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ABSTRACT

Production of peaches (Prunus persica (L.) Batsch) for both local market and export is increasing each year in
Egypt. Brown rot disease, caused by Monilinia laxa and Monilinia fructigena, is considered one of the most
important postharvest rots affecting peaches in Egypt and economic losses are increasing. Antifungal activity
of glycyrrhizic acid nanoparticles (GA-NPs) and glycyrrhizic acid (GA) at 0.2 and 0.4 mmol/L was investigated
as a control for both these brown rot pathogens on peach fruits in both in vitro and in vivo studies. In the in vitro
studies, GA-NPs were the most effective as shown by the ability to decrease linear growth of both brown rot
pathogens in potato dextrose agar (PDA) amended with 0.4 mmol/L GA-NPs. Micrographs of M. fructigena
exposed to 0.4 mmol/LGA showed mycelial deformations, nodule formation, detachment of the cell wall, shrink-
age and inhomogeneous cytoplasmic materials with large vacuoles. Mycelium of M. laxa exposed to 0.4 mmol/
LGA-NPs resulted in thinner and distorted hyphae, nodule formation, cell wall thinning, and swellings. The GA-
NPs and GA treatments improved fruit quality by maintaining firmness and total soluble solids (TSS). GA-NPs
were more effective in decreasing decay incidence than their bulk material. The 0.4 mmol/L GA-NPs completely
inhibited the disease on naturally infected peach fruits for both seasons of 2018 and 2019. Furthermore,
0.4 mmol/L GA-NPs reduced the disease incidence in inoculated fruits by 95 (M. laxa) and 88% (M. fructigena)
in 2018 season and 96 (M. laxa) and 85% (M. fructigena) in 2019 season. In conclusion, GA-NPs could enhance
the resistance of peaches against brown rot caused by M. laxa and M. fructigena.
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1 Introduction

Production of peaches (Prunus persica L. Batsch) for both the local market and export is increasing each
year in Egypt. In the last decade, peach production has spread widely in the recently reclaimed regions of
Egypt [1]. In Egypt, the peach area under production is estimated to be 16,226 ha with a harvest of
337,910 tonnes [2]. Peach fruits are enriched with phenolic compounds, ascorbic acid, and carotenoids
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(pro-vitamin A), and are considered a major source of antioxidants [3,4]. Recently, the production and
marketing of peach fruits have increased rapidly in Egypt due to their enriched nutrients and pleasant flavor.

Peach fruits are infected by several fungi during the postharvest and storage stages. Brown rot disease,
caused by pathogenic fungi Monilinia laxa and M. fructigena, is thought to be the most serious postharvest
rot affecting peaches and economic losses are increasing. The disease begins in the fields, but symptoms
commonly appear at the fruit maturity [5]. The pathogenic fungi penetrate fruit mainly through wounds,
incited by insects in the field or during harvest and postharvest handling [6]. M. laxa and M. fructigena
conidia can germinate at low temperatures as low as −4°C, while mycelia can grow at 0°C [7,8].

In traditional and integrated production systems, brown rot disease is managed by protective
applications of fungicides during blooming and preharvest phases. Postharvest fungicide applications are
only allowed in a few countries and restrictions are increasing [6]. This reality has catalysed research in
Egypt on alternative means of brown rot control on peach fruits during the storage as well as research on
improved fruit quality. Several alternative control methods for various postharvest diseases of fruits and
vegetables have been proposed [9–11]. Postharvest rots of peach fruits have been effectively controlled
using different treatments such as hot water dipping [12], hexanal [13], biocontrol agents, modified
atmosphere [14], sodium bicarbonate, calcium chloride, potassium sorbate, boric acid [15] and citric acid
[16]. Such products are associated with plant defense mechanisms and could be extracted and applied to
other harvested perishables such as fruit and vegetables.

Recently, nanomaterial treatments have shown favourable results in the field of plant disease
management [17]. Natural nanomaterials have emerged as a key solution for limiting the use of synthetic
fungicides for postharvest rots in fruits and vegetables [18]. Postharvest treatment with nano-chitosan at
0.4% has been shown to decrease the percentage of peach fruit decay, total soluble solids (TTS)/acid ratio
and maintained fruit pulp firmness [19]. In storage, chitosan–rice starch nanocomposite films have been
shown to maintain peach quality [20]. Antimicrobial activities of formulated nanocomposite showed
bacteriostatic properties against peach microorganisms [20].

Glycyrrhizinic acid (GA) was designated as a Generally Recognised as Safe (GRAS) substance in the
United States in 1985 [21]. GA is extracted from the root of the licorice plant (Glycyrrhiza glabra). It is a
triterpene glycoside with glycyrrhetinic acid that possesses a wide range of pharmacological and
biological activities [22]. When extracted from the plant, it can be obtained as both ammonium
glycyrrhizin and mono-ammonium glycyrrhizin forms [23]. GA has been used in Japan and China as a
hepatoprotective drug in cases of chronic hepatitis [24].

The present study aimed to (i) investigate the effect of bulk materials and the nano-form of GA against
M. laxa andM. fructigena in vitro and in vivo on peach fruit during storage; and (ii) to evaluate their effect on
peach fruit quality parameters as firmness and total soluble solids content.

2 Materials and Methods

2.1 Fungal Strains
The strains of M. laxa (NO.154) and M. fructigena (NO.256) were previously isolated from naturally

infected peach fruits showing brown rot symptoms [25] and tested for their pathogenicity at the Postharvest
Diseases Dept., Plant Pathol. Res. Inst., ARC, Giza, Egypt. The isolates were maintained on potato dextrose
agar (PDA) slants at 5 ± 1°C, with annual inoculation and re-isolation from fruits to maintain their
virulence. For the present investigation, the strains were grown on PDA medium at 25 ± 2°C for 7 days for
in vitro studies and for artificial inoculation of peach fruits in disease control experiments.

2.2 Synthesis of Nano-GA
GA was purchased from Sigma-Aldrich (CAS Number: 1405-86-3), 0.2 mg of GA was dissolved in

1 mL of absolute ethanol and sonicated (XUBA3Analogue Ultrasonic Bath Range, Grant Instruments,
Cambridge, UK) with an ultrasonic power and frequency of 44 KHz for 1 h at room temperature (25°C) [26].
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2.3 Characterization of Nano-GA
Distribution and size of nanoparticles of GA (GA-NPs) were performed by a dynamic light scattering

(DLS) method using Zetasizer Nano ZS (Malvern Instruments, UK) at room temperature. Before
measurement, 30 μL of GA-NPs were diluted with 3 mL of water at 25°C. Particle size data was
expressed as the mean of the Z-average of three independent batches of the nanoparticles [27]. The
dispersibility of GA-NPs was determined using a transmission electron microscope (TEM) (FEI Tecnai
G2, FEI Company, Hillsboro, OR, USA). Different forms of imaging were engaged: bright field at an
electron accelerating voltage of 200 kV using a lanthanum hexaboride (LaB6) electron source gun, and
diffraction example imaging. An Eagle CCD camera with (4 k/4 k) picture resolution was utilized for
transmitted electron pictures [28].

2.4 The Antifungal Activity of GA-NPs and Their Bulk Materials on Linear Growth of the Two Tested
Fungi in Vitro
The antifungal activity of synthesised GA-NPs and their bulk material (GA) was tested at two

concentrations (0.2 and 0.4 mmol/L) on linear growth on PDA of the two Monilinia species. Individually
tested concentrations of GA-NPs and GA were added to the melted PDA and gently blended to evenly
mix all components PDA with no added compounds was used as a control. The treated medium was
poured into sterile Petri dishes (9 cm in diameter) with approximately 10 mL of medium per dish (three
dishes for each fungus). Once solid, all dishes were centrally inoculated with a 5 mm mycelial disc of
each tested fungus. Each treatment had three replicates, and the whole experiment was repeated twice.
Inoculated dishes were incubated at 20 ± 2°C for 7 days. The percentage of growth inhibition was
calculated according to the following [29]:

Inhibition rate ¼ R� r

R
� 100 (1)

where R is the radial growth of the fungal mycelia on the control plate and r is the radial growth of the fungal
mycelia on the plate containing various concentrations of GA-NPs or GA.

2.5 Scanning Electron Microscopy (SEM)
The effect of 0.4 mmol/L GA-NPs and GA on hyphal morphological features and reproductive

structures (conidia) of M. laxa and M. fructigena was investigated using Scanning electron microscopy
(SEM, Model: JSM-5500 LV; JEOL, Ltd., Japan) following a reference methodology [30]. Tissue
samples of the 4 day-old colonies on PDA two pathogens were cutted, fixed by immersion in 2.5% (v/v)
glutaraldehyde in 0.1 mol/L sodium cacodylate buffer pH 7.0 for 1 h, washed three times in 0.1 mol/L
sodium cacodylate buffer pH 7.0, post-fixed with 1% (m/v) osmium tetroxide in the same buffer for 1 h
and washed three times in 0.1 mol/L sodium cacodylate buffer pH 7.0. The material was then dehydrated
in a crescent acetone series (10%, 25%, 40%, 60%, 75%, 85%, 95% and 100%, v/v) with 15 min per
change. The specimens were transferred to a critical point dryer to complete the drying process with
carbon dioxide as a transition fluid. Then, the specimens obtained were mounted on aluminums tubs, with
double-stick carbon tape and sputter-coated with gold and observed using a field emission scanning
electron microscope in high vacuum mode at the Regional Center of Mycology and Biotechnology,
Cairo, Egypt.

2.6 Transmission Electron Microscopy (TEM)
For TEM preparation, the tissue samples of the colonies of the two Monilinia species on PDA medium

containing GA-NPs and GA at 0.4 mmol/L were fixed in 3% glutaraldehyde, rinsed in phosphate buffer, and
post-fixed in potassium permanganate solution for 5 min at room temperature. The samples were dehydrated
in an ethanol series ranging from 10% to 90% for 15 min in each alcohol dilution and finally with absolute
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ethanol for 30 min. Samples were infiltrated with epoxy resin and acetone through a graded series of tests
until in pure resin. Ultrathin sections were cut and collected on copper grids. Sections were then double
stained in uranyl acetate, followed by lead citrate. Stained sections were observed with a JEOL-JEM 1010
(Tokyo, Japan) transmission electron microscope at 70 kV at The Regional Center for Mycology and
Biotechnology (RCMB), Al Azhar University [31,32].

2.7 Impact of Postharvest Treatments of GA-NPs and Their Bulk Materials on Fruit Rot Incidence and
Quality of Peach Fruits during Storage
GA-NPs and their bulk materials each at 0.2 and 0.4 mmol/L were tested for controlling brown rot caused

by the twoMonilinia species in natural and artificially infected fruit. Peach fruits cv. Desert Red were harvested
at maturity stage from an orchard in Ismailia Governorate, Egypt in the last week of April 2018 and 2019. Fruits
were selected for uniform size, color, and absence of mechanical damage. Peach fruits were divided into three
groups. The first group classified as natural infection was used without surface disinfection. The other two
groups of peach fruits were washed thoroughly with tap water, surface-sterilized by dipping in 2% sodium
hypochlorite solution (v/v) for 2 min, washed with distilled water then left to dry at sterilized room
temperature. Fruits were punctured using a stainless-steel rod (diameter 1 mm × 2 mm) at the opposite sides
of the fruit. One group of the punctured fruit was inoculated with M. laxa (isolate NO.154), and the last
group was inoculated with M. fructigena (isolate NO.256). Inoculation was by immersion of the fruits in a
conidial suspension of 106 conidia/ml for 15 s. The conidial suspension was prepared following the
methods described previously [33]. After 24 h of incubation, the naturally infected and artificially
inoculated fruits were dipped separately in 0.2 and 0.4 mmol/L of the proposed compound solutions for
2 min, while the control treatment was dipped in sterile distilled water and left to dry at room temperature.
The treated fruits were packed in polypropylene baskets (1 kg). Three replicates were used for each
treatment. Each replicate consisted of three baskets (containing 13 peach fruits each). Naturally infected and
artificially inoculated peach fruits were stored at 0–1°C with 90% RH for 35 days. After the cold storage
period, brown rot incidence (%), fruit firmness, and TSS were determined.

2.8 Disease Incidence Assessment
The percent disease incidence of infected fruits was calculated using the following formula [16] as

follows:

Decay incidence %ð Þ ¼ number of decayed fruits

total number of fruits
� 100 (2)

2.9 Assay of Fruit Quality Parameters
The fruit firmness was measured on the two opposite sides of peach fruit samples by using a hand

Magness Taylor pressure tester (lb/in2) (Model FT 327, Italy). Total soluble solid (TSS) content was
determined using a hand refractometer (PAL 1, Atago Co., Ltd., Tokyo, Japan) and the results were
expressed as Brix° [34].

2.10 Statistical Analysis
The experiments were designed as completely randomised designs and were repeated twice to confirm

the observations. Statistica Software Ver. 6.0 (Stat Soft, Inc., Tulsa, OK, USA) was used to perform a one-
way ANOVA and differences between means were compared by Duncan’s Multiple Range Test at P < 0.05.

3 Results

3.1 Characterization of GA-NPs
The size distribution of the GA-NPs primarily ranged between 18–50 nm as shown in Fig. 1. The zeta

potential is a key indicator of the stability of colloidal dispersions. Hence, colloids with high zeta potential
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(positive) were electrically stabilised (Fig. 2). TEM analysis showed that the GA-NPs were widely dispersed
and composed of particles with an average size of <100 nm. The TEMmicrograph showed that GA-NPs had
circular morphology with an average size between 22.6 and 48.3 nm (Fig. 3).

Figure 1: Z average size and size distribution of glycyrrhizic acid nanoparticles using dynamic light scattering

Figure 2: Zeta potential distribution of glycyrrhizic acid nanoparticles using dynamic light scattering

Figure 3: Transmission electronmicroscopemicrograph of glycyrrhizic acid nanoparticles with circular morphology
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3.2 The Antifungal Activity of GA-NPs and Their Bulk Materials on Linear Growth of the Two Tested
Fungi in Vitro
GA-NPs and their bulk materials each at 0.2 and 0.4 mmol/L reduced the linear growth of M. laxa and

M. fructigena compared to the untreated control (Table 1). GA-NPs were the most effective treatment
providing the largest decrease (P < 0.05) in linear growth of both Monlinia species when tested at
0.4 mmol/L. GA-NPs at 0.2 mmol/L did reduce (P < 0.05) linear growth but was less effective than the
0.4 mmol/L. Overall, the mycelial growth of M. laxa was slightly more sensitive to the tested compounds
than M. fructigena.

3.3 Scanning Electron Microscopy
Results for M. fructigena after 4 days of growth at 20°C demonstrated that 0.4 mmol/L GA-NPs were

more effective in altering the morphology of mycelia than they were in their bulk state, which induced
deformation, dehydration, and collapsing hyphae (Fig. 4C). As a result of exposure to 0.4 mmol/LGA,
mycelial deformations, nodule development, and cell wall detachment were visible in micrographs of
M. fructigena-mycelium (Fig. 4B). The mycelia from the control treatment (Fig. 4A) were undamaged.

In the control treatment (Fig. 5A), mycelium appeared normal and without deformations. M. laxa
exposed to 0.4 mmol/L GA resulted in abnormal hyphal shapes and swellings (Fig. 5B). In addition,
mycelium of M. laxa exposed to 0.4 mmol/L GA-NPs resulted in thinner and distorted hyphae, nodule
formation, cell wall thinning (Fig. 5C). No damage to morphology was observed to the conidia of

Table 1: Reduction in linear growth of Monilinia laxa and M. fructigena on PDA amended with Nano-
Glycyrrhizic acid and Glycyrrhizic acid after 7 days growth at 20 ± 2°C. Means followed by a common letter
are not significantly different by Duncan’s multiple range test with significance determined at P < 0.05

Treatment Concentration (mmol/L)
Linear growth (mm)

M. laxa M. fructigena

Nano-Glycyrrhizic acid (GA-NPs) 0.2 42.6 c 53.0 c

0.4 21.6 d 27.3 e

Glycyrrhizic acid (GA) 0.2 63.0 b 68.7 b

0.4 38.7 c 44.0 d

Control (non-amended PDA) 90.0 a 90.0 a

Figure 4: Scanning electron micrographs of M. fructigena mycelia after 4 days incubation period at 20 ±
2°C. (A) Control (untreated), (B) medium amended with GA (0.4 mmol/L) and (C) medium amended
with GA-NPs (0.4 mmol/L)
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M. laxa in the control treatment (Fig. 5A). Conidia ofM. laxa exposed to 0.4 mmol/L GA (Fig. 5B) and GA-
NPs (Fig. 5C) showed deformations, dehydration and collapsed cell walls.

3.4 Transmission Electron Microscopy
Typical fungal ultrastructure was visible in ultrathin slices of untreated M. fructigena, including normal

cell wall thickness (CW), regular and intact cell membrane (CM), regularly shaped mitochondria (M), nuclei
(N) and nucleoli (Nu), and homogenous cellular cytoplasm in the mycelia (Fig. 6A). An ultrathin segment of
M. fructigena treated with 0.4 mmol/L GA when examined after 4 days showed shrinkage and
inhomogeneous cytoplasmic materials with large vacuoles (Fig. 6B). Finally, M. fructigena cultivated
treated with 0.4 mmol/L GA-NPs displayed considerable, dramatic alterations of cell wall/membrane,
mitochondria, and nucleus (Fig. 6C).

The TEM findings revealed small changes in the ultrastructure of M. laxa mycelial cells exposed to
0.4 mmol/L GA for 4 days, such as partial cell wall removal and irregular distribution of cytoplasmic
organelles (Fig. 7B). The M. laxa mycelial ultrastructure treated with 0.4 mmol/L GA-NPs demonstrated
changes to the hyphal cell structures, including decreased thickness in both the cell wall and cell

Figure 5: Scanning electron micrographs ofM. laxamycelia after 4 days incubation period at 20 ± 2°C. (A)
control (untreated), (B) medium amended with GA (0.4 mmol/L) and (C) medium amended with GA-NPs
(0.4 mmol/L)

Figure 6: TEM micrograph of M. fructigena (A) control, (B) treated with glycyrrhizic acid bulk at
0.4 mmol/L, and (C) treated with glycyrrhizic acid nanoparticles at 0.4 mmol/L. CW: Cell Wall, CM:
Cell membrane, M: Mitochondria, N: Nucleus, and Nu: Nucleolus. Scale bar = 500 nm
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membrane and cytoplasmic component deformations (Fig. 7C). Untreated M. laxa-mycelial ultrastructure
(Fig. 7A) showed no change to normal ultrastructure.

3.5 Effect of Treatments on Postharvest Decay Development of Peach Fruits in Vivo
GA-NPs and their bulk materials were applied to control brown rot caused byM. laxa andM. fructigena

in peach fruits stored at 0°C–1°C and 90% RH for 35 days. The effect of different treatments on the reduction
of disease incidence was shown in Tables 2 and 3. When compared to controls, all treatments demonstrated
that peach fruit were better protected fromM. laxa andM. fructigena infections. Data obtained indicated that
over the course of two seasons, GA-NPs were more effective than their bulk material at reducing fruit decay
brown rot infection.

Figure 7: TEMmicrographofM. laxa (A) control, (B) treated with glycyrrhizic acid bulk at 0.4 mmol/L, and
(C) treated with glycyrrhizic acid nanoparticles at 0.4 mmol/L. CW: Cell Wall, CM: Cell membrane, M:
Mitochondria, V: Vacuole N: Nucleus and Nu: Nucleolus. Scale bar = 500 nm

Table 2: The efficacy of postharvest treatments of Nano-Glycyrrhizic acid and Glycyrrhizic acid on disease
decay incidence of peach fruit cv. Desert Red rots in cold storage (0–1°C for 35 days) either artificially
inoculated or naturally infected by Monilinia laxa and M. fructigena (2018 season). Means followed by a
common letter are not significantly different by Duncan’s multiple range test with significance determined
at P < 0.05

Treatments
Concentration
(mmol/L)

Disease incidence (%)

Artificially inoculated fruit Naturally infected
fruitM. laxa M. fructigena

Nano-Glycyrrhizic acid (GA-NPs) 0.2 18.6 c 27.3 c 4.7 c

0.4 4.0 d 11.0 d 0.0 d

Glycyrrhizic acid (GA) 0.2 31.7 b 44.0 b 9.33 b

0.4 19.7 c 30.0 c 4.33 c

Untreated control 82.7 a 93.3 a 18.67 a
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Under artificial infection, 0.4 mmol/LGA-NPs reduced the disease incidence by 95 (M. laxa) and 88%
(M. fructigena) in 2018 season, and 96 and 85% in 2019 season. Whereas, 0.2 mmol/L GA-NPs reduced the
disease incidence by 77 (M. laxa) and 70% (M. fructigena) in 2018 season, and 78 and 68% in 2019 season.
Results also showed that 0.4 mmol/L GA reduced the infection by 76 (M. laxa) and 67% (M. fructigena) in
2018 season and 72 and 65% in 2019 season. In addition, 0.2 mmol/LGA reduced the infection by 61
(M. laxa) and 52% (M. fructigena) in 2018 season and 59 and 50% in 2019 season.

Under natural infection, 0.4 mmol/L GA-NPs completely inhibited the disease for both 2018 and
2019 seasons. In the second rank, 0.2 mmol/L GA-NPs reduced the infection by 75 and 63.5% during the
seasons 2018 and 2019, respectively. Results also showed that 0.4 mmol/L GA reduced the infection by
76 and 73% during the seasons 2018 and 2019, respectively. In addition, 0.2 mmol/L GA reduced the
disease incidence by 50 and 44% during the seasons 2018 and 2019, respectively.

3.6 Effect of Postharvest Treatment with GA-NPs and Their Bulk Materials on Firmness and Total
Soluble Solids of Peach Fruits during Cold Storage
The efficacy of postharvest treatments of GA-NPs and their natural forms on firmness (lb/in2) of peach

fruit cv. Desert Red was shown in Table 4. In most cases, the firmness of peach fruits treated with GA-NPs
and their natural forms was reduced after cold storage compared to at harvest time with some exceptions.
During the cold storage, under natural infection, the tested treatments significantly increased the firmness
as compared to the untreated control. The firmness ranged between 5.2–6.9 and 4.8–6.8 for 2018 and
2019 seasons, respectively. Firmness was high in the natural infection when peach fruits were treated
with 0.2 mmol/L GA-NPs. Under natural infected fruits, the firmness was 2.2 and 3.2 for 2018 and
2019 seasons, respectively.

Under artificial inoculation, the bulk material of GA at 0.4 mmol/L was the most effective treatment to
maintain the highest firmness of peach fruits during the cold storage in both seasons of 2018 and 2019. The
firmness was 7.2 and 12.2 for fruits treated with GA and inoculated with M. laxa and M. fructigena during
2018, respectively. It was also 6.7 and 12 for fruits treated with GA and inoculated with M. laxa and
M. fructigena during 2019, respectively.

The efficacy of postharvest treatments of GA-NPs and their bulk materials on total soluble solids (%) of
peach fruit cv. Desert Red was shown in Table 5. Under natural infection, the total soluble solids (TSS)
content was higher in the fruits after storage as compared to the initial TSS. In most cases, no significant

Table 3: The efficacy of postharvest treatments of Nano-Glycyrrhizic acid and Glycyrrhizic acid on disease
decay incidence of peach fruit cv. Desert Red rots in cold storage (0–1°C for 35 days) either artificially
inoculated or naturally infected by Monilinia laxa and M. fructigena (2019 season). Means followed by a
common letter are not significantly different by Duncan’s multiple range test with significance determined
at P < 0.05

Treatments
Concentration
(mmol/L)

Disease incidence (%)

Artificially inoculated fruit Naturally infected
fruitM. laxa M. fructigena

Nano-Glycyrrhizic acid (GA-NPs) 0.2 18.0 d 30.3 c 7.7 bc

0.4 3.0 e 13.7 d 0.0 d

Glycyrrhizic acid (GA) 0.2 34.7 b 47.0 b 11.7 b

0.4 23.3 c 33.0 c 57 c

Untreated control 85.3 a 95.3 a 21.0 a
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differences were noted among all treatments. 0.2 mmol/LGA-NPs showed the highest TSS of naturally
infected peach fruits compared to other treatments. On the other hand, TSS was enhanced after the cold
storage for all treatments, including the control treatment.

Table 4: The efficacy of postharvest treatments of Nano-Glycyrrhizic acid and Glycyrrhizic acid on firmness
(lb/in2) of peach fruit cv. Desert Red in pre storage and after cold storage (0–1°C for 35 days) either
artificially inoculated or naturally infected by Monilinia laxa and M. fructigena (2018 and 2019 seasons).
Means followed by a common letter are not significantly different by Duncan’s multiple range test with
significance determined at P < 0.05

Fruit Firmness (lb/in2)

Treatment
Concentration
(mmol/L)

2018 2019

Artificially
inoculated fruit Naturally

infected fruit

Artificially
inoculated fruit Natural

infected
fruitM.

laxa
M.
fructigena

M.
laxa

M.
fructigena

Nano-Glycyrrhizic
acid (GA-NPs)

0.2 5.3 b 6.0 d 6.9 ab 4.8 b 5.4 c 6.8 ab

0.4 5.4 b 8.4 bc 5.2 b 5.3b 7.9 b 4.8 bc

Glycyrrhizic acid
(GA)

0.2 6.4 b 6.7 cd 5.7 b 5.3 b 6.5 bc 5. 4 b

0.4 7.2 ab 12.2 a 5.9 b 6.7 ab 12.0 a 5.7 b

Untreated control 2.3 c 2.7 c 2.2 c 2.0 c 2.4 d 3.2 c

Zero time 8.9 a 8.9 a 8.2 a 8.1 a 8.1 b 8.1 a

Table 5: The efficacy of postharvest treatments of Nano-Glycyrrhizic acid and Glycyrrhizic acid on total soluble
solids (%) of peach fruit cv. Desert Red in pre storage and after cold storage (0–1°C for 35 days) either artificially
inoculated or naturally infected by Monilinia laxa and M. fructigena (2018 and 2019 Seasons). Means followed
by a common letter are not significantly different by Duncan’s multiple range test with significance determined at
P < 0.05

Total soluble solids (%)

Treatment
Concentration
(mmol/L)

2018 2019

Artificially
inoculated fruit Naturally

infected
fruit

Artificially
inoculated fruit Naturally

infected
fruitM. laxa M.

fructigena
M. laxa M.

fructigena

Nano-Glycyrrhizic
acid

0.2 10.2 b 11.7 ab 15.1 a 10.5 b 12.1 ab 15.6 ab

0.4 12.0 ab 12.1 ab 12.1 bc 12.2 ab 12.5 ab 12.7 c

Glycyrrhizic acid 0.2 12.6 ab 12.1 ab 13.2 ab 13.2 a 12.5 ab 13.9 bc

0.4 11.8 ab 14.0 a 13.1bc 12.3 ab 14.2 a 13.8 bc

Untreated control 13.7 a 13.2 ab 15.1 a 14.1 a 13.6 a 15.8 a

Zero time 11.2 ab 11.2 b 11.2 c 10.4 b 10.4 b 10.4 d
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4 Discussion

The main objectives of the present study were to investigate the effects of bulk and nano form of
glycyrrhizic acid treatments against M. laxa and M. fructigena in vitro and in vivo on peach fruit decay
incidence during storage and to evaluate their effects on fruit firmness and percent total soluble solids.
The in vitro studies showed that GA-NPs were more effective than bulk forms: they greatly decreased the
linear growth of the two brown rot pathogens at 0.4 mmol/L. Several researchers have used nanomaterials
in vitro against several pathogenic fungi. Some nanoparticles reduced the fungal growth of Botrytis
cinerea compared with control [35]. In particular, in vitro tests showed that chitosan nanoparticles, silica
nanoparticles and chitosan-silica nanocomposites reduced fungal growth by 72%, 76% and 100%,
respectively at 1% as compared to control.

Also, nanosized silica silver at different concentrations (0.3–100 ppm) was evaluated in vitro against
several plant pathogenic fungi including Pythium ultimum, Magnaporthe grisea, Colletotrichum
gloeosporioides, Botrytis cinerea, and Rhizoctonia solani. The compound showed antifungal activity
against the tested phytopathogenic fungi at 3.0 ppm with varied levels. In the field and greenhouse
experiments, the compound effectively controlled powdery mildews of pumpkin at 0.3 ppm [36].
Recently, studies showed that chitosan nanoparticles significantly reduced the linear growth of many
pathogenic fungi, including Rhizopus sp., Colletotrichum capsici, Colletotrichum gloeosporioides,
Aspergillus niger, and Fusarium solani [37,38].

Our results of SEM analysis agree with other researchers. Similar observations have been reported [39]
when testing the efficacy in inhibiting the growth of Penicillium verrucosum with small-sized nanoparticles.
This strongly supports our hypothesis that the small particles penetrate the fungal cell and disturb important
cellular mechanisms. Also, scanning electron microscopy (SEM) showed severe damage in the hyphae of
Alternaria alternata and Penicillium digitatum by causing deformities in the conidia due to the effect of
glycyrrhizic acid nanoparticles [26].

Transmission Electron Microscope observations [40] found that the cell wall and cell membrane
structure of Trichosporon asahii was severely damaged by silver nanoparticles. Treatment with silver
nanoparticles resulted in dead cells, as suggested by the disappearance of cell walls and cell membranes.
There was degeneration and damage of organelles in silver-treated cells, including margination and
condensation of chromatin. Also, Alternaria alternata treated with salicylic acid nanoparticles and their
natural forms greatly decreased the cell wall thickness as well as causing shrinkage of the cytoplasm [41].

In vivo results obtained herein showed that GA-NPs were more effective in decreasing decay infection
than their bulk material during two seasons. The approach of disease control using nanoparticles was also
adopted [20] to demonstrate that chitosan–rice starch nanocomposite films showed high efficacy against
peach microorganisms. Treatment with zeolite nanoparticles coated with potassium permanganate reduced
the contamination of peach fruits during storage [42]. Also, chitosan NPs at 0.4% gave the lowest
percentage of fruit decay [19]. Meanwhile, glycyrrhizic acid nanoparticles greatly reduced the disease
severity of infected tomato fruits with Alternaria alternata and Penicillium digitatum [26].

Concerning fruit quality, chitosan–rice starch nanocomposite films were able to maintain peach quality
properties [20]. During storage, the firmness was reduced, and shelf life of peach fruits treated with zeolite
nanoparticles coated with potassium permanganate was increased [42]. Also, when peach fruits were treated
with chitosan nanoparticles at 0.8%, fruit pulp firmness and TSSs were maintained [19]. Treatments of
tomato fruits with nano-glycyrrhizic acid significantly reduced postharvest losses of fruit since they
delayed decay and maintained fruit quality characteristics such as fruit firmness, titratable acidity, and
TTSs during cold storage [26]. While it was found that the highest amounts of TSS, fruit set, vitamin C,
and calcium content of peach fruit flesh was observed in presence of 20 mg/L f calcium nanoparticles
treatment [43].
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Current scientific research in Egypt is aimed at limiting or reducing the use of pesticides in the
agricultural sector, in particular against postharvest diseases of fruit and vegetables. Natural nanomaterials
have emerged as a key solution for integrated pest management programs and considered to be promising
tools to manage post-harvest fruit diseases. This may help to produce a safer product leading to increased
export of Egyptian peaches.

5 Conclusion

The present study showed that the exogenous application of GA-NPs was efficient against M. laxa and
M. fructigena. On the other hand, GA-bulk showed an acceptable effect against those fungi, but its
performance was not as effective as GA-NPs. As a result, GA-NPs could increase the defensive response
of peaches against M. laxa and M. fructigena. Employing GA-NPs in agricultural practices may minimize
the possibility of chemical control and that discovery is expected to pave the way for a better and more
sustainable method of disease management and decrease yield losses. To learn more about how GA-NPs
protect peach fruits from M. laxa and M. fructigena infections that are latent, more research is required.
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