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Editorial on the Research Topic

Advances in detection and control of post-harvest pathogens

Introduction

Post-harvest pathogens can cause disease in harvested products during transportation,

handling, packaging, and storage. Such pathogens can cause serious damage in the fresh

produce supply chain, with post-harvest losses of fresh fruit and vegetables estimated to

be up to 50%. Rotting is a major issue in such losses, being caused mainly by fungal

pathogens after fruit ripening (Junior et al., 2019). For fresh produce, heat-based treatments

are difficult to apply during the post-harvest packing process. Current processes usually

rely on washing, which can enhance contamination or leave the produce vulnerable to

contamination. Inadequate storage of fresh produce may also provide ideal conditions

for pathogens to grow. However, advances in detection and control methods have greatly

improved our ability to manage these pathogens (Teixeira et al., 2021). Further research is

needed to develop more sustainable and environmentally friendly methods for controlling

these pathogens (Salem et al., 2016). Traditional testing methods for post-harvest pathogens

can take days to produce results, which can lead to significant losses. However, rapid testing

methods such as PCR and ELISA can detect pathogens in just a few hours, allowing for

quicker identification and control (Law et al., 2015).

The aim of this Research Topic was to further understanding of bacteria and fungi

causing post-harvest disease, and present future directions to improve the detection and

control of such pathogens. Thirteen articles were accepted for this Research Topic dealing

with grapes, blueberries, apples, Jerusalem artichoke, wolfberries, Shengzhou nane, and goji

fruit. In this context, Ji et al. investigated the effects of ethanol vapor on the inhibition

of Alternaria alternata and Botrytis cinerea in post-harvest blueberry and the induction

of defense-related enzymes (DREs) activities in fungi-inoculated blueberries stored at 0 ±

0.5◦C for 16 days. The authors found that ethanol vapor markedly inhibited the mycelial
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growth of all pathogens. Also, ethanol vapor enhanced the

activities of DREs in fungi-inoculated blueberries, including β-

1,3-glucanase (GLU), chitinase (CHI), phenylalnine ammonialyase

(PAL), peroxidase (POD), and polyphenol oxidase (PPO). The

findings of this study suggest that ethanol could be used as an

activator of defense responses in blueberry against Alternaria and

Botrytis rots, by activating DREs, having practical application value

in the preservation of quality of fruits and vegetables during

post-harvest phase. Guan et al. in their review discussed the

regulatory requirements on gaseous interventions as well as organic

production and handling of apples that could contribute to future

industrial application and benefit the apple processors. Maluleke

et al. tested 31 yeast strains from 21 species using different agar

media and liquid mixed cultures. Pichia kudriavzevii was the most

potent against B. cinerea, but with a narrow activity spectrum.

Twelve other strains had broad antagonistic activity against

multiple fungi. Most antagonistic strains produced chitinases and

glucanases when exposed to B. cinerea. Analysis of volatile and

non-volatile compounds produced by antagonistic yeast strains in

the presence of B. cinerea revealed higher amount of alcohols,

esters, organosulfur compounds, monoterpenes, cyclic peptides,

and diketopiperazine. This study is the first to demonstrate the

inhibitory effect of non-volatile compounds produced by various

yeast species. Ling et al. investigated the inhibitory effect of Bacillus

velezensis L1 on post-harvest disease of wolfberry. B. velezensis L1

and its volatiles (2,3-butanedione) effectively reduced the decay

caused by pathogenic fungi and prolonged storage time. These

results provide favorable evidence for the biocontrol activity of

strain L1 against Alternaria iridiaustralis and other important

fungal pathogens, and also provide insights to develop storage

systems for fresh fruits and vegetables after harvest. Charlermroj

et al. investigated a new lateral flow test strip assay that uses

phage from microarray screening to distinguish live from dead

Salmonella enteritidis cells. The assay only takes 15min, much

shorter than culture-based methods that typically need 24 h. This

screening method can be adapted for phage-based binder selection

against other pathogen targets, eliminating the need for animal

immunization. The phage-based lateral flow test strip assay is not

limited to foodborne pathogens and could be used to test other

targets, such as viruses. Guo T.-R. et al. isolated and identified

Aspergillus niger as the pathogen causing fruit rot in Shengzhou

nane fruit. Optimal growth conditions were determined, and a

combined treatment of sodium bicarbonate (SBC) and natamycin

(NT) showed high antifungal efficacy against A. niger, damaging

cell and mitochondrial membrane integrity and disrupting energy

metabolism. In vivo experiments showed a reduction in rot

lesion diameter and decay rate in Shengzhou nane fruit with the

combined treatment of SBC and NT. The study suggests that

this combined treatment could be a viable alternative to synthetic

fungicides for controlling post-harvest fruit decay caused by A.

niger. Du et al. conducted a study on Jerusalem artichoke to

determine the dynamics of the microbiome during storage in

relation to varieties and various other factors. They found that

Flavobacterium, Sphingobacterium, Staphylococcus, Dysgonomonas,

Acinetobacter, and Serratia played important roles. The bacterial

community was affected by crop genotype and carbohydrate

structure. Wang et al. found that the main pathogens causing post-

harvest decay of bagging-free apples were Botryosphaeria dothidea

and Colletotrichum gloeosporioides, and that cinnamon and clove

essential oils (EOs) were effective in limiting fungal growth and

reducing rot in both in vitro and in vivo trials. The study also noted

that the two identified organisms had different levels of resistance

to the tested EOs, and that further research would be conducted on

the synergistic effects of cinnamon and clove EOs for controlling

post-harvest spoilage in bagging-free apples. Zhao et al. conducted

a study on the effect of carvacrol (CVR) on Alternaria alternata

demonstrating its damaging effect on pathogen by altering the

integrity of the mycelial cell wall. Meanwhile, both the contents

of cell wall polycarbohydrates containing chitin and β-1,3-glucan

and the activities of the enzymes related to the biosynthesis

of these polycarbohydrates were significantly decreased by CVR

treatment, while the activities of chitinase and β-1,3-glucanase

response of degrading the two polycarbohydrates were increased

by CVR treatment. Sun et al. suggested that Pseudomonas syringae

strain B-1 may be a promising candidate for the biological control

of post-harvest apple ring rot, potentially reducing the need for

chemical fungicides and improving the sustainability of apple

production. Also, Esteves et al. confirmed the potential of wine

yeasts as biocontrol agents, while highlighting the need for the

establishment of fit-for-purpose selection programs depending on

the mold target, the timing, and the mode of application. Ou et al.

concluded that formation of the viable but non-culturable (VBNC)

state in methicillin-resistant Staphylococcus aureus (MRSA) strains

was verified, then two propidium monoazide-crossing priming

amplification assays were developed and applied to detect MRSA

in the VBNC state from pure culture and food samples.
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Effect of Ethanol Vapor Treatment on 
the Growth of Alternaria alternata 
and Botrytis cinerea and Defense-
Related Enzymes of Fungi-Inoculated 
Blueberry During Storage
Yaru Ji 1,2, Wenzhong Hu 2,3*, Jia Liao 2,3, Zhilong Xiu 1, Aili Jiang 2,3, Xiaozhe Yang 1,2, 
Yuge Guan 1,2, Ke Feng 2,3 and Gaowa Saren 1,2

1 School of Bioengineering, Dalian University of Technology, Dalian, China, 2 Key Laboratory of Biotechnology and 
Bioresources Utilization, Ministry of Education, Dalian, China, 3 College of Life Science, Dalian Minzu University, Dalian, China

The aim of the present study was to investigate the effects of ethanol vapor on the inhibition 
of Alternaria alternata and Botrytis cinerea in postharvest blueberry and the induction of 
defense-related enzymes (DREs) activities in fungi-inoculated blueberries stored at 
0 ± 0.5°C for 16 days. Results indicated that ethanol vapor markedly inhibited the mycelial 
growth of A. alternata and B. cinerea in a dose-dependent manner, with inhibition rates 
of 9.1% (250 μl L−1), 36.4% (500 μl L−1), and 5.5% (1,000 μl L−1) on A. alternata and 14.2% 
(250 μl L−1), 44.7% (500 μl L−1), and 76.6% (1,000 μl L−1) on B. cinerea, respectively. 
Meanwhile, ethanol vapor also enhanced the activities of DREs in fungi-inoculated 
blueberries, including β-1,3-glucanase (GLU), chitinase (CHI), phenylalnine ammonialyase 
(PAL), peroxidase (POD), and polyphenol oxidase (PPO). In particular, 500 μl L−1 ethanol 
vapor increased the activities of DREs by 84.7% (GLU), 88.0% (CHI), 37.9% (PAL), 85.5% 
(POD), and 247.0% (PPO) in A. alternata-inoculated blueberries and 103.8% (GLU), 
271.1% (CHI), 41.1% (PAL), 148.3% (POD), and 74.4% (PPO) in B. cinerea-inoculated 
blueberries, respectively. But, the activity of PPO was decreased by 55.2 and 31.9% in 
500 μl L−1 ethanol-treated blueberries inoculated with A. alternata and B. cinerea, 
respectively, after 8 days of storage. Moreover, the surface structure and ultrastructure of 
500 μl L−1 ethanol-treated blueberry fruit cells were more integrated than those of other 
treatments. The findings of the present study suggest that ethanol could be used as an 
activator of defense responses in blueberry against Alternaria and Botrytis rots, by 
activating DREs, having practical application value in the preservation of postharvest fruit 
and vegetables.

Keywords: blueberry, ethanol vapor, Alternaria alternata, Botrytis cinerea, defense-related enzymes
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INTRODUCTION

Blueberries (Vaccinium spp., Ericaceae) are native to North 
America, but are cultivated worldwide, and are an increasingly 
popular functional fruit, with production increasing by 60.7% 
between 2010 and 2019 (FAO, 2020). The nutritional value 
of the fruit can be  attributed to its remarkably high levels 
of health-promoting components, including anthocyanins, 
vitamins, flavonols, and dietary fiber (Wang et  al., 2012; Chen 
et  al., 2017). However, fresh blueberries are highly perishable, 
owing to senescence caused by physiological metabolism, 
physical damage (e.g., mechanical damage and temperature 
effects), and decay caused by microbial pathogens (Ji et  al., 
2019), and microbial infection is the main factor that limits 
blueberry storage, transportation, and marketing. Furthermore, 
the aging and softening of blueberries during storage weaken 
the fruit’s resistance to pathogens that lurk on the fruit surface 
and in the environment. The fungal pathogens that cause 
blueberry rot differ by area, but the principal pathogenic fungi 
include Alternaria alternata (Alternaria rot), Botrytis cinerea 
(Botrytis rot), and Colletotrichum acutatum (Anthracnose rot; 
Wang et  al., 2010).

Botrytis cinerea (B. cinerea), one of the main rotting fungi, 
generally colonizes and infects senescent flower remnants of 
blueberries directly by secreting cell wall degrading enzymes 
(pectin lyase, polygalacturonase, etc.) and virulence factors 
(organic acids, botrydial, etc.) before harvest (Huang et  al., 
2012; Zhang et  al., 2014), but can also infect blueberry fruit 
through stem scar and mechanical wounds, especially when 
the fruits’ resistance mechanisms are reduced after harvest. 
Furthermore, even though the optimum temperature for B. cinerea 
spore germination is 15–25°C, the pathogen can also grow at 
very low temperatures (e.g., −2°C), which enables it to affect 
fruit during cold storage (Sommer, 1985). During initial infection, 
the skin of B. cinerea-infected fruit is gray-white, and as soft 
rot occurs, numerous gray mycelia, which are rich in conidia, 
emerge on the surface of the diseased portion of the fruit, 
accompanied by slight fruit wilting. After air drying, the fruit 
is shriveled and stiff.

Meanwhile, Alternaria spp. are major pathogenic fungi of 
many fruit and vegetables, such as grapefruit, strawberry, grape, 
tomato, pepper, and onion, with A. alternata being the most 
damaging to blueberry fruit (Barkai, 2001; Wang et  al., 2021). 
The optimum temperature for A. alternata spore germination 
is about 28°C. However, the pathogen can also maintain growth 
at −3°C, which enables it to maintain growth during cold 
chain transportation and refrigeration (Sommer, 1985). During 
infection, the mycelia of A. alternata penetrate the epidermis 
of blueberry fruit and then remain dormant in the fruit, only 
reactivating when the concentration of antifungal substances 
in the fruit decreases. Indeed, studies have shown that A. alternata 
is latent on blueberry fruit before harvest, and A. alternata-
infected blueberry fruit is usually harvested together with 
healthy fruit, thereby spreading the disease throughout the 
postharvest chain, including picking, transportation, packaging, 
and storing. During initial infection, the pericarp of A. alternata-
infected fruit exhibits sunken, dark-brown spots, and then 

numerous white mycelia grow on the diseased portion of the 
fruit (Caruso and Ramsdell, 1995).

Ethanol has long been used as a disinfectant, owing to its 
antimicrobial property, and, as a plant secondary metabolite, 
has low toxicity to fruit and vegetables. As such, ethanol is 
a FDA-certified generally recognized safe substance (GRAS) 
in the United  States and a food industrial additive with 
unrestricted residues prescribed by GB 2760-2014  in China. 
Many studies have investigated the use of ethanol dip or vapor 
as non-biological control agent for reducing fruit decay and 
for extending the shelf-life of fruit and vegetables, such as 
sweet cherry (Karabulut et al., 2004a), Chinese bayberries (Wang 
et  al., 2011), and table grapes (Lichter et  al., 2002; Candir 
et  al., 2012). In fact, ethanol can directly kill or inhibit the 
growth of rot microorganisms and may also be  absorbed by 
the treated fruit or vegetables, thereby enhancing their disease 
resistance. Studies have reported that 30–40% ethanol dips 
can kill B. cinerea conidia isolated from table grapes in vitro 
(Lichter et  al., 2002; Karabulut et  al., 2004b), and that ethanol 
vapor can effectively reduce the postharvest decay rate of 
blueberry fruit (Ji et  al., 2019). However, little information is 
available regarding the effects of ethanol treatment at a method 
of fumigation on the germination of B. cinerea and A. alternata 
spores or on the disease resistance of blueberry fruit.

Accordingly, the objectives of the present study were to 
investigate (1) the antifungal activities of ethanol vapor against 
A. alternata and B. cinerea in vitro and (2) the effect of ethanol 
treatment on the activities of defense-related enzymes in blueberry 
fruit. This research will contribute to the practical application 
of ethanol for preserving the postharvest fruit and vegetables.

MATERIALS AND METHODS

Blueberry and Fungal Materials
Southern highbush blueberries (Vaccinium corymbosum L. 
“O’Neal”) used in this trial, were hand-harvested from the 
blueberry plantation at the Dalian Blueberry Technology 
Development Co., Ltd. facility in Zhuanghe City (Dalian, 
Liaoning, China) during the summer (June) of 2017 and 2018 
(two repetitions). The fruits were consistent in maturity (100% 
blue) and transported to the laboratory within 3 h of harvest 
using a refrigerated vehicle (10°C, S.F. Express, Dalian, Liaoning, 
China). In the laboratory, the fruits were cooled for 24 h at 
0 ± 0.5°C and 90% RH, and then undamaged fruits that were 
uniform in size and color were selected (0 ± 0.5°C and 90% 
RH) for use.

Alternaria alternata and B. cinerea were obtained from School 
of Bioengineering, Dalian University of Technology, China, and 
were maintained at 4°C in the dark in Petri dishes containing 
Potato Dextrose Agar (PDA; Hopebio, Qingdao, China).

Spores Suspension Pretreatment
Both A. alternata and B. cinerea were cultured on PDA slants 
at 28°C, and after 5 days, 5 ml septic NaCl solution (0.9%, 
v/v) was added to each slant and slowly scraped off the agar 
surface. The aseptic NaCl solutions containing pathogen spores 
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were each transferred to a sterile triangle bottle and then 
dispersed with glass beads. After shaking, the spore solutions 
were filtered using absorbent cotton to remove mycelial fragments 
and were then washed 2–3 times with aseptic NaCl solution. 
Finally, 1 × 106 CFU ml−1 spore suspensions were prepared as 
needed using a blood cell counting board.

Ethanol Vapor Treatment of A. alternata 
and B. cinerea on PDA
Melted PDA (15–20 ml) was poured into a disposable plastic 
culture dish (90 mm × 20 mm), and after coagulation, a 
6-mm-diameter hole was dug in the medium in the center 
of each culture dish and inoculated with 20 μl spore suspension. 
Sterile filter paper was trimmed to fit inside Petri dish covers, 
and according to the remaining space volume, absolute ethanol 
was dropped onto each filter paper-lined Petri dish cover, which 
was then placed quickly on its corresponding dish. Ethanol 
volumes were calculated to achieve concentrations of 0 (Control), 
250, 500, or 1,000 μl L−1 (ratio of liquid ethanol to container 
volume). The inoculated and treated plates were then sealed 
with preservative film, inverted, and incubated at 28°C. After 
7 days, the vertical diameters (mm) of the colonies were measured 
using a caliper, and inhibition rate was calculated as follows:
 

Inhibition rate= −( ) ×C T C/ %.100

where C is the mean (n = 3) colony diameter of the control 
group and T is the mean (n = 3) colony diameter of the treatment 
group. Each treatment included three replicates, and the 
experiment was repeated three times.

Ethanol Vapor Treatment of Blueberries 
Inoculated With A. alternata and B. cinerea
Inoculation
Groups of 50 individual fruit (400 fruit total) were superficially 
sterilized by a 2-min immersion in 2% (v/v) sodium hypochlorite 
solution, washed for 2 min in sterile distilled, and then dried 
on sterile filter paper. The fruits were then wounded (2 mm 
diameter × 3 mm deep) at the equator of each fruit with a 
sterilized nail and inoculated with 10 μl either A. alternata (50 
fruit × 4) or B. cinerea (50 fruit × 4) spore suspension 
(1.0 × 106 CFU ml−1).

Ethanol Vapor Treatment
All inoculated blueberries were left to air-dry and then divided 
into eight groups: A-Control, A-250, A-500, A-1000, B-Control, 
B-250, B-500, and B-1000 (A-Control, inoculated with A. alternata 
and treated with 0 μl L−1 ethanol; A-250, inoculated with 
A. alternata and treated with 250 μl L−1 ethanol; A-500, inoculated 
with A. alternata and treated with 500 μl L−1 ethanol; A-1000, 
inoculated with A. alternata and treated with 1,000 μl L−1 ethanol; 
B-Control, inoculated with B. cinerea and treated with 0 μl L−1 
ethanol; B-250, inoculated with B. cinerea and treated with 
250 μl L−1 ethanol; B-500, inoculated with B. cinerea and treated 
with 500 μl L−1 ethanol; and B-1000, inoculated with B. cinerea 
and treated with 1,000 μl L−1 ethanol). More specifically, six 

disposable Petri dishes without cover that contained qualitative 
filter paper (to allow gradual diffusion of the ethanol), were 
placed in the bottom of each photosynthetic modified atmosphere 
preservation container (dimensions: 46.3 cm × 27.3 cm × 26.6 cm; 
Beijing Hengqingyuan Technology Co. Ltd., Beijing, China), 
and the blueberries (with the inoculation wound facing up) 
were put on the hollowed-out interlayer of each container. Then, 
the blueberries in each group were subjected to ethanol vapor 
treatments with corresponding amount of ethanol (99.7%; 0, 
250, 500, or 1,000 μl L−1) dripped on the qualitative filter papers 
for 18 h (0 ± 0.5°C, 90% RH). Three containers were prepared 
for each treatment. After ethanol treatment, the blueberries 
were ventilated (0 ± 0.5°C, 90% RH) for 24 h, transferred to 
commercial PET plastic boxes (10.5 cm × 10.5 cm × 3 cm), and 
then stored at 0 ± 0.5°C and 90% RH. The treated and cold-
stored blueberries were randomly sampled at different storage 
time points (0, 4, 8, 12, and 16 days), frozen in liquid nitrogen, 
and then stored at −80°C until analysis. All the analyses were 
performed in triplicate, and this is a split-plot experimental 
design, with a 4 × 5 (doses × days) factorial design.

Determination of DREs Activities
The activities of β-1,3-glucanase (GLU), chitinase (CHI), 
phenylalnine ammonialyase (PAL), peroxidase (POD), and 
polyphenol oxidase (PPO) were determined using assay kits 
(Suzhou Keming Biotechnology Co., Ltd., Suzhou, Jiangsu, China).

Extraction of crude enzyme solution: according to the 
instructions of the kits, 0.15–0.2 g of fruit sample was 
homogenized with 1 ml of corresponding extraction solution 
in ice bath. After centrifugation at 10000 × g for 20 min at 
4°C, the supernatants were collected and placed on ice for 
enzyme activity determination.

Then, the reagents were added in accordance with the 
instructions, and the absorbance values at 550 (GLU), 585 
(CHI), 290 (PAL), 470 (POD), and 525 (PPO) nm were 
measured, respectively. Both the GLU and CHI activities were 
expressed as mg h−1  g−1. The activities of PAL, POD, and PPO 
were expressed as U g−1, where U represented a 0.1 change 
in absorbance (290 nm), 0.005 change in absorbance (470 nm), 
and 0.005 change in absorbance (525 nm), respectively, per 
minute per gram of tissue per ml of the reaction system.

Production and Observation of Electron 
Microscope Sections
Each group (A-Control, A-500, A-1000, B-Control, B-500, and 
B-1000) was randomly sampled at day 8 of the storage for 
scanning electron microscope (SEM) and transmission electron 
microscope (TEM) observation. Fresh picked blueberries were 
taken and treated with the same wound (2 mm diameter × 3 mm 
deep), as the control without inoculation with rotting fungi 
(Wound-Control).

For SEM, the selected blueberry samples were finely cut 
into transparent slices using a surgical blade, immediately 
immersed in 2.5% (v/v) glutaraldehyde solution, and fixed 
overnight at 4°C. The following day, they were washed three 
times (5–10 min each) using sterile distilled water, dehydrated 
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A

B

FIGURE 1 | Inhibition effects of ethanol vapor on the growth of Alternaria alternata and Botrytis cinerea. (A) Visual effects of ethanol vapor treatments. (B) Inhibition 
rates of ethanol vapor treatments. Error bars represent the standard deviation of the means (n = 3).

using an ethanol gradient (15 min each in 50, 70, 90, and 95% 
ethanol, v/v, and twice for 10–15 min in 100% ethanol), soaked 
in isoamyl acetate (15 min), and then dried at room temperature 
(~25°C). The dried samples were then adhered to aluminum 
discs using double-sided carbon tape, sputter-coated using gold, 
and then scanned and photographed using a Hitachi S-4800 
SEM (Hitachi High-Technologies Co., Tokyo, Japan).

For TEM, an appropriate section (about 1 mm × 1 mm × 3 mm) 
of flesh with peel was cut from each selected blueberry, 
immediately immersed in 2.5% (v/v) glutaraldehyde solution, 
and fixed overnight at 4°C. The following day, the fixed samples 
were soaked in 1% osmium tetroxide solution for 2 h, washed 
three times in phosphate buffer solution (0.1 M), dehydrated 
using an ethanol gradient solution (15 min each in 30, 50, 70, 
90, and 95% ethanol, v/v) and acetone (15 min; 100%, v/v), 
embedded in epoxy resin (60°C for 72 h), and then cut into 
~70-nm slices using a Leica EM UC7 Ultramicrotome (Leica, 
Germany). The ultrathin sections were finally double-stained 
using uranyl acetate (25–30 min) and lead citrate (5–10 min) 
and then observed and filmed using a Hitachi JEM-2100 
transmission electron microscope.

Statistical Analysis
All the experiments were performed in triplicate. The bar charts 
were generated using Origin Software 8.0, and all data were 
analyzed using SPSS 14.0. One-way ANOVA and least significant 
difference (LSD) tests were used to differentiate mean values, 
and differences at the p < 0.05 level were considered significant.

RESULTS

Effect of Ethanol Vapor on Fungal Growth
The colony diameters of both A. alternata and B. cinerea on 
PDA medium were significantly reduced by ethanol vapor 
treatment (Figure  1A), and the mycelial growth of A. alternata 
and B. cinerea was inhibited by 9.1 and 14.2% (250 μl L−1), 36.4 
and 44.7% (500 μl L−1), and 5.5 and 76.6% (1,000 μl L−1; Figure 1B). 
Although the inhibition rates of ethanol against the pathogens 
generally increased with increasing ethanol concentration, the 
ethanol treatments had a significantly greater inhibition effect 
on B. cinerea than on A. alternata (p < 0.05), and the inhibition 
of A. alternata reached a maximum at 500 μl L−1.
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Effect of Ethanol Vapor on DREs Activities 
in Blueberry
The results of the present study demonstrate that both the 
GLU and CHI activities of A. alternata- or B. cinerea-inoculated 
blueberry fruit can be  increased by treatment with appropriate 
concentrations of ethanol vapor (Figures  2, 3).

β-1,3-glucanase activity of the control inoculated blueberries 
was relatively constant during the 16-day storage period and 
was consistently lower than those of the ethanol vapor-treated 
inoculated blueberries (Figure  2). Furthermore, GLU activity 
of the A. alternata-inoculated blueberries that was treated with 
500 μl L−1 ethanol was significantly greater than those of the 
other treatment groups and reached a maximum of 
66.83 mg h−1  g−1 at day 4 of storage, which was 1.85, 1.78, and 
1.34 times that of the A. alternata-inoculated blueberries treated 
with 0, 250, or 1,000 μl L−1 ethanol, respectively (Figure  2A). 
However, a different pattern was observed for the blueberries 
inoculated with B. cinerea (Figure 2B). During the first 12 days 
of storage, GLU activity of the 500 and 1,000 μl L−1 ethanol-
treated B. cinerea-inoculated blueberries was significantly greater 

than those of the control, and GLU activity of the 1,000 μl L−1 
ethanol-treated blueberries was better than that of the 500 μl L−1 
ethanol-treated blueberries. Similar to measurements of GLU 
activity in the A. alternata-inoculated blueberries, GLU activity 
of the B. cinerea-inoculated blueberries treated with 500 and 
1,000 μl L−1 ethanol reached maximum values (72.05 and 
83.31 mg h−1  g−1, respectively) at day 4 of storage, which were 
1.73 and 2.00 times greater than that of the control, respectively.

Meanwhile, 250, 500, and 1,000 μl L−1 ethanol treatment 
increased CHI activity of A. alternata-inoculated blueberries 
by 3–32, 55–88, and −3–7%, respectively, and increased those 
of B. cinerea-inoculated blueberries by −30–97, 85–271, and 
159–337%, respectively (Figure  3). The maximum CHI activity 
(8.69 mg h−1  g−1) of the A. alternata-inoculated blueberries was 
observed at day 8 after treatment with 500 μl L−1 ethanol, which 
was later than that of the other groups (day 4), and the maximum 
activity of the 500 μl L−1 ethanol-treated blueberries was 1.83, 
1.50, and 1.75 times greater than that of the 0, 250, and 
1,000 μl L−1 ethanol-treated blueberries, respectively (Figure 3A). 
However, the maximum CHI activity (2.72 mg h−1  g−1) of the 

A B

FIGURE 2 | Effect of ethanol vapor on the β-1,3-glucanase (GLU) activity of blueberries inoculated with A (A. alternata, A) and B (B. cinerea, B). Two-hundred and 
fifty, 500, and 1,000 are the amount of ethanol used (μl L−1). Error bars represent the standard deviation of the means (n = 3). Different letters on the same column 
represent significant differences (p < 0.05).

A B

FIGURE 3 | Effect of ethanol vapor on the chitinase (CHI) activity of blueberries inoculated with A (A. alternata, A) and B (B. cinerea, B). Two-hundred and fifty, 500, 
and 1,000 are the amount of ethanol used (μl L−1). Error bars represent the standard deviation of the means (n = 3). Different letters on the same column represent 
significant differences (p < 0.05).
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A B

FIGURE 5 | Effect of ethanol vapor on the peroxidase (POD) activity of blueberries inoculated with A (A. alternata, A) and B (B. cinerea, B). Two-hundred and fifty, 
500, and 1,000 are the amount of ethanol used (μl L−1). Error bars represent the standard deviation of the means (n = 3). Different letters on the same column 
represent significant differences (p < 0.05).

B. cinerea-inoculated blueberries without ethanol treatment 
(B-Control) was observed on the 12th day of storage (Figure 3B). 
At the same time, the activity of 500 μl L−1 ethanol-treated 
blueberries was 3.70 mg h−1  g−1, which was 1.36 times higher 
than that in the B-Control.

Appropriate concentrations of ethanol vapor treatment had 
an immediate effect on PAL activity of blueberries inoculated 
with A. alternata and B. cinerea (Figure  4). PAL activity was 
activated quickly, and even at day 0 after treatment, the 500 μl L−1 
ethanol treatment increased PAL activity of the A. alternata- 
and B. cinerea-inoculated blueberries to 1.14 and 1.41 times 
higher than those of their control, respectively. Moreover, the 
500 μl L−1 ethanol treatment consistently induced the greatest 
activity level over the 16-day storage period, whereas the 
1,000 μl L−1 ethanol treatment had little effect. After 8 days of 
storage, PAL activity of A. alternata- and B. cinerea-inoculated 
blueberries treated with 500 μl L−1 ethanol was 1.12 and 1.24 
times higher than those of the control, respectively.

As shown in Figure 5A, POD activity of all the A. alternata-
inoculated blueberries exhibited the same trend, throughout 

the 16-day storage period, first increasing and then decreasing, 
and only the 500 μl L−1 ethanol treatment significantly improved 
the POD activity of the A. alternata-inoculated blueberries, 
whereas treatments with lower (250 μl L−1) and higher (1,000 μl L−1) 
concentrations had no significant effect compared with the 
control (p > 0.05). For all treatment groups, POD activities of 
blueberries reached a maximum on the 4th day of storage, at 
which point the POD activity of the A. alternata-inoculated 
blueberries treated with 500 μl L−1 was 1.83, 1.93, and 1.66 
times the activities of the other A. alternata-inoculated blueberries 
treated with 0, 250, and 1,000 μl L−1, respectively. The POD 
activity of B. cinerea-inoculated blueberries was also increased 
significantly by the 500 μl L−1 ethanol treatment but peaked on 
the 8th day of storage (Figure  5B), at which point the POD 
activity of the B. cinerea-inoculated blueberries treated with 
500 μl L−1 ethanol was 2.48, 1.81, and 3.43 times the activity 
of B. cinerea-inoculated blueberries treated with 0, 250, and 
1,000 μl L−1 ethanol, respectively. However, the POD activity of 
B. cinerea-inoculated blueberries treated with 1,000 μl L−1 ethanol 
was greater than that of the other groups on day 0 (0.39 U g−1) 

A B

FIGURE 4 | Effect of ethanol vapor on the phenylalnine ammonialyase (PAL) activity of blueberries inoculated with A (A. alternata, A) and B (B. cinerea, B). Two-
hundred and fifty, 500, and 1,000 are the amount of ethanol used (μl L−1). Error bars represent the standard deviation of the means (n = 3). Different letters on the 
same column represent significant differences (p < 0.05).
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but decreased rapidly and was significantly lower than that of 
B. cinerea-inoculated control group after 8 days.

Polyphenol oxidase activity of blueberries inoculated with 
A. alternata and B. cinerea first decreased during storage and 
then increased (Figure  6). On day 0, PPO activity of the 
A. alternata- and B. cinerea-inoculated blueberries was 
significantly increased by the 500 μl L−1 (3.47 and 1.55 times, 
respectively) and 1,000 μl L−1 (2.50 and 1.61 times, respectively) 
ethanol treatments and then decreased rapidly. On the 4th 
day of storage, ethanol had no effect on PPO activity of the 
A. alternata-inoculated blueberries, whereas PPO activity of 
the B. cinerea-inoculated blueberries treated with 250, 500, 
and 1,000 μl L−1 ethanol was 1.16, 1.74, and 2.88 times of the 
control, respectively. Furthermore, the PPO activity of the 

control blueberries increased rapidly after 4 days of storage, 
whereas that of the blueberries treated with 500 μl L−1 ethanol 
increased slowly but remained the lowest, with activities that 
were 33.5–55.2 and 8.7–31.9% lower than the control for the 
A. alternata- and B. cinerea-inoculated blueberries, respectively.

Effect of Ethanol Vapor on Blueberry Cell 
Microstructure
Scanning electron microscope revealed that the pericarp cells 
of all inoculated blueberries were damaged to varying degrees 
(Figure  7). The 1,000 μl L−1 ethanol-treated blueberry exhibited 
the greatest damage, whereas the pericarp cells of the 500 μl L−1 
ethanol-treated blueberry were the most similar to those of 
the Wound-Control, uniform, and intact.

A B

FIGURE 6 | Effect of ethanol vapor on the polyphenol oxidase (PPO) activity of blueberries inoculated with A (A. alternata, A) and B (B. cinerea, B). Two-hundred 
and fifty, 500, and 1,000 are the amount of ethanol used (μl L−1). Error bars represent the standard deviation of the means (n = 3). Different letters on the same 
column represent significant differences (p < 0.05).

FIGURE 7 | Scanning electron microscope (SEM) images of fruit cells of A. alternata- and B. cinerea-inoculated blueberry after treatment with ethanol on the 8th 
day of storage at 0 ± 0.5°C. The scale bars represent 100 μm.
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FIGURE 8 | The cellular ultrastructure of A. alternata- (B–D) and B. cinerea- (E–G) inoculated blueberry fruit after treatment with ethanol on the 8th day of storage 
at 0 ± 0.5°C. A1 and A2, Wound-Control; B1 and B2, A-Control; C1 and C2, A-500; D1 and D2, A-1000; E1 and E2, B-Control; F1 and F2, B-500; G1 and G2, 
B-1000. CW, cell wall; M, mitochondria; ML, middle lamella; P, plastid; V, vacuole. The scale bars for A1 represents 1 μm, for (A2,B1,B2,C1,C2,E1,F1,F2,G1,G2) 
represent 2 μm, and for E2 represents 5 μm.

Meanwhile, TEM revealed that pathogen inoculation induced 
conspicuous plasmolysis, and obscure membrane structure and 
broken intracellular compartmentalization (Figures  8B,E). 
However, the 500 μl L−1 ethanol treatment appeared to protect 
cell structure and prevent plasmolysis (Figures  8C,F), with the 
complete nucleus, numerous complete mitochondria with typically 
closely arranged cristae, and osmiophilic granules dispersed in 
plastid matrix. However, numerous vacuoles were produced in 
cells of the 1,000 μl L−1 ethanol-treated blueberries, and the 
vacuoles degraded the organelles (e.g., mitochondria and 
chloroplasts), thereby causing serious plasmolysis (Figures 8D,G).

DISCUSSION

Blueberries are vulnerable to microbial infection and rot throughout 
their production chain, from harvest to transportation, storage, 

and sale, thereby affecting their market value. However, the 
secondary plant metabolite ethanol exhibits strong and broad-
spectrum antimicrobial activity and has been widely used for 
controlling fruit and vegetables diseases, owing to its safety, 
environmental friendliness, lack of residue, low cost, and widespread 
availability. Previous studies have reported that low levels of 
ethanol can be  used to inhibit the growth of Verticicladiella 
abietina, Penicillium citrinum, Trichoderma viride, and C. acutatum 
in  vitro (Wang et  al., 2011, 2015), and Lichter et  al. (2002) even 
reported that proved that ethanol liquid treatment could inhibit 
the spore germination and growth of B. cinerea. In the present 
study, the inhibition effect of ethanol vapor on the growth of 
fungal blueberry pathogens was assessed. Ethanol vapor treatment 
markedly reduced the growth of A. alternata and B. cinerea 
mycelia in a dose-dependent manner (Figure 1), which confirmed 
its effectiveness as a fungal growth inhibitor and may explain 
the previously reported effects of ethanol vapor on the decay 
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of postharvest blueberries (Ji et al., 2019). Interestingly, A. alternata 
and B. cinerea differed in their sensitivity to ethanol. For example,  
B. cinerea was inhibited in a dose-dependent manner (1,000 μl L−1 
>500 μl L−1 >250 μl L−1), whereas A. alternata was most inhibited 
by the 500 μl L−1 ethanol treatment, in contrast to previous reports 
– the higher the ethanol concentration, the stronger the ability 
of killing B. cinerea spores (Lichter et  al., 2002; Karabulut et  al., 
2004a,b). The difference for A. alternata with previous studies 
could be  due to differences in ethanol treatment methods (e.g., 
liquid treatment vs. vapor treatment), which could have different 
modes of action or cause different damage to microbial cells. 
Ethanol vapor is reportedly useful for controlling the postharvest 
decay of fruit and vegetables, such as sweet cherries (Karabulut 
et  al., 2004a), table grapes (Lichter et  al., 2002; Karabulut et  al., 
2004b), loquats (Wang et  al., 2015), and blueberries (Ji et  al., 
2019), which can be  explained by the inhibitory activity of 
ethanol against the growth of rot fungi of many fruit and vegetables.

However, it was found that the disease control effect of ethanol 
on postharvest fruit and vegetables relies both on its direct 
antimicrobial properties, as well as on the mechanism of “priming,” 
which induces and improves the resistance of fruit and vegetables 
to postharvest diseases (Tzortzakis, 2010). The activation of 
defense-related enzymes, such as GLU, CHI, PAL, POD, and 
PPO, in fruit and vegetables is considered to be  an important 
factor in the diseases resistance of postharvest horticultural crops 
(Tian et  al., 2006; Wang et  al., 2014; Shao et  al., 2015). In the 
present study, the activity of both CHI and GLU, which can 
degrade chitin and β-1,3-glucan in fungal cell walls and effectively 
prevent the infection of fruits and vegetables, was significantly 
greater in ethanol-treated blueberries than in control blueberries 
(Souza et  al., 2017; Figures  2, 3). Meanwhile, PAL and POD 
are important resistant substance synthetases in fruit and vegetables 
and can catalyze the synthesis of lignin, flavonoids, and phenols. 
This is important because phenols can be  transformed into 
quinones, which are more toxic to pathogens, and because lignin 
is valuable for strengthening fruit cell walls and, thereby, inhibiting 
pathogenesis (Farkas and Stahmann, 1996). In the present study, 
both PAL and POD activities were significantly enhanced by 
the 500 μl L−1 ethanol treatment (Figures  4, 5). PPO is a copper 
enzyme that also contributes to the lignification of host cells 
and catalyzes the oxidation of phenolic compounds into toxic 
quinones with strong antifungal activity against pathogens (Cindi 
et  al., 2016). In the present study, the PPO activity of blueberry 
increased immediately after the ethanol vapor treatment, potentially 
enhancing resistance of blueberries against pathogens. Therefore, 
these effects could collectively contribute to the development of 
disease resistance in blueberries against A. alternata and B. cinerea. 
Similarly, many studies also have been reported on enhancing 
disease resistance of fruit and vegetables by inducing the activities 
of DREs, such as in pear fruit (GLU, CHI, PAL, POD, and 
PPO) with L-glutamate treatment against Penicillium expansum 
(Jin et  al., 2019), in pear fruit (GLU, CHI, PAL, POD, and 
PPO) with γ-aminobutyric acid treatment against P. expansum 
(Yu et  al., 2014), in tomato fruit (PAL, PPO, CHI, and GLU) 
with L-arginine treatment against B. cinerea (Zheng et al., 2011), 
and in strawberry (CHI and GLU) with tea tree oil and hot 
air treatment against B. cinerea (Wei et  al., 2018). Therefore, 

the induction of disease resistance by enhancing DREs (CHI, 
GLU, PAL, POD, and PPO) activities might be  an important 
mechanism by which ethanol vapor is able to reduce the postharvest 
decay of blueberries. Ethanol vapor can induce the disease 
resistance of blueberries infected by A. alternata and B. cinerea, 
but the disease resistance of blueberry infected by B. cinerea is 
stronger than that of blueberry infected by A. alternata.

Correlation analysis indicated that there were different 
correlations among the DREs (GLU, CHI, PAL, POD, and PPO) 
in A. alternata- and B. cinerea-inoculated blueberries with ethanol 
treatment (Figure  9), which indicated that different pathways 
were involved in the disease resistance-promoting effects of 
ethanol against different pathogens. For example, PPO activity 
was negatively or not correlated with GLU, CHI, and POD 
activity in blueberries affected with either pathogen, possibly 
because the production of quinones or the other defense-related 
substances catalyzed by PPO is not one of the main mechanism 
underlying such ethanol-induced disease resistance. The PAL, 
the key enzyme of phenylpropanoid pathway, its activity in 
A. alternata-inoculated blueberries with ethanol treatment was 
significantly positively correlated with CHI and GLU, which 
indicated that ethanol vapor inducers could stimulate defense 
mechanisms, such as phenylpropanoid pathway activation, helping 
to protect the blueberries against A. alternate. Similar result was 
confirmed on strawberries treated by terpinen-4-ol (Li et al., 2020).

In addition, the cells microstructure of the 500 μl L−1 ethanol-
treated blueberries was the most similar to that of the control 
(Wound-control) in the present study, being uniform and intact 
(surface structure; Figure 7), and exhibited the relatively abundant 
inclusions (ultrastructure; Figure  8). These findings indicated 
that the senescence of blueberry cells could be  delayed by 
appropriate ethanol vapor treatment. The 500 μl L−1 ethanol 
treatment also resulted in the attachment of rough substances 
to the closely arranged fiber microfibrils on the cell walls, and 
those substances could be  phenolic substances and lignin that 
was induced by the ethanol treatment, thereby improving the 
firmness of the cell wall and the barrier defense capability, 

A

B

FIGURE 9 | Pearson correlation matrix of the disease resistance-related 
enzyme activities (GLU, CHI, PAL, POD, and PPO) in ethanol-treated 
blueberries inoculated with A. alternata (A) and B. cinerea (B). *Significance 
at the p < 0.05 probability level. **Significance at the p < 0.01 probability level.
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thus, the pathogen resistance. However, further study on ethanol 
vapor inducing disease resistance of blueberries is needed.
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Listeria monocytogenes (L. monocytogenes) causes an estimated 1600 foodborne
illnesses and 260 deaths annually in the U.S. These outbreaks are a major concern
for the apple industry since fresh produce cannot be treated with thermal technologies
for pathogen control before human consumption. Recent caramel apple outbreaks
indicate that the current non-thermal sanitizing protocol may not be sufficient for
pathogen decontamination. Federal regulations provide guidance to apple processors
on sanitizer residue limits, organic production, and good manufacturing practices
(GMPs). However, optimal methods to control L. monocytogenes on fresh apples still
need to be determined. This review discusses L. monocytogenes outbreaks associated
with caramel apples and the pathogen’s persistence in the environment. In addition,
this review identifies and analyzes possible sources of contaminant for apples during
cold storage and packing. Gaseous interventions are evaluated for their feasibility for L.
monocytogenes decontamination on apples. For example, apple cold storage, which
requires waterless interventions, may benefit from gaseous antimicrobials like chlorine
dioxide (ClO2) and ozone (O3). In order to reduce the contamination risk during cold
storage, significant research is still needed to develop effective methods to reduce
microbial loads on fresh apples. This requires commercial-scale validation of gaseous
interventions and intervention integration to the current existing apple cold storage.
Additionally, the impact of the interventions on final apple quality should be taken into
consideration. Therefore, this review intends to provide the apple industry suggestions
to minimize the contamination risk of L. monocytogenes during cold storage and hence
prevent outbreaks and reduce economic losses.

Keywords: Listeria monocytogenes, food safety, fresh apples, cold storage, gaseous interventions

INTRODUCTION

Apples are one of the most valuable fruit crops in the United States (U.S.). The apple industry
brings 5 billion dollars of revenue to the economy annually (U.S. Apple Association [USApple],
2021). In 2014, caramel apples contaminated with L. monocytogenes were linked to a foodborne
illness outbreak in which 35 people across 12 U.S. states contracted listeriosis, 7 (20%) of which
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died (U.S. Centers for Disease Control and Prevention [CDC],
2014). Apples are commonly consumed raw or minimally
processed (Du et al., 2002). There is no “kill step” included in
the fresh produce postharvest packing process to eliminate
pathogenic bacteria. The current fresh apple industry
relies heavily on postharvest washing to control foodborne
pathogens. However, the most commonly used sanitizer, chlorine
(hypochlorite), has been reported to react with organic matters to
form carcinogenic compounds, raising health and environmental
hazards (Artés et al., 2009).

During harvest, apples are picked by hand in the orchards
and transported in bins to the packinghouse, where they are
either cold-stored or washed, sized, sorted, and packed for the
retail market. Unwashed apples are moved into refrigerated
storage – either short-term conventional refrigeration or long-
term controlled atmosphere (CA) (Pietrysiak et al., 2019).
L. monocytogenes has the ability to grow at refrigeration
temperatures and is persistent in a cold environment (Walker
et al., 1990). The environmental testing of the caramel apple
outbreak showed that the contamination was introduced on the
apples at the firm’s packing facility. Since then, several voluntary
recalls have been reported for potential Listeria contaminations
on fresh apples (U.S. Food and Drug Administration [FDA],
2017a, 2019a). These incidents show the need to improve
current food safety systems in the apple packing industry. In
particular, there is a need for developing and validating effective
interventions to reduce contamination.

Several European countries such as Germany, Belgium,
Denmark, Switzerland, and the Netherlands have banned
chlorine in commercial produce washing (Artés et al., 2009;
Shen et al., 2016). The efficacy of chlorine disinfection is highly
dependent on the pH of the solution (Connell, 1996; Sun et al.,
2019). Various environmentally friendly alternative sanitizers
like chlorine dioxide, peracetic acid (PAA), and ozone have
been suggested to replace chlorine (Rodgers et al., 2004; Hua
et al., 2019; Guan et al., 2021). However, there has been limited
information on the feasibility of those and other potential
interventions for the apple industry.

Food safety interventions that minimize contamination risks
are of critical importance. Therefore, the objective of this
review is to identify the safety gaps during apple packing
process and analyze the potential application of gaseous
interventions in apple cold storage. An integrated approach to the
existing apple packing facility is urgently needed. Currently, the
federal agencies, the fresh apple industry, and researchers have
switched their focus to gaseous interventions that decontaminate
L. monocytogenes on fresh apples. This review will consider
the regulatory requirements on gaseous interventions as well as
organic production and handling of apples that could contribute
to future industrial application and benefit the apple processors.

LISTERIA MONOCYTOGENES

Listeria monocytogenes Outbreaks
Listeriosis is a serious infection caused by the consumption of
L. monocytogenes contaminated food. U.S. Centers for Disease
Control and Prevention [CDC] (2021) reports that an estimated

1,600 people have been diagnosed with listeriosis yearly, and
the death rate is about 16% in the U.S. Listeria monocytogenes
is a gram-positive, facultative anaerobic pathogenic bacterium.
It has the ability to replicate at refrigeration temperatures.
These characteristics help L. monocytogenes adapt to produce-
associated environments (e.g., cold storage) where other bacteria
might be prohibited to grow (Du et al., 2002). For example,
in the caramel apple outbreak in 2014, all fresh Granny Smith
and Gala apples were voluntarily recalled because environmental
testing revealed contamination with L. monocytogenes at the
firm’s apple-packing facility in California (U.S. Centers for
Disease Control and Prevention [CDC], 2014). In January 2015,
the U.S. Food and Drug Administration (FDA) conducted
a traceback investigation. Six of the seven environmental
samples positive for L. monocytogenes indistinguishable from
the outbreak strains were isolated from food contact surfaces
(FCS), including polishing brush, drying brushes, conveyor, and
inside a wooden bin.

FDA investigation found the cross-contamination between
FCS and apples likely played a role in the consecutive apple
contamination in the outbreak. Thus, it has been hypothesized
that L. monocytogenes contamination could happen throughout
the packing process and the distribution chain. Once the
pathogen is introduced to the environment, it is difficult to
eliminate if appropriate good manufacturing practices (GMPs)
are not applied. The Listeria-contaminated fresh produce caused
foodborne illness and increased the food and economic loss
for the produce industry, heightening awareness of food safety
and implementing the Food Safety Modernization Act (FSMA).
Fresh fruit growers, packers, and processors are required to adopt
validated and effective preventive controls by the Produce Rule of
the FSMA (U.S. Food and Drug Administration [FDA], 2011).

Persistence in Environment
There are many opportunities for L. monocytogenes to attach
to the produce surface in a typical apple packing house. In the
investigation of the cantaloupe and caramel apple outbreaks,
environmental contamination at packing houses and equipment
FCS were likely the source of listeriosis outbreaks (U.S. Centers
for Disease Control and Prevention [CDC], 2011, 2014). These
include cross-contamination during washing, the wax coating
unit operation, cold storage, and FCS like polishing brushes
and dryer rollers (Ruiz-Llacsahuanga et al., 2021). Cooling
and packing operations may also be responsible for bacterial
contamination of the produce due to the significant amount
of water utilized during the packing process. Wet surface
areas in packing facilities are favorable for bacterial growth
(Pietrysiak et al., 2019). Water may facilitate biofilm development
as one of the main locations, which enhances the persistence
of L. monocytogenes in the environment (Galié et al., 2018).
L. monocytogenes may spread in the environment and lead
to food contamination, which emphasizes the importance of
good agriculture practices (GAPs), good manufacturing practices
(GMPs), and HACCP for the produce postharvest handling
and processing (Farber et al., 2003). Therefore, it is critical to
identify the safety gaps during the packing lines and implement
preventive interventions to avoid contamination.
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Listeria monocytogenes has been isolated from soil, water,
animal manure, and decaying vegetation (Farber and Peterkin,
1991; U.S. Food and Drug Administration [FDA], 2019b).
Unlike other foodborne pathogens, L. monocytogenes can survive
between a wide range of temperature (−0.4 to 50◦C) and pH
values (4.3 to 9.4) (Farber and Peterkin, 1991; Pietrysiak et al.,
2019), and is resistant to adverse environmental conditions, such
as low temperature, water activity or oxygen, and high acidity
or salt (Buchanan and Phillips, 1990; Walker et al., 1990). The
unique ability of L. monocytogenes to survive or even grow at
low temperatures makes it a primary pathogen to contaminate
fresh produce in refrigerated packing. L. monocytogenes persists
in a produce packing environment from months to years,
resulting in recontamination of the produce passing through
that environment (Leong et al., 2017) and posing a high safety
risk to the prolonged storage of fresh apples. The expression of
cold shock proteins has been reported to help L. monocytogenes
with the adaptation of low temperatures (Matereke and Okoh,
2020). Neunlist et al. (2005) concluded that the membrane lipids
alteration of L. monocytogenes protects it from cold stress. In
addition, whole-genome sequencing (WGS) showed that Listeria
isolates from the voluntarily recalled whole apples, collected
along the distribution chain, were highly related to the outbreak
strains (U.S. Centers for Disease Control and Prevention [CDC],
2014; Angelo et al., 2017).

Biofilm Formation
Biofilms are complex structures composed of multiple cells
embedded in an extracellular matrix that is mainly formed by
polysaccharides, proteins, or extracellular DNA. This matrix can
adhere to hard surfaces in a food processing environment, such
as FCS (equipment, transport, storage surfaces, etc.) or food
surfaces (vegetables, fruits, meat, etc.), responsible for the strong
persistence of biofilm in the food industry. Biofilm formation
offers the microbial cells higher physical resistance against
desiccation, mechanical resistance against removal by liquid
streams, and chemical resistance against antimicrobials and
disinfectants (Galié et al., 2018). The presence of biofilm in food
industry environments puts human health at risk. Thus, the food
industry is seeking biofilm prevention and disruption methods.

Listeria monocytogenes biofilms are generally formed by
teichoic acids. They can grow on major food contact surfaces,
including stainless steel, low-density polyethylene (LDPE),
polyvinyl chloride (PVC), polyester (PET), rubber, and glass
surfaces throughout the food industry (Hua et al., 2019).
Dygico et al. (2020) stated that factors like time, temperature,
surface type, nutrient availability, and origin could affect the
biofilm formation of L. monocytogenes. Then this pathogen
can contaminate the food batches from the surfaces. With
the replication ability at low temperatures, L. monocytogenes
reinforces its hydrophilicity and induces biofilm formation as
a response to cold temperatures, enhancing its attachment to
surfaces and its resistance to sanitation procedures in food
manufacturing plants. These characteristics highlight the great
importance of inspecting and controlling L. monocytogenes
biofilms in the food industry (Galié et al., 2018).

FRESH APPLE PACKING PROCESS

After Harvest
After being picked and transported from the orchard to the
packing house, fresh apples are either directly washed and
packed for shipment or stored in cold storage for future
packing (Figure 1). Postharvest fungicide treatment (drenching
or fogging) is often applied to fresh apples to avoid mold spoilage
for extended storage time. However, the reuse of fungicide
solutions in the drenching step may cause cross-contamination
with pathogens like L. monocytogenes. Additionally, there is
no elimination step to remove damaged apples (caused during
harvest or transportation) before cold storage. The injured apples
might promote the survival, growth, and spread of bacteria and
fungus during storage (Ruiz-Llacsahuanga et al., 2021). Thus the
preventive controls to reduce the microbial load on apples would
be necessary to integrate into the cold storage before washing.

Postharvest Washing
Postharvest washing is a typical step to reduce contamination
for most fresh produce, including processed (i.e., fresh-cut)
produce. The aim of most produce washing sanitization on
the commercial scale is a 3-log reduction of pathogens on
foods and food contact surfaces (Gombas et al., 2017). Various
washing steps are used for different apple varieties and fruit
quality. Fresh apples in wooden/plastic harvest bins are dumped
into flume tanks to remove soil and debris in packing lines.
Sanitizers are usually added to the washing water, and the water
quality is monitored to avoid cross-contamination. To prevent
produce contamination, suitable antimicrobial agents are used,
and several runs of freshwater wash are applied (Figure 1). The
widely used antimicrobial agents are chlorine, peracetic acid
(PAA), aqueous chlorine dioxide (ClO2), aqueous ozone (O3) and
electrolyzed water (EW) (Murray et al., 2017; Sheng et al., 2020).
The second flume wash is followed by a soap wash to further
remove the dirt and disinfectant remaining on the surfaces. Spray
washing intends to use higher pressure to wash off any chemicals
or bacteria further.

The industry’s gold-standard sanitizer is sodium hypochlorite
for apple postharvest washing. However, the free chlorine
reacts with the organic matter in the wash water, reducing
efficacy before reaching its target pathogen. U.S. Food and
Drug Administration [FDA] (2014) indicated that the commonly
used concentrations of hypochlorite (50-200 ppm) maximumly
achieve 1 to 2 log reductions on many produce commodities.
For example, washing at a 200-ppm concentration of chlorine
for 5 min resulted in a 0.6 log reduction for L. monocytogenes on
whole apples (Beuchat et al., 1998). Recently, potential Listeria
contamination on fresh apples resulted in voluntary recalls in
several states (U.S. Food and Drug Administration [FDA], 2017a,
2019a), suggesting the current washing protocols may not be
sufficient for pathogen reduction.

Apples are dried after washing. A typical drying process
often includes mild heat with blowing fans. Then, the
apples are waxed with an edible coating to improve their
appearance and slow down the decay of fresh apples. Before
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FIGURE 1 | Typical apple packing process in Washington, United States.

packaging, sizing, and near-infrared (NIR) cameras are used
for quality analysis to reject the “bad” apples. After automatic
packaging, apples are shipped to the retail markets with
minimum storage during the distribution (Pietrysiak et al., 2019;
Ruiz-Llacsahuanga et al., 2021).

The challenges on apple decontamination may be due
to the naturally irregular shape and microstructures like
lenticels (Figure 2), which shield bacteria from the sanitizing

interventions (Pietrysiak and Ganjyal, 2018). Gaseous
interventions like ClO2 have the ability to reach the bacteria
harbored inside the lenticels, which could improve sanitation
efficacy (Rane et al., 2021). Some lab-scale studies have shown
effective log reductions of Listeria on apples (Du et al., 2002;
Park and Kang, 2017). However, scaling up the methods to fit in
the industrial processing line may be challenging due to the line
setup and production scale.

Cold Storage
Two steps of cold storage may take place during the apple
packing process (Figure 1). Firstly, the freshly picked apples
may be stored in cold storage before they are washed and
packaged where cross-contamination may be caused by the
damaged apples or happen in environmental conditions (i.e., the
facility and the environment). The second storage may happen
after packaging before reaching the market. Even if sanitized by
washing, the packed apples would contact with bacteria from the
environment inside the storage room. The CA cold storage room
provides refrigerated temperature, high relative humidity, low
oxygen content, circulated air that can facilitate the survival of
L. monocytogenes.

Controlled atmosphere (CA) was developed to provide an
optimum environment (typically 1-2% O2, 1-3% CO2, and N2)
for keeping the freshness of fresh produce and increasing the
length of storage by adjustment of normal air composition (78%
N2, 21% O2, 0.03% CO2 and other gases). A typical CA cold
storage room setup is shown in Figure 3. Optimal CA cold
storage reduces the respiration rate and ripening of fresh apples,
resulting in maintaining the quality of fruit for up to 11 or
12 months (Farber et al., 2003; Sheng et al., 2018). However,
regular atmosphere (RA) or CA cold storage has been designed
mainly to extend the shelf-life of fresh apples. L. monocytogenes
may survive those storage conditions, which becomes a food
safety concern. For example, from a previous study (Sheng
et al., 2017), L. monocytogenes on Fuji apples were decreased
by 0.8–1.8 Log10 CFU/apple after 3 months of refrigerated
atmosphere (RA) storage (1, 4, and 10◦C). Sheng et al. (2018)
has reported that 30-week of CA cold storage led to 2.5–3.0
Log10 CFU/apple reduction of L. innocua (surrogate bacteria of
L. monocytogenes) on Fuji apples. Limited reductions of Listeria
were observed in both studies. Therefore, RA or CA storage
alone is ineffective at controlling Listeria on fresh apples, and
additional antimicrobial interventions are needed during long-
term storage.

SAFETY GAPS DURING APPLE PACKING
PROCESS

Barrera et al. (2012) reported that the actual log reduction
of the target pathogen was limited to 1-2 log CFU regardless
of the sanitizer or washing time applied, which indicates that
the efficacy of postharvest washing is minimal. Various studies
showed that the factors that limited efficacy might include
pathogen attachment, biofilm formation, and internalization
into the plant. Another factor is the dynamics of organic
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FIGURE 2 | Gaseous chlorine dioxide reaches the bacteria harbored inside the lenticels on apple surfaces.

FIGURE 3 | Fresh apples are stored in a controlled atmosphere (CA) cold storage room (adopted from http://www.agroripe.com/controlled-atmosphere-storage/).

load in the washing flume, which harbors the pathogens from
sanitizers and neutralizes part of the antimicrobials, especially
relevant in chlorine wash (Shen et al., 2016). The research focus
has transitioned from fresh produce decontamination to the
prevention of cross-contamination. The concentration of active

sanitizer in the wash flume, the quality of water, and organic
load have been studied to improve the efficacy of washing, which
is challenging in commercial validation (Gombas et al., 2017).
Thus, washing itself is insufficient as part of a risk control
and prevention approach. Additional or alternative interventions
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need to be explored and applied to control L. monocytogenes in
the apple packing process.

Every year, about 4.2 billion pounds of fresh apples are stored
in CA cold storage (33-38◦F) for up to 12 months, where apples
are vulnerable to contamination with L. monocytogenes and
spoilage microorganisms (Tree Top, 2019). Once contaminated,
the apple surface is difficult to decontaminate because of its
irregular shape, hydrophobic property, and presence of lenticels
(Pietrysiak and Ganjyal, 2018). It is desirable to implement
interventions during cold storage as preventive controls. The
current existing gas systems in the CA cold storage provide
an ideal environment to integrate gaseous interventions to
reduce the microbial load on fresh apples. However, there are
limited safety interventions implemented during CA cold storage.
Furthermore, there is a knowledge gap on integrating current
interventions into the CA storage system to ensure safety.

1-Methylcyclopropene (1-MCP) is a widely used inhibitor of
ethylene receptors, which delays the ripening of fresh produce
products. Commercial application of 1-MCP helps to reduce
the ripening process, maintain quality, extend the shelf life of
perishable fruits and vegetables (Menniti et al., 2006). 1-MCP
can serve as a complementary strategy to CA cold storage
to maintain a better quality of the fruit. Lum et al. (2017)
reported that 1-MCP in combination with CA cold storage
effectively controlled physiologically disordered (senescent scald
and internal breakdown) in certain cultivar pear fruits. Mattheis
et al. (2017) studied the impacts of 1-MCP and CA storage
on the development of bitter pit (physiological disorder) in
‘Honeycrisp’ apples. The results indicated that the use of 1-MCP
and/or CA storage can potentially manage the development of
bitter pit in ‘Honeycrisp’ apples. Even though 1-MCP fumigation
has been combined with CA storage in the apple industry,
both methods are applied to preserve food quality. The control
of food safety during storage is still missing. Therefore, the
integration of an antimicrobial gas to the CA storage can be a
potential food safety intervention during the prolonged storage
of fresh apples.

POTENTIAL GASEOUS INTERVENTIONS
DURING COLD STORAGE

In the fresh produce packing industry, different applications
of antimicrobial interventions exist throughout the process.
Several review papers have summarized various decontamination
methods presented in lab-scale studies and used in the fresh
produce industry (Deng et al., 2019; Gurtler et al., 2019; Pietrysiak
et al., 2019; Marik et al., 2020; Singh et al., 2021; Zhang et al.,
2021). Most interventions are still focused on water treatment
based on chlorine or alternatives. As water itself can become a
pathogen carrier and provide favorable growth conditions for
the pathogen, it is well worth outlining the waterless options for
the inactivation of L. monocytogenes on fresh produce. As one of
the waterless methods, gaseous interventions have the advantages
to be integrated into the CA cold storage. Potential gaseous
interventions include (1) gaseous ClO2; (2) gaseous O3; and
(3) hurdle technology that combines multiple methods. Limited

studies have been conducted on gaseous interventions during CA
cold storage. Potential interventions that have been applied to
fresh apples are summarized in Table 1.

Gaseous Chlorine Dioxide (ClO2)
Gaseous ClO2 is a non-thermal and dry antimicrobial process
that can be integrated into controlled atmosphere (CA) processes
in order to extend shelf life and inactivate foodborne pathogens.
There are several advantages of ClO2 over traditional chlorine
wash (current industry practice), including a higher oxidative
capacity (2.5x), enhanced antimicrobial efficacy on porous
surfaces, no formation of carcinogenic trichloramine, and
reduced corrosion of stainless-steel processing equipment (Wu
and Rioux, 2010). Moreover, its higher penetration into the
harboring sites of microorganisms or irregular shape of the
produce also contributes to the inactivation efficacy (Praeger
et al., 2018; Deng et al., 2019).

Gaseous ClO2 has been reported to effectively decontaminate
foodborne pathogens on various fresh produce (Bridges et al.,
2018; Chai et al., 2020; Lacombe et al., 2020; Guan et al., 2021).
Gaseous ClO2 has been utilized to disinfect L. monocytogenes and
spoilage microorganisms on fresh apples on a lab scale by Du et al.
(2002). This study achieved a reduction of 6.5-log CFU/spotted
site L. monocytogenes on fresh apples (Du et al., 2002). The
survival of L. monocytogenes on different spots, including the
calyx, stem cavity, and pulp surface of apples, was also studied.
L. monocytogenes attached to the pulp skin were concluded to
be further inactivated by gaseous ClO2. Park and Kang (2017)
reported that gaseous ClO2 could achieve a 3.5 log CFU/cm2

reduction of L. monocytogenes under 20 parts per million by
volume (ppmv) for 15 min. Lee et al. (2006) demonstrated
that Alicyclobacillus acidoterrestis spores were reduced by 4.5
log CFU/apple by low release gaseous ClO2 sachet for 3 h.
Treatment with low-release ClO2 gas sachets did not affect the
visual quality of apples, whereas medium and high release sachets
helped with the development of small black spots on apple
skin. Sy et al. (2005) studied the decay microorganisms’ survival
at 4.1 mg/L gaseous ClO2 treatment for 25 min. A 1.68-log
CFU/piece reduction of total yeasts and molds was achieved. The
treated apples were consistently judged slightly but significantly
(α = 0.05) poorer in appearance, color, and overall quality. But
the ratings from the sensory panel did not fall below “neither
like nor dislike.” These findings agree with the conclusion that
gaseous ClO2 would effectively inactivate L. monocytogenes on
fresh apples. However, it is not clear whether the apple quality was
sacrificed and what ClO2 concentrations may damage the quality.

Decay microorganisms are one of the biggest industry
concerns as they cause food waste and economic losses. Gaseous
ClO2 has been reported to inactivate yeasts and molds, which
may help to extend the shelf-life of apples. Application of
gaseous ClO2 on reducing decay microorganisms of jujube fruit
and kiwifruit in cold storage was studied by Park et al. (2019,
2020). An obvious increase in the quality of jujube fruit was
observed with a reduction of 1.1-log CFU/g of total bacteria
under 50 mg/L gaseous ClO2 at 2 ± 1◦C (Park et al., 2020).
Similarly, Park et al. (2019) indicated that decay incidence
and growth of microorganisms were reduced, and the ripening
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TABLE 1 | Gaseous food safety interventions for bacteria decontamination on fresh apples.

Interventions Cold storage
highlighted

Food
commodity

Pathogen of
concern

Conditions Generation
method

Sample
mass

Log reduction Impact on produce
quality

References

Gaseous

Chlorine
dioxide (ClO2)

Fresh apples Listeria
monocytogenes

1–8 mg/L,
10–30 min, 21◦C,

RH = 90–95%

ClO2 generator 4 apples Calyx cavity: 2.8–5.3 log
CFU/spotted site; Stem

catity: 2.2–5.0 log
CFU/spotted site; Pulp

surface: 3.5–6.5 log
CFU/spotted site.

NM* Du et al., 2002

Fresh apples Escherichia coli
O157:H7

1.1–18.0mg/L,
10–30 min, 21◦C,

RH = 90–95%

ClO2 generator 4 apples Calyx cavity: 2.1–6.5 log
CFU/site; Stem catity:

1.6–4.1 log CFU/site; Pulp
skin: 2.8–7.3 log CFU/site.

NM Du et al., 2003

Fresh apples Salmonella 1.4–4.1 mg/L,
6–25 min,
22 ± 1◦C,

RH = 35–68%

ClO2 gas
sachets

3 apples 3.21–4.21 log CFU/piece Subjective evaluation
revealed that treatment of
apples with 4.1 mg/L ClO2

gas for 25 min at 58%
relative humidity caused the

formation of small brown
spots on the skin. The
appearance of apples
treated with 1.4 and

2.7 mg/L ClO2 at 65 to
68% relative humidity was

unaffected.

Sy et al., 2005

Total yeasts and
molds

1.09–1.68 log CFU/piece

Fresh apples Alicyclobacillus
acidoterrestis

0.39–6.55 mg/L
peak concentration,

30 min–3 hrs,
22 ± 2◦C

ClO2 gas
sachets

1 apple 2.7–5 log CFU/piece Treatment with low-release
ClO2 gas sachets did not
affect the visual quality of
apples, whereas medium
and high-release sachets

helped develop small black
spots on apple skin.

Lee et al., 2006

Fresh apples Listeria
monocytogenes

20 ppmv, 5–15 min,
22 ± 2◦C,

RH = 90 ± 2%

ClO2 generator 5 × 2 cm
pieces

1.47–3.50 log CFU/cm2 NM Park and Kang,
2017

Escherichia coli
O157:H7

1.39–4.72 log CFU/cm2

Salmonella
Typhimurium

1.25–3.95 log CFU/cm2

Ozone (O3) Cold storage (4–6◦C) Fresh apples Fungi 1 µl/L for 1 min
every 12 hr,

84 days, 4–6◦C

O3 generator 5 kg A larger portion of infected
apples within the group of

ozonated fruits.

Ozone at 1 ppm was
unsuccessful in terms of

inhibition of fungal disease.
However, utilization of

ozone slowed down the
ripening of apples.

Antos et al.,
2018
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process was retarded under 30 mg/L gaseous ClO2 treatment for
30 min. Reductions of 1 log CFU/g, 1.4 log CFU/g, and 0.6 log
CFU/g were achieved on total bacteria, total yeasts, and total
molds of kiwifruit, respectively. These results demonstrated that
gaseous ClO2 treatment during cold storage could be a promising
decontamination method to reduce microbial load on fruits and
maintain the quality.

However, there is a knowledge gap between lab-scale
experiments and commercial-scale applications. Predictive
models can be a useful tool to bridge the gap. The target
reduction of 3-log of pathogens on foods and food contact
surfaces and the lab-scale experimental data can be collected
to establish the models (Gombas et al., 2017). By modeling
the inactivation response of L. innocua under different doses,
the amount of gaseous ClO2 needed in the scale-up study
can be calculated via the models. The final step is to integrate
gaseous ClO2 into the commercial CA cold storage for the
decontamination of the Listeria-inoculated apples with the
predicted conditions. As a result, the fresh apple industry can use
the validated models and the engineering setup to apply gaseous
ClO2 disinfection during their long-term CA storage.

Gaseous Ozone (O3)
Gaseous O3 is one of the most powerful oxidizers among food
industrial-use sanitizers. The main advantages of O3 are the
higher efficacy at low concentration over other antimicrobial
agents and no residue formation because of decomposition to
oxygen. Due to its high reactive and explosive character, O3 is
unstable and can only be generated right before use. Numerous
studies have demonstrated the efficacy of O3 inactivation on
L. monocytogenes (Murray et al., 2018; Sheng et al., 2018).

Several studies integrated gaseous O3 into the RA or CA
cold storage of fresh apples for bacteria inactivation. Murray
et al. (2018) reported that 23 ppm of forced air ozone treatment
for 20 min could result in 3.07 log CFU/apple reductions of
L. monocytogenes on fresh apples taken out of the fridge at
4◦C. A commercial-scale ozone treatment on fresh apples was
conducted to inactivate L. innocua and total bacteria, yeasts, and
molds during CA cold storage. L. innocua was reduced by 3.0
log CFU/apple under 50-87 ppb ozone treatment at 0.6◦C for
30 weeks. Under the same condition, total bacteria and yeasts
and molds were reduced approx. 1 and 0.6 log CFU/apple,
respectively. Application of gaseous ozone in CA storage did
not cause ozone burn or any other unintended side effect on
apple fruit quality (Sheng et al., 2018). Another commercial-
scale research was conducted by Arévalo Camargo et al. (2019).
A forced-air ozone reactor was used during the cold storage of
fresh apples to decontaminate Lactobacillus, which was selected
and validated as the surrogate of L. monocytogenes in the same
study. Two plastic vented bins containing 540 kg of apples were
treated with 5 ppm ozone for 40 min, resulting in more than 1.5
log CFU/apple reductions.

Even though gaseous ozone has been applied under semi-
commercial scale CA cold storage, ozone was found unstable
since it decomposes fast after generation (Brodowska et al., 2018).
In addition, a higher investment in equipment (generator and gas
tanks) is required to set up the ozone system. As a strong oxidizer,
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ozone is more corrosive, particularly on rubber, plastics, and steel
(Smilanick, 2003). In the past, gaseous ozone treatments have
“burned” overexposed apples during long-term storage (Antos
et al., 2018). Therefore, future studies are needed to overcome the
difficulties and apply gaseous ozone to control L. monocytogenes
in CA cold storage.

Hurdle Technology
Hurdle technology combines different methods to preserve a
higher quality of fresh produce for extended shelf-life or to
achieve higher efficacy of bacterial decontamination to enhance
food safety. Studies on the effectiveness of hurdle technology
(gaseous intervention involved) against bacteria on produce are
summarized in Table 2. Gaseous ClO2 (50 mg/L) and sodium
diacetate (200 mg/kg) were combined with CA cold storage
(0 ± 1◦C) of fresh walnuts to control mold during 135 d of
storage. CA cold storage plus ClO2 was the optimal treatment
and kept the quality of fresh walnuts for 135 d at 0 ± 1◦C,
with the lowest mold incidence (5%), the highest firmness
and contents of fat and melatonin, as well as the maximum
peroxidase activity (Ma et al., 2020). Park et al. (2018) reported
a hurdle technology of ClO2 with UV-C radiation to inactivate
L. monocytogenes on spinach leaves and tomato surfaces. The
combination of UVC and 10 ppmv ClO2 were applied on
5 × 2 cm of samples (spinach leaves and tomatoes) for 20 min,
which resulted in 4.32 log CFU/g reductions on spinach leaves
and undetectable on tomato surfaces after treatment. In this
study, the treatments did not significantly (p > 0.05) affect the
color and texture of samples during storage at 7◦C for 7 days.
Therefore, the hurdle technology of multiple decontamination
methods could potentially reduce L. monocytogenes in the apple
packing process.

FEDERAL REGULATIONS

Food Safety Modernization Act
Ready-To-Eat (RTE) foods represent foods that are eaten without
any further processing to reduce the microbiological hazards.
RTE foods that have intrinsic characteristics (such as pH and
water activity) can be natural or processed to prevent the growth
of L. monocytogenes. As one of the RTE foods, apples are naturally
preventing the growth of L. monocytogenes since the pH is less
than 4.4 (U.S. Food and Drug Administration [FDA], 2017b).
U.S. Food and Drug Administration [FDA] (2008) considers
the adulteration of L. monocytogenes on a food product that
contains more than 100 colony forming units (CFU) per gram
of food when an RTE product does not support the growth
of L. monocytogenes (Smith et al., 2018). Additionally, there is
a zero-tolerance of L. monocytogenes if the RTE food supports
L. monocytogenes growth.

Since fresh apples are considered both produce and Raw
Agricultural Commodity (RAC), fresh apple packing house
falls under the FDA Food Safety Modernization Act (FSMA)
Final Produce Safety Rule (PSR). RAC means any food in
its raw or natural state. All fruits, including fresh apples that
are washed, colored, or treated in their unpeeled natural state

prior to marketing, is considered as RAC (U.S. Food and
Drug Administration [FDA], 2008). When a particular RAC
is made into processed food, for example, irradiated papayas,
the PSR applies only when the fresh papaya is a RAC before
irradiation. When signed into law in 2011, FSMA highlighted the
importance of preventive controls to reduce the incidence of food
contamination that can lead to foodborne illness and outbreaks
(U.S. Food and Drug Administration [FDA], 2011).

As a part of FSMA, PSR demonstrates the science-based
requirements throughout the safe growing, harvesting, packing,
and holding of produce grown for human consumption. The final
rule went into effect in 2016. The rule requires the covered farms
to take appropriate actions to minimize the risk of severe health
consequences or death from the exposure to covered produce.
It also requires the necessary prevention of the introduction of
known or reasonably foreseeable hazards into the produce and
providing suitable controls that save the produce from being
adulterated. A Food Safety Plan (FSP), required by the FSMA
Preventive Controls for Human Food (PCHF), documents a
systematic approach to identify the food safety hazards that must
be controlled to prevent or minimize the risk of foodborne illness.
It is challenging for the produce industry to comply with the
requirements since there is no “kill” step to eliminate pathogens.
Therefore, identification of safety hazards and implementation
of sufficient cleaning and sanitation preventive controls (i.e.,
safety interventions) draws great attention (U.S. Food and Drug
Administration [FDA], 2016).

Residue Limits
The major ClO2 disinfectant by-products (DBPs) of concern
are chlorite (ClO2−) and chlorate (ClO3

−) ions, with no
direct formation of organohalogen DBPs. Unlike the other
disinfectants, the major ClO2 DBPs are derived from the
decomposition of the disinfectant as opposed to reaction with
precursors (World Health Organization [WHO], 2000). The
maximum contaminant level (MCL) of chlorite in drinking water,
is 1.0 mg/L (U.S. Environmental Protection Agency [EPA], 2011).

In a recent study, the European Food Safety Authority
investigated the presence of residues of chlorate in food
and drinking water. The data showed that the chlorate
exposure exceeded the tolerable daily intake has negatively
impacted the iodine uptake, especially among infants and
young children. In order to reduce the chlorate levels,
the European Commission published new regulations of
maximum residue levels for chlorate and perchlorate in
foods in the summer of 2020. The maximum allowed
level of chlorate on apples is 0.05 mg/kg. Perchlorate
mainly affects fruits and vegetables. The maximum allowed
level is 0.05 mg/kg. These new regulations highlighted
the importance of monitoring chlorate and perchlorate
residues after chlorine-based sanitation and reducing the
concentration of disinfectant used in or on food products
(European Commission [EC], 2020a,b).

Environmental Protection Agency Final Rule (EPA–HQ–
OPP–2017–0063) was effective on December 26, 2018. 40 CFR
Part 180 (Federal Register Number: 2018-27908) stated that
“Residues of chlorate in or on tomato and cantaloupe are exempt
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TABLE 2 | Hurdle technologies (gaseous intervention involved) for bacteria decontamination on produce.

Interventions Cold storage
highlighted

Food
commodity

Pathogen of
concern

Conditions Generation
method

Sample mass Log reduction Impact on produce
quality

References

Hurdle
technology

Gaseous ozone
(O3) and hot
water

Cantaloupe
melon

Mesophilic bacteria Water (75◦C) + air
dry (15 min) + O3

(10,000 ppm, 30 min,
11◦C, RH = 90–95%)

O3 generator 6 whole melons 3.8 log CFU/g No evidence of damage
in melons treated with hot

water, ozone, or their
combination and they

maintained initial texture
and aroma.

Selma et al.,
2008

Psychrotrophic
bacteria

5.1 log CFU/g

Molds 2.2 log CFU/g

Coliforms 2.3 log CFU/g

Chlorine
dioxide gas
(ClO2) and
aerosolized
peracetic acid
(PAA)

Spinach leaves Escherichia coli
O157:H7

80 ppm PAA + 5/10
ppmv ClO2,

5–20 min, 22 ± 2◦C,
RH = 90 ± 2%

ClO2

generator + a
commercial
ultrasonic
nebulizer

5 × 3 cm in
size

0.9–5.4 log CFU/g Combined treatment of
ClO2 gas (10 ppmv) and

aerosolized PAA (80 ppm)
did not significantly

(p > 0.05) affect the color
and texture of samples

during 7 days of storage.

Park and Kang,
2015

Salmonella
Typhimurium

0.8–5.1 log CFU/g

Listeria
monocytogenes

0.3–4.1 log CFU/g

Tomatoes Escherichia coli
O157:H7

5 × 2 cm
pieces

1.0–5.1 log CFU/g

Salmonella
Typhimurium

0.9–5.2 log CFU/g

Listeria
monocytogenes

0.4–4.5 log CFU/g

ClO2 gas and
freezing

Blueberry Mesophilic aerobic
bacteria (MAB)

ClO2 gas (4 mg/L,
12 h, 12–

14◦C) + processing
+ freezing (-20◦C

quick, intermediate,
slow)

ClO2 sachet 16 lugs of
blueberries

(∼9.1 kg/lug)

2 log CFU/g ClO2 gassing followed by
quick freezing effectively

meets the current
microbiological standards
being imposed by buyers

of frozen blueberries.

Zhang et al.,
2015

Yeasts and molds 1 log CFU/g

ClO2 gas,
ultraviolet-C
(UV-C) light,
and fumaric
acid

Plum Escherichia coli
O157:H7

15–30 ppmv ClO2

gas, 0.5% fumaric
acid, and 10 kJ/m2

UV-C, 5–20 min,
RH = 80%

ClO2 gas
generator + UV

germicidal
lamps

20 ± 0.3 g 4.37–5.48 log CFU/g The optimal treatment
condition does not affect

the quality of plum
samples.

Kim and Song,
2017

Listeria
monocytogenes

5.36–6.26 log CFU/g
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TABLE 2 | (Continued)

Interventions Cold storage
highlighted

Food
commodity

Pathogen of
concern

Conditions Generation
method

Sample mass Log reduction Impact on produce
quality

References

ClO2 gas with
UV-C radiation

Spinach leaves Listeria
monocytogenes

UVC + 10 ppmv
ClO2 gas, 20 min,

22 ± 1◦C,
RH = 90 ± 2%

ClO2

generator + UV
lamp

5 × 2 cm in
size

4.32 ± 0.52 log CFU/g Did not significantly
(p > 0.05) affect the color

and texture of samples
during storage at 7◦C for

7 days.

Park et al.,
2018

Tomato
surfaces

5 × 2 cm
pieces

Not Detectable (ND)

UV + gaseous
O3 + hydrogen
peroxide

Fresh apples Listeria
monocytogenes

UV-C light (54-mJ
cm2 dose), 6% (v/v)
hydrogen peroxide,

2 g/h ozone,
30–120 s, 48◦C,

RH > 85%

UV-C
lamps+ ozone-
emitting lamps
+ vaporizimg

unit

3 apples 3 log CFU/apple NM* Murray et al.,
2018

Gaseous
ClO2 + an
edible coating

Cold storage (6◦C) Cantaloupe Salmonella Gaseous ClO2

(5 mg/L, 4.5 h, 6◦C,
RH = 75%)

+ NatureSeal edible
coating (NS) + cold

storage (4◦C)

ClO2 generator 10 whole
cantaloupes

Negative for Salmonella
after 21 days of storage

(detection
limit = 2 CFU/g)

For the sensory quality
parameters analyzed
(color, water loss, and
texture), the samples

treated with NatureSeal
had significantly better

quality (p > 0.05) than did
the control samples.

Alicea et al.,
2018

Gaseous
ClO2 + cold
storage

Cold storage (2◦C) Kiwifruit Total bacteria ClO2 (30 mg/L,
30 min, RH = 75–
80%) + 2 ± 1◦C

ClO2 generator 270 fruits 1 log CFU/g Decay incidence and
growth of

microorganisms reduced,
and the ripening process

retarded.

Park et al.,
2019

Total yeasts 1.4 log CFU/g

Total molds 0.6 log CFU/g

Gaseous
O3 + UV-C

Persimmon
fruits

Fungi O3 (9.81 mg/m3,
1–24) + UV-C
(24 cm, 0.5 h)

Activated
oxygen

generator

6 fruits 99.58–100% killing rate This non-thermal
sterilization could alleviate

astringency but hadn’t
significant effects on

other properties,
including color, moisture
content, water activity,

and protopectin.

Chen et al.,
2020

Gaseous
ClO2 + cold
storage

Cold storage (2◦C) Jujube fruit Total bacteria 10, 30, 50 mg/L,
2 ± 1◦C, RH = 80%

ClO2 generator 5 kg (35 fruits
per sample)

1.1 log CFU/g An obvious increase in
quality.

Park et al.,
2020

Total yeasts and
molds

Significantly reduced
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TABLE 2 | (Continued)

Interventions Cold storage
highlighted

Food
commodity

Pathogen of
concern

Conditions Generation
method

Sample mass Log reduction Impact on produce
quality

References

Gaseous ClO2 and
sodium diacetate
(SDA)

Controlled atmosphere
(CA) cold storage (2%
O2 + 25% CO2, 0◦C)

Fresh walnuts Mold CA + 50 mg/L ClO2,
0 ± 1◦C, 135 d,
RH = 70–80%

ClO2

powder+water
200 fresh nuts Mold in the CA + SDA,

and CA + ClO2

treatments were not
detected until day 135

CA + ClO2 was the
optimal treatment and

kept the quality of fresh
walnuts for 135 d at

0 ± 1◦C, with the lowest
mold incidence (5%), the

highest firmness, and
contents of fat and

melatonin, as well as the
maximum POD activity.

Ma et al., 2020

CA + 200 mg/kg
SDA, 0 ± 1◦C, 135
d, RH = 70–80%

Directly
purchased

Gaseous
ClO2 + moisture
+ mild heat

Almond Salmonella ClO2 (20-g precursor
dose) + moisture

content (7%) + mild
heat (40 ± 1.5◦C),

1–4 h

ClO2 sachet 400 g 2.0 log CFU/g No visual damages were
observed on almonds

post-treatment

Rane et al.,
2021

Enterococcus
faecium NRRL

B-2354

1.6 log CFU/g

Gaseous O3

+ ultrasonic-
assisted
aerosolization
sanitizer

Lettuce Escherichia coli
O157:H7

Gaseous O3 (4 and
8 ppm,

3 min) + sodium
hypochlorite (SH, 100
and 200 ppm)/acetic

acid (AA, 1% and
2%)/lactic acid (LA,

1% and 2%)

Ozone
generator
+ ultrasonic-

assisted
nebulizer

10 g 0.7 log CFU/g Quality analysis indicates
that LA + 8 ppm ozone
and SH + 8 ppm ozone
did not negatively affect

color, polyphenolic
content, weight loss, and

sensory properties;
however, the levels of two

individual phenolic
responsible for

phenylpropanoid
synthesis were

significantly increased
after treatment with 2%

LA + 8 ppm ozone.

Wang et al.,
2021

Salmonella
Typhimurium

0.75–1.28 log CFU/g

Listeria
monocytogenes

0.58 log CFU/g

Gaseous ClO2 + 1-
methylciclopropene
(1-MCP)

Cold storage (4◦C) Sweet cherry Fungi ClO2 (30
µL/L) + 1-MCP (1
µL/L), 24 h, 4◦C

Release from
solid

ClO2 + release
from 1-MCP

powder
formulation

4 kg 11.7% decay incidence
(more than 38.9%

decrease)

Better improve the
postharvest quality of

sweet cherry fruit.

Zhao et al.,
2021

*NM: not mentioned.
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from the requirement of a tolerance when resulting from the
application of gaseous chlorine dioxide as a fungicide, bactericide,
and antimicrobial pesticide,” which allows for the expanded use of
gaseous ClO2 on fresh produce. Other food commodities might
be exempted with more data and scientific support in the future
(U.S. Environmental Protection Agency [EPA], 2018).

Organic Production and Handling
The U.S. Department of Agriculture (USDA) has established
a National Organic Program (NOP) rule to enforce organic
production and handling requirements. The NOP provides
the guidance of “The Use of Chlorine Materials in Organic
Production and Handling” to state that approved chlorine
materials may be utilized in direct contact with organic
production according to label directions. Allowed chlorine
materials in organic production are calcium hypochlorite,
ClO2, and sodium hypochlorite. Chlorine use must be
immediately followed by a rinse sufficient to reduce
chlorine levels on the product to potable water levels at
the maximum residual disinfectant level of 4 mg/L for
chlorine (as Cl2) and 0.8 mg/L for ClO2, which is currently
established by the Environmental Protection Agency (EPA)
at 40 CFR 141.2, 141.65 (U.S. Department of Agriculture
[USDA], 2011; U.S. Environmental Protection Agency [EPA],
2011).

However, ClO2 is currently allowed for use in liquid solution
in crop production as a preharvest algicide, disinfectant, and
sanitizer, including in irrigation system cleaning systems (7
CFR 205.601(a)(2)(ii)); in organic livestock production for use
in disinfecting and sanitizing facilities and equipment (7 CFR

205.603 (a)(7)(ii)); and in organic handling for disinfecting
and sanitizing food contact surfaces (7 CFR 205.605(b)).
For these uses, residual chlorine levels in the water cannot
exceed the maximum residual disinfectant limit under the Safe
Water Drinking Act. A petition was submitted to NOP to
extend the use of ClO2 in gaseous form for the antimicrobial
treatment of products labeled “organic” or “made with organic
[specified ingredients or food group(s)]” in 2015. This petition
was transmitted to National Organic Standards Board (NOSB) in
U.S. Department of Agriculture [USDA] (2018).

The current regulation status indicates that ClO2 in its
liquid form under the guidance has been considered organic
production, whereas in its gaseous form has not yet been
approved. More studies on gaseous ClO2 and the demand for
higher efficacy sanitation from the food industry may facilitate
the approval of the petition.

O3, as one of the approved chemicals for use in organic
postharvest systems, is considered GRAS (Generally Recognized
as Safe) for produce and equipment disinfection. Exposure limits
for worker safety apply (U.S. Department of Agriculture [USDA],
2011). The Occupational Safety and Health Administration
(OSHA) regulates employee exposure to O3 gas through its
Air Contaminants Standard, 29 CFR 1910.1000. The permissible
exposure limit (PEL) is an 8-h, time-weighted average value of 0.1
part of O3 per million parts of air (ppm) (Occupational Safety and
Health Administration [OSHA], 1994).

CONCLUSION

During the postharvest packing process, a heat-based lethal
treatment cannot be applied to fresh produce like apples. As
a persistent and pathogenic microorganism, L. monocytogenes
has caused high risk contamination in fresh produce packing
facilities in previous outbreaks. The current packing process
mostly relies on postharvest washing has been reported to be
insufficient for produce decontamination. Additionally, the long-
term CA cold storage of fresh apples provides optimal conditions
for Listeria growth and persistence. Therefore, potential safety
interventions to inactivate L. monocytogenes during cold storage
are in great need.

Waterless safety intervention and hurdle technology can be
future directions to help improve the apple decontamination
efficiency. Water treatment has brought numerous problems like
reacting with organic loads, cross-contamination, and abundant
water usage. In comparison, waterless treatments may avoid the
problems and increase the effectiveness of the antimicrobials.
However, waterless interventions might have different problems
like residue allowance, workers’ safety concerns, etc. The related
regulations are still undergoing review. Both water and waterless
treatments lack methodological standards, making it hard to
compare data from different studies.

The integration of gaseous ClO2 into industrial CA cold
storage offers critical food safety benefits for fresh apples by
reducing the risk of pathogen contamination during storage.
But it is necessary to ensure that ClO2 does not induce any
lenticel breakdown nor bitter pit symptoms. Since the lenticels
can harbor bacteria, thus protecting them from antimicrobial
interventions, the gas interventions should inactivate pathogens
without causing tissue damage. The overall fruit quality after
gaseous ClO2 treatment needs to be inspected for any negative
impact. Dry media generation of ClO2 avoids overdosing
through control-released technology. However, there is a lack
of knowledge with regards to the optimum initial dose
to prevent any damage to the fruits. In addition, recent
studies have concluded that a slow controlled release of ClO2
using dry precursors resulted in undetectable amounts of
chlorate and chlorite residues (Smith and Scapanski, 2020).
The lack of chemical residue is very important in order
to maintain industry standards. The new commercial-scale
integration system could augment GMP safety plans by
reinforcing critical control points that rely heavily on postharvest
washing. Apple growers and processors can use this in a
storage decontamination step as part of the hurdle technology
safety plans, helping to secure food safety and reduce food
waste and economic losses. Therefore, gaseous ClO2 integrated
into CA cold storage of fresh apples can potentially control
L. monocytogenes.

Significant research is still greatly needed to develop
effective methods to reduce microbial loads on fresh apples.
Critical aspects, including surface characteristics of apples,
commercial-scale validation of the intervention, intervention
implementation/integration to the current existing apple packing
process, and the impact of the interventions on final apple quality,
should be taken into consideration.
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Grapes harbour a plethora of non-conventional yeast species. Over the past 

two decades, several of the species have been extensively characterised and 

their contribution to wine quality is better understood. Beyond fermentation, 

some of the species have been investigated for their potential as alternative 

biological tools to reduce grape and wine spoilage. However, such studies 

remain limited to a few genera. This work aimed to evaluate the antagonistic 

activity of grape must-derived non-conventional yeasts against Botrytis cinerea 

and non-Botrytis bunch-rotting moulds and to further elucidate mechanisms 

conferring antifungal activity. A total of 31 yeast strains representing 21 species 

were screened on different agar media using a dual culture technique and 

liquid mixed cultures, respectively. Pichia kudriavzevii was the most potent 

with a minimum inhibitory concentration of 102 cells/mL against B. cinerea 

but it had a narrow activity spectrum. Twelve of the yeast strains displayed 

broad antagonistic activity, inhibiting three strains of B. cinerea (B05. 10, 

IWBT FF1 and IWBT FF2), a strain of Aspergillus niger and Alternaria alternata. 

Production of chitinases and glucanases in the presence of B. cinerea  

was a common feature in most of the antagonists. Volatile and non-volatile 

compounds produced by antagonistic yeast strains in the presence of  

B. cinerea were analysed and identified using gas and liquid chromatography 

mass spectrometry, respectively. The volatile compounds identified belonged 

mainly to higher alcohols, esters, organosulfur compounds and monoterpenes 

while the non-volatile compounds were cyclic peptides and diketopiperazine. 

To our knowledge, this is the first report to demonstrate inhibitory effect of the 

non-volatile compounds produced by various yeast species.
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Introduction

Grape berries harbour a complex microbial community 
comprising myriads of yeast, bacterial and mould species, that 
play pivotal roles in grape quality and wine production (Varela 
and Borneman, 2017; Liu et al., 2020; Griggs et al., 2021). Within 
this community, some environmental bacteria as well as moulds 
are known to flourish on grape berries (Barata et  al., 2012). 
Moulds may exist on grapes either as saprophytes and 
opportunistic pathogens or as obligate parasites. For instance, 
Botrytis cinerea, Rhizopus spp., Penicillium spp., Aspergillus spp., 
as well as Alternaria alternata are associated with grape rot. 
B. cinerea is a widely described causative agent of grey rot while 
Aspergillus niger and A. alternata are associated with black rot 
(Steel et al., 2013). Yeasts, lactic acid bacteria as well as acetic acid 
bacteria influence wine aroma and flavour. In particular, yeasts are 
key drivers of the alcoholic fermentation process, however, some 
basidiomycetous yeasts such as species of the genera Rhodotorula, 
Cryptococcus, Filobasidium, Sporobolomyces as well as 
ascomycetous yeasts of the genera Candida, Metschnikowia, 
Zygoascus and Pichia which are oxidative or weakly fermentative 
do not thrive in a wine fermentation environment (Barata 
et al., 2012).

Grape and grape must-associated yeasts have widely been 
studied to decipher their role in wine fermentation and their 
contribution to wine organoleptic properties. Such studies have 
resulted in commercialisation of non-Saccharomyces yeasts 
including Lachancea thermotolerans, Torulaspora delbrueckii, 
Metschnikowia pulcherrima and Pichia kluyveri to name a few 
(Vejarano and Gil-Calderón, 2021). However, more than 40 yeast 
species have been isolated from grape and wine fermentation 
environments (Jolly et al., 2014) and recent studies show that some 
of these have great potential as bioprotectants and biocontrol 
agents against spoilage organisms (Kuchen et al., 2019; Mewa-
Ngongang et al., 2019a) and phytopathogens (Bleve et al., 2006; 
Nally et al., 2015; Cordero-Bueso et al., 2017; Mewa-Ngongang 
et al., 2019b; Marsico et al., 2021; Sabaghian et al., 2021). The most 
frequently reported yeast antagonists include mainly strains 
belonging to the Metschnikowia pulcherrima, Hanseniaspora spp., 
Pichia spp. e.g., teleomorph Meyerozyma (Pichia) guilliermondii, 
as well as strains of Wickerhamomyces anomalus, Aureobasidium 
pullulans (yeast-like fungus) and Meyerozyma guilliermondii 
(Parafati et al., 2015; di Francesco et al., 2016; Cordero-Bueso 
et al., 2017; Chen et al., 2018; Pereyra et al., 2021).

Yeasts have been shown to express various mechanisms in 
antagonistic interactions. These include competition for space and 
nutrient (Parafati et  al., 2015), secretion of extracellular lytic 
enzymes such as protease, glucanase and chitinase (Cordero-
Bueso et  al., 2017; Agarbati et  al., 2022) and volatile organic 
compounds (Fredlund et al., 2004; Cordero-Bueso et al., 2017; 
Mewa-Ngongang et al., 2019b). Amongst the VOCs esters and 
higher alcohols such as ethyl acetate, phenyl acetate, isoamyl 
alcohol, benzyl alcohol, isoamyl octanoate, 2-methyl-1-propanol 
and 2-phenylethanol, have been implicated in inhibitory activities. 

These compounds are reported to suppress conidia germination 
and mycelium growth of B. cinerea and most of Penicillium spp. 
under both in vitro and in vivo conditions (Chen et al., 2018; Oro 
et al., 2018; Choińska et al., 2020; Piasecka-jo and Choin, 2020; 
Yalage Don et al., 2020). Antifungal activity is however strain 
dependent and therefore necessitates a screening of a myriad of 
isolates and strains of different origins in order to find strains with 
broad specificity.

Several biocontrol agents or products such as Aspire® 
(Candida oleophila), Candifruit® (Candida sake), Shemer® 
(Metschnikowia fructicola) and BoniProtect® (Aureobasidium 
pullulans) consisting of yeast or yeast-like fungi as active 
ingredients have been registered and made it to the market 
(Pretscher et al., 2018; Freimoser et al., 2019; Zhang et al., 2020). 
However, sustainable production and application of some of these 
were not realised and they were ultimately withdrawn from the 
market (Zhang et al., 2020). Some of the key limitations for wide 
use of biocontrol agents include narrow spectrum of activity, 
reduced efficacy in commercial and field conditions (Zhang et al., 
2020). Traditionally, grey rot and other grapevine pathogens are 
controlled with the use of synthetic fungicides which have 
preventive and curative effects. While these fungicides have 
sustained grape and wine production for centuries, their 
application in vineyards may result in environmentally harmful 
residues (Ons et al., 2020; Schusterova et al., 2021). Moreover, 
application of such fungicides is not permissible within a 30-day 
period prior to harvest (Abbey et al., 2019; Ons et al., 2020; Zhang 
et al., 2020). Consequently, integrating grape and must derived 
yeasts with antifungal activity against several phytopathogens, to 
complement routine vineyard spray programs remains an 
attractive alternative that deserves in-depth exploration (di Canito 
et al., 2021; Lahlali et al., 2022).

Over the past decade, a wide range of oxidative and weakly 
fermentative non-conventional yeasts have been isolated and 
identified from South  African vineyards (Setati et  al., 2012; 
Bagheri et al., 2015; Ghosh et al., 2015; Shekhawat et al., 2018). 
While some of the isolates have been evaluated for their 
oenological traits (Rossouw and Bauer, 2016; Rollero et al., 2018; 
Porter et  al., 2019), their biotechnological potential remains 
largely untapped. This study aimed to unravel the antifungal traits 
of non-conventional yeasts derived from wine grapes and must. 
The expression of antifungal activity in vitro and on grape berries 
was assessed.

Materials and methods

Microbial strains and culture media

Yeast strains isolated from grape must were obtained from the 
culture collection of the South African Grape and Wine Research 
Institute (SAGWRI), Stellenbosch University. Thirty-one strains 
(Supplementary Table S1) were routinely grown and maintained 
on Wallerstein Nutrient (WLN) agar (Merck Millipore, 
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South Africa). For long-term storage, the strains were stored at 
−80°C in 25% (v/v) glycerol in cryogenic tubes. Three strains of 
B. cinerea, laboratory strain (B05. 10), grape strains (IWBT FF1 
and IWBT FF2) isolated from Cabernet Sauvignon grapes 
obtained from Thelema Mountain vineyard, South  Africa 
(33°54′46.1′S 18°56′30.7′E), one strain of Aspergillus niger and 
Alternaria alternata isolated from soil collected from Stellenbosch 
University’s Welgevallen experimental farm (33°57′03.0′S 
18°52′05.6′E), were used in this study. Filamentous fungal cultures 
were revived on Malt Extract agar (MEA; Merck Millipore, 
South  Africa) containing 2% (w/v) bacteriological agar. Yeast 
inoculums were prepared from overnight cultures grown in 5 ml 
YPD broth containing per litre (10 g yeast extract, 20 g peptone 
and 20 g glucose). Fresh yeast cultures were collected by 
centrifugation at 10,625 g for 5 min and washed twice with sterile 
0.9% (w/v) NaCl solution. The yeast suspensions were adjusted to 
OD600 0.1 (≈ 106 CFU/ml) using 0.9% (w/v) NaCl.

In vitro screening for yeast antagonistic 
activity

Dual culture plate assay
Antifungal activity of 31 yeast strains (Supplementary Table S1) 

was tested against three strains of B. cinerea (B05. 10, IWBT FF1) 
and IWBT FF2, A. niger (IWBT FF3) and A. alternata (IWBT FF4) 
by in vitro assay on MEA and low glucose (0.2% w/v) YPD agar 
referred to as YPD-L from hereon. Three replicate plates were 
prepared for each yeast. For the screening, 6 × 6 mm2 agar plugs of 
the filamentous fungi were obtained from the margins (active 
growth zone) of young mycelia grown on MEA and inoculated 
face-down onto fresh agar at a distance of 27 mm away from the 
Petri dish edge (Standard 90 mm Petri dishes, Sigma-Aldrich, 
South Africa). Twenty microliter of yeast suspension (≈ 106 cells/
ml) was inoculated 30 mm away from the fungal plug on the 
opposite side of the plate. Negative control plates were only 
inoculated with the filamentous fungi. A strain of the yeast-like 
fungus Aureobasidium pullulans W32 was used as a positive 
control as multiple strains of this fungus have been shown to 
inhibit B. cinerea (Yalage Don et  al., 2020). The plates were 
incubated for 5 days at 25°C in the dark for B. cinerea strains 
experiments and under standard light conditions for A. niger and 
A. alternata. Mycelial growth was observed and images were 
captured to record the growth. The inhibition percentage was 
calculated as [(Rc–Rexp)/Rc] × 100%, where Rc represents the longest 
distance of fungal mycelium from the inoculated fungal plug and 
Rexp is the horizontal distance from the inoculated fungal plug 
towards the yeast colony, which shows the inhibitory effect (Chen 
et al., 2018; Figure 1).

Liquid co-culture assay
To determine whether yeast antifungal activity varied between 

culture conditions, liquid co-culture assays were conducted. 
Ten microliter of yeast suspension (≈ 106 cells/mls) and of the 

spore suspension (≈ 106 spores/ml) of each pathogen (B. cinerea, 
A. niger and A. alternata) were inoculated into 24-well plates 
containing 2 ml of malt extract broth. The cultures were incubated 
at 25°C for 5 days. Microscopic observations of 20 μl wet mounts, 
were conducted to assess hyphal formation. Five fields on each 
slide were assessed and images were captured at 40, 100 and 
400x magnification.

After the initial screening, yeast species with antifungal 
activity against the tested pathogens were selected and investigated 
for their Minimum inhibiting concentration (MIC) and 
production of cell wall lytic enzymes.

Determining modes of action

Evaluation of minimum inhibiting 
concentration

Minimum yeast cell concentration necessary to inhibit the 
growth of B. cinerea was investigated on yeast strains that 
displayed inhibition on plates and in liquid co-culture conditions 
against all the pathogens tested in this study. Fresh yeast cultures 
were inoculated in YPD broth and grown overnight at 25°C. For 
each yeast strain tested, malt extract broth and YPD agar plates 
were inoculated with cell suspensions from 102 to 106 cells/ml. Ten 
microliter of B. cinerea IWBT FF1 spore suspensions (~ 106 
spores/ml) were inoculated on the centre of the Petri dish and into 
2 ml malt extract broth in 24-well plates. A negative control with 
B. cinerea spore suspension was also prepared. The plates were 
incubated at 25°C for 5 days. The results were considered positive 

FIGURE 1

A representation of the dual culture assay showing yeast 
antifungal activity against Botrytis cinerea and how the inhibition 
was measured. Rc represents the longest distance of fungal 
mycelium growth from the inoculated fungal plug and Rexp is the 
horizontal distance from the inoculated fungal plug towards the 
yeast colony.
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when no or limited B. cinerea mycelial formation was observed. 
The experiment was conducted in three replicates. The MIC was 
recorded as the lowest yeast cell concentration required to inhibit 
B. cinerea mycelial growth.

Screening yeasts for chitinase and glucanase 
production

Preparation of colloidal chitin

Colloidal chitin was prepared according to the method 
described by Agrawal and Kotasthane (2012). Briefly, 20 g of chitin 
(chitin from shrimp cells-Sigma-Aldrich, South  Africa) was 
dissolved in 350 ml cold 12 M HCl overnight at 4°C with 
continuous mixing on a magnetic stirrer plate, followed by 
extraction with 2,000 ml of ice-cold 95% ethanol and an overnight 
incubation at 25°C. The precipitate was centrifuged at 1,479 g for 
20 min at 4°C. The pellet was washed with sterile distilled water 
three times and centrifuged at 1,479 g for 5 min at 4°C till the acid 
and ethanol were completely washed-off. The colloidal chitin 
obtained had a soft, pasty consistency with 90–95% moisture and 
was stored at 4°C until further use.

Hydrolytic enzyme production

In order to determine if the yeasts in the current study 
produced chitinases and β-1,3-glucanases as part of their 
antagonistic activity, dual culture plate assay were performed on 
agar supplemented with appropriate substrates. The protocol was 
adopted from Chen et al. (2018) and was adjusted by excluding 
the mineral salts from the media composition. Chitinase 
production was determined on YPD-L agar supplemented with 
0.45% (w/v) colloidal chitin and 0.15 g/l bromocresol purple. The 
medium was adjusted to pH 4.7 with 1 M HCl and autoclaved. 
Glucanase activity was screened on a medium containing 0.5% 
(w/v) yeast extract, 1% (w/v) peptone and 0.2% (w/v) laminarin 
(Merck Millipore, South Africa), medium was adjusted to pH 4 
with HCl (1 M) and mixed with bacteriological agar to a final 
concentration of 2% (w/v) after autoclaving (Ghosh et al., 2015). 
The plates were inoculated and incubated as described in the in 
vitro dual assay. Chitinase activity was detected by the formation 
of a purple zone around the yeast colony, while glucanase activity 
was visualised by staining the laminarin plates with 0.1% (w/v) 
Congo red for 1 h, followed by de-staining with 1 M NaCl till a 
clear zone around the yeast colony was observed (Ghosh et al., 
2015; Chen et al., 2018). The inhibition percentage was measured 
using [(Rc–Rexp)/Rc] × 100%. All the measurements were done on 
triplicate plates. Enzyme production was recorded as either weak 
or strong depending on the inhibition percentage (Table 1).

Hyphal structure phenotype of Botrytis cinerea
Botrytis cinerea and yeasts co-cultured for 5 days at 25°C on 

YPD-L agar were directly used for confocal microscopy analysis. 
After incubation, all the mycelium directly next to the inhibition 
zone were collected into an Eppendorf tube and washed with 1 ml 
phosphate-buffered saline (PBS; pH 7.4; Na2HPO4; Merck Millipore, 

South Africa). To measure chitin level, the hyphae were stained with 
10 μl calcofluor white (Merck Millipore, South  Africa) after the 
addition of 10 μl of 10% KOH (Merck Millipore, South Africa). For 
glucan content, the hyphae were stained with trypan blue (Merck 
Millipore, South  Africa). Z-sectioning image acquisition was 
performed on a Carl Zeiss confocal laser scanning microscope 
(LSM) 780 Elyra S1 with super resolution structured illumination 
microscopy (SR-SIM super resolution) platform. Z-series images 
were taken at 0.5 μm intervals through the specimens. The excitation 
laser used was the violet laser with 407-nm wavelength, and the 
emission filter used was the Pacific Blue channel with a 450/40 band-
pass filter for calcofluor white and trypan blue stained cells. Images 
were processed and background subtracted using the Zeiss Zen lite 
2011 software and presented in a maximum-intensity projection.

For further investigation, yeasts with broad spectrum activity 
were selected and analysed for the production of VOCs and 
non-volatile compounds.

Volatile organic compounds production
Experimental set up for SPME automated sampling of VOCs 

and analysis was done according to Yalage Don et al., 2020. Two 
layers of sterile YPD-L (1.5 ml) were prepared by pouring 1.5 ml of 
the agar on opposite sides of the vial as illustrated in Figure 2. For 
inoculation, B. cinerea IWBT FF1 spore suspension was prepared 
in sterile distilled water (106 spores/ml, 10 μl) and spread on one side 
of the vial using a 10 μl inoculation loop (LP ITAKIAN SPA, Milan, 
Italy) then incubated for 48 h at 25°C, after which the yeast cell 
suspension (≈ 106 cells/ml, 10 μl) prepared in 0.9% (w/v) NaCl was 
spread on the opposite side of the vial. The vials were incubated for 
a further 10 days. Control vials were inoculated with either B. cinerea 
spore suspension or a yeast cell suspension. Four replicates were 
performed for each antagonist-pathogen combination and controls.

Sample preparation for VOCs analysis (HS-SPME–GC–

MS)

Prior to GC–MS analysis, 50 μl of a 10 ppm Anisole d8 
solution was added to the centre of each vial as an internal 

TABLE 1 Exemplar images of the chitinase and glucanase plate 
screening showing yeast and Botrytis cinerea growth, enzyme 
production and weak or strong inhibition zone.

Enzyme

Chitinases

β-1,3-Glucanases
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standard. The vials were incubated in the autosampler at 50°C for 
5 min, after which a 50/30 μm divinylbenzene/carboxen/
polydimethylsiloxane (DVB/CAR/PDMS) SPME fibre (Supelco, 
Bellafonte, PA, United States) was exposed to the headspace of the 
vial for 30 min at the same temperature. After equilibration, the 
fibre was injected onto the injector at 250°C, and 10 min were 
allowed for desorption of the compounds.

Chromatographic conditions

Analysis of VOCs was performed on an Agilent Gas 
Chromatography, model 6,890 N (Agilent, Palo Alto, CA, 
United  States), coupled with an Agilent mass spectrometer 
detector (MS), model 5975B Inert XL EI/CI (Agilent, Palo Alto, 
CA, United  States) equipped with a CTC Analytics PAL 
autosampler. The chromatographic separation of compounds was 
performed on a polar J&W DB-FFAP (60 m, 0.25 mm i.d., 0.5 μm 
film thickness) capillary column. The oven temperature program 
was set as follows: 40°C held for 1 min, then ramped up to 150°C 
at 25°C/min and held for 3 min, and again ramped up to 200°C 
at 5°C/min and held for 5 min, and finally up to 250°C at 5°C/
min and held there for 2 min. The total run time was 30.54 min. 
Helium at a constant flow rate of 1.0 ml/min was used as a carrier 
gas. The injector operated in a split-less mode maintained at 
250°C throughout the analysis. Both the purge flow and gas saver 
flow were activated at 50 ml/min for two and 5 min, respectively. 
The MS-detector was operated in single ion monitoring (SIM) 
mode. The ion source and quadrupole temperatures were 
maintained at 230°C and 150°C, respectively, with the transfer 
line set at 250°C. Compounds were identified using GC–MS 
retention times and cross-referencing their mass spectra with the 
NIST05 spectral library.

Extraction and analysis of non-volatile 
compounds

Non-volatile metabolites were extracted following a method 
described by Sasidharan et al. (2012). The antagonist yeast was 
co-cultured with B. cinerea IWBT FF1 in a 24-well plate containing 
2 ml malt extract broth. Controls were prepared by growing 
B. cinerea and the yeasts in monocultures. Cultures were incubated 
at 25°C for 5 days. After incubation, 0.5 ml samples were collected 
and transferred into 0.5 ml of freshly prepared N-ethylmaleimide-
methanol (NEM) solution (4 mM) kept in 1.5 ml screw cap tubes 
equilibrated using dry ice. The cultures were pelleted by flash 
centrifugation for 2 min (20,000 g; −9°C) and the supernatant 
containing the extracellular metabolites was transferred into new 
microcentrifuge tubes and stored at −80°C till analysis. Prior to 
analysis, samples were transferred to an LC vial, and all the vials 
were stored at −80°C for LC–MS analysis.

Liquid chromatography–mass spectrometry analysis

A Waters Synapt G2 Quadrupole time-of-flight (QTOF) mass 
spectrometer (MS) connected to a Waters Acquity ultra-performance 
liquid chromatograph (UPLC; Waters, Milford, MA, United States) 
was used for high-resolution UPLC-MS analysis. Column eluate first 
passed through a Photodiode Array (PDA) detector before going to 
the mass spectrometer, allowing simultaneous collection of UV and 
MS spectra. Electrospray ionisation was used in negative mode with 
a cone voltage of 15 V, desolvation temperature of 275°C, desolvation 
gas at 650 l/h, and the rest of the MS settings optimised for best 
resolution and sensitivity. Data were acquired by scanning from m/z 
150 to 1,500 m/z in resolution mode as well as in MSE mode. In MSE 
mode two channels of MS data were acquired, one at a low collision 
energy (4 V) and the second using a collision energy ramp (40–100 V) 
to obtain fragmentation data as well. Leucine enkephalin was used as 
lock mass (reference mass) for accurate mass determination and the 
instrument was calibrated with sodium formate. Separation was 
achieved on a Waters HSS T3, 2.1 × 100 mm, 1.7 μm column. An 
injection volume of 2 μl was used and the mobile phase consisted of 
0.1% formic acid (solvent A) and acetonitrile containing 0.1% formic 
acid as solvent B. The gradient started at 100% solvent A for 1 min and 
changed to 28% B over 22 min in a linear way. It then went to 40% B 
over 50 s and a wash step of 1.5 min at 100% B, followed by 
re-equilibration to initial conditions for 4 min. The flow rate was 
0.3 ml/min and the column temperature was maintained at 
55°C. Compounds were quantified in a relative manner against a 
calibration curve established by injecting a range of catechin standards 
from 0.5 to 100 mg/l catechin. Data was processed using MSDIAL and 
MSFINDER (RIKEN Centre for Sustainable Resource Science: 
Metabolome Informatics Research Team, Kanagawa, Japan).

Grape bioassay

For the in vivo test, yeast strains that proved to be the most 
effective antagonists against all the pathogens investigated in this 
study were selected and assessed for their Inhibitory activity on 

FIGURE 2

Headspace vial with YPD-L agar for automated sampling of 
volatile organic compounds produced by antagonistic yeasts in 
the presence of Botrytis cinerea IWBT FF1.
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grapes. Early sweet seedless white grapes (Vitis vinifera) were 
obtained from a local supermarket (Stellenbosch). Grape berries 
surface was disinfected by soaking grapes in 1% (v/v) sodium 
hypochlorite solution for 5 min and rinsed three times with sterile 
distilled water. The water was allowed to dry prior to the next step. 
Grapes were uniformly wounded with a sterile needle (< 1 mm 
diameter per wound) and allowed to dry prior to yeast treatments. 
Yeast cell and spore suspensions were prepared as previously 
described. For preventive treatments, wounded grapes were 
inoculated with 20 μl (≈ 106 cells/ml) of various yeast suspension 
using a micropipette and incubated 24 h at 25°C. Subsequently, the 
berries were inoculated with 20 μl (≈ 106 spores/ml) of B. cinerea 
IWBT FF1. The berries were incubated at 25°C and to maximise 
the attainment of a higher level of humidity, a heavily wet piece of 
paper towels was placed in each closed airtight container (Dixie 
injection & Blow moulders, South Africa). Negative controls (six 
berries each) were prepared by inoculating the fungal spores on 
the wounded berries without yeast cells. The antagonistic 
properties of the selected yeast species were analysed visually by 
assessing the grape colour changes and fungal development on 
treated berries. The disease severity was evaluated by a visual score 
of 1-to-4 (1: no visible symptoms; 2: soft rot; 3: formation of 
mycelium; 4: sporulation of mould).

Statistical analysis

Data are expressed as mean ± standard deviation (SD). The 
significance of differences between each experiment and control 
was determined in XLSTAT software. p ≤ 0.05 was considered 
statistically significant (Data analysis and Statistical Solution for 
Microsoft Excel, Addinsoft, Paris, France 2022).

Results

Mycelial growth inhibition and cell wall 
hydrolases

Thirty-one yeast strains isolated from grape must were 
obtained from the SAGWRI culture collection and screened for 
antifungal activity against B. cinerea, A. niger and A. alternata. 
Twenty-three strains representing 15 species displayed varying 
inhibitory activity against the fungal pathogens in dual plate 
assays (Table 2). All the antagonistic strains also inhibited growth 
of the filamentous fungi in liquid cultures. This was evidenced by 
absence or limited formation of hyphae in the cultures when 
visualised under the microscope (Supplementary Figure S1). 
Among the 23 strains, 12 exhibited broad antagonistic activity 
inhibiting three strains of B. cinerea, as well as the strain of A. niger 
and A. alternata, while 11 had narrow-spectrum activity. Higher 
inhibition percentages were mostly recorded against B. cinerea 
B05.10 than the two grape strains (Figure 3). Furthermore, within 
the species, different yeast strains exhibited varying inhibition 

capabilities. For instance, among the Wickerhamomyces anomalus 
strains, Y934 displayed similar inhibition levels for all B. cinerea 
strains, while Y517 and Y541 were more inhibitory against B05.10 
and IWBT-FF2. Similarly, intraspecific variabilities were observed 
with Candida oleophila and Zygoascus meyerae (Figure 3). Pichia 
kudriavzevii Y508 exhibited the lowest MIC of 102 cells/ml 
followed by W. anomalus strains (Y541, Y517 and Y934) and 
C. oleophila Y964 at 103 cells/ml, while for most strains an MIC of 
104 cells/ml was observed (Table 2).

Following the initial screening on agar plates and liquid 
media, yeasts that inhibited the growth of all the pathogens 
were selected and investigated for the production of cell wall 
hydrolytic enzymes, volatile and non-volatile compounds. 
Overall, inter- and intra-specific variations in chitinase and 
glucanase production was observed (Table 2). For instance, 
within the genus Pichia, strong chitinase-associated inhibition 
was evident in Hyphopichia burtonii (formerly Pichia burtonii) 
and P. guilliermondii, while in P. kudriavzevii, P. manshurica 
and P. occidentalis this activity was weak. Within the 
W. anomalus species, all strains exhibited strong chitinase 
activity but only strain Y541 exhibited strong glucanase 
activity. Similarly, with Zygoascus meyerae, two strains 
displayed weak chitinase while all three strains had strong 
glucanase activity.

Selected yeast strains were co-cultured with B. cinerea and the 
hyphal chitin and glucan levels were assessed using a confocal 
microscope following staining with calcofluor white and trypan 
blue. Overall, huge variations were observed in the hyphal chitin 
and glucan levels, but tendentially a decrease was evident in the 
hyphae from the mycelia exposed to the antagonistic yeast 
(Table  3). In particular, B. cinerea hyphae from the mycelia 
exposed to W. anomalus Y541 and W. anomalus Y934 showed 
significant reduction in chitin levels, while a significant reduction 
in glucan levels was observed in the mycelia exposed to 
W. anomalus Y541 and W. anomalus Y517.

Volatile organic compounds production

In order to determine whether the production of VOCs was 
involved in the inhibition of growth of B. cinerea IWBT FF1 by 
selected yeast strains (W. anomalus Y541, Y517, Y934, 
L. elongisporus Y929 and H. pseudoburtonii Y963), SPME-GC–MS 
was conducted after 10 days of incubation confrontation cultures. 
A total of 29 compounds were detected and identified, however, 
only 13 were consistent across replicates (Figure 4). These include 
higher alcohols, aldehydes, esters, organosulfur compounds, 
monoterpenes, ketones and aromatic hydrocarbons. Overall, 
2-methylisoborneol, 2-methyl-2-bornene and n-butanol were 
enhanced when B. cinerea was challenged with either of the three 
yeasts. In addition, W. anomalus displayed enhanced production 
of dimethylpyrazine, isoamyl alcohol and benzaldehyde in the 
presence of B. cinerea. In contrast, the production of methyl-
tiglate and methyl-2-phenylacetate was reduced in W. anomalus 
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and L. elongisporus in the presence of B. cinerea compared to their 
respective monocultures (Figure 4).

Analysis of non-volatile compounds

No information is available on the role of non-volatile 
compounds especial cyclic peptides secreted by antagonistic yeasts 
as mode of action, therefore only three strains (W. anomalus Y541, 
H. pseudoburtonii Y963 and L. elongisporus Y929) representing 
three species were evaluated. Non-volatile organic compounds 
produced by yeast in the presence of B. cinerea IWBT FF1 were 

analysed using UPLC-MS. The three selected yeasts and B. cinerea 
were co-cultured in ME broth and incubated for 5 days. Principal 
component analysis revealed some separation between the 
monocultures and mixed cultures. Although an overlap was clear 
between the H. pseudoburtonii and its mixed culture with B. cinerea 
(Figure  5). Several non-volatile compounds were identified, 
however, only a few cyclic peptides were differentially enhanced 
where the respective yeast strains were co-cultured with B. cinerea 
(Table 4). The rest of the compounds are not shown since they could 
not be confidently associated with fungi. The cyclic peptides were 
secreted by yeast strains (W. anomalus Y541, H. pseudoburtonii 
Y963 and L. elongisporus Y929). Based on the average peak 

TABLE 2 Antifungal activity phenotypes of yeast species and strains.

Yeasts strains Inhibition 
spectrum

% Mycelial 
inhibition 

against B05.10

Inhibitory 
activity in liquid 

cultures

Minimum inhibiting 
concentration (MIC)

Chitinase s

A. pullulans +++ 39.22 + ND Strong Strong

C. azyma Y979 --- − − ND ND ND

C. apicola Y957 --- − − ND ND ND

C. lusitaniae Y833 --- − − ND ND ND

C. oleophila NOVA-CH ++− − + 104 Weak Strong

C. oleophila Y964 ++− − + 103 Strong ND

C. oleophila Y994 +++ 32.02 + 104 Weak Weak

F. capsuleginum Y938 --- − − ND ND ND

H. pseudoburtonii 

Y963**

+++ 32.94 + 105 Strong Strong

K. mangrovensis Y535 ++− 29.83 + ND ND ND

L. elongisporus Y929** +++ 35.94 + 105 Weak Strong

L. elongisporus Y996** +++ 43.27 + 105 Weak Strong

M. chrysoperlae Y955 ++− − + ND ND ND

M. bicuspidata Y540 --- − − ND ND ND

M. geulakonigii Y848 +++ 31.39 + 105 Weak Strong

H. burtonii Y951 +++ 47.17 + 104 Strong Strong

P. fermentans Y995 ++− − + 104 ND ND

P. fermentans KLBG-SB ++− − + 104 ND ND

P. guilliermondii Y993 +++ 44.99 + 106 Strong Strong

P. kluyveri FRU-1 --- − − ND ND ND

P. kluyveri NOVA-CH --- − − ND ND ND

P. kluyveri SIL-1 --- − − ND ND ND

P. kudriavzevii Y508 ++− − + 102 Weak ND

P. manshurica Y510 ++− − + 105 Weak ND

P. occidentalis BGLD-CH ++− −ss + 104 Weak ND

P. fusiformata Y871 +++ 47.54 + 106 Weak Weak

W. anomalus Y517 ** +++ 35.98 + 103 Strong Weak

W. anomalus Y541** +++ 32.95 + 103 Strong Strong

W. anomalus Y934** +++s 25.77 + 103 Strong Weak

Z. meyerae Y830 ++− 33.98 + 105 Weak Strong

Z. meysserae Y834 ++− − + 105 Strong Strong

Z. meyerae Y854 ++− 28.07 + 105 Weak Strong

Key: (Inhibition spectrum) +++, ++− or --- denotes strains capable of inhibiting all the three pathogens, two pathogens and no activity, respectively. Chitinase and glucanase activity: 
Strong, Weak or ND denotes inhibition percentage > 50% and < 50% and not determined, respectively.
Yeast strains marked with ** were selected for further investigation.
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intensities, l-Cyclo(leucylprolyl) was found to be the most abundant 
compound in L. elongisporus Y929 however, its intensity was 
decreased in the presence of B. cinerea. In the presence of B. cinerea, 
W. anomalus Y541 showed an increase in the production of 
Leucylproline as compared to W. anomalus alone. Hyphopichia 
pseudoburtonii Y963 showed an enhanced production of l,l-
Cyclo(leucylprolyl), Cyclo(d-Leu-l-Trp), cyclo(l-Pro-l-Val) and 
Leucylproline when co-cultured when B. cinerea.

To evaluate the effectiveness of the antagonistic yeasts on table 
grapes and to compare the outcomes of the in vitro assays, the grape 
bioassay in a closed airtight container was conducted. Measurements 
of grape deterioration are made per bunch rather than per berry. 
Therefore, no measures of radial inhibition were made. Efficacy of 
the selected yeast strains in reducing B. cinerea development moulds 
is reported in Table 5. W. anomalus strains in vivo (Table 5) showed 
a 90–100% reduction of B. cinerea growth. Soft mycelium developed 
in the presence of H. pseudoburtonii after 5 days of incubation. On 
grapes treated with L. elongisporus mycelial formation similar to that 
on grapes with only B. cinerea (control) was observed.

Discussion

Grapes and wine production worldwide suffer economic 
losses due to bunch rot. Mostly filamentous fungi are responsible 
for the decay of grapes, with B. cinerea (grey mould) being the 
most common; however, various other fungi, such as Aspergillus 
species and Penicillium species, can also cause the decay of grapes 
(Steel et al., 2013). These are widely controlled through the use of 
synthetic fungicides. However, growing concerns over undesirable 
chemical residues in the environment have spurred the exploration 
of non-conventional yeasts as biological alternatives (Freimoser 
et al., 2019; Zhang et al., 2020; Agarbati et al., 2022).

This study evaluated the antifungal activity of grape must 
associate yeasts against three strains of B. cinerea, one strain of 
A. niger and A. alternata and further demonstrated the possible 

FIGURE 3

Yeast inhibition of Botrytis cinerea B05. 10, IWBT FF1 and IWBT FF2 mycelial growth. Bars represent average inhibitions of three replicates with 
standard deviation. Different superscript letters (a, b, c) show significant differences according to Tukey and Dunnett test (p <  0.05) when comparing 
the mycelium inhibition of each B. cinerea strain by different yeasts. Strains with no superscript letters indicate those with no significant difference.

TABLE 3 Chitin and glucan content in Botrytis cinerea hyphae treated 
with various yeast strains capable of producing chitinase and glucanase.

Cultures Chitin level Glucan level

B. cinerea 25.22 ± 132 91.78 ± 30.21

B. cinerea + W. anomalus 

Y541

18.76 ± 6.03** 28.63 ± 9.11**

B. cinerea + W. anomalus 

Y517

18.26 ± 10.66 48.66 ± 27.29**

B. cinerea + W. anomalus 

Y934

43.02 ± 8.33** 44.12 ± 14.98

B. cinerea + H. 

pseudoburtonii Y963

19.18 ± 8.92 50.77 ± 36.31

B. cinerea + L. elongisporus 

Y929

12.63 ± 4.26 59.36 ± 49.46

B. cinerea + L. elongisporus 

Y996

28.17 ± 9.92 62.85 ± 41.13

Data expressed as mean ± SD. 
**Show significant difference between yeast treatment and the control according to 
t-test (p < 0.05).
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modes of action of the selected yeast strains against B. cinerea. 
Overall, our data show wide distribution of antifungal activity 
across different yeast species and strains. Intraspecific variability 
was observed in the form of differences in the presence and absence 
of activity, the spectrum as well as the strength of activity. For 
instance, within the species Candida oleophila, strain Y994 could 
inhibit all phytopathogens tested but displayed weak glucanase and 
chitinase activity, while Y964 and NOVA-CH inhibited two of the 
pathogens and expressed strong glucanase and chitinase activity. 
Conversely, within the Wickerhamomyces anomalus and Zygoascus 
meyerae strains, similar antifungal activity spectra as well as 
minimum inhibitory concentrations (MIC) were observed but 
these differed mainly in the levels of chitinase and glucanase 
displayed. Furthermore, yeast strains differed in their inhibition of 
B. cinerea strains. For instance, within the W. anomalus species, 

Y517 and Y541 displayed stronger inhibition against IWBT FF1 
while Y934 displayed similar inhibition levels across different 
B. cinerea strains. Intraspecific variability is a common 
phenomenon in yeast antifungal activity and has been reported for 
many species (Bleve et  al., 2006; Cordero-Bueso et  al., 2017; 
Agarbati et  al., 2022). In particular, intraspecific variability 
antagonistic activity was observed in several strains of W. anomalus 
against two strains of B. cinerea and Curvularia lunata, a fungal 
plant pathogen responsible for rice dirty panicle disease 
(Khunnamwong et al., 2020). Yeast species such as C. oleophila, 
W. anomalus and P. kluyveri have been reported several times as 
potential antagonists against different moulds for various pathogens 
infecting different fruits such as grapes, apples, sweet cherries and 
strawberries (Dlamini and Dube, 2008; Parafati et al., 2015; Wang 
et al., 2018; Comitini et al., 2021; Agarbati et al., 2022).

FIGURE 4

Relative fold changes coloured from blue (lowest) to yellow (highest) of volatile organic compounds produced by Botrytis cinerea (control) and 
yeast strains co-cultured with various yeasts strains. Compounds were identified using Anisole d8 (Std), comparison with mass spectra from MS 
NIST05 spectral library.
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Antagonistic yeasts possess several mechanisms of action 
including competition for nutrients and space, production of 
cell wall degrading enzymes, VOCs and non-volatile 
compounds, as well as direct mycoparasitism (Freimoser et al., 
2019). In the current study, yeast strains with antifungal activity 
against the tested pathogens secreted chitinases and β-1,3-
glucanases in the presence of B. cinerea with variable 
concomitant reduction in chitin and glucan levels demonstrated 
in B. cinerea cell walls following exposure to H. pseudoburtonii 
as well as strains of W. anomalus, L. elongisporus. The reduction 
in these cell wall polysaccharides could partly be  due to 

hydrolysis by the chitinases and glucanases. Indeed, a study by 
Tayel et al. (2013) observed a softening of the hyphal walls and 
an elastic texture in Aspergillus flavus hyphae exposed to 
chitinases and glucanases from W. anomalus (formerly Pichia 
anomala). This hyphal softening progressed into moderate 
hyphal lysis and finally complete hyphal degradation. 
Production of β-1,3 glucanases and chitinases by W. anomalus 
strains as part of its arsenal against different pathogens is well 
known (Lutz et al., 2013; Hong et al., 2017; Chen et al., 2018; 
Andrea et  al., 2020; Cabañas et  al., 2020). However, for 
L. elongisporus and H. pseudoburtonii this is the first report of 

FIGURE 5

Principal component analysis score plots obtained from the non-volatile organic compounds profile of Botrytis cinerea and Botrytis cinerea  
co-cultured with various yeast species.
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their antifungal activity and the potential effect of their chitinase 
and glucanase activity on fungal cell wall composition.

Considering the negative effects of antagonistic yeast VOCs on 
fungal mycelial growth, spore germination and sporulation, selected 
yeast strains were evaluated for the production of VOCs in the 
presence of B. cinerea. The selected yeast strains released various 
VOCs in the presence of B. cinerea. The identified volatile 
compounds were grouped into different chemical families, such as 
higher alcohols, aldehydes, esters, organosulfur compounds, 
monoterpenes, ketones and aromatic hydrocarbons. In  
particular, phenylethyl alcohol, isoamyl alcohol, n-butanol, 
2,5-dimethylpyrazine, seemingly originating from yeasts, remain 
moderately high in the challenge experiment. Furthermore, for some 
yeasts such as W. anomalus strains, dimethylsulfide and 
dimethyltrisulfide could still be detected in the challenge experiment 
albeit at lower levels compared to the yeast monoculture. Numerous 
studies on antagonistic yeast such as A. pullulans, P. occidentalis, 
M. guilliermondii C. tropicalis, S. cerevisiae and P. kudriavzevii 
revealed similar compounds as those found in this study. These 
compounds have been shown to effectively inhibit spore germination 
and mycelial growth of B. cinerea, Aspergillus and Penicillium species 
(Arrarte et al., 2017; Meshram et al., 2017; Choińska et al., 2020; Liu 
et al., 2020). Production of VOCs by antagonistic yeasts has been 
identified as a potential mode of action against a number of 
pathogens including B. cinerea, Colletotrichum acutatum and various 
Penicillium species such as P. italicum, P. digitatum and P. expansum 
under both in vitro and in vivo conditions. Compounds such as 
phenylethyl alcohol, n-butanol, isoamyl alcohol and 2-methyl-1-
propanol have been shown to supress conidia germination and 

mycelium growth (di Francesco et al., 2016; Yalage Don et al., 2020; 
Zou et al., 2022). Furthermore, a compound like dimethyltrisulfide 
which is not frequently reported in yeast VOCs has been shown to 
suppress the expression of genes involved in the biosynthesis of 
β-1,3-d-glucan and chitin in another fruit rotting fungus, 
Colletrichum gloeosporioides (Tang et al., 2020). These data could 
suggest that to suppress the growth of phytopathogens a yeast like 
W. anomalus expresses various synergistic activities including 
production of cell wall degrading enzymes as well as VOCs that 
inhibit spore germination and biosynthesis of cell wall 
polysaccharides. The evaluation of the efficacy of yeasts in preventing 
B. cinerea development on table grapes showed a considerable decay 
reduction. W. anomalus revealed the highest efficacy in controlling 
the fungal development whereby only soft rots were recorded. Since 
the experiment was carried out in airtight containers, the suppression 
of B. cinerea growth in the presence of W. anomalus could confirm 
the production of diverse VOCs as a mode of action among others.

The selected antagonistic yeasts were found to produce in some 
cases slightly higher levels of cyclic peptides such as l,l-
Cyclo(leucylprolyl), cyclo-(l-Phe-l-Pro) and cyclo-(l-Phe-l-Pro). 
In particular, cyclo(d-Leu-l-Trp) was abundant in L. elongisporus 
monoculture and remained high in the mixed culture with B. cinerea. 
Cyclic peptides inhibit fungal development by targeting fundamental 
features of the fungal cell wall constituents (Hur et al., 2012). Their 
production by bacteria has commonly been reported and several 
filamentous fungi have been shown to produce these compounds. In 
yeast, the most commonly encountered cyclic peptide is 
pulcherriminic acid produced by the yeast Metschnikowia 
pulcherrima (Gore-Lloyd et  al., 2019). Glaciozyma antarctica, a 
psychrophilic yeast was also shown to produce a diversity of cyclic 
peptides (Rosandy et al., 2017). In the current study, the majority of 
the cyclic peptides were detected in both monocultures and mixed 
cultures, suggesting that their inhibitory activity may not play a role 
in these interactions, but this remains to be further unravelled.

Conclusion

Yeasts derived from grape must were found to be effective 
against the pathogens examined giving these yeasts potential to 
be developed and used as biocontrol agents. The efficacy of these 
yeast species can further be evaluated in vivo against various plant 
pathogens considering various environmental factors. This study 

TABLE 4 Analysis of non-volatile organic compounds produced by B. cinerea (Bc), H. pseudoburtonii (Hp), W. anomalus (Wa) and L. elongisporus (Le).

RT (min) [M + H]+ Compound name Average peak height intensity

Bc Hp Le Wa Bc + Hp Bc + Le Bc + Wa

2.569 300.16891 cyclo(d-Leu-l-Trp) 17.33 63.33 476 24.33 69 99.33 20

3.335 229.15364 Leucylproline 304.66 273 287 356.33 648,33 305.66 400.33

3.965 197.12885 cyclo(l-Pro-l-Val) 298 372 633.33 366.66 467,33 326 322.33

4.624 211.14487 l,-Cyclo(leucylprolyl) 1341.33 1,224 3,388 1252.66 1,552,66 1377.33 1166.33

Compounds were analysed with UPLC-MS. Retention time (RT) and [M + H] + of tentatively identified compounds by comparison with the NIST database.
Compounds were identified and confirmed by the retention time, structures and molecular weight by comparison with NIST database.

TABLE 5 In vivo test of the selected various yeast species against 
Botrytis cinerea.

Yeast strains B. cinerea development

B. cinerea 4

L. elongisporus Y929 4

L. elongisporus Y996 4

H. pseudoburtonii Y963 3

W. anomalus Y934 2

W. anomalus Y541 2

W. anomalus Y517 2

The disease severity was evaluated by a visual score “1-to-4” (1, no visible symptoms; 2, 
soft rot; 3, formation of mycelium and 4, sporulation of mould).
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largely confirmed that various mechanisms including the pathogen 
cell wall degradation, inhibition of cell wall polysaccharide 
biosynthesis as well as inhibition of spore germination through the 
production of VOCs may be expressed in concert yeasts interacting 
with filamentous fungi. Moreover, our findings open a new area for 
further investigation into non-VOCs of yeast origin and their 
contribution to antifungal activity.
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Volatile organic compounds 
produced by Bacillus velezensis 
L1 as a potential biocontrol 
agent against postharvest 
diseases of wolfberry
Lijun Ling 1,2,3*, Hong Luo 1,2, Caiyun Yang 1,2, Yuanyuan Wang 1,2, 
Wenting Cheng 1,2, Mingmei Pang 1,2 and Kunling Jiang 1,2

1 College of Life Science, Northwest Normal University, Lanzhou, China, 2 Bioactive Products 
Engineering Research Center for Gansu Distinctive Plants, Northwest Normal University, Lanzhou, 
China, 3 New Rural Development Research Institute, Northwest Normal University, Lanzhou, China

Volatile organic compounds (VOCs) produced by antagonistic microorganisms 

have good biocontrol prospects against postharvest diseases. Infection 

caused by Alternaria iridiaustralis and 10 other significant fungal diseases can 

be  successfully inhibited by VOCs produced by an identified and screened 

endophytic strain L1 (Bacillus velezensis). This study revealed the in vivo and  

in vitro biocontrol effects of VOCs released by B. velezensis L1 on A. iridiaustralis, 

a pathogenic fungus responsible for rot of wolfberry fruit. The inhibition rates 

of VOCs of B. velezensis L1 on the mycelial growth of A. iridiaustralis in vitro 

were 92.86 and 90.30%, respectively, when the initial inoculum concentration 

on the plate was 1 × 109 colony forming unit (CFU)/ml. Spore germination and 

sporulation were 66.89 and 87.96%, respectively. VOCs considerably decreased 

the wolfberry’s disease index and decay incidence in vivo. Scanning electron 

microscopy revealed that the morphological and structural characteristics of 

A. iridiaustralis could be altered by VOCs. Ten VOCs were identified through 

headspace-gas chromatography-ion mobility spectrometry. Pure chemical 

tests revealed that 2.3-butanedione had the strongest antifungal effects, 

totally inhibiting A. iridiaustralis in wolfberry fruit at a 60 μl/L concentration. 

The theory underpinning the potential application of VOCs from B. velezensis 

is provided herein. This is also the first study to document the antifungal 

capabilities of the B. velezensis strain on postharvest wolfberry fruit.
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volatile organic compounds, Bacillus velezensis L1, Alternaria iridiaustralis, 
wolfberry disease, biological control
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Introduction

Wolfberry (Lycium barbarum L) is gradually becoming 
one of the most popular functional fruits worldwide as it is 
rich in nutrients and phytochemicals (Wenli et  al., 2021). 
Wolfberry has anticancer, antioxidant, antiaging, blood sugar 
control, and immune-enhancing properties. Therefore, this 
fruit is widely used in food and medicine fields (Zhou et al., 
2017; Yajun et al., 2019). However, wolfberry fruit is highly 
perishable because of its susceptibility to various postharvest 
pathogenic diseases. Fungal diseases are the main cause of 
postharvest losses of wolfberry fruits. Particularly, Alternaria 
sp. are the most common postharvest pathogenic fungi of 
wolfberry fruits and can significantly reduce the fruit value 
and shelf life, causing severe economic losses (Yuan et al., 
2012; Wei et al., 2017).

Regarding postharvest diseases of fruits, traditional 
physical methods can delay senescence but cannot completely 
prevent rot, which ultimately reduces fruit quality (Alijani 
et al., 2019). On the other hand, chemical fungicides have a 
substantial inhibitory effect on pathogenic fungi, but their 
long-term and large-scale use leads to deposition of residues 
in the environment and resistance of pathogenic fungi (Mari 
et  al., 2016). Therefore, finding new, safe, efficient, and 
environmentally friendly methods for controlling these 
diseases is of great significance.

Increasing number of researchers have recently focused 
on biological control agents (BCAs; Do Kim et  al., 2020). 
According to research, many bacteria can produce volatile 
organic compounds (VOCs) with antifungal function, which 
have shown strong inhibitory effects on fungal diseases (Di 
Francesco et al., 2020a). Gotor-Vila et al. (2017) reported that 
VOCs produced by Bacillus amyloliquefaciens CPA-8 
significantly inhibited the mycelial growth of postharvest 
pathogens and reduced the rot of cherry fruits. Arrarte et al. 
(2017) revealed that VOCs released by Candida sake can 
control decay of apples caused by postharvest pathogens. 
Similarly, Oro et  al. (2018) found that VOCs from 
Wickerhamomyces anomalus, Metschnikowia pulcherrima, and 
Saccharomyces cerevisiae can inhibit pathogenic fungi that 
cause rot in strawberries and control postharvest diseases. In 
this way, VOCs released by BCAs provide a new solution for 
the prevention and treatment of postharvest diseases.

VOCs have the characteristics of strong permeability and 
high diffusion efficiency, and are easy degradation, can 
greatly reduce residues. In a relatively closed environment, a 
full range of biological fumigation can be performed on items 
to achieve better results (Qin et al., 2017; Toffano et al., 2017). 
Therefore, compared with chemical fungicides, the mode of 
action of VOCs produced by BCAs is safer and more efficient. 
B. velezensis has been widely studied because of its highly 
effective inhibitory effect on pathogenic microorganisms. 

GRAPHICAL ABSTRACT
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Li et al. (2020) reported that VOCs from B. velezensis CT32 
could inhibit strawberry vascular wilt pathogens Verticillium 
dahliae and Fusarium oxysporum. Gao et al. (2017) indicated 
that VOCs emitted by B. velezensis ZSY-1 could inhibit 
A. solani and Botrytis cinerea. Calvo et al. (2020) showed that 
VOCs produced by B. velezensis strains BUZ-14, I3 and I5 
could inhibit postharvest fungal pathogens of fruits, thereby 
reducing the disease severity in grapes and apricots. 
B. velezensis is considered a promising BCA against 
postharvest fungal diseases.

Currently, research on postharvest preservation of wolfberry 
fresh fruit fruits is lacking. Therefore, this study evaluated the  
in vivo and in vitro effects of VOCs produced by B. velezensis L1 
and individual pure substance against postharvest pathogenic 
fungi A. iridiaustralis in wolfberry fruit.

Materials and methods

Fruit and plants

The wolfberry fruit was purchased from Ningxia, Gansu. Fully 
ripe fruits of the same size and without any mechanical damage 
were sterilized with 1% sodium hypochlorite, rinsed three times 
with sterile distilled water (SDW), and air-dried naturally on an 
ultra-clean bench.

Lonicera maackii (Rupr.) Maxim is from Lanzhou Botanical 
Garden, Gansu, China. Picked stems and leaves were stored in 
airtight bags and kept at 4°C for later use.

Culture media and microorganisms

Tianqi Gene Biotechnology Co., Ltd. provided Luria–Bertani 
medium (LB) and potato dextrose agar medium (PDA; Lanzhuo, 
China). Agar was purchased from Niuniu Biochemical Co., Ltd. 
(Lanzhuo, China).

Wolfberry fungal pathogen A. iridiaustralis LB7 (MN 944921) 
was supplied by the College of Life Sciences, Northwest Normal 
University, China’s Plant-Microbe Interactions Research Lab. This 
pathogen has been demonstrated to significantly worsen postharvest 
wolfberry deterioration in our previous study (Ling et al., 2021). 
A. iridiaustralis was inoculated on PDA at 28°C for 7 days, the fungal 
spores were resuspended in SDW, and the concentration of the spore 
suspension was adjusted to 1 × 105 spores/mL with a hemocytometer.

Pathogenic fungi Phytophthora capsici (ACCC 37132), 
Colletotrichum capsici (ACCC 36946), F. oxysporum (ACCC 
39326), B. cinerea (ACCC 37347), Rhizoctonia solani (ACCC 
38870), F. graminearum (ACCC 39334) were obtained from 
Agricultural Culture Collection of China, Beijing. F. annulatum 
(MT 434004), Talaromyces tumuli (MT 434003), Colletotrichum 
fioriniae (MN 944922), and F. arcuatisporum (MN 944920) were 
isolated from disease plants and all pathogenic strains were stored 
in the laboratory (Ling et al., 2021).

Isolation, screening and identification of 
a highly antifungal bacterial endophyte

Using our previous technique, we isolated and characterized 
endophytic bacteria from L. maackii (Rupr.) Maxim (Ling et al., 
2019). Briefly, the fresh stems and leaves stored in the refrigerator 
were removed, rinsed under running water, air-dried naturally, 
sterilized, and rinsed three times with sterile water. Next, the stems 
and leaves were cut using a sterile scalpel and cultured in solid LB 
medium plates at 37°C. Each colony was transferred to new 
medium until a pure culture of the strain is obtained. Using the 
two sealed base plate approach, the strain with the greatest 
capacity to suppress the pathogenic fungus was selected for further 
investigation. In general, 80 μl of bacterial suspension was evenly 
distributed on LB solid medium. Subsequently, a 6 mm-diameter 
fungal disk was cut and placed in the center of a sterile PDA petri 
dish. The two plates were sealed to prevent the loss of VOCs. The 
bacteriostatic ability of endophytic bacteria against pathogenic 
fungi was evaluated on the basis of the diameter of the fungus.

The bacterial DNA template obtained by screening was extracted 
using of the bacterial genome extraction kit (Huada Gene Co., Ltd., 
Wuhan, China). The 16S rDNA fragment was amplified through PCR 
by using universal primers 27F (5′AGAGTTTGAT 
CCTGGCTCAG3′) and 1429R (5′GGTTACCTTGTTACGAC 
TT3′). The cycle parameters were as follows: predenaturation at 96°C 
for 5 min, followed by 30 cycles of denaturation at 96°C for 30 s, 
annealing at 62°C for 30 s, and a final extension at 72°C for 30 s. The 
extension was performed at 72°C for 10 min at the end of the cycle. 
PCR products were detected through 1% agarose gel electrophoresis 
and sequenced. The sequencing results of 16S rDNA were input into 
the nucleic acid database alignment system of the National Center for 
Biological Information (NCBI) website, and nucleic acid sequence 
alignment analysis was performed using the Blast program. A 
Phylogenetic tree was constructed using the neighbor-joining method 
with MEGA-X software to analyze the phylogenetic relationship.

In vitro inhibitory activity of VOCs from 
Bacillus Velezensis L1

Inhibitory activity of VOCs with different 
inoculation concentrations of Bacillus 
Velezensis L1

A dual culture method was used to evaluate the inhibitory 
effect of antagonistic bacteria produced VOCs on A. iridiaustralis 
mycelial growth and conidial germination (Ye et  al., 2020; Di 
Francesco et al., 2020b). SDW was used to inoculate the control 
plates with the same amounts of bacteria as the test plates, which 
was 80 μl of bacterial suspension at a concentration of 106–109 
colony forming units (CFU)/ml. The plate cover was then changed 
out by a PDA plate that had been injected with a 6 mm-diameter 
disk or 20 μl of A. iridiaustralis spore suspension. Both plates were 
immediately sealed with parafilm, and cultured for 7 days at 
28°C. Each experiment was conducted three times.
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Effect of VOCs from Bacillus velezensis L1 on 
the spore germination and sporulation 
capacity of Alternaria iridiaustralis

With a few minor adjustments, the preceding approach was used 
to measure spore germination and sporulation capacity (Bu et al., 
2021; Wang et al., 2021b). LB plates were inoculated with strain L1 
and PDA plates were covered with a fungal spore suspension (1 × 105 
spores/mL), as indicated earlier. After 12 h incubation at 28°C, spore 
germination could be  visualized under a light microscope. The 
sporulation capacity experiment was conducted according to 
instructions provided in Section 2.4.1. In general, a 6 mm fungal plug 
was removed from the cultivated PDA medium and vortexed in 
SDW. A hemocytometer was used to count the spores.

Effect of VOC prefumigation on mycelium 
growth

The LB plate coated with the 80 μl bacterial suspension and 
the PDA plate containing a 6 mm-diameter disk were snap-sealed. 
After 4 or 5 days of fumigation in the incubator, 6 mm-diameter 
disks were cut from the PDA plate by using a punching bear, 
transferred to a new PDA plate, and incubated at 28°C for 7 days. 
Then, mycelial growth of pathogenic fungi were measured.

Scanning electron microscopy analysis
The effect of VOCs produced by B. velezensis L1 on pathogenic 

fungi was observed using scanning electron microscopy (SEM). 
SEM analysis was performed as described previously (Wonglom 
et al., 2020).

In vivo biocontrol of Alternaria 
iridiaustralis on wolfberry fruit by VOCs 
from Bacillus velezensis L1

Inhibitory effects of VOCs on Alternaria 
iridiaustralis in vivo

The biocontrol effects of different initial amounts of 
VOCs in vivo were investigated using different numbers of 
plates. LB plates were treated with 80 μl bacterial suspension 
(1 × 108 CFU/ml), and these uncovered plates were then 
placed at the bottom of sterile glass containers in numbers of 
2, 4, 6, and 8, respectively. Then, 5 μl of A. iridiaustralis spore 
suspension was inoculated into wolfberry fruits. After 
inoculation, the fruits were placed in sterile petri dishes and 
placed on top of glass containers. The container was sealed 
and incubated at room temperature for 7  days. The decay 
incidence and disease index of the wolfberry fruits were 
measured using previous methods (Xu et al., 2016).

Effect of VOCs on wolfberry fruit postharvest 
natural decay

Untreated wolfberry fruits were treated with different numbers 
of LB plates, and after fumigation for 7 days at room temperature, 
the decay incidence and disease index were measured.

Identification of VOCs

The method used for identifying VOC components of 
B. velezensis L1 is consistent with that described in our previous 
study (Ling et al., 2021). Then, 10 μl of the bacterial suspension of 
strain L1 was inoculated into a 20-mL headspace vial containing 
5 ml of solid LB medium. The solid LB medium without the strain 
was used as a blank control, and each sample was repeated three 
times. After incubating the vials for 3 days in a 37°C incubator, the 
headspace-gas chromatography-ion mobility spectrometry 
(HS-GC-IMS) assay was performed. VOCs were collected and sent 
to the G.A.S. Department of Shandong HaiNeng Science Instrument 
Co., Ltd. (Shandong, China) for measurement using the HS-GC-IMS 
instrument (FlavourSpec®). The sample was incubated at 40°C for 
15 min, and VOCs from the 500 μL headspace were injected into the 
testing instrument using a heated syringe (85°C). GC equipped with 
the MXT-5 column (15 m, ID: 0.53 mm df: 1 μm) was used for 
chromatographic separation at 60°C. Pure nitrogen (99.999% 
purity) was used as the carrier gas. The flow of drift gas (nitrogen) 
of the IMS was set to 150 ml/min, and a 9.8 cm drift tube was 
operated at a constant voltage at 45°C. The program was as follows: 
2 ml/min for 2 min, 10 ml/min for 10 min, and 100 ml/min for 
20 min. Data were acquired and processed using instrumental 
analysis software such as VOCal and Reporter, Gallery plot, 
Dynamic PCA, and GC × IMS Library. The GC-IMS Library Search 
software uses the National Institute of Standards and Technology 
database and IMS database for qualitative analysis of the components.

In vitro responses of Alternaria 
iridiaustralis to a single component of 
VOC

The pathogenic fungus A. iridiaustralis was grown on PDA 
medium at 28°C for 7 days. Using a punching bear, a 
6 mm-diameter disks were removed from the PDA plate’s edge and 
placed one by one in the center of each fresh petri plate. A sterile 
filter paper (diameter: 6 mm) was placed in the center of the petri 
dish lid. Then, equal volumes of each individual pure VOC 
(Table 1) were added to increase the air concentration from 20 μl/L 
to 100 μl/L. An identical volume of SDW was used for the control. 
A Vernier caliper was used to measure the plug diameter before 
the petri dishes were sealed and grown for 4 days at 28°C.

In vivo control of Alternaria iridiaustralis 
on wolfberry fruit by pure synthetic 
components of VOCs

A single VOC component was chosen for additional testing  
in vivo based on the outcomes of in vitro testing. Fruits were 
infected and placed in a sterile petri plate. Then, the decay 
incidence and disease index of wolfberry fruit was determined 
with various quantities of pure components.
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Broad antagonistic activity of strain L1

We determined whether strain L1 has broad-spectrum 
antifungal activity against other significant fungal infections. 
Twelve pathogens were used in our test, namely P. capsici, 
C. capsici, F. oxysporum, B. cinerea, R. solani, F. graminearum, 
F. annulatum, T. tumuli, C. fioriniae and F. arcuatisporum. The 
following formula was used to compute the percentage of mycelial 
growth inhibition:

Inhibition rate (%) = [(dc − dt)/dc] × 100

Where the terms dc (cm) represent the average colony 
diameters of the control and treatment groups, respectively.

Statistical analysis

SPSS 20.0 software was used to perform statistical analyses. 
Followed by the Duncan’s test, p < 0.05 was set to indicate a 

statistically significant difference. Drawn with the Origin 9.0 
software, by measuring three independent replicates, all data were 
reported as the mean ± standard error.

Results

Identification of strain L1 using 
morphological and molecular markers

An endophyte (strain L1) was obtained from L. maackii 
(Rupr.) Maxim (Figure 1A). The strain L1 exhibited phenotypic 
similarity to the Bacillus spp. with respect to the biochemical, 
morphological, Gram staining, and cultural characteristics. 
Nucleotide blast on NCBI revealed that strain L1 shared 
extremely high similarity with Bacillus velezensis species (99%). 
On the basis of the strain L1 16S rRNA’s sequence and blast 
alignment results, MEGA-X was employed to construct a 
phylogenetic neighbor connection tree that reflected the 
evolutionary relationship for L1 (Figure 1B). Combining all the 
resulting analyses, the isolate was identified to be B. velezensis 
(GenBank Accession No. ON340771).

In vitro antifungal activity of VOCs

Figure 2 presents the findings related to the antifungal 
activity of VOCs produced by B. velezensis L1. Mycelial 
development, spore germination, and sporulation ability of 
A. iridiaustralis were significantly (p < 0.05) inhibited by 
VOCs produced by strain L1. An increased inoculum 
concentration of B. velezensis L1 improved VOC-induced 
inhibition. Furthermore, increasing the concentration also 
enhanced the inhibitory effect of VOCs on pathogenic fungi. 

A B

FIGURE 1

(A) Morphological characteristics of B. velezensis L1 detected by a scanning electron microscope. (B) Neighbor-joining tree of the B. velezensis L1 
and its closely related species with the MEGA-X and 16S ribosomal RNA-sequencing data. The numbers at the nodes support the values derived 
from the MEGA-X bootstrap analysis.

TABLE 1 Pure components comprising the VOCs of Bacillus velezensis 
L1, these substances were purchased for further experiments.

Compound CAS Source Purity

2,3-butanedione C431038 Macklin ≥99.0%

1-Hydroxy-2-propanone C116096 Macklin ≥95.0%

Acetoin C513860 Macklin ≥97.0%

2-pentanone C107879 Macklin ≥99.0%

2-heptanone C110430 Macklin ≥99.7%

Cyclohexanone C108941 Macklin ≥99.0%

methyl 2-methylbutanoate C868575 Macklin ≥98.0%

2-Pentylfuran C3777693 Macklin ≥98.0%

2-methylpropyl butanoate C539902 Macklin ≥98.0%
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The mycelial growth of plug and spore suspensions was 
inhibited by the bacterial suspension at 1 × 109 CFU/ml by 
approximately 92.86 and 90.30%, respectively (Figures 2A,B); 
the spore germination and sporulation processes were 
inhibited by 33.11 and 12.04%, respectively (Figures 2C,D). 
A. iridiaustralis fumigated with VOCs grew more slowly than 
usual, as observed in (Figure 2E). The hyphal morphology of 
pathogenic fungi are dramatically altered by VOCs, as 
observed through SEM. The treatment group’s hyphae were 

twisted, flattened, enlarged, and lost their linearity compared 
with the control group (Figure 2F).

In vivo biocontrol effects of VOCs

To investigate the impact of VOC concentration on the 
effectiveness of biocontrol ability of VOC in vivo, various numbers 
of LB plates containing viable cells were used. VOCs considerably 

A

E F

C

B

D

FIGURE 2

Antifungal activity of volatile organic compounds (VOCs) released by B. velezensis L1 against A. iridiaustralis in vitro. LB plates were coated with  
80 μl of bacterial suspension at the concentration of 106, 107, 108, 109 colony forming units (CFU)/ml and then incubated at 37°C for 2 days. Their 
lids were subsequently replaced with PDA plates containing a 6 mm-diameter fungal disk or 20 μl of spore suspension of A. iridiaustralis. These 
plates were incubated at 28°C for 7 days. (A) Mycelial growth inhibition of a fungal disk of A. iridiaustralis on PDA plates exposed to VOCs at 
different concentrations. Different letters in represent differences (p  < 0.05) among groups. (B) Mycelial growth inhibition 20 μl of spore 
suspension of A. iridiaustralis on PDA plates exposed to VOCs. Effect of VOCs produced by B. velezensis L1 suspension at different concentrations 
on sporulation (C) and spore germination (D) of A. iridiaustralis. Data are presented as means ± SE with three replicates. (E) Mycelial of A. 
iridiaustralis was fumigated with VOCs for 4 and 5 days, then a 6-mm-diameter fungal disk was inoculated on fresh PDA plates, after incubated at 
28°C for 7 days, the diameter of the mycelium was measured. (F) Scanning electronic micrographs of A. iridiaustralis in the absence and presence 
of the VOCs produced by B. velezensis L1 strain.
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impeded the growth and spread of A. iridiaustralis (Figure 3). No 
mycelial was observed growth on the wolfberry fruits after 
exposure to the 8 LB plates. The decay incidence and disease index 
of the treatment group were 4.45 and 3.33%, respectively, which 
were considerably lower than those of the control group (100 and 
50.67%, respectively). In general, biological control effects were 
better at higher VOC concentrations.

Effect of VOCs on postharvest natural decay

Figure  4 demonstrates the outcomes of the impact of 
VOCs on the fruit’s natural decay after harvest. Under natural 
circumstances, the VOCs generated by B. velezensis L1 had a 
larger inhibitory effect on the decay incidence of postharvest 
wolfberry as the number of LB plates increased. The best 
inhibitory effect was observed when 8 LB plates were used, 

the wolfberry fruit was intact, and the lowest disease index 
was 3.33.

HS-GC-IMS identification of VOCs

From Figure 5, the whole VOC information of each sample as 
well as the variations in VOCs across samples can be observed 
when each row represents all signal peaks selected in a single 
sample and each column represents the signal peaks of the same 
VOC in numerous samples. The chemical’s concentration is 
qualitatively represented by the hues of the peaks; the higher the 
red color, the higher the concentration. Table 2 lists a collection of 
specific details. Strain L1 produced the following recognized 
VOCs: 2-butanone, 2,3-butanedione, 1-hydroxy-2-propanone, 
2-pentanone, acetoin, 2-heptanone, cyclohexanone, methyl 
2-methylbutanoate, 2-pentylfuran, and 2-methylpropyl butanoate.

A

C

D

B

FIGURE 3

Fruits were fumigated with 2, 4, 6 and 8 LB plates, respectively, and the decay incidence (A) and disease index (B) were calculated according to the 
disease severity of the fruit infected with A. iridiaustralis. Biocontrol of wolfberry rot by biofumigation with different numbers of LB plates (C). 
Combination image of a single wolfberry fruit selected in a plate (D). Columns with different lower-case letters within the same panel are 
significantly different at p < 0.05 level according to Duncan’s multiple range test.
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Alternaria iridiaustralis is inhibited by a 
single known VOC

The effects of nine components on the growth of A. iridiaustralis 
mycelium were determined (Table 3). Among the nine tested pure 
substances, only 2,3-butanedione (40 μl/L) showed a strong effect, 
completely inhibiting the growth of the A. iridiaustralis mycelium. 
The remaining substances, including 1-hydroxy-2-propanone, 
2-pentanone, acetoin, 2-heptanone, cyclohexanone, methyl 
2-methylbutanoate, 2-pentylfuran and 2-methylpropyl butanoate, 
showed very weak or no antifungal activity on PDA plates.

Effects of pure VOC chemicals against 
Alternaria iridiaustralis on wolfberry

As shown in Table 4, 2,3-butanedione was found to be an 
effective BCA. At 60 μl/L, it completely inhibited the growth of 

A. iridiaustralis, and no obvious lesions were found on the 
wolfberry fruits. The decay incidence and disease index 
decreased significantly.

Broad spectrum antifungal activity of 
volatiles from Bacillus velezensis L1

Ten important pathogenic fungi including P. capsici, C. capsici, 
F. oxysporum, B. cinerea, R. solani, F. graminearum, F. annulatum, 
T. tumuli, C. fioriniae and F. arcuatisporum, were used to test the 
broad antifungal activity of B. velezensis L1. In the strain L1 
treatment, the mycelial growth of the pathogenic fungi was 
greatly inhibited (Figure  6). The inhibition rate of L1 strain 
against the nine pathogenic strains was >80%. These results 
suggest that active volatiles produced by B. velezensis L1 have a 
broad antifungal activity against different genera of 
pathogenic fungi.

A

C

D

B

FIGURE 4

2, 4, 6 and 8 LB plates were used to fumigate untreated wolfberry fruit. The container were sealed and followed by incubation at room 
temperature for 7 days, the decay incidence (A) and disease index (B) were measured. Biocontrol of VOCs produced by B. velezensis L1 on 
postharvest natural decay of wolfberry fruit (C) and combination image of a single wolfberry fruit selected in a plate (D). Columns with different 
lower-case letters within the same panel are significantly different at p < 0.05 level according to Duncan’s multiple range test.
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Discussion

Postharvest regulation of fruits and vegetables can result in an 
incredibly high value (Lemos Junior et al., 2020). Recent VOCs 
control research has produced positive results and is regarded as 
a useful alternative strategy for reducing fungal infection (Raza 
et  al., 2016; Syed-Ab-Rahman et  al., 2019). In this study, 
we  isolated and characterized a strain of B. velezensis L1 that 
suppresses A. iridiaustralis growth in wolfberry during the 
postharvest process and displayed the broad-spectrum antifungal 

activity of VOCs obtained from B. velezensis L1. Therefore, 
B. velezensis L1 is anticipated to be employed as an antagonistic 
microbe. To the best of our knowledge, this is the first known 
study exhibiting the antagonistic activity of B. velezensis VOCs 
against A. iridiaustralis on postharvest wolfberry.

In vitro antifungal experiments revealed that VOCs produced 
by B. velezensis L1 strongly inhibited the growth of A. iridiaustralis 
mycelium, spore germination, and sporulation. VOCs generated 
by B. velezensis C16 significantly suppress A. solani mycelium 
development and spore germination (Zhang et  al., 2021). 

A B C

FIGURE 5

The Gallery plot of selected VOCs in the gas-phase ion mobility spectrum. Each row in the figure represents that all the signal peaks were selected 
in one sample, and each column represented the signal peaks of the same VOCs in different samples. Substances in area (A) were both identified 
in CK and B. velezensis L1. Substances in area (B) were identified in CK. Substances in area (C) were identified in B. velezensis L1.

TABLE 2 Qualitative information from HS-GC-IMS analysis of VOCs from tested B. velezensis L1.

Count Compound CAS# Formula MW RI Rt [sec] Dt [RIPrel]

1 2-butanone monomer C78933 C4H8O 72.1 608.5 139.894 1.0597

2 2-butanone dimer C78933 C4H8O 72.1 601.6 136.916 1.24743

3 2,3-butanedione C431038 C4H6O2 86.1 599 135.826 1.17873

4 1-Hydroxy-2-propanone C116096 C3H6O2 74.1 638.4 152.575 1.22642

5 2-pentanone monomer C107879 C5H10O 86.1 696 180.037 1.12034

6 2-pentanone dimer C107879 C5H10O 86.1 697.7 181.4 1.37338

7 Acetoin monomer C513860 C4H8O2 88.1 723.1 202.308 1.05484

8 Acetoin dimer C513860 C4H8O2 88.1 720.3 200.04 1.32941

9 2-heptanone monomer C110430 C7H14O 114.2 896.6 378.474 1.26411

10 2-heptanone dimer C110430 C7H14O 114.2 895.7 376.962 1.62921

11 Cyclohexanone monomer C108941 C6H10O 98.1 903 389.726 1.15422

12 Cyclohexanone dimer C108941 C6H10O 98.1 902.6 389.001 1.45337

13 methyl 2-methylbutanoate C868575 C6H12O2 116.2 775.6 245.523 1.18758

14 2-Pentylfuran C3777693 C9H14O 138.2 1002.5 564.479 1.25597

15 2-methylpropyl butanoate C539902 C8H16O2 144.2 960.2 489.067 1.32923

Dt, drift time; MW, molecular mass; RI, retention index; Rt, retention time; VOC, volatile organic compound.
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According to Jiang et al. (2018), VOCs from the B. velezensis strain 
may prevent sporulation of B. cinerea in peppers. This agrees with 
the findings obtained for B. velezensis L1. Additionally, the 
regrowth of A. iridiaustralis was reduced by the VOCs from 
B. velezensis L1. The effects of VOCs on B. cinerea were comparable 
to those of Pseudomonas fluorescens ZX (Zhong et al., 2021). This 
might be because VOCs disrupt the pathogenic fungi’s natural 
morphological structure and interfere with their normal 
proliferation. However, the damage appears to be  lost with a 
reduction in VOC concentration, possibly because of the robust 
recovery and reproductive capacity of the fungi. According to 
SEM analysis, the VOCs from B. velezensis L1 can severely damage 
the morphology of A. iridiaustralis. Numerous studies have 
demonstrated that VOCs can harm pathogenic the walls and 
membrane systems of pathogenic fungi, impairing their ability to 
perform essential tasks (Zhao et al., 2019; Wang et al., 2021b). This 
might be  one of the key ways through which VOCs prevent 
harmful the growth of fungi.

The effectiveness of VOCs in vivo was further investigated in 
light of the superior inhibitory capacity of B. velezensis L1 in vitro. 
The findings demonstrated that VOCs from B. velezensis L1 can 
greatly reduce disease severity in wolfberry. Although many 

descriptive studies have investigated the effectiveness of VOCs 
(Archana et al., 2021; Wang et al., 2021a), more research is focused 
on the screening of strains and the identification of volatiles 
produced, with most authors not choosing to explore the 
relationship between their concentrations and diseases, which 
may be  due to difficulties associated with testing. Calvo et  al. 
(2020) reported that the B. velezensis strain inhibits mycelial 
growth and sporulation and is not pathogenic to humans after use. 
However, the VOCs concentration was not considered in their 
study. Myo et al. (2019) found that B. velezensis NKG-2 adversely 
affected the growth of six pathogenic fungi, but they too did not 
consider the VOCs concentration. The effect of VOC 
concentrations on the prevention, occurrence, and severity of 
diseases is of great value for the postharvest preservation of fruits 
and vegetables (Sharifi and Ryu, 2016). These concentrations were 
influenced by different numbers of LB plates. With an increase in 
concentration, the disease status of wolfberry fruits inoculated 
with the pathogenic fungus A. iridiaustralis changed significantly. 
Wang et al. (2021c) also confirmed that a certain concentration of 
VOCs produced by P. fluorescens ZX can significantly control gray 
mold in citrus and inhibit decay development. When VOCs reach 
a certain concentration, the growth of pathogenic fungi in fruits 
is completely inhibited, resulting in the best control effect. This 
suggests that it is entirely feasible to utilize VOCs produced by 
antagonistic microorganisms as potential BCAs. More 
importantly, VOCs also have an excellent control effect on fruits 
that rot naturally after harvest, inhibited all pathogenic fungi that 
caused the disease, which greatly prolongs the storage time of 
wolfberry. Studies have confirmed that VOCs produced by some 
bacteria, yeast and fungi can induce resistance against pathogens 
in fruits and vegetables (Zheng et al., 2019). This may be related 
to another antifungal mechanism of VOCs. Zhou et al. (2019) 
reported that the VOCs of strain CF-3 could reduce the enzymatic 
activity involved in fruit decomposition, activate the antioxidant 
enzymes to prevent cell damage, and elevate the disease-resistant 
enzyme activity to prevent the invasion of pathogenic fungi, 

TABLE 3 Effects different concentrations of tested compounds on the mycelial growth of A. iridiaustralis after an incubation at 28°C for 4 d.

Volatile compound
Different concentrations of volatiles

20 μl/L 40 μl/L 60 μl/L 80 μl/L 100 μl/L

Control 35.7 ± 0.4a 35.7 ± 0.4a 35.7 ± 0.4a 35.7 ± 0.4a 35.7 ± 0.4a

2,3-butanedione 29.9 ± 0.5c 19.1 ± 0.4b 06.0 ± 0.0c 06.0 ± 0.0c 06.0 ± 0.0d

1-Hydroxy-2-propanone 34.5 ± 0.4a 34.1 ± 0.4a 33.9 ± 0.4b 33.6 ± 0.5b 33.0 ± 0.3c

Acetoin 35.5 ± 0.4a 35.4 ± 0.4a 35.9 ± 0.3a 35.1 ± 0.2ab 34.7 ± 0.4ab

2-pentanone 35.5 ± 0.3a 34.3 ± 0.4a 34.5 ± 0.4ab 34.2 ± 0.2b 33.9 ± 0.3bc

2-heptanone 31.4 ± 0.4b 31.7 ± 0.3b 32.9 ± 0.2b 33.7 ± 0.3b 32.6 ± 0.4c

Cyclohexanone 35.9 ± 0.4a 35.8 ± 0.5a 35.6 ± 0.2a 35.9 ± 0.3a 36.1 ± 0.5a

methyl 2-methylbutanoate 35.9 ± 0.4a 34.1 ± 0.4a 33.2 ± 0.2b 34.5 ± 0.4ab 32.6 ± 0.5c

2-Pentylfuran 34.1 ± 0.2a 35.3 ± 0.4a 34.4 ± 0.4ab 34.1 ± 0.4b 34.1 ± 0.2bc

2-methylpropyl butanoate 34.8 ± 0.2a 34.1 ± 0.5a 34.4 ± 0.4ab 33.9 ± 0.3b 34.2 ± 0.3bc

Each value is the mean of three replicates ± standard error. Values in a column followed by a different letter are significantly different according to Duncan’s multiple range test at p < 0.05 
level.

TABLE 4 Effects different concentrations of 2,3-butanedione on the 
wolfberry fruit decay.

Concentrations (μL/L) Decay incidence (%) Disease index

0 100.00 ± 0.00a 49.63 ± 1.96a

20 92.59 ± 3.70b 22.50 ± 1.44b

40 48.15 ± 3.71c 7.83 ± 1.17c

60 0.00 ± 0.00d 0.00 ± 0.00d

80 0.00 ± 0.00d 0.00 ± 0.00d

100 0.00 ± 0.00d 0.00 ± 0.00d

Each value is the mean of three replicates ± standard error. Values in a column followed 
by a different letter are significantly different according to Duncan’s multiple range test at 
p < 0.05 level.
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thereby inducing resistance to fungi. Lee et al. (2019) showed that 
VOCs released by microorganisms induce self-resistance in the 
host to avoid the pathogen-induced harm. For the control of 
postharvest natural decay, strain L1 can be  used as a new 
preservative with significant effect, which is of great value in 
commercial production.

In general, antagonistic microorganisms can produce VOCs 
such as ketones, alcohols, aldehydes, esters, and acidic and 
aromatic compounds with antifungal activity, and different strains 
released VOCs are specific (Raza et  al., 2015; Kai, 2020). In 
addition, VOCs can be altered by changes in culture conditions. 
For example, P. fluorescens ZX produced different VOCs when 

A

B

FIGURE 6

(A) Broad antifungal activity of B. velezensis L1 against ten fungal pathogens. (B) Corresponding histograms for statistical data on mycelial growth 
inhibition rate. Different fungal strains including P. capsici, C. capsici, F. oxysporum, B. cinerea, R. solani, F. graminearum, F. annulatum, T. tumuli,  
C. fioriniae and F. arcuatisporum were used in the tests.
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incubated on NB or NA (Wang et al., 2020). B. amyloliquefaciens 
PP19, Exiguobacterium acetylicum SI17, B. pumilus PI26 were 
reported to vary greatly in their VOCs with incubation time and 
between strains (L. Zheng et al., 2019). The FlavourSpec® Flavor 
Analyzer, which uses HS-GC-IMS technology, is mainly used for 
the research of food flavor (Wang et al., 2019; Yuan et al., 2019). 
Because of the high sensitivity and high resolution, the 
HS-GC-IMS technique is effective in identifying VOCs released 
by different strains. In this study, based on the complexity and 
diversity of VOCs, volatile gas chemicals emitted by B. velezensis 
L1 were identified using HS-GC-IMS, and 10 main components 
were found. The components identified varied from the volatile 
components discovered in other studies, which could be due to 
variations in the growth environment of the hostile bacteria 
(Wallace et al., 2017). On the other hand, the results obtained may 
vary because of the use of different types of equipment and 
materials in experiments to identify VOC components.

Nine pure compounds were commercially available and 
selected for further analysis. Among the components 
identified, 2,3-butanedione had the strongest inhibitory effect 
on pathogenic fungi both in vitro and in vivo. 2,3-Butanedione 
could reduce the rot disease index of wolfberry fruit. 
Compared with the complex VOCs components, pure 
compounds have clear structural characteristics and are easy 
to produce and synthesize and may have practical applications 
in future. Calvo et  al. (2020) showed that 20 μl/L of 
2,3-butanedione could completely control gray mold in grapes 
and reduce blue rot in mandarins to 60%. Gergolet Diaz et al. 
(2021) showed that 2,3-butanedione had the strongest 
inhibitory effect on the mycelial growth of F. verticillioides. 
2,3-Butanedione is a naturally occurring, safe and edible 
volatile alpha-diketone often used in food additives and flavors 
because of its good flavor. Pathogenic fungi are very sensitive 
to even very low concentrations of VOC, and therefore, this 
VOC is considered a promising compound for postharvest 
preservation (Zheng et al., 2020). 2-Pentanone, 2-heptanone, 
and acetoin are the most common and abundant VOCs in 
many strains (Wu et  al., 2015; Lazazzara et  al., 2021). As 
observed in our study, they have little impact on the hyphal 
development of pathogenic fungi. However, VOCs are usually 
complex in composition, and their inhibitory effects often do 
not depend on a single active ingredient (Wang et al., 2021c). 
Few studies have investigated the optimal application and 
activity of the combination of VOC. Thus, whether the main 
components in these VOCs are synergistically involved in the 
antifungal effect deserves further investigation. 1-Hydroxy-2-
propanone, cyclohexanone, methyl 2-methylbutanoate, 
2-pentylfuran and 2-methylpropyl butan were found to 
be  produced by the B. velezensis strain for the first time. 
However, they showed no antifungal activity against 
A. iridiaustralis in the tests. This could be  related to the 
concentration chosen, some antifungal compounds showed 
weak activity or were ineffective at low concentrations 
(Vicentini et al., 2007). However, it is worth considering that 

high concentrations of antifungal substances can harm the 
human body, which is not in line with our original intention.

In addition, tests on pathogenic fungi that cause severe 
diseases in crops, fruits, vegetables and other foods have found 
that VOCs from B. velezensis L1 also significantly inhibit its 
growth. This provides more possibilities for the application of 
B. velezensis L1 and its VOCs as preservatives for controlling these 
diseases during storage. For different pathogenic fungi, the 
inhibitory effect of VOCs is also different. At present, the 
antifungal mechanisms discovered by VOCs mainly include 
inhibition of mycelial growth, damage to cell walls, regulation of 
enzyme activities, and induction of host resistance (Zhong et al., 
2021). It is still important to explore the interactions and 
connections between VOCs, pathogenic fungi and hosts.

This work is the first to investigate the inhibitory effect of 
B. velezensis L1 on postharvest disease of wolfberry. In experiments, 
B. velezensis L1 and its volatiles (2,3-butanedione) can effectively 
reduce the decay caused by pathogenic fungi and prolong storage 
time. These results provide favorable evidence for the biocontrol 
activity of strain L1 against A. iridiaustralis and other important 
fungal pathogens, and also provides insights to develop storage 
systems for fresh fruits and vegetables after harvest.
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Diversity of bacterial community 
in Jerusalem artichoke 
(Helianthus tuberosus L.) during 
storage is associated with the 
genotype and carbohydrates
Guolian Du 1, Zhu Sun 1, Shanhua Bao 1, Qiwen Zhong               1,2*  and 
Shipeng Yang 1*
1 Qinghai Key Laboratory of Vegetable Genetics and Physiology, Agriculture and Forestry Sciences 
Institute of Qinghai University, Qinghai University, Xining, China, 2 Laboratory for Research and 
Utilization of Germplasm Resources in Qinghai Tibet Plateau, Qinghai University, Xining, China

Jerusalem artichoke (JA) is a fructan-accumulating crop that has gained 

popularity in recent years. The objective of the present study was to determine 

the dynamics of the JA-microbiome during storage. The microbial population 

on the surface of the JA tuber was determined by next-generation sequencing 

of 16S rRNA amplicons. Subsequently, the changes in carbohydrate and 

degree of polymerization of fructan in tubers during storage were measured. 

Among different genotypes of JA varieties, intergeneric differences were 

observed in the diversity and abundance of bacterial communities distributed 

on the surface of tubers. Additionally, bacterial diversity was significantly 

higher in storage-tolerant varieties relative to the storage-intolerant 

varieties. Redundancy analysis (RDA) and the correlation matrix indicated a 

relationship between changes in the carbohydrates and microbial community 

succession during tuber storage. The tuber decay rate correlated positively 

with the degree of polymerization of fructan. Moreover, Dysgonomonas and 

Acinetobacter in perishable varieties correlated significantly with the decay 

rate. Therefore, the bacteria associated with the decay rate may be involved 

in the degradation of the degree of polymerization of fructan. Furthermore, 

Serratia showed a significant positive correlation with inulin during storage 

but a negative correlation with the decay rate, suggesting its antagonistic role 

against pathogenic bacteria on the surface of JA tubers. However, the above 

correlation was not observed in the storage-tolerant varieties. Functional 

annotation analysis revealed that storage-tolerant JA varieties maintain tuber 

quality through enrichment of biocontrol bacteria, including Flavobacterium, 

Sphingobacterium, and Staphylococcus to resist pathogens. These results 

suggested that crop genotype and the structural composition of carbohydrates 

may result in differential selective enrichment effects of microbial communities 

on the surface of JA varieties. In this study, the relationship between microbial 

community succession and changes in tuber carbohydrates during JA storage 

was revealed for the first time through the combination of high-throughput 

sequencing, high-performance liquid chromatography (HPLC), and high-

performance ion-exchange chromatography (HPIC). Overall, the findings of 
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this study are expected to provide new insights into the dynamics of microbial-

crop interactions during storage.

KEYWORDS

Jerusalem artichoke, storage, microbiome, inulin, high-performance liquid 
chromatography, high-performance ion-exchange chromatography

Introduction

Complex carbohydrates, in the form of structural and storage 
polysaccharides, are products of primary metabolism. Biomass 
carbohydrates are a ubiquitous source of energy for 
microorganisms in different ecosystems (Gunina and Kuzyakov, 
2015). Crop fruits and seeds are rich in carbohydrates, and their 
utilization by microorganisms is inextricably linked to different 
environmental factors and crop species. In the case of limited 
nutrient pools and changing temporal gradients, intense 
competitive relationships between microbial communities are 
found, which strongly influence the proliferation and survival of 
exogenous bacteria on agricultural products and changes with 
external conditions (Droby et al., 2016). Post-harvest fruit and 
vegetable loss accounts for nearly one-third of the total and 
majorly occurs during the processing and storage of agricultural 
products (Spang et al., 2019). Fruit decay crucially affects crop 
storage, processing, and merchantability (Wenneker and Thomma, 
2020). Microbial communities on the surface of crop fruits are 
closely related to their decay. In addition, the equilibrium between 
microorganisms and their hosts is disrupted with increased 
storage time. The stability between the two is maintained through 
a complex molecular signaling system comprising microbial 
diversity and multiple factors. In addition, microbial diversity is 
associated with fruit quality (Zhang et  al., 2021). Studies on 
bacterial diversity for varieties with different storage characteristics 
in the same environment can facilitate the understanding of fruit 
as an ecosystem, wherein bacterial communities play a crucial role 
in maintaining/regulating the health and physiology of fruits 
during the storage (Droby and Wisniewski, 2018).

Advances in next-generation sequencing (NGS) technologies 
have led to significant improvements in examining microbial 
communities. Several studies confirm that microorganisms 
identified by traditional isolated culture methods represent only 
0.1–10% of the total environmental organisms (Amann et  al., 
1995; Tholozan et al., 1999). High-throughput sequencing allows 
for the extraction of DNA directly from different samples for the 
analyses of species composition and abundance without the need 
to isolate and culture them. Accumulating evidence from these 
techniques suggests that many microbial communities do not 
undergo spatial homogenization but display significant structures 
like many plant and animal communities. These findings are 
largely based on the analyses of bacteria (Morrison-Whittle and 
Goddard, 2015). Furthermore, these studies have focused on the 

following aspects: (1) specific microbial communities showing 
differential species composition and abundance among varieties 
of different crops (Zheng et al., 2015; Buchholz et al., 2021); (2) 
changes in microbial abundance over time during storage (Shen 
et  al., 2018; Liu et  al., 2020); (3) inhibitory effects of 
non-pathogenic microorganisms (Magerl et al., 2008), and (4) 
correlation with specific carbohydrates (Chatellard et al., 2016; Li 
et al., 2018). Although existing research extends to a wide range 
of crops, the diversity, function, and impact of specific 
communities of these communities on the overall community 
remain unknown. Consequently, strategies to prolong shelf life 
and avoid fruit diseases during storage should account for the 
indigenous microbiome and strategies should be implemented for 
a sustainable management (Kusstatscher et al., 2020).

Jerusalem artichoke (JA) is a perennial herb of the genus, 
Helianthus L., belonging to Asteraceae. Inulin, primarily stored in 
the tuber, accounts for 80% of the total dry weight of JA. Inulin-
type fructans (ITFs), which are functional fructans and soluble 
dietary fibers, comprise a mixture of inulin, oligofructose, and 
fructooligosaccharide with β configuration. ITFs are mainly 
distributed in monocotyledonous and dicotyledonous plants, 
including JA, chicory, asparagus, wheat, garlic, banana, and onion 
(across Asteraceae, Gramineae, and Liliaceae). Inulin can regulate 
intestinal flora and is commonly used as a sugar substitute among 
patients with obesity, diabetes, and hyperlipidemia (Lovegrove 
et al., 2017; Man et al., 2020). ITF can be further classified into 
three subclasses of fructose units based on chain length or degree 
of polymerization (DP) as follows: small (3–5), medium (6–10), 
and long-chain (11–60). The length of DP is determined by 
genotype, environmental factors, harvest time, and storage 
processes. In general, DP determines the quality of the ITF and its 
commercial price. The type of carbohydrate determines to an 
extent the enrichment characteristics in microorganisms. 
Therefore, monitoring the development of bacterial communities 
during JA storage is crucial for understanding the primary 
pathogenic bacteria, improving the conservation of germplasm, 
and controlling fructan degradation.

In this study, we used high-throughput sequencing technology 
to analyze the bacterial community on the surface of tubers of 
jicama resources with different storage tolerance during storage. 
We focused on the following aspects: (1) decay-induced bacterial 
community changes between two different JA varieties with 
distinct storage-tolerant properties during storage to elucidate the 
correlation between microbial community structure and disease 
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occurrence; (2) cluster heatmap and radar chart analyses of highly 
abundant bacterial communities. Clustering analysis was 
performed for bacterial communities to assess the microbial 
enrichment in JA during storage, while the radar chart revealed 
dynamic changes among the common bacterial communities; (3) 
RDA and correlation analysis of fructans and bacterial 
communities to screen key microbial factors showing high 
correlation with disease occurrence and to elucidate the variability 
in pathogenicity and disease suppression exhibited at different 
storage periods. Furthermore, it provides theoretical support for 
deciphering the microbial mechanisms involved in JA tuber storage 
rot, as well as for preventing and controlling JA tuber storage rot.

Materials and methods

Sample sources

Test samples and storage conditions
The JA resources, including the storage-tolerant variety ‘JA25’ 

and the storage-intolerant variety ‘JA187’, were provided by the 
Institute of Horticulture, Qinghai Provincial Academy of 
Agriculture and Forestry Sciences. Microbial samples on the 
surface of tubers were collected from the JA storage base (at a 
constant temperature of 2°C and relative humidity of 40–60%) of 
the Institute. According to previous statistics, the peak of cellar 
storage-induced decay rate was 68% in 2020.

Grading storage-induced tuber decay
The decay rate was defined as the proportion of tubers with 

visible signs of decay and color changes on the surface relative to the 
total number of tubers in each treatment group. The incidence and 
condition index were used as indicators to investigate the decay rate 
of stored JA tubers. In addition, the storage-induced tuber decay was 
classified into four classes according to the criteria listed in Table 1.

Microbial sample collection from the tuber 
surface

Based on the results of the decay estimation, the first microbial 
sample collection on the surface of tubers was performed on 
December 31, 2019, for Grade 1. The time interval between two 
sample collections was set at 30 days. Four critical sampling periods 
were determined based on the disease incidence. Microbial samples 
of tubers were collected from the storage-tolerant variety, ‘JA25’, and 
the storage-intolerant variety, ‘JA187’, during storage (six replicates 
per storage period and six randomly selected tubers per replicate). 
In addition, the microbial samples from the five tubers were pooled 
and packed in sterile valve bags after removing soil and other 
impurities and frozen in liquid nitrogen until subsequent use.

Preservation and processing of microbial 
samples

First, the mycelium on tuber surfaces was gently scraped 
with a sterile blade and placed into sterile containers. 

Subsequently, phosphate belanced solution (PBS) buffer was 
added to each of the 48 bacterial samples, mixed by shaking for 
20 min, and centrifuged at 12,000 rpm for 10 min to obtain the 
precipitate. Next, the samples were loaded into centrifuge tubes 
and frozen in liquid nitrogen. Subsequently, the frozen tissues 
were stored at-80°C for DNA extraction and bacterial 
community analyses. Samples were labeled as ‘JA25’.1, ‘JA25’.2, 
‘JA25’.3, ‘JA25’.4, ‘JA187’.1, ‘JA187’.2, ‘JA187’.3, and ‘JA187’.4 
(corresponding to the four collection periods of the two 
sampled varieties) and sent to Beijing Novogene Biotech for 
16 s rRNA sequencing. In addition, the remaining JA tubers 
were sliced, oven-dried, and packed in sterile valve bags for the 
determination of physicochemical properties, including the 
fructan content and DP.

Determination of physicochemical 
properties of tuber carbohydrates

Fructan extraction and determination of its 
content

Distilled water (20 ml) was added to 0.5 g of dried JA 
powder and boiled in a water bath for 30 min, during which the 
samples were stirred several times using a glass rod. Next, the 
samples were allowed to cool at room temperature and poured 
into a centrifuge tube, and centrifuged for 10 min (12,000 r/
min). Finally, the supernatant was poured into a 25 ml 
volumetric flask for determining the volume. Further,17.5 ml of 
distilled water and 1 ml of hydrochloric acid (3 mol L−1) were 
added to an equal weight of the dried JA powder and boiled for 
1 h; the samples were stirred several times using a glass rod. 
Next, the samples were allowed to cool at room temperature. 

TABLE 1 Grading criteria for rotting disease in stored Jerusalem 
artichoke tubers.

Grading Tuber presentation

0 No significant changes in tubers, with the 

absence of pathogens.

1 Slight damage with white mycelium 

appearing on the epidermis, accounting 

for less than 5% of the total surface area of 

the tuber.

2 Moderate damage with mycelium 

accounting for less than 6–25% of the total 

surface area and initial decay on of the 

tuber epidermis.

3 Severe damage with mycelium accounts 

for less than 26–50% of the total surface 

area and initial decay of the tuber flesh.

4 Severe tuber decay with the white 

mycelium turning dark gray, accounting 

for more than 75% of the total surface area 

of the tuber.
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Subsequently, 1 ml of sodium hydroxide (3 mol L−1) and 0.6 ml 
of aluminum sulfate (3 mol L−1) were added to each sample, 
mixed well, poured into a centrifuge tube, and centrifuged for 
10 min (12,000 r/min). Finally, the supernatant was poured into 
a 25 ml volumetric flask for determining the volume. Next, 1 ml 
of each solution from the reserve was added to 50 μl of 
sulfosalicylic acid (0.2 g L−1) and filtered through a filter 
membrane (0.22 μm). In addition, the samples were analyzed by 
HPLC with the following parameters: detector: differential 
refractive index detector; analytical column: SUGAR KS-802 
(8.0 mmId × 300 mml) special column for sugar analysis; mobile 
phase: ultrapure water; flow rate: 1 ml/min; column temperature: 
80°C, and injection volume: 5 μl.

Glucose, sucrose, and fructose standards were prepared (0.1, 
0.25, 0.5, 0.75, and 1 mg/ml standard solutions). Subsequently, the 
samples were analyzed by HPLC (Shimadzu RID-10A, Kyoto, 
Japan), and the appearance periods were 7.12, 8.23, and 9.75 min 
for sucrose, glucose, and fructose, respectively. Finally, a linear 
graph was plotted based on the peak areas and the concentrations 
of the standards, the results of their linear regression equations are 
shown in Supplementary Table S1.

DP determination for fructan
The DP of inulin extracts was analyzed by high-efficiency 

ion chromatography coupled with pulsed amperometric 
detection (Au, Ag/AgCl reference electrodes). The inulin 
extracts were diluted to an appropriate concentration with 
deionized water (900 μl of ultrapure water was added to 100 μl 
of fructan extract), and filtered through a 0.22 μm filter 
membrane before injection. The sample was injected using an 
AS50 autosampler with the column temperature set at 30°C, 
the injection volume set at 5 μl and the flow rate set at 1 ml/
min. A high-capacity anion-exchange column compatible with 
gradient elution was used for a set time of 60 min. The  
peak periods were 3.5, 4.6, 8.2, 13.6, 16.6, 19.1, 21.3, and 23.3 
for 1-kestose, nystose, 1F-fructofuranosyl nystose, 
1,1,1,1-kestohexose, fructoheptasaccharide, fructo-oligosac 
charide DP8, fructo-oligosaccharide DP9, and fructo-
oligosaccharide DP10, respectively. The relative percentage DP 
composition of inulin was calculated based on the peak area 
under the chromatogram, integrated with the Chromeleon™ 
software (version 6.2, Dionex).

Analyses of the bacterial communities

Total DNA extraction
Genomic DNA of the samples was extracted using 

cetyltriethylammnonium bromide (CTAB) lysis buffer. 
Subsequently, the purity and concentration of DNA were 
measured by agarose gel electrophoresis (0.8%). An 
appropriate amount of sample DNA was taken in a centrifuge 
tube and diluted to a final concentration of 1 ng/μl in 
sterile water.

PCR amplification of the 16S rDNA-V4 region 
of the bacterial genome

Using the diluted genomic DNA as a template, the specific 
primers, 515F (5’-GTTTCGGTGCCAGCMGCCGCGGTAA-3′) 
and 806R (5’-CAGATCGGACTVGGGTWTCTAAT-3′), with 
barcodes for the 16S rDNA-V4 region were used according to 
the selected sequencing region. The 20 μl reaction system used 
to identify bacterial diversity was as follows: 5xFastPfu Buffer: 
4 μl, 2.5 mm dNTPs: 2 μl, 515F (5 μm): 0.8 μl, 806R (5 μm): 
0.8 μl, FastPfu Polymerase: 0.4 μl, BSA: 0.2 μl, template DNA: 
10 ng, and ddH2O: 20 μl. In addition, the polymerase chain 
reaction (PCR) reaction parameters were as follows: 
pre-denaturation at 95°C for 3 min, denaturation at 95°C for 
30 s, annealing at 55°C for 30 s, extension at 72°C for 45 s 
(27 cycles in total), and final extension at 72°C for 10 min. 
Finally, PCR amplification was performed using a high-
efficiency and high-fidelity enzyme (Phusion® High-Fidelity 
PCR Master Mix with GC Buffer, New England Biolabs) to 
ensure efficiency and accuracy of amplification.

Mixing and purification of PCR products
Mixing to equal concentration was performed according to 

the PCR product concentration, following which the PCR 
products were detected on 2% agarose gel at 120 V for 
approximately 30 min. Finally, the target bands were recovered 
using a gel recovery kit (Qiagen).

Library construction and sequencing
The purified PCR products were used to construct the library 

using the TruSeq® DNA PCR-Free Sample Preparation Kit. The 
constructed libraries were quantified by Qubit and 
qPCR. Subsequently, the qualified libraries were sequenced on the 
NovaSeq 6,000 on the Illumina HiSeq 2,500 sequencing platform 
of Novogene.

Processing of sequencing data
In general, some noise is present in the raw data obtained 

after sequencing. Consequently, splicing and filtering were 
performed to obtain valid data for accurate and reliable 
analyses. First, data for each sample was split from the data to 
be  sequenced according to barcode sequences and PCR 
amplification primer sequences. Next, the barcode and primer 
sequences were truncated. Subsequently, the reads in each 
sample were spliced using the FLASH software package 
(FLASH v1.2.71; Magoč and Salzberg, 2011), and the resulting 
spliced sequences were the raw tags. Further, the raw reads 
were filtered using Qiime (V1.9.1; Caporaso et al., 2010) to 
obtain high-quality reads. Following the tag quality control 
process, the final valid data (effective Tags) were obtained after 
removing chimeric sequences (Rognes et al., 2016).

1 http://ccb.jhu.edu/software/FLASH/
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OTU clustering and species annotation
Operational Taxonomic Units (OTU) clustering was 

performed for the valid data at the 97% level using the Uparse 
software (Uparse v7.0.10012; Haas et  al., 2011). In addition, 
sequences with the highest frequency of occurrence of OTUs were 
screened as the representative sequences for those OTUs based on 
the ribosomal database project (RDP) classifier Bayesian 
algorithm using the Qiime (V1.9.1).3 Subsequently, species 
annotation analysis (with a threshold of 0.8 to 1) was performed 
based on the Mothur method using the small-subunit rRNA 
(SSUrRNA) database (Wang et al., 2007) from SILVA132 (Edgar, 
2013). The structural composition of microbial communities was 
detected by statistical analysis of OTUs for abundance, α-diversity, 
β-diversity, and community outcomes for the species at each 
taxonomic level (DeSantis et  al., 2006; Wang et  al., 2007). In 
addition, the optimal comparisons were selected to determine the 
taxonomic information and species-based distribution of bacterial 
sequence abundance. Finally, the least amount of data among the 
samples were standardized for homogenization.

Sample complexity analysis
Sample complexity analysis was performed by assessing the 

alpha diversity (within-habitat diversity) and sample diversity 
indices were calculated using the Qiime software (Version 1.9.1). 
The ACE and Chao1 indices were used to evaluate community 
richness. Subsequently, community diversity was calculated using 
Shannon and Simpson indices. The sequencing depth index was 
assessed by Good’s coverage. Box plots between microbial 
community groups based on these diversity indices were drawn in 
R. Tukey’s HSD was used to examine the differences in 
microorganisms between different JA varieties during the storage 
period. Furthermore, effective tags were visualized using Origin 
2019. Finally, the variance test was performed using Duncan’s new 
multiple range method using the SPSS software.

Multi-sample comparisons
Differences in bacterial species diversities between samples 

were compared using the ß-diversity index. Subsequently, Unifrac 
distances were calculated using the Qiime (Caporaso et al., 2010) 
software. Venn analysis was performed using the “VennDiagram” 
package in R software, which automatically generates highly-
customizable, high-resolution Venn diagrams to assess common 
and unique microorganisms between JA varieties with differential 
storage characteristics across storage periods. In addition, ggplot2, 
reshape2, ggalluvial (Brunson, 2018), and vegan packages in R 
software were used to create collision diagrams of changes in 
microbial time series composition to visualize abundances of 
dominant bacterial and fungal taxa at phylum and genus levels. 
Subsequently, the top 35 bacterial genera in terms of abundance 
in each period were selected based on the abundance information 

2 http://www.drive5.com/uparse/

3 http://qiime.org/scripts/split_libraries_fastq.html

for the bacterial communities, and clustering heatmaps were 
generated. Next, the common OTUs between the two varieties 
were selected to draw the radar chart. Finally, Linear discriminant 
analysis Effect Size (LEfSe) analysis was performed to identify 
changes in bacterial abundances between the two varieties during 
storage, and the screening value of the Linear discriminant 
analysis (LDA) score was set to 4 (Zhang et al., 2013).

Correlational analysis for carbohydrate factors
Redundancy analysis (RDA) plots were drawn to perform 

RDA between carbohydrates and specific bacterial species to 
obtain carbohydrate factors that significantly influenced the 
changes across bacterial communities. Spearman correlation 
coefficients were calculated using the R package, ggcor (Huang 
et  al., 2020), based on the information for differential species 
abundance obtained from LEfSE analysis. Finally, a correlation 
analysis was performed between carbohydrates and specific 
bacterial communities.

Results

Richness and diversity analyses of 
bacterial communities

A total of 3,634,419 high-quality bacteria sequences were 
obtained from 48 samples (24 from ‘JA25’ and 24 from ‘JA187’), 
with each having an average of 75,717 sequences. Good’s coverage 
is an important metric for evaluating the sample coverage (i.e., the 
likelihood of sequencing the 16S rRNA PCR amplicons). As 
shown in Supplementary Table S1, the calculated Good’s coverage 
values for bacterial community abundance ranged between 0.998 
and 0.999, indicating that the samples had high coverage and that 
the sequencing results could truly characterize the bacterial 
diversity on the surface of JA tubers. In addition, the α-diversity 
index was calculated to assess the differences in bacterial 
community richness and diversity among different JA varieties 
during the storage period. As shown in Figure 1, the changing 
trend for OTU species between ‘JA25’ and ‘JA187’ was the same 
(decreasing–increasing–decreasing). Subsequently, bacterial 
abundance was evaluated using Chao and ACE indices. The 
number of bacterial OTUs detected in the storage-tolerant variety, 
‘JA25’, was higher than that in the storage-intolerant variety, 
‘JA187’. Shannon and Simpson’s indices are indicators of bacterial 
community diversity within the samples. It is generally accepted 
that a high Shannon index represents greater diversity, whereas a 
high Simpson index represents lower diversity. Herein, the 
diversity of bacteria in ‘JA25’ was higher than that in ‘JA187’. 
Therefore, microorganisms may play a crucial role in the 
formation of microbial community diversity between the two 
varieties. Specifically, microbial community diversity was 
maintained in the ‘JA25’ variety. In contrast, dominant bacteria 
are more likely to develop in the ‘JA187’ variety, thus resulting in 
a reduction in diversity.
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In the Venn diagram, the circles denote different 
microbiomes, whereby their area of overlap represents the core. 
The common and unique bacteria between the two varieties 
were examined. A significant overlap in enriched OTUs was 
observed across different storage periods (Figure 2). The OTUs 
enriched during the fourth storage settled successfully 
throughout the enyire storage period. Of the 639/793 OTUs 
enriched in the fourth storage period, 531/637 were also 
enriched in the remaining three storage periods: (i.e., 531 and 
637 OTUs were consistently present in the corresponding two 
JA varieties, during the four storage periods). Furthermore, 
there were differences in the number of core microbiomes, 
whereby ‘JA25’ had more core microbiomes in the most 
overlapping region than ‘JA187’, suggesting an important 
contribution to the enrichment of the whole microbial  
community.

Main members of the bacterial 
community on tuber surfaces during 
storage

The abundance of individual microbial species during 
storage was analyzed using the 16S rRNA sequences to elucidate 
the dominant bacterial composition in JA during storage. The 
top 10 most abundant phyla and genera are shown in Figure 3. 
The dominant phylum and relative abundance remained 
consistent between the two varieties. However, significant 
differences were observed in the proportion of bacteria at the 
genus level across the storage periods. Proteobacteria and 
Bacteroidetes were the dominant phyla, accounting for more 
than 80% of the entire community. The trend for Proteobacteria’s 
relative abundance between ‘JA25’ and ‘JA187’ was the same 
(increasing and then decreasing), reaching its peak during the 

A B C

D E F

FIGURE 1

Results of the analysis of the number of effective sequences, operational taxonomic units and Alpha diversity index of bacteria on the surface of 
tubers of different Jerusalem artichoke resources during storage. A: Effective tags; B: Chao index; C: Shannon index; D: OTUs; E: ACE index; F: 
Simpson index. The numbers of replicated samples in this figure are as follows: ‘JA25’ (n = 24), ‘JA187’ (n = 24).

FIGURE 2

Bacterial taxa on the surface of tubers of different Jerusalem artichoke resources during storage. Venn diagram showing OTUs unique to and 
shared by ‘JA25’ (left) and ‘JA187’ (right) Jerusalem artichoke tuber surfaces. Each circle in the figure represents one sample. The number of 
overlapping areas represents the number of OTUs shared between the samples. The numbers without overlapping areas represented the number 
of unique OTUs in the sample.
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second storage and then decreasing, and maintaining a constant 
level from the third to the fourth storage periods. The relative 
abundance of Bacteroidetes exhibited an overall decreasing 
trend during the storage of ‘JA25’, i.e., a decrease in the second 
period (lowest), followed by a marginal increase in the third and 
fourth storage periods. The pattern of variation in the relative 
abundance of this phylum during the storage of the ‘JA187’ 
variety was consistent with the observed pattern of microbial 
diversity from the beginning till the end of storage (Figure 3A). 
The abundance of unclassified fungal genera was significantly 
higher in the ‘JA25’ variety relative to the ‘JA187’ variety 
throughout the storage period. Flavobacterium, 
Sphingobacterium, and Staphylococcus were the most abundant 
genera at the beginning of storage in the ‘JA25’ variety, and their 
relative abundances decreased with the storage time. However, 
Sphingobacterium and Staphylococcus showed low abundances 
for most of the storage period in the ‘JA187’ variety. Serratia was 
the most dominant genus during storage and its relative 
abundance was higher than that in ‘JA25’ for the same period 
(Figure 3B).

Changes in bacterial diversity during JA 
storage

The top 35 genera were classified in a clustering heatmap to 
visualize the dynamic differences in the composition of the 
bacterial community (Figure 4). The changes in the abundance 
of bacterial communities on the tuber surfaces of the two 
varieties were similar across the four storage periods and could 
be divided into five clusters. The relative abundance of bacteria 
gradually increased with time in Cluster 1 but decreased in 
Cluster 5. Further functional analysis was performed on 
differential bacterial populations between the two varieties 
(Supplementary Table S3). Most of the genera with high relative 
abundances in the ‘JA187’ variety consisted of phytopathogens 

and carbohydrate-degrading endophytes. Phytopathogens were 
present in relatively low abundances in the ‘JA25’ variety and 
were mostly non-pathogenic. Subsequently, radar chart analysis 
was performed to examine the variations-in the abundances of 
22 common bacteria on the surface of different JA varieties and 
the relative proportions of bacteria between the two varieties. 
The results suggested that three types of bacteria (Acinetobacter, 
Cyanobacteria, and Staphylococcus) were dominant among the 
six bacterial populations showing significant differences in their 
abundance. The relative abundance of Staphylococcus, having a 
biocontrol function, increased with time in the ‘JA25’ variety. 
In contrast, the relative abundance in the ‘JA187’ variety was 
low. Therefore, the differences in the function of unique bacteria 
and the abundances of common bacteria jointly influenced the 
storage process between the two JA varieties, thus proving that 
the differential storage characteristics between the two varieties 
were determined by microorganisms.

Lefse analysis of the bacterial 
communities

LEfSe was used to identify taxa that differed significantly in 
their abundance among different groups. The threshold for feature 
discrimination was a logarithmic LDA score of 4.0. In the LEfSe 
analysis, some bacterial community members exhibited a 
significant shift on the surface of tubers between the ‘JA25’ and 
‘JA187’ varieties. At the genus level, the abundance of 
Flavobacterium, Sphingobacterium, and Staphylococcus increased 
significantly in the ‘JA25’ variety. However, six genera were present 
in the ‘JA187’ variety, including Pseudomonas, Cyanobacteria, 
Serratia, Myroides, Dysgonomonas, and Acinetobacter. Therefore, 
the storage-intolerant variety, ‘JA187’, comprised greater 
microorganisms during JA decay. Furthermore, the absence of 
‘JA25’0.4 in the figure indicates no significant differential taxa in 
this group (Figure 5).

A B

FIGURE 3

Demonstration of the composition of two Jerusalem artichoke resources at the phylum and genus level during storage. (A) phylum level (B) genus 
level. Each bar represents the relative abundance in each sample. Each color represents a particular phylum or genus.
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Relationship between bacterial taxa and 
carbohydrates

RDA was used to analyze the correlation between bacterial 
communities and carbohydrate factors, with the first two 
coordinate axes cumulatively explaining 60.93% of the 

variation in the microbial community structure. Based on the 
length of the arrow for each carbohydrate factor, inulin, 
sucrose, fructose, DP2–5, and DP6–10 were finally identified 
as key factors influencing the distribution of microbial 
communities in that order, whereas glucose, DP11–15, 
DP16–20, and DP > 20 had a little effect on species distribution 

A B

C D

E F

FIGURE 4

Dynamics of high-abundance bacteria in two Jerusalem artichoke resources during storage. (A; ‘JA25’) and (B; ‘JA187’) are the top 34 bacterial 
genus level Heatmap maps from the two resources, Cluster 1–5 indicates 5 bacterial clusters, with red and blue indicating high and low 
correlation, respectively. Radar plots show the abundance of a total of 22 bacteria from two chrysanthemum resources, with (C–F) representing 
four storage periods.
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(Figure  6). Specifically, Cyanobacteria, Sphingobacterium, 
Staphylococcus, and Serratia correlated positively with inulin; 
Acinetobacter, Myroides, and Dysgonomonas correlated 
positively with sucrose. The RDA revealed a relative aggregation 
of the positions of Myroides and Dysgonomonas. A positive 
correlation between the two with glucose and fructose was 
observed. Cyanobacteria correlated positively with all four 
sugars. Seudomonas and Flavobacterium correlated negatively 
with glucose and fructose. DP2–5 and DP6–10 correlated 
positively with the distribution of Acinetobacter, Myroides, and 
Dysgonomonas; Myroides correlated positively with all five DPs.

Carbohydrate drivers of bacterial 
community composition

Carbohydrates exert a strong impact on the microbial 
community on the surface of JA tubers. Therefore, correlations 
between the carbohydrate variable matrix and the species 
abundance matrix were visualized by Mantel test statistics 
(Figure 7) to identify the main carbohydrate drivers in the dataset, 
to facilitate the understanding of their contribution to community 

formation. Overall, fructose and inulin were the strongest drivers 
of the community formation on the tuber surface. The positive 
correlation between degree of polymerization (DP) of inulin-
fructans and decay gradually increased with increasing DP values. 
Fructans with a high degree of polymerization accelerated the 
decay of JA tubers. In the ‘JA187’ variety, Dysgonomonas and 
Acinetobacter showed a strong correlation with decay, thus 
suggesting that bacteria associated with decay rates may be directly 
involved in the degradation of highly polymerized fructans. 
Additionally, a significant negative correlation between decay and 
inulin was observed, whereas Serratia showed a highly significant 
positive correlation with inulin, suggesting its antagonistic role 
against pathogenic bacteria on the surface of stored JA tubers. 
Furthermore, a strong positive correlation between decay and 
fructose was observed in the ‘JA25’ variety. Nevertheless, there 
was also a strong positive correlation between Sphingobacterium 
and fructose, indicating its inhibitory effect on the decomposition 
of fructose during storage. In addition, the positive correlation 
with inulin gradually increased with the increase in fructan within 
DP < 20, reaching a maximum between16-20, indicating that the 
fructans present in the tubers of the ‘JA25’ variety generally 
showed a high degree of polymerization. In the ‘JA187’ variety, the 

FIGURE 5

Results of LEfSe analysis of bacterial communities on the surface of tubers of different Jerusalem artichoke resources. The circle radiating from 
the outside to the inside represents the classification level from the phylum to the genus. Species with no significant differences are uniformly 
colored yellow, and the different species biomarkers follow the color of the group.
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negative correlation with inulin gradually increased with 
decreasing DP values and reached a maximum between 2 and 5, 
indicating that fructans in the tubers were mainly present in a 
state of low polymerization. Therefore, the differences in the 
carbohydrate metabolite patterns may lead to the differential 
storage characteristics among different genotypes of JA varieties.

Discussion

The expansion of stolons in JA forms tubers, wherein 
carbohydrates are stored in the form of an inulin (Li et al., 2017). 
Similar to rhizospheric microbes, those attached to the tuber 
surface are influenced to some extent by plant genetics (Walters 
et  al., 2018). Herein, we  demonstrated that selection for crop 
genotypes drives changes in the recruitment of the plant 
microbiome using two differential storage-tolerant JA varieties. At 
the beginning of storage, microbial communities on the tuber 
surface differed only in their abundance, suggesting homogeneity 
of the rhizospheric microbiome during the recruitment process. 
However, the two JA genotypes remained highly heterogeneous 
for carbohydrates and metabolites. Consequently, the microbial 
community on the tuber surface changed dramatically during 
storage. Several studies have confirmed that heterogeneity of crop 
genotypes and selection effects exert a significant impact on the 
assembly of the microbial community (Schmidt et al., 2020; Favela 
et al., 2021). Therefore, further studies are needed to determine 
changes in pre-harvest bacterial communities on the tuber surface 

to validate the effects of plant genotype on the recruitment 
behavior of bacteria on the surface of post-harvest tubers.

JA needs to be stored for commercial processing, especially in 
the Qinghai–Tibet Plateau region, where the harvesting period is 
concentrated in early October. Early harvesting results in 
insufficient tuber yield and fructan content for commercialization. 
However, harvesting at ground temperatures below 0°C causes the 
tubers to freeze, and re-thawing during intensive processing results 
in significant sugar loss and increased decay rates. This challenge 
is not confined to the alpine regions. In hot areas of Thailand, the 
environmental factors pose challenges in the processing of JA 
(Jirayucharoensak et  al., 2018). Therefore, storage is the only 
solution to relieve the processing pressure and the most convenient 
and easy way to preserve germplasm resources for asexually 
propagated crops. Research on microbial disease infestation during 
JA storage has focused on fungi, including Botrytis, Aspergillus, 
Fusarium, Rhizopus, and Pennicillum, which cause the decay of JA 
tubers, premature germination, and decrease the fructan quality 
during the storage (Kosaric et al., 1984; Jin et al., 2013; Yang et al., 
2020). The surface of harvested and stored crops enriches with a 
large population of microorganisms, including bacteria, 
filamentous fungi, and yeasts, either as epiphytes or endophytes 
(Droby et al., 2016). At present, there is a lack of knowledge on the 
microbial variability and diversity of tuber crops, including JA that 
is stored for overwintering. The residual soil attached to the tuber 
surfaces after harvesting is the main contributor to the bacterial 
community diversity during storage, as evidenced by the phylum-
level observations between the two stored varieties’ tubers during 

A B

FIGURE 6

Redundancy analysis (RDA) based on bacteria OTU data with chemical parameters. (A): RDA between carbohydrate and bacterial communities, (B): 
RDA between the DP of inulin and bacterial communities. The correlation between carbohydrate factors and RDA axes is represented by the 
length and angle of arrows.
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the initial period of storage. Apart from some differences in 
abundance, the degree of differences at the species level was not 
high. Indicators of microbial diversity of ‘JA187’ were significantly 
lower in the first two storage periods as compared to the storage-
tolerant variety. Disease outbreaks in plants are often correlated 
with shifts in the microbiome composition, resulting in microbial 
dysbiosis (Berg et  al., 2017). The abundance of Serratia in the 
perishable variety, ‘JA187’, changed dramatically especially during 
the second storage period, leading to a decrease in the abundance 
of bacterial communities. Serratia rubidaea and Serratia plymuthica 
isolated from onion corms are the main causal agent of tulip bulbs 
(Kowalska et al., 2011; Stoyanova et al., 2012). In contrast, Serratia 
plymuthica plays an antagonistic role against fungal diseases during 
the storage of potato tubers (Gould et al., 2008; Czajkowski et al., 
2012; Maciag et al., 2020). Most of the potential biocontrol agents 
are screened by in vitro antagonism activity against the pathogen. 

However, there is a long and intense debate on the screening assay 
(Berg et al., 2017). The artificial environment leads to no or only a 
very low in vitro antagonism (Adesina et  al., 2009). However, 
bacteria that exhibit antagonistic effects in the in vitro experiments 
exert opposite effects due to the lack of community support 
(Rybakova et al., 2016). Pathogen infestation and spoilage may 
often not be caused by a single organism but is likely to result from 
the interplay of individual members of the microbial community 
in crops. Microbes enriched in unrotten samples primarily belong 
to Cyanobacteria, Staphylococcus, and Staphylococcaceae, which 
could act as potential biocontrol agents against rot (Prasanna et al., 
2015; Cebrián et al., 2020; Lorenzini and Zapparoli, 2020; Shah 
et al., 2021). We speculated that this effect could originate directly 
from the impact of the biocontrol agents on the composition of the 
microbiota or indirectly from their impact on a pathogen. 
Treatment of ginger (Zingiber officinale Roscoe) with biological 

FIGURE 7

Correlation between bacterial communities and carbohydrates on the surface of Jerusalem artichoke tubers during storage. The horizontal and 
vertical axes of the heat map on the right side represent the various types of carbohydrate factors that respond to or interact with the community, 
respectively. The color of the block in each square of the heat map indicates a positive or negative correlation with carbohydrate factors, and its 
size indicates the absolute value of the correlation coefficient. The shading from dark purple to light purple indicates a positive correlation gradient 
from low to high, and the shading from dark purple to black represents a negative correlation gradient from low to high. On the left side is the 
bacterial data obtained from LEfSe analysis, which are linked to each carbohydrate factor data one by one through connecting lines. The edge 
width corresponds to the R value and edge color denotes the statistical significance.
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control agents using Bacillus and Trichoderma, significantly alter 
the structure and diversity of bacterial communities on its surface 
(Huang et al., 2021).

In the plant taxa, there is a close association between seeds 
and bacteria. Tuber crops develop and mature in the soil, and 
microorganisms on the surface of the tuber during this process 
have a distinct relationship with the environment. In particular, 
microorganisms attached to the surface of root crops have been 
observed, including Staphylococcus, Pseudomonas, and 
Actinobacteria (Buchholz et al., 2019, 2021; Shi et al., 2019). This 
finding is consistent with the microbial species on the surface of 
the JA tubers during storage herein, which may be attributed to 
the wide distribution of these bacteria that genera-level in soils 
worldwide (Fierer et al., 2012), and thus, is the genus of the most 
likely taxa that encounter tubers during the developmental stages 
and beyond (Nelson, 2018). In addition, a significant difference 
in tuber bacterial communities was observed between the two 
genotypes during dormancy (the second and third storage 
periods), indicating the continuous dynamics of bacterial 
communities during dormancy. Interestingly, changes in 
microbial communities observed during the storage of potatoes 
and sugar beets are independent of crop genotypes (Kusstatscher 
et  al., 2019; Buchholz et  al., 2021). This result is not quite 
consistent with our findings, which may be  attributed to the 
differences in carbohydrates or a selective relationship between 
bacterial communities and carbohydrates due to the chemical 
specificity of fructans. The Baas Becking hypothesis propounds 
that ‘everything is everywhere but the environment selects.’ 
Therefore, environmental selection is the primary evolutionary 
driver in a gradient-differentiated environment, regardless of the 
size of the community. Indeed, natural selection has dominated 
changes in communities. Many microbial community studies 
have correspondingly only attempted to evaluate the role of 
selection in community assemblage. Overall, there has been less 
focus on evaluating whether microbial communities may 
differentiate as a consequence of various neutral processes 
(Hanson et al., 2012; Morrison-Whittle and Goddard, 2015).

The human gut microbiota encodes a huge diversity of 
enzymes for the digestion of all components of plant 
polysaccharides including inulin. A study on inulin and 
arabinoxylan-oligosaccharides as carbon sources for simulation 
experiments shows that the complexity of the carbon source 
structure maintains a greater microbial diversity (Chung et al., 
2019). The relationships between carbohydrate structural 
complexity and sustained diversity may be  a fundamental 
property underlying the carbohydrate-microbiome interactions 
(Yao et al., 2020). The results of the correlational analysis revealed 
significant associations between continuous changes in 
carbohydrate and bacterial communities, with positive or 
negative correlations between decay and several carbohydrates. 
These data suggested that changes in carbohydrate structure 
could alter the microbial communities that consume specific 
carbohydrates. In a continuously changing environment, decay 
consistently shows a positive correlation with degree of 

polymerization (DP) of inulin-fructans, and high-DP inulin 
accelerates the decay of JA tubers. Therefore, decay-related 
bacteria may be directly involved in the decomposition of degree 
of polymerization (DP) of inulin-fructans, as evidenced b a 
significant correlation of Dysgonomonas and Acinetobacter in 
storage-intolerant JA varieties, ‘JA187’, with decay. Dysgonomonas 
is found in the gut of many insects (McManus et al., 2018; Jang 
and Kikuchi, 2020) and are commonly cultured on complex 
media containing blood, peptone, tryptone, yeast, or plants under 
anaerobic conditions (Bridges and Gage, 2021). We hypothesized 
that bacteria belonging to the genus, Dysgonomonas, play a 
driving role in the decay of JA tubers. This is one of the few 
studies on plants wherein the function of Dysgonomonas has been 
elucidated, and there may be an unknown important role in the 
degradation and utilization of inulin. Acinetobacter is capable of 
producing high amounts of inulinase (Muslim et al., 2015), and 
inulin is an excellent substrate. Therefore, Acinetobacter can 
spearhead the catabolic conversion of inulin during storage of JA 
tubers, as monosaccharides produced by the degradation of 
inulin are the best culture substrates for several microorganisms. 
Serratia was mainly enriched in ‘JA187’ but it cannot directly 
ferment inulin (Gavini et  al., 1979). In addition, 10% inulin 
content has a good inhibitory effect on multiple bacteria 
including Serratia (Salman, 2009). Results of the correlational 
analysis revealed a highly significant positive correlation of 
Serratia with inulin during storage; an opposite trend was 
observed with decay rate, confirming that Serratia played an 
antagonistic role against pathogenic bacteria on the surface of 
stored JA tubers. However, we did not observe the aforementioned 
association between bacteria and carbohydrates in storage-
tolerant varieties, and decay exhibited a positive correlation with 
inulin. These findings suggested that crop genotypes cause 
differential microbial community-related selection effects, as 
environmental conditions for tuber storage and pre-harvest 
planting soil conditions were consistent. Sphingobacterium 
showed a positive correlation with fructose in storage-tolerant 
varieties, which may be attributed to the inhibition of fructose 
catabolite utilization. Sphingobacterium aerobic bacterium is 
capable of suppressing Fusarium graminearum, Exserohilum 
turcicum, Pythium aphanidermatum, and Cochliobolus sativus. 
The strain of Sphingobacterium harbors sets of genes responsible 
for the production of 2,3-butanediol and salicylic acid, which can 
elicit induced systemic resistance in the host plant (Xu et al., 
2020; Sahu et  al., 2021). Information on the dynamics and 
diversity of microbiota in stored JA may be useful for developing 
a new paradigm in postharvest biocontrol based on the 
construction of synthetic microbial communities that provide 
superior pathogen control strategiess.

Conclusion

In Jerusalem artichoke tuber, the inulin-type fructans serve as 
carbohydrate reserve, inulin are one source of soluble dietary 
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fibers. Currently, very few studies have been reported on the 
association of inulin with bacterial communities during JA 
storage, especially in fructane-based tuber crops. The analysis of 
the results in this study proved that Flavobacterium, 
Sphingobacterium, Staphylococcus, Dysgonomonas, Acinetobacter 
and Serratia assumed an important role in the storage process. 
Both crop genotype and carbohydrate structure affected the 
bacterial community composition.
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Specific antibodies are essential components of immunoassay, which

can be applied for the detection of pathogens. However, producing an

antibody specific to live bacterial pathogens by the classical method of

immunizing animals with live pathogens can be impractical. Phage display

technology is an effective alternative method to obtain antibodies with the

desired specificity against selected antigenic molecules. In this study, we

demonstrated the power of a microarray-based technique for obtaining

specific phage-derived antibody fragments against Salmonella, an important

foodborne pathogen. The selected phage-displayed antibody fragments were

subsequently employed to develop a lateral flow test strip assay for the

detection of live Salmonella. The test strips showed specificity to Salmonella

Enteritidis without cross-reactivity to eight serovars of Salmonella or other

bacteria strains. The test strip assay requires 15 min, whereas the conventional

biochemical and serological confirmation test requires at least 24 h. The

microarray screening technique for specific phage-based binders and the test

strip method can be further applied to other foodborne pathogens.

KEYWORDS

phage-derived antibody fragment, foodborne pathogen, Salmonella Enteritidis,
lateral flow assay, colorimetric assay

Introduction

Salmonella bacterial species are causative agents of foodborne illness in humans
and animals, which are commonly found in many types of food such as pork, eggs,
poultry, seafood, unpasteurized dairy products, and vegetables (Jackson et al., 2013; Gu
et al., 2018). The standard methods for detecting Salmonella are based on culturing
techniques including pre-enrichment, selective-enrichment, and confirmation with
biochemical tests, following procedures outlined by the International Organization
for Standardization (ISO 6579) or Bacteriological Analytical Manual (BAM). These
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methods can detect low numbers or injured viable Salmonella;
however, they are time-consuming and laborious. Thus, rapid
and accurate methods are required for detecting foodborne
pathogens (Law et al., 2015).

Methods have been developed to detect viable bacterial cells
using fluorescent dyes such as SYTO 9 and propidium iodide
(Ou et al., 2019), and mammalian cell-based immunoassay (Xu
et al., 2020). Although they can detect or differentiate live
cells from dead cells, these methods require many steps and
special equipment. These shortcomings could be addressed by
immuno-based lateral flow assays, which are more rapid, simple,
and affordable. However, to our knowledge, there is no report of
an immuno-based lateral flow method capable of discriminating
viable from dead bacteria cells. The major challenge for applying
lateral flow assays for detecting viable bacteria is the requirement
for an antibody that binds specifically to viable bacterial cells of
interest, but not to injured or non-viable cells.

The traditional method of producing an antibody for
immunoassay relies on an in vivo immune response from
an antigen. The success of antibody production depends on
the antigen characteristics such as types of immunogens,
antigenicity, and antigen dosing. Alternatively, antibodies can
be produced by phage display technology, which can identify
binders to antigens regardless of their immunogenic properties,
thus allowing the selection of binders against self-antigens,
toxic, unstable, and non-immunogenic antigens (Frenzel et al.,
2016). This technology also facilitates genetic engineering of the
binding sites to improve affinity and specificity. Its advantages
over the traditional in vivo antibody production method have
fostered applications ranging from epitope mapping (Spillner
et al., 2003; Youn et al., 2004), the detection of bacteria and
viruses (Ferrer and Harrison, 1999; Yang et al., 2003; Morton
et al., 2013b; Karoonuthaisiri et al., 2014; Wang et al., 2014;
Niyomdecha et al., 2018), protein domains (Christ and Winter,
2006), and small molecules (Zhao et al., 2005; Qi et al., 2008).

Given the power of phage technology, this study aimed to (1)
develop a bacterial microarray method to speed up the process
of screening and selecting phage clones expressing specific
antibody fragments and (2) utilize the selected phage clones
for developing a rapid lateral flow detection method for live
Salmonella Enteritidis.

Materials and methods

Bacteria, antibodies, and phage clones

All bacteria in Table 1, except for Campylobacter spp., were
inoculated from a single colony grown in a LB agar plate
and cultured in 10 mL of 2xYT medium (16 g/L tryptone,
10 g/L yeast extract, and 5 g/L NaCl) at 37◦C, 250 rpm
for 16–18 h. Campylobacter spp. were cultured in 10 mL
of Campylobacter Enrichment Broth (CEB) supplemented

with 20 mg/L cefoperazone, 20 mg/L vancomycin, 20 mg/L
trimethoprim, and 25 mg/L natamycin (#X132, Lab M, UK) at
41.5◦C, in microaerophilic conditions (5% CO2 and 10% O2) for
48 h.

The sources and reactivity of all antibodies and phage clones
used in this study were reported in Supplementary Table 1.

Biopanning and individual phage clone
amplification

A phage-displayed human domain antibody library
displaying a single human VH framework (V3-23/D47)
with diversity introduced in the antigen-binding site and
short complementarity-determining region 3 (CDR3) of the
heavy chains was used in this study (Lee et al., 2007) (Source
Bioscience). Biopanning steps were performed according to the
library instructions and modified with a suspension method
previously employed (Paoli et al., 2004; Morton et al., 2013a;
Figure 1A). Briefly, sterilized protein low binding tubes were
blocked with 1 mL of 5% skimmed milk in phosphate buffered
saline (PBS, pH 7.4 containing 1 mM KH2PO4, 0.15 mM
Na2HPO4, 3 mM NaCl) overnight at 4◦C. The blocked tubes
were washed twice with PBS. For the first round of biopanning,
a cocktail of nine serovars (Choleraesuis, Dublin, Enteritidis,
Hadar, Infantis, Mbandaka, Senftenberg, Typhimurium,
and Virchow) of Salmonella (5 × 109 colony forming units

TABLE 1 Bacteria strains used in this project.

Bacterial strain Serotype Source

Salmonella Choleraesuis 1, 6,7:c:1,5 DMST 5580

Salmonella Dublin 1, 9,12:g,p DMST 30404

Salmonella Enteritidis 1, 9,12:g,m ATCC 13076

Salmonella Hadar 1, 8,z10:e,n,x DMST 10634

Salmonella Infantis 1, 6,7:r:1,5 DMST 26426

Salmonella Mbandaka 1, 6,7:z10:e,n,z15 DMST 17377

Salmonella Senftenberg 1, 1,3,19:g,s,t DMST 17013

Salmonella Typhimurium 1, 4,12:i:1,2 ATCC 13311

Salmonella Virchow 1, 6,7:r:1,2 DMST 32758

Listeria innocua – DMST 9011

Listeria ivanovii – ATCC 700402

Listeria monocytogenes – ATCC 19115

Listeria welshimeri – DMST 20559

Escherichia coli – ATCC 25922

Escherichia coli O157:H7 – DMST 12743

Campylobacter coli – DMST 11353

Campylobacter jejuni – ATCC 33291

Staphylococcus aureus – ATCC 25923

Vibrio parahaemolyticus – ATCC 17802

ATCC, American Type Culture Collection (Manassas, VA); DMST, Department of
Medical Sciences, Thailand.
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(CFU)/mL for each Salmonella serovar) and the phage library
(5 × 1011 plaque forming unit, pfu/mL) were mixed in PBS
(total volume 1 mL) in the blocked tube, 20 rpm at RT for
1 h. Unbound phages were removed by centrifuging at 3,200
× g for 10 min. The pellet of phage-bound bacterial cells was
washed five times by resuspending in PBS containing 0.1%
Tween 20 and separation of phage-bound bacterial cell pellet by
centrifugation at 3 200 × g for 10 min. To elute phages from
the bacterial target, a trypsin solution (1 mL of 100 µg/mL
Trypsin in Tris-buffered saline calcium chloride) was added,
and the suspension was incubated at RT for 1 h. The eluted
phages were used to infect a mid-log phase culture of E. coli
TG1 TR strain (OD600 = 0.5) at 37◦C for 1 h. The non-infecting
phages were separated by centrifugation at 3,200 × g for 5 min.
To enumerate the phage-infected E. coli TG1, the pellet was
resuspended in 1 mL of 2xYT medium, and the bacterial cell
suspension was serially diluted and plated on TYE ampicillin
glucose agar plates (10 g/L bacto-tryptone, 5 g/L yeast extract,
8 g/L NaCl, 100 mg/L ampicillin and 40 g/L glucose).

To amplify and purify phages for the next rounds of
biopanning, the phagemid-carrying E. coli TG1 bacterial cells
(phage clones) from the TYE agar plates were scraped from
plates using 5 mL of 2xYT medium per plate. The bacterial
suspension was diluted to an OD600 value of 0.1 in 500 mL of
2xYT medium supplemented with 100 µg/mL ampicillin and
4% glucose. Bacteria were cultured at 37◦C and 250 rpm to an
OD600 value of 0.5. The bacterial culture was then infected with
KM13 helper phages (2 × 1012 pfu) and incubated at 37◦C for
1 h. The supernatant was removed by centrifuging at 3,200 ×
g for 10 min, and the cell pellets were resuspended in 500 mL
of 2xYT medium supplemented with 0.1% glucose, 100 µg/mL
ampicillin and 50 µg/mL kanamycin, and incubated at 25◦C,
250 rpm for 16-20 h. Phages in the supernatant were precipitated
with 20% polyethylene glycol 6,000 (20% PEG6000, 2.5 M NaCl)
and reconstituted in 1 mL PBS. The phage titer was estimated
using the following equation (Lee et al., 2007).

phage titer(phage/mL) = OD260 × dilution factor

× 22.14 × 1010

From a phage clone collection, 188 individual colonies of
phage-infected cells from each biopanning round were picked
from 10-fold serial dilution plates of 2xYT agar supplemented
with 100 µg/mL ampicillin and 4% glucose (Figure 1B). Each
colony was transferred into a well of 96-well plates (Costar)
containing 200 µL of 2xYT medium supplemented with
100 µg/mL ampicillin and 4% glucose, covered with a breathable
sealing film (Axygen) and incubated at 37◦C, 250 rpm overnight.
These phage clones were kept at 4◦C until use.

To screen for specific phage and to test cross-reactivity
against other relevant bacteria, 600 µL of 2xYT supplemented
with 100 µg/mL ampicillin and 4% glucose was inoculated with

30 µL of a suspension of individual phage clone stock and
cultured at 37◦C, 250 rpm for 3 h. After 3 h of incubation,
KM13 helper phages (150 µL of 8 × 109 pfu/mL) were added
to infect the cells in the culture, which was then incubated at
37◦C without shaking for 1 h. To remove the helper phage,
the bacterial cells were collected by centrifuging at 2,000 rpm
for 30 min. The cell pellets were resuspended in 600 µL of
2xYT supplemented with 100 µg/mL ampicillin, 50 µg/mL
kanamycin, and 0.1% glucose and cultured at 25◦C, 250 rpm
for 16-24 h. The phages were separated from bacterial cells by
centrifugation at 2,000 rpm for 30 min. The phage supernatants
were screened by the optimized bacterial microarray method
described below.

Bacterial microarray development in a
multi-well plate

To develop a bacterial microarray method in a multi-
well plate (Figures 1C,D), bacterial cells (1 × 1011 CFU/mL)
were suspended in carbonate buffer (44 mM NaHCO3 and
6 mM Na2CO3, pH 9.6) with Tween 20 (0.05%) and glycerol
(0.5%) for Gram-negative bacteria, and in a carbonate buffer
with glycerol (0.5%) for Gram-positive bacteria. The bacteria
suspension was spotted (5 replicates) onto microplate wells
(Corning) using a NanoPrint 210 microarrayer equipped with
946NS pins (TeleChem). Relevant spotting buffers were used
as negative controls, and an anti-mouse antibody was used as
a positive control and to indicate spot positions. The bacterial
microarrays were kept at 4◦C until use.

Screening of phage-displayed antibody
fragments using a bacterial microarray
technique

To identify phage clones specific to Salmonella spp.,
bacterial microarrays were used to screen the phage clones
(Figure 1D). The bacterial microarray plates were blocked with
5% skimmed milk in PBST (300 µL/well) for 1 h at RT, then
washed with PBST three times by an automatic microplate
washer (BIO-RAD). Phage supernatant (100 µL) was added to
each well and incubated for 1 h at RT before being washed
again as before. An antibody specific to bacteriophage M13
(100 µL/well, 5 µg/mL) was added and the plates were incubated
for 1 h at RT. After washing again, a Cy3 labeled anti-mouse
antibody (100 µL/well, 5 µg/mL) was added and incubated in
the dark for 1 h at RT. The microplates were washed as before
and dried by centrifuging at 200 rpm for 5 min. The plates
were then scanned using a fluorescence scanner (TECAN),
and the fluorescent intensities of spots were determined using
the Array-Pro Analyzer software version 4.5.1.73 (TECAN).
Background noise in each experiment was determined as the
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FIGURE 1

Schematic of the process for the development of a lateral flow strip test assay for live Salmonella detection consisting of three steps:
biopanning and individual phage clones amplification, high-throughput screening, and lateral flow development. (A) Suspension biopanning
was performed against a mixture of nine Salmonella serovars adapted from Lee et al. (2007). (B) Phage clones were amplified in a 96-well plate
and screened by a bacterial microarray method. (C) A bacterial microarray in a 96-well plate format was developed and constructed. Each well
was spotted with target and non-target bacteria. (D) Phage supernatant was tested with a bacterial microarray. (E) Lateral flow strip test was
developed using a gold nanoparticle-labeled phage as a biorecognition element and signal reporter. Anti-Salmonella and anti-M13 phage
antibodies were printed at the test line and control line, respectively. (F) Readouts of lateral flow strip test were visualized by the naked eye and
images of the strip were captured by a smartphone.

mean value taken from wells containing spotting buffer with
no phage added. Normalized signals were determined as the
ratio of mean fluorescent intensity of bacterial spots (5 technical
replicates/bacterial strain) to background. Mean normalized
signals from 5 spots greater than or equal to two were considered
positive. To visualize microarray data, a heat map was created
from the mean normalized signals with the GraphPad Prism
software version 9.4.1 (681).

Plate-trapped antigen-ELISA

A plate-trapped antigen (PTA)-ELISA method was used to
validate the microarray results of the selected phage clones.
Bacterial cells (109 CFU/mL) were heat inactivated at 100◦C for
15 min. Each of the 18 inactivated bacterial strains was diluted
in carbonate buffer pH 9.6 (1 × 108 CFU/mL, 100 µL/well)
and coated onto plate wells overnight at 4◦C. The plates were
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then washed by an automatic washer machine (BIO-RAD) with
300 µL/well PBS containing 0.1% Tween 20 (PBST) three times
before being blocked with 5% skimmed milk (300 µL/well, Difco
laboratory) in PBST for 1 h at RT. The washing step was repeated
before 100 µL of phage suspension was added into each well.
Plates with phage added were incubated for 1 h at RT. After
washing as before, a horseradish peroxidase (HRP)-labeled anti-
M13 antibody (diluted 5,000-fold in 5% skimmed in PBST;
GE Healthcare) was added and the plate incubated for 1 h at
RT. The plate was washed as before and a substrate solution
for HRP (TMB: 3,3’,5,5’-Tetramethylbenzidine; Invitrogen) was
added (100 µL/well). The plate was then incubated for 5–
30 min at RT. The reaction was stopped by adding 0.5 M H2SO4

(50 µL/well) and the signal was measured at 450 nm absorbance
using a SpectraMax M5 microplate reader (Molecular device).
Each experiment was repeated three times. A signal three times
above the value of background reading was considered positive.

Limit of detection of phage clones by
plate-trapped antigen-ELISA

Twelve different bacteria titers (0, 1× 104, 5× 104, 1× 105,
5× 105, 1× 106, 5× 106, 1× 107, 5× 107, 1× 108, 5× 108, and
1× 109 CFU/mL) were prepared by dilution of bacterial culture
in carbonate buffer. The bacteria were coated onto plate wells.
The assay was performed in triplicate using the same steps as
described above in the PTA-ELISA method. Limit of detection
(LOD) values were calculated as the minimal titer with a signal
greater than three times background (negative control). The
ELISA signal data were fitted to the following dose-response
equation with three parameters and confidence level at 95%
(Iturria, 2005; Charlermroj et al., 2014).

%B/B0 = [B0 + (B− B0)/(1 + 10LogEC50−x)] × 100,

where B and B0 were absorbance values at 450 nm of a phage
clone binding in the presence (B) or absence (B0) of bacterial
cells, respectively, in which% B/B0 response was measured at
varying titers of bacteria (X), and EC50 is the bacterial titer that
produced a 50% response between B and B0.

Preparation of whole phage-gold
nanoparticles (phage-AuNPs)
conjugates

To prepare phage-AuNPs, AuNPs solution (1 mL, 40 nm,
#KP-05120003, Kestrel Bioscience, Thailand) was adjusted to pH
8.0 with 100 mM K2CO3 before purified whole phage (100 µL of
1012 pfu/mL) suspension was added. The mixture was incubated
at RT for 10 min. The unconjugated AuNPs were subsequently

blocked with bovine serum albumin (BSA, 110 µL of 10% (w/v)
in distilled water adjusted to pH 7.0) at 4◦C overnight. The
excess of phage was removed by centrifugation at 12,000 rpm
at 4◦C for 30 min. The pellet was resuspended in 50 µL of
conjugate buffer (PBS containing 10% sucrose, and 5% trehalose,
pH 7.4). The phage-AuNPs suspension was kept at 4◦C until use.

Preparation of lateral flow test strips

The composition of lateral flow test strips is shown in
Figure 1E. A sample pad (CF3, GE Healthcare, USA) was
impregnated with PBS containing 0.4% Tween 20, and 2% (w/v)
BSA, pH 7.4, before drying overnight at 37◦C. The suspension
of whole phage-AuNPs conjugates (10 µL) was applied on a
conjugated pad (4 mm × 1 cm., GF33, Kestrel Bioscience,
Thailand), and dried at 37◦C for 30 min. An antibody specific to
Salmonella (1 mg/mL, ab35156, AbCAM, UK) and an antibody
specific to M13 phage (0.5 mg/mL) were prepared in carbonate
buffer, pH 9.6. The antibodies were dispensed (0.8 µL/cm) on
the signal pad (CN95, Kestrel Bioscience, Thailand) at a test line
(TL) for Salmonella detection and a control line (CL) for positive
control, respectively, using a non-contact microarray dispenser
equipped with Biojet Elite dispenser (AD1520, BioDot, USA).
The signal pad was then dried at RT for 30 min before blocking
with treating buffer (10 mM di-sodium tetraborate containing
1% (w/v) BSA, 0.5% (w/v) polyvinyl pyrrolidone (PVP40), and
0.15% (v/v) Triton X-100, pH 8.0) and dried at 37◦C overnight.
The sample pad, conjugate pad, and absorbent pad (CF5, GE
Healthcare, USA) were assembled onto a backing board, and cut
into 4 mm wide strips with a guillotine cutter (CM5000, BioDot,
USA).

Lateral flow assay procedure

The lateral flow test strips were tested as follows. Bacteria
were cultured in Luria-Bertani broth (LB, Difco, USA) at 37◦C,
250 rpm for 16-18 h. Test sample (100 µL) was applied onto
the sample pad, and incubated for 15 min at RT. Signals were
captured at 11 cm above the strip by a smart phone (Samsung
Note 20) under the white light condition for qualitative
assessment of the result (Figure 1F). To test the specificity of
the lateral flow test strips, nine serovars of Salmonella, heat-
killed Salmonella Enteritidis, and three other bacteria strains
(E. coli O157:H7, L. monocytogenes, and S. aureus) were tested at
108 CFU/mL with three replications. For sensitivity of detection,
ten different titers of Salmonella Enteritidis (0, 1× 106, 5× 106,
1 × 107, 5 × 107, 1 × 108, 5 × 108, 1 × 109, 5 × 109,
1× 1010 CFU/mL were tested with three replications. To analyze
optical density of test line (TL) and control line (CL), the
images were converted to grayscale using the Adobe Photoshop
Software version 23.5.0, and band intensities were subsequently
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measured using the Quantity One Software version 4.6.8. The
TL/CL ratio values were calculated and used for a statistical
analysis.

Statistical analysis

All data are express as the mean values ± standard
deviations (mean ± SD) of three replicates, except a specificity
test by an ELISA method. All analyses were conducted using
the GraphPad Prism 9 (681) software. The experiments were
compared using an analysis of variance (ANOVA) and Tukey’s
post-test. P-value of < 0.05 was considered to indicate a
significant difference.

Results

Phage high-throughput screening and
characterization

To facilitate the screening of phage binders specific to
bacteria of interest, a bacterial microarray was developed.
Microarray spotting buffers were first optimized using
Salmonella Typhimurium and Listeria monocytogenes as
model cells. We found that a carbonate buffer containing
Tween 20 and glycerol (CBTG) and a carbonate buffer
containing glycerol (CBG) was suitable for Gram-negative
(Supplementary Figure 1A) and Gram-positive bacteria,
respectively (Supplementary Figure 1B). These spotting
buffers were validated with 18 different bacterial strains
using antibodies and a phage with known specificities
(Supplementary Table 1). The antibodies and phage showed
accurate detection of their corresponding bacterial targets
when the bacterial cells were prepared in the selected spotting
buffers, except in case of SalKPL and ListKPL antibodies
(Supplementary Figure 1C). SalKPL antibody reacted strongly
with Salmonella spp. with some cross reactivity with E. coli
in the bacterial microarray. This result is in agreement with
cross reactivity to related Enterobacteriaceae reported by the
antibody’s supplier. ListKPL showed minor cross reactivity to
Salmonella Infantis on the microarray, which agrees with the
cross-reactivity information from the antibody supplier. The
results showed that they were suitable for the production of
bacterial microarray.

The bacterial microarray was used to screen a total of 564
phage clones (188 from each round of biopanning, 3 rounds in
total) and to test the specificity of the phage-displayed antibody
against 18 different bacterial strains. The number of Salmonella-
specific phage clones increased after three rounds of biopanning
(20.2, 20.2, and 35.6% for the 1st–3rd biopanning rounds,
respectively), while the number of phage clones that could bind
to Salmonella and cross-react with other bacteria dramatically

increased (8.5, 22.3, and 57.4% for the 1st–3rd biopanning
rounds, respectively) (Figure 2). We sought phage clones that
can detect the nine serovars of Salmonella with no cross-
reactivity to other bacterial species. Unfortunately, no phage
clones were isolated that bound to all nine serovars of Salmonella
after the third round of biopanning. Moreover, most of the
phage clones detecting one or more serovars of Salmonella also
cross-reacted with Vibrio parahaemolyticus. However, we were
able to identify phage clones specific to Salmonella Enteritidis.
Thus, we randomly selected four phage clones from the third
round of biopanning for further characterization using a PTA-
ELISA method against 18 different bacterial strains (Figure 3A).
All randomly selected phage clones could specifically bind to
Salmonella Enteritidis, except for clone 03P1D05 that showed
some cross-reactivity to V. parahaemolyticus (Figure 3A). Of
the remaining three Salmonella-specific phage clones, clone
03P2H03 exhibited the highest signal (Figure 3A) and was
selected for its ability to discriminate between live and dead
Salmonella. 03P2H03 was able to distinguish between live
and dead (heat-killed) Salmonella Enteritidis cells, while the
commercial antibodies could not (Figure 3B). The limit of
detection (LOD) of the 03P2H03 phage clone in detecting
Salmonella was found to be within the same order of magnitude
(3.0 × 106 CFU/mL) as that of the Salmonella-specific antibody
(4.1× 106 CFU/mL) (Figure 3C).

Lateral flow test strip for detection of
live Salmonella Enteritidis

To test the specificity and sensitivity of the constructed
lateral flow test strip using whole phage-AuNPs as a detecting
molecule, different bacterial strains and varying titers of live
Salmonella Enteritidis were tested. The lateral flow test strip
could specifically detect Salmonella Enteritidis but showed no
reaction to eight Salmonella serovars and other relevant bacterial
strains (Figures 4A,B). For sensitivity, the test line signal
indicating the presence of Salmonella Enteritidis was apparent
to the naked eye for cell titers 1 × 107–1 × 1010 CFU/mL,
indicating a LOD of 1 × 107 CFU/mL for the test strip. At the
highest titer tested (1 × 1010 CFU/mL), the test line showed
slightly lower intensity than lower titers (Figures 4C,D). The
assay time of the lateral flow test strip was only 15 min.
These results demonstrated the usefulness of whole phage as a
biorecognition element for a lateral flow detection method of
live Salmonella Enteritidis.

Discussion

While phage technology can be applied for pathogen
detection, its full potential has yet to be realized owing to the
difficulty in obtaining specific phage clones for downstream
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FIGURE 2

Heat map of individual phage clones (rows) tested against 18 different bacteria strains (columns). A total of 564 phage clones (188 clones for
each round of biopanning, 3 rounds total) were tested for their binding specificity using bacterial microarray. Fluorescent intensity values were
averaged from five spots and normalized with the signal from their corresponding spotting buffers (CBTG for Gram-negative bacteria, and CBG
for Gram-positive bacteria). Normalized fluorescent signals greater than or equal to two were considered as positive results and are indicated by
the green color gradient. Normalized signals (negative results) below the threshold are indicated in white.

applications. In this study, a high-throughput microarray
method was developed to screen and characterize the binding
specificity of phage clones. From prior experience, we found that
selection of appropriate spotting buffers was the key factor for
success. For instance, we found that a carbonate-based buffer
was suitable for producing an antibody array (Charlermroj et al.,
2014). Unlike the antibody array, the bacterial microarray in
this study is more complicated because the major components
of the bacterial cell wall for each Gram stain reactive group are
different, i.e., lipopolysaccharide for Gram-negative bacteria and
peptidoglycan for Gram-positive bacteria. Thus, spotting buffers
needed to be optimized for each type of bacterial cell.

The bacterial microarray in multi-well plate format provides
several advantages. First and foremost, the microarray was
able to identify phages specific to Salmonella from the first
round of biopanning. Generally, most protocols recommend 3–
5 rounds of biopanning to obtain specific phage clones (Song
et al., 2011; Hamzeh-Mivehroud et al., 2013). However, when a
phage-antibody library is selected against highly complex targets
such as whole cells, a strong bias for binders against abundant
proteins has been reported. Therefore, the ability to characterize
binders early in the biopanning process will result in a wider
diversity of binders that can be used for diagnostics development
(de Wildt et al., 2000).
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FIGURE 3

Characterization of randomly selected phage clones by a PTA-ELISA method against 18 different strains of bacteria. (A) Specificity of the four
phage clones previously selected from bacterial microarray data. (B) Comparison of specificity against live/dead cells of the selected phage
clone 03P2H03 and the three commercial antibodies specific to Salmonella. Each bar is represented and mean ± standard derivation (SD)
which was compared to no bacteria (one-way ANOVA for indicate comparison, Tukey’s multiple comparison test, ***p < 0.005, ****p < 0.0001,
and ns = no significance). (C) Limit of detection (LOD) for live Salmonella Enteritidis of phage clone (03P2H03) and a commercial Salmonella
antibody by PTA-ELISA. The dotted line represents the cut-off value three times that of the background (LB medium) used to determine the limit
of detection. Error bars indicate standard derivation (SD) (n = 3). Solid lines indicate curve fits to the data using a three-parameter
dose-response model.

The selected phage clone reacts to Salmonella Enteritidis,
but did not react to eight serovars of Salmonella. While
Salmonella Enteritidis and Salmonella Dublin belong to the
same group of O antigen (D1 group), these two serovars have
different H antigens: g and m for Salmonella Enteritidis, and
g and p for Salmonella Dublin (Grimont and Weill, 2007). It
might be that this phage clone bind to flagella “m” antigen
of S. Enteritidis, resulting in specificity to only Salmonella
Enteritidis among the nine Salmonella serovars, which should
be investigated further in the next research.

The phage-derived antibody fragments identified by the
microarray method showed similar characteristics (LODs and

specificity) to those of the commercial antibodies. Moreover,
the selected phage clone was able to distinguish between live
and dead cells, whereas commercial antibodies cannot. Many
publications reported the use of phages as biorecognition
elements for the diagnosis of Salmonella (Morton et al., 2013b;
Karoonuthaisiri et al., 2014); however, to our knowledge, there
is no report on phages that can discriminate live from dead
Salmonella Enteritidis.

The fact that our phage-derived antibody fragments were
able to discriminate between viable and dead cells can be
instrumental for many applications, especially for food safety.
Molecular techniques have been developed to discriminate
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FIGURE 4

Specificity and sensitivity of the developed lateral flow test strip for Salmonella Enteritidis detection. (A) Photographs of the lateral flow test
strips with different 12 bacterial strains and heat-killed Salmonella Enteritidis at 108 CFU/mL in LB medium. (B) Quantitative of lateral flow test
strips for specificity test. Test line (TL) and control line (CL) ratios were compared with Salmonella Enteritidis using a statistical analysis.
(C) Photographs of the lateral flow test with ten different titers of Salmonella Enteritidis. (D) Quantitative of lateral flow test strips for sensitivity
test. Test line (TL) and control line (CL) ratios were compared with no bacteria using a statistical analysis. All experiments were tested with three
independent test strips (one-way ANOVA for indicate comparison, Tukey’s multiple comparison test, *p < 0.05, **p < 0.001, ***p < 0.005,
****p < 0.0001, and ns = no significance).

between viable and dead cells, including PCR-based methods
such as reverse transcription (RT)-PCR and nucleic acid
sequence-based amplification (NASBA) (Morin et al., 2004), and
viability dyes coupled with DNA amplification (Elizaquivel et al.,
2013). These molecular techniques are often more tedious and
laborious than immunoassay-based methods and are typically
only employed in a laboratory. Therefore, the phage-derived
antibody fragments that can distinguish viable from dead
foodborne pathogens can open a new horizon for more rapid
and simpler diagnostics for food safety, which can be applied in
different settings outside of the laboratory.

We developed a lateral flow test strip using the selected
phage as a biorecognition element for the detection of live
Salmonella Enteritidis and proved the specificity of the assay
for detecting Salmonella Enteritidis. In addition, although this
phage clone was not previously screened against Staphylococcus
aureus during the screening process, the test strips using
this phage showed no cross-reactivity with S. aureus. The

low intensity observed at the highest titer of Salmonella
(1 × 1010 CFU/mL) could be explained by the hook effect
from excessively high antigen concentration in lateral flow
immunoassays (Ross et al., 2020). Although sensitivities of the
phage clone and antibody were around 106 CFU/mL by the PTA-
ELISA method, the sensitivity for the phage-based lateral flow
test strip was found to be 107 CFU/mL. The greater sensitivity
of the ELISA method compared with that of the lateral flow
method has previously been reported (Serrano et al., 2020).
However, the sensitivity of the phage-based lateral flow test
strip in this study is lower than that of a previous report
of an immuno-lateral flow assay for Salmonella Enteritidis
and Typhimurium at 106 and 104 CFU/mL in culture media,
respectively (Moongkarndi et al., 2011). The sensitivity of the
test strip can be further improved by exploring other reporting
molecules such as luminescent nanoparticles (Xie et al., 2014),
carbon nanoparticles (Noguera et al., 2011), and streptavidin-
labeled AuNPs (Chen et al., 2022).
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In summary, a lateral flow test strip assay developed using
phage from microarray screening was able to distinguish live
from dead Salmonella Enteritidis. The assay time of 15 min
is much shorter than that of any culture-based method which
usually requires at least 24 h. The microarray-based screening
method presented here is not limited to the selection of
Salmonella-specific phage-derived binders, but it can also be
readily adapted for phage-based binder selection against other
to other pathogen targets, obviating the need for animal
immunization. In addition, phage-based lateral flow test strip
assay is not limited to foodborne pathogens and could be applied
to other targets of interest, e.g., viruses.
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Isolation, identification, 
biological characteristics, and 
antifungal efficacy of sodium 
bicarbonate combined with 
natamycin on Aspergillus niger 
from Shengzhou nane (Prunus 
salicina var. taoxingli) fruit
Tian-Rong Guo , Qing Zeng , Guo Yang , Si-Si Ye , Zi-Yi Chen , 
Shi-Ying Xie , Hai Wang  and Yi-Wei Mo *

College of Life Science, Shaoxing University, Shaoxing, China

The fungi causing fruit rot were isolated from symptomatic Shengzhou 

nane (Prunus salicina var. taoxingli) fruit and were identified as Aspergillus 

niger by biological characteristics and molecular analysis of the internal 

transcribed spacer region (rDNA-ITS) and translation elongation factor-

1α (TEF-1α) sequences. Optimal growth conditions for A. niger were 30°C, 

pH 5.0–6.0, and fructose and peptone as carbon and nitrogen sources. 

The effects of sodium bicarbonate (SBC), natamycin (NT), and combined 

treatments on A. niger inhibition were investigated. Treatment with 4.0 g/L 

sodium bicarbonate (SBC) + 5.0 mg/L natamycin (NT) inhibited mycelial growth 

and spore germination as completely as 12.0 mg/L SBC or 25.0 mg/L NT. SBC 

and NT treatments disrupted the structural integrity of cell and mitochondria 

membranes and decreased enzyme activities involved in the tricarboxylic acid 

(TCA) cycle, mitochondrial membrane potential (MMP), ATP production in 

mitochondria, and ergosterol content in the plasma membrane, thus leading 

to the inhibition of A. niger growth. Moreover, experimental results in vivo 

showed that the rot lesion diameter and decay rate of Shengzhou nane 

fruit treated with SBC and NT were significantly reduced compared with the 

control. The results suggest that the combination treatment of SBC and NT 

could be  an alternative to synthetic fungicides for controlling postharvest 

Shengzhou nane decay caused by A. niger.
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1. Introduction

Fruit suffers from rapid spoilage as a result of infection with 
many fungal pathogens, such as Penicillium digitatum, Botritis 
cinerea, Aspergillus, Richoderma viridescens, and Monilinia 
fructigena, that cause decay during storage and marketing and 
reduce fruit quality (Zhou et al., 2018; Cui et al., 2021; Huang 
et al., 2021; Xu et al., 2021). Postharvest decay is the most serious 
disease affecting peach fruit quality and causing a great loss for 
farmers (Liu et  al., 2017; Hashem et  al., 2019). Recent 
investigations have shown that more than one-third of harvested 
fruit is lost due to pathogen infection. Meanwhile, many fungal 
pathogens that cause postharvest fruit rot produce toxins that are 
harmful and potentially carcinogenic to humans (Baggio et al., 
2016). Several postharvest synthetic fungicides, including 
benzoxystrobin, iprodione, prohydantoin, and dysenine, which 
usually have wide target spectra, are available to control fruit rot 
(Knight et  al., 1997). However, in response to scientific and 
consumer concerns about human health and environmental safety 
caused by synthetic fungicides due to possible toxicological risks, 
as well as the increasing regulatory restrictions on the postharvest 
use of synthetic chemicals (Dezman et  al., 1986), synthetic 
fungicides are being withdrawn from the market. Therefore, the 
need for an alternative strategy to control postharvest fruit 
diseases has been the focus of considerable research.

Shengzhou nane (Prunus salicina var. taoxingli), a main 
cultivated plum with high nutrition and pleasant flavor, is native 
to Zhejiang, China (Xu et al., 2020). Shengzhou nane usually 
ripens in mid-July in summer, and the high ambient temperature 
makes it susceptible to microbial infection during harvest (Mo 
et  al., 2017; Yan et  al., 2021). In particular, fungi infections 
result in significant postharvest losses in the market. To lower 
disease occurrence in Shengzhou nane fruit and increase 
farmers’ incomes, the disease occurrence needs to be monitored, 
and preventative measures should be taken to avoid its spread. 
However, to the best of our knowledge, till present, there have 
been no verified reports focusing on pathogen identification 
and cheap, safe, and eco-friendly alternatives to synthetic 
fungicides for the control of postharvest decay of Shengzhou 
nane fruit.

Sodium bicarbonate (SBC) is a general food additive, has less 
risk of phytotoxicity at the low concentrations at which it is used 
(1–4%; Karabulut et al., 2001; Palou et al., 2001; Usall et al., 2008), 
and is generally regarded as safe by the United States Food and 
Drug Administration (FDA) (Lai et al., 2015). Several previous 
studies have demonstrated that SBC plays an important role in the 
inhibition of postharvest diseases in several fruits. For example, 
SBC controls postharvest diseases caused by P. digitatum (Zhu 
et al., 2012), Penicillium italicum, Geotrichum citri-aurantii (Hong 
et  al., 2014), and Monilinia fructigena (Lyousfi et  al., 2022). 
Nonetheless, similar to other alternative treatments, its application 
alone shows much lower effectiveness compared to synthetic 
fungicides. Thus, the antibacterial effect of the combined 
treatments of SBC with other bactericides has been reported 

(Ippolito et  al., 2005; Casals et  al., 2010; Lyousfi et  al., 2022). 
Natamycin (NT), a natural antifungal substance, is a polyene 
macrolide produced by Streptomyces spp. during fermentation 
(Aparicio et al., 2016). NT is effective against fungal pathogens 
regardless of their fungicide-resistance phenotypes. Accordingly, 
NT has been widely used as a preservative in certain foods, such 
as strawberry, mandarin, and lemon (Haack et al., 2018; Saito 
et al., 2020; Fernández et al., 2022). However, no study has been 
performed on SB or NT applications for controlling fungal 
diseases of Shengzhou nane fruit. Therefore, the objectives of this 
study were (i) to identify the major pathogen infecting Shengzhou 
nane using morphological features and rDNA-ITS analysis; (ii) to 
understand the epidemic properties of the pathogen by 
determining its biological characteristics, including the optimum 
culture pH, temperature, and sources of carbon and nitrogen for 
pathogen growth; and (iii) to evaluate the antifungal efficacy of 
SBC and NT against pathogens and the possible mechanism. The 
results will provide novel insights into exploring the potential of 
SBC and NT in controlling pathogen infection of Shengzhou 
nane fruit.

2. Materials and methods

2.1. Isolation and identification of fungal 
strains

Pathogens were isolated from naturally infected Shengzhou 
nane fruit obtained from an orchard in Shengzhou city, Zhejiang 
Province, China, and were immediately transported to the 
laboratory for experiments. The naturally infected tissues were 
collected at the junction of the diseased and healthy parts of the 
fruit when they decayed with typical diseases. The samples were 
sterilized with 75% alcohol for 1 min, soaked with 1.0% NaClO for 
5 min, and rinsed with sterile water 3 times. Subsequently, the 
tissues were transferred to potato dextrose agar (PDA) medium 
and cultured at 30°C in the dark until mycelia appeared. 
Morphological traits, namely, color, shape, growth rate of the 
colony, and size of the spore, were measured using a microscope, 
and a total of more than 50 conidia were randomly selected for 
further length and width measurement.

The nuclear ribosomal internal transcribed spacer region (ITS) 
gene was amplified using the following universal primers: ITS1-F 
(CTTGGTCATTTAGAGGAAGTAA) and ITS4 R 
(TCCTCCGCTTAT TGATATGC) (Hashem et  al., 2019). The 
translation elongation factor-1 (EF-1) gene was amplified with 
EF1-728F and EF1-986R primers (Carbone and Kohn, 1999). Using 
tweezers, 0.10 g of mycelium was collected from A. niger colonies 
cultured in PDA for 5 days. Samples were rapidly frozen in liquid 
nitrogen and homogenized to a powder, and the total genomic DNA 
was extracted using a DNeasy Kit (Beijing Solarbio Science and 
Technology Co., Ltd., China) following the manufacturer’s 
instructions. PCR was performed in a 25 μl volume containing a 
1.0 μl DNA template, 1.0 μl of each primer (10 μmol/L), 12.5 μl 
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2 × PCR Taq Master Mix (Tiangen Biotech, China), and 10.5 μl 
ddH2O. The amplification conditions were performed in a thermal 
cycle as follows: 95°C for 4 min, followed by 34 cycles of 95°C for 
30 s, 56.5°C for 30 s, 72°C for 1 min, and 72°C for 10 min. The PCR 
products were sequenced by Sangon Biotech, Shanghai, China. The 
ITS and EF-1 sequences were used for BLAST searches in the 
GenBank database, and the obtained results were compared with 
those of similar sequences deposited in the National Center for 
Biotechnology Information (NCBI)1 databank. A phylogenetic tree 
was constructed using MEGA7.0 software. To fulfill Koch’s 
postulates, 10 healthy Shengzhou nane fruits were inoculated with 
a pathogen spore suspension (15 μL, 1 × 105 spores/mL) from isolates 
collected from rotted fruit after surface sterilization, and sterilized 
water injection was used as the control. All samples were kept in 
sealed plastic boxes at 30°C with 90% relative humidity for 4 days.

2.2. Pathogenicity test

A pathogenicity test was carried out according to the methods 
described by Hashem et  al. (2019) and Huang et  al. (2021). 
Healthy fruit including Shengzhou nane, yellow peach (Prunus 
persica), flat peach (Prunus persica “Compressa”), nectarine 
(Prunus persica var. nectarine), snow pear (Pyrus spp.), sand pear 
(Pyrus pyrifolia), apple (Malus domestica), carmine plum (Prunus 
salicina), red plum (Prunus persica), black plum (Prunus persica), 
cherry (Prunus avium L.), jujube (Ziziphus jujuba Mill.), tomato 
(Solanum lycopersicum), and grape (Vitis vinifera L.), which are 
the main fruits cultivated in the local area and easily decayed by 
fungi, were obtained from local orchards without apparent 
damage or disease on the surface. Six fruits were soaked in 1.0% 
NaClO for 2 min, washed with sterile water, air dried, and 
wounded using a sterilized steel rod. Fifteen microliters of the 
spore suspension (1 × 105 spores/mL) was used to inoculate each 
healthy fruit (three replicates), while another three healthy fruits 
were inoculated with sterilized water as the control. All inoculated 
fruit was kept in sealed plastic boxes at 25°C with 90% relative 
humidity. The results were observed after 3 days of incubation.

2.3. Biological characteristics of the 
pathogen

To understand its epidemic properties, the biological 
characteristics of the pathogen, including optimal temperature, 
pH, carbon (C) source, and nitrogen (N) source for pathogen 
growth, were evaluated. The isolate was incubated on the PDA 
medium at 15, 20, 25, 30, 35, and 40°C and at pH 6.0 in the dark 
for 4 days. Furthermore, four lethal temperatures of 50–75°C were 
evaluated in a hot water bath for mycelia growth. Meanwhile, the 
isolate was inoculated on PDA at a pH of 4, 5, 6, 7, 8, 9, 10, and 11 

1 http://www.ncbi.nlm.nih.gov

at 30°C in the dark for 4 days. The pH of the medium was adjusted 
to 1.0 mol/L HCl or NaOH.

To determine the optimal C and N source, according to the 
formula of Czapek-Dox agar medium (3.0 g/L NaNO3, 1.0 g/L 
KH2PO4, 0.5 g/L MgSO4·7H2O, 0.5 g/L KCl, 0.01 g FeSO4, 30.0 g/L 
sucrose, 20 g/L agar, 1,000 mL H2O, pH 7.0), 31.58 g/L glucose, 
31.93 g/L sorbitol, 31.93 g/L maltose, 31.58 g/L fructose, 28.42 g/L 
starch, 31.58 g/L galactose or 28.42 g/L xylose instead of 30.0 g/L 
sucrose as a C source, and 10.58 g/L beef extract, 8.08 g/L peptone, 
2.65 g/L glycine, 5.82 g/L phenylalanine, 1.54 g/L arginine, 1.41 g/L 
NaNO3, or 1.06 g/L urea instead of 3.0 g/L NaNO3 as an N source 
were used. A control without a C or N source was used for each 
experiment. The isolate was incubated at pH 6.0 and 30°C in the 
dark for 4 days. The colony diameter was measured daily in all 
treatments using the decussation method.

2.4. Antifungal efficacy of SBC and NT 
against mycelia growth

Based on the antifungal activities of SBC and NT (Sigma 
Aldrich), the effect of SBC and NT on the mycelia growth of the 
pathogen was measured following protocols described by Zhou 
et  al. (2018) and Xu et  al. (2021). In brief, SBC was added to 
sterilized PDA to generate media with final concentrations of 0.0, 
2.0, 4.0, 6.0, 8.0, 10.0, and 12.0 g/L; meanwhile, NT was added to 
sterilized PDA to generate media with final concentrations of 0.0, 
2.5, 5.0, 10.0, 15.0, 20.0, and 25.0 mg/L. In addition, SBC and NT 
were both added to sterilized PDA to generate media with final 
concentrations of 6.0 g/L SBC + 2.5 mg/L NT and 6.0 g/L 
SBC + 5.0 mg/L NT according to the pretest results. The medium 
was poured into glass Petri dishes, and a 10 μL spore suspension 
(1 × 105 spores/mL) of the pathogen was used to inoculate the PDA 
at 4 different points. Then, the Petri dishes were incubated at 30°C 
for 4 days, and the colony diameter was measured daily using the 
decussation method. The antifungal effect of the chemistry was 
evaluated according to Fadda et al. (2021). In brief, the antifungal 
effect of the plant extract was evaluated when the control colonies 
completely covered the plate surface. The results were expressed 
as a percentage of growth inhibition, calculated as follows:

 
GI G g= ∗( )100 / ,G

where GI is the growth inhibition, G is the growth (cm) of the 
control without extract, and g is the growth of the colony in the 
media with extracts. The experiment was repeated three times.

2.5. Antifungal efficacy of SBC and NT 
against spore germination

Spore germination was very sensitive to chemistry culture; thus, 
several lower concentrations of SBC and NT were applied to 
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evaluate the antifungal efficacy of SBC and NT against spore 
germination, based on our pretest results. The effects of SBC and NT 
on the spore germination of A. niger in vitro were assessed according 
to Jiao et al. (2020). Briefly, the solutions of 6.0 g/L SBC, 2.5 mg/L 
NT, 5.0 mg/L NT, and the combinations of 6.0 g/L SBC + 2.5 mg/L 
NT and 6.0 g/L SBC + 5.0 mg/L NT were prepared in 20 mL sterile 
potato dextrose broth (PDB) medium containing an A. niger 
suspension (1 × 105 spores/mL). The samples in cotton-plugged glass 
tubes were cultivated at 30°C. After incubation for 24 h, the conidia 
were washed at least two times with phosphate-buffered saline (PBS, 
pH 7.0) and resuspended with sterile water. Subsequently, 20 μL of 
the spore suspension was added to a concave slide with a sterile 
pipette. From each slide, 200 spores were counted at random using 
an optical microscope. A spore was considered germinated when 
the length of the germinal tubule reached two times that of the total 
spore diameter. The inhibition percentage of spore germination was 
determined with respect to the control. The percentage of 
germinating spores among all spores detected was determined using 
a light microscope at a magnification of 1,000×. The average of the 
data obtained from the three replications is presented (Figures 1, 2).

2.6. Plasma membrane integrity of the 
pathogen

Propidium iodide (PI) staining, following the methods 
described by Zhou et al. (2018) and Kong et al. (2019) with some 
modifications, was used to test the membrane integrity of the 
pathogen mycelia and spores. According to our pretest results, 
6.0 g/L or higher SBC, 10.0 mg/L or higher NT, and lower 
concentrations of the combined SBC and NT treatments 
destroyed the cell structure. Mycelia and spores treated with 
6.0 g/L SBC, 10.0 mg/L NT, and 4.0 g/L SBC + 2.5 mg/L NT were 
cultured for 4 days. Mycelia were collected from A. niger colonies 
cultured in PDA for 5 days using tweezers. Spores were collected 
from 5-day-old cultures of fungi growing in a PDA medium. The 
spores were collected from the plates, rinsed with 5 mL sterile 
distilled water containing 0.1% Tween-80, filtered through five 
layers of sterile cheesecloth to remove hyphae, counted by a 
hemocytometer, and used in the next test. The collected mycelia 
and spores were incubated with PI at a final concentration of 
10.0 μg/mL and kept in the dark at 37°C for 30 min. The mycelia 
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FIGURE 1

Effect of SBC, NT, and combination treatments on the mycelial growth and spore germination of Aspergillus niger. (A) Effect of SBC on colony 
growth. (B) Effect of NT on colony growth. (C) Effect of SBC and NT combinations on colony growth. (D) Effect of SBC and NT combination on 
spore germination rate. SBC means 6.0 g/L NaHCO3; 2.5NT means 2.5 mg/L natamycin; 5.0NT means 5.0 mg/L natamycin; SBC + 2.5NT means 
4.0 g/L NaHCO3 + 2.5 mg/L natamycin; and SBC + 5.0NT means 4.0 g/L NaHCO3 + 5.0 mg/L natamycin. ANOVA was used to compare the mean values 
of analysis parameters (p < 0.05). The results are shown as the mean ± standard deviation (n = 3). Different superscript letters in the same column 
indicate significant differences (p < 0.05).
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and spores were then collected and washed three times with 
50 mmol/L PBS (pH 7.2). Samples were observed with a 
fluorescence microscope.

Membrane integrity was also assayed using a flow 
cytometer, following the method described by Wang et  al. 
(2015) and Li et al. (2017), with some modifications. In brief, 
a 100 μL spore suspension of A. niger (1 × 105 spores/mL) was 
added to 5 mL of 50 mmol/L PBS (pH 7.2) with 2% (w/v) 
D-glucose containing 0 (control), 6.0 g/L SBC, 10.0 mg/L NT, 
or 4.0 g/L SBC + 2.5 mg/L NT. They were incubated on a rotary 
shaker (120 r/min) for 24 h at 30°C. The spore suspension was 
then centrifuged at 5,000 × g for 10 min at 4°C, washed two 
times with PBS, and filtered two times through a 400 mesh 
screen to remove cell debris and aggregates. Subsequently, the 
spores were resuspended in 500 μL of 100 mmol/L PBS (pH 
7.2) and stained with PI (10.0 μg/mL) for 30 min at 30°C in the 
dark. The mixture was centrifuged at 5,000 × g for 5 min at 
4°C; the precipitate was washed two times with PBS to remove 
the residual dye, and then resuspended in 500 μL of 
PBS. Unstained spore suspension was used as an auto-
fluorescence control. The spores were detected using a 
CytoFLEX flow cytometer (BD Biosciences). Fluorescence 
intensity upon stimulation with an argon-ion laser at 488 nm 
was measured using the PMT4 channel (625DL filter) and 
plotted against the cell number. From each sample, 20,000 
spores were sorted and analyzed. The percentage of fluorescent 
spores in the population was calculated. Three replicates of 
each treatment were performed, and the entire experiment 
was performed three times.

2.7. Mitochondrial activities of the 
pathogen

Aspergillus niger treated with 6.0 g/L SBC, 10.0 mg/L NT, 
and 4.0 g/L SBC + 2.5 mg/L NT were cultured for 4 days. 
Collected mycelia and spores were used to determine the 
mitochondrial activity, the enzyme activities involved in the 
tricarboxylic acid (TCA) cycle, MMP, ATP, and ergosterol 
contents, as shown below.

Rhodamine 123 and a mitochondrial red fluorescence probe 
were used to test the mitochondrial activity. Mycelia and spores 
were incubated with Rhodamine 123 (50.0 μg/L) for 30 min and 
the mitochondrial red fluorescence probe (1.0 μg L−1) for 1.0 h in 
the dark at 37°C. Mycelia and spores were collected and washed 
three times with 50 mmol/L PBS (pH 7.2). Samples with different 
stained proportions were observed with a fluorescence microscope 
to evaluate the mitochondrial activity.

2.8. Enzyme activities involved in the TCA 
cycle and mitochondrial membrane 
potential (MMP)

To prepare mitochondria, 2.0 g of mycelia was added to a 
mortar with a small amount of liquid nitrogen and ground to 
break up whole cells. Broken cells were suspended with a five-fold 
volume of mitochondrial extract buffer. The mitochondrial 
extract buffer was composed of 50 mM potassium phosphate 
buffer (pH 8.0), 0.3  M mannitol, 0.5% (w/v) bovine serum 

FIGURE 2

Effect of SBC, NT, and the combination treatment on spore germination of Aspergillus niger. (A) Control; (B) 6.0 g/L SBC; (C) 2.5 mg/L NT; 
(D) 5.0 mg/L NT; (E) 4.0 g/L SBC + 2.5 mg/L NT; (F) 4.0 g/L SBC + 5.0 mg/L NT, 24 h after inoculation. Images were obtained by microscopy at 1,000× 
magnification, bar = 25 μm.
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albumin (BSA), 0.5% (w/v) polyvinylpyrrolidone-40 (PVP-40), 
2 mM EGTA, and 20 mM cysteine. The homogenate was squeezed 
through a 40 × 40 μm mesh nylon cloth and centrifuged at 
2,000 × g for 15 min. The supernatant was centrifuged at 12,000 × g 
for 15 min. The precipitate was suspended in wash medium buffer 
[0.3 M mannitol, 0.1% (w/v) BSA and 10 mM TES (pH 7.5)] and 
centrifuged again at 12,000 × g for 15 min. The final precipitate 
was washed once with wash medium and suspended in a small 
volume of the washing medium (mitochondrial fraction). The 
precipitate was used to determine enzyme activity and MMP.

Citrate synthetase (CS), isocitrate dehydrogenase (IDH), 
α-ketoglutarate dehydrogenase (α-KGDH), succinate 
dehydrogenase (SDH), and malate dehydrogenase (MDH) reagent 
kits were purchased from the Nanjing Jiancheng Bioengineering 
Institute (Nanjing, China). CS, MDH, SDH, IDH, and α-KGDH 
activities in the mitochondria of the pathogen were determined 
spectrophotometrically. The reagent kits were used following the 
manufacturer’s instructions. MDH, SDH, and IDH activities were 
estimated at 340 nm in terms of redox reactions. α-KGDH and CS 
activities were determined at 600 and 412 nm, respectively (Kong 
et al., 2021).

Mitochondrial membrane potential, as a key indicator of 
mitochondrial function, can reflect the cellular health status (Li 
et  al., 2020). The MMP Detection Kit (JC-1; Jiancheng 
Bioengineering Institute, Nanjing, China) was used as a fluorescent 
probe, as it is a rapid and sensitive kit for assessing changes in 
MMP in cells. It can be used for the early detection of cell apoptosis. 
First, a working solution of JC-1 was prepared. A positive control 
was then set up, and the experiment was carried out. Staining was 
observed using laser confocal microscopy. The JC-1 monomer 
(green fluorescence) was determined at an excitation wavelength 
of 490 nm and an emission wavelength of 530 nm. The JC-1 
polymer (red fluorescence) was determined at an excitation 
wavelength of 525 nm and an emission wavelength of 590 nm.

2.9. ATP and ergosterol content in mycelia

ATP extraction from mycelia was carried out according to the 
methods reported by Mo et al. (2013). Typically, fresh mycelia 
(1.5 g) were rapidly frozen in liquid nitrogen and homogenized to 
powder. ATP was extracted from the powder with 6.0 mL of 
0.6 mol/L perchloric acid in an ice bath for 5 min. The extraction 
mixture was centrifuged at 8,000 g (Heraeus Multifuge X1R, 
United  States) for 15 min at 4°C. The supernatant was then 
collected and quickly neutralized to pH 6.5–6.8 with 1.0 mol/L 
NaOH solution. The neutralized supernatant was placed in an ice 
bath for 40 min to precipitate most of the potassium perchlorate 
and subjected to filtration paper to remove potassium perchlorate. 
The filtrate solution was filtered through a 0.45 μm filter. The 
samples were analyzed with an LC-20 AD HPLC system (Japan) 
equipped with an LC-20 AD pump system and an SPD-20 AD 
diode array detector. The column effluent was monitored by 
absorbance at 259 nm. Ten microliter samples were applied to an 

Ultrasphere ODS EC 250 × 4.60 mm column (CTO-10AS VP 
Japan). The materials were eluted with the mobile phase (pH 6.8, 
50.0 mmol/L NaH2PO4) at 1.0 mL/min. The entire running time 
was about 20 min for the full separation and determination of 
ATP. ATP in mycelium samples was identified by comparison with 
the retention time of the standards. Standard ATP (Sigma, 
United  States) was used for quantitative detection, and its 
concentration was determined using the external standard method.

Ergosterol was extracted as described by Wang et al. (2018). 
Mycelia were centrifuged at 8,000 × g for 10 min and washed two 
times with distilled water. Then, mycelia (1.5 g) were rapidly 
frozen in liquid nitrogen and homogenized to powder. A quantity 
of 15 ml KOH-C2H5OH solution (30%, w/w) was added to each 
pellet and vortexed. The mixture was incubated at 85°C for 4 h. 
After the tubes were cooled to room temperature, 10 mL of ether 
was added and vortexed. The ergosterol of the upper phase was 
sampled and quantified using the LC-20 AD HPLC system 
(Japan). Sterol extracts were separated on a C-18 packed column 
(245 × 4.6 mm) with methanol at a flow rate of 1 mL/min, and the 
eluate was continuously monitored using a UV spectrophotometer 
at 280 nm. Standard ergosterol (Sigma, United States) was used for 
quantitative detection. The ergosterol content was quantified as 
milligrams of ergosterol per gram of dry weight (mg/g).

2.10. SBC and NT against Shengzhou 
nane fruit rot in vivo

The effects of SBC and NT on controlling postharvest disease in 
vivo were determined following the method described by He et al. 
(2019). Shengzhou nane was wounded with a sterile nail at the 
equator before inoculation. Then, the fruit was inoculated with a 
10 μl spore suspension (1 × 105 spores/mL) on each wound. After the 
fruit was air dried for 3 h, 10 μl SBC1 (2.0 g/L SBC), SBC2 (4.0 g/L 
SBC), SBC3 (6.0 g/L SBC), NT1 (25.0 mg/L NT), NT2 (50.0 mg/L NT), 
NT3 (100.0 mg/L NT), NT4 (200.0 mg/L NT), NT5 (400.0 mg/L NT), 
(SBC + NT)1 (4.0 g/L SBC + 25.0 mg/L NT), (SBC + NT)2 (4.0 g/L 
SBC + 50.0 mg/L NT), (SBC + NT)3 (4.0 g/L SBC + 100.0 mg/L NT), 
or (SBC + NT)4 (4.0 g/L SBC + 150.0 mg/L NT) were added to the 
wound sites. In addition, water-treated fruit was used as the control. 
Treated fruit was placed in a plastic box, and each tray was enclosed 
with a polyethylene bag to maintain high humidity (95%). The lesion 
diameter and decay rate of the fruit were used to determine disease 
severity 4 and 6 days after treatment. Each treatment contained three 
replicates, with 18 fruits per replicate.

2.11. Statistical analysis

All experiments were carried out with at least three replicates. 
Data were analyzed using one-way ANOVA in SPSS 23 software 
(SPSS Inc., Chicago, IL, United States). Statistical significance was 
followed by Tukey’s HSD test at p < 0.05 to examine differences 
between treatments.

93

https://doi.org/10.3389/fmicb.2022.1075033
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Guo et al. 10.3389/fmicb.2022.1075033

Frontiers in Microbiology 07 frontiersin.org

3. Results

3.1. Isolation and identification of fungal 
strains

The surface of the healthy Shengzhou nane fruit was smooth, 
with bright skin (Figure 3A). However, the peel became pale, and 
the fruit started to go rotten after being infected by the pathogen; 
then, black mold appeared (Figures 3B, C). The pathogen from a 
typical decay Shengzhou nane fruit was isolated and purified by 
growth on PDA (Figure 3E). After culturing at 30°C in the dark 
for 4 days, round and aerial hyphae were observed from the colony 
appearance (Figure 3F). Furthermore, the colony was white in the 
initial stage, then became dark and extended outward in a strip 
with no marginal or adherent growth (Figure 3F). Colonies grew 
with a mean hyphae growth rate of 9.42 ± 0.28 mm per day on 
PDA in the dark at 30°C. Mycelia were characterized by transverse 
septa and branches. The spore shape was round, and the size was 
3.27 ± 0.13 μm (n = 50). The outside surface was uneven due to its 
sporulation with a single bottle-stem type, while many irregular 
protrusions were observed on the spore surface (Figures 3G, H).

A DNA-ITS sequence of about 681 bp was extracted from the 
isolated DNA (Figure 4A). The ITS regions of the fungal genes 
were sequenced and aligned to entries in the NCBI sequence 
database. The Blastn results indicated that ITS sequences shared 
99% similarity with A. niger. Phylogenetic analysis was conducted 
using MEGA7.0 software, and the results showed that the isolated 
colony was clustered with the MT 430878.1 A. niger clade 
(Figure 4B).

The translation elongation factor-1 (EF-1) gene sequence was 
also amplified with EF1-728F and EF1-986R primer pairs 
(Figure  5A). The representative sequence was submitted to 
GenBank. The Blastn results indicated that the EF-1 sequence 

shared 100% similarity with a strain of A. niger (Accession Nos. 
MT318312.1 and MT318310.1). The isolated colony was clustered 
with the A. niger clade (Figure 5B). Therefore, the isolate was 
identified as A. niger (TXL-1).

In Koch’s postulate experiment, 10 healthy Shengzhou 
nane fruits were inoculated with isolated A. niger. The 
inoculated fruit became infected, and the same symptoms were 
found in naturally infected fruits, while those in the control 
group remained symptomless after 4 days of culture 
(Figure 3D).

3.2. Pathogenicity tests

The pathogenicity test of A. niger was determined on the fruits 
of yellow peach, flat peach, nectarine, snow pear, sand pear, apple, 
carmine plum, red plum, black plum, cherry, jujube, tomato, and 
grape. The typical round lesions appeared on all fruit surfaces 
3 days after inoculation with A. niger, which was consistent with 
the symptoms in those of naturally infected Shengzhou nane fruit. 
The pathogen was re-isolated from symptomatic rotten fruit. As a 
result, it was identified as A. niger based on its morphological 
characteristics and gene sequences. Moreover, the pathogenicity 
of A. niger varied in different fruits. For example, mycelium was 
observed in peach and tomato, but the decay in grapes was not 
serious (Figure 6).

3.3. Biological characteristics of 
Aspergillus niger

The biochemical tests showed that A. niger grew in a 
temperature range of 15–40°C. The greatest colony diameter was 

FIGURE 3

Isolation of the fungal strain from naturally infected fruit. (A) Healthy fruit; (B,C) naturally infected fruit; (D) fruit 4 days after inoculation with fungi 
for 4 days; (E) fungi isolated from naturally infected fruit; (F) fungi colony cultured for 4 days on PDA; (G) conidium and sporangium, 200×, 
bar = 100 μm; (H) spore, 1,000×, bar = 25 μm.
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observed at 30°C (40.83 mm), followed by 25°C (32.93 mm) after 
4 days of culture. However, mycelial growth was significantly 
inhibited at 40°C (Figure  7A). Thus, the optimal culture 
temperature for A. niger growth was 30°C.

To clarify the endurance temperature, the spores were treated 
with a hot water bath from 50 to 75°C for 10 min. Complete 
inactivation of the spore occurred at 75°C. However, there was no 
significant difference in colony diameter between treatments 

below 75°C (Figure  7B). These results suggest that the lethal 
temperature for A. niger is 75°C for 10 min.

Aspergillus niger grew in a pH range of 4.0–11.0. The greatest 
colony diameter was observed at pH 5.0 and 6.0 but decreased at 
pH values higher than 8.0 (Figure 7C).

Fructose as a C source in the medium produced the greatest 
colony diameter, recorded as 33.88 mm after 4 days of culture, 
followed by sucrose, maltobiose, xylose, and glucose. However, a 
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FIGURE 5

Molecular identification of fungal strains. (A) PCR results of the pathogen using EF-1 sequences; (B) phylogenetic tree based on EF-1 sequences; 
(M) marker DL2000; (1, 2) two replications.
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FIGURE 4

Molecular identification of fungal strains. (A) PCR results of the pathogen using DNA-ITS; (B) phylogenetic tree based on ITS sequences; 
(M) marker DL2000; (1, 2, 3) three replications.
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very thin mycelial density and lower diameter were observed in 
the galactose media (Figure 7D). Mycelia did not grow in a starch- 
or carbon-free medium. The results indicated that the optimal C 
source for A. niger growth was fructose.

Peptone and beef paste as N sources in the medium produced 
the largest colony diameters, recorded as 41.94 and 40.98 mm, 
respectively, after 4 days of culture, followed by glycine, 
phenylalanine, sodium nitrate, and arginine. The smallest colony 
diameters were observed in the urea medium and the control 
(Figure 7E). The optimal N sources for A. niger growth were peptone 
and beef paste. Interestingly, unlike the C-free medium, the colony 
grew slowly in the N-free culture, indicating that some other 
substances could replace the N sources needed for A. niger growth.

3.4. Antifungal efficacy of SBC and NT 
against Aspergillus niger

Sodium bicarbonate or natamycin caused a significant 
decrease in the mycelial growth rate in proportion to the 
concentration (Figures  1A, B). Compared to the control, 
6.0 g/L SBC induced mycelial growth inhibition by 40.73% 
(p < 0.05) after inoculation for 4 days, while it increased to 
96.48 and 100% at 10.0 and 12.0 g/L SBC, respectively. Mycelial 
growth was significantly inhibited by all concentrations of NT 
tested in this experiment, and 25.0 mg/L NT inhibited mycelial 
growth by 100.0%. Moreover, the combination of SBC and NT 
induced a higher inhibition efficacy compared with the single 
chemistry treatments. For example, 4.0 g/L SBC, 2.5 mg/L NT, 
and 5.0 mg/L NT induced mycelial growth inhibition by 30.55, 
10.56, and 33.58%, respectively, whereas the mycelial growth 

inhibition was 60.93 and 100% under treatments of 4.0 g/L 
SBC + 2.5 mg/L NT and 4.0 g/L SBC + 5.0 mg/L NT, respectively 
(Figure 1C).

Spore germination is the key process required to initiate 
vegetative growth. The germination rate of the spores, as well 
as the germination time of A. niger, differed by treatment. 
After 24 h incubation in control conditions, 91.28% of spores 
germinated, whereas the germination rates decreased and were 
recorded as 35.55, 30.72, 14.23, 5.22, and 0.0% in 6.0 g/L SBC, 
2.5 mg/L NT, 5.0 mg/L NT, 4.0 g/L SBC + 2.5 mg/L NT, and 
4.0 g/L SBC + 5.0 mg/L NT treatments, respectively 
(Figure 1D). The spores swelled and were enlarged, and the 
mycelia grew quickly with many granular inclusions formed 
in the mycelium after 24 h of culture in the control group 
during germination. However, only a few spores swelled, but 
no germination was observed in the SBC or NT treatments. 
Therefore, spore swelling may be  the premise of spore 
germination. In addition, the 4.0 g/L SBC + 5.0 mg/L NT 
treatment completely inhibited spore germination  
(Figure 2).

3.5. SBC and NT destroyed the plasma 
membrane integrity of Aspergillus niger

Propidium iodide (PI), a fluorescent molecule, is membrane 
impermeable and can bind to DNA by intercalating between the 
bases with less or no sequence preference, which causes the 
nucleus to be  stained with red fluorescence. Therefore, cells 
stained by PI can be used to identify the extent of cell damage (Jiao 
et al., 2020). In this study, the PI staining results showed that the 
mycelia and spores treated with 6.0 g/L SBC, 10.0 mg/L NT, or 

FIGURE 6

Pathogenicity of A. niger to different local fruits. (A) Yellow peach; (B) flat peach; (C) nectarine; (D) snow pear; (E) sand pear; (F) apple; (G) carmine 
plum; (H) red plum; (I) black plum; (J) cherry; (K) jujube; (L) tomato; and (M) grape.
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4.0 g/L SBC + 2.5 mg/L NT were stained deeply compared to the 
control (Figure 8), indicating that SBC and NT destroyed the cell 
membrane integrity of A. niger cells and induced mycelia and 
spore death.

The membrane integrity of A. niger was also determined 
using flow cytometry after being stained with PI and was 
presented in two-dimensional dot plots. As shown in Figure 9, a 
homogenous population of undamaged cells was dominant in 
the control, while various cell sizes (forward scatter, FSC) and 
variations in complexity (side scatter, SSC) were observed on a 

scattergram of A. niger spores after 24 h of incubation in SBC 
and NT. Furthermore, a histogram plot was obtained by 
counting PI-labeled spores. In the control, the PI-stained spores 
accounted for only 3.39% of total spores (Figures  9B, b). In 
treatments of 6.0 g/L SBC (Figures  9C, c), 10.0 mg/L NT 
(Figures 9D, d), and 4.0 g/L SBC + 2.5 mg/L NT (Figures 9E, e), 
the percentage of PI-stained spores increased to 53.75, 63.65, 
and 75.03% (Figure 9F) (p < 0.05), respectively, indicating a loss 
in integrity and heavy damage to the cell membrane of 
the pathogen.
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FIGURE 7

Biological characteristics of A. niger. (A) Temperature; (B) lethal temperature; (C) pH; (D) carbon sources; (E) nitrogen sources. ANOVA was 
employed to compare the mean values of analysis parameters (p < 0.05). The results are shown as the mean ± standard deviation (n = 5). Different 
superscript letters in the same column indicate significant differences (p < 0.05).
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3.6. SBC and NT damage the 
mitochondrial activity of Aspergillus 
niger

The mitochondrial red fluorescence probe bound the active 
mitochondria and emitted red fluorescence at different intensities, 
according to the MMP of living cells. The spores and mycelia of 
A. niger treated with 6.0 g/L SBC, 10.0 mg/L NT, and 4.0 g/L 
SBC + 2.5 mg/L NT showed a less stained proportion by 
mitochondrial red fluorescence compared with the control group 
(Figure 10).

Rhodamine 123 (Rh-123) is a specific probe used for 
evaluating changes in MMP since it can accumulate in normal 
mitochondria and be released to the outside of the mitochondria 
with a loss of MMP, leading to a stronger green fluorescence 
signal (Su et al., 2014). As shown in Figure 11, the fluorescence 
intensity of Rh-123  in the groups treated with 6.0 g/L SBC, 
10.0 mg/L NT, and 4.0 g/L SBC + 2.5 mg/L NT was higher than 
that of the control group. Combined with the fluorescence 
staining results, it revealed that suitable concentrations of SBC 
and NT could destroy the cell structure, leading to the 

hyperpolarization of MMP and causing mitochondrial 
dysfunction in A. niger cells.

3.7. SBC and NT decreased the activity of 
enzymes involved in the TCA cycle

Compared with the control, the activity of the key enzymes 
involved in the TCA cycle, such as CS, IDH, α-KGDH, SDH, and 
MDH, in the mitochondria of A. niger cells decreased significantly 
(p < 0.05) under the treatments of 6.0 g/L SBC, 10.0 mg/L NT, and 
4.0 g/L SBC + 2.5 mg/L NT (Figures 12A–E), especially α-KGDH 
activity. The significant decreases in the activities of these key 
enzymes indicated that mitochondrial function was destroyed by 
SBC and NT treatments.

3.8. SBC and NT decreased the ATP 
content and MMP

The effects of the SBC and NT treatments on the ATP content 
of A. niger are presented in Figure 13A. Compared with the control, 
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6.0 g/L SBC, 10.0 mg/L NT, and 4.0 g/L SBC + 2.5 mg/L NT 
decreased the ATP content by 31.50, 50.51, and 63.68%, 
respectively (p < 0.05). Meanwhile, MMP decreased significantly in 
A. niger cells under the treatments of 6.0 g/L SBC, 10.0 mg/L NT, 
and 4.0 g/L SBC + 2.5 mg/L NT and was recorded as 30.03, 41.51, 
and 59.51% of the control, respectively (p < 0.05) (Figure 13B).

3.9. SBC and NT decreased the 
ergosterol content in mycelia

The effects of SBC and NT on the ergosterol content in the 
plasma membranes of A. niger mycelia are shown in Figure 14. 
After incubating with SBC or NT, the total ergosterol content 
decreased significantly. In detail, the ergosterol content decreased 
by 18.17, 39.42, and 58.09% (p < 0.05) of the control under the 
treatments of 6.0 g/L SBC, 10.0 mg/L NT, and 4.0 g/L 
SBC + 2.5 mg/L NT, respectively.

3.10. SBC and NT against Shengzhou 
nane fruit rot caused by Aspergillus niger

Rot lesions were significantly alleviated in Shenzhou nane 
fruit treated with different concentrations of SBC and NT 4 days 
after inoculation with A. niger spores (Figures 15A–C). The rot 
lesion diameter in the control fruit reached 13.67 mm. In contrast, 
it was reduced by 29.33, 43.76, 57.57, 34.79, 52.69, 61.96, 83.02, 
100.00, 63.42, 68.30, 100.00, and 100.00% of the control (p < 0.05) 
in fruit treated with SBC1 (2.0 g/L SBC), SBC2 (4.0 g/L SBC), SBC3 
(6.0 g/L SBC), NT1 (25.0 mg/L NT), NT2 (50.0 mg/L NT), NT3 
(100.0 mg/L NT), NT4 (200.0 mg/L NT), NT5 (400.0 mg/L NT), 
(SBC + NT)1 (4.0 g/L SBC + 25.0 mg/L NT), (SBC + NT)2 (4.0 g/L 
SBC + 50.0 mg/L NT), (SBC + NT)3 (4.0 g/L SBC + 100.0 mg/L 
NT), or (SBC + NT)4 (4.0 g/L SBC + 150.0 mg/L NT), respectively 
(Figure 15D). Disease occurrence was completely restricted by 
the treatments NT5, (SBC + NT)3, and (SBC + NT)4 
(Figures 15B, C). Six days after inoculation, the fruit became soft, 
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FIGURE 9

Flow cytometry analysis of the plasma membrane integrity of Aspergillus niger spores treated with SBC or NT. (A–E) Scattergram showing cell 
complexity (side scatter, SSC) vs. cell size (forward scatter, FSC); (a–e) the corresponding percentage of PI-stained spores compared with the 
control. (A,a) Autofluorescence of non-treated cells; (B,b) fluorescence of non-treated cells for PI staining; (C–E) cells treated with the varying 
treatments of SBC (c), NT (d), and SBC + NT (e); (F) the percentage of PI-stained spores rate after different treatments. ANOVA was employed to 
compare the mean values of analysis parameters (p < 0.05). The results are shown as the mean ± standard deviation (n = 3). Different superscript 
letters in the same column indicate significant differences (p < 0.05).
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and the rot lesion diameters increased in all treatments. Moreover, 
the difference in the rot lesion diameters between the control and 
treatments SBC, NT, and SBC + NT was more marked. For 
instance, the rot lesion diameter was only 9.17% of the control in 
the fruit treated with (SBC + NT)4. Meanwhile, after inoculation 
with A. niger spores, the decay rate of the fruit treated with NT5 
and SBC + NT was significantly reduced during storage compared 
with the control. The decay rate of the control group was 97.0%, 
while it was 2.66, 9.33, 3.67, 0.0, and 0.0% in the fruit treated with 
NT5, (SBC + NT)1, (SBC + NT)2, (SBC + NT)3, and (SBC + NT)4, 
respectively, on the 6th day of storage (Figure 15E). The results 
indicated that SBC + NT was effective against A. niger in 
Shengzhou nane fruit.

4. Discussion

In this study, A. niger isolated from the naturally infected 
Shengzhou nane fruit was identified by morphological features, 
rDNA-ITS analysis, and EF-1 analysis. The biochemical tests 

indicated that the optimal incubation temperature for 
pathogen growth was 30°C, which was consistent with the 
temperature at the time of disease outbreak since the daily 
mean temperature was about 30°C in the Shenzhou nane 
mature period in the local orchard. However, temperatures 
below 15°C or above 40°C significantly inhibited mycelial 
growth. The lethal temperature showed complete inactivation 
of the spores at 75°C for 10 min, indicating that the spores have 
excellent resistance to heat stress. The optimal C sources for 
A. niger growth were sucrose and fructose, which corresponded 
to a marked increase in fructose and glucose content in fruit 
during maturity (Xu et  al., 2021). Compared with a single 
organic or inorganic N source, peptone and beef paste were 
optimal N sources, indicating that the nutritious compound N 
source was more suitable for A. niger growth. Coincidentally, 
a large amount of protein accumulated in the fruit of 
Shengzhou nane during maturity (Mo et  al., 2017), which 
could provide the best N source for pathogen growth. 
Moreover, the isolates infected several local fruits, indicating 
that they had a broad host range. Therefore, it was suggested 
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FIGURE 10

Aspergillus niger stained with the mitochondrial red fluorescence probe after treatment with SBC or NT. (A,E) Spores in the control; (B,F) spores 
treated with 6.0 g/L SBC; (C,G) spores treated with 10.0 mg/L NT; (D,H) spores treated with 4.0 g/L SBC + 2.5 mg/L NT; (I,M) mycelia in control; (J,N) 
mycelia treated with 6.0 g/L SBC; (K,O) mycelia treated with 10.0 mg/L NT; (L,P) mycelia treated with 4.0 g/L SBC + 2.5 mg/L NT mycelia. Images 
were obtained by microscopy at 1,000× magnification, bar = 25 μm.
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that Shengzhou nane fruit should be kept away from those 
fruits that are susceptible to A. niger during the storage and 
marketing process.

In Shenzhou nane production, there is an urgent need for new 
residue-free and safer strategies to replace conventional fungicides 
for the control of postharvest pathogens. This study focused on 
evaluating new alternatives (SBC and NT) for A. niger rot control 
in Shenzhou nane fruit, addressing both laboratory and 
commercial conditions. The present results indicated that 6.0 g/L 
or higher SBC distinctly inhibited spore germination and the 
colonial expansion of A. niger. Similarly, SBC also showed a good 
ability to inhibit germ tube elongation, mycelial expansion, and 
hypha production of Penicillium expansum, thus affecting the 
survival of microbial cells (Lai et  al., 2015). Castro-Ríos et  al. 
(2021) reported that 3.0 g/L SBC presented a significant reduction 
in A. niger growth 72 h after inoculation. Some researchers 
speculated that pH may be involved in the inhibitory activity of 
SBC since SBC could change the pH of the growth environment 
of microbes (Lyousfi et al., 2022). Lai et al. (2015) found that pH 
could induce different expressions of some genes, resulting in the 
inhibition of the growth of P. expansum. Moreover, previous 
studies showed that bicarbonate (HCO3

−) also could dissipate the 

transmembrane pH gradient and dissipate ∆ψm and ∆pH, 
indicating that it was a selective dissipater of the pH gradient of 
the proton motive force across the cytoplasmic membrane of 
bacteria (Farha et  al., 2017). Additionally, SBC can inactivate 
fungal extracellular enzymes since they can act directly on cell 
membranes and lead to an alteration of cellular physiology Castro-
Ríos et al., 2021. In addition, bicarbonate salts could reduce the 
intense pressure of fungal cells by increasing osmotic stress and 
causing the collapse and contraction of hyphae and spores 
(Alvindia, 2013).

Moreover, NT, a biofungicide, has been demonstrated to 
be effective against fungal pathogens regardless of their fungicide 
resistance phenotypes (Haack et al., 2018; Saito et al., 2020). It has 
been widely accepted that NT mainly inhibits fungal growth via 
specific binding to ergosterol, which is a necessary component of 
fungal membranes (Aparicio et al., 2016). In this study, 5.0 mg/L 
or higher NT distinctly inhibited the colonial expansion of 
A. niger, and complete inhibition of colony growth occurred at 
25.0 mg/L. Moreover, 2.5 mg/L NT inhibited spore germination, 
indicating that spore germination was more sensitive to NT. This 
finding coincides with the results that a lower concentration of NT 
decreased the spore germination of Alternaria spp. and B. cinerea 
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FIGURE 11

Aspergillus niger stained with Rhodamine 123 after treatment with SBC or NT. (A,E) Spores in the control; (B,F) spores treated with 6.0 g/L SBC; 
(C,G) spores treated with 10.0 mg/L NT; (D,H) spores treated with 4.0 g/L SBC + 2.5 mg/L NT; (I,M) mycelia in control; (J,N) mycelia treated with 
6.0 g/L SBC; (K,O) mycelia treated with 10.0 mg/L NT; (L,P) mycelia treated with 4.0 g/L SBC + 2.5 mg/L NT mycelia. Images were obtained by 
microscopy at 1,000× magnification, bar = 25 μm.
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(Saito et al., 2020; Wang et al., 2021). Similarly, NT application has 
been reported to protect grapes from fungal rot during storage 
(Chang et  al., 2021) and showed high antifungal efficacy on 
P. expansum, Sclerotinia sclerotiorum, and Geotrichum citri-
aurantii (He et  al., 2019; Seyedmohammadreza et  al., 2020; 
Fernández et al., 2022). The elucidated mechanism of action of NT 
involves damage to the plasma membrane (Te Welscher et al., 
2008; He et al., 2019), disturbance of nutrient transportation (Te 
Welscher et al., 2012), and mitochondrial dysfunction (Awasthi 
and Mitra, 2018). Since NT has a different mode of action from 
other chemical fungicides, it can be  an alternative tool for 

controlling fungal rot in packing houses, particularly those caused 
by fungicide-resistant strains.

Furthermore, antimicrobial agents with synergistic effects 
showed more antimicrobial activities in a lower concentration 
than a single compound, which reduced its application cost and 
was more resource friendly (Kong et  al., 2019). In this study, 
complete inhibition of colony growth occurred at 12.0 g/L SBC or 
25 mg/L NT. D’Aquino et al. (2022) suggested that rinsing in a 
higher concentration of SBC solution could be phytotoxic to peel 
tissues. Therefore, the SBC concentration needs to decrease to a 
level that may be  harmless to fruit tissues while retaining 
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FIGURE 12

Effect of SBC, NT, and combined SBC and NT on enzyme activities involved in the TCA cycle. (A) GS activity; (B) IDH activity; (C) a-KGDH activity; 
(D) SDH activity; (E) MDH activity. ANOVA was employed to compare the mean values of analysis parameters (p < 0.05). The results are shown as 
the mean ± standard deviation (n = 3). Different superscript letters in the same column indicate significant differences (p < 0.05).

102

https://doi.org/10.3389/fmicb.2022.1075033
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Guo et al. 10.3389/fmicb.2022.1075033

Frontiers in Microbiology 16 frontiersin.org

antibacterial activity by combined application. Therefore, a 
combination of 4.0 g/L SBC + 5.0 mg/L NT was assayed, and the 
results showed that SBC + NT had excellent efficacy in inhibiting 
spore germination and colony expansion of A. niger in the PDA 
medium. Rather than acting independently of SBC or NT, it is 
more likely that the different eco-friendly methods worked 
together synergistically.

The cell membrane plays an important role in maintaining a 
homeostatic environment, exchanging materials, and transferring 
energy and information in the cell to keep the cell healthy. The 
destroyed cell membrane may lead to the efflux of cellular 
contents, affect the membrane structure, and result in mycelial 
growth, eventually leading to cell death. In this study, the results 
of PI staining confirmed that SBC and NT could change the 
membrane integrity of A. niger. Moreover, ergosterol is an 

essential component of the fungal cell membrane in fungi. 
Ergosterol content can affect the permeability and fluidity of the 
membrane, which is of considerable significance for cell survival. 
The PI staining results, coupled with the reduction in ergosterol 
content in this study, indicated that the cell membrane was an 
important target of SBC and NT. A similar result was found by He 
et  al. (2019), who pointed out that NT may affect membrane 
function by reducing ergosterol synthesis because ergosterols are 
important in maintaining cell function in the transport of cellular 
material and physiology. Reductions in total lipid and ergosterol 
levels usually reflect irreversible damage to cell membranes (Niu 
et al., 2022). However, Te Welscher et al. (2010) suggested that the 
antifungal mechanism of NT was that it could combine with 
ergosterol on the cell membrane of fungi to change the 
permeability of the cell membrane. Kong et  al. (2021) 
demonstrated that SBC can directly influence the membranes of 
fungi by affecting the proteins that make up about 70% of most 
cell membranes.

In addition to acting on the cell membrane, in this study, 
SBC and NT treatments damaged the mitochondrial 
membrane integrity of A. niger, as shown by the results of 
mitochondrial red fluorescence probe staining and the 
fluorescence intensity of Rh-123. Mitochondria are very 
important organelles in eukaryotic cells and are the center of 
metabolism and energy conversion. Maintaining the structural 
integrity of mitochondria is key to maintaining cellular energy 
status, as well as membrane-coupled and energy-dependent 
processes. Therefore, in this study, coupled with the structural 
damage of the mitochondrial membrane, SBC and NT also 
caused the reduction of MMP; decreased the key enzyme 
activities of CS, IDH, α-KGDH, SDH, and MDH involved in 
the TCA cycle; and reduced the intracellular ATP content. 
Meanwhile, the TCA cycle is the primary metabolic and 
transformed pathway for generating ATP from three major 
nutrients: carbohydrates, lipids, and amino acids (Fernie et al., 
2004). ATP content is related to the energy metabolism, 
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Effect of SBC or NT on ATP content (A) and MMP (B). ANOVA was employed to compare the mean values of the analysis parameters (p < 0.05). The 
results are shown as the mean ± standard deviation (n = 3). Different superscript letters in the same column indicate significant differences (p < 0.05).
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Effect of SBC or NT on ergosterol content in mycelia. ANOVA 
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release, storage, and utilization of microorganisms. The rapid 
reduction of key enzyme activities involved in the TCA cycle 
or the loss of ATP content in microorganisms leads to a lack 
of energy for cells for transcription and translation, cell 
membrane component synthesis, and so on, and eventually 
results in growth inhibition and cell death. The decreased 
MMP further proved that mitochondria were a physiological 
target for SBC and NT to inhibit fungal growth. The results of 
this study were similar to the findings in Fusarium solani cells 
with synergistic treatment by thymol and salicylic acid (Kong 
et  al., 2021) and in A. niger after treatment with 
cinnamaldehyde in the vapor phase (Niu et  al., 2022). 
Similarly, Tan et  al. (2022) found sodium dehydroacetate 
interference with cell membrane metabolism and energy 
metabolism in the antifungal mechanism against P. digitatum. 
Cinnamon essential oil resulted in a significant decrease 
(p < 0.05) in the ATP content of P. expansum, suggesting that 
the antifungal mechanism of cinnamon essential oil against 
P. expansum might be related to the carbohydrate metabolism 

of fungi (Lai et  al., 2021). Taken together, these findings 
elucidate that the damage to cell and mitochondria membrane 
integrity and the disruption of energy metabolism might 
be closely involved in the antifungal mechanism of SBC and 
NT against A. niger. However, microbial energy metabolism is 
a very complicated process. Further studies are necessary to 
investigate the TCA pathways, including the levels of TCA 
cycle intermediates, such as pyruvic acid, acetyl-CoA, 
succinate, malate, and α-ketoglutarate, and the key action sites 
of SBC and NT in microbial energy metabolism.

Finally, the results of this study showed the effect of SBC, 
NT, and their combination on postharvest disease in Shengzhou 
nane fruit, which was consistent with the in vitro test on PDA 
plates. In general, the combination of SBC and NT was more 
effective in controlling rot than individual treatments. However, 
it showed that the effective concentrations in the in vivo assay 
were much higher than those the in vitro assay. For example, 
4.0 g/L SBC + 150 mg/L NT was required to control the disease 
caused by A. niger in Shengzhou nane fruit, while 4.0 g/L 
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FIGURE 15

SBC or NT inhibits Aspergillus niger virulence on harvested Shengzhou nane fruit. (A) Control and SBC treatments; (B) NT treatments; (C) SBC and 
NT combined treatments; (D) corresponding histograms for statistical data on lesions on harvested fruit; (E) fruit decay rate. SBC1: 2.0 g/L, SBC2: 
4.0 g/L, SBC3: 6.0 g/L, NT1: 25.0 mg/L, NT2: 50.0 mg/L, NT3: 100.0 mg/L, NT4: 200.0 mg/L, NT5: 400.0 mg/L, (SBC + NT)1: 4.0 g/L SBC + 25.0 mg/L NT, 
(SBC + NT)2: 4.0 g/L SBC + 50.0 mg/L NT, (SBC + NT)3: 4.0 g/L SBC + 100.0 mg/L NT, (SBC + NT)4: (4.0 g/L SBC + 150.0 mg/L NT). ANOVA was employed to 
compare the mean values of the analysis parameters (p < 0.05). The results are shown as the mean ± standard deviation (n = 3). Different superscript 
letters in the same column indicate significant differences (p < 0.05).
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SBC + 2.5 mg/L NT inhibited mycelial growth completely. The 
effective dose of SBC and NT for the control of A. niger rot in 
inoculated fruit was higher than that derived from in vitro 
assays, possibly because the fruit provides a better environment 
for pathogen development and represents a hurdle for the 
product (He et al., 2019; Fernández et al., 2022). Our results 
were similar to those of Cui et al. (2021), who found that higher 
concentrations of magnolol were required to reduce virulence 
on harvested apple fruit and grapes than to suppress in vitro 
B. cinerea mycelial growth. Similarly, He et al. (2019) found that 
80 mg/L NT inhibited the occurrence of gray mold disease in 
grapefruit, while 3.0 mg/L NT was enough to completely stunt 
colony growth in the PDA medium.

5. Conclusion

The pathogen causing fruit rot was isolated from symptomatic 
Shengzhou nane fruit and identified as A. niger by biological 
characteristics and molecular analysis. Optimal growth conditions 
for A. niger were 30°C, pH 5.0–6.0, and fructose and peptone as 
carbon and nitrogen sources. SBC, NT, and combined treatments 
against A. niger showed that the combined treatment of SBC and NT 
had a higher antifungal efficacy against A. niger. The damage to cell 
and mitochondrial membrane integrity and the disruption of energy 
metabolism might be closely involved in the antifungal mechanisms 
of SBC and NT. Moreover, the results of the in vivo experiment 
showed that SBC and NT reduced the rot lesion diameter and decay 
rate of Shengzhou nane fruit. In conclusion, the combination 
treatment of SBC and NT could be  an alternative to synthetic 
fungicides for controlling postharvest Shengzhou nane decay caused 
by A. niger.
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Inhibitory effect of carvacrol 
against Alternaria alternata 
causing goji fruit rot by disrupting 
the integrity and composition of 
cell wall
Lunaike Zhao , Junjie Wang *, Huaiyu Zhang *, Peng Wang , 
Cong Wang , Yueli Zhou , Huanhuan Li , Shukun Yu  and Rina Wu 

Key Laboratory of Storage and Processing of Plant Agro-Products, School of Biological Science and 
Engineering, North Minzu University, Yinchuan, China

Goji (Lycium barbarum L.) is a widely planted crop in China that is easily infected by 
the pathogenic fungus Alternaria alternata, which causes rot after harvest. Previous 
studies showed that carvacrol (CVR) significantly inhibited the mycelial growth of 
A. alternata in vitro and reduced Alternaria rot in goji fruits in vivo. The present study 
aimed to explore the antifungal mechanism of CVR against A. alternata. Optical 
microscopy and calcofluor white (CFW) fluorescence observations showed that 
CVR affected the cell wall of A. alternata. CVR treatment affected the integrity of 
the cell wall and the content of substances in the cell wall as measured by alkaline 
phosphatase (AKP) activity, Fourier transform-infrared spectroscopy (FT-IR), and 
X-ray photoelectron spectroscopy (XPS). Chitin and β-1,3-glucan contents in cells 
decreased after CVR treatment, and the activities of β-glucan synthase and chitin 
synthase decreased. Transcriptome analysis revealed that CVR treatment affected 
cell wall-related genes in A. alternata, thereby affecting cell wall growth. Cell wall 
resistance also decreased with CVR treatment. Collectively, these results suggest 
that CVR may exert antifungal activity by interfering with cell wall construction, 
leading to impairment of cell wall permeability and integrity.

KEYWORDS

carvacrol, Alternaria alternata, cell wall, antifungal mechanism, transcriptome

1. Introduction

Goji (Lycium barbarum L.) berry is one of the most widely cultivated and economically 
important fruit crops in northwest China (Wang et  al., 2021). It is also a traditional 
Chinese herbal medicine, possessing vital biological activities such as anti-oxidation, anti-
aging, and cancer prevention activities (Wang et al., 2010; Ma et al., 2022). However, goji 
berries are easily infected by Alternaria alternata, a pathogenic fungus that is responsible 
for black mold rot (Wang et al., 2018; Zhao et al., 2021; Supplementary Figure S1). The 
infected fruits not only cause important economic losses through postharvest decay, but 
also lead to health problems through contamination with various toxins produced by the 
pathogen (Wei et al., 2017; Xing et al., 2020). Fungicidal chemicals such as iprodione, 
tebuconazole, and mancozeb can effectively control postharvest rot caused by A. alternata 
(Yuan et al., 2019). However, the persistent application of synthetic fungicides has led to 
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the emergence of drug resistance, environmental contamination, 
and health hazards for consumers caused by chemical residues (Fu 
et al., 2017; Zhou et al., 2018). Therefore, it is necessary to explore 
new alternatives to reduce the use of these traditional 
synthetic fungicides.

In recent years, single or blended compounds from plant 
essential oils have been widely considered to be  a promising 
alternative to chemical fungicides owing to their potential 
antimicrobial activities and natural and environmentally friendly 
properties. Carvacrol (2-methyl-5-(1-methylethyl)-phenol, CVR), 
a significant component of oregano essential oil (Suntres et al., 
2015), has been approved as a Generally Recognized As Safe 
(GRAS) food additive by the Food and Drug Administration 
(FDA) and the European Commission, and can therefore be used 
in a variety of foods and beverages (Ultee et al., 1999; De Vincenzi 
et  al., 2022). Many studies have shown that CVR exhibits 
significant antifungal effects against a range of postharvest decay 
pathogens, such as Pilidiella granati (Thomidis and Filotheou, 
2016), Botrytis cinerea (Zhang et al., 2019), Fusarium verticillioides, 
and Aspergillus westerdijkiae (Schloesser and Prange, 2019), 
Penicillium verrucosum (Ochoa-Velasco et  al., 2017), and 
Geotrichum citri-aurantii (Serna-Escolano et  al., 2019). Our 
previous study suggested that CVR can effectively suppress black 
mold rot caused by A. alternata and maintain the postharvest 
quality of goji berries (Wang et al., 2019). Meanwhile, Abbaszadeh 
et al. (2014) demonstrated that CVR can inhibit the growth of 
A. alternata in vitro. However, the mechanisms of CVR against 
A. alternata have yet to be elucidated.

The antifungal mechanism of CVR has been extensively 
studied. CVR treatment can disrupt the cell morphology of 
Botrytis cinerea and alter the permeability of the cell membrane 
(De Souza et  al., 2015). Kim et  al. (2019) found that reactive 
oxygen species (ROS) generated by CVR damaged the cell 
membrane and even caused cell death of Raffaelea quercus-
mongolicae and Rhizoctonia solani. Furthermore, Li J. et  al. 
(2021) reported that CVR treatment could result in the death of 
Botryosphaeria dothidea-like cells by significantly inhibiting 
mitochondrial activity and respiration rates. However, to date, 
no studies have shown whether CVR affects the cell wall of 
A. alternata, and its mechanism of action against this pathogenic 
fungus has not been reported. Therefore, the impact of CVR on 
the cell wall of A. alternata requires further examination.

Accordingly, the objective of the present research was to 
investigate the effect of CVR treatment on the morphology and 
integrity of the cell wall of A. alternata in  vitro. Meanwhile, the 
functional groups and surface chemical composition of the mycelia of 
the cell wall were measured by FT-IR and XPS, respectively. 
Furthermore, the major polysaccharide content of chitin and β-1,3-
glucan and the enzyme’s activity related to these polycarbohydrates 
metabolism were determined. Further study was conducted to 
evaluate the effect of the CVR treatment on transcriptome and gene 
expressions using RNA-seq and qRT-PCR techniques. In addition, the 
growth of A. alternata in different environments was studied to 
explore the stress resistance response. The study verified the inhibition 
mechanism of CVR on the cell wall of A. alternata, and laid the 
groundwork for the application of CVR to control other fruit 
fungal diseases.

2. Materials and methods

2.1. Fungal strain

According to the method of Jiang et al. (2019), a strain isolated 
from goji berries showing black mold rot symptoms was identified 
as A. alternata causing goji postharvest rot by analyzing 
morphological characteristics (Supplementary Figure S1) and 
nucleotide sequences containing the internal transcribed spacer 
rDNA region (ITS) (Supplementary Figure S2), β-tubulin (tub2) 
(Supplementary Figure S3), endopolygalacturonase (endoPG) 
(Supplementary Figure S4), and Alternaria major allergen (Alta1) 
(Supplementary Figure S5). The gene sequences of the isolated 
pathogen were submitted to GenBank (accession nos. MN653245.1, 
MN702782.1, MN698284.1, and MN702781.1 for ITS, tub2, endoPG, 
and Alta1, respectively). The strain of A. alternata was cultured on 
potato dextrose agar (PDA) for 8 days at 28 ± 1°C (Zhao et al., 2021).

2.2. Preparation of CVR treatments

Alternaria alternata was treated with CVR (purity ≥98.0%, Tokyo 
Kasei Kogyo Co., Ltd., Japan) by using the fumigation method 
(Cardiet et al., 2012). Briefly, 6-mm inoculum disks of A. alternata 
were cut from the leading edge of the fungal culture on PDA plates 
using a hole punch, placed in the center of new plates, and incubated 
at 28°C and 90% relative humidity (RH) for 2 days. Next, a 60-mm 
filter paper sheet was placed on the lid of each plate and 1 ml dissolved 
CVR (containing 5% Tween-80) was added to the filter paper so that 
the concentration of volatile CVR in the sealed plates was 0, 0.06, 0.12, 
and 0.24 μl/ml, respectively. The edge of each plate was sealed with 
parafilm and the plates were incubated upside down at 28°C and 
90%RH for 3 days. The colony was divided into inside and outside 
parts, as shown in Supplementary Figure S6, simulating the effect of 
CVR on the formed mycelia (inside) and on the newly grown mycelia 
(outside), respectively. The outside and inside mycelia were scraped 
and weighed to 1 g portions, then wrapped in tin foil, rapidly frozen 
in liquid nitrogen, and stored at −80°C for later use.

2.3. Effect of CVR on cell wall integrity of A. 
alternata

2.3.1. Microscopy observations
Changes in mycelial morphology of A. alternata after CVR 

treatment were observed by optical microscopy. The effects of CVR on 
the integrity of the cell wall of A. alternata were analyzed by calcofluor 
white (CFW) staining coupled with fluorescence microscopy (Ouyang 
et al., 2019). The original mycelia and newly formed mycelia treated 
with different concentrations of CVR were picked and stained with 
10 μl of 10% KOH and 10 μl CFW.

2.3.2. Extracellular alkaline phosphatase activity 
assay

The extracellular AKP activity of A. alternata mycelia treated with 
different concentrations of CVR was assayed using an AKP kit (Beijing 
Solarbio Science and Technology Co., Ltd., China) according to the 
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manufacturer’s instructions. Enzyme activity was expressed as U/
mg protein.

2.3.3. Fourier transform-infrared spectroscopy
The FT-IR of the A. alternata mycelia treated with different 

concentrations of CVR was determined according to the method of  
Li Q. et al. (2021). Briefly, the mycelia were lyophilized and ground to 
a powder. The samples and KBr were mixed at 1:100 (M:M) and 
placed in an agate mortar. After fine grinding and drying, the mixture 
was pressed into thin slices and the surface functional groups were 
determined by FT-IR spectrophotometer. The FT-IR wavelength range 
was 400–4,000 cm−1 and the background was determined using 
pure KBr.

2.3.4. X-ray photoelectron spectroscopy
The relative substance content of A. alternata mycelia treated with 

different concentrations of CVR was determined according to method 
of Dague et al. (2008). Samples were lyophilized and ground into a 
powder. The powder was pressed into thin slices and etched with 
argon gas for 30 s. The test parameters were set as follows: energy, 
1486.8 eV; test spot area, 400 μm; tube voltage, 15 kV; tube current, 
10 mA; and background vacuum, 2 × 10−9 mbar. The binding energy 
range for the collection measurement scan was 1,100 eV to 0. The 
analyzer pass energy was 50 eV with a step of 1.00 eV.

2.4. Effect of CVR on polysaccharides in the 
cell wall of A. alternata

2.4.1. Determination of β-1,3-glucan content
Referring to the method of Fortwendel et al. (2008), the content 

of β-1,3-glucan was determined by aniline blue fluorescence. A total 
of 50 mg of mycelia was harvested, washed with 0.1 mol/l NaOH, and 
lyophilized to powder. Next, 5 mg lyophilized mycelia powder was 
resuspended in 250 μl of 1 mol/l NaOH and reacted at 52°C for 30 min. 
Subsequently, 50 μl sample extract was transferred to a 96-well 
microtiter plate, and 210 μl aniline blue mixture was added to each 
well. After incubation at 52°C for 30 min, the plate was cooled at room 
temperature for 30 min to decolorize the unbound dye. The 
fluorescence of the bound dye complexes was detected with a 
microplate reader at an excitation wavelength of 450 nm and an 
emission wavelength of 460 nm. A β-1,3-glucan standard curve was 
created with a concentration range of 10 to 50 μg/ml and was used 
quantify the amount of β-1,3-glucan present in each sample.

2.4.2. Measurement of β-1,3-glucan synthase 
activity

β-1,3-glucan synthase activity was measured referring to the 
method of Belewa et al. (2017). Microsomal proteins were obtained 
by crushing mycelia and pulverizing by ultracentrifugation. The 
microsomal proteins were resuspended in 500 μl buffer (1 mmol/l 
EDTA; 1 mmol/l DTT; 33% (v/v) glycerol; 50 mmol/l Tris–HCl, pH 
7.5) and stored at −80°C until use. A 50 μl reaction system was 
established consisting of 50 mmol/l Tris–HCl (pH 7.5), 20 μmol/l GTP, 
4 mmol/l EDTA, 0.5% Brij-35, 6.6% glycerol, 2 mmol/l UDP-Glc, and 
100 μg microsomal protein. After incubation at 25°C for 30 min, the 
reaction was stopped by adding 10 μl of 6 mol/l NaOH. The dextran 
produced by the previous process was dissolved at 80°C for 30 min. 

The glucan content was measured by the aniline blue method. One 
unit of enzymatic activity (U/mg protein) is defined as 1 mg protein 
catalyzed to produce 1 μg of glucan.

2.4.3. Determination of chitin content
Chitin content was determined by the method of Belewa et al. 

(2017). A total of 5 mg lyophilized mycelia was mixed with 3 ml of 
1 mol/l KOH and incubated at 130°C for 1 h. Then, 8 ml of 70% 
ethanol was added to the mixture and the mixture was washed with 
13.3% (w/v) cellulose acetate, 10 ml of 40% ethanol, and distilled 
water. The mixture was centrifuged at 1500 g for 5 min at 2°C. The 
resulting precipitate was added into a buffer containing 0.5 ml sterile 
double-distilled water mixed with 0.5 ml of 5% (w/v) sodium nitrite 
and potassium bisulfate, and then, the reaction system was centrifuged 
at 1500 g for 2 min. The 3-methyl-2-benzothiazolinone hydrochloride 
(MBTH) method was used to determine the glucosamine in the 
supernatant. The concentration of chitin in mycelia was determined 
by measuring the concentration of glucosamine produced by 
decomposition. Standard curves were constructed using various 
concentrations (5–25 μg/ml) of glucosamine.

2.4.4. Measurement of chitin synthase
Chitin synthase activity was measured according to the method 

of Mellado et  al. (2003). Microsomal proteins were obtained as 
described by the method in section 2.4.2. The microsomal proteins 
were resuspended in 400 μl Tris–HCl buffer (pH 7.5, 50 mmol/l, 
containing 30% (v/v) glycerol) and stored at −80°C until use. 
Subsequently, 100 μl of 2× buffer (32 mmol/l Tris–HCl, pH 7.5; 
4.3 mmol/l magnesium acetate; 32 mmol/l GlcNAc; 1.1 mmol/l 
UDP-GlcNAc; and 4 μg trypsin) and 100 μg microsomal protein were 
added to a 96-well plate pretreated by 100 μl of a solution of 50 μg/ml 
WGA. The plates were incubated at 25°C for 90 min to synthesize 
chitin. Next, 20 μl of 50 mmol/l EDTA and 100 μl of 1 μg/ml WGA 
horseradish peroxidase conjugate were added to each well. The plate 
was shaken vigorously for 15 min, washed five times with double-
distilled water, and then 100 μl TMB peroxidase reagent (1 ml 20% 
H2O2; 9 ml sterile distilled water; and 1 mg TMB dissolved in sterile 
water containing 20% H2O2) was added to the wells. The reaction was 
stopped by adding 100 μl of 1 mol/l sulfuric acid and the absorbance 
was measured at 450 nm. One unit of enzymatic activity (U/mg 
protein) is defined as 1 mg protein catalyzing the production of 
1 μg chitin.

2.4.5. Assays for chitinase and β-1,3-glucanase
Chitinase and β-1,3-glucanase activities of A. alternata mycelia 

were assayed according to the instructions of the chitinase kit and the 
β-1,3-glucanase kit (Suzhou Comin Biotechnology Co., Ltd., Jiangsu, 
China), respectively. Enzyme activity is expressed as U/mg protein.

2.5. Transcriptomic and quantitative 
real-time PCR analyses

Alternaria alternata were cultured on PDA for 3 days and then 
fumigated with or without 0.06 μl/ml CVR for 48 h. Referring to the 
method described in section 2.2, the external mycelia were rapidly 
frozen in liquid nitrogen and stored at −80°C for transcriptome 
analysis. The transcriptome information had been deposited at the 
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GenBank Sequence Read Archive (SRA) database, with accession 
numbers SRR23083390, SRR23083389, SRR23083388, SRR23083387, 
SRR23083386, and SRR23083385. Total RNA was extracted with a 
TRIzol kit (Invitrogen, Carlsbad, CA, United States). cDNA library 
construction and Illumina RNA sequencing were performed by 
Microeco Technology Co., Ltd., Shenzhen, China (Parkhomchuk  
et al., 2009). Differentially expressed genes (DEGs) were screened by 
fold change (FC) >2 and p-value <0.05. Gene Ontology (GO) 
classification was conducted using clusterProfiler. Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway annotation 
was performed by KOBAS 2.1 (Xie et al., 2011).

For qRT-PCR, total RNA was extracted by a fungal RNA kit 
(Omega Bio-Tek, Inc.) and reverse transcribed using the ABScript 
III rt. master mix kit (ABclonal Technology Co., Ltd). qRT-PCR was 
performed using the Genious 2× SYBR Green rapid qPCR mix kit 
(ABclonal Technology Co., Ltd). The β-tubulin gene was used as an 
internal control and relative gene expression was calculated using 
the 2−∆∆CT method. Primer sequences are listed in Supplementary  
Table S1.

2.6. Analysis of the effects of CVR on stress 
resistance in A. alternata

For stress resistance assays, the inner and outer mycelia of 
A. alternata treated with CVR (0, 0.06, 0.12, and 0.24 μl/ml) were 
made into 6-mm inoculum disks, respectively, and applied to plates of 
PDA without or with each stress substance (Zhang et al., 2020): (i) 
0.2 mg/ml Congo red or 0.005% SDS for cell wall-perturbing stress, 
(ii) 0.5 mol/l NaCl for osmotic stress, (iii) 0.01 mol/l H2O2 for oxidative 
stress, and (iv) 32°C for high-temperature stress. Plates were incubated 
at 28°C for 5 days, except for high-temperature stress plates, which 
were incubated at 32°C for 5 days. The colony diameter was measured 
vertically and inhibition rates were calculated; samples without 
treatment were used as controls.

2.7. Statistical analysis

All data were expressed as the mean ± standard deviation of three 
independent replicates. SPSS software version 16.0 was used for 
one-way analysis of variance (ANOVA) and a p-value <0.05 was 
deemed significant.

3. Results

3.1. Effect of CVR on cell wall integrity of A. 
alternata

Microscopy observations showed that CVR treatment affected 
the morphology of internal and external mycelia of A. alternata 
(Supplementary Figure S7). The inner and outer mycelia without 
treatment were straight and thick. However, the mycelia treated 
with CVR gradually became thinner, the cell contents gradually 
clouded, the mycelia broke, and the cell wall collapsed 
(Supplementary Figures S7H,P). The integrity of the cell wall was 
detected by CFW staining using a fluorescence microscope. As 

shown in Figure  1A, the surface of A. alternata mycelia in the 
control sample had uniform fluorescence with bright cell spacing. 
In contrast, the fluorescence distribution on the surface of the 
mycelia treated with CVR was not uniform, and the brightness of 
the treated mycelia interval was decreased. With increasing 
concentrations of CVR, the degree of uneven fluorescence on the 
mycelia surface deepened. Furthermore, deformities occurred in 
the mycelia treated with 0.24 μl/ml CVR. These results indicated 
that CVR may cause damage and alterations to the integrity of the 
mycelial cell wall of A. alternata.

Determination of AKP activity in A. alternata treated with 
CVR can reflect the damage to the cell wall. The AKP activity of 
the treatment group was always higher than that of the control 
group (Figure 1B). After treatment with 0.06, 0.12, and 0.24 μl/ml 
CVR, the AKP activity of the inside mycelia increased by 3.69, 
16.23, and 67.45%, respectively (Figure 1B1), while that of the 
outside part increased by 4.23, 30.21, and 90.26%, respectively 
(Figure 1B2).

3.2. FT-IR analysis of CVR-treated mycelia

To determine the structural differences in the mycelial cell wall 
between the control and CVR-treated groups, FT-IR was used to 
analyze the functional groups of these samples. Each site in the figure 
represented different hanging energy groups; 3396.5 cm−1 was O-H, 
2924.5 cm−1 was C-H, 1653.6 cm−1 was amide I, 1552.9 cm−1 was amide 
II, and 1078.5 cm−1 was the C-C bond in glucose (Figure 1C). The 
bonds of amide I and amide II are characteristic protein bonds. After 
CVR treatment, external peak deflections were observed at sites a, c, 
and d in both inside and outside parts of the mycelia of A. alternata. 
This indicated that CVR caused changes in the OH functional group 
and proteins in the mycelia of A. alternata.

3.3. CVR treatment decreased the 
polysaccharide content of the cell wall 
surface

C, N, and O are the three main elements in the cell wall. XPS 
analyses were performed to determine the changes in these elements 
following CVR treatment. Typical XPS spectra between treated and 
control groups are presented in Supplementary Figure S8. The C1s 
peak on the surface of A. alternata can be decomposed into C-(C,H) 
at 284.4 eV, C-(O,N) at 286.3 eV, and C=O bond at 288.0 eV. The O1s 
peak had two components—one belonged to the O-C bond at 
532.7 eV and the other belonged to the O=C bond at 531.4 eV. The N1s 
peak was composed of two components: one component at 399.9 eV 
was attributed to amine or amide function, and the other component 
at 401.4 eV was attributed to protonated nitrogen. According to the 
formula, [N/C]obs  = 0.279(CPr/C); [N/C]obs  = 0.279(CPr/C); 
[C/C]obs = (CPr/C) + (CPs/C) + (CLp/C) = 1, the values of CPr, CLp, and 
CPs can be  calculated (Table  1). CPs is the relative content of 
polysaccharide substance. The content of CPs in A. alternata was 
decreased after CVR treatment, indicating that the content of 
polysaccharide substances in the A. alternata cell wall decreased after 
CVR treatment.
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3.4. Effects of CVR on β-1,3-glucan and 
chitin contents

The contents of β-1,3-glucan and chitin in A. alternata were 
significantly reduced after CVR treatment (Figures  2A,B). After 
treatment with 0.06, 0.12, and 0.24 μl/ml CVR, the β-1,3-glucan 
content in the inner mycelia decreased by 54.01%, 53.03, and 71.43%, 
respectively, compared with the control, while that in the outer 
mycelia decreased by 65.43, 75.05, and 83.50%, respectively, compared 
with the control. The content of chitin in the inner mycelia decreased 
by 4.81, 53.66, and 60.49%, respectively, after treatment with 0.06, 

0.12, and 0.24 μl/ml CVR, while chitin content in the outer mycelia 
decreased by 29.86, 54.05, and 61.08%, respectively. This indicated that 
CVR treatment can destroy the cell wall structure of A. alternata by 
reducing the contents of β-1,3-glucan and chitin.

3.5. Effects of CVR on β-glucan synthase 
and chitin synthase

The ability of A. alternata to synthesize β-1,3-glucan and 
chitin was reduced after CVR treatment (Figures 2C,D). After 

A

C

B

FIGURE 1

Alternaria alternata treated with CVR and observed under a fluorescence microscope after CWF staining (×100 magnification). (A) CK treatment of 
inside (A1) and outside (A5) parts of mycelia; 0.06 μl/ml CVR treatment of inside (A2) and outside (A6) parts of mycelia; 0.12 μl/ml CVR treatment of 
inside (A3) and outside (A7) parts of mycelia; 0.24 μl/ml CVR treatment of inside (A4) and outside (A8) parts of mycelia, respectively, (B) The effect of 
AKP enzyme activity after CVR treatment of inside (B1) and outside (B2) parts of mycelia, and (C) Influence of CVR on cell walls of A. alternata. Different 
letters represent significant differences at the level of p < 0.05. FT-IR spectra of mycelia treated with CVR at 0, 0.06, 0.12, and 0.24 μl/ml of outside (C1) 
and inside (C2) parts of mycelia.

TABLE 1 Surface chemical composition of mycelia of A. alternata treated with CVR at 0, 0.06, 0.12, and 0.24 μl/ml, measured by XPS.

Mycelia CVR 
concentration 

(μg/mL)

%C %N %O N/C O/C N/O CPr CPs CLp

Inside 0 69.08 2.95 27.97 0.04 0.40 0.11 10.57 29.45 29.05

0.06 69.19 3.24 27.57 0.05 0.40 0.12 11.61 28.57 29.01

0.12 69.85 3.31 27.84 0.05 0.40 0.12 11.86 28.79 28.19

0.24 70.34 3.19 26.46 0.05 0.38 0.12 11.43 27.30 31.60

Outside 0 70.76 2.50 26.74 0.04 0.38 0.09 8.96 28.60 33.19

0.06 70.31 2.97 26.72 0.04 0.38 0.11 10.65 27.92 31.74

0.12 70.65 3.78 25.57 0.05 0.36 0.15 13.55 25.41 31.69

0.24 70.37 4.16 25.47 0.06 0.36 0.16 14.91 24.76 30.70
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treatment with 0.06, 0.12, and 0.24 μl/ml CVR, the amount of 
β-glucan produced by the internal mycelia was 74.61, 72.86, and 
66.91% of the control group, respectively, while that of the external 
mycelia was 80.59, 74.42, and 61.67% of the control group, 
respectively. The content of glucan produced by the inner mycelia 
was 73.93, 69.65, and 51.88% of the control group, respectively, 
and that of the outer mycelia was 73.86, 63.59, and 42.36% of the 
control group, respectively. This demonstrated that CVR can 
reduce the content of β-1,3-glucan and chitin by reducing the 
activity of β-glucan synthase and chitin synthase in the mycelia of 
A. alternata.

3.6. Effects of CVR on β-1,3-glucanase and 
chitinase

Figures 2E,F show the effect of CVR treatment on β-1,3-glucanase 
and chitinase activities in the mycelia of A. alternata. The higher the 
concentration of CVR, the larger the increased effect on the activities 
of β-1,3-glucanase and chitinase. In general, CVR treatment 

accelerated the degradation of chitin and β-1,3-glucan in the cell wall 
of A. alternata.

3.7. Transcriptome sequencing and analysis 
of DEGs

Sequencing data statistics showed Q20 > 97.25% and 
Q30 > 92.58%, which indicated that the sequencing quality was good. 
After eliminating primer and adapter sequences and filtering out 
poor-quality reads, 23.79 and 22.30 million clean reads were obtained 
in the CVR-treated and control samples, respectively (Figure 3A). 
Based on the clean reads of CVR-treated samples, approximately 
76.91% were mapped to the A. alternata unique genes, 0.12% were 
mapped to multiple genes, and 22.97% did not map to known genes 
(defined as unmapped), respectively. Similar results were obtained in 
the control group samples (Figure  3B). The transcriptomes of 
A. alternata with CVR treatment and the control treatment were 
analyzed and a total of 1,492 DEGs were found (FC ≥2, p < 0.05), 
which included 504 upregulated DEGs and 988 downregulated DEGs 
(Figure 3C).

A B

C D

E F

FIGURE 2

Effect of CVR on the content of β-1,3-glucan (A) in inside (A1) and outside (A2), parts of mycelia, respectively; the content of chitin (B) in inside (B1) 
and outside (B2) parts of mycelia, respectively; the β-glucan synthase (C) activity in inside (C1) and outside (C2) parts of mycelia, respectively; the 
production of chitin synthase activity (D) in inside (D1) and outside (D2) parts of mycelia, respectively; the production of β-1,3-glucanase activity (E) in 
inside (E1) and outside (E2) parts of mycelia, respectively; and the production of chitinase activity (F) in inside (F1) and outside (F2) parts of mycelia, 
respectively. Different letters represent significant differences at the level of p < 0.05.
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3.8. Go term enrichment and KEGG 
pathway analysis of DEGs

GO enrichment analysis was performed on all DEGs (p < 0.05), 
and the DEGs were classified from three aspects: biological process, 
molecular function, and cellular component (Figure 4A). The DEGs 
in biological process were enriched in the terms of rRNA processing 
(13 DEGs), polysaccharide catabolic process (9), ribosome biogenesis 
(6), response to oxidative stress (5), and purine nucleobase metabolic 
process (3). The DEGs in molecular functions included oxidoreductase 
activity (118), transmembrane transporter activity (76), heme binding 

(37), iron ion binding (34), FAD binding (31), monooxygenase activity 
(29), oxidoreductase activity (28), FMN binding (11), D-threo-aldose 
1-dehydrogenase activity (11), peroxidase activity (8), and carbon-
sulfur lyase activity (6). It was also observed that DEGs classified in 
cellular component were enriched in the terms of integral component 
of membrane (322) and nucleolus (22).

The DEGs were further annotated against the KEGG database 
(Figure 4B) and were grouped into 84 KEGG pathways, including 5 in 
cell process, 2 in environmental information processing, 10 in genetic 
information processing, and 67 in metabolic pathways. Among them, 
13 KEGG pathways were considered to be  significantly enriched 

A B C

FIGURE 3

Summary information for transcriptome data. (A) High-quality clean reads, (B) The proportion of high-quality clean reads of mapped to unique genes, 
multiple genes, and unmapped genes, and (C) The number of differentially expressed genes (DEGs).

A

B

FIGURE 4

GO analysis of DEGs in the control sample and after treatment with CVR (A). KEGG pathways and DEGs after treatment with CVR (B).
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(p < 0.05). The significantly enriched KEGG pathways and the number 
of DEGs in each were metabolic pathways (120 DEGs), pyruvate 
metabolism (12), taurine and hypotaurine metabolism (5), 
biosynthesis of secondary metabolites (49), glycolysis/gluconeogenesis 
(10), ascorbate and aldarate metabolism (6), glycine, serine, and 
threonine metabolism (12), tryptophan metabolism (10), pentose and 
glucuronate interconversions (9), glutathione metabolism (7), and 
starch and sucrose metabolism (11). These results showed that CVR 
altered the overall metabolic process(es) of A. alternata.

3.9. Changes in gene expression of starch 
and sucrose metabolism signaling 
pathways

The starch and sucrose metabolism pathway is related to the 
changes of polysaccharides in the cell wall of A. alternata treated with 
CVR. There were 7 upregulated genes and 4 downregulated genes in 
the starch and sucrose metabolism pathway after CVR treatment 
(Figure 5A). Among these DEGs, the gene CC77DRAFT_1029827 
(hypothetical protein) regulating β-fructofuranosidase was markedly 
upregulated. Two downregulated genes—CC77DRAFT_1067874 
(family 17 glycoside hydrolase) and CC77DRAFT_237249 
(GPI-anchored cell wall beta-1,3-endoglucanase EglC)—and an 
upregulated gene, CC77DRAFT_598231 (glucan 1,3-beta-glucoside-
like protein), are involved in the regulation of glucan endo-1,3-β-D-
glucosidase. Meanwhile, the upregulated gene CC77DRAFT_933414 
(Pectin lyase-like protein) and the downregulated gene 
CC77DRAFT_983002 (glycoside hydrolase) jointly regulate glucan-
1,3-β-glucosidase. The gene CC77DRAFT_991870 (glycoside 
hydrolase) regulating cellulase was markedly downregulated and the 
gene CC77DRAFT_1021571 (glycosyltransferase) regulating glycogen 
phosphorylase was clearly upregulated. All 10 genes except 
CC77DRAFT_1021571 were related to the degradation of cell wall 
polysaccharides, which indicated that CVR treatment significantly 
affects the metabolism of polysaccharides in A. alternata 
(Figures 5A,B).

3.10. Changes in genes that may regulate 
the metabolism of cell wall growth and 
verification of the expression of candidate 
genes

Through the analysis of DEGs, 14 genes that may be related to  
cell wall integrity and substance content of A. alternata 
(Supplementary Table S1) were screened by qRT-PCR. The qRT-PCR 
data (Figure 5C) were consistent with the RNA-seq data, and the 
correlation coefficient R2 = 0.9998 (Figure 5D) verified the expression 
of the 14 candidate genes. These results indicated that the 
transcriptome data were reliable.

3.11. Effects of CVR on stress resistance

The inside and outside parts of the mycelia of A. alternata after 
treatment with CVR were applied to culture media containing 
different stress substances. The antifungal effect was observed to 

determine the resistance of the A. alternata cell wall to external stimuli 
after CVR treatment (Figure  6A). The resistance of A. alternata 
mycelia to NaCl, CR, and SDS was weakened (Figure 6B). In response 
to H2O2, inhibition of the inside part of the mycelia was not significant 
but inhibition of the outside part of the mycelia was more significant 
after CVR treatment. This indicates that there were differences in the 
ability of the internal and external mycelia of A. alternata to respond 
to oxidative stress after CVR.

4. Discussion

Postharvest black mold rot infected by A. alternata is one of the 
most critical fungal decays encountered in goji berries during storage, 
resulting in tremendous economic losses (Wang et al., 2018, 2021). 
The defects of harmful to human health and environmental pollution 
in controlling Alternaria rot by using chemical fungicides promote the 
need to explore environmentally friendly acceptable sources of 
antifungal compounds. Essential oils are a promising alternative to 
synthetic fungicides for controlling postharvest fungal disease 
(Gonçalves et al., 2021). Previous studies have demonstrated that CVR 
can effectively inhibit the growth of A. alternata in vitro and control 
the black mold of goji berries after harvest (Abbaszadeh et al., 2014; 
Wang et al., 2019; Zhang et al., 2019). This study is to further explore 
the possible antifungal mechanism of CVR against the mycelial 
growth of A. alternata. Microscopy observations showed that CVR 
disrupted the cell wall of A. alternata by thinning, fracturing, and 
collapsing the mycelia (Supplementary Figure S7). This is consistent 
with the results of CVR treatment disrupting the cell wall of 
Botryosphaeria dothidea (Li J. et al., 2021; Li Q. et al., 2021). CWF can 
specifically bind chitin in the cell wall, which can be observed by 
fluorescence microscopy under blue fluorescence. After CVR 
treatment, the mycelial surface fluorescence was uneven, the mycelial 
interval was shortened, the mycelial septum was damaged, and the cell 
wall was obviously damaged. This showed that CVR can inhibit 
A. alternata by destroying the cell wall (Figure 1A). This phenomenon 
is consistent with the effect of cinnamaldehyde on Geotrichum citri-
aurantii (a postharvest pathogen of citrus) reported by Ouyang et al. 
(2019). AKP is an enzyme that is produced in the cytoplasm and leaks 
into the periplasmic space. Generally, AKP releases from the fungal 
cells through the cell wall in which permeability is impaired (Yang 
et al., 2016). The cell wall permeability was significantly increased and 
the integrity of the cell wall of A. alternata was destroyed after CVR 
treatment (Figure 1B). CVR treatment of A. alternata resulted in the 
inability to maintain normal hypha morphology and affected normal 
growth of the hypha. FT-IR revealed that the -OH groups and protein-
specific functional groups (amide I and amide II) in the mycelia of 
A. alternata were changed after CVR treatment (Figure 1C). Serrano 
et al. (2010) reported that the deflection of the -OH group was due to 
the substitution of some of the -H. In summary, the structural material 
on the surface of A. alternata was changed after CVR treatment, and 
this affected mycelial growth.

The fungal cell wall determines the complex shapes of fungi, and 
changes in cell shape underpin morphogenesis and cellular 
differentiation (Gow et al., 2017). Meanwhile, the cell wall is also the 
natural interface between the fungus and its environment, and plays 
a key role in the infection of hosts by fungi (Kou and Naqvi, 2016). 
Therefore, the integrity and construction of the cell wall are 
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instrumental in the success of fungi. The cell wall has been extensively 
studied and is an antifungal target. Polysaccharides, which are the 
main component of the fungal cell wall, maintain the structure of the 
cell wall. Structural characterization of the cell wall showed that it 
comprised an outer layer of mannose and proteins, and an inner layer 
of β-glucan and chitin, close to the cytoplasmic membrane (Rappleye 
et al., 2007). In fungal cell walls, β-1,3-glucan and chitin are both 
indispensable predominant components; the cross-linked product of 
the two can improve the stability of the cell wall and protect the fungus 
from being effect during the infection process. Simultaneously, β-1,3-
glucan and chitin were also found to be  the main substances 
supporting the cell wall structure (Gow et al., 2017). Relative changes 
of polysaccharides in mycelia can be calculated by XPS (Dague et al., 
2008). In this study, XPS showed that the content of CPs in the hyphal 
cell wall of A. alternata was significantly decreased after CVR 
treatment (Table 1). CVR reduced the content of polysaccharides in 

the cell wall and thus damaged the integrity of cell wall. The contents 
of chitin and β-1,3-glucan in A. alternata were decreased significantly 
after CVR treatment (Figures  2A,B). Meanwhile, CVR treatment 
reduced the activities of β-1,3-glucan synthase and chitin synthase 
(Figures 2C,D), while the activity of β-1,3-glucanase and chitinase was 
increased in A. alternata after CVR treatment (Figures 2E,F). Hopke 
et al. (2018) showed that fungal responses to stresses include altering 
their cell surfaces to enhance or limit immune recognition and 
responses, linking the two disparate fields of cell wall integrity and 
immunity. The fungal cell wall can escape host immunity by increasing 
the content of chitin, while the β-glucan content increases the strength 
of cell wall. CVR inhibited the production of β-1,3-glucan and chitin 
by inhibiting the activities of β-1,3-glucan synthase and chitin 
synthase and promoted the degradation of the two polysaccharides by 
increasing the activities of β-1,3-glucanase and chitinase. This result 
was consistent with the report of Tulbaghia violacea Harv. plant 

A

C D

B

FIGURE 5

RNA-Seq influence of CVR treatment on metabolism of polysaccharide substances. (A) DEGs in sucrose metabolism signaling pathway, (B) Possible 
mechanism of CVR treatment regulating sucrose metabolism signaling pathway, (C) Relative expression levels of candidate genes by qRT-PCR. The 
data were analyzed by t-test; * represents significant difference (p < 0.05), and (D) Correlation between results of qRT-PCR and results of RNA-seq.
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extract decreasing the chitin and β-1,3-glucan contents in Aspergillus 
flavus (Belewa et al., 2017). CVR treatment affected the integrity and 
stability of the cell wall of A. alternata by affecting the synthesis and 
metabolism of β-1,3-glucan and chitin in the cell wall. Comparison of 
the inside and outside parts of the mycelia revealed that CVR 
treatment had a more significant effect on the outer part of the 
mycelia. At sites of cell wall expansion, chitin synthases constitute a 
family of membrane-embedded enzymes that catalyze the synthesis of 
chitin, while β-1,3-glucan synthase catalyzes synthesis of β-1,3-glucan 
and transports it to the cell wall in the form of vesicles (Riquelme 
et  al., 2018). Owing to different growth states, polysaccharide 
construction of the formed mycelia and at sites of cell wall expansion 
is different. Therefore, the effect of CVR treatment on the construction 
of chitin and β-1,3-glucan in the outside part of the mycelia was 
more intense.

To reveal the effect of CVR on polysaccharide metabolism and 
transportation, the outer mycelia treated with 0.06 μl/ml CVR were 
selected for transcriptomic analyses. The results showed the regulation 
of a large number of gene expression levels and metabolic processes 
by CVR-treated. Polysaccharides were the main substances 
constituting the cell wall, and the transcriptome data showed that 
CVR treatment had a significant effect on starch and sucrose metabolic 
pathways in A. alternata. There were eight DEGs involved in the 
decomposition of β-1,3-glucan and β-D-glucoside (Figures 5A,B). 
Glucan endo-1,3-β-D-glucosidase, glucan-1,3-β-glucosidase, and 
β-D-1,3-glucohydrolase can regulate the degradation of β-1,3-glucan 

(Donzelli et al., 2001; Belewa et al., 2017). GPI-anchored cell wall 
beta-1,3-endoglucanase EglC is the main gene that regulates the 
growth cycle of fungi and insufficient expression of this gene can cause 
defects in cell growth (Ramirez-Garcia et al., 2017). CVR treatment 
significantly affected the expression of regulatory genes related to 
glucan endo-1,3-β-D-glucosidase and glucan-1,3-β-glucosidase and 
significantly increased the expression of β-D-1,3-glucohydrolase 
regulatory genes, which accelerated the conversion of β-1,3-glucan 
and β-D-glucoside from polysaccharide to D-glucose (Henrissat and 
Bairoch, 1993). The upregulated expression of glucan endo-1,3-β-D-
glucosidase and glucan-1,3-β-glucosidase was consistent with the 
increase in activity of β-1,3-glucanase. In addition, genes related to 
chitin anabolism were affected by CVR treatment. Chitin deacetylase-
like protein can catalyze the hydrolysis of acetamido groups of 
N-acetylglucosamine units of chitin, producing glucosamine units and 
acetic acid (Mukherjee et  al., 2019). The expression of the gene 
encoding this chitin deacetylase-like protein was increased in the 
CVR-treated samples, indicating that accelerated breakdown of chitin 
occurred in the hyphal cell wall after CVR treatment. The upregulated 
expression of this gene was also consistent with the increase in activity 
of chitinase. Chitin-binding protein can promote the synthesis of 
chitin, and the chitin-binding protein has an important role in the 
growth and development of infectious mycelia which has diverse 
functions in morphogenesis, pathogenesis, parasitism, nutrition, and 
immune regulation (Kuranda and Robbins, 1991). The upregulation 
of the gene encoding this enzyme indicates that CVR treatment affects 

A B

FIGURE 6

Influence of CVR treatment on stress resistance. Image of cultured under different conditions (A). Growth reduction rate (%), (B) of inside (B1) and 
outside (B2) fungal colonies grown at 25°C for 8 days on PDA plates supplemented with NaCl (0.5 M), CR (Congo red 5 μg/ml), H2O2 (1.5 mM), and SDS 
(0.1 mg/ml), respectively. Different letters represent significant differences at the level of p < 0.05.
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the growth cycle of mycelia. The downregulated expression of the 
chitin synthase gene indicated that CVR treatment inhibited chitin 
synthesis. The gene expression data were consistent with the activity 
of chitin synthase. Therefore, CVR treatment affected the integrity of 
the cell wall of A. alternata by regulating the genes related to 
polysaccharide biosynthesis and metabolism of the cell wall.

Recent studies have begun to reveal the extraordinary influence 
of the fungal cell wall on many aspects of fungal physiology, 
particularly in the interaction of fungi with the environment and 
during the colonization of host tissues (Geoghegan et  al., 2017). 
Mycelia treated with different concentrations of CVR showed growth 
inhibition in the media containing different stress substances. The 
results of these assays indicated that the function of the cell wall was 
weakened to resist perturbing stress, osmotic stress, and high-
temperature stress after CVR treatment (Figure 6). This was congruent 
with the findings of Zhang et al. (2020). Concurrently, CVR treatment 
affected the infection function of A. alternata cell wall. Covalently 
linked cell wall protein was covalently cross-linked to the cell wall and 
was an important site for hyphal cell wall adhesion and recognition. 
The upregulation of this gene of covalently linked cell wall protein 
indicates that CVR treatment affects the infection and stress resistance 
of A. alternata mycelia. However, the inside part of the mycelia did not 
exhibit a significant inhibitory effect in the medium containing H2O2. 
The reason(s) underlying the differing response of different parts of 
the mycelia to oxidative stress requires further investigation.

5. Conclusion

In summary, CVR has a destructive effect on the cell wall of 
A. alternata by damaging and altering the integrity of the mycelial cell 
wall. Meanwhile, both the contents of cell wall polycarbohydrates 
containing chitin and β-1,3-glucan and the activities of the enzymes 
related to the biosynthesis of these polycarbohydrates were 
significantly decreased by CVR treatment, while the activities of 
chitinase and β-1,3-glucanase response of degrading the two 
polycarbohydrates were increased by CVR treatment. The 
transcriptomic analysis further revealed that CVR influenced the 
polycarbohydrate metabolism pathways, especially starch and sucrose 
metabolism signaling pathways. In addition, CVR treatment inhibited 
the stress resistance of A. alternata in vitro. These findings implicated 
that CVR might exhibit its antifungal activity against A. alternata by 
interfering with the construction of the cell wall and therefore lead to 
the destruction of cell wall integrity and function. However, the 
inhibition mechanism of CVR treatment on the cell wall of A. alternata 
needs to be further studied by combining proteomics or metabolomics.
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Inhibitory e�ect and underlying
mechanism of cinnamon and
clove essential oils on
Botryosphaeria dothidea and
Colletotrichum gloeosporioides

causing rots in postharvest
bagging-free apple fruits

Dan Wang, Guiping Wang, Jinzheng Wang, Hao Zhai* and

Xiaomin Xue*

Shandong Institute of Pomology, Shandong Academy of Agricultural Sciences, Tai’an, China

Bagging-free apple is more vulnerable to postharvest disease, which severely

limits the cultivation pattern transformation of the apple industry in China. This

study aimed to ascertain the dominant pathogens in postharvest bagging-free

apples, to evaluate the e�cacy of essential oil (EO) on inhibition of fungal

growth, and to further clarify the molecular mechanism of this action. By

morphological characteristics and rDNA sequence analyses, Botryosphaeria

dothidea (B. dothidea) and Colletotrichum gloeosporioides (C. gloeosporioides)

were identified as themain pathogens isolated from decayed bagging-free apples.

Cinnamon and clove EO exhibited high inhibitory activities against mycelial

growth both in vapor and contact phases under in vitro conditions. EO vapor

at a concentration of 60 µL L−1 significantly reduced the incidence and lesion

diameter of inoculated decay in vivo. Observations using a scanning electron

microscope (SEM) and transmission electron microscope (TEM) revealed that

EO changed the mycelial morphology and cellular ultrastructure and destroyed

the integrity and structure of cell membranes and major organelles. Using RNA

sequencing and bioinformatics, it was demonstrated that clove EO treatment

impaired the cell membrane integrity and biological function via downregulating

the genes involved in the membrane component and transmembrane transport.

Simultaneously, a stronger binding a�nity of trans-cinnamaldehyde and eugenol

with CYP51 was assessed by in silico analysis, attenuating the activity

of this ergosterol synthesis enzyme. Moreover, pronounced alternations in

the oxidation/reduction reaction and critical materials metabolism of clove

EO-treated C. gloeosporioides were also observed from transcriptomic data.

Altogether, these findings contributed novel antimicrobial cellular and molecular

mechanisms of EO, suggesting its potential use as a natural and useful preservative

for controlling postharvest spoilage in bagging-free apples.
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bagging-free apple, post-harvest pathogens, essential oil, cell membrane, transcriptome
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Introduction

Apple is one of the most important temperate tree fruits in

the world. China is the leader in apple production and accounts

for more than 50% of the total yield. Pre-harvest bagging has

been conventionally practiced for apple cultivation in China, Japan,

and Australia in order to improve fruit appearance and increase

market value (Fallahi et al., 2001), but such treatment alters the

microenvironment for apple development, leading to multiple

effects on internal quality such as reduced phenolic compounds

and faded flavor (Arakawa et al., 1994; Chen et al., 2012; Feng

et al., 2014). In recent years, there has been growing interests

in examining the potential of non-bagging patterns due to the

decline of fruit inner quality and the increase in labor force cost

and ecological pollution. It has been recognized that the bagging-

free cultivation pattern is an inevitable trend in the apple industry

development in China.

Nevertheless, under the bagging-free cultivation mode, apples

are more vulnerable to insect pests and diseases resulting from

the lack of bag protection. Although through monitoring and

forecasting, combined with biological management and precise

pesticide application, the incidence of pre-harvest pests and

diseases is controlled below 1% (Zhai et al., 2019), bagging-free

apples show higher susceptibility to postharvest disease damage

mainly caused by latent fungal pathogens infection in the field

or cold chain handling process, which limits good fruit quality

and shortens the shelf life of fresh apple fruit during storage,

resulting in significant economic losses. At present, relevant studies

on pathological research during the conservation period, especially

fungal decay that occurred in bagging-free apples, have seldom

been reported.

Chemically synthetic fungicides, like difenoconazole, are

commonly used for the postharvest control of apple spoilage

and pathogenic fungus. In the last decade, there is strong public

and scientific controversy about the application of pesticides

because of their hazardous side impacts on the environment and

human health such as residual toxicity and fungicide-resistance

development (Holmes et al., 2016; Hofer, 2019). In this case,

consumer demands for organically produced fruit led to the

extensive use of naturally derived preservatives. Essential oils

(EOs) are secondary metabolites directly extracted from aromatic

and medicinal plants, containing a variety of substances called

“phytochemicals” and having a natural or avirulent image. Due to

the abundant bioactive chemical components, EOs are endowed

with remarkable antimicrobial and antioxidative activities, which

enable them to effectively defend against foodborne pathogens and

extend the storage life of fresh products (Kwon et al., 2017; Alanazi

et al., 2018; Ju et al., 2018; Almeida et al., 2019). In general, two

application methods may be used for the inhibition of postharvest

mold: (i) fumigation solution in which less EO is used due to its

high volatility, and (ii) directly contact solution by agar or broth

diffusion (Sivakumar and Bautista-Baños, 2014; Wang et al., 2019).

Essential oils exhibited a great variety of the microbial

inhibitory spectrum due to their complex chemical composition

and diverse mode of action. Cinnamon and clove EO are promising

natural fungicides widely used for the control of foodborne

pathogens and spoilage microorganisms, and cinnamaldehyde and

eugenol are the major active ingredients of them, respectively

(Tu et al., 2018; Dávila-Rodríguez et al., 2019; El amrani et al.,

2019). Recently, the antimicrobial effect of cinnamon and clove

EO has been widely researched. Duduk et al. (2015) found that

cinnamon EO had good inhibitory effects against Colletotrichum

acutatum isolated from strawberry anthracnose. Castellanos et al.

(2020) demonstrated that clove EO could reduce the growth of

Aspergillus niger from 50 to 70% and Fusarium oxysporum to

40% and provide an alternative solution to the use of hazardous

chemical fungicides for the postharvest treatment of tomato during

storage and transportation. Khaleque et al. (2016) reported that

high concentrations of cinnamon and clove EOs could inhibit

Listeria monocytogenes in ground beef meat and improve the safety

of ground beef products. Botryosphaeria dothidea (B. dothidea)

and Colletotrichum gloeosporioides (C. gloeosporioides) can infect

apple fruit before and after picking, thus, resulting in reduced apple

yield (Moreira et al., 2019; Yu et al., 2022). EOs or components

have been demonstrated as useful effective antifungal agents against

postharvest B. dothidea and C. gloeosporioides. Carvacrol appeared

to evidently inhibit the mitochondrial activity and respiration rate

of B. dothidea and could be a very useful EO compound for

controlling postharvest rot soft in kiwifruit (Li J. et al., 2021). Rabari

et al. (2018) tested the inhibitory activities of 75 EOs against C.

gloeosporioides isolated from the infected mango, and four EOs

showed remarkably higher antifungal efficacy.

Although many studies reported EO’s antimicrobial action,

very few have focused on the mechanism underlying these effects

and the investigation at the cellular or molecular level is yet

to be explored. The fungal cell membrane was the main target

for the fungistatic action of EOs due to their lipophilicity (Burt,

2004). In the previous study, it was suggested that an increase

in membrane permeability and subsequent release of cellular

material might be responsible for EO’s antifungal ability (Shao

et al., 2013). Lanosterol 14α-demethylase (also known as CYP51)

served as a rate-limiting enzyme that can regulate the rate and

quantity of ergosterol produced in the fungal cell membrane

(Monk et al., 2020). Azole class of antifungal drugs inhibited

CYP51, and subsequently, researchers considered CYP51 as the

most attractive protein target to develop antifungal drugs (Sun

et al., 2019; Dong et al., 2020). However, there is a piece of

scattered information where phytochemicals could inhibit CYP51.

Several phytochemicals were reported to inhibit various CYPs, for

instance, a natural product of Curcuma longa can inhibit CYP1A2,

CYP3A4, CYP21A2, and CYP17A1 (Schwarz et al., 2011). Now an

intriguing question arises: can cinnamon and clove EOs also restrict

identical protein CYP51 and impede the production of ergosterol in

pathogenic fungi?

Hence, in the present study, the dominant pathogens, which

caused postharvest decay in bagging-free apples, were first isolated

and identified. In addition, the inhibitory activities of cinnamon

and clove EO as well as their application methods against the

pathogens were examined both in vitro and in vivo; meanwhile,

a combination of approaches including microscopic (SEM and

TEM) and molecular (transcriptomic and docking analysis)

investigations was further carried out to provide insights into

their antifungal mechanism. The aim of this study was to provide

theoretical reference on the potential use of EOs as a natural and
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efficient preservative for the control of postharvest diseases in the

cultivation mode transformation of the apple industry.

Materials and methods

Materials and chemicals

Fresh apple fruits under the bagging-free cultivation pattern

were harvested at commercial maturity and were transferred to the

laboratory within 6 h. Uniform fruits free of defects andmechanical

damage were selected and stored at 0± 0.5◦C, 90% RH.

Pure-grade cinnamon EO (bark steam distillation; origin:

China) and clove EO (bud distillation; origin: China) were

purchased from Guangzhou Hengxin Spice Co., Ltd., Guangzhou,

China, and stored in the dark, at room temperature. The cinnamon

and clove EO were analyzed on an Agilent gas chromatography–

mass spectrometry (GC-MS) 7890 column (30m × 0.25mm ×

0.25µm). Helium was used as carrier gas. The injection volume

was 1 µL, and the injector temperature was set at 250◦C. The

oven temperature was programmed at 50◦C for 2min, raised to

260◦C at a rate of 5◦C/min, and maintained for 10min. In the

full-scan mode, electron ionization mass spectra were recorded

at 70 eV electron energy with a mass range of 10–550 Da. The

temperatures of the interface, ion source, and quadrupole were

held at 280, 230, and 150◦C, respectively. The main components of

EOs were assigned by comparing their relative retention time and

matching their mass spectra characteristic features with the mass

spectral library (Wiley Register TM of Mass Spectral Data). The

main composition of cinnamon and clove EO is given in Table 1.

Survey of postharvest diseases

Apples were stored at 25◦C after picking, and disease incidence

was measured at 20, 40, and 60 days. Each treatment included three

replicates, and each replicate consisted of 40 apples.

Isolation, purification, and identification of
pathogens

Isolation of the pathogens was carried out based on our

previous method (Wang et al., 2020). Diseased fruits were surface-

sterilized with 75% ethanol for the 30 s and 1% sodium hypochlorite

(NaOCl) for 1min. The sterilized tissues were rinsed three times

with sterilized water, placed on potato dextrose agar (PDA)

medium containing 0.02% streptomycin sulfate, and incubated in

the dark at 25◦C. Isolated fungal colonies were subcultured by

the hyphal tip transferring technique until the pure culture was

obtained. The two mold strains were obtained and marked as

DH1 and HF2. After incubation for 7–10 days, the morphology

of colonies and conidia of the two strains was observed and

recorded. The isolated pathogens were assayed its pathogenicity

in healthy apples. Furthermore, the pathogens were isolated again

from diseased fruit using the earlier tissue separation method.

Finally, the pathogen was subcultivated on PDA and stored at 4◦C

for consequent identification.

TABLE 1 Chemical compositions of cinnamon and clove EO.

No. Components RTa (s) Percentage (%)

Cinnamon EO

1 Trans-cinnamaldehyde 553.74 82.228

2 Benzaldehyde 274.62 7.907

3 2,4-decadienal 587.52 3.174

4 Phenethyl acetate 532.32 1.387

5 Camphorene 265.56 0.714

6 4-isopropyltoluene 328.56 0.706

7 2-carbitol 464.16 0.688

8 Salicylaldehyde 347.82 0.612

9 O-methoxybenzaldehyde 521.10 0.506

10 O-methoxycinnamaldehyde 755.64 0.387

11 Trans-2-decenal 539.34 0.385

12 Nonanal 398.28 0.350

13 Eugenol 617.10 0.301

14 α-ylangene 733.14 0.228

15 2-undecenal 624.30 0.221

16 Limonene 332.94 0.175

17 Eucalyptol 336.36 0.031

Clove EO

1 Eugenol 615.66 78.952

2 Eugenol acetate 740.16 17.892

3 β-caryophyllene 674.76 2.059

4 α-caryophyllene 702.78 0.726

5 Oxetene 798.66 0.281

6 α-Humulene 756.21 0.068

7 Methyleugenol 718.92 0.022

RTa , retention time.

The genomic DNA of mycelia was extracted using

CTAB (cetyltrimethylammonium bromide) method (Wang

et al., 2020). The internal transcribed spacer (ITS)

sequence of the rDNA was amplified using the primer

ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-

TCCTCCGCTTATTGATATGC−3′), and thermal cycling was set

a predenaturation step at 94◦C for 5min, denaturation at 94◦C for

40 s, annealing at 58◦C for 40 s, following by 35 cycles of extension

at 72◦C for 1min, and a final elongation step at 72◦C for 10 min.

Polymerase chain reaction (PCR) products were purified and

sequenced by Shanghai Boshang Biological Technology Co., Ltd.

(Shanghai, China). To assess similarity, multiple related sequences

were aligned by BLAST in the NCBI database. A phylogenetic

tree was constructed using the neighbor-joining method in MEGA

5.2 software. Torreya grandis (AF259277.1) and Pestalotiopsis

microspora (KF941280.1) were used as the out-group for DH1

and HF2, respectively. Bootstrapping was performed with 1,000

replicates to evaluate the significant internal branches in the tree.
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Mycelial growth inhibition testing in vitro

Gas di�usion test
A mycelial plug with a size of 7mm from 7 days of actively

growing culture was priorly inoculated onto the center of the

bottom of the Petri dishes with 12.5mL of PDA. Subsequently, a

sterilized filter paper was attached to the center of the inner side of

the plate lid with different amounts of EOs (1.5, 2.25, 3, and 3.75

µL) added; then, the plate lid was quickly covered, and 37.5mL

air space was offered to obtain final concentrations of 40, 60, 80,

and 100 µL L−1 of air (v/v). PDA plates without EO were used as

controls. All plates were sealed with laboratory parafilm to prevent

leakage of EO vapor, kept in an inverted position, and incubated

at 26◦C for 4 days. The radical growth diameters of each treatment

were measured using a digital vernier caliper in triplicate.

Solid di�usion test
Following our previous procedures with some minor

modifications (Wang et al., 2019), 9.6, 19.2, 28.8, and 38.4 µL of

pure EO were dispersed using 8mL Tween 80 (0.2% v/v) while

mixing with a high-speed homogenizer (IKA-ULTRATURRAX

T25 basic, IKA Works, Inc., Wilmington, NC, USA) at 14,000 rpm

for 4min. Then, 40mL PDA was added (48mL total) immediately

before it was poured into the glass Petri dishes (15 mL/plate, in

triplicate) to obtain a final concentration of 200, 400, 600, and

800 µL L−1. The control was prepared similarly with Tween 80

alone. Afterward, mycelia was inoculated in the center of each

plate. All plates were sealed with laboratory parafilm to avoid EO

evaporation, kept in an inverted position, and incubated at 26◦C

for 4 days. The radical growth diameters of each treatment were

measured using a digital vernier caliper in triplicate.

The lowest concentration of the EOs at which there was no

strain growth for 48 h was defined as the minimum inhibitory

concentration (MIC).

Antifungal assays in vivo

The fungal inoculation was performed according to the

previous research (Zhou et al., 2018). Apple fruits were sterilized

with 2% sodium hypochlorite for 2min and air-dried at room

temperature. Each fruit was wounded (3mm deep and 3mm

wide) at its equator using a sterile nail. Then, 10 µL of the spore

suspension at 1.0× 108 spores L−1 were evenly inoculated into the

puncture wounds (“Fuji” and “Orin” apples were inoculated with B.

dothidea and C. gloeosporioides, respectively). The volume ratio of

the EO and the container (µL L−1) was used to represent the vapor

concentration. Based on our preliminary experiments, 60 µL L−1

EO were placed on filter paper. During EO vapor treatments, apple

fruits were placed in a container of 6.5 L volume sealed with PVC

cling film tomake it evaporate naturally and stored in a 95% relative

humidity incubator at 25◦C. Samples for lesion diameter assay were

recorded daily. Each treatment contained three replicates, and the

whole experiment was performed twice.

SEM and TEM assays

The scanning electron microscopy (SEM) and transmission

electron microscopy (TEM) assays were carried out based on some

previous studies (Li et al., 2014; Zhang et al., 2016). In brief, the

spore suspension of B. dothidea and C. gloeosporioideswas obtained

from 4-day-old cultures by adding 10mL 0.9% NaCl solution to

each Petri dish and gently scraping the mycelial surface three

times with a sterile L-shaped spreader to free the spores. A 1mL

spore suspension (1 × 107 CFU mL−1) was added to 150mL

PDB medium and incubated at 26◦C shaking for 2 days. The fully

emulsified cinnamon and clove EO by Tween 80 solution (0.2% v/v)

were added to the shake flask of B. dothidea and C. gloeosporioides

to achieve the concentrations of their MIC, respectively. No EO

added was set as the control. After that, all of the samples were

incubated at 26◦C for 12 h and collected by centrifugation at 4,000

rpm for 10min. Then mycelial cells were washed three times with

phosphate buffer solution (PBS). Each treatment was performed

in triplicate.

For SEM assay, the cells were fixed with 2.5% glutaraldehyde

and 4% formaldehyde for 4 h and were dehydrated with ethanol

at gradient concentrations (15min at 30, 50, 70, 80, and 90% and

20min twice at 100%). Subsequently, the cells were freeze-dried,

spray-gold, and visualized in an SEM (Sigma 300, ZEISS).

For the TEM assay, the mycelial cells were treated by ultra-

thin sectioning and negatively stained (1% phosphotungstic acid,

5min) and then directly examined in a TEM (MORADA-G2,

Olympus, Japan).

RNA-sequencing and bioinformatics
analysis

Total RNA was extracted using TRIzol reagent (Invitrogen),

and RNA quality and purity were assessed by Nanodrop

spectrophotometer. In brief, rRNA was removed and mRNAs were

fragmented, then transcribed mRNA fragments into first-strand

cDNA, and followed by second-strand cDNA synthesis. After that,

sequencing libraries were constructed and sequenced at Biomarker

Technologies (Beijing, China) with an Illumina platform. Raw

reads were filtered into high-quality clean reads used for subsequent

bioinformatics analysis.

The gene expression levels were normalized by FPKM

(fragments per kilobase of transcript per million fragments

mapped). Genes with a p-value <0.05 and |log2FC| ≥ 1 were

considered to be differentially expressed genes (DEGs). GO and

KEGG enrichment analysis was performed on the identified DEGs.

Only GO terms and KEGG pathways with FDR < 0.05 were

statistically considered to be significantly enriched.

Docking analysis

The CYP51 protein sequences of Botryosphaeria

dothidea (KAF4313409.1) and Colletotrichum gloeosporioides

(KAF4925022.1) were downloaded from the NCBI. The models

of these proteins were built by the online tools SWISS-MODEL
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and assessed by using the program “PROCHECK” on the website

of SAVES (https://nihserver.mbi.ucla.edu/SAVES/) for docking

studies (Waterhouse et al., 2018). The 3D structures of the ligands

including trans-cinnamaldehyde (CAS14371-10-9) and eugenol

(CAS97-53-0) were downloaded from Pubmed. Molecular docking

was performed using Autodock 4.2 software (Morris et al., 2009),

and PyMOL (Delano, 2002) and LIGPLOT (Laskowski and

Swindells, 2011) software were used to visualize and analyze the

modes with the lowest binding score from the docking results.

Statistical analysis

Data were listed as mean value ± standard deviation (SD)

of three independent repeated experiments, as the interaction

between treatment and experimental variables was not significant.

All statistical analyses were performed using SPSS 16.0 software

(IBM, Inc., NY, USA). One-way analysis of variance (ANOVA) was

used to compare the three mean values. Mean separations were

analyzed using Tukey’s test correction. Differences at p < 0.05 were

considered statistically significant.

Results

Occurrence of postharvest diseases

We sampled apple fruits in Weihai, Yantai, and Taian, the

main apple-producing areas in Shandong Province, and surveyed

postharvest rot. As shown in Table 2 and Figure 1, regardless of the

production area, the decay rate of apple fruits under the bagging-

free cultivation mode was significantly higher than that under the

bagging cultivation mode at the same time point (p < 0.05). Ring

rot and anthracnose were the most important fungi-associated

postharvest diseases of bagging-free apples (Table 3).

Isolation and identification of pathogens

Two strains of fungi were isolated from rotten non-bagging

apples and were coded as DH1 and HF2. The colonial morphology

and microscopic features of the isolated pathogens are shown in

Figures 2A–F. The colony of the first pathogen DH1 was circular

on PDA after 4-day incubation, and its color on the front of the

plates was white to become dark gray. The aerial mycelia grew

radically from the center to the surrounding area, and its texture

was loose and cotton-like. Mycelia were hyaline and septate. The

germinal spores were the single, colorless, rod-shaped, diameter

of (15.0 – 29.5) × (5.1 – 7.6) µm (n = 40). The morphology of

colonies and conidia was identical with Botryosphaeria dothidea

(Wang et al., 2020). On the PDA medium of the second pathogen

HF2, the colony was circular with regular edges. Mycelia were

initially grayish white, and their texture was soft and villous. After

4–7 days, they turned dark gray with orange conidial masses.

Under the microscope, we determined that conidia were hyaline

and cylindrical to oblong, with 13.0–22.2µm of length and 5.0–

7.2µm of width (n = 40). Morphological characteristics were in

accordance with Colletotrichum gloeosporioides (Riera et al., 2019).

To further identify the two isolated pathogens, internal

transcribed spacer (ITS) regions were sequenced. DNA sequences

of these genes were deposited in GenBank with Accession

Nos. MT734023 (DH1) and MN594823 (HF2), respectively.

The homology sequences were analyzed with MEGA 5.02

software to construct a phylogenetic tree by the neighbor-

joining method. Bootstrap values from the neighbor-joining

method were determined. Torreya grandis (AF259277.1) and

Pestalotiopsis microspora (KF941280.1) were used as the out-

group for DH1 and HF2, respectively. In the phylogenetic tree,

DH1 and other reference strain B. dothidea (KF766151.1) formed

a clade with 100% bootstrap support (Figure 2G), while HF2

and two other reference strain C. gloeosporioides (NR160754.1,

GQ485605.1) formed a clade with 100% bootstrap support

(Figure 2H). Based on morphological features and molecular

analysis, DH1 and HF2 were identified as Botryosphaeria

dothidea (B. dothidea) and Colletotrichum gloeosporioides (C.

gloeosporioides), respectively.

Antifungal activity of EOs against B.
dothidea and C. gloeosporioides

We further evaluated the inhibition of mycelial radical growth

in vitro by fumigation and contact treatments. As presented

in Figure 3, the inhibition zone diameter in all treatment

exposure to EO was smaller than that in control at 25◦C

for 96 h. Lower concentrations were needed to inhibit the

development of colony diameter by gaseous contact than by

solution contact (p < 0.05). Both of the two EOs had stronger

inhibitory effectiveness on C. gloeosporioides than that of B.

dothidea by both solid and gas diffusion tests (p < 0.05), which

indicated that C. gloeosporioides was more sensitive, while B.

dothidea was more resistant to EO. In addition, the two EOs

showed variable degrees of antifungal activity against the tested

pathogens, which was verified by both fumigation and direct

contact treatments. For B. dothidea, cinnamon EO exhibited

an obviously stronger inhibition effect compared with clove

EO; however, for C. gloeosporioides, cinnamon EO had poorer

fungitoxic ability than clove EO. The MIC value of cinnamon

and clove EO on B. dothidea and C. gloeosporioides by contact

and vapor diffusion tests as presented in Table 4 confirmed the

earlier statement.

E�ects of EOs on rot development in
inoculated bagging-free apple

Further investigation of the inhibition effects of EOs on

the lesion diameter of fruit rot caused by B. dothidea and C.

gloeosporioides demonstrated alleviated severity of corruption

after treatment with cinnamon and clove EO fumigation,

respectively. As shown in Figure 4, EO groups indicated

significant decreases in bagging-free apple rot as compared

to the control during the same period of storage after inoculation

(P < 0.05).
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TABLE 2 Infection incidence of postharvest apple fruit.

Treatments Storage time (d) Bagging-free cultivation mode Bagging cultivation mode

Weihai Yantai Taian Weihai Yantai Taian

Decay rate (%) 20 2.8b 3.5b 7.5a 0c 0c 0c

40 31.4b 34.3b 45.0a 3.0c 2.0c 2.5c

60 40.0c 57.1b 66.0a 11.0d 8.0d 12.3d

Different lowercase letters indicate significant differences in the same row (p < 0.05).

FIGURE 1

Di�erent levels of fruit decay between bagging-free apple (A) and bagging apple (B) after 60 days of storage at 25◦C.

TABLE 3 Occurrence of di�erent diseases in bagging-free apple.

Treatments Disease incidence (%)

Anthracnose Bitter pit Black spot Ring rot Rust

Weihai 1.11a 0c 0c 0.97a 0.4b

Yantai 0.88b 0c 0.05c 1.32a 0.72b

Taian 1.39b 0d 0d 1.53a 0.66c

Different lowercase letters indicate significant differences in the same row (p < 0.05).

E�ects of EOs on hyphal morphology and
cellular ultrastructure

From the SEM images in Figure 5, we could intuitively observe

the hyphal morphological alterations of B. dothidea and C.

gloeosporioides. In the control groups, the mycelia were smooth,

flat, and uniform, presenting a flourishing growth period. After 48 h

EO treatment, the hyphae became folded, winding, rough, and even

collapsed, indicating the destruction of the mycelium wall.

The effects of EOs on the cellular ultrastructure were observed

by TEM. The control samples revealed uniform shapes in which

all organelles had a normal and regular appearance and were

clearly identified, while in the treated fungi, most organelles

were indistinct and unidentifiable with deformed and disorganized

mitochondria. Meanwhile, the cell wall was gradually becoming

rough and villous, and the cell membrane was partially detached

from the cell wall (Figure 5). SEM and TEM analyses partly

manifested the mechanism of antimicrobial activity, but further

investigation is required to reveal more gene-based changes during

treatment with EO.

Transcriptome analysis of C.
gloeosporioides exposed to clove EO

The overall profile of gene transcription
Based on the results of antifungal activity analysis, we selected

clove EO against C. gloeosporioides cells to further explore

the potential antifungal mechanisms underlying the molecular
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FIGURE 2

Morphological characteristics and phylogenetic tree of isolated pathogens. Colonies of pathogen DH1 (A, B) and HF2 (D, E). Spores of pathogen DH1

(C) and HF2 (F). Phylogenetic analysis of rDNA-ITS sequences obtained from the isolate DH1 (G) and HF2 (H) along with the reference sequences

from NCBI.
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FIGURE 3

Mycelial growth inhibition of cinnamon and clove EOs against B. dothidea and C. gloeosporioides. (A) Morphological images of medium in EO vapor

phase. (B) Morphological images of medium in EO contact phase. (C) Radar map of the radical growth diameters in EO vapor phase. (D) Radar map

of the radical growth diameters in EO contact phase.

response. High-throughput sequencing of the transcriptome was

performed to screen the global gene expression profile changes of

C. gloeosporioides with or without clove EO fumigation treatment

(for 6 h at 1×MIC concentration).

A total of 1,662 genes were identified as significantly

differentially expressed genes (DEGs) (p < 0.05, |Log2FC| ≥ 1),

with 857 genes upregulated and 805 genes downregulated. As

shown in Figure 5, all the DEGs were displayed in Heatmap

(Figure 6A), volcano plot (Figure 6B), and MA plot (Figure 6C) to

be illustrated in a macroscopic view.

Furthermore, all the DEGs were subjected to Gene Ontology

(GO) annotation and KEGG enrichment analysis. As shown in

Figure 7A, the DEGs were assigned to 19 biological processes,

15 cellular components, and 10 molecular functions. The top

three categories of the biological process were the metabolic

process (GO0008152), the ingle-organism process (GO0044699),

and the cellular process (GO0009987). In the cellular component

classification, the most represented categories were membrane

(GO0016020), cell (GO0005623), and organelle (GO0043226).

These results demonstrated that many DEGs were involved

in the changes in cell membrane components, which was

consistent with our observation of SEM and TEM. Catalytic

activity (GO0003824), binding (GO0005488), and transporter

activity (GO0005215) occupied the most variable categories of the

molecular function classification.

Biological functions are vital to recognizing the antimicrobial

mechanisms of EOs. Then, KEGG enrichment was performed

to further explore the DEGs associated with the biological

response pathways. In total, the DEGs were assigned to 49 KEGG

annotation pathways, and the highly ranked terms were tryptophan

metabolism (ko00380), peroxisome (ko04146), ABC transporters

(ko02010), fatty acid degradation (ko00071), pantothenate and

CoA biosynthesis (ko00770), lysine degradation (ko00310), and

phenylalanine metabolism (ko00360), respectively (Figure 8A).

From these data, most of the enrichment pathways were relevant to

metabolism. Based on both GO annotation and KEGG enrichment,
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TABLE 4 MIC values of cinnamon and clove EO on B. dothidea and C.

gloeosporioides.

Treatment MIC (µL · L−1)

Vapor phase

Cinnamon EO-B. dothidea 120

Cinnamon EO-C. gloeosporioides 80

Clove EO-B. dothidea 150

Clove EO-C. gloeosporioides 40

Contact phase

Cinnamon EO-B. dothidea 400

Cinnamon EO-C. gloeosporioides 300

Clove EO-B. dothidea 600

Clove EO-C. gloeosporioides 200

some crucial genes or pathways were screened out for further

investigation as below.

Regulation of genes related to the cell membrane
and cytoplasmic components

The GO enrichment analyses of the cellular component

category manifested that membrane-associated items were mainly

enriched (Figure 7B), and more genes were downregulated in these

GO terms (Supplementary Figure 1D). Furthermore, other terms

related to critical cytoplasmic components such as vacuole, Golgi

apparatus, and spindle were also enriched (Figure 7B).

Regulation of genes related to cell
transmembrane transport

A total of 18 items were involved in transport under the

biological process and molecular function category in the GO

enrichment analysis (Figures 7C, D). It could be seen that items

related to transmembrane transport accounted for the greatest

proportion in molecular function classification (Figure 7D), and

most of the genes were downregulated (Supplementary Figure 1F),

which was consistent with the response of cell membrane

mentioned in the previous paragraph.

Meanwhile, as shown in the KEGG database, ATP-binding

cassette (ABC) transport (ko02010), the most enriched pathway

assigned to the environment information processing category

(Figure 8B), was selected for further analysis. There were 18

DEGs in the ABC transport pathway with both upregulated

and downregulated (Figure 8A). For example, POU3F3 (encoding

POU domain, class 3, transcription factor 3, log2 FC = 9.84),

CH25H (encoding cholesterol 25-hydroxylase, log2 FC = 1.76),

and TMEM258 (encoding transmembrane protein 258, log2
FC = 3.35) of ABCG2 subfamily (involved in the export of

toxic compounds, organic anionic, and the translocation of

various lipid molecules) were all upregulated. Prdm1 (encoding

PR domain zinc finger protein 1, log2 FC = −1.38), CSH2

(encoding somatotropin family of hormones, log2 FC = −1.25),

AGA (encoding aspartylglucosaminidase, log2 FC = −4.22) of

ABCB1 subfamily (involved in the export of mitochondrial

peptides, pheromone, and xenobiotics), and ASIC2 (encoding

decentering/epithelial sodium channel, log2 FC = −3.15), RLF

(encoding Zn-15 related zinc finger protein, log2 FC=−2.74), and

ZNF137P (encoding zinc finger protein 137, log2 FC = −4.73) of

ABCG2 were all downregulated.

Regulation of genes related to the
oxidation/reduction reaction

Gene Ontology enrichment analysis illustrated that the

oxidation/reduction reaction of C. gloeosporioides cells was

remarkably affected by clove EO treatment. As demonstrated

in Figures 7C, D, oxidation–reduction process was enriched

in the biological process and molecular function category.

The expressions of about two-thirds of the DEGs involved

in the oxidation/reduction reaction process were upregulated

(Supplementary Figures S1B, C).

Docking analysis of EOs constituents with
CYP51 of pathogenic fungi

According to the TEM observation and the transcriptome

analysis, it could be deduced that the presence of the EOs led to the

alterations of the cell membrane composition and transmembrane

transport function in the pathogenic fungi. To characterize the

EO’s antifungal mechanism more specifically and completely,

molecular docking was used to explore the potential binding site

of the inhibitory interaction. From the results of GC-MS analysis

shown in Table 1, the main chemical components of cinnamon

and clove EO were trans-cinnamaldehyde and eugenol, which

have been reported as effective antimicrobial agents for foodborne

pathogenic microorganisms in many studies. Here, in silico analysis

studies could provide insight into the potential binding affinity of

trans-cinnamaldehyde and eugenol with the key transmembrane

protein CYP51.

Homology modeling
The 3D structures of CYP51 of C. gloeosporioides and B.

dothidea have not yet been analyzed; therefore, based on their

amino acid sequences, homology modeling was utilized to obtain

the best models of the two CYP51 proteins. Then, model

qualities were assessed by the online tool SAVES. As shown in

Ramachandran plots, CYP51 of C. gloeosporioides had 88.2% of the

amino acid residues in the most favored regions (red areas) and

9.6% in the additional allowed regions (yellow areas) (Figure 9A);

CYP51 of B. dothidea had 88.9% of the amino acid residues in

the most favored regions (red areas), and 9.9% are in additional

allowed regions (yellow areas) (Figure 9B); the proportion of total

amino acids in the reasonable range is 97.8 and 98.8%, respectively

(Figures 9A, B), which were indications of high quality for a model.

In silico analysis
The optimal binding conformations of eugenol with CYP51

of C. gloeosporioides and trans-cinnamaldehyde with CYP51 of
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FIGURE 4

Controlling e�ect of cinnamon and clove EO on mold rot caused by B. dothidea (A) and C. gloeosporioides (B) in bagging-free apple. Bar represents

the standard deviation of the means of three independent experiments. Lesions in apple fruit are also shown after 7 days of storage at 25◦C.

B. dothidea were shown in Figures 9C, D, with a binding score

of −4.45 and −4.69 kJ mol−1, respectively. Eugenol was well-

embedded into a cavity in the vicinity of the active site, showing

a hydrophobic behavior with the key amino acid residues which

included Leu116, Ala292, Ile295, Asn296, Thr369, Gly370, and

Ala494 (Figure 9C). Trans-cinnamaldehyde formed one hydrogen

bond with Arg122 and interacted with other residues (Phe117,

Ile143, Gly288, Ala289, Ala292, and Leu447) via the hydrophobic

effect (Figure 9D). It was suggested that trans-cinnamaldehyde

showed a better in silico affinity toward CYP51 than eugenol

because of a higher binding score and additional hydrogen bond.

Discussion

Because of the relatively low rot rate of bagging apples under

low temperatures and controlled atmosphere conditions, a previous

study has been largely focused on postharvest physiological

diseases, for instance, superficial scald and bitter pit (Susan and

Watkins, 2012; Jarolmasjed et al., 2016). In this study, a higher

rot degree was found in apple fruit under bagging-free cultivation

mode (Figure 1; Table 2); thus, pathological research related to the

control of fungal decay during the conservation period is vital to

raise the commercial value of bagging-free fresh fruit.

The advantage of EOs is their bioactivity in the vapor phase,

making postharvest sterilization processing more convenient for

the stored commodity (Tzortzakis, 2009). It was found that EOs of

the volatile phase were effective at a very low concentration and

were beneficial in limiting the spread of the pathogen by lowering

the spore load (Chutia et al., 2009). The results of the present

study indicated that cinnamon and clove EO in vapor and contact

phases both showed antifungal activity on the mycelial growth of

B. dothidea and C. gloeosporioides in a concentration-dependent

manner in vitro condition, and the volatile phase exhibited more

toxic than the contact (Figure 3). SEM also demonstrated large

and abnormal alterations in hyphal morphology, indicating the

degeneration of fungal hyphae (Figure 5). Furthermore, B. dothidea

and C. gloeosporioides had variable resistance against cinnamon

and clove EO, which could be related with distinct sensitivity

of pathogenic cells to the different types and amounts of EO

components. Cinnamon and clove EO are classified as “generally

regarded as safe” (GRAS) by the United State Food and Drug

Frontiers inMicrobiology 10 frontiersin.org129

https://doi.org/10.3389/fmicb.2023.1109028
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Wang et al. 10.3389/fmicb.2023.1109028

FIGURE 5

SEM and TEM micrograph of pathogen cells treated and untreated with EOs.

Administration (Hammer et al., 2006). For the in vivo test, the

EOs vapor treatment also alleviated the severity of fruit rot in

artificially infected bagging-free apples (Figure 4). In the future,

the synergistic or additive effects between the two EOs could be

further investigated to reduce the active doses needed to control

postharvest rot for bagging-free apple.

The fungal cell membrane consists of a semi-permeable lipid

bilayer that protects the integrity of the cell along with maintaining

the cell shape and regulates the transport of materials entering

and exiting the cell. It is the main target for the fungistatic

action of EOs due to their lipophilicity (Burt, 2004; Paul et al.,

2011). For example, tea tree EO destroyed membrane integrity

and increases the permeability of Botrytis cinerea, resulting in

ion leakage and membrane dysfunction (Yu et al., 2015). Bayer

et al. (2000) and Pasqua et al. (2007) demonstrated a strong

decrease in the unsaturated fatty acids and a high degree of
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FIGURE 6

Di�erentially expressed genes (DEGs) analyzed in C. gloeosporioides cells for global comparison of transcription profiles (clove EO treatment vs.

control). (A) Heatmap. (B) Volcano plot. (C) MA plot.

saturated fatty acids in the fungal membrane in essential oil-

treated bacteria, causing a decrease in membrane fluidity and a

consequent increase in its rigidity. In our previous study, clove

EO exposure to C. gloeosporioides caused leakage of intracellular

proteins and nucleic acids and ultimately cell lysis (Wang et al.,

2019). Our TEM observation found the shriveled, ruptured, or

disappeared plasmalemma, the loss or disappearance of cytoplasm,

and the extrusion of abundant material from the outside of the cell

wall (Figure 5). Transcriptome had been widely used to conduct a

preliminary analysis of the gene-based mechanisms by which active

substances inhibit pathogens, such as thymol against Fusarium

oxysporum (Liu et al., 2022) and nerol against Ceratocystis fimbriata

(Li X. Z. et al., 2021). The GO terms assigned by DEGs related

to membrane occupied the most represented categories of the

cellular component classification (Figure 7B), and the majority of

genes were downregulated (Supplementary Figure S1D), inferring

that these genes might be the target of clove EO to destroy the

cellular membrane. The membrane undertakes the function of

transmembrane transport of various substances; after treatment

of clove EO, the genes coding the structure and component of

the cell membrane were downregulated, which may decrease the

overall capacity of cellular molecules transport. ABC proteins,

which were exclusively found in both prokaryotes and eukaryotes,

form a large subfamily of ATP-dependent transporters that

participate in mediating cellular import and export processes and

play vital physiological roles (Wilkens, 2015). Approximately 18

DEGs associated with ABC transporters were detected (Figure 8A),

implying that the regulation of materials transport (such as lipids,

toxins, minerals, and organic ions) altered significantly after clove

EO treatment. Ergosterol is the major sterol component of the

fungal cell membrane, helping to maintain cell function and

integrity, and is considered the fundamental target of antifungal

drugs (Pinto et al., 2013). As mentioned earlier, dill EO could

cause a considerable reduction in ergosterol quantity (Tian et al.,

2012). CYP51 belongs to a main transmembrane protein and serves

as the key enzyme in the fungi ergosterol biosynthesis pathway

(Zhang et al., 2019). The suitability of CYP51 as an antifungal

azole target has been discussed in many previous studies (Song

et al., 2018); however, there is still limited information about the

relationship between the antifungal action of EOs and CYP51. To
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FIGURE 7

Gene Ontology (GO) analysis of the di�erentially expressed genes. (A) The GO classification. GO enrichment for cellular component (B), biological

process (C), and molecular function (D) category, respectively.

investigate the inhibitory mechanism of cinnamon and clove EO

on B. dothidea and C. gloeosporioides, relevant protein-molecular

interactions were first evaluated by in silico analysis. According

to the molecular docking results, we noticed high binding scores

of trans-cinnamaldehyde and eugenol with the protein CYP51

of the two identified pathogenic fungi. Trans-cinnamaldehyde

and eugenol entered the active pocket of the protein and led

to instability of the catalytic region, which further attenuated

CYP51 activity and decreased ergosterol content. In CYP51 of C.

gloeosporioides, eugenol was well-embedded into a cavity in the

vicinity of the active site, the key residues of which included Leu116,

Ala292, Ile295, Asn296, Thr369, Gly370, and Ala494 (Figure 9C).

In CYP51 of B. dothidea, trans-cinnamaldehyde formed one

hydrogen bond with Arg122 and showed a hydrophobic behavior

with other residues (Phe117, Ile143, Gly288, Ala289, Ala292, and

Leu447) (Figure 9D). The hydrogen bonding is considered to play

a major role in the protein-molecular interactions (Gerdt et al.,

2015). In this study, trans-cinnamaldehyde showed a better in

silico affinity toward CYP51 than eugenol because of a higher

binding score and additional hydrogen bond. Our data confirmed

that the inhibitory mechanism of EOs on the cell membrane of

pathogens might involve the interaction of antifungal components

with the CYP51 protein and subsequent interference of ergosterol

biosynthesis. These findings strongly supported EOs inhibited the

pathogen microorganism through loss of cytoplasmic membrane

integrity and function.

One of the earliest and most prominent fungi defense

responses is an oxidative burst. Our transcriptome data also

showed that the oxidation/reduction reaction of C. gloeosporioides

cells was remarkably affected by clove EO treatment (Figures 7C,

D), and the expression of the majority of the DEGs involved

was upregulated (Supplementary Figures S1B, C), which

corresponds to the findings of Guo et al. (2019) and Wu

et al. (2022). This indicated that clove EO caused some degree

of oxidative stress and activated defensive function against

stress response to enhance the antioxidant capacity of C.

gloeosporioides, but some other antifungal agents, such as

iturin A and acriflavine, downregulated most genes involved

in oxidation–reduction reaction of fungi (Persinoti et al.,

2014; Jiang et al., 2020). This discrepancy suggested that the

oxidation/reduction process might respond distinctly under

various stimuli or stress.
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FIGURE 8

Statistical analysis of the di�erentially expressed genes in KEGG pathways. (A) The KEGG pathways annotation; (B) the enrichment of the di�erentially

expressed genes in KEGG pathways.

In addition, the clove EO showed a marked disruption

of the cell wall and major organelles such as mitochondria,

Golgi apparatus, vacuole, and disorder of biological

functions including metabolism of crucial materials

(Figures 7, 8). Overall, EOs contribute to antimicrobial

activity through diverse modes of action, which need

further investigation.

Despite the prominent preservative potency of EOs in the food

system, some limitations have been recognized in their practical

application, such as negative effect on organoleptic properties,

volatility, lowwater solubility, and low stability, which prevent their

large-scale practical utilization (Akash et al., 2021). Hence, specific

delivery systems are required for a gradual release of EO aroma

compatible with food-based applications. Nanoencapsulation (Das
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FIGURE 9

Ramachandran plots of CYP51 of C. gloeosporioides (A) and B. dothidea (B), as well as the 3D and 2D diagrams of docked modes of CYP51 with

trans-cinnamaldehyde (C) and eugenol (D).

et al., 2021), active packaging (Li et al., 2018), and polymer-based

coating (Guerra et al., 2016) are promising delivery strategies of

EOs that help ease dispersion with consistent antimicrobial action

and enhancement in food shelf life. Furthermore, controlled release

behavior minimizes EO’s impact on food organoleptic attributes

and showed better diffusion kinetics.

The increased use of EOs has also raised serious concerns

with respect to their eventual adverse health and environmental
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effects, though this is still waiting to be confirmed (Woolf, 1999).

In the national standards for food safety of China, EO is the

designation for ingredients approved as food additives. In America,

EO is considered “Generally Recognized as Safe” (GRAS) by the

Food and Drug Administration (FDA), but the documents do not

include dosages that are considered safe. In fact, there was evidence

that when EOs are inappropriately used, they can give adverse

effects in humans, such as skin irritation, headache, and nausea

(Fandohan et al., 2008). Burdock and Carabin (2009) reported

a non-observed adverse effect level (NOAEL) for Coriandrum

sativum L. essential oil of∼160mg/kg/day in rats, being considered

safe at the present concentration used in food. Consumption

of horticultural commodities treated with these oils is likely to

be safe for humans if the recommended oil concentration is

respected. Current information indicates that EOs are safe for the

consumer and the environment with a few qualifications (Isman,

2000; Antunes and Cavaco, 2010). Considering the food-based

industrial relevance of EOs, possible toxicological studies in a

mammalian system and the market value of EOs need to be further

investigated for their potential application as eco-friendly smart

green preservatives in the food and agriculture industries.

Conclusion

In the current study, the results demonstrated that the main

pathogens causing postharvest decay of bagging-free apples were B.

dothidea and C. gloeosporioides. In vitro and in vivo trials indicated

that cinnamon and clove EOs fumigation effectively limited fungal

growth and reduced rot. The two identified organisms had variable

resistance against the tested Eos; consequently, cinnamon and

clove EOs will be further studied for their synergistic effects

on the control of postharvest spoilage in bagging-free apples.

Morphological, transcriptomic, and docking analyses suggested

that EOs reduced the component synthesis and activity of

fungal cell membranes and disturbed the biological function of

cytoplasmic components as a whole. In a word, cinnamon and

clove EOs are potential biocontrol agent candidates for preventing

and controlling diseases of bagging-free apples, but detailed

examinations of the biological activity and undesirable effects on

the postharvest fruit or on human health and the environment

require further investigations.
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Apple ring rot caused by Botryosphaeria dothidea is an important disease that

leads to severe quality deterioration and yield loss at pre-harvest and postharvest

stages. Therefore, it is urgent to develop safe and efficient measures to control

this disease. The objective of the present study was to investigate the biocontrol

features of Pseudomonas syringae B-1 against B. dothidea and explore its

mechanism of action utilizing in vitro and in vivo assays. The results showed

that P. syringae B-1 strongly reduced the incidence of apple ring rot and lesion

diameter by 41.2 and 90.2%, respectively, in comparison to the control fruit.

In addition, the control efficiency of strain B-1 against B. dothidea infection

depended on its concentration and the interval time. P. syringae B-1 cells

showed higher inhibitory activities than its culture filtrates on the mycelial growth

and spore germination of B. dothidea. Moreover, P. syringae B-1 treatment

alleviated electrolyte leakage, lipid peroxidation, and H2O2 accumulation in

B. dothidea-infected apple fruit by increasing antioxidant enzyme activities,

including peroxidase, catalase, superoxide dismutase, and ascorbate peroxidase.

We also found that strain B-1 treatment enhanced four defense-related enzyme

activities and stimulated the accumulation of three disease-resistant substances

including phenolics, lignin, and salicylic acid (SA) in apple fruit. In addition, strain

B-1 triggered the upregulated expression of defense-related genes such as PR

genes (PR1, PR5, GLU, and CHI) and two genes involved in the biosynthesis of SA

(SID2 and PAD4) to promote the resistance potential in apple fruit. Hence, our

results suggest that P. syringae B-1 is a promising strategy against B. dothidea,

mainly through reducing oxidative damage, activating defense-related enzymes,

accumulating disease-resistant substances, and triggering the expression of

resistance-correlated genes in apple fruit.

KEYWORDS

Pseudomonas syringae B-1, Botryosphaeria dothidea, apple fruit, oxidative damage,
antioxidant and defense system, salicylic acid signaling
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1. Introduction

Botryosphaeria dothidea, the most destructive pathogen of
apples, is responsible for preharvest and postharvest ring rot,
leading to huge economic losses in apple production. In detail, the
fungal pathogen infects twigs, stems, and branches in the field and
could survive several years on diseased apple trees (Tang et al., 2012;
Zhao et al., 2016). According to the survey by Guo et al. (2009), the
incidence of apple trees with ring rot symptoms was more than 77%
in the main apple-producing areas of China. Apple fruit infected
by B. dothidea is usually 10–20% each year, though it can reach
70% under favorable conditions for fungal growth, such as wet and
humid weather (Wang and Hou, 2001).

Currently, the prevention and control of apple diseases caused
by fungi are implemented by eliminating the inoculum, spraying
the chemical fungicides, and bagging fruit (Zhao et al., 2016; Huang
et al., 2021a). As the cost of bagging is increasing yearly, the
bagless cultivation of apples has become an inevitable trend in
China. Nevertheless, B. dothidea rot on apple fruit is the main
disease that needs to be overcome under the condition of bagless
cultivation. Once the apple tissues were infected by B. dothidea, the
effects of therapeutic fungicides are low, for example, the control
efficiency of difenoconazole was only 55%, which is one of the
most effective fungicides (Zhang et al., 2010). Moreover, these
chemical fungicides can cause adverse health effects and severe
environmental pollution, in addition to fungicide resistance (Ma
et al., 2002; Fan et al., 2016). Thus far, many chemical fungicides
have been regulated or banned for use in postharvest fruit (Casals
et al., 2010). Thus, it is pressing to seek eco-friendly, effective, and
safe products to control B. dothidea rot on apple fruit.

Numerous studies and global programs have focused on
biological control products as promising alternatives to the
traditional fungicides for managing plant diseases in agricultural
production (Droby et al., 2016). In Europe, biological control has
been advocated since 2009, and in China, a “National research
program on reduction in chemical pesticides and fertilizers” was
launched in 2016. Until now, many microbial antagonists have been
developed and commercialized to control plant diseases (Sharma
et al., 2009; Spadaro and Droby, 2016). For apple fruit, biological
control products have also been applied to reduce postharvest
decay, mainly by biocontrol bacteria and yeast. For example,
many biocontrol bacteria, including Bacillus spp., Pseudomonas
spp., and Streptomyces spp., were able to reduce fruit postharvest
decay (Chen et al., 2016; Zhang Q. M. et al., 2016; Calvo et al.,
2017). In addition, a large number of biocontrol yeasts, such as
Meyerozyma guilliermondii, Rhodotorula mucilaginosa, and Pichia
membranifaciens, were used to control fruit decay caused by fungi
during postharvest storage (Li et al., 2011; Yan et al., 2018; Zhang
et al., 2020; Huang et al., 2021b).

The bacterial species belonging to Pseudomonas genera are
widely found in nature, which include species causing plant
diseases, as well as biocontrol microorganisms, already registered
for agricultural biocontrol (van Lenteren et al., 2017; Aiello
et al., 2019). It was reported that P. syringae strains were
effective to control fruit postharvest decays caused by various
fungal pathogens, including Penicillium digitatum (Smilanick,
1996; Cirvilleri et al., 2005; Panebianco et al., 2015), Monilinia

fructicola, Rhizopus stolonifer (Zhou et al., 1999), Botrytis cinerea,
and P. expansum (Zhou et al., 2001; Errampalli and Brubacher,
2006). It is noteworthy that the strains of P. syringae, for example,
ESC-10, ESC-11, and 742RS, were developed and commercialized
by EcoScience Corporation as biocontrol agents to manage
postharvest decays on multiple fruits and even tubers (Williamson
et al., 2008; Al-Mughrabi et al., 2013; van Lenteren et al., 2017).
However, whether P. syringae could effectively protect apple
fruit against B. dothidea infection is unknown, and the possible
biocontrol mechanisms need to be further explored.

The present study explored the biocontrol bacterial strain
P. syringae B-1, which was isolated from the apple fruit collected
from a commercial orchard. The strain B-1 did neither induce
necrotic lesions on the fruit of apple, orange, peach, and grape
nor did it have effects on the internal fruit appearance. Hence,
the aims of the present study were to first investigate the
antifungal potential and the efficiency of P. syringae B-1 against
B. dothidea in vitro and in vivo. Another purpose was to explore
the underlying mechanisms of strain B-1 against B. dothidea,
such as reducing oxidative damage, activating defense-related
enzymes, accumulating disease-resistant substances, and triggering
the expression of resistance-correlated genes in apple fruit. These
results will further enrich our understanding of the action
mechanisms of P. syringae and provide alternatives for postharvest
apple decay caused by B. dothidea.

2. Materials and methods

2.1. Fruit, Pseudomonas syringae B-1,
and Botryosphaeria dothidea

Apple (cv. ‘Fuji’) fruit used in this study was collected from
the local orchards in Shandong, China. The fruit at a commercial
mature stage has not received any postharvest treatment and was
kept at 4◦C before being used. The apples were disinfected and
washed according to the method of Sun et al. (2021). P. syringae
B-1, isolated from the healthy apple fruit, was preserved in China
Center for Culture Collection (M2015813). The bacteria were
cultured in nutrient broth (NB) on a shaker at 28◦C for 48 h.
B. dothidea LXS030101, isolated from apple fruit with ring rot
symptoms, was characterized by our research team based on
morphological observation and molecular identification. The strain
was cultured on potato dextrose agar (PDA) for routine use (Zhang
Q. M. et al., 2016). The conidia of strain LXS030101 was induced
with the modified method of Leng et al. (2009). The wounded
young apple fruit was inoculated with mycelial plugs of B. dothidea
and incubated under UV light (365 nm) at 25◦C. After about
2 weeks, the conidia was produced and collected from the lesion
around the inoculation sites.

2.2. Efficiency of Pseudomonas syringae
B-1 in vivo

Each apple fruit was punctured with a borer to make three
wounds (5 mm wide and 3 mm deep) at the equatorial region. Then,
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the strain B-1 suspension at different concentrations (1 × 105,
1 × 106, 1 × 107, 1 × 108, and 1 × 109 CFU mL−1) was
dripped into the wounds. Following 48 h of incubation at 25◦C,
the conidia suspension of B. dothidea (5 × 105 spores mL−1)
was added to the treated wounds with the pipette (Lu et al.,
2013; Huang et al., 2021a). All fruits were placed into enclosed
plastic boxes and stored at 25◦C in a relative humidity of about
95%. Thirty fruits were selected as controls and were treated with
sterile water and inoculated only with the pathogen suspension.
For each treatment, there were three replicates with 10 apple
fruits in each replicate. Disease incidence was calculated as
the percentage of infected wounds, and the lesion size around
the wounds was recorded at 3 and 5 days post-inoculation
(dpi).

2.3. Effect of interval time on the
efficiency in vivo

The effect of interval time after P. syringae B-1 treatment on
control efficiency was determined according to the assay mentioned
in Section “2.2. Efficiency of Pseudomonas syringae B-1 in vivo”
A volume of 30 µL of strain B-1 suspension at 1 × 108 CFU
mL−1 was added into each wound using a pipette. After 0, 6,
12, 24, 48, and 96 h of incubation at 25◦C, respectively, 30
µL of B. dothidea spore suspension at 5 × 105 spores mL−1

was inoculated to the treated wound. The fruits were incubated
at a relative humidity of about 95% at 25◦C for 5 days. The
diseased symptoms were observed; the disease incidence and
lesion diameter were recorded at 5 dpi. The assay was conducted
two times, and there were three replicates with 10 apple fruit
in each replicate.

2.4. In vitro inhibitory effect of
Pseudomonas syringae B-1 cells and
culture filtrates

Strain B-1 cells were obtained from 2-day-old cultures in NB
by centrifuging at 12,000 × g for 15 min and re-suspended in
distilled water. The culture filtrates were prepared by a 0.22-
µm polycarbonate membrane filter (Sangon Biotech, Shanghai,
China). For the inhibiting mycelium growth assay, PDA plates were
prepared, which contained 10% (v/v) culture filtrates or different
concentrations of strain B-1 cells (1 × 105, 1 × 106, 1 × 107,
1 × 108, and 1 × 109 CFU mL−1). The mycelial plugs (5 mm
in diameter) containing B. dothidea grown on medium for 3 days
were transferred to the PDA plates. After incubating for 5 days
at 25◦C, the colony diameter of B. dothidea was determined and
the inhibition rate was calculated. For the spore germination assay,
the culture filtrates or different concentrations of strain B-1 cells
and the pathogen suspension were dripped into the concavity slides
(Zhang Q. M. et al., 2016). Following 12 h of incubation at 25◦C, the
spore germination was observed using the microscope (DM2500,
Leica, German). Conidia were considered germinated when the
length of the germ tube was longer than the length of the conidia.
For each treatment, sterile distilled water was used as the control.
The assays were carried out two times with four replicates.

2.5. Estimation of oxidative damage

Four treatments were performed in apple fruit including
control and sterile water; B-1, P. syringae B-1 suspension at
1 × 108 CFU mL−1; pathogen, B. dothidea suspension at
5 × 105 spores mL−1; B-1 + pathogen, strain B-1 treatment,
followed by B. dothidea inoculation. Fruit tissues were collected
in different treatments at 0, 12, 24, 48, 72, 96, and 120 h. To
reveal the oxidative damage in apple fruit, electrolyte leakage,
malondialdehyde (MDA), and hydrogen peroxide (H2O2) contents
were analyzed. For electrolyte leakage, it was measured according
to the modified method of Ji et al. (2020). A total of 0.5 g of
fresh tissues were cut into small pieces and dropped into 10 mL
of deionized water. After 1 h incubation at room temperature,
the conductivity (C1) was determined by a conductivity meter
(DDBJ-350, Inesa, China). The tissue samples were then boiled
for 15 min and the conductivity (C2) was measured. The formula
(C1/C2) × 100% was used to calculate the electrolyte leakage.

For MDA content, it was conducted with the assay kit (#A003)
from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
For the analysis of H2O2 content, 1 g fresh tissues were
homogenized with 3 mL of chilled 0.2% trichloroacetic acid
(≥99.0%, Sangon Biotech, Shanghai, China), and then centrifuged
at 12,000 × g for 15 min at 4◦C. According to the report of
Wang et al. (2015), the supernatant was mixed with 0.1 mmol L−1

phosphate buffer and 1 mol L−1 potassium iodide (≥99.0%, Sangon
Biotech, Shanghai, China), then the absorbance of the reaction
system was measured at 390 nm with a spectrophotometer (Philes,
T6, China). The units of MDA and H2O2 contents were expressed
as mmol in 1 kg of fresh weight (mmol kg−1).

2.6. Determination of antioxidant and
defense-related enzyme activities

Apple fruit was treated with P. syringae B-1 or sterile water
according to the method described in Section “2.5. Estimation of
oxidative damage” Fruit tissues were collected near the wound
at different time points and were ground to powder with liquid
nitrogen. For the antioxidant enzymes, activities of catalase (CAT,
#A007), peroxidase (POD, #A084), superoxide dismutase (SOD,
#A001), and ascorbate peroxidase (APX, #A123) were measured
with the assay kits from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). For the defense-related enzymes, the activities of
phenylalanine ammonialyase (PAL), polyphenoloxidase (PPO), β-
1,3-glucanase (GLU), and chitinase (CHI) were assayed referring to
the report of Zhang Q. M. et al. (2016). The enzyme activity units
are expressed on the fresh weight basis as U g−1.

2.7. Qualification of total phenolics,
lignin, and hormone contents

The total phenolics content was measured with the assay
kit (#A143) from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). The lignin content was assayed as described by
Li et al. (2019), and the absorbance of the reaction mixture was
detected at 280 nm. The lignin content was expressed as A280
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TABLE 1 Specific primers used for quantitative real-time PCR (qPCR) to analyze gene expression.

Primer name Forward primer 5’→3’ Reverse primer 5’→3’ Annealing temperature (◦C)

MdEF1α ACATTGCCCTGTGGAAGTT GTCTGACCATCCTTGGAAA 53/56/58

MdPR1 GCAGCAGTAGGCGTTGGTCCCT CCAGTGCTCATGGCAAGGTTTT 58

MdPR5 AGCAGCTTCCCTCCTCGGC CCCAGAAGCGACCAGACC 58

MdCHI TGGAGGATGGGAAAGTGC GGGTGAGTTGGATGGGTC 58

MdGLU TGCCGTAGGAAACGAAAT TGATGGAGGAAAGGAATT 53

MdSID2 TTATACTTCATTCCGCTGCT GCCTCTAATTTTCTTTGTATGCT 56

MdPAD4 GCTTCACCGTAAGTTACTCG CAAGAAACTCGCAACTGTC 58

g−1 on a fresh weight basis. Quantification of hormones including
salicylic acid (SA) and jasmonic acid (JA) in apple fruit was
analyzed using the enzyme-linked immunosorbent assay (ELISA)
kit from Jingmei Biotechnology (Yancheng, China). SA and JA
contents were expressed as µg kg−1 and ng kg−1 on the fresh
weight basis, respectively.

2.8. Analysis of gene expression

Fruit tissues were collected near the wounds after being treated
with P. syringae B-1 or sterile water at 0, 12, 24, and 48 h. Total RNA
was extracted from different tissue samples and the cDNA synthesis
was performed using the HiScript 1st Strand cDNA Synthesis kit
(Vazyme, Nanjing, China). Quantitative real-time PCR (qPCR)
was conducted as reported by Huang et al. (2021a), using a
Light Cycler R© 96 PCR Detection System (Roche, Germany). Each
reaction consists of at least three biological replicates, with a 25 µL
reaction volume. The transcript levels of six genes involved in the
defense response and the SA pathway (MdPR1, MdPR5, MdGLU,
MdCHI, MdSIT2, and MdPAD4) were analyzed with the 2−11CT

method (Zhang Q. M. et al., 2016; Huang et al., 2021a). Referenced
gene MdEF1a (elongation factor 1-a) was used to normalize the
expression levels of target genes. The primers for the qPCR assay
are shown in Table 1.

2.9. Statistical analysis

Data analysis was performed using the software SPSS Version
19.0. All the data consisted of at least three replicates and
were represented as mean ± standard deviation (SD). Statistical
differences were conducted by analysis of variance using Duncan’s
multiple range test at a significance level of 0.05.

3. Results

3.1. Efficiency of Pseudomonas syringae
B-1 against Botryosphaeria dothidea in
apple fruit

The biocontrol efficiency of P. syringae B-1 to control
B. dothidea rot in apple fruit was influenced by its concentrations

(Figure 1). As shown in Figure 1A, the control fruit showed rapidly
developing brown lesions around the inoculation sites. In contrast,
although strain B-1 at 1 × 105 CFU mL−1 did not inhibit fruit
decay caused by B. dothidea in fruit (Figures 1B, C), strain B-
1 at 1 × 106 CFU mL−1 to 1 × 109 CFU mL−1 all resulted in
a decrease in disease incidence (Figure 1B) and lesion diameter
(Figure 1C). When the concentrations of strain B-1 were higher
(>108 CFU mL−1), their efficiency against B. dothidea in vivo had
no significant difference. Following storage for 5 days at 25◦C,
strain B-1 at 1 × 108 CFU mL−1 reduced the incidence of apple ring
rot and lesion diameter by 41.2 and 90.2%, respectively, compared
with the control fruit.

3.2. Effect of Pseudomonas syringae B-1
with different treatment intervals against
Botryosphaeria dothidea in vivo

In comparison to the 0 h treatment, the diameter and incidence
of B. dothidea rot reduced when the interval time between
P. syringae B-1 treatment and the pathogen inoculation was 6 h or
longer (Figure 2). The efficiency of strain B-1 was improved with
the extension of interval time from 6 to 24 h. The expansion of
decay symptoms was inhibited at the interval time of 24 h, as the
incidence of apple ring rot and lesion diameter in strain B-1 treated
fruit were reduced by 30.8 and 85.6%, respectively, compared with
the 0 h treatment (Figure 2). There was no obvious difference in the
incidence and lesion size of apple ring rot at the interval time from
24 to 96 h (Figures 2B, C).

3.3. Pseudomonas syringae B-1 inhibited
B. dothidea in vitro

Pseudomonas syringae B-1 cells ranging from 1 × 106 CFU
mL−1 to 1 × 109 CFU mL−1 and culture filtrates all exhibited
inhibitory effects on the mycelial growth of the fungal pathogen
at 25◦C. When the concentration of strain B-1 cells reached
1 × 108 CFU mL−1, the mycelial growth of B. dothidea was almost
completely inhibited. Moreover, strain B-1 culture filtrates showed
lower antifungal activity against B. dothidea than the bacterial cells
at 1 × 106 CFU mL−1, with 18.28 and 49.64% mycelial growth
inhibition, respectively (Figure 3A).

The effect of P. syringae B-1 on B. dothidea spore germination
was also determined by mixing strain B-1 cells or culture filtrates
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FIGURE 1

Efficiency of P. syringae B-1 against B. dothidea in apple fruit. Disease symptoms (A) in control and strain B-1 treated fruit at 3 and 5 days
post-inoculation (dpi) with B. dothidea. Effect of strain B-1 on disease incidence (B) and lesion diameter (C) in inoculated apple fruit at 3 and 5 dpi.
Error bars represent the SD of three replicates. Different letters above the bars indicate significant differences (p < 0.05) within the same panel at the
same time point.

with B. dothidea conidia. As shown in Figure 3B, the spore
germination rate decreased as the concentration of strain B-1 cells
increased, which indicated that the inhibitory efficiency of strain B-
1 cells against the spore germination of B. dothidea depended on
its concentration. At 12 h of incubation, the germination rate of
control reached 88.07%; however, the bacterial cells at 1 × 109 CFU
mL−1 showed the lowest germination rate with only 1.23%.
Similarly, P. syringae B-1 culture filtrate showed less inhibition on
spore germination than its cells ranging from 1 × 106 CFU mL−1

to 1 × 109 CFU mL−1 (Figure 3B).

3.4. Pseudomonas syringae B-1 reduced
the oxidative damage in apple fruit

To analyze the effect of P. syringae B-1 on oxidative damage
in apple fruit, the electrolyte leakage, MDA, and H2O2 contents
were determined in four different treatments (Figure 4). During the
storage, no statistical differences in the three factors were detected
between strain B-1 treated fruit and the control. The level of
electrolyte leakage rose in the fruit inoculated with B. dothidea from
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FIGURE 2

Effects of P. syringae B-1 with different inoculation intervals at 1 × 108 CFU mL–1 on the disease symptoms (A), lesion diameter (B), and disease
incidence (C) in inoculated apple fruit at 5 dpi. Error bars represent the SD of three replicates. Different letters above the bars indicate significant
differences (p < 0.05) between the different inoculation intervals.

24 h post-inoculation (hpi) and attained the maximum leakage of
97.3% at 120 hpi. However, the level of leakage in strain B-1 plus
B. dothidea-treated fruit was only 45.7% at 120 hpi, which had no
difference compared with the control fruit (Figure 4A).

In the fruit only inoculated with B. dothidea, MDA content
increased from 24 hpi, which was up to 164.9 and 173.1% more than
the control at 96 and 120 hpi, respectively (Figure 4B). In strain
B-1 plus B. dothidea-treated fruit, although the MDA content rose
from 96 hpi, it was only 16.4 and 31.6% more than the control at 96
and 120 hpi, respectively. Consistent with the level of electrolyte
leakage and MDA content, the H2O2 level sharply increased in
B. dothidea-inoculated fruit from 48 hpi and reached the highest
value of 14.08 mmol kg−1 at 120 hpi. Nevertheless, in the fruit

treated with strain B-1 plus pathogen, the level of H2O2 enhanced
slowly and showed no difference compared with the control until
96 hpi, with only 0.90 mmol kg−1 at 120 hpi (Figure 4C).

3.5. Pseudomonas syringae B-1 affected
the antioxidant enzyme activities in apple
fruit

To reveal the effect of P. syringae B-1 on the apple fruit,
the activities of the four antioxidant enzymes were analyzed
(Figure 5). During storage, POD activity in apple fruit varied
as time progressed (Figure 5A). An ascending tendency of POD
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FIGURE 3

Effects of P. syringae B-1 cells and culture filtrate on mycelial growth inhibition (A) and spore generation (B) of B. dothidea in vitro. Strain B-1 cells
were used at 1 × 105 CFU mL–1 to 1 × 109 CFU mL–1, and sterile distilled water was used as the control. Each column represents the mean and
vertical bars represent the SD of four replicates. Different letters above the bars indicate significant differences (p < 0.05) between the control and
the different treatments of strain B-1.

activity was observed in fruit treated with P. syringae B-1 from
24 h and the peaked was at 48 h with 2.21-fold higher than the
control. POD activity in strain B-1 treated fruit decreased from
72 h; however, it remained higher than the control during the whole
storage. The result of Figure 5B showed that CAT activity was
affected by P. syringae B-1 treatment. In strain B-1 treated fruit, the
activity of CAT began to rapidly increase from 24 h and reached
the peak at 48 h of storage, which was more than 2.85-fold higher
compared with the control. Then, the enzyme activity in strain B-
1 treated fruit decreased until 72 h, but CAT activity quickly rosed
again and the second peak was at 96 h, which was 2.41-fold higher
than the control.

In contrast to the control, P. syringae B-1 treatment also
increased the activities of SOD and APX in apple fruit during
storage (Figures 5C, D). The activity of SOD in fruit treated with
strain B-1 rose steadily from 12 h and reached the peak at 72 h
with 5.79 U g−1. Although the enzyme activity declined from 96 h,
SOD activity induced by strain B-1 was still higher than the control
throughout the storage period (Figure 5C). As shown in Figure 5D,
APX activity was induced by stain B-1 from 12 h and peaked at
48 h, which was 2.09-fold higher than the control. Then, the enzyme
activity declined rapidly and it even reduced to the control level at
120 h.

3.6. Pseudomonas syringae B-1 induced
the defense-related enzyme activities in
apple fruit

In addition to an enhancement of antioxidant enzyme activities
by P. syringae B-1 treatment, Figure 6 shows that the four defense-
related enzyme activities were induced by P. syringae B-1 in apple
fruit. For PAL and PPO, the activities increased from 12 h in the
fruit treated with strain B-1 and they reached the highest values,
1.57-fold and 2.47-fold higher than the control, respectively. After
that, the two enzymes’ activities induced by strain B-1 decreased
quickly, and they were not different from the control at 96 h for
PAL and 120 h for PPO, respectively (Figures 6A, B).

Figures 6C, D show that GLU and CHI activities were affected
by P. syringae B-1 treatment in apple fruit. The GLU activity in
fruit treated with strain B-1 showed a sharp increase and peaked
at 48 h. Thereafter, the enzyme activity decreased from 72 to
120 h; however, it remained higher than the control during the
storage phase (Figure 6C). The change of CHI activity induced
by strain B-1 was similar to GLU activity. The enzyme activity
rose within 24 h after strain B-1 treatment and reached the
highest level at 72 h. Then, CHI activity declined from 96 h after
treatment, and it was still 2.19-fold higher than the control at 120 h
(Figure 6D).

3.7. Pseudomonas syringae B-1
promoted the total phenolics, lignin, and
hormone content in apple fruit

To get a better insight into the impact of P. syringae B-
1 on apple fruit and the mechanisms of induced protection
against B. dothidea, several metabolites and hormones involved in
pathogen resistance were measured. Generally, the contents of total
phenolics and lignin contents changed slowly in the control fruit,
whereas they were greatly induced in strain B-1 treated fruit. As
indicated in Figure 7A, strain B-1 enhanced the accumulation of
total phenolics from 24 h (1.31-fold) after treatment during the
storage period, and reached the maximum level at 72 h with 1.52-
fold higher than the control. In addition, strain B-1 promoted the
lignin content from 24 h after treatment compared with the control.
Then, the lignin content in strain B-1 treated fruit peaked at 48,
with 1.71-fold higher than the control. After that, it decreased
only slightly and maintained a higher level throughout the storage
(Figure 7B).

Regarding plant hormones, the contents of SA and JA were
determined, with or without strain B-1 treatment. During the
storage, SA and JA levels had no obvious changes in the control
fruit (Figure 8). Strain B-1 treatment slightly enhanced the
accumulation of JA at 48 h in apple fruit, with a 1.20-fold
higher compared with the control. Nevertheless, the result of
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FIGURE 4

The electrolyte leakage (A), MDA content (B), and H2O2 content (C) in apple fruit with four treatments stored at 25◦C. Each data represents the
mean ± SD of three replicates. Different letters above the bars indicate significant differences (p < 0.05) at the same time point.
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FIGURE 5

The activities of POD (A), CAT (B), SOD (C), and APX (D) in apple fruit treated with P. syringae B-1 at 1 × 108 CFU mL–1 stored at 25◦C. Each data
represents the mean ± SD of three replicates. Asterisks (∗) denote a significant difference (p < 0.05) between the strain B-1 treatment and the
control apple fruit at the same time point.

Figure 8B illustrated that strain B-1 treatment enhanced the SA
levels compared with the control. The content of SA increased from
12 h and continued to accumulate, which was 4.24-fold higher than
the control.

3.8. Pseudomonas syringae B-1 activated
the upregulated expression of PR genes
and SA biosynthesis-related genes in
apple fruit

Given the increased SA content in strain B-1-treated fruit,
we next determined the expressions of genes involved in defense
response (MdGLU and MdCHI) and SA pathway (MdPR1, MdPR5,
MdSID2, and MdPAD4) by quantitative PCR to reveal the
biocontrol mechanism of P. syringae B-1. PR1 and PR5 are widely
used molecular markers that correlate with SA signaling activation
(Zhang Q. M. et al., 2016). Meanwhile, SID2 (SA induction deficient
2) and PAD4 (phytoalexin deficient 4) are the genes related to SA
biosynthesis (Huang et al., 2021b).

Compared with the control, the transcript level of MdPR1 in
strain B-1 treated fruit upregulated significantly at 12 h, and then
reached the maximum at 48 h, which was 27.50-fold higher than
that in the control fruit (Figure 9A). As shown in Figure 9B,
the transcript level of MdPR5 in fruit treated with strain B-
1 peaked the highest at 24 h, with 9.60-fold higher than the
control. Similarly, strain B-1 treatment upregulated the expression
of MdSID2 and MdGLU at 12–48 h, which exhibited similar trends
with MdPR5 (Figures 9C, E). The result of Figure 9F indicated
that the expression of MdPAD4 was triggered by strain B-1, and
its transcript level was 7.63-fold higher than the control at 48 h.
For MdCHI, compared with the control, the transcript level was

activated by strain B-1 and showed 5.15- and 8.28-fold increases
at 24 and 48 h, respectively (Figure 9D).

4. Discussion

Biological control is a possible and safe strategy for chemical
fungicides to manage the postharvest decay in fruit and tuber
(Droby et al., 2009). Previous studies indicated that many strains
of the Pseudomonas genus, including P. syringae, are effective
in controlling multiple postharvest decays caused by B. cinerea,
M. fructigena, and P. digitatum rot (Zhou et al., 2001; Panebianco
et al., 2015; Aiello et al., 2019). In this research, we demonstrated
for the first time that P. syringae B-1 could effectively control
postharvest apple ring rot by reducing the disease incidence and
lesion size in fruit during the whole storage. The pretreatment of
strain B-1 alone showed no effect on the surface color, weight loss,
firmness, or total soluble solids content of apple fruit (data not
shown). Given these promising results, we further investigated the
possible mechanisms of P. syringae B-1-induced biocontrol against
B. dothidea.

Our findings revealed that the ability of P. syringae B-1
to control apple ring rot depended on its concentration, and
1 × 106 CFU mL−1 strain B-1 was its threshold concentration to
control B. dothidea effectively. This also exists in other antagonists
for their control efficiency. For example, M. guilliermondii at high
concentration has better efficiency against blue mold decay in pear
fruit (Yan et al., 2018). Moreover, we found the time interval
between P. syringae B-1 pretreatment and B. dothidea infection
was another important element for its efficiency in vivo. Previous
studies also showed that the biocontrol efficiency was closely related
to the interval time after antagonist treatment (Lu et al., 2013;
Huang et al., 2021b), which aligned with our current finding.
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FIGURE 6

The activities of PAL (A), PPO (B), GLU (C), and CHI (D) in apple fruit treated with P. syringae B-1 at 1 × 108 CFU mL–1 stored at 25◦C. Each data
represents the mean ± SD of three replicates. Asterisks (∗) denote a significant difference (p < 0.05) between the strain B-1 treatment and the
control apple fruit at the same time point.

Furthermore, P. syringae B-1 showed a protective rather than
curative effect to manage apple ring rot, which agreed with the
biocontrol effect of Clavispora lusitaniae 146 and Streptomyces sp.
H4, two agents against postharvest green mold and anthracnose,
respectively (Perez et al., 2019; Li et al., 2021).

The action mechanisms of biocontrol bacteria to manage
postharvest decays are complicated (Rocío et al., 2021), the
understanding of which, however, is pivotal to registering and
commercializing a biocontrol product (Droby et al., 2016). In this
research, we analyzed the antagonist effects of P. syringae B-1
using live cells and culture filtrates. Overall, strain B-1 culture
filtrates showed lower but notably inhibitory activity on B. dothidea
compared with the bacterial cells (≥106 CFU mL−1). Similarly,
Aiello et al. (2019) found that P. synxantha cells exhibited the
best effects to inhibit M. fructigena and M. fructicola compared
to culture filtrates. These data clearly indicated that Pseudomonas
spp. functioned by other mechanisms involving the presence of
living cells, but not antibiosis. For example, competing for nutrients
and space with pathogens is the principal mode of P. syringae,
an availably commercial agent Bio-Save (Bull et al., 1998). This
mechanism is also true for other antagonistic bacteria P. fluorescens
and B. amyloliquefaciens B4 (Wallace et al., 2017; Ye et al., 2021).

The pathogen’s infection could cause oxidative damage, which
has a negative impact on the cytomembrane and can be illustrated
by the changes in electrolyte leakage and MDA contents (Zhang
et al., 2012). Previous studies demonstrated that the levels of
electrolyte leakage or MDA enhanced in plant tissues infected with
pathogens, such as in peach fruit infected with M. fructicola, and
in apple leaves inoculated with Glomerella cingulata (Zhang Q. M.
et al., 2016; Ji et al., 2020). Our present research also showed
that the levels of electrolyte leakage and MDA increased greatly
in apple fruit with only B. dothidea infection from 24 to 120 hpi,
whereas P. syringae B-1 treatment reduced the electrolyte leakage

and MDA contents in fruit after B. dothidea inoculation. Therefore,
these results indicated antagonists were effective in delaying MDA
accumulation and mitigating electrolyte leakage in fruit (Zhang
Q. M. et al., 2016; Ji et al., 2020).

In addition, oxidative damage also can be induced by the
excessive production of ROS in cells (Glazebrook, 2005). It has
been reported that ROS is a harmful substance produced during
pathogens infection and that the levels of ROS correlate with
the severity of disease symptoms (Mittler et al., 2004). In this
research, our data indicated that strain B-1 treatment effectively
reduced H2O2 aggregation in response to B. dothidea infection.
Thus, we speculated that strain B-1 played the antioxidant function,
hence alleviating subsequence oxidative damage to apple fruit
and conferring resistance to B. dothidea. This result agrees with
the report of Ji et al. (2020) where the authors reported that
B. licheniformis W10 treatment reduced disease severity and ROS
aggregation in nectarine fruit caused by M. fructicola.

Various antioxidant enzymes have vital functions in balancing
ROS levels and inducing plant resistance responses (Mittler et al.,
2004). Numerous studies have demonstrated that the activation
of POD, CAT, SOD, and APX participated in the reaction of
plant defense (Zhang Q. M. et al., 2016; Ji et al., 2020; Huang
et al., 2021a). For example, in loquat fruit, B. amyloliquefaciens
B4 increased the defense reaction against various pathogens, and
the activity of POD was greatly higher than the control (Ye
et al., 2021). In apple fruit, M. guilliermondii Y-1 improved three
antioxidant enzyme activities and the total antioxidant capacity,
thereby correspondingly increasing the fruit resistance to apple ring
rot (Huang et al., 2021b). This finding revealed that strain B-1
treatment could trigger the activation of the fruit defense response
and mitigate its oxidative damage against B. dothidea infection.

In addition to the antioxidant enzymes, the defense-related
enzymes, secondary metabolites, and host-resistance proteins are
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FIGURE 7

The content of total phenolics (A) and lignin (B) in apple fruit treated
with P. syringae B-1 at 1 × 108 CFU mL–1 stored at 25◦C. Each data
represents the mean ± SD of three replicates. Asterisks (∗) denote a
significant difference (p < 0.05) between the strain B-1 treatment
and the control apple fruit at the same time point.

all involved in plant disease resistance (Huang et al., 2021b; Zhang
et al., 2021). PAL participates in the biosynthesis of phenolics
and lignin in plant tissues, and PPO produces quinines that
can inhibit or kill invading pathogens (Mayer, 2006; Romanazzi
et al., 2016). Our results also indicated that P. syringae B-1

treatment activated those two enzymes, which is consistent with
Zhang Q. M. et al. (2016) who reported that PAL and PPO were
potentially induced by the antagonist S. rochei A-1 in apple fruit.
Similarly, those two enzyme activities were also promoted by Pichia
membranifaciens, which was related to enhancing peach resistance
to Rhizopus rot (Zhang et al., 2020). In addition, CHI and GLU are
other key enzymes involved in plant defense response by disrupting
the cell wall structure of pathogens (Romanazzi et al., 2016). Liu
et al. (2021) stated that the activities and gene expression of both
GLU and CHI were upregulated to decrease the lesion diameter of
Alternaria rot in pear fruit. In this study, we also indicated here
that GLU and CHI were markers of plant defense response, due
to their activities and gene expression levels being enhanced and
could persist in strain B-1 treated fruit. These data in our research
demonstrate that the induced resistance against B. dothidea may be
the main action mechanism of strain B-1.

Phenolics and lignin are the pivotal metabolic products in the
phenylpropanoid metabolic pathway, which can strengthen the
structure of wound tissues and effectively prevent the invasion of
pathogens (Jiang et al., 2019). Our results indicated that P. syringae
B-1treatment induced the increase of total phenolics and lignin
contents in apple fruit throughout the storage. Our results are
also consistent with Li et al. (2019), where they found that β-
Aminobutyric acid could stimulate total phenolics and lignin
contents against Gilbertella persicaria infection in red pitaya fruit.
Moreover, MeJA could promote wound healing by activating total
phenolics and lignin contents in harvested kiwifruit (Wei et al.,
2021).

In the plant defense system, SA is a critical regulatory signal
molecule, and recent research indicated that it participated in
the resistance response against B. dothidea in apple fruit (Zhao
et al., 2020). In our study, MeJA contents changed slightly after
P. syringae B-1 treatment in apple fruit; however, SA contents were
induced by stain B-1. These results suggested that the SA pathway
may play an important role in apple fruit resistance induced by
strain B-1. Based on our data, we also found strain B-1 treatment
upregulated the transcript levels of MdPR1 and MdPR5, which are
the key molecular markers correlating with SA signaling activation

FIGURE 8

The content of JA (A) and SA (B) in apple fruit treated with P. syringae B-1 at 1 × 108 CFU mL–1 stored at 25◦C. Each data represents the mean ± SD
of three replicates. Asterisks (∗) denote a significant difference (p < 0.05) between the strain B-1 treatment and the control apple fruit at the same
time point.
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FIGURE 9

The gene expressions of MdPR1 (A), MdPR5 (B), MdGLU (C), MdCHI (D), MdSID2 (E), and MdPAD4 (F) in apple fruit treated with P. syringae B-1 at
1 × 108 CFU mL–1 stored at 25◦C. Each data represents the mean ± SD of three biological replicates. Asterisks (∗) denote a significant difference
(p < 0.05) between the strain B-1 treatment and the control apple fruit at the same time point.

(Zhang Q. M. et al., 2016; Huang et al., 2021a). Furthermore,
strain B-1 also activated MdSID2 and MdPAD4 expression in
apple fruit. MdSID2 performs a vital role in the aggregation of
SA signal, and MdPAD4 contributes to regulating plant defense
against pathogen infection (Wiermer et al., 2005; Zhao et al., 2020).
These findings further exhibited that SA is involved in apple fruit
resistance induced by strain B-1, and similar results were also
reported by Huang et al. (2021a). Their research showed that
butylated hydroxytoluene effectively controls apple ring rot mainly
by activating the SA signaling pathway.

5. Conclusion

In our research, a newly isolated P. syringae strain B-1 exhibited
a strong efficiency against postharvest apple ring rot. Application of
strain B-1 suspension at 1 × 108 CFU mL−1 reduced the incidence
and lesion diameter of apple ring rot in vivo. The investigation of

the mode of action demonstrated that strain B-1 not only shows
the antifungal ability and activates the defense enzymes but also
promotes the accumulation of disease-resistant substances and
upregulates the transcript levels of PR genes by activating the SA
signaling pathway. These results indicate that P. syringae strain B-
1 has an enormous potential in controlling B. dothidea rot during
the storage of apple fruit. Further exploration of the application
technologies of strain B-1 is under investigation by our team, such
as evaluating the tolerance of strain B-1 to fungicides used on apple
fruit and the control efficiency of their combined treatments against
B. dothidea.
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Grapes’ infection by phytopathogenic fungi may often lead to rot and impair the quality 
and safety of the final product. Due to the concerns associated with the extensive 
use of chemicals to control these fungi, including their toxicity for environment and 
human health, bio-based products are being highly preferred, as eco-friendlier and 
safer alternatives. Specifically, yeasts have shown to possess antagonistic activity 
against fungi, being promising for the formulation of new biocontrol products.In 
this work 397 wine yeasts, isolated from Portuguese wine regions, were studied for 
their biocontrol potential against common grapes phytopathogenic fungal genera: 
Aspergillus, Botrytis, Mucor and Penicillium. This set comprised strains affiliated to 
32 species distributed among 20 genera. Time-course monitoring of mold growth 
was performed to assess the inhibitory activity resulting from either diffusible or 
volatile compounds produced by each yeast strain. All yeasts displayed antagonistic 
activity against at least one of the mold targets. Mucor was the most affected being 
strongly inhibited by 68% of the tested strains, followed by Botrytis (20%), Aspergillus 
(19%) and Penicillium (7%). More notably, the approach used allowed the detection 
of a wide array of yeast-induced mold response profiles encompassing, besides 
the decrease of mold growth, the inhibition or delay of spore germination and the 
complete arrest of mycelial extension, and even its stimulation at different phases. 
Each factor considered (taxonomic affiliation, mode of action and fungal target) 
as well as their interactions significantly affected the antagonistic activity of the 
yeast isolates. The highest inhibitions were mediated by volatile compounds. Total 
inhibition of Penicillium was achieved by a strain of Metschnikowia pulcherrima, 
while the best performing yeasts against Mucor, Aspergillus and Botrytis, belong 
to Lachancea thermotolerans, Hanseniaspora uvarum and Starmerella bacillaris, 
respectively. Notwithstanding the wide diversity of yeasts tested, only three strains 
were found to possess a broad spectrum of antagonistic activity, displaying strong 
or very strong inhibition against the four fungal targets tested. Our results confirm 
the potential of wine yeasts as biocontrol agents, while highlighting the need for 
the establishment of fit-for-purpose selection programs depending on the mold 
target, the timing, and the mode of application.
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1. Introduction

Phytopathogenic fungi are one of the major concerns in several 
agricultural crops, being responsible for significant losses in 
production and associated economy. Grapes are a particularly rich 
nutrient source for pathogenic agents, whose action can affect not only 
grape health and productivity, but also the quality of the final product, 
whether they are intended for fresh human consumption or for 
processed products such as raisins, juices and wines. Necrotrophic 
filamentous fungi are the group of microorganisms presenting most 
of the concerns in the pre- and post-harvested grapes. If not timely 
controlled, several species mainly belonging to the genera Alternaria, 
Aspergillus, Botrytis, Fusarium, Mucor, Penicillium and Rhizopus are 
capable of causing major grape diseases involving the decay of fruit, 
production of mycotoxins and/or off-flavors (Kassemeyer, 2017; 
Solairaj et al., 2021). In wine industry, grapes infected with molds are 
more prone to rot and harbor much higher loads of microorganisms, 
particularly yeasts and bacteria, that may lead to microbial wine 
spoilage (Barata et al., 2012). To avoid fungal infections, table grape-
growers and winemakers mostly rely on the application of synthetic 
fungicides on-field, during the different phenological growth stages of 
the grapes, and at postharvest. However, the increasing concerns 
about on the harmful side-effects of these compounds on environment 
and human health, along with the discover of multi-drug resistant 
biotypes of fungal pathogens, has encouraged scientific community to 
find efficient, less toxic and more sustainable resources (Wilson and 
Wisniewski, 1989; Pertot et al., 2017a). In this context, the concept of 
biocontrol emerged and currently is restricted to the use of living 
agents (including viruses), with the ability of preventing or at least 
reduce the growth of the pathogen or the disease producing activity 
(Ward, 2016; Stenberg et al., 2021).

Among these biocontrol agents, several yeasts have demonstrated 
antagonistic activity against different fungal phytopathogens of fruits 
and vegetables (reviewed in Ferraz et al., 2019; Freimoser et al., 2019; 
Di Canito et al., 2021). Competition for nutrients and space, antibiosis 
(production of diffusible or volatile compounds), mycoparasitism, and 
induction of host resistance have been pointed out as the main modes 
of action underlying their antagonistic activity (reviewed in Bélanger 
et al., 2012; Spadaro and Droby, 2016). Therefore, it is likely that the 
best sources of antagonistic strains are their own natural environments 
in which they have developed strategies to colonize, access nutrients 
and space and, to inhibit other coexisting microorganisms (including 
epiphytic pathogens), thus ensuring their survival (Parafati et al., 2015; 
Pretscher et al., 2018; Pereyra et al., 2021).

In this line, the wine ecosystem (grapes and leaves surfaces, grape-
juices, wines and winery equipment) constitutes a valuable source of 
strains with potential to be  used in the biocontrol of grape 
phytopathogens as it harbors a large diversity of yeast species. The 
most frequently reported yeasts associated with wine-related 
ecosystems either belong to oligotrophic and oxidative species 
affiliated to genera such as Aureobasidium, Cryptococcus, 
Filobasidium, Naganishia, Rhodotorula and Sporidiobolus as well as to 
copiotrophic and/or fermentative species of genera such as Candida, 
Hanseniaspora, Metschnikowia, Meyerozyma, Pichia, Saccharomyces, 
Starmerella, Torulaspora and Wickerhamomyces (Barata et al., 2012; 
Bokulich et al., 2014; Sirén et al., 2019).

The prospect of using these so-called “wine yeasts” as antagonists 
of grape fungal pathogens led to a variety of in vitro screenings using 

dual-culture assays (Suzzi et al., 1995; Bleve et al., 2006; Raspor et al., 
2010; Nally et al., 2012; Pantelides et al., 2015; Lemos Junior et al., 
2016; Cordero-Bueso et al., 2017; Pretscher et al., 2018; Reyes-bravo 
et al., 2019). In addition to the assessment of their inhibitory activity, 
and according to the experimental setup used, this screening 
methodology also gave insights on the potential modes of action 
associated, typically the production of antimicrobial compounds 
(Köhl et  al., 2019). In one of the first reports (Suzzi et  al., 1995), 
natural wine yeast strains of the genera Saccharomyces and 
Zygosaccharomyces were found to be antagonists of 10 species of soil-
borne fungal plant pathogens. Later, Aspergillus carbonarius and 
A. niger were found to be inhibited by strains of Pic. kudriavzevii, Met. 
pulcherrima, L. thermotolerans, Pic. terricola and Can. incommunis 
(Bleve et al., 2006). Studies targeting the biocontrol of Botrytis cinerea 
have identified strains of Aur. pullulans, Met. pulcherrima and Mey. 
guilliermondii (Raspor et al., 2010); of Schizosaccharomyces pombe 
and Sac. cerevisiae (Nally et  al., 2012); and Sta. bacillaris (Lemos 
Junior et al., 2016) with antagonistic activity. Cordero-Bueso et al. 
(2017) also identified strains of H. uvarum, Mey. guilliermondii, Pic. 
kluyveri, Sac. cerevisiae, Han. clermontiae, Met. pulcherrima, and Can. 
californica with a strong antagonistic action against B. cinerea, 
A. carbonarius and P. expansum. More recently, Reyes-bravo et al. 
(2019) reported strains of Aur. pullulans, Cry. antarcticus, Cry. 
terrestris and Cry. oeirensis capable of inhibit the growth of both 
B. cinerea and P. expansum. The biocontrol activity of several of the 
wine yeast strains above enumerated have also been validated in vivo, 
using wounded grapes (Bleve et al., 2006; Raspor et al., 2010; Nally 
et al., 2012; Lemos Junior et al., 2016; Cordero-Bueso et al., 2017).

In this context, the present work aimed to evaluate the 
antagonistic activity of a wide-range of yeast strains, previously 
isolated from grapes, grape-juices and wines, against fungi 
belonging to Aspergillus, Botrytis, Mucor and Penicillium genera. A 
time-course assessment of the yeasts’ effects on the growth of the 
targeted fungi, associated with the production of diffusible and 
volatile compounds, was conducted in order to get insights into the 
yeast-mold target interaction and the mode of action, to ultimately 
uncover more suitable biocontrol agents for application in the 
vineyards and/or at postharvest.

2. Materials and methods

2.1. Microorganisms and culture conditions

Three hundred and ninety-seven yeast isolates, randomly selected 
from a wider yeast culture collection available at WMB LAB at UTAD 
assembled over the last 20 years and comprising more than 3,000 
microbial isolates collected from wine-related environments from 
different wine-producing regions across Portugal, were used. Yeast 
isolates were stored in stocks at −80°C in YPD medium (5 g/L of yeast 
extract, 10 g/L of peptone, 20 g/L of glucose) added with 20% (v/v) 
glycerol. The selected isolates were transferred to YPD agar (5 g/L of 
yeast extract, 10 g/L of peptone, 20 g/L of glucose, 20 g/L of agar), 
grown at 28°C and maintained at 4°C.

Four strains of phytopathogenic fungal genera were used, 
namely Aspergillus niger strain AN1 (isolated from wine bottle cork), 
Botrytis cinerea strain BO1 (isolated from table grapes), Mucor sp. 
strain MU3 (isolated from wine grapes) and Penicillium sp. strain 
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PE3 (isolated from wine grapes). Stocks of mold cultures were 
prepared in Potato Dextrose Agar (PDA) slants flooded in liquid 
paraffin and maintained at room temperature. Prior to their use, 
mold cultures were transferred to PDA plates and grown at 
25°C. Spore suspensions of each fungal strain were obtained by 
harvesting spore mass at the surface of 15 days old colonies with 
glass beads using PBS buffer 1X with 0.01% Tween 20 and 50% (v/v) 
glycerol, to assist in spore dispersal and ultra-freezing preservation. 
After filtration through sterile glass wool, spore concentration was 
determined using a hemocytometer, adjusted to 1 × 106 or 1 × 104 
spores/mL for the ascomycetous phytopathogens and Mucor sp., 
respectively. Spore suspensions were divided into aliquots and stored 
at −80°C.

2.2. Yeast molecular identification and 
characterization

Genomic DNA extraction of the autochthonous isolates was 
performed by phenol-chloroform-isoamyl alcohol method from 
single-strain pure cultures (Seixas et al., 2019). The identification was 
achieved by 26S rDNA D1/D2 sequencing using primers NL-1 
(5′-GCA TAT CAA TAA GCG GAG GAA AAG-3′) and NL-4 
(5′-GGT CCG TGT TTC AAG ACG G-3′), and subsequent BLAST 
comparison with the deposited 26S rRNA gene sequences in the 
GenBank data library. Species identification was attributed to an 
isolate if its 26S rDNA D1/D2 sequence diverged by no more than 2–3 
base substitutions (i.e., ≥99.0% sequence identity) to that of a 
taxonomically accepted species type strain. All isolates matching to 
Metschnikowia pulcherrima-clade species were affiliated to Met. 
pulcherrima as proposed by Sipiczki, (2022). Differentiation of Han. 
opuntiae and Han. guilliermondii was achieved by 5.8S-ITS-RFLP 
analysis, in which ITS1/ITS4 amplification products were digested 
with restriction enzyme DraI, and separated on 2% agarose gel on 
1 × TBE buffer as previously described by Nisiotou and Nychas, (2007).

The molecular diversity of yeast isolates belonging to the most 
prevalent genera was also evaluated through PCR-fingerprinting, 
using minisatellite csM13 (5′GAGGGTGGCGGTTCT3′) and 
microsatellite (GTG)5 (5′GTGGTGGTGGTGGTG3′), as single 
primers, following the methodology described previously by Barbosa 
et  al. (2018). DNA banding patterns were analyzed using the 
BioNumerics software (version 5.0, Applied Maths, Sint-Martens-
Laterat, Belgium). Similarities among isolates, using the combined 
(GTG)5 and csM13 genomic fingerprinting patterns, were estimated 
using the Pearson coefficient and clustering was based on the UPGMA 
method. A cut-off value of 80% similarity was used to define the 
number of clusters inside each genus.

2.3. Extracellular enzymatic activities of 
yeasts

The ability of the set of yeast strains to secrete lytic enzymes 
(protease, pectinase, chitinase, glucanase, cellulase, mannanase, and 
amylase) eventually associated with the suppression of growth of 
fungal pathogens was evaluated by spotting 3 μL of freshly grown yeast 
culture suspensions (~107 cells/mL) onto solid media containing the 
specific enzyme substrates.

For proteolytic activity, Skim Milk agar was used. The formation 
of a light halo around the colonies after incubation at 28°C for 5 days 
indicated the enzymatic activity (Strauss et al., 2001).

Pectinolytic activity was tested by using a selective medium 
containing 12.5 g/L polygalacturonic acid, 6.8 g/L potassium 
phosphate (pH 3.5), 6.7 g/L yeast nitrogen base without ammonium 
sulfate, 10 g/L glucose, and 20 g/L agar. After incubation at 28°C for 
5 days, the plates were stained with 0.1% (w/v) ruthenium red after the 
colonies being rinsed off with distilled water. Colonies showing a 
purple halo were considered positive (Strauss et al., 2001).

For glucanase, chitinase and cellulase activities YPD plates 
containing 0.2% β-D-glucan from barley or 0.2% chitin from 
shrimp shells or carboxymethyl cellulose (CMC) sodium salt were 
used, respectively. After incubation, at 28°C for 5 days, the plates 
were rinsed with distilled water and stained with 0.03% (w/v) 
Congo red. A clear zone around the colony was indicative of the 
presence of glucanase or chitinase activity (Strauss et al., 2001). For 
the cellulase assay, after incubation, the plates for were stained with 
0.1% (w/v) Congo red solution for 30 min and then washed with 
1 M NaCl solution for 15 min. The detection of a degradation halo 
around the colonies was indicative of a positive result (Chen 
et al., 2018).

The endo-1,4-β-mannanase activity was determined using a 
medium containing 9.0 g/L peptone, 1.0 g/L yeast extract, 1.0 g/L 
KH2PO4, 0.5 g/L MgSO4.7H2O, 15 g/L agar and a carbon source of 
commercial mannan, azo-carob-galactomannan (2 g/L). The pH of 
the medium was adjusted to 5.5. Positive mannanase producers 
were detected based on the clear zone formed on the medium 
around the colony after 5 days of incubation at 28°C (Asfamawi 
et al., 2013).

Amylase activity was assessed using a selective medium containing 
10 g/L of yeast extract, 20 g/L of peptone from meat, 20 g/L of starch, 
and 20 g/L of agar. The pH of the medium was adjusted to 5.0. The 
amylase plates were overlaid with Lugol’s solution (iodine–potassium 
iodide solution) and amylase activity was detected by the presence of 
a bright lysis zone around the colonies, while the rest of the medium 
remained violet, as the dye solution stained the non-hydrolyzed starch 
(Pretscher et al., 2018).

2.4. In vitro antagonistic activity assays

The antagonistic activity of the set of 397 yeast strains against 
four common phytopathogenic fungal agents was evaluated using 
two in vitro assays approaches related to distinct modes of action 
underlying their inhibition. For all the assays, yeast strains were 
pre-cultivated in YPD medium and incubated overnight at 
28°C. Prior to inoculation of each mold target, the suspensions of 
spores, prepared as described above, were removed from the freezer, 
and allowed to attain room temperature. The incubation period and 
the measuring points were previously established by performing 
mock trials in which the time taken for each mold target to extend 
from the point of inoculation to the edge of the Petri dish was 
observed. Based on these experiments it was established, a total 
incubation period of 40 h and 4, 5, and 7 days for Mucor sp., B. cinerea, 
A. niger and Penicillium sp., respectively, and daily measurements of 
radial mycelial extension. Due to the rapid growth of Mucor sp. 
additional measurements, at 16 h, were performed.
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2.4.1. Confrontation assay (CY)
A dual screening assay in which the mold target is confronted 

with each yeast strain (CY assay) was used to investigate the potential 
inhibitory effect, mainly resulting from diffusible compounds, of the 
yeast strains against the four phytopathogenic fungi. Briefly, 3 μL of 
seven fresh yeast cultures were equidistantly positioned at 3 cm or 
1.5 cm (in the case of Penicillium sp.) distance from the center of a 
YPD agar plate (ø = 90 mm), and allowed to grow during 48 h at 25° 
C. Then, 3 μL of a mold spore suspension were inoculated in the center 
of each Petri plate and again incubated at 25°C. The radial mycelial 
extension of the phytopathogens in the direction of each yeast was 
recorded. For each mold target, and each round of assays, plates 
without yeast inoculation were used as external controls.

2.4.2. Volatile organic compounds assay (VOCs)
All yeast strains were also screened for the potential production 

of volatile organic compounds (VOCs assay) with inhibitory activity 
against the four phytopathogenic fungi. To avoid yeast-mold target 
contact, Petri dishes with four compartments, containing 4 mL of YPD 
agar in each sector were used. In two compartments, 50 μL of 
pre-grown fresh yeast culture were spread plated, while in the other 
two, 3 μL of a mold spore suspension were inoculated in central corner 
of the plate. For each mold target, and each round of assays, plates 
without yeast inoculation were used as external controls. The plates 
were sealed with Parafilm® to prevent the outflow of volatile 
compounds and incubated at 25°C. Radial mycelial extension of the 
phytopathogen was daily recorded.

A schematic overview of the two in vitro antagonistic activity 
assays is presented in the Supplementary Figure S1.

2.5. Data analysis

The inhibition of radial growth-IRG (%), which considers the 
radial growth-RG (mm)-of the mold target in the absence (RGcontrol) 
and in the presence of a yeast strain (RGtested) at the end of the 
incubation period, was calculated as described by Lemos Junior 
et al. (2016):

 
IRG

RG

RG
%( ) = −









 ∗1 100

tested

control

The effect of each yeast strain on mold growth profiles was also 
quantified considering the daily measurements of radial mycelial 
extension during the overall established period of incubation. The area 
under the mycelial extension/time curve (AUC, mm.day) was 
calculated applying the linear trapezoid rule using GraphPad Prism 
software 9.3.1 (2021 GraphPad Software, San Diego, CA, 
United States). The obtained data were used to determine an additional 
parameter to assess yeast antagonistic ability (IAC; %) which relates 
the AUC (mm.day) of growth of the mold target in the absence 
(AUCcontrol) and in the presence of a yeast strain (AUCtested) during the 
incubation period, calculated as follows:
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The reproducibility of antagonistic assays was assessed performing 
at least 20% of duplicate assays (CY and VOCs) using randomly 
selected yeast strains against the four targeted strains and evaluating 
the coefficient of variation (CV%) and respective confidence intervals 
obtained for the RG (mm) and AUC (mm.day) measurements.

Principal-component analysis (PCA) was carried out to represent 
yeast strains correlated to the inhibition of the four mold targets by 
diffusible and volatile compounds as response variables using 
JMP 11.0 software (SAS Inc., 2013).

As the data of the inhibitory activities (IRG and IAC) against the 
four targets by the two modes of action did not meet the assumptions 
of a normal distribution (Shapiro–Wilk test), prior to ANOVA 
analysis, data was transformed using the Aligned Rank Tool (ARTool) 
(Wobbrock et al., 2011). Pair-comparison of means was obtained by 
either t-test or Tukey’s procedure at p < 0.05, using JMP 11.0 software 
(SAS Inc., 2013).

The data set consisting of time-series measurements of mold 
growth in each dual-assay was analyzed using MiniTab software (2022 
Minitab LLC). The similarity of the 397 yeast-induced mold target 
responses was calculated using the Pearson coefficient and UPGMA 
clustering. A cut-off value of 80% was applied for the definition of 
distinct response profile types. To facilitate comparisons among 
taxonomic groups (yeast genera and mold target), Pielou’s (J’) 
evenness index was calculated (Pielou, 1966) for the most prevalent 
genera (n > 20 isolates), as a quantitative estimate of the genomic and 
antagonistic distribution of the strains based on the number of profiles 
types of PCR-fingerprinting and of the mold responses. In other 
words, this evenness index expresses how evenly the strains are 
distributed among the different profiles obtained for each taxonomic 
group. If all yeast strains are represented in equal numbers in the 
obtained profiles, meaning great diversity, then J´ = 1, if one profile 
strongly dominates, meaning less diversity, J′ is close to zero 
(Zar, 1996).

3. Results

3.1. Molecular identification of the yeast 
collection

From a wider collection of autochthonous yeasts collected from 
different Portuguese wine regions, a subset of 397 isolates were 
randomly selected for this study. This set was considered to represent 
the regional diversity of our collection, which includes mostly isolates 
of samples from the Douro Demarcated Region (grapes, musts, and 
wines), so that most of them were expected to be originated from this 
region (Figure 1A). Among the set, a few isolates had been previously 
identified (Seixas et al., 2019); the remaining isolates, whose identity 
was still unknown, were herein disclosed.

Thirty-three species belonging to 20 different genera of yeasts 
were represented in the yeast set (Figure 1B; Supplementary Table S1). 
The six most prevalent genera were Metschnikowia (105 isolates) 
represented by Met. pulcherrima, Starmerella (84 isolates) represented 
by Sta. bacillaris (83) and Sta. stellata (1), Hanseniaspora (62 isolates) 
represented by Han. uvarum (48), Han. guilliermondii (11) and Han. 
opuntiae (3), Saccharomyces (53 isolates) represented by Sac. 
cerevisiae, Lachancea (28 isolates) represented by L. thermotolerans 
and Aureobasidium (21 isolates) represented by Aur. pullulans only. 
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All together these genera represented approximately 89% of 
the isolates.

In lower numbers, we  found the genera Pichia (9 isolates), 
Candida, Meyerozyma, Torulaspora and Zygosaccharomyces with 5 
isolates each, Rhodotorula (4 isolates) Naganishia (3 isolates) and 
Wickerhamomyces (2 isolates). The genera Filobasidium, Hyphopichia, 
Nakazawaea, Saccharomycodes, Yamadazyma and Zygoascus were 
represented by a single isolate.

The sequence data of D1/D2 domains of all strains used in this 
study have been deposited in GenBank under the accession numbers 
MG832576 to MG832583, MG877743 and MG87744 (Seixas et al., 
2019) and OQ304691-OQ305072.

3.2. Extracellular enzymatic activities of 
yeasts

The production of fungal cell wall-degrading enzymes is 
considered to be one of the important characteristics associated with 
the activity of biocontrol agents (Spadaro and Droby, 2016). Thus, 
herein, all yeasts were evaluated for extracellular enzymatic activities 
(amylase, glucanase, cellulase, chitinase, mannanase, protease, 
and pectinase).

Only 12 out of the 20 genera included strains displaying at least 
one enzymatic activity, and any isolate exhibited all the enzymatic 
activities (Table 1). Besides this intra-genus diversity, also interspecific 
variability was observed among strains of the same species. Six of the 
seven enzymatic activities tested were detected in Aur. pullulans 
strains, being the only species displaying mannanase and pectinolytic 
activities. In contrast, none of the Aur. pullulans strains exhibited 
glucanase activity while, notably, 21 out of 28 L. thermotolerans strains 
produced this enzyme. Protease release was found in a higher number 

of isolates (37), while cellulase activity was found to be  the most 
common hydrolytic activity detected among different yeast species (7).

3.3. In vitro antagonistic assays

3.3.1. Mold growth inhibition induced by yeasts
All 397 yeast strains were screened for their ability to inhibit four 

important fungal pathogens using two dual-culture growth inhibition 
tests. A very good intra-plate reproducibility of the assays (CY and 
VOCs) was found, with the average coefficient of variation for RG 
(mm) measurements at the end of incubation period being minor, 
homogeneous and similar in both types of assays (5.52% ± 1.25 and 
5.73% ± 1.22% in the CY and VOCs assays, respectively).

In general, all yeasts exhibited an antagonistic phenotype, with an 
IRG > 5%, against at least one of the mold targets tested, through the 
production of diffusible (CY) and/or volatile compounds (VOCs) 
(Supplementary Table S1). The strains of Pic. membranifaciens and 
R. nothofagi exhibited the worst overall performance, not reaching 
25% inhibition against any of the targets either in the CY or VOCs 
assays. Considering all the assays performed against all targets, the 
IRG (%) induced by yeasts volatile compounds production ranged 
from −19%, consistent with a stimulant effect by an Aur. pullulans 
strain, to 100%, corresponding to the total inhibition of Penicillium sp. 
PE3 by a Met. pulcherrima strain. The greatest inhibition activity 
against A. niger AN1 (81%), B. cinerea BO1 (94%) and Mucor sp. MU3 
(94%) were also attained in the VOCs assays by a Han. uvarum, a Sta. 
bacillaris and a L. thermotolerans strain, respectively.

A stimulant effect of yeasts on mold growth was also observed in 
the CY assays, but only against B. cinerea BO1 and Mucor sp. MU3. 
On the other hand, the maximum inhibition levels against all targets 
in this assay were lower than those induced by volatile compounds: 

A B

FIGURE 1

Geographical (A) and taxonomic distribution at the genus level (B) of the isolates examined in this study. The numbers of yeast isolates from the 
different wine regions are indicated and the colors represent the different genera. AUR, Aureobasidium; CAN, Candida; HAN, Hanseniaspora; HYP, 
Hyphopichia; YAM, Yamadazyma; LCH, Lachancea; MET, Metschnikowia; MEY, Meyerozyma; NAG, Naganishia; NAK, Nakazawaea; PIC, Pichia; RHO, 
Rhodotorula; SAC, Saccharomyces; FIL, Filobasidium; SMY, Saccharomycodes; STA, Starmerella; TOR, Torulaspora; WIC, Wickerhamomyces; ZAC, 
Zygoascus; ZYG, Zygosaccharomyces.
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two Han. uvarum strains were the most effective in inhibiting the 
growth of A. niger AN1 (56%) and Mucor sp. MU3 (49%) while strains 
of Sta. bacillaris and Sac. cerevisiae were able to reduce 60 and 66% of 
the growth of B. cinerea BO1 and Penicillium sp. PE3, respectively.

In general, the IRG (%) values obtained in the different assays for 
the isolates belonging to the same genus were broadly distributed and 
showed several outliers, as this behavior was highly variable with the 
target and/or the mode of action (Supplementary Table S1; 
Supplementary Figure S2). Indeed, the ART-ANOVA analysis showed 
that the antagonistic activity of this set of yeasts was significantly 
dependent (p < 0.05) on their taxonomic affiliation, the mode of 
action, the mold target and the interactions between all factors 
(Supplementary Table S2). To evaluate the overall similarity of yeast 
strains Principal Component Analysis (PCA) was performed, based 
on their combined inhibitory traits, measured in CY and VOCs assays, 
against the four targets (Figure 2). The results showed that only 44.6% 
of the total variation could be explained by the first two components 
of the PCA, with no clear separation of the yeast strains according to 

either the mold target or the mode of action. Nevertheless, a tendency 
for a genus-based clustering of the isolates affiliated to Hanseniaspora 
and Starmerella, which displayed on average significantly higher 
antagonistic activity (p < 0.05), could be noticed, with the majority of 
the strains grouping together away from the remaining genera 
according to PC1 and being separated in the first and second quadrant, 
respectively, according to PC2.

3.3.2. Time-course mold growth responses 
induced by yeasts

Since that, in addition to the final growth during the incubation 
period, the daily extension of the mycelium was also recorded, we then 
sought to analyze the temporal response of each of the four mold 
targets to the 397 wine yeast strains. In this line, the overall time series 
data of A. niger AN1, B. cinerea BO1, Mucor sp. MU3 and Penicillium 
sp. PE3, obtained in the control and in the presence of each yeast 
strain were analyzed by hierarchical clustering with Pearson 
correlation coefficient and UPGMA (Supplementary Figure S3). This 
analysis allowed the distinction of yeasts strains based on their 
differential effect on the growth of each of the four mold targets, while 
identifying groups of strains inducing similar mold responses. For all 
targets, a higher number of responsive growth profiles were obtained 
for the CY (8–19 clusters) than for VOCs assay (4–9 clusters). Both 
mold target and mode of action were identified as factors driving the 
number and yeast genera distribution among each mold target 
response profile.

The high diversity of mold response profiles induced by the 
different yeast strains was further highlighted by the analysis of 
Pielou’s (J’) evenness index of diversity, calculated for the most 
representative genera/species (n > 20 isolates), using a cut-off value of 
80% similarity for each dendrogram (Supplementary Figure S3) as 
well as in the UPGMA dendrogram of the combined (GTG)5 and 
csM13 genomic fingerprinting patterns (Supplementary Figure S4). 
The radar charts presented in Figure 3 illustrate the yeast inter and 
intra-genera diversity of induced inhibitory responses, highly 
dependent on both the mold target and the mode of action. 
Additionally, the results show that no association could be established 
between the genotypic diversity within a taxonomic group and the 
number of antagonistic responses induced by yeasts. Accordingly, 
despite the low genotypic diversity found among the strains of 
L. thermotolerans (J’ = 0.37), the 28 isolates induced a wide diversity of 
responses on A. niger AN1 (J’ = 0.97) and Mucor sp. MU3 (J’ = 0.83) in 
the VOCs and CY assays, respectively. Conversely, notwithstanding 
the high genotypic diversity found for Aur. pullulans (J’ = 0.86), the 
volatile compounds produced by the 21 isolates induced the same 
response profile on A. niger AN1 and highly similar ones on 
Penicillium sp. PE3 (J’ = 0.28).

The average profiles (Supplementary Figure S3) were subsequently 
visually inspected and, in some cases, those displaying similar trends 
were merged, producing more congruent and manageable number of 
profiles. The ultimate distinctive growth response patterns of each 
mold target, as well as the number and taxonomic affiliation of the 
associated yeast strains, are presented in Figure 4.

The impact of yeast metabolite production could be more clearly 
seen in the reshaping of the growth profile of each of the four targets, 
with some yeast strains displaying marked effects on the germination 
of spores, growth rate and/or final radial mycelia extension, these 
being dependent on the yeast mode of action (Figure 4A). All yeast 

TABLE 1 Yeast species comprising strains with positive results in the 
screening performed for enzymatic activities.

Yeast 
species

Man Pec Pro Cel Glu Amy Chi

Aureobasidium 

pullulans (n = 21)

13 15 21 19 – 16 2

Candida glabrata 

(n = 4)

– – – 1 – – –

Hanseniaspora 

guilliermondii 

(n = 11)

– – 4 – – – –

Hanseniaspora 

uvarum (n = 48)

– – 10 – 2 – –

Hyphopichia 

burtonii (n = 1)

– – – – 1 –

Lachancea 

thermotolerans 

(n = 28)

– – – – 21 1 2

Metschnikowia 

pulcherrima 

(n = 105)

– – – – 2 – 6

Nakazawaea 

ishiwadae (n = 1)

– – 1 – – – –

Pichia kluyveri 

(n = 2)

– – – 1 – – –

Rhodotorula 

nothofagi (n = 2)

– – – 2 – – –

Saccharomyces 

cerevisiae (n = 53)

– – – 1 1 – 1

Starmerella 

bacillaris (n = 83)

– – 1 1 2 – 9

Wickerhamomyces 

anomalus (n = 2)

– – – 1 – – –

Total 13 15 37 26 28 18 20

The number of isolates tested of each species is given in parenthesis. Man, Mannanase; Pec, 
Pectinase; Pro, Protease; Cel, Cellulase; Glu, Glucanase; Amy, Amylase; Chi, Chitinase.
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strains were found to affect the growth kinetics of A. niger AN1 by the 
production of volatile compounds and the growth of Penicillium sp. 
PE3 by either one of the type of compounds, as no response patterns 
clustered to the respective controls (patterns E in Figure  4A). A 
stimulatory effect of different yeast genera (patterns A in Figures 4A,C) 
on spore germination and/or on growth of all mold targets could also 

be observed, this being more evident in the VOCs assays for A. niger 
AN1 (146 isolates in Figure 4B). Still, the majority of the response 
patterns denoted antagonistic effects, at different extents, induced by 
yeasts against all mold targets (patterns B and D in Figure 4A).

Overall, the most prevalent response pattern prompted by yeasts, 
detected in the CY assays, was characterized by a decrease of mold 

FIGURE 2

Principal component analysis (PCA) of yeast antagonistic activity against the four mold targets. The spatial representation of the 397 yeast strains 
according to the two first principal components (PC1 and PC2) is built on their inhibitory activity against Aspergillus niger AN1, Botrytis cinerea BO1, 
Mucor sp. MU3 and Penicillium sp. PE3, mediated by diffusible (CY) and volatile compounds (VOCs) and determined by IRG. The data points, 
corresponding to the yeast strains tested, were colored by genera affiliation following the color scheme used in Figure 1.

A B C

D E F

FIGURE 3

Radar plots of genotypic and antagonistic activity diversity indexes. For the most representative yeast genera, Aureobasidium (A), Starmerella (B), 
Lachancea (C), Hanseniaspora (D), Saccharomyces (E) and Metschnikowia (F), Pielou’s J’ evenness index was calculated based on groups defined at 
80% similarity level on dendrograms constructed, using Pearson correlation coefficient and UPGMA of the PCR fingerprinting profiles 
(Supplementary Figure S4) and of the mold response profiles (Supplementary Figure S3). AN1, Aspergillus niger; BO1, Botrytis cinerea; MU3, Mucor sp.; 
PE3, Penicillium sp.; CY, diffusible compounds assay; VOCs, volatile compounds assay.
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mycelia extension rate (patterns D in Figures 4A,B). The particular 
average response patterns A1 and D2 of A. niger AN1 and D2 and D3 
of Penicillium sp. PE3 (patterns in Figure 4A) should be highlighted 
as they denote yeast-induced effects characterized by a significant 
reduction or even the early complete arrest of mycelial extension, after 
an initial regular mold growth.

Volatile compounds had a more marked effect on the timing of 
the onset of spore germination, inducing more or less longer lag 
growth phases of all targets, except B. cinerea BO1 (patterns B in 
Figures 4A,B). These plateaus are disregarded by the commonly used 
IRG (%) metric that only considers the final RG (mm) and thus may 
underestimate the categorization of yeast antagonistic potential. 
Indeed, while the IRG (%) value seems to adequately reflect the 
antagonistic activity of yeasts when the mycelial extension rate is 
steady across the incubation period, this may not be the case when 
either the onset of spore germination or mycelial extension rate is 
differentially affected. An illustrative example is the similar average 
IRG (%) of the yeast strains assigned to patterns B1 and D2 for A. niger 
AN1 or assigned to patterns B2 and D2 for Penicillium sp. PE3, despite 
the marked differences between the mold growth patterns.

Collectively, those observations prompt us to propose a new 
metric (IAC, %), with a higher discriminating power, for the 
categorization of yeasts based on the determination of the area 
under the curves (AUC, mm.day) of mold growth in the absence 
and in the presence of the different yeast strains, during the 
incubation period (Supplementary Table S1). As seen for RG (mm) 
measurements the average variance of the determined AUC (mm.
day) values was low and homogeneous in both assays, although 
higher in the VOCs assay (8.67% ± 1.95%) than in the CY 
(4.68% ± 0.6%). The two metrics were highly correlated, particularly 
in the VOCs assays ( > 90%) irrespective of the mold target 
(Supplementary Figure S5). With the exception of B. cinerea BO1, 
lower correlations were found between the metrics determined for 
the CY assays, this being associated with the higher number of yeast 
strains inducing more pronounced variations or the abrupt arrest 
in the mycelial extension rate during the incubation period in these 
assays (Figures 4A,B).

Principal component analysis was also performed to assess the 
distribution of the 397 yeast strains based on IAC (%) 
(Supplementary Figure S5). Although the amount of total variation 

A B C

FIGURE 4

Representative growth patterns of the mold targets in response to yeast activity mediated by diffusible (CY) and volatile compounds (VOCs). 
Representative growth patterns of Aspergillus niger AN1, Botrytis cinerea BO1, Mucor sp. MU3 and Penicillium sp. PE3 in response to yeast activity were 
defined based on hierarchical clustering with Pearson correlation coefficient and UPGMA of time-course measurements (A). Different colors were 
assigned to highlight the different mold growth patterns induced by yeasts: stimulatory effect (patterns A, in red); inhibition or delaying of the 
germination of mold spores (patterns B, in green); delayed effect on the growth rate (patterns D, in blue); no effect (pattern E, in black). For each target, 
mold growth pattern in the absence of yeast (control) is represented by the gray dashed line. The symbols represent mean values, with the bars 
indicating the standard error. The total number of isolates (B) and the prevalence of the yeast species (C) allocated to each profile are presented.
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explained (46.6%) was not markedly higher than that obtained using 
the IRG (%) metric (Figure 2), the use of the IAC (%) values led to a 
better genus-based distribution of the yeast strains built on the 
antagonistic activity (PC1) and a higher effectiveness of PC2  in 
distinguishing the mode of action of yeast strains within each genus, 
as demonstrated by the direction and magnitude of the respective 
PCA score plots. These results are more in agreement with the 
significant differences found in ART-ANOVA analysis of the 
inhibitory activity among genera and within each genus according to 
the different types of metabolites produced by yeasts 
(Supplementary Table S3).

3.3.3. Diversity of yeasts with antagonistic activity 
against the mold targets

For a biological interpretation of the data, the yeast strains were 
classified in different categories based on their inhibitory activity 
using the IAC (%) metric: class 0 (no effect: -5 < IAC < 5%), class 1 
(weak effect: 5% ≤ IAC < 25%), class 2 (moderate effect: 
25% ≤ IAC < 50%), class 3 (strong effect: 50% ≤ IAC < 75%) and class 4 
(very strong effect: IAC ≥ 75%). Strains with stimulatory activity, 
identified by a negative IAC (< −5%) effect of mold growth were 
included in class S. Figure 5 summarizes the distribution of the yeast 
strains for each species on those classes. In accordance with the above 
description of yeast-induced diversity of mold responses (Figure 3), 
the distribution of the IAC values amongs yeast strains was found to 
be heterogeneous, and none of the yeast genus/species represented by 
more than one strain comprised only one class of strains against all 
targets. Furthermore, the data presented in Figure 5, underscores the 
variability in the biocontrol potential found among yeasts of the same 
taxonomic group. For example, the 105 Met. pulcherrima strains were 
considered for all the six classes, from S through 4, according to their 
VOCs-induced effect on Penicillium sp. while the three strains of Han. 
opuntiae tested were placed in classes 1,2, and 3, based to their VOCs-
induced antagonistic activity (22, 44, and 59%, respectively) against 
B. cinerea BO1.

In order to identify the most promising candidates to be used as 
biocontrol agents we  restrained our subsequent analysis to those 
isolates exhibiting a more prominent inhibitory activity by selecting 
strains only included in classes 3–4 by both type of assays (CY and 
VOCs). Interestingly, no isolate was found in those classes for Mucor 
sp. MU3  in the CY assay and thus a less stringent criterion was 
applied, and isolates included in class 2 for this target were considered 
instead in the following analysis.

In a first approach we aimed to identify the most effective strains 
against each mold target, irrespective of the mode of action. The Venn 
diagrams presented in Figures 6A–D present the number of shared 
strains included in these categories for each target. Irrespective of the 
type of assay, the percentage of yeast isolates with strong and or very 
strong antifungal activity was the highest against Mucor sp. MU3 
(68%) followed by B. cinerea BO1 (20%), A. niger AN1(19%) and 
Penicillium sp. PE3 (7%).

Twelve isolates were found to be highly effective by both modes of 
action against A. niger AN1 and comprise strains of Sta. bacillaris (1), 
Han. uvarum (9) and Han. opuntiae (2) (Figure 6A). These yeasts were 
all associated with the response patterns B1_CY and B2, except one 
Han. uvarum that was assigned to the pattern B3 (Figure 4). The 
average IAC in both assays ranged from 71 to 51.8% induced by two 
Han. uvarum strains.

Three isolates of Han. uvarum, one of Met. pulcherrima and the 
only representative of Zygoascus meyerae showed a strong inhibitory 
activity against B. cinerea BO1 by both modes of action (Figure 6B). 
The latter displayed the highest average IAC (65.7%) and was part of 
the strains inducing a D1 and B2 response patterns in B. cinerea 
(Figure 4).

As for Mucor sp. MU3, 80 isolates, belonging to eight different 
genera, were considered as potentially interesting biocontrol strains 
with an average IAC (%) in both assays ranging from 39.1% by one 
Sac. cerevisiae strain, assigned to patterns D1 and B2 (Figure 4), to 
71.8% by one Han. uvarum allocated to patterns D3 and B4 (Figure 3).

The single strong inhibitor of Penicillium sp. PE3, with an average 
IAC of 58.3%, was the only representative of Hyphopichia burtonii in 
our set of yeasts. This yeast was included in the group of strains 
inducing a D3 and B3 response patterns in this mold target (Figure 4), 
being able to completely inhibit Penicillium sp. PE3 proliferation since 
day 5 in the CY assay.

Additionally, the strains affiliated to Pic. terricola (2) and Mey. 
guilliermondii (2), which inhibited Penicillium sp. PE3 growth since 
day 3 until de end of the experiment (patterns D3, Figures 4A,B), and 
the strains of Aur. pullulans (2), Can. glabrata, Han. uvarum, Hyp. 
burtoni, L. thermotolerans, which effectively led to an early arrest of 
A. niger AN1 growth (patterns A1 and D2, Figures 4A,B), warrants 
them being considered in a future selection program due their 
remarkable effects.

We then aimed to identify strains with broad spectrum of 
antagonistic activity (Figures 6E–F). No yeast strain was found to 
be highly effective against all four mold targets through the production 
of diffusible compounds. Nevertheless, we have identified five Han. 
uvarum strains that are strong inhibitors of three of the four targets. 
While four strains were effective against A. niger AN1, B. cinerea BO1 
and Mucor sp. MU3, one other strain was effective against A. niger 
AN1, Mucor sp. MU3 and Penicillium sp. PE3. On the other hand, 
three strains affiliated to different species – H. uvarum, 
L. thermotolerans and Sta. bacillaris were identified as having strong 
or very strong antagonistic activity through the production volatile 
compounds against all the targets tested, with average IAC (%) values 
of 73, 67, and 68%, respectively.

4. Discussion

Vitis vinifera L. grapevine is one of the most cultivated (in an 
estimated surface area of 7.3 million hectares) and valued fruit crops, 
given the many applications of grape production, from its fresh 
consumption (table grapes and raisins) to its use in the production of 
juices and wines (FAO-OIV, 2016; OIV, 2022). Accordingly, a great 
wealth of technology investment is devoted to control the development 
of fungal rots that may occur during grape maturation and 
postharvest, and reduce the quality and safety of the final product. 
These phytopathogenic fungi include B. cinerea, which is responsible 
for severe gray rot, during pre- and post- harvest (Kassemeyer, 2017); 
several species belonging to Aspergillus and Penicillium, that besides 
being responsible for black and green/blue rots, respectively, are 
recognized as producers of mycotoxins that can cause a risk for human 
health (Serra et al., 2005); and Mucor spp. which are mainly known as 
post-harvest disease causing agents that can develop even at cool 
storage conditions (Kassemeyer, 2017).
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FIGURE 5

Frequency distribution of yeast strains for each species based on their antagonistic activity against the four mold targets. Classes of yeast strains were 
defined based on IAC values: class 0 (no effect: IAC < 5%), class 1 (weak effect: 5% ≤ IAC < 25%), class 2 (moderate effect: 25% ≤ IAC < 50%), class 3 (strong 
effect: 50% ≤ IAC < 75%) and class 4 (very strong effect: IAC ≥75%). Strains with stimulatory effect of mold growth were included in class S. The color 
gradient refers to the percentage of strains in each class. AN1 – Aspergillus niger; BO1 – Botrytis cinerea; MU3 – Mucor sp.; PE3 – Penicillium sp.; CY 
– diffusible compounds assay; VOCs – volatile compounds assay. The number of isolates tested of each species is given in parenthesis.

A B

E F

C D

FIGURE 6

Venn diagrams illustrating the number of yeast strains with inhibitory activity against each target individually, Aspergillus niger AN1 (A), Botrytis cinerea 
BO1 (B), Mucor sp. MU3 (C) and Penicillium sp. PE3 (D), or against all targets (E,F) mediated by diffusible (CY) and volatile compounds (VOCs). The 
number of strains classified on class 3 (strong effect: 50% ≤ IAC < 75%) or class 4 (very strong effect: IAC ≥ 75%) for each mold target were included, 
except for MU3 in the CY assay, where only strains classified on class 2 were included (moderate effect: 25% ≤ IAC < 50%).
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Presently, there is an increasing demand for more sustainable and 
eco-friendly practices in the agricultural ecosystems aiming the 
replacement, or at least the reduction, of the chemical products that 
are currently being used (Wilson and Wisniewski, 1989; Pertot et al., 
2017b). A considerable number of reports have demonstrated the 
antagonistic behavior of several strains of different yeast species 
against phytopathogenic fungi, pointing out their potential for 
biocontrol applications (Zhang et al., 2020; Di Canito et al., 2021). 
Despite the demonstrated efficiency, the number of yeasts available at 
the market for using as biofungicides in grapes against 
phytopathogenic fungi in the pre- and/or postharvest stages remains 
limited (Palmieri et al., 2022). According to the data available on EU 
pesticide database, accessed on 13 January 2023, there are only two 
yeast-based products being commercialized or submitted for approval, 
with different active substances (yeasts), Julieta® (Sac. cerevisiae 
LAS02) and Shemer® (Met. fructicola NRRL Y-27328), both targeting 
only B. cinerea. Thus, the quest for new yeasts with reliable biocontrol 
prospects against grape phytopathogenic fungi continues.

In this study 397 wine yeast strains were tested for their biocontrol 
potential against four major grapes fungal pathogens, A. niger, 
B. cinerea, Mucor sp. and Penicillium sp. This set of yeast strains, 
isolated from grapes/grape-juices and spontaneous grape-juice 
fermentations derived from different Portuguese wine-regions, was 
found to be highly diverse in their taxonomic groups, encompasses 
mostly non-Saccharomyces species (approximately 87%) and 53 Sac. 
cerevisiae strains and thus represents the broad biodiversity common 
in the targeted niche (Fleet and Heard, 1993; Bokulich et al., 2014; 
Pinto et  al., 2015). The exploration of these epiphytic yeasts as 
biocontrol agents arises as a valuable option as they have the advantage 
of not disrupting the local ecological makeup. In addition, while being 
in their natural ecosystem they can evolve better and easily adjust to 
the associated environmental conditions, thus being more prone to 
demonstrate effective and consistent biocontrol activity against grapes 
phytopathogens (Parafati et al., 2015; Pretscher et al., 2018; Pereyra 
et al., 2021). In fact, most of the species represented in our collection 
include previously reported antagonists of grape phytopathogenic 
fungi (Suzzi et al., 1995; Bleve et al., 2006; Raspor et al., 2010; Nally 
et al., 2012; Pantelides et al., 2015; Lemos Junior et al., 2016; Cordero-
Bueso et al., 2017; Pretscher et al., 2018; Reyes-bravo et al., 2019) while 
the antagonistic potential of Nakazawaea ishiwadae and Yamadazyma 
mexicana are herein reported for the first time.

However, the lack of standardized protocols for in vitro dual 
culture assays is a major drawback for the direct comparison of the 
results obtained in the different studies and the accomplishment of 
definitive classification of antagonistic yeasts. Indeed, the level of yeast 
inhibition has been distinctly evaluated, either by arbitrary scales 
(Suzzi et al., 1995; Bleve et al., 2006), inhibition halos (Nally et al., 
2012; Cordero-Bueso et  al., 2017; Reyes-bravo et  al., 2019) or 
percentages (Raspor et al., 2010; Pantelides et al., 2015; Lemos Junior 
et al., 2016; Pretscher et al., 2018; Reyes-bravo et al., 2019)(Lemos 
Junior et al., 2016; Reyes-bravo et al., 2019) obtained by comparing 
the mold colony sizes in the presence of the yeasts with that for its 
single culture at a defined end time point. In addition, the use of a 
panoply of distinct methodologies related with the yeast inoculation 
technique (incorporation, spot, streak or spread plating), type of mold 
inoculum (spore suspension or mycelial plug), nature of interaction 
(direct or indirect contact), period of incubation and the culture 
medium used, introduce even more entropy in the data comparison.

In this work, yeast strains with strong inhibitory activity ( > 50%) 
against all the phytopathogenic fungi tested were found. Overall, the 
strains affiliated to species of Hanseniaspora, Lachancea and 
Starmerella tested in our study were the most effective against 
A. niger, B. cinerea and Mucor sp. Previous studies have already 
reported wine strains of Han. uvarum and Sta. bacillaris with strong 
inhibitory activity against Aspergillus spp. and B. cinerea (Lemos 
Junior et al., 2016; Cordero-Bueso et al., 2017; Fernandez-San Millan 
et al., 2021) and of L. thermotolerans against Aspergillus spp. (Bleve 
et al., 2006). Although L. thermotolerans have already been tested 
against B. cinerea (Nally et al., 2012; Fernandez-San Millan et al., 
2021), our report is the first to demonstrate the antagonism of a wine 
yeast strain of this species against this grape phytopathogen. Also, to 
our knowledge, our study is the first showing the potential of wine 
yeasts to control Mucor sp. development. We were only able to find 
one study on the biocontrol activity of yeasts against Mucor rot of 
pears, by a pear-isolated strain of Cryptococcus infirmo-miniatus 
(Chand-Goyal and Spotts, 1996). Strains of Sac. cerevisiae, Sta. 
bacillaris and the single strain of Hyp. burtonii were found as strong 
inhibitors of Penicillium sp. growth. While wine strains of Sac. 
cerevisiae and Sta. bacillaris have already shown antagonistic behavior 
against P. expansum (Cordero-Bueso et  al., 2017; Fernandez-San 
Millan et al., 2021) the biocontrol potential of Hyp. burtonii against 
Penicillium spp. is herein reported for the first time. However, despite 
being poorly studied, this species has previously shown biocontrol 
potential against other phytopathogenic fungal targets such as 
Alternaria alternata, Aspergillus niger and B. cinerea, either by strains 
isolated from green coffee beans (Poitevin et al., 2020) or grape-must 
(Maluleke et al., 2022).

Biocontrol activity of yeasts by direct mold antagonism is mainly 
mediated by the competition for nutrients and space, secretion of 
non-volatile compounds (including cell wall degrading enzymes) and 
production of volatile compounds (Freimoser et al., 2019). In this 
work, besides the search for secreted hydrolytic enzymes, the yeast 
antagonistic activity was evaluated using two designs of dual-culture 
assays, directed to either the production of diffusible (CY assay) or 
volatile compounds (VOCs assay). The evaluation of the different 
putative modes of action already points toward different prospective 
applications, in pre- and/or postharvest grapes. Accordingly, the 
prior inoculation of fast colonizer strains aided by production of 
antagonistic diffusible compounds (CY assays), could be envisaged 
for both pre- and postharvest applications, as a preventive 
intervention to control development. Yet the safety of the direct 
application of such biocontrol agents on the grape surface must 
be assured as there are reported cases of infections caused by yeasts 
in humans (Nally et al., 2013). On the other hand volatile compounds 
(VOCs assays), which may have a limited activity in the open field 
(Song and Ryu, 2013), but present reduced hazard for both 
environment and human beings (Tilocca et al., 2020) would be more 
likely indicated for post-harvest applications, under more 
controlled environments.

In addition, the original time-course mold growth monitoring 
approach, performed in the present study, allowed the detection of a 
high diversity of mold growth effects induced by yeasts. Indeed, it has 
been demonstrated that the comparison based on time series analysis 
enables a more thorough and objective comparison of the influence 
of environmental conditions on mold growth dynamics (De Ligne 
et  al., 2019). All the aforementioned studies that evaluated the 
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antagonistic effect of yeasts on phytopathogenic mold growth, neglect 
time, measuring mold growth inhibition after a predetermined 
number of days. Additionally, since the yeast effects on the inhibition 
of spore germination may differ from those involved in the inhibition 
of mycelial extension, the use of spore suspensions coupled with daily 
monitoring of mold growth allowed us to identify potentially effective 
new strains that could not be revealed by using mycelial plugs. Taken 
together, our approach further uncovered important yeast-mediated 
effects throughout the experiments besides the commonly measure 
of reduction of mold growth, including the inhibition or delay of 
spore germination and the complete arrest of mycelial extension, and 
even their stimulation at different mold growth stages, this being 
highly dependent on yeast species/genus, mode of action and 
mold target.

Herein we uncover a remarkable intra and interspecific diversity 
in the yeast inhibition levels against mold targets, which is in line with 
previous works (Suzzi et al., 1995; Raspor et al., 2010; Lemos Junior 
et al., 2016). Besides, our approach also emphasizes the wide range of 
yeast-induced antagonistic profiles across different yeast species and 
strains. Yet, no association could be established between the genotypic 
diversity within a species and the respective diversity of antagonistic 
responses, nor with the intensity of the inhibition induced by strains, 
demonstrating that taxonomic affiliation is not a reliable predictor for 
biocontrol potential.

The diversity of yeast-mediated mold growth responses led us to 
propose another parameter, IAC (%), based on the area under the 
mycelial extension/time curve (AUC; mm.s), which integrates the 
different effects over time. The AUC measure is also preferred in 
other fields of study such as pharmacology where, for example, it is 
used to accurately estimate the extent of a body’s exposure to a 
particular drug over time (Scheff et al., 2011). The use of IAC (%) 
allows ascribing greater prominence to antagonists that inhibit spore 
germination and that would be  more suitable for preventive 
treatments, as their associated AUCs would be low. However, the IAC 
(%) underestimates the inhibitory effect of the strains that lead to the 
early cessation of mold growth, and would likely be excluded during 
the selection process, as the AUC (mm.day) will be  accounted 
throughout. This highlights the importance of analyzing the mold 
growth profiles as an independent step, yet complementary to the 
calculated inhibition parameters, IRG (%) and IAC (%), during a 
selection program.

Overall, the response patterns prompted by yeast in the CY assays 
correspond to a decrease of mold mycelia extension rate, that 
ultimately led to the early complete arrest of mycelial extension, after 
a regular initial growth. Our CY assay setup does not allow 
distinguishing the production of diffusible metabolites (antibiosis), 
or competition for nutrients, or the secretion of extracellular enzymes 
as the underlying mechanism of inhibition (Freimoser et al., 2019). 
However according to our results, we could not find a direct link 
between the secretion of glucanases, chitinases, proteases and 
mannanases, that may degrade the cell wall constituents of the tested 
molds, and the antagonism observed in the CY assays. Indeed, our 
screening for hydrolytic enzymatic activities uncovered intra-genus 
and several intraspecific differences within the yeast isolates, with 
Aur. pullulans strains exhibiting the highest diversity of lytic enzymes 
released, in line with the recognized ability of this species (Bozoudi 
and Tsaltas, 2018). On the other hand, glucanase activity was highly 
frequent in our L. thermotolerans strains, a feature that has been 

previously identified for this species (Romo-Sánchez et al., 2010), 
although it is considered rare (Vicente et al., 2021). Nevertheless, the 
role of these hydrolytic enzymes on the inhibitory activity of these 
species was unclear, as no enhanced antagonism was detected in 
CY assays.

In the CY assays, a strong deceleration, or even the arrest, of 
mycelial extension of mold growth, induced mainly by Met. 
pulcherrima and Sta. bacillaris was detected against the most 
phylogenetically closer targets, A. niger and Penicillium sp. Also, a 
delay in spore germination of these mold targets by strains of 
Hanseniaspora spp. and Sta. bacillaris was found. These observations 
suggest the involvement of diffusible compounds on mold inhibition, 
with the distinct effects being dependent on their toxicity, and rates of 
production and diffusion (Swadling and Jeffries, 1996). In practice, 
yeasts strains with marked effects on mold mycelial extension, may 
be also important as protective agents to reduce disease severity and 
spread to other fruit clusters. Regardless, depending on the 
concentration of the active compound(s), these inhibitory effects are 
amenable to be  optimized to achieve maximum effectiveness in 
practical applications.

The production of volatile compounds appeared to be a major 
mechanism of yeast-mediated inhibition of the four mold targets, with 
maximum IACs (%) surpassing 90%. Alcohols and their respective 
esters, have been associated with the antagonistic activity of yeasts 
against phytopathogenic fungi (Tilocca et  al., 2020). The most 
reported inhibitory volatile compounds produced by yeasts include 
2-phenylethanol and its respective ester 2-phenylethyl acetate and 
1,3,5,7-cyclooctatetraene and 3-methyl-1-butanol, 2-ethyl-hexanol 
and ethyl acetate (Masoud et al., 2005; Huang et al., 2011, 2012; Hua 
et al., 2014; Di Francesco et al., 2015; Farbo et al., 2018; Oro et al., 
2018). Wine yeasts have been described as large producers of several 
of these volatile compounds, mainly in the context of grape-juice 
fermentation where they are interesting for the development and 
complexity of wine aroma (reviewed in Petruzzi et al., 2017; Liu et al., 
2022). A formulation of a product with a bi-functional role of 
application, as a biocontrol and bioflavoring agent could then 
be foreseen for the strains of these species that presented the best 
inhibitory performances in this work, as proposed by Lemos Junior 
et al. (2016).

A relevant effect induced on the mold targets by volatile 
compounds was the delay on spore germination, detected in A. niger, 
Mucor sp. and Penicillium sp. These compounds are known to be used 
by fungi as chemical signals to control physiological processes such as 
nutrient acquisition, sporulation, sexual development and spore 
germination (Leeder et al., 2011; Bennett et al., 2012). It is known that 
when too many spores exist in proximity, fungi may produce volatile 
compounds to act as self-inhibitors of spore germination (Bitas et al., 
2013). The volatile compounds produced by the yeast strains may have 
a similar chemical constitution and be perceived as self-inhibitors or 
in turn, other compounds with different chemical structure may 
be produced that disturb mold chemical signaling. In the present 
study, Mucor sp. has been shown to be the most susceptible to the 
volatile compounds produced, with 68% of yeast strains being strong 
or very strong inhibitors, particularly strains of Han. uvarum, 
L. thermotolerans, Sac. cerevisiae and Sta. bacillaris. This result 
suggests that Mucor sp. sporangiospores might be more sensitive than 
the conidia of the ascomyceteous fungi, especially those of B. cinerea, 
to the volatile compounds produced by the wine yeasts strains. A 
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discrepant sensitivity between spores of B. cinerea and Mucor 
racemosus has been reported by Catskx et al. (1975) that studied the 
effects of volatile metabolites released by swelling seeds on spore 
germination of five genera of fungi.

Strikingly, a Met. pulcherrima strain was found in this work to 
completely inhibit the spore germination of Penicillium sp. through 
the production of volatile compounds. The antagonistic activity of 
Met. pulcherrima strains has been for long reported and is mainly 
associated with the iron depletion and diffusion of the pulcherrimin 
pigment (Sipiczki, 2006). Our findings may therefore be useful to 
further expand its range of applications. Several strains of other 
species, mainly of Han. uvarum and Sta. bacillaris showed a 
temporary inhibition of spore germination of all the mold targets, 
except B. cinerea. From the practical point of view, complete 
inhibition of spore germination is always the most desirable as a 
treatment, preventing fungal proliferation and associated diseases in 
fruits. These strains could be  useful to achieve grapes protection 
during the timeframes more crucial to target pathogen proliferation 
in the vineyard. At postharvest, they could be as well advantageous 
during transportation and storage, to extend the fruit shelf-life.

5. Conclusion

The time-course analysis performed in this study provided a 
robust exploitation of the biocontrol potential of a large set of wine 
yeasts, enabling the identification of yeast effects on mold targets at 
different growth stages. The wide diversity of inhibitory effects found, 
highlighted the importance of establishing target-and application-
oriented protocols for yeast strain selection. Herein, a catalog of 
potential biocontrol agents, including several with a large target-
spectrum of activity and versatility of mode of action was established. 
Particularly, strains of Han. uvarum, L. thermotolerans, Met. 
pulcherrima and Sta. bacillaris stood out as the best candidates for 
application either in pre- or post-harvest grapes, being very interesting 
for further research. Yeast consortia, combining yeasts with distinct 
modes of action and effects on spore germination and mold growth, 
could be a promising strategy in the formulation of new ecosystem-
based tools as environmentally friendly alternatives to chemical 
fungicides, supporting the development of a more 
sustainable vitiviniculture.
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