occurrence of bleaching disease of 
S. japonica at nursery stage. 
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