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Effect of storage conditions 
on the shelf‑life extension 
of fungus‑colonized substrates 
based on Metarhizium anisopliae 
using modified atmosphere 
packaging
Seul‑Gi Jeong1, Ho Myeong Kim1, Junheon Kim2, Jae Su Kim3,4 & Hae Woong Park1*

Metarhizium anisopliae is a promising alternative to chemical pesticides against pine wilt 
disease caused by Bursaphelenchus xylophilus. Herein, we investigated the efficacy of modified 
atmosphere packaging (MAP) to prolong the shelf-life of the M. anisopliae conidia. The effects of 
various conditions on its stability were also examined. M. anisopliae-inoculated millet grains were 
treated in a MAP system with different packaging materials (polypropylene, PP; polyethylene 
terephthalate, PET; ethylene vinyl alcohol, EVOH), gas compositions (high CO2 atmosphere, ≈ 90%; 
high O2 atmosphere, > 95%; high N2 atmosphere, > 95%; 30% CO2 + 70% N2; 50% CO2 + 50% N2; 70% 
CO2 + 30% N2), and storage temperatures (4 and 25 °C). Results revealed EVOH film as the best for the 
preservation of gases at all concentrations for 28 days. MAP treatment in the high-barrier EVOH film 
under an atmosphere of 30% CO2 + 70% N2 achieved 80.5% viability of dried conidia (7.4% moisture 
content), with 44.2–64.9% viability recorded with the other treatments. Cold storage for technical 
concentrates formulation promoted extension of shelf-life of MAP-treated conidia. These results imply 
that MAP under optimized conditions could enhance the shelf-life of fungus-based biopesticides in 
fungus-colonized substrates formulations.

Pine wilt disease (PWD) is a fatal conifer disease that decolorizes and browns needles and eventually leads to 
death, affecting several species of pine trees (Pinus spp.) and resulting in serious environmental and economic 
losses worldwide1,2. Since these symptoms were first reported in North America (USA and Canada), this dis-
ease has spread further to Asia (Japan, China, Korea, and Taiwan), and, recently, Europe (Portugal and Spain)3. 
The pine wood nematode Bursaphelenchus xylophilus Nickle (Nematoda: Aphelenchoididae) is the only known 
agent of PWD and is transmitted from infected pine trees to healthy ones by the insect vectors, Japanese pine 
sawyer beetle, Monochamus alternatus Hope (Coleoptera: Cerambycidae) and M. saltuarius Gebler (Coleoptera: 
Cerambycidae), in East Asia4–6. To prevent the spread of PWD, it is essential to develop an effective method to 
control these insects.

A variety of synthetic chemical pesticides, including acetamiprid, thiacloprid, buprofezin, metham sodium, 
clothianidin, thiamethoxam, and fenitrothion, have been proposed to control PWD. However, these chemicals 
have been limited in most developed countries due to environmental hazards, unhealthful residues, and threat 
to non-target species7–9. For these reasons, biocontrol methods that incorporate natural predators, parasites, and 
microbial pathogens of the target pest need to be developed. One of these is fungus-based biopesticides, which 
have a low possibility of resistance development, high specificity and biodegradability, and no health risks, and 
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among several entomopathogenic fungi species, Metarhizium anisopliae (Hypocreales: Clavicipitaceae) has been 
intensively studied and commercialized in at least 25 countries10,11.

The formulation types of biopesticides are categorized into dry and liquid. Dry formulations, such as seed 
dressing, granules, and wettable powders, account for more than 80% of fungal biopesticide products. Among 
them, fungus-colonized grains are the most used because of their advantages in conidia production and direct 
application to soil10–12. However, the lack of conidia stability during distribution is a critical obstacle to its 
widespread use and market competitiveness11. To overcome this issue, several research efforts, such as designed 
formulations, pre-incubation, and adjuvant, have been suggested11,13,14; however, constraints of high installation 
cost and obstacle of scaling up still limit commercial applications of these treatments. For the above reasons, 
modified atmosphere packaging (MAP) has emerged as a potential technology due to its beneficial effects on 
shelf-life13,15,16. MAP is the practice of changing the natural components of the atmosphere (O2, CO2, and N2) 
within a package. Although the efficacy of MAP treatment is affected by packaging material and gas composi-
tion, research has been focused on O2-absorbing packaging using O2 scavengers or CO2-emitting sachets16,17. In 
addition, little information exists on the application of MAP to M. anisopliae, despite many previous studies on 
other genera, such as Beauveria13,15,16,18.

An assessment of the effect of MAP on shelf-life extension of fungal conidia is necessary for its practical 
application. Thus, the overall goal of this study was to evaluate the efficacy of MAP treatment on the stability of 
technical concentrates (fungus-colonized millet grains) based on M. anisopliae. The impact of storage condi-
tions, such as moisture content, packaging system, and storage temperature on the shelf-life extension of fungal 
conidia, was also comprehensively investigated.

Results and discussion
Effect of moisture content on thermotolerance of fungus‑colonized substrates.  The viability 
of M. anisopliae conidia cultured on millet grains with various moisture contents during heat treatment is listed 
in Table 2. At the baseline moisture level, less growth was observed with increasing heat exposure time. Conidial 
thermotolerance increased with decreasing moisture content from 14.3 to 7.4%. The technical concentrates with 
7.4% and 9.0% moisture content achieved satisfactory conidial growth (+ or ++) for all time intervals at 50 °C. 
Dried mycotized millet grains (7.4% moisture content) were the only material with moisture levels that sup-
ported growth of the conidia. At 14.3% moisture content, M. anisopliae conidia did not grow at all tested tem-
peratures. Regardless of the moisture content of fungus-colonized grains, high temperatures (70 °C) completely 
inhibited conidial growth. Our results are consistent with those of previous studies by Hedgecock et al.19 and 
Kim et  al.20, indicating that dried conidia in granular formulations showed much superior thermotolerance 
to conidia with higher moisture content. For a proper environment for conidial thermotolerance, the fungus-
colonized substrates should be kept dry after manufacturing the products.

Changes in gas composition within different packages.  Figure  1 shows the gas concentration in 
the plastic packaging films of polypropylene (PP), polyethylene terephthalate (PET), and ethylene vinyl alcohol 
(EVOH) treated with MAP. The order of sustainability of the modified atmosphere in the tested plastic films was 
EVOH > PET > PP. With the PP package, atmospheric equilibrium (21% O2 + 78% N2) was attained by 28 days 
across all MAP treatments. Statistically significant changes in CO2, O2, and N2 concentrations during storage 
were observed in the PET package, regardless of MAP treatment (P < 0.05), although a high CO2 atmosphere 
(MA1) was the only treatment that established the atmospheric equilibrium for 28 days. In contrast with the PP 
and PET packages, a steady state in the gas composition of all MAP treatments was observed in the EVOH pack-
age. These results could be attributed to the differences in the permeability of O2 and CO2 between packaging 
materials (Table 1). The lower permeability of O2 and CO2 caused the equilibrium arrival time to increase. Siah 
and Mohd Tahir21 and Buntinx et al.22 reported that multilayer sheets containing EVOH have the lowest oxygen 
transmission rate, followed respectively by nylon, PET, polyethylene, and PP. In short, we found that EVOH 
could be efficiently used as a packaging film for MAP because of its excellent barrier properties against a modi-
fied atmosphere and maintains the gas concentration within the package.

Effect of gas composition on stability of fungus‑colonized substrates.  Although accelerated 
shelf-life testing can be used to determine the performance of fungal conidia in a relatively short time, there have 
been no studies on the kinetic model approach for fungal biopesticides23. Because of this, the thermal conditions 
presented in Table 2 were used to conduct subsequent experiments for accelerated shelf-life testing. Minimal 
thermal stress (50 °C for 2 h) was selected in accordance with the results of all samples tested as this, except for 
M. anisoplia-inoculated millet grains with moisture content of 14.3%, supported conidial growth. These condi-
tions were also used for the thermal stress of Cordyceps fumosorosea conidial powder, as described previously20.

The conidial germination rates of mycotized millet grains packaged in the high-barrier EVOH film follow-
ing MAP treatment are shown in Table 3. The fungus-colonized substrates packaged under high O2 atmosphere 
(> 95%) had the lowest germination rate (46.3%) among all the treatments, which was lower than that under 
ambient atmospheric air. According to the multivariable logistic regression analysis, a rise of one percent in the 
oxygen concentration reduced probability of conidial germination by 0.6% (Table 4). The beneficial effects of 
O2-free environments with respect to shelf-life extension have been previously reported for some entomopatho-
genic fungi, including M. anisopliae14,15,24. Shelf-life extension is mainly attributed to a reduction in respira-
tion rate, substrate uptake, oxidative reaction, and microbial metabolism, resulting in decreased production of 
toxic metabolites and prolonged nutrient availability25. Similar results were observed for mycoherbicide and 
nematophagous fungi26,27.
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Figure 1.   Changes in gas concentration of CO2, O2, and N2 in the plastic bags of polypropylene (A), 
polyethylene terephthalate (B), and ethylene vinyl alcohol (C) following treatment with modified atmosphere 
packaging under different gas compositions of MA1 (high CO2 atmosphere, ≈ 90%), MA2 (high O2 
atmosphere, > 95%), MA3 (high N2 atmosphere, > 95%), and MA4 (30% CO2 + 70% N2). Error bars represent 
standard deviations calculated from triplicates.

Table 1.   Properties of plastic films used in this studya. a Source: Mangaraj et al. (2009). b Tm, melting 
temperature. c PO2

 , permeability at 25 °C for O2. d PCO2
 , permeability at 25 °C for CO2.

Packaging material Abbreviation Tm
b (°C) Density (g/cm3) PO2

c (cm3 μm/m2-h-atm) PCO2

d (cm3 μm/m2-h-atm)

Polypropylene PP 160‒175 0.89‒0.91 1541‒2416 8368‒13,119

Polyethylene terephthalate PET 245‒265 1.40 45 221

Ethylene vinyl alcohol EVOH 181 1.19 0.325 10.10

Table 2.   Growth of Metarhizium anisopliae conidia cultured on millet with moisture contents of 7.4%, 9.0%, 
and 14.3% at different temperatures and treatment times. a All moisture contents are expressed on a dry basis. 
b ++ , growth after incubation for 20 h at 25 °C; + , growth after incubation for 40 h at 25 °C; ‒, no growth.

Moisture content (%)a

50 °C 60 °C 70 °C

2 h 4 h 6 h 2 h 4 h 6 h 2 h 4 h 6 h

7.4  ++ b  ++   +   +  ‒ ‒ ‒ ‒ ‒

9.0  ++   +   +  ‒ ‒ ‒ ‒ ‒ ‒

14.3 ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒
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Despite these benefits of O2 exclusion, to date, there has been no published information on replacing packag-
ing air with CO2 and N2 in consideration of their mixing ratio for M. anisopliae conidia. In the present study, 
the viability of dried conidia (7.4% moisture content) packed in EVOH film under MA4 (30% CO2 + 70% N2) 
was maintained at > 80% during accelerated shelf-life testing, whereas MA5 (50% CO2 + 50% N2) and MA6 
(70% CO2 + 30% N2) had significantly reduced germination rates of 53.7% (P < 0.05, F[1,4] = 674.73) and 44.2% 
(P < 0.05, F[1,4] = 30.06), respectively. Abellana et al.25 concluded that CO2 is more important in a gas mixture than 
N2 because the latter is an inert gas and has no antifungal properties. As with the relationship between CO2/N2 
ratio and conidial germination rate, there was an optimal proportion identified for retaining high germination; 
thus, our results indicate that gas composition should be taken into account to maximize the efficacy of MAP 
on fungal biopesticides.

Effect of packaging material on the stability of fungus‑colonized substrates.  The viability of 
dried M. anisopliae conidia from mycotized millet grains packaged in different packaging materials following 
MAP treatment under an optimal gas mixture proportion (30% CO2 + 70% N2) is depicted in Fig. 2. Except for 
the PP package (P = 0.24, F[1,4] = 1.98), there were significant differences in germination rates between untreated 
and MAP-treated technical concentrates within the EVOH (P < 0.05, F[1,4] = 365.72) and PET packages (P < 0.05, 
F[1,4] = 154.27) after thermal stress. The EVOH film are 1.22 and 1.64 times more likely to develop conidial germi-
nation than PET and PP film, respectively (Table 4). Although coextruded or laminated plastic films are widely 
used in the MAP industry28, there has been no comprehensive research on the stability of fungal conidia treated 
with MAP relative to plastic packaging films. However, other researchers have conducted studies on the effect 
of packaging material on yeast survival. Carbó et al.29 reported that the biocontrol agent Candida sake CPA-1 
packaged with aluminum-based bags had higher viability than those packed in transparent plastic bags due to 
their permeability (0.76 cm3/m2-day and 8 cm3/m2-day, respectively). This result was similar to our data, which 

Table 3.   Viability of Metarhizium anisopliae conidia with moisture content of 7.4% packaged in ethylene 
vinyl alcohol under modified atmospherea. a Mean ± standard deviation from three replicates. Values in the 
same column followed by different letters are significantly different (P < 0.05). b The percent germination of 
conidia was determined by exposing it to thermal stress (50 °C for 2 h). c MA1, high CO2 atmosphere (≈ 90%); 
MA2, high O2 atmosphere (> 95%); MA3, high N2 atmosphere (> 95%); MA4, 30% CO2 + 70% N2; MA5, 50% 
CO2 + 50% N2; MA6, 70% CO2 + 30% N2; atmospheric air, 21% O2 + 78% N2.

Treatment type

Gas mixture

Germination rate (%)bCO2 (%) O2 (%) N2 (%)

Control (w/o heat) – – – 90.8 ± 0.6 a

Atmospheric air 0.03 ± 0.05 e 21.86 ± 0.22 b 78.09 ± 0.19 b 55.3 ± 1.1 d

MA1c 88.50 ± 0.28 a 2.25 ± 0.07 c 9.25 ± 0.21 f. 64.9 ± 3.2 c

MA2 0.05 ± 0.07 e 95.38 ± 0.02 a 4.55 ± 0.07 g 46.3 ± 3.0 e

MA3 0.05 ± 0.07 e 2.10 ± 0.14 c 97.85 ± 0.07 a 47.2 ± 2.2 e

MA4 28.40 ± 0.28 d 1.90 ± 0.14 c 69.70 ± 0.14 c 80.5 ± 2.0 b

MA5 49.01 ± 0.15 c 1.83 ± 0.07 c 49.16 ± 0.17 d 53.7 ± 2.4 d

MA6 69.12 ± 0.11 b 1.72 ± 0.09 c 29.16 ± 0.21 e 44.2 ± 1.8 e

Table 4.   Multivariable logistic regression analysis using the best-fit binomial generalized linear model of 
viability of Metarhizium anisopliae conidiaa. a Percentage changes in the main text was derived from the odds 
ratio by taking exponentials, subtracting 1, and multiplying by 100. b Asterisks indicate statistically significant 
associations (P < 0.05). c NA, not applicable.

Stability assay Variables Odds ratio 95% Confidence interval P value

Accelerated shelf-life testing

Gas type

CO2 (%) 1.001 1.000‒1.003 0.138

O2 (%) 0.994 0.993‒0.996  < 0.001*b

N2 (%) NAc NA NA

Packaging film

Ethylene vinyl alcohol 1  < 0.001*

Polyethylene terephthalate 0.820 0.742‒0.906 0.002*

Polypropylene 0.609 0.551‒0.673  < 0.001*

Actual storage testing

Storage condition

Temperature (°C) 0.861 0.855‒0.867  < 0.001*

Period (month) 0.603 0.585‒0.622  < 0.001*
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showed an inverse relationship between the permeability of the plastic film and conidial germination, and are 
also in agreement with the impact of packaging film on changes in gas composition within packages (Fig. 1), 
resulting from their inherent permeability.

Effect of storage temperature on stability of fungus‑colonized substrates.  The storage stabil-
ity of MAP-treated fungus on millet under optimized conditions (7.4% moisture content, EVOH film, 30% 
CO2 + 70% N2) during storage periods are presented in Fig. 3. At the same storage temperature, conidial ger-
mination decreased with increasing storage duration. In the case of storage at 25 °C, the germination rate of M. 
anisopliae conidia was dramatically reduced to 4.6% after 6 months of storage in millet. Slightly lower reductions 
in the germination rate were also detected when mycotized grains were stored at 4 °C; however, over the entire 
storage period, statistically significant differences were not observed (P = 0.34, F[3,8] = 1.29). A high germination 
rate of 86.1% was maintained for up to 6 months in the fungus-colonized substrates at 4 °C. As the ratio of conid-
ial germination to storage time was found to be highly correlated (R2 > 0.91), the half-lives, meaning the storage 
time required to reduce conidial germination rates by 50%, of conidia stored under different temperature were 
calculated. The half-life time of MAP-treated conidia was longer when stored at 4 °C than at 25 °C (69.90 months 
and 1.01 months, respectively). A rise of one degree and one month reduced probability of conidial germina-
tion by 13.9% and 39.7%, respectively (Table 4). The viability of biocontrol fungi during long-term storage is 
affected by storage temperature, humidity, conidial moisture content, strain selection, and a few other factors, 
although storage temperature is generally regarded as the most crucial factor26,30,31. Under refrigeration tempera-
ture (ca. 4 °C), metabolic activities of entomopathogenic fungi and depletion of nutrients are retarded, resulting 
in favorable conditions for long-term storage32.
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Conclusion
The present study suggests that proper MAP can be effectively used to prolong the shelf-life of M. anisopliae 
conidia cultured on millet grains. The effects of MAP were dependent on the conidial moisture content, packaging 
material, gas composition, and storage temperature. The results of this study are fundamental in order to under-
stand the response of fungus-colonized millet grains to MAP treatment conditions, and by extension, to apply 
commercial MAP treatment. Although a high germination rate (> 80%) was achieved in both the accelerated 
test conditions and the actual storage, the industrial scale for extending shelf-life should be based on bioassay 
including virulence tests of M. anisopliae conidia on insect vectors of PWD in field conditions. Further studies are 
also needed to examine the mechanism by which MAP treatment improves storage stability. With an improved 
understanding of the process condition optimization, MAP could be a prospective strategy for enhancing the 
shelf-life of other fungus-based biopesticides.

Methods
Entomopathogenic fungal strain.  M. anisopliae JEF-279 (KFCC11721P), isolated from Korean soil (Mt. 
Jiri, Gyeongnam, Republic of Korea), was obtained from the Department of Agricultural Biology Culture Col-
lection at Jeonbuk National University (Jeonju, Republic of Korea)33. Stock cultures were kept frozen at –70 °C 
in 0.7 mL of quarter-strength Sabouraud dextrose broth (Difco Laboratories, Detroit, MI, USA) with 0.3 mL of 
50% glycerol. Working cultures were spread onto quarter-strength Sabouraud dextrose agar (SDA; Difco Labo-
ratories) and incubated in the dark for 10 days at 25 °C to induce conidial production. Conidia were dislodged 
by adding 0.05% Tween 80 (Junsei, Tokyo, Japan) to the quarter-strength SDA plate and rubbing with a sterile 
cotton swab.

Sample preparation.  Millet grain, Panicum miliaceum L. (Poales: Poaceae), was purchased from Hyun-
dainongsan Co., Gyeonggi Province, Republic of Korea, and was used as a substrate for conidial production 
of M. anisopliae JEF-279, as described by Kim et al.12. Briefly, 200 g of grain was placed in a polyethylene bag, 
soaked in 100 mL of distilled water containing 160 μL of 50% citric acid, treated in a microwave oven for 4 min, 
and sterilized by autoclaving for 15 min at 121 °C. After cooling and drying inside a biosafety hood (24 ± 2 °C) 
with the fan running, 1 mL of conidial suspension (ca. 107 conidia/mL) was inoculated into the bag and mixed 
thoroughly. The bag was held for 14 days at 24 ± 2 °C with a 16-h light/day photoperiod, and then the inoculated 
samples were dried for six days inside a desiccator (24 ± 2 °C).

To analyze the relationship between moisture content and temperature, M. anisopliae-inoculated millet grains 
were studied with the samples in bags at different moisture levels. Three moisture levels (7.4%, 9.0%, and 14.3%) 
of technical concentrates were selected, considering the possible moisture range where millet grains will be in 
equilibrium or not become sticky. The original moisture content of the mycotized millet grains was 9.0%, which 
was determined using a halogen moisture analyzer (MB45; Ohaus, New Jersey, USA). To reduce moisture level 
up to 7.4%, moisture absorber (silica gel) were added to fungus-colonized substrates and dried overnight. For 
14.3% moisture content, predetermined amounts of sterile distilled water were added to each sample in polyeth-
ylene bags and mixed by hand for 10 min to ensure even distribution of moisture throughout the sample, and 
immediately followed by subsequent experiments for thermotolerance assay and MAP treatment.

Thermotolerance assay.  To investigate not only the impact of moisture content on the thermotolerance 
of fungus-colonized substrates but also establish the conditions for accelerated shelf-life testing, the growth of 
spores was tested on quarter-strength SDA. The mycotized millet grains with different moisture contents (as 
above) were placed in a convection oven (OF-22; Jeio Tech. Co. Ltd., Daejeon, Republic of Korea) at 50, 60, and 
70 °C for 6 h. At an interval of two hours, heat-treated 1-g samples were instantly transferred into sterile conical 
tubes containing 9 mL of 0.05% Tween 80, which were pre-chilled in a 4 °C refrigerator. After agitation, 2 μL of 
this suspension was inoculated on SDA and incubated for up to 40 h at 25 °C, considering the possible incuba-
tion time range where typical white-opaque colonies will be observed. The amount of growth on test medium is 
described in a semiquantitative manner as “many” (++), “moderate” ( +), or “without” (–), depending on how 
fast colonies appear, where conidia that grew after 20 or 40 h would be described as “many” (++) or “moderate” 
( +), respectively.

Experimental apparatus for MAP.  The MAP system consisted of a gas mixer (KM200-3MEM; WITT-
Gastechnik GmbH & Co KG, Witten, Germany), a gas flush packaging machine (AZ-450E; Intrise Co. Ltd., 
Gyeonggi, Republic of Korea), and a gas analyzer (OXYBABY 6.0; WITT-Gastechnik GmbH & Co KG). The 
gas mixer for high-purity CO2, O2, and N2 provided infinitely diverse mixtures with a percentage scale using 
individual mixing valves with a maximum gas inlet pressure of 290 psi. The packaging machine connected to 
the gas mixer sucked in air inside the sample bags with a nozzle, flushed the desired gas mixture at a gas inlet 
pressure of 28 psi, and then sealed the bags with a hot-wire sealing bar. The concentrations of CO2, O2, and N2 in 
the packages were measured by inserting a needle probe connected to the gas analyzer through a rubber septum 
on the packaging film.

MAP treatment.  Ten grams of mycotized millet grains were prepared for subsequent MAP treatment. To 
optimize the conditions, the following experiments were conducted sequentially. For MAP with different pack-
aging materials, each type of plastic film (PP, PET, and EVOH) was coextruded as an internal layer within PP, 
and these multilayer sheets were tailored so that the final sample bags had a constant size of 130 × 200 mm and 
100 μm thickness. The technical specifications of the packaging materials are listed in Table 1. The mycotized 



7

Vol.:(0123456789)

Scientific Reports |          (2022) 12:423  | https://doi.org/10.1038/s41598-021-04232-5

www.nature.com/scientificreports/

grain samples were packaged in an optimum plastic package under six types of modified atmospheres and one 
representing atmospheric air. The following gas compositions were used: MA1 (high CO2 atmosphere, ≈ 90%), 
MA2 (high O2 atmosphere, > 95%), MA3 (high N2 atmosphere, > 95%), MA4 (30% CO2 + 70% N2), MA5 (50% 
CO2 + 50% N2), MA6 (70% CO2 + 30% N2), and atmospheric air (21% O2 + 78% N2). To examine the effect of 
storage temperature, fungus-colonized millet grains packed in the optimum packaging material and modified 
atmosphere as determined by the abovementioned experiment were individually prepared for each storage 
period and stored for 6 months at 4 °C and 25 °C.

Storage stability assay.  Stability tests were divided into two groups: accelerated shelf-life testing for vari-
ous MAP treatment conditions and for MAP-treated samples under optimized conditions during actual storage 
periods. The stability of fungus-colonized substrates was assessed by measuring the conidial germination rate. 
Each treated sample (1 g) was immediately transferred into a sterile conical tube containing 9 mL of 0.05% 
Tween 80, agitated vigorously, and then diluted to 107 conidia/mL using a hemocytometer (C-Chip; NanoEntek 
Inc., Seoul, Republic of Korea). Two-milliliter conidial suspensions were plated onto quarter-strength SDA and 
incubated at 25 °C for 20 h. The germination percentage was calculated by randomly counting 100 conidia using 
a phase-contrast microscope (BX41; Olympus, Tokyo, Japan).

All experiments in this research complied with relevant institutional, national, and international guidelines 
and legislation. We are adhere to national guidelines and legislation, Pesticide Control Act.

Modeling of survival curves.  The conidial germination following three repeated MAP treatment were 
plotted on a percentage scale against storage time. Nonlinear regression analyses (Semi-log linear model and 
Exponential plateau model) were conducted to determine model parameter values and regression coefficients 
using GraphPad Prism (GraphPad Software, San Diego, CA, USA).

The Semi-log linear model were fitted to the survival curve of conidia stored at 4 °C and its equation is 
described as:

where α and β value represents the slope and y-intercept, respectively.
The Exponential plateau model were fitted to the survival curve of conidia stored at 25 °C and its equation 

is given by:

where Ym and Y0 mean the maximum and starting germination values, respectively, and k value determines is 
the rate constant.

The regression coefficient (R2) was used to estimate the goodness-of-fit of the fitted model. Also, half-life was 
calculated by the ‘Goal seek’ function in Microsoft Excel 2013.

Statistical analysis.  All experiments were performed three times with duplicate samples. All data were 
analyzed by one-way analysis of variance using Statistical Package for the Social Sciences software (version 19.0; 
SPSS Inc., Chicago, IL, USA). Mean values were analyzed by Duncan’s multiple range test to determine signifi-
cant differences in the treatments at P < 0.05. For the multivariable logistic regression analysis, the binomial gen-
eral linear model were used with gas type, packaging film, storage temperature, or storage period as the variables.

Received: 6 September 2021; Accepted: 17 December 2021

References
	 1.	 Soliman, T. et al. Framework for modelling economic impacts of invasive species, applied to pine wood nematode in Europe. PLoS 

ONE 7, e45505 (2012).
	 2.	 Nascimento, F. X., Hasegawa, K., Mota, M. & Vicente, C. S. Bacterial role in pine wilt disease development–review and future 

perspectives. Environ. Microbiol. Rep. 7, 51–63 (2015).
	 3.	 Proença, D. N., Grass, G. & Morais, P. V. Understanding pine wilt disease: roles of the pine endophytic bacteria and of the bacteria 

carried by the disease-causing pinewood nematode. MicrobiologyOpen 6, e00415 (2017).
	 4.	 Akbulut, S. & Stamps, W. Insect vectors of the pinewood nematode: a review of the biology and ecology of Monochamus species. 

For. Pathol. 42, 89–99 (2012).
	 5.	 Zhao, L., Mota, M., Vieira, P., Butcher, R. A. & Sun, J. Interspecific communication between pinewood nematode, its insect vector, 

and associated microbes. Trends Parasitol. 30, 299–308 (2014).
	 6.	 Li, M. et al. The first record of Monochamus saltuarius (Coleoptera; Cerambycidae) as vector of Bursaphelenchus xylophilus and 

its new potential hosts in China. Insects 11, 636 (2020).
	 7.	 Shin, S. Pine Wilt Disease in Korea. Pine Wilt Disease 26–32 (Springer, 2008).
	 8.	 Cho, W. S. et al. Insecticidal activity of Japanese pine sawyer (Monochamus alternatus) and toxicity test of honeybee (Apis mellifera) 

using 5 kinds of neonicotinoids. Korean J. Pestic. Sci. 21, 33–41 (2017).
	 9.	 Ikenaka, Y. et al. Exposures of children to neonicotinoids in pine wilt disease control areas. Environ. Toxicol. Chem. 38, 71–79 

(2019).
	10.	 de Faria, M. R. & Wraight, S. P. Mycoinsecticides and mycoacaricides: a comprehensive list with worldwide coverage and interna-

tional classification of formulation types. Biol. Control 43, 237–256 (2007).
	11.	 de la Cruz Quiroz, R., Maldonado, J. J. C., Alanis, M. D. J. R., Torres, J. A. & Saldívar, R. P. Fungi-based biopesticides: Shelf-life 

preservation technologies used in commercial products. J. Pest. Sci. 92, 1003–1015 (2019).
	12.	 Kim, J. S., Kassa, A., Skinner, M., Hata, T. & Parker, B. L. Production of thermotolerant entomopathogenic fungal conidia on millet 

grain. J. Ind. Microbiol. Biotechnol. 38, 697–704 (2011).

y = 10(αx+β)

y = Ym − (Ym − Y0)× e
−kx



8

Vol:.(1234567890)

Scientific Reports |          (2022) 12:423  | https://doi.org/10.1038/s41598-021-04232-5

www.nature.com/scientificreports/

	13.	 Faria, M., Hotchkiss, J. H. & Wraight, S. P. Application of modified atmosphere packaging (gas flushing and active packaging) for 
extending the shelf life of Beauveria bassiana conidia at high temperatures. Biol. Control 61, 78–88 (2012).

	14.	 Faria, M., Hotchkiss, J. H., Hajek, A. E. & Wraight, S. P. Debilitation in conidia of the entomopathogenic fungi Beauveria bassiana 
and Metarhizium anisopliae and implication with respect to viability determinations and mycopesticide quality assessments. J. 
Invertebr. Pathol. 105, 74–83 (2010).

	15.	 Jin, X., Grigas, K.E., Johnson, C.A., Perry, P. & Miller, D.W. Method for storing fungal conidia. US patent (1999).
	16.	 Mascarin, G. M., Jackson, M. A., Behle, R. W., Kobori, N. N. & Júnior, Í. D. Improved shelf life of dried Beauveria bassiana blasto-

spores using convective drying and active packaging processes. Appl. Microbiol. Biotechnol. 100, 8359–8370 (2016).
	17.	 Caleb, O. J., Mahajan, P. V., Al-Said, F. A. J. & Opara, U. L. Modified atmosphere packaging technology of fresh and fresh-cut 

produce and the microbial consequences–a review. Food Bioproc. Tech. 6, 303–329 (2013).
	18.	 Faria, M. Method for packaging fungal spores in a modified atmosphere with a view to increasing the shelf life of the fungi. US 

patent (2019).
	19.	 Hedgecock, S., Moore, D., Higgins, P. M. & Prior, C. Influence of moisture content on temperature tolerance and storage of 

Metarhizium flavoviride conidia in an oil formulation. Biocontrol Sci. Technol. 5, 371–377 (1995).
	20.	 Kim, J. S., Lee, S. J. & Lee, H. B. Enhancing the thermotolerance of entomopathogenic Isaria fumosorosea SFP-198 conidial powder 

by controlling the moisture content using drying and adjuvants. Mycobiology 42, 59–65 (2014).
	21.	 Siah, W. M. & Mohd Tahir, S. Effect of different packaging materials on the shelf life of modified atmosphere packaged red tilapia 

(Oreochromis mossambica) fillets. Int. Food Res. J. 18, 1091–1095 (2011).
	22.	 Buntinx, M. et al. Evaluation of the thickness and oxygen transmission rate before and after thermoforming mono-and multi-layer 

sheets into trays with variable depth. Polymers 6, 3019–3043 (2014).
	23.	 Mizrahi, S. Accelerated Shelf Life Testing of Foods. Food and Beverage Stability and Shelf Life 482–506 (Elsevier, 2011).
	24.	 Clerk, G. C. & Madelin, M. F. The longevity of conidia of three insect-parasitizing hyphomycetes. Trans. Brit. Mycol. Soc. 48, 

193–209 (1965).
	25.	 Abellana, M., Ramos, A. J., Sanchis, V. & Nielsen, P. V. Effect of modified atmosphere packaging and water activity on growth of 

Eurotium amstelodami, E. chevalieri and E. herbariorum on a sponge cake analogue. J. Appl. Microbiol. 88, 606–616 (2000).
	26.	 Teshler, M. P., Ash, G. J., Zolotarov, Y. & Watson, A. K. Increased shelf life of a bioherbicide through combining modified atmos-

phere packaging and low temperatures. Biocontrol Sci. Technol. 17, 387–400 (2007).
	27.	 Duan, W., Yang, E., Xiang, M. & Liu, X. Effect of storage conditions on the survival of two potential biocontrol agents of nematodes, 

the fungi Paecilomyces lilacinus and Pochonia chlamydosporia. Biocontrol Sci. Technol. 18, 605–612 (2008).
	28.	 Mangaraj, S., Goswami, T. K. & Mahajan, P. V. Applications of plastic films for modified atmosphere packaging of fruits and 

vegetables: a review. Food Eng. Rev. 1, 133–158 (2009).
	29.	 Carbó, A., Teixidó, N., Usall, J., Solsona, C. & Torres, R. Shelf life improvement of the biocontrol agent Candida sake CPA-1 by 

suitable package and storage conditions. Biocontrol 64, 435–446 (2019).
	30.	 Gock, M. A., Hocking, A. D., Pitt, J. I. & Poulos, P. G. Influence of temperature, water activity and pH on growth of some xerophilic 

fungi. Int. J. Food Microbiol. 81, 11–19 (2003).
	31.	 Xue, J. J. et al. Optimization of storage condition for maintaining long-term viability of nematophagous fungus Esteya vermicola 

as biocontrol agent against pinewood nematode. World J. Microbiol. Biotechnol. 30, 2805–2810 (2014).
	32.	 Trivedi, P., Pandey, A. & Palni, L. M. S. Carrier-based preparations of plant growth-promoting bacterial inoculants suitable for use 

in cooler regions. World J. Microbiol. Biotechnol. 21, 941–945 (2005).
	33.	 Kim, H. M. et al. Advanced strategy to produce insecticidal destruxins from lignocellulosic biomass Miscanthus. Biotechnol. Biofuels 

12, 1–10 (2019).

Acknowledgements
This work was supported by a research Grant (KE 2102-1-1) from the World Institute of Kimchi, funded by the 
Ministry of Science and ICT, Republic of Korea, and by the General and Integrated Research for Pine Wilt Disease 
program (FE072-2016-02) of the Korea Forest Research Institute, Republic of Korea.

Author contributions
S.J.: Conceptualization, investigation, and writing—original draft. H.M.K.: Methodology and investigation. J.K.: 
Conceptualization. J.S.K.: Strain acquisition and methodology. H.W.P.: Conceptualization, writing—review and 
editing, supervision, and funding acquisition.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.W.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effect of storage conditions on the shelf-life extension of fungus-colonized substrates based on Metarhizium anisopliae using modified atmosphere packaging
	Results and discussion
	Effect of moisture content on thermotolerance of fungus-colonized substrates. 
	Changes in gas composition within different packages. 
	Effect of gas composition on stability of fungus-colonized substrates. 
	Effect of packaging material on the stability of fungus-colonized substrates. 
	Effect of storage temperature on stability of fungus-colonized substrates. 

	Conclusion
	Methods
	Entomopathogenic fungal strain. 
	Sample preparation. 
	Thermotolerance assay. 
	Experimental apparatus for MAP. 
	MAP treatment. 
	Storage stability assay. 
	Modeling of survival curves. 
	Statistical analysis. 

	References
	Acknowledgements


