
fmicb-12-704519 July 17, 2021 Time: 18:46 # 1

ORIGINAL RESEARCH
published: 22 July 2021

doi: 10.3389/fmicb.2021.704519

Edited by:
Khamis Youssef,

Agricultural Research Center, Egypt

Reviewed by:
Kamal A. M. Abo-Elyousr,

Assiut University, Egypt
Rachid Lahlali,

Ecole Nationale d’Agriculture
de Meknès, Morocco

*Correspondence:
Hongyin Zhang

zhanghongyin126@126.com

Specialty section:
This article was submitted to

Food Microbiology,
a section of the journal

Frontiers in Microbiology

Received: 03 May 2021
Accepted: 31 May 2021
Published: 22 July 2021

Citation:
Godana EA, Yang Q, Zhao L,

Zhang X, Liu J and Zhang H (2021)
Pichia anomala Induced With

Chitosan Triggers Defense Response
of Table Grapes Against Post-harvest

Blue Mold Disease.
Front. Microbiol. 12:704519.

doi: 10.3389/fmicb.2021.704519

Pichia anomala Induced With
Chitosan Triggers Defense Response
of Table Grapes Against Post-harvest
Blue Mold Disease
Esa Abiso Godana1, Qiya Yang1, Lina Zhao1, Xiaoyun Zhang1, Jizhan Liu2 and
Hongyin Zhang1*

1 School of Food and Biological Engineering, Jiangsu University, Zhenjiang, China, 2 School of Agricultural Engineering,
Jiangsu University, Zhenjiang, China

To study the mechanism by which Pichia anomala induced with chitosan (1% w/v)
controls blue mold disease in table grapes caused by Penicillium expansum, this study
evaluated alterations in three yeast enzymatic activities. The changes in the five primary
disease defense-related enzymes and two non-enzyme activities of table grapes were
assayed. The results of the study showed that chitosan (1% w/v) significantly increased
the yeast β-1,3-glucanase, catalase (CAT), and malondialdehyde (MDA) activities.
Furthermore, P. anomala alone or induced with chitosan (1% w/v) significantly increased
the table grapes enzymatic activities of Polyphenol oxidase (PPO), phenylalanine
(PAL), peroxidase (POD), and catalase (CAT) compared to the control. The RT-qPCR
results also confirmed that the genes of these major disease defense enzymes were
up-regulated when the table grapes were treated with P. anomala. The highest results
were recorded when the fruit was treated by yeast induced with chitosan (1% w/v).
The phenolic compounds, in addition to their nutritional value, can also increase the
antimicrobial properties of table grapes. The current experiment determined that the
total phenol and flavonoid contents of table grapes showed the highest results for fruits
treated by P. anomala induced with chitosan compared with the control. Generally, the
increment of these fruit enzymatic and non-enzymatic activities shows improved table
grape defense against the pathogenic fungus. The induction of the yeast with chitosan
also increases its bio-control efficacy against the pathogen. This study will enable future
detailed investigation in the yeast pathogen control mechanisms and the use of yeasts
as bio-pesticides.

Keywords: grape, post-harvest disease, Pichia anomala, Penicillium expansum, enzyme activity, total phenol and
flavonoid

Abbreviations: CAT, catalase; MDA, malondialdehyde; PPO, Polyphenol oxidase; PAL, phenylalanine; POD, peroxidase.
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INTRODUCTION

The United Nations has indicated that for the first time in
recent history world hunger is on the rise. It is clear that we
are not going to be able to meet the global food shortage
crisis by simply producing more food as we did during
the “Green Revolution.” Even with our most advanced food
production technologies, we are going to fall far short of
producing enough food to feed the world’s increasing population,
which is expected to reach 9.6 billion by 2050. To feed this
growing population, we must save substantially more food than
we currently produce. Until recent years, a disproportionate
amount of our resources have been invested in the production
of food (95%) while only (5%) has been dedicated to the
post-harvest preservation of food. This has left us with
tremendous post-harvest “Skill Gaps” and “Technology Gaps” in
developing countries.

Of the total food produced for human consumption in the
world, one-third is lost or wasted every year. This amounts to
an approximate cost of $680 billion in developed countries and
around $310 billion in developing countries (Sawicka, 2019).
When we compare industrialized and developing countries,
a similar amount of food is wasted (670 and 630 million
tons, respectively). Of this massive world food loss, fruits and
vegetables take the largest share. Generally, post-harvest loss of
these perishables is estimated from 40 to 50%. Although there
are different causes for post-harvest losses for these perishables,
post-harvest diseases are major contributing factors. Therefore,
the control of post-harvest diseases could significantly help to
reduce this massive food loss after production, providing a
sustainable solution to increase food availability, reduce pressure
on natural resources, eliminate hunger, and improve farmers’
living conditions (Sawicka, 2019).

Due to their physiological nature, table grapes are highly
susceptible to post-harvest diseases. Penicillium expansum is
the primary causal agent of blue mold disease in table grapes
(Zoffoli and Latorre, 2011; Sanzani et al., 2013). This destructive
pathogen colonizes the fruit surface and causes massive economic
loss during storage and shipment (Spadaro and Droby, 2015;
Wisniewski et al., 2016). The disease causes light brown skin
discoloration initially and ends with soft and wet rot, which
quickly colonizes the entire berry (Franck et al., 2005). Blue-green
colonies may appear on the fruit’s surface, and the decayed fruit
has a musty odor (Zoffoli and Latorre, 2011).

Sulfur dioxide (SO2) is an effective treatment that is used
to control the table grapes post-harvest decay during cold
storage (Sanzani et al., 2012). The fungicide can control the
germination and spread of P. expansum on the surface of
the grapes (Sanzani et al., 2012). However, the use of SO2
has some limitations (1) it causes surface bleaching for fresh
grapes (de Oliveira et al., 2014), (2) it affects people who
have sulfite allergies, and (3) restriction of chemical use in
some countries affects grape producers. Therefore, scientists
are currently searching for alternative control methods that are
safe, effective, and environmentally friendly. Microbial biological
control agents are among those getting more attention from
researchers in recent years.

Several microorganisms (yeasts, bacteria, and fungi) have been
reported for their potential to control post-harvest diseases in
fruit and vegetables (Madbouly et al., 2020; Abo-Elyousr et al.,
2021). Microorganisms isolated from the surface of fruits have
applications due to the high survival rate on surfaces of fruits
during treatment. Yeasts that naturally occur on the surface
of fruits are useful antagonists for the control of post-harvest
diseases. Yeasts are preferred for their ability to survive harsh
environmental conditions and because they do not produce
mycotoxins and allergies, and survive on a wide range of nutrients
(Elisabeth et al., 2002).

The ascomycetous yeast Pichia anomala was first reported as
having high anti-fungal activity by Boysen et al. (2000). Since
then, numerous research on the use of yeast as a potential post-
harvest bio-control have been conducted. Our previous research
investigated that P. anomala has high anti-fungal activity against
P. expansum in table grapes (Godana et al., 2020). We also
determined that the yeast’s pre-treatment with chitosan (1% w/v)
enhances the yeast’s antagonistic efficacy. Zhao et al. (2012)
reported that the P. anomala (strain FY-102) isolated from the
surface of apples has a high antagonistic effect against Botryitis
cinerea. In addition to the control of post-harvest decay of
table grapes, P. anomala has an outstanding contribution to the
viticulture industry. It contributes positively to the wine aroma
by the production of volatile compounds, mainly ethyl acetate. It
also helps with early fermentation in the wine industry (Renouf
et al., 2007). However, excessive use of P. anomala can spoil the
wine due to there being too much acetic acid and ethyl acetate
production (Plata et al., 2003).

In the last three decades, antagonistic yeast and other
biological control agents have gained more attention (Wang
et al., 2018). Different biological control agents (BCAs), bioactive
compounds, food additives, and the mechanisms involved
in biological control have been explored to explicate and
develop bio-control products. Therefore, understanding the
mechanisms of action of BCAs is imperative to improving
viability and increasing their efficacy in disease control
(Di Francesco et al., 2016).

Numerous reports show that yeasts have the potential to
enhance the enzymatic activities and total phenolic compounds
during post-harvest treatment in fruits and vegetables. For
example, Mahunu et al. (2016) reported that Pichia caribbica with
phytic acid can induce the PAL, POD, and CAT in apples which
help the fruit to combat the blue mold disease. Other researchers
also confirmed the use of yeast alone or in combination can
significantly induce the major disease defense-related enzymes
and phenolic compounds in post-harvest fruits and vegetables
(Li and Tian, 2006; Al-Qurashi and Awad, 2015; Qin et al., 2015;
Zhao et al., 2018; Abdelhai et al., 2019; Wang et al., 2019).

Our previous study showed a promising result that P. anomala
could be an alternative post-harvest treatment instead of
chemical fungicides to control post-harvest diseases of table
grapes. However, the yeast pathogen control mechanism cannot
thoroughly be investigated. Studying the yeast’s effect on the
fruit physiology, whether it boosts its defense ability is very
important for commercializing these antagonistic yeasts in the
bio-pesticide market. Therefore, our current study aimed to
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understand the yeast control mechanisms, specifically (1) to
determine changes in the enzymatic activities of P. anomala
after being incubated in 1% chitosan (w/v), and (2) to ascertain
the metabolic response of the enzymatic and non-enzymatic
activities of table grapes after being treated by the yeast
P. anomala induced with chitosan (1% w/v).

MATERIALS AND METHODS

Grapes
Table grapes (Vitis vinifera cv. Red Globe) were harvested from a
vineyard located in Zhenjiang, Jiangsu, China. Fruits were taken
to the research lab and sorted based on their color, size, ripeness,
and free from mechanical damage. The sorted fruits were then
surface disinfected with 0.2% (v/v) sodium hypochlorite (Tianjin
Kaifeng Chemical Co., Ltd.) for 1 min.

Yeast
P. anomala (strain TL0903) was isolated from soil and preserved
in the China General Microbiological Culture Collection Center
No. 3616 and used for the experiment. The yeast has been
preserved in nutrient yeast dextrose agar (NYDA) at 4◦C after
receiving from the culture center. The yeast was activated
in nutrient yeast dextrose broth (NYDB) media before each
experiment and was incubated in the rotary shaker (180 rpm) for
24 h at 28◦C. The cells were centrifuged at 8000 × g for 6 min and
washed three times with sterilized distilled water. The cells then
adjusted to the required concentration using a hemocytometer
(XB-K-250, Jianling Medical Device Co., Danyang, China).

Chitosan
Chitosan with 90% deacetylation was bought from Sangon
Biotech Co., Ltd. (Shanghai, China).

Pathogen
Penicillium expansum was isolated from overripe grapes by our
research group according to the method described by Dahiya
et al. (2006). After isolation, the fungus was preserved on potato
dextrose agar (PDA) media at 4◦C. Before each experiment,
the fungi were activated, and after 7 days of culture, fresh
spore suspension was used. P. expansum spores were removed
using a bacteriological loop and suspended in sterilized distilled
water and thoroughly mixed for 30 min using a vortex. The
spore concentration was adjusted to 1 × 105 spores/mL before
each experiment.

Changes in Enzymatic Activities of
P. anomala Induced With Chitosan
To determine the enzymatic activities of β-1,3-glucanase, catalase
(CAT), malondialdehyde (MDA), P. anomala was cultured in
NYDB media alone or NYDB media supplemented with 1%
chitosan. The crude enzyme was extracted according to the
methods described by Zhao et al. (2012). Briefly, the culture of
yeast alone or incubated with chitosan (1% w/v) was washed three
times. Then it was ground in liquid nitrogen and transferred to

the 50 mL tubes. The CAT activity was determined according
to the method described by Wang et al. (2018). Briefly, 10 mL
of phosphate buffer and 10% trichloroacetic acid were added to
the ground powder to determine the CAT and MDA activities,
respectively. Then the crude extract was used for further analysis.
To determine the CAT activity, 10 mL cold sodium phosphate
buffer was added to 3 mL crude enzyme extract and centrifuged
at 10000 × g for 5 min. Then, 0.5 ml of the mixture, 2 mL
sodium phosphate buffer, and 0.5 mL hydrogen peroxide were
used for the analysis. One unit was defined as the decrease
in absorbance 240 nm of 0.01 protein in one minute and was
expressed as U/mg protein.

The MDA content was determined according to the method
described by Mahunu et al. (2016). Briefly, 2 mL of 0.5
thiobarbituric acid (TBA) in 15% trichloroacetic acid was added
to a 1.5 mL crude extract. The mixture was then heated for
20 min at 95◦C and then cooled in ice for 5 min. Finally, it was
centrifuged at 12000 × g for 10 min and the absorbance was
measure at 532 and 600 nm. The unit was expressed by µmoL/mg
protein. The β-1,3-glucanase activity was analyzed according to
the method described by Zhao et al. (2012). Briefly, the culture
was collected and centrifuged at 7000 × g for 10 min at 4◦C.
Then, the supernatant was collected and filtered using a 0.45 µL
filter membrane. Then 250 µL of crude extract was added to
250 µL of 0.2% laminarin (w/v) in potassium acetate buffer
(50 mM, pH 5). The mixture was then incubated at 37◦C for 1 h.
Finally, 3,5 dinitrosalicylate was added, boiled for 5 min and the
absorbance was measured at 500 nm. One unit was defined as
the formation of 10 mg glucose by hydrolysis of laminarin in one
hour, and the unit was expressed as U/mL supernatant. There
were three replications in each treatment and each experiment
was repeated two times for confirmation.

Analysis of Table Grapes
Defense-Related Enzyme Activities After
Being Treated by P. anomala Induced
With Chitosan (1% w/v)
Crude Extraction
To assess the effect of P. anomala alone or induced with
chitosan (1% w/v) on major disease defense-related enzymatic
activities of table grapes, uniform wounds (3 mm deep × 3 mm
diameter) were made at the center of each grape berries. Then,
(1) 15 µL sterile distilled water, (2) 15 µL of the P. anomala
suspension (108 cell/mL), (3) 15 µL of the P. anomala suspension
(108 cell/mL) pretreated with chitosan (1% w/v) were pipetted
into each wound. After 2 h, 15 µL P. expansum (1 × 105

spore/mL) was inoculated into each sample. The grapes were then
wrapped with plastic film to keep high R.H. (95%) and incubated
at 20◦C for 3 days. Samples were taken every 24 h for three
consecutive days. The wound tissues of five grapes were excised
(6 mm deep) using a sterile cork borer. After that, 10 mL of sterile
distilled water was added to 3 g of the excised tissue. Then, 50 mM
phosphate buffer consisting of polyvinyl pyrrolidone (1%) and
1.33 mM was added to the sample. There were three replications
in each treatment and each experiment was repeated two times
for confirmation.
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Polyphenol Oxidase (PPO) Activity
The PPO activity was determined according to Aquino-Bolaños
and Mercado-Silva (2004). The crude enzyme extract (0.1 mL)
was added to 2.9 mL sodium phosphate buffer (50 mM, pH 6.4,
contains 0.1 mM catechol). Then, the samples were heated in a
water bath (30◦C) for 5 min. Changes in absorbance at 398 nm
were recorded every 30 s for 3 min. The enzyme activity was
expressed as unit mg/FW.

Phenylalanine Ammonia-Lyase (PAL) Activity
The PAL activity was determined according to the method
used by Zhang et al. (2013). The crude enzyme (1 mL) was
added to a 3 mL borate buffer (50 mM, pH 8.8, containing
10 mM phenylalanine). The solution was thoroughly mixed and
heated (37◦C for 60 min), and the absorbance was recorded at
290 nm. One PAL unit was defined as the formation of 1 µg of
cinnamic acid equivalents per hour, and the specific activity was
expressed as unit mg/FW.

Peroxidase (POD) Activity
The POD activity was determined according to the method
described by Lurie et al. (1997). Crude enzyme extract (0.2 mL)
was added to guaiacol 2.2 mL of 0.3% (50 mM sodium phosphate
buffer, pH 6.4). The mixture was then incubated at 30◦C for
5 min. The POD was measured at 470 nm every 30 s for 3 min.
The enzyme activity was expressed as unit mg/FW.

Catalase (CAT) Activity
The CAT activity was determined according to the method
described by Wang et al. (2004). In detail, 10 mL cold sodium
phosphate buffer (100 mM, pH 7.8) was added to 3.0 ml of
the crude enzyme extract. The mixture was then centrifuged at
1000 × g for 15 min. After that, 2 mL of sodium phosphate
buffer (50 mM, pH 7.0), 0.5 mL enzyme extract, and 0.5 mL
H2O2 (40 mM) were used to measure the H2O2 decomposition
at 240 nm absorbance. The CAT enzyme activity was expressed
in mg/FW, where one unit of catalase converts one µmol of
H2O2 per min.

RT-qPCR for Determination of
Defense-Related Genes Expression
Levels
RNA was extracted from 2 g frozen table grape tissue (stored
at −80◦C) according to the Spin Column Plant Total RNA
Purification Kit (Sangon Biotech, Shanghai, China). Both the
purity and quantity were checked using a Spectrophotometer
(Thermo Scientific, Fresno, CA, United States) at 260 and
280 nm. The concentration and integrity of RNA were evaluated
using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100
system (Agilent Technologies, Santa Clara, CA, United States).
The first-strand cDNA was synthesized from the RNA using
the PrimeScript RT reagent kit with gDNA Eraser (Takara-
Dalian, China) in PCR System. Specific primers were obtained
from Sangon Biotech (Shanghai, China). The RT-qPCR was
conducted with Bio-Rad CFX96 Real-Time PCR System (Applied
Biosystems, United States) and the computer program set
according to Youssef et al. (2020). The RT-qPCR was carried

out using T.B. Green
R©

Fast qPCR Mix (TAKARA BIO Inc.,
Shiga, Japan) and determined in ABI PRISM 7500 Real-Time
PCR System (Applied Biosystems, United States) according to
the manufacturer’s instructions. The melting cycle was 95◦C
for 15 s, 60◦C for 1 min, 95◦C for 15 s, and 62◦C for
15 s. Relative gene expression levels were calculated according
to the method of 2−11CT (Livak and Schmittgen, 2001).
The experiment was conducted twice, and there were three
replications per treatment.

Non-enzymatic Assays
Sample Preparation
The treatments were prepared according to the procedures
described above. Samples were then taken at 0, 24, 48, and 72 h for
analysis. The wound tissues of table grapes were excised using a
sterile cork borer, and 1.0 g of each sample was prepared in 10 mL
of 70% ethanol (v/v). After that, the suspension was shaken in
a rotary shaker for 2 h (120 rpm at 30◦C). Finally, the extract
was centrifuged at 1013 × g for 5 min, and the supernatant
was reserved for further analysis. The suspension was used to
determine the total phenolic compound and flavonoid contents
(Vázquez et al., 2008).

Total Phenolic Content
The total phenolic content of table grapes was measured by
spectrophotometry method using the Folin-Ciocalteu reagent
(Swain and Hillis, 1959). Specifically, 1 mL extract, 9 mL
double-distilled water, and 1 mL Folin-Ciocateau were added
to a 25 mL volume flask. The mixture was then shaken
for 5 min, and 10 mL Na2CO3 (7%) were added to the
flask. Finally, double distilled water was added to the flask
to bring the final volume to 25 mL and incubated for
90 min. Gallic acid at concentrations of 20, 40, 60, 80, and
100 mg/L were used as standard, and the absorption was
measured at 750 nm. The results were expressed as mg of
gallic acid equivalents (GAE) per 100 g dry weight (DW).
The experiment was conducted twice, and there were three
replications per treatment.

Total Flavonoid Content
The total flavonoid contents of table grapes were determined,
according to Gurnani et al. (2016). Briefly, the reaction
medium containing 250 µL of the ethanolic extract, NaNO2
(5% w/v), AlCl3 (10% w/v), and NaOH (4% w/v) was prepared,
and absorption was measured at 425 nm against the blank.
Quercetin at concentrations of 50, 100, 200, 300, 400, and
500 mg/L were used as standard. The results were expressed
as mg quercetin equivalents (QE) per 100 g dry weight (DW).
The experiment was conducted twice, and there were three
replications per treatment.

Statistical Analysis
All collected data were from a representative experiment and
all experiments were repeated at least twice. The Analysis of
Variance (ANOVA) was carried out using Minitab Version 17
(Minitab LLC, State College, PA, United States). Tukey’s test
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was used for mean comparison, and P < 0.05 was considered
statistically significant.

RESULTS

Changes in Enzymatic Activities of
P. anomala Induced With Chitosan
The β-1,3-glucanase activity, CAT, and MDA content of
P. anomala induced with 1% chitosan for 5 days are shown
in Figure 1. As shown in the figure, the activity of β-1,3-
glucanase increased with the storage time. A higher result
was recorded for yeast incubated with chitosan as compared
to the control. Incubation of P. anomala with 1% chitosan
also significantly induced the activity of CAT as compared
to the control. Even though the initial MDA accumulation
of the yeast was the same, it showed significantly lower
results for the yeast incubated with 1% chitosan. These results

confirm that chitosan (1% w/v) can enhance the bio-control
efficacy of P. anomala.

Analysis of Table Grapes
Defense-Related Enzyme Activities After
Being Treated by P. anomala Induced
With Chitosan (1% w/v)
Polyphenoloxidase (PPO) Activity
The PPO activity of grapes treated with P. anomala and
P. anomala supplemented with chitosan (1% w/v) stored at
20◦C is shown in Figure 2A. In the first 24 h, there was no
significant difference between P. anomala alone, and P. anomala
supplemented with chitosan (1% w/v). However, after 24 h
P. anomala supplemented with chitosan (1% w/v) showed the
highest PPO activity compared to the other two treatments.
The control group showed the lowest activity throughout the

FIGURE 1 | The β-1,3-glucanase activity, CAT, and MDA content of P. anomala induced with 1% chitosan for 5 days are shown in Figure. (A) The activity of
β-1,3-glucanase increased with the storage time. A higher result was recorded for yeast incubated with chitosan as comparedto the control. Incubation of P.
anomala with 1% chitosan also significantly induced the activity of CAT as comparedto the control (B). Even though the initial MDA accumulationof the yeast was the
same, it showed significantly lower results for the yeast incubated with 1% chitosan (C).
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FIGURE 2 | Time course change of disease defense-related enzyme activities in grapes incubated at 20◦C and 95% R.H for 3 days (A) PPO, (B) PAL, (C) POD, and
(D) CAT. Treatments were as follows: (A) Control (double distilled water), (B) P. anomala alone (1 × 108), and (C) P. anomala enhanced with chitosan (1% w/v). Each
treatment was replicated three times, and values with different letters are significantly different according to Tukey’s mean comparison (p < 0.05) test.

storage period. This showed that the yeast could initiate PPO
activity in grapes.

Phenylalanine Ammonia Lyase (PAL) Activity
P. anomala alone and P. anomala supplemented with chitosan
(1% w/v) induced the PAL activity during the first 2 days of the
storage period and decline after decline on day 3 (Figure 2B).
PAL activity in grapes was highly induced for those treated by
P. anomala supplemented with chitosan (1% w/v) compared to
grapes treated with P. anomala alone the first 2 days. However,
the PAL activity showed a similar result after 3 days of storage
at 20◦C. The control group showed the lowest PAL activity
throughout the storage period. These suggest that P. anomala
has a significant effect on inducing PAL activity during post-
harvest storage.

Peroxidase (POD) Activity
The POD activity of grapes significantly increased in both
treatments than the control during the storage period at 20◦C

(Figure 2C). For grapes treated with P. anomala alone and
P. anomala supplemented with chitosan (1% w/v), the enzyme
activity sharply increased on the first storage day and then
declined. However, the control group showed an increase
in POD activity until 48 h and then sharply declined. The
control group showed the lowest enzyme activity, and grapes
treated with P. anomala were supplemented with chitosan
(1% w/v) and showed the highest enzyme activity throughout
the storage period.

Catalase (CAT) Activity
The CAT activity of grapes treated with P. anomala alone
and P. anomala supplemented with chitosan (1% w/v) is
shown in Figure 2D. The CAT activity increased during
the first day of storage and started to decline after 24 h
of storage. The control group showed the lowest enzyme
activity, and grapes treated with P. anomala supplemented
with chitosan (1% w/v) showed the highest enzyme activity
throughout the storage period. After 72 h of storage, the
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FIGURE 3 | Time course change of defense-related genes expression in table grapes. (A) polyphenol oxidase (PPO), (B) phenylalanine ammonia-lyase (PAL), (C)
peroxidase (POD), and (D) catalase (CAT ) enzymes. The results were obtained using RT-qPCR to determine relative gene expression levels of table grape berries
incubated at 20◦C from 0 to 72 h. Treatments: CK (Control) (sterile distilled water), CY (yeast incubated in 1% chitosan), and Y (Yeast alone). The results represent
the mean of two independent experiments, each treatment with three replicates. Different letters on each bar indicate statistical significance at p < 0.05 using
Tukey’s mean separation test. 0 h means 1 h after the treatments were carried out.

CAT activity of grapes treated with P. anomala alone
and the control group showed below the initial CAT
activity (17 U mg/FW).

Effect P. anomala Induced With Chitosan
on Defense-Related Enzyme Genes
Expression Levels of Table Grapes
The RT-qPCR experiment was conducted to confirm the
reliability of the activity of the defense-related enzymes discussed
in section “Analysis of Table Grapes Defense-Related Enzyme
Activities After Being Treated by P. anomala Induced With
Chitosan (1% w/v).” The RT-qPCR of the five major defense-
related enzymes shown in Figure 3. As shown in Figure 3A,
the PPO enzyme gene expression was highest for table grapes
treated with chitosan induced with chitosan (1% w/v) throughout
the storage period.

On the second storage day, the highest expression level of PPO
was recorded as around 9.45 fold that of the control group. The

relative gene expression of the APX enzyme sharply rises the next
day soon after storage, where it peaked 48 h after storage. The
gene expression then started falling down the next day.

Throughout the storage period, grapes treated with
P. anomala induced with chitosan showed the highest APX
gene expression, which is a confirmatory finding for the previous
results. The CHI enzyme gene expression is shown in Figure 3C.
As shown in the figure, tables grapes treated with P. anomala
induced with chitosan (1% w/v) showed the highest expression
level compared to the yeast alone and the control group. The
highest CHI expression was recorded 24 h after storage, which
was about 4.05 fold of the control group.

On the third and fourth days, the CHI gene expression of
table grapes treated with P. anomala was the same as the control
group even though it showed a higher result on the second day.
PAL enzyme’s relative gene expression sharply rises the next day
soon after storage, where it reached its peak point on the third
day after storage. Throughout the storage period, grapes treated
with P. anomala induced with chitosan (1% w/v) showed the
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FIGURE 4 | Time course change of phenol content (mg gallic acid
equivalents/100 g DW) extracts from table grape stored at 20◦C. Treatments:
CK (Control) (sterile distilled water), CY (P. anomala incubated in 1% chitosan),
and Y (P. anomala alone). The results represent the mean of two independent
experiments, each treatment with three replicates. Different letters on each bar
indicate statistical significance at p < 0.05 using Tukey’s mean separation
test. 0 h means 1 h after the treatments were carried out.

FIGURE 5 | Time course of flavonoid content (mg quercetin equivalents/100 g
DW) extracts from table grape stored at 20◦C. Treatments: CK (Control)
(sterile distilled water), CY (P. anomala incubated in 1% chitosan), and Y
(P. anomala alone). The results represent the mean of two independent
experiments, each treatment with three replicates. Different letters on each bar
indicate statistical significance at p < 0.05 using Tukey’s mean separation
test. 0 h means 1 h after the treatments were carried out.

highest PAL gene expression, which is a confirmatory finding for
the previous results. The CAT enzyme’s relative gene expression
sharply rose, where it showed the highest results for table grapes
treated with P. anomala induced with chitosan (1% w/v). The
highest result was seen on the third day after storage for table
grapes treated with P. anomala induced with chitosan, which was

about 23.5 fold that of the control group. Throughout the storage
period, grapes treated with P. anomala induced with chitosan
showed the highest CAT gene expression, which is a confirmatory
finding for the previous results.

In general, the above defense-related enzyme gene expression
levels of table grapes were significantly up-regulated by
P. anomala induced with chitosan (1% w/v), and the results
verified the accuracy of enzyme activity experiments in
section “Analysis of Table Grapes Defense-Related Enzyme
Activities After Being Treated by P. anomala Induced
With Chitosan (1% w/v).”

Non-enzymatic Assays
Total Phenolic Content
The total phenolic content of table grapes treated with P. anomala
or P. anomala induced with chitosan (1% w/v) is shown in
Figure 4. Grapes treated with P. anomala induced with chitosan
showed the highest total phenolic content (ranged between 41.67
and 97.33 mg of gallic acid equivalents/100 g DW (GAE/100 g
DW)) during the storage period. The highest total phenolic
content was recorded at 48 h post-treatment, which was more
than 1.5 fold than the control group. Grape tissue without any
treatment (the control) showed the lowest total phenolic content
(ranging between 42.67 and 73.33 GAE/100 g DW) during
the storage period.

Total Flavonoid Content (TFC)
The TFC of grape tissues at a different time interval during the
storage period is shown in Figure 5. Comparing the grape tissues
treated with P. anomala induced with chitosan (1% w/v) with
the control group, the TFC of the tissues treated with the yeast
showed the highest (and ranged between 339 and 404.33 mg
of quercetin equivalents/100 g DW (QE/100 g DW)) during
the storage period. The highest TFC was recorded 48 h post-
treatment, which was more than 1.02 fold compared to the
control group. Grape tissues without any treatment (the control
group) showed the lowest TFC (ranging between 347.67 and
364.67 QE/100 g DW) during the storage period.

DISCUSSION

Our previous research investigated whether chitosan (1%
w/v) enhanced the bio-control efficacy of P. anomala against
P. expansum both in vitro and in vivo (Godana et al., 2020).
In the current study, we were interested in the mechanisms by
which chitosan improved the bio-control efficacy of P. anomala
against P. expansum in table grapes. The mechanism by
which P. anomala suppresses the growth of P. expansum in
the fruit is crucial for replacing the antagonistic yeasts with
commercial fungicides.

The current study showed that incubation of P. anomala
with 1% chitosan significantly increased the enzymatic activities
of yeasts such as β-1,3-glucanase and CAT; and reduced the
accumulation of MDA. Enzymes such as β-1,3-glucanase were
found to increase the antagonistic efficacy of yeasts. In addition,
the inducible enzyme degrades the cell wall of pathogens and
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leads to cell lysis (Dahiya et al., 2006; Kang, 2012). Incubation
of P. anomala with chitosan (1% w/v) also induced the CAT
enzymatic activity, an enzyme that was determined to enhance
the bio-control efficacy of other yeasts as well (Zhao et al., 2018).
The CAT was found to be a good detoxification agent when
plants are injured and accumulate a large number of reactive
oxygen species (ROS) at the wound site, which leads to cell
damage (An et al., 2012). The lowering of MDA content also
lowers the oxidative damage to the yeast cells. The current result
confirmed that the MDA content of the yeast cells incubated with
1% chitosan is lower compared to the control which improves the
yeast bio-control performance.

When plants are attacked by pathogens, they enhance
their defense mechanism through a broad spectrum of
methods. Among them, the production of phenolic compounds,
phytoalexins, and pathogenesis-related (PR) proteins helps to
prevent pathogen invasion (Bowles, 1990). Pathogenesis-related
proteins are disease defense enzymes that help control the
rate of disease spread during infection (Deborah et al., 2001;
Kumari and Vengadaramana, 2017). PAL, PPO, POD, and CAT
are among the four crucial disease defense enzymes, and their
activities are positively correlated with fruit disease resistance
(Qin et al., 2015; Zhang et al., 2016; Youssef et al., 2020).

PPO can produce antimicrobial phenolic substances by the
metabolism of phenols and oxidizing phenolic compounds into
toxic quinones (Qin et al., 2015). Thus, it has a vital role in host
plant defense mechanisms. Mahunu et al. (2016) reported that
the increase in PPO activity reduced apples’ blue mold disease.
The current research also confirms that the use of P. anomala
induced with chitosan significantly increased the PPO activity
of table grapes, which significantly contribute to reduce the blue
mold disease of table grapes caused by P. expansum.

PAL is a key and rate-limiting enzyme during the shikimic
acid pathway in the phenolic metabolism during plant disease
resistance. It plays a crucial role during lignin synthesis and
accumulation. PAL is also actively involved in salicylic acid’s
biosynthesis, a hormone required for plant defense (Qin et al.,
2015). PAL is responsible for the biosynthesis of p-coumaric
acid derivatives, phytoalexin, and lignins that contribute to plant
defense systems (Qin et al., 2003). In addition, it participates in
the biosynthesis of the defense hormone salicylic acid, which is
required for both local and systemic acquired resistance in plants
(Dixon and Paiva, 1995).

Thus, the activity of PAL has a positive correlation with plant
disease resistance. Our study investigated that the treatment of
table grapes with P. anomala induced with chitosan (1% w/v)
increased PAL activity. This shows that the antagonistic yeast
suppresses the fungal growth by up-regulating the fruit disease
defense enzymes and direct parasitism. Li and Tian (2006)
also reported that the antagonistic yeast Cryptococcus laurentii
up-regulated the PAL activity in the apple, which controlled the
blue mold disease of the fruit.

Stimulation of ROS makes plant tissues vulnerable to fungal
attack. POD and CAT are the main protective enzymes against
ROS in plant tissues. POD is also noted to control the balance of
H2O2 in the fruit’s cell wall, which is essential for the cross-linking
of phenolic compounds in response to several external stress
factors such as injuries, pathogen attack, and environmental

stress (Passardi et al., 2004). In our study, the treatment of grapes
with P. anomala induced with chitosan (1% w/v) significantly
increased both POD and CAT activity.

The RT-qPCR enables the reliable detection and measurement
of the five main disease defense enzymes (PPO, PAL, POD,
CHI, and CAT). Our study confirmed that treating table grapes
with the yeast P. anomala alone or enhanced with chitosan up-
regulated these enzymes. These further confirm that P. anomala
alone or induced with chitosan (1% w/v) activate the defense
mechanism of table grapes, up-regulate the expression of
defense genes, and synthesize many other corresponding defense
enzymes, thus improving the defense ability of table grapes
against diseases.

Phenolic compounds are among the most important
secondary metabolites that act as antioxidants in table grapes.
They can strongly affect berry quality (color, flavor, astringency,
and bitterness) and functional properties (Chamkha et al.,
2003). Phenolic compounds can also increase the antimicrobial
properties of table grapes (Champa et al., 2015). Raimbault et al.
(2010) reported that higher enzymatic activity in pineapples
leads to higher phenolic compound concentration during
post-harvest storage. The availability of hydrogen peroxide,
which is majorly affected by the POD enzyme, also affects the
phenolic groups’ cross-linking response to different external
stresses (Passardi et al., 2004). In the current study, table grapes
treated with P. anomala induced with chitosan showed the
highest POD activity and highest total phenolic compound
concentration, which supports previous studies by other
researchers, which contribute to the fruit post-harvest shelf
and help to mitigate both biotic and abiotic stresses during
post-harvest storage. Al-Qurashi and Awad (2015) stated that
table grapes’ post-harvest treatment with 1% chitosan could
increase the total phenolics and flavonoid level and increase
POD activity. Higher accumulation of phenolic compounds
in the fruit may also occur because of an increment of PAL
enzyme when plants are exposed to biotic and abiotic stress
such as high temperature, fungi, bacterial, and virus infections
(Solecka and Kacperska, 2003).

Flavonoids are polyphenolic secondary metabolites that
play different roles in many physiological activities, acting as
phytoalexins and phytoanticipins in plant defense pathogens
(Desta et al., 2016). In addition to their antimicrobial
characteristics, flavonoids help our health during consumption
and can reduce the risk of cancer, neurodegenerative diseases,
heart disease, inflammation, aging, arthritis, and diabetes
(Kumar and Pandey, 2013). The current study also confirms that
post-harvest treatment of table grapes with P. anomala induced
with chitosan can significantly increase the accumulation of total
flavonoids in the fruit, which has a significant role, enabling
the fruit to combat post-harvest diseases and other biotic and
abiotic stresses.

CONCLUSION

Post-harvest treatment of table grapes with the antagonistic yeast
P. anomaly alone or induced with chitosan (1% w/v) enhance
the content and activities of PPO, POD, PAL, CAT, total phenol,
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and flavonoid compounds. These findings contribute to
knowledge of the mechanisms by which the antagonistic yeast
enhances resistance against blue mold disease in table grapes.
From the current study, it can be concluded that the yeast
P. anomala enhanced with chitosan induced host resistance,
which is directly related to enhancing the antioxidant system.
This study will further enable future detailed investigation
in the yeast pathogen control mechanisms to use yeasts
as bio-pesticides.
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