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Brown blotch disease, caused by Pseudomonas tolaasii, 
is one of the most serious diseases in mushroom cultiva-
tion, and its control remains an important issue. This 
study isolated and evaluated pathogen-specific bacterio-
phages for the biological control of the disease. In previ-
ous studies, 23 varieties of P. tolaasii were isolated from 
infected mushrooms with disease symptoms and clas-
sified into three subtypes, Ptα, Ptβ, and Ptγ, based on 
their 16S rRNA gene sequences analysis and pathogenic 
characters. In this study, 42 virulent bacteriophages 
were isolated against these pathogens and tested for 
their host range. Some phages could lyse more than two 
pathogens only within the corresponding subtype, and 
no phage exhibited a wide host range across different 
pathogen subtypes. To eliminate all pathogens of the 
Ptα, Ptβ, and Ptγ subtype, corresponding phages of one, 
six, and one strains were required, respectively. These 
phages were able to suppress the disease completely, as 
confirmed by the field-scale on-farm cultivation experi-
ments. These results suggested that a cocktail of these 
eight phages is sufficient to control the disease induced 
by all 23 P. tolaasii pathogens. Additionally, the anti-
bacterial effect of this phage cocktail persisted in the 

second cycle of mushroom growth on the cultivation 
bed.
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Oyster mushrooms (Pleurotus ostreatus) rank first in 
terms of cultivation area, production, and consumption 
in the Korean mushroom industry. Although they show 
high profitability, the number of farms and cultivation ar-
eas have decreased due to the frequent occurrence of the 
bacterial brown blotch disease (Iacobellis and Lo Cantore, 
1998; Ministry of Agriculture, Food and Rural Affairs, 
2021). Brown blotch disease is caused by the bacterial pep-
tide toxin, tolaasin, and its structural analogs, secreted by 
Pseudomonas tolaasii (Tolaas, 1915). These peptides form 
pores in cellular membranes, disrupt mushroom tissue, and 
form blotches on the surface of mushroom caps. The oc-
currence of brown blotch disease is typically prevented by 
sterilizing underground water used for mushroom cultiva-
tion, cleaning the cultivation house, and fumigating it with 
hot air (Geels et al., 1991). Mushroom cultivation under 
plastic mulching or in plastic bags and bottles has been 
proved to provide greater protection against the disease; 
however, these physical methods are frequently unsuccess-
ful in consecutive cultivation. 

Biological control of the brown blotch disease using an-
tagonistic bacteria reduced the loss of mushroom produc-
tion (Lee et al., 2014). Antibiotics are powerful for control-
ling diseases (Geels, 1995), but their field application for 
edible mushrooms is limited. Significant efforts have been 
made to develop methods to suppress these pathogenic bac-
teria. Bacteriophages have been recognized as an important 
alternative tool in controlling antibiotic-resistant pathogens. 
Phage therapy employs a specific virulent bacteriophage 
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to kill pathogenic bacteria, and it had been extensively 
studied and improved until the 1940s when its popularity 
declined with the advent of antibiotics. Recently, the rise 
of multidrug-resistant bacteria, such as methicillin-resistant 
Staphylococcus aureus and vancomycin-resistant Entero-
coccus, has become a threat to human health. Therefore, 
phage therapy is actively being researched as a substitute 
for antibiotics. Notably, the U.S. Food and Drug Admin-
istration approved the use of phages to target Listeria spe-
cies and Escherichia coli strains for which no appropriate 
antibiotics are available (Food and Drug Administration, 
2006). In addition, phage therapy has been studied for the 
control of Vibrio cholerae (Yen et al., 2017), Pseudomonas 
aeruginosa (Oechslin et al., 2017), Escherichia coli (Pereira 
et al., 2017), Enterococcus faecalis (Khalifa et al., 2016), 
and Staphylococcus species (Abedon, 2016). 

The application of bacteriophages in agricultural practic-
es and food product industries has been legally approved in 
several countries (Fernández et al., 2018). Bacteriophages 
have been found to be effective for the control of several 
pathogenic phytobacterial strains, such as Erwinia sp., 
causing bacterial soft rot and fire blight on apple and pear 
(Park et al., 2018), Xanthomonas sp., pathogenic strains of 
bacterial spot of tomato, peach, geranium, citrus, walnut 
blight, leaf blight of onion, and citrus canker (Dong et al., 
2018), Ralstonia solanacearum, provoking bacterial wilt 
of tomato (Wang et al., 2019), and Streptomyces scabies, 
producing potato scab (Abdelrhim et al., 2021). 

In previous studies, 23 strains of P. tolaasii were isolated 
and divided into three subtypes, Ptα, Ptβ, and Ptγ, based on 
the phylogenetic analysis (Yun et al., 2013). Their patho-
genic toxicities were evaluated by the pitting test, white 
line formation, and hemolytic activity. Although all three 
subtypes caused the blotch disease, only the Ptα subtype 
strains produced tolaasin and its analog peptides, indicat-
ing that pathogenic properties of both Ptβ and Ptγ subtype 
strains differ from those of the Ptα subtype (Yun and Kim, 
2020). In this study, bacteriophages were isolated and bac-
tericidal activities were tested against these host P. tolaasii 
strains. They were successfully able to suppress the disease 
development on the mushrooms infected with the patho-
gens. Therefore, the present study aimed to develop an 
optimal protocol for the biological control of brown blotch 
disease using a cocktail of the selected bacteriophages.

Materials and Methods

Host strains of P. tolaasii for the isolation of bacte-
riophages. Various P. tolaasii strains isolated in previ-
ous studies were used as host strains of bacteriophages. 

P. tolaasii strains were isolated from oyster mushrooms 
severely damaged by brown blotch disease, as described 
by Lee et al. (1997). The mushroom tissues were homog-
enized, and the homogenates were subjected to centrifuga-
tion. The supernatants were spread onto a Pseudomonas 
Agar F media (PAF; bacto-peptone 10 g, bacto-tryptone 10 
g, K2HPO4 1.5 g, MgSO4·7H2O 1.5 g, glycerol 10 ml, agar 
15 g/l), and P. tolaasii strains were isolated and identified 
by 16S rRNA gene sequencing, a white line test (Munsch 
et al., 1991), and a pitting test on the mushroom tissue (Yun 
et al., 2013). After that, the isolated bacteria were stored at 
‒70℃ in a PAF broth containing 20% (v/v) glycerol until 
use. 

The collected P. tolaasii strains were divided into 
three subtypes, Ptα, Ptβ, and Ptγ subtype. The isolated 
23 strains include six of Ptα subtype: P. tolaasii 6264 
(GenBank accession no. JN187439), HK1 (MK355659), 
HK2 (MK355660), HK3 (MK355661), HK4 (JX417441), 
and HK5 (JX417440), 16 of Ptβ: HK7 (JQ684100), HK8 
(MK355662), HK9 (JX417437), HK10 (JX417439), HK11 
(MK355663), HK12 (MK355664), HK13 (MK355665), 
HK14 (MK355666), HK15 (MK355667), HK16 
(MK355668), HK17 (JX417438), HK18 (MK355669), 
HK19 (MK355670), HK20 (MK355671), HK21 
(MK355672), and HK22 (JQ684101), and one of Ptγ, P. 
tolaasii: HK23 (JQ684099) (Yun et al., 2013). 

Isolation of bacteriophages. Bacteriophages were isolated 
by using P. tolaasii strains as the host strains. Various sew-
age samples obtained from a rural area of Cheongju, Ko-
rea, were mixed with the host bacterial culture for primary 
isolation of the phages. The mixture was added to a 0.75% 
semisolid agar medium at a 1:2 ratio (v/v) and poured onto 
a 1.5% solid agar plate. The double-layered plate was in-
cubated for 15 h at 25℃. One of the phage plaques in the 
incubated plate was chosen and added to the overnight cul-
ture of the corresponding P. tolaasii host strain. 

Following the method described by Chibani-Chennoufi 
et al. (2004), phage lysate was a supernatant obtained 
by centrifuging the culture medium inoculated with the 
phage and host strain. NaCl was added to the phage lysate 
at a concentration of 10%, incubated for 1 h at 0℃, and 
centrifuged at 6,000 ×g for 10 min. Polyethylene glycol 
(PEG-6000) was added to the supernatant at a concentra-
tion of 10% and incubated for 1 h at 0℃. Phages were 
collected by centrifugation at 19,000 ×g for 10 min (XL-
90; Beckman Coulter, Pasadena, CA, USA). The precipi-
tated phages were resuspended in a phage buffer (50 mM 
tris(hydroxymethyl)aminomethane-HCl, 150 mM NaCl, 20 
mM NH4Cl, 10 mM MgCl2, 1 mM CaCl2, 0.2% gelatin, pH 
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7.4). The resuspended phages were filtered using a 0.2 μm 
microfilter and stored at ‒70℃.

Phage titer and bactericidal activity measurement. 
Phage titer was determined using the double-layer agar 
technique (Chibani-Chennoufi et al., 2004). Phage suspen-
sions were diluted 104-109-fold and mixed with the culture 
media of the host bacteria that was previously added to 3 
ml of soft agar and poured onto a PAF hard agar plate. The 
plate was incubated for 15 h at 25℃, and plaques formed 
in the plate were counted. To measure the bactericidal ac-
tivity, the phage lysate at a final concentration of 1% (v/
v) was added to the PAF broth containing 5% of host cell 
culture and incubated at 25℃ for 15 h. The final concen-
trations of bacterial strains and phage cocktail were 2 × 106 
cfu/ml and 1 × 105 pfu/ml, respectively. Bacterial growth 
was measured by using a UV/Vis spectrophotometer (U-
2000, Hitachi, Tokyo, Japan) at 600 nm. 

Evaluation of phage therapy on oyster mushroom cul-
tivation. Seedlings of oyster mushrooms were cultivated 
in three replicated beds 1 m wide and 2 m long filled with 
a sterilized sawdust medium. After 3 weeks, when the 
bed was fully covered with mycelia, the temperature in 
the cultivation house was lowered to below 18℃ to in-
duce the development of the fruiting body. The mixture of 
pathogen culture media (5 × 106 cfu/ml) and the mixture of 
eight phages (2 × 108 pfu/ml) were sprayed onto the beds. 
Acrylic plate walls 20 cm high were installed to minimize 
the disturbance among the control and the experimental 
plots. The bacterial mixture (Ptαβγ) and phage mixture 
(ɸPtα, ɸPtβ, ɸPtγ, and ɸPtαβγ) were made independently 
and the mixtures applied sequentially. There were three 
replicated mushroom-cultivating beds and each mushroom 
bed was divided into six sections (Control, Ptαβγ + ɸPtαβγ, 
Ptαβγ, Ptαβγ + ɸPtα, Ptαβγ + ɸPtβ, and Ptαβγ + ɸPtγ) and 
each section was 0.3 m wide and 1 m long. Five milliliters 
of each mixture were applied. The ratio of each one of 23 
strains in the mixture was about 4% and the 0.5 ml of each 
bacterial culture was added to the mixture. Each bacterial 
strain had a level of 5 × 106 cfu/ml in the mixture. Further-
more, the ratio of each phage in the mixture was 12.5% and 
the 0.5 ml of each phage lysate was added to the mixture 
and each phage had a level of 2 × 108 pfu/ml. Protective 
effects of the phage cocktail were measured by the simul-
taneous treatment of phage cocktail right after pathogen 
treatment and by the treatment of phage cocktail at 12 h 
after the pathogen treatment, before blotch disease devel-
opment. 

Color analysis method for the evaluation of phage 
therapy. Disease symptoms appeared within 1-3 days after 
the treatment of pathogens and phages. When the seed-
lings of oyster mushrooms turned brown, pictures of the 
control, pathogen-treated, and pathogen plus phage-treated 
mushrooms were taken. The effects of phage therapy were 
evaluated by color analysis using the Adobe Photoshop CS 
program (Adobe Inc., San Jose, CA, USA). On the mush-
room surface, more than 10 pixels were chosen and the val-
ues of three colors, red, green, and blue (RGB), were mea-
sured and averaged. The RGB ratio is the value obtained 
by dividing the number of pixels in the area occupied by 
each color by the total number of all pixels. Then, the RGB 
ratios taken from each experimental plot were drawn. 

Data analysis. Data are expressed as means ± standard 
error. Statistical analysis was performed using the program 
SAS version 9.4 (SAS Institute Inc., Cary, NC, USA) soft-
ware for one-way ANOVA and Tukey’s test, with statisti-
cal significance set at P < 0.05. 

Results

Combination of phages for cocktail preparation. For the 
biological control of brown blotch disease, virulent bac-
teriophages against P. tolaasii strains were isolated from 
various sewage samples, streams, and ponds in Cheongju 
City. A total of 31, 9, and 2 isolated phages were virulent to 
Ptα, Ptβ, and Ptγ subtype pathogens, respectively (Supple-
mentary Table 1). To prepare a phage cocktail containing 
the least number of phages, phages were selected based on 
the range of their host specificity. Since the isolated phages 
showed different host ranges, 3, 6, and 1 phage types were 
identified against Ptα, Ptβ, and Ptγ subtype pathogens, re-
spectively (Fig. 1). 

Phages were often virulent to other host strains only 
within the same subtype of pathogens, but none of the 
phages showed bacteriolytic activity against the strains of 
another subtypes. Three phage types were isolated against 
the host strains of the Ptα pathogen. All phages of the Ptα 
subtype were virulent to host strains, P. tolaasii 6264 and 
HK2. Phages ɸ6264 and ɸHK1 killed host strains, P. tolaa-
sii HK1 and HK3, and phage ɸ6264 killed P. tolaasii HK4 
and HK5. Six types of phages were isolated against the 
Ptβ subtype pathogens, while Ptβ pathogens were divided 
into 10 host groups depending on their phage sensitivity. P. 
tolaasii HK7 was susceptible to four different phage types, 
and six out of the 10 host groups were susceptible to only 
one type of phage. These results show that the host strains 
of Ptβ subtype are diverse in phage sensitivity. Therefore, a 
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minimal combination of phages should include eight select-
ed phages: one, six, and one against the host strains of Ptα, 
Ptβ, and Ptγ subtype, respectively (highlighted in green in 
Fig. 1). There were phages with a very narrow host range, 
such as ɸHK3, ɸHK8, and ɸHK15, killing only their cor-
responding host strains. Since these host strains were also 
killed by other phages, these phages were excluded from 
Fig. 1. Host ranges of 42 bacteriophages isolated in this 
study were investigated. Most of the phages killed only 
their corresponding host strains showing a specific host 
range. However, seven out of 42 phages had a wide host 
range killing other strains as well as their host strains. The 

aim of phage therapy was to kill the maximum number 
of pathogenic bacterial strains using minimum number of 
phages. Therefore, the host ranges of the isolated phages 
were investigated and the results were showed in Supple-
mentary Tables 2-4.

For successful phage therapy, we examined the effect of 
phage combinations of all phage subtypes. Pathogen mix-
tures of the 23 strains, including six Ptα, 16 Ptβ, and one 
Ptγ subtype strains, were prepared. Phages were selected 
based on their host specificity to obtain the minimum 
number of phages required for the cocktail: phage ɸ6264 
against the Ptα subtype pathogens; phages ɸHK7, ɸHK11, 
ɸHK14, ɸHK16, ɸHK19, and ɸHK22 against the Ptβ sub-
type; and phage ɸHK23 against the Ptγ subtype. Growth 
curves of the three subtype pathogen mixtures are shown 
in Fig. 2. All pathogen mixtures showed similar growth 
rates, reaching the stationary phase after 10 h of incubation. 
However, when the pathogen mixtures were incubated 
with the corresponding selected phages, complete bacterial 
lysis was observed for the Ptα and Ptγ subtype pathogens. 
In contrast, the absorbance of the culture medium inocu-
lated with Ptβ subtype strains increased until about 8 h of 
incubation, and then gradually decreased as bacterial lysis 
proceeded. 

Effects of phage cocktail on the suppression of blotch 
disease. Protective effects of the phage cocktail were eval-
uated on oyster mushroom cultivation. P. tolaasii strains 
were inoculated on the surface of young fruiting bodies, 
and the corresponding phages were applied around the in-
oculation area (Fig. 3). The effect of phages was evaluated 
for 5 days after the treatment. The pathogen mixture of the 
23 strains (Ptαβγ) produced disease symptoms, such as 
brown coloration, blotches, and shrinkage of small fruiting 
bodies after 3 days of treatment. These symptoms were fol-

Fig. 1. Phage typing according to host specificity. Green shades indicate phages selected for phage cocktail preparation. aO, susceptible 
to phage. bX, resistant to phage.

Fig. 2. Lysis curves of Pseudomonas tolaasii strains by the cor-
responding bacteriophages. Growth curves of Ptα, Ptβ, and Ptγ 
were obtained with the mixture of six Ptα, 16 Ptβ, and one Ptγ 
subtype strains, respectively. Ptα + ɸPtα: a mixture of six Ptα 
pathogen strains plus phage ɸ6264. Ptβ + ɸPtβ: a mixture of 16 
Ptβ subtype strains plus six Ptβ phages selected in Fig. 1. Ptγ + 
ɸPtγ: P. tolaasii HK23 strain plus phage ɸHK23.
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lowed by tissue collapse of the small fruiting bodies, severe 
blotching, and the decay of mushroom caps 2 days later. 
However, no noticeable symptoms of brown blotch disease 
were observed in mushrooms treated with the phage cock-
tail of eight phages (Ptαβγ + ɸPtαβγ), and the shape and 
color of fruiting bodies remained healthy. Moreover, se-
vere brown blotches were observed in all three treatments 
with the 23 pathogens (Ptαβγ) and one of the three phage 

subtypes (Ptαβγ + ɸPtα, Ptαβγ + ɸPtβ, and Ptαβγ + ɸPtγ). 
The subtype phages in each treatment lysed only their cor-
responding pathogens. These results demonstrate that the 
phage cocktail of the selected eight phages successfully 
controlled the disease by killing all P. tolaasii pathogens or 
by suppressing the increase in pathogen population.

Color analysis of phage cocktail effects. The effects of 

Fig. 3. Effects of the phage cocktail on the development of blotch disease. Control: treated with sterilized culture medium. Ptαβγ: all 23 
strains of P. tolaasii pathogen. Ptαβγ + ɸPtαβγ: all P. tolaasii strains plus eight phages of the cocktail. ɸPtα: Ptα phage, ɸ6264. ɸPtβ: 
six Ptβ phages, ɸHK7, ɸHK11, ɸHK14, ɸHK16, ɸHK19, and ɸHK22. ɸPtγ: Ptγ phage ɸHK23. In each experiment phage mixture was 
sprayed on the mushroom immediately after pathogen inoculation.
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the phage cocktails were evaluated by comparing color 
changes of fruiting bodies obtained by various pathogen 
and phage treatments (Fig. 4). From the color pictures of 
fruiting bodies, several spots of mushroom surfaces were 
analyzed by measuring components of three colors, RGB. 
In both the control and all pathogens plus phage cocktail-
treated (Ptαβγ + ɸPtαβγ) mushrooms, the proportions of the 
three colors evaluated were very similar at 30-35%. How-
ever, in the pathogen-treated (Ptαβγ) and pathogen plus 
one type phage-treated (Ptαβγ + ɸPtα, Ptαβγ + ɸPtβ, and 
Ptαβγ + ɸPtγ) mushrooms, the proportion of red appeared 
over 50%, while that of blue was only near 15%. Thus, 
the results of the color proportion analysis indicate that the 
phage cocktail-treated mushrooms were very similar to the 
normal mushrooms in color, indicating that the cocktail is 
highly successful in suppressing the blotch disease.

Persistency of phage cocktail effects. To investigate the 
persistence of the phage cocktail effects, both healthy and 
infected mushrooms were harvested from the experimen-
tal beds, and the surface of the beds was briefly washed 
with sterilized distilled water. To stimulate the mushroom 
growth for the second cultivation cycle, the temperature 
was maintained at 18℃. Compared with the control, brown 
spots and blotches were observed on the surface of the 
newly produced fruiting bodies only in beds pretreated with 
the pathogen mixture and the mixture plus one phage sub-

type (Ptαβγ, Ptαβγ + ɸPtα, Ptαβγ + ɸPtβ, and Ptαβγ + ɸPtγ) 
(Fig. 5). These results showed that the pathogenic bacteria 

Fig. 4. Color component evaluation of the brown blotch area obtained from shelf-cultivated mushrooms. Red-green-blue (RGB) ratios 
were calculated from photos of mushrooms obtained by the control, Ptαβγ + phage cocktail (ɸPtαβγ), and Ptαβγ treatments. Those of 
all pathogens plus one type of phage cocktail treatments were shown in Ptαβγ + ɸPtα, Ptαβγ + ɸPtβ, and Ptαβγ + ɸPtγ. Data are mean ± 
standard error percentages of the results from 7-8 replicates of more than three mushrooms. The same letters are not statistically signifi-
cances at P < 0.05 (Tukey’s test).

Fig. 5. Persistent effect of the phage cocktail during the second 
cultivation cycle. After the removal of mushrooms from experi-
mental beds shown in Fig. 2, the second growth cycle was moni-
tored without any treatment. Disease development was evaluated 
by brown coloration and shrinkage of the fruiting bodies. Ptαβγ: 
mushrooms grown after 1st generation in the shelf treated with 
all 23 pathogens, Ptαβγ + ɸPtαβγ: mushrooms grown in the shelf 
treated with Ptαβγ + phage cocktail.
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remained in the beds and caused the blotch disease during 
the second cultivation cycle. In the second growth cycle, 
the number of young fruiting bodies decreased, and their 
discoloration became severe with the growth. However, 
in the bed treated with the mixture of pathogen strains and 
the phage cocktail (Ptαβγ + ɸPtαβγ), healthy mushrooms 
developed, and the disease was completely suppressed. 
The bactericidal effect of the phage cocktail may persist 
throughout the second cycle of mushroom growth and sup-
pressed the development of brown blotch disease.

In another set of experiments, inoculation with the 
mixture of all pathogens (Ptαβγ) resulted in the develop-
ment of brown spots across the entire fruiting bodies of 
the mushrooms. When the phage cocktail was sprayed 
12 h after pathogen inoculation, complete suppression of 
the disease was observed (Fig. 6). These results suggested 
that the phage cocktail successfully attacked and killed the 
pathogens when applied to the infected mushrooms before 
the disease symptoms developed. Therefore, the control 
effect of phage therapy on the pathogens lasted up to the 
second cycle of the mushrooms production and it had an 
excellent control effect even though the mushrooms were 
already contaminated by pathogens.

Discussion

The analysis of 16S rRNA gene sequence has been used 
previously for the identification of pseudomonads (Godfrey 
et al., 2001). However, identifying P. tolaasii strains based 
on the 16S rRNA gene sequences may not reveal the full 
diversity of the genus (Ranjan et al., 2016). Therefore, in 
other to classify various strains of pathogenic P. tolaasii, 
pathogenic characters, such as tolaasin secretion, white 
line formation with P. reactans culture, and blotch forma-

tion through the pitting test, were measured along with 
the analysis of 16S rRNA gene. Significant differences in 
pathogenic properties among the P. tolaasii subtypes were 
observed in previous studies. The Ptα subtype exhibited 
typical pathogenic traits, including secretion of tolaasin 
and its analog peptides, hemolytic activity, blotch-forming 
ability, and white line formation in the presence of white 
line-inducing principle, secreted by P. reactans (Munsch 
et al., 1991). The strains of the Ptβ subtype did not secrete 
peptide molecules of the tolaasin type and did not exhibit 
hemolytic activity; however, they still caused the brown 
blotch disease. The Ptγ subtype also did not secrete tolaasin 
peptides, but it showed hemolytic activity and blotch-form-
ing ability (Yun and Kim, 2020). Therefore, pathogenic 
strains of three subtypes causing the brown blotch disease 
were used as host strains to expand the therapeutic applica-
tions of the phage cocktail.

The phages used in the present study virulent to the 
pathogens of brown blotch disease were isolated from a 
wide array of agricultural and urban areas, indicating the 
presence of the host pathogens outside the mushroom farm-
ing area. Phages lethal to host strains of the Ptα subtype 
were obtained from most sewage samples. The pathogenic 
strains of the Ptα and Ptγ subtypes were very sensitive to 
their corresponding phages and were killed by a short incu-
bation period with phages. However, the strains of the Ptβ 
subtype were less sensitive to their corresponding phages, 
and bacterial lysis was retarded and occurred after 8 h of 
incubation (Fig. 2). Phages were classified based on their 
host specificity. The host range of the phage is defined as 
the span of hosts sensitive to the phage, and host specificity 
is dependent on many bacterial characters, such as the cell 
wall structure and immunity determined by the presence 
of restriction enzymes (Hyman and Abedon, 2010). In this 

Fig. 6. Protective effect of the phage cocktail ensured by the treatment before blotch disease development. Control: treated with sterilized 
culture medium. Ptαβγ: treated with all pathogenic strains of Pseudomonas tolaasii. Ptαβγ + ɸPtαβγ: the phage cocktail was sprayed on 
the mushrooms before the development of disease at 12 h after pathogen inoculation.
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study, the host range of the isolated phages was limited 
within the host strains of the same subtype. Therefore, 
phage collection for the biological control of brown blotch 
disease should be performed separately for each host sub-
type. To prepare a phage cocktail, the number of selected 
phages in each host subtype should be minimized such 
that the number of phages is smaller than that of the host 
strains. We predicted that a mixture of eight phages (one 
in ɸPtα, six in ɸPtβ, and one in ɸPtγ) could control the 23 
strains of P. tolaasii pathogens: six, 16, and one of the Ptα, 
Ptβ, and Ptγ subtypes, respectively. This mixture success-
fully prevented blotch formation, suggesting that the se-
lected phage cocktail effectively suppressed brown blotch 
disease by destroying all 23 P. tolaasii strains. 

When various P. tolaasii strains were co-cultured, it 
could be dominated by one or few strains. In Fig. 3, while 
the treatment of each subtype phage killed their corre-
sponding bacterial strains, the pathogens of other subtypes 
grew and caused brown blotch disease on cultivated mush-
rooms. These results show that pathogenicity of each sub-
type pathogen is not limited by the co-culture of other sub-
type pathogens. Since the cocktail of eight phages (ɸPtαβγ) 
was able to control the mixture of all 23 pathogens (Ptαβγ) 
and the disease symptom was not observed, the possible 
dominancy of one or a few pathogens may not influence 
the positive effect of phage therapy. In the co-culture of in-
terspecies or intraspecies strains, competition, cooperation, 
or co-evolution between the strains may occur (Hibbing 
et al., 2010). Also, they are able to induce quorum sensing 
of the strains by secreting signaling molecules (Smith and 
Schuster, 2019). 

The phage cocktail was confirmed to prevent the brown 
blotch disease in the shelf cultivation of oyster mushrooms 
(Figs. 3 and 6), and its effectiveness extended over two 
successive cultivation cycles (Fig. 5). Although positive 
effects of the phage cocktail were observed, monitoring the 
populations of pathogenic bacterial strains that decreased 
by phages in the mushroom tissues may be practically dif-
ficult since the presence of other natural bacterial strains 
and phages interferes with the identifications of pathogenic 
strains and phages used in this experiment. However, in 
the treatments of all 23 pathogens plus eight phages of the 
cocktail, no symptoms of blotch disease were observed. 
These results indicate that the phage cocktail was success-
ful in controlling all pathogenic bacterial strains and each 
phage in the cocktail killed the corresponding pathogens 
independent of the presence of other phages. Furthermore, 
the effect of phage treatment was clearly obtained in the 
experiments with both simultaneously and consecutively 
treatments of pathogen and phage. Since phages were able 

to survive longer than a month in the mushroom-growing 
media, the bactericidal activity was always obtained with 
phages and it was independent of the order of pathogen and 
phage treatments.

To evaluate the effects of the phage cocktail, color 
analysis of the mushroom cap picture was performed. The 
control and pathogen (Ptαβγ) plus phage cocktail (ɸPtαβγ)-
treated mushrooms had a normal greyish color. However, 
disease symptoms were very clear in the mushrooms 
treated with pathogen and pathogen plus one component of 
subtype phages. Color compositions of the disease-symp-
tom mushrooms were very similar among the mushrooms 
treated with different subtypes of pathogens, suggesting 
that the mechanism and phenotype of blotch disease may 
be identical among different subtypes of pathogenic bacte-
ria. Surface color analysis has been used in quality assess-
ment studies of foods and is considered as one of the pri-
mary characteristics of evaluating food quality (Cubero et 
al., 2011; Pedreschi et al., 2010). In our previous study, we 
also used a color analysis for measuring the effect of inhib-
iting the green mold disease that occurred by Trichoderma 
harzianum in oak mushrooms (Lentinus edodes) (Lee et al., 
2017; Yun et al., 2018b).

In conclusion, a combination of eight phages was used 
to prepare a phage cocktail that successfully suppressed the 
brown blotch disease by killing all pathogens. These results 
further imply that the bactericidal activity of individual 
phages in the phage cocktail was not interrupted by the 
presence of other bacterial strains and phages. Therefore, 
when a new pathogen is detected, the cocktail can be op-
timized by adding a corresponding phage. However, one 
major weakness of phage therapy is the development of 
phage resistant mutant (PRM) strains, which is frequently 
induced by the presence of phages. Our previous study 
demonstrated that the PRM strains showed a relatively 
weaker pathogenic activity than the original pathogen (non-
resistant strains) (Yun et al., 2018a). Nevertheless, the ef-
fectiveness of the phage cocktail in the presence of various 
PRM strains is currently under investigation. Phage cock-
tails were found to be effective against many pathogens 
including Escherichia coli (Gundogdu et al., 2016). Phage 
therapy with a relatively low production cost will be a great 
advantage in commercial use after completion of the re-
lated research on the composition and storage conditions of 
phage strains to maintain their bactericidal activities.
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