Ultrasonics Sonochemistry 73 (2021) 105528

Contents lists available at ScienceDirect

Ultrasonics Sonochemistry

Ultrasonics
Sonochemistry

journal homepage: www.elsevier.com/locate/ultson

ELSEVIER

Check for

Contribution of ultrasound and slightly acid electrolytic water combination &
on inactivating Rhizopus stolonifer in sweet potato

Lulu Li, Tai-Hua Mu ', Miao Zhang

Laboratory of Food Chemistry and Nutrition Science, Institute of Food Science and Technology, Chinese Academy of Agricultural Sciences, Key Laboratory of Agro-
Products Processing, Ministry of Agriculture and Rural Affairs, No. 2 Yuan Ming Yuan West Road, Haidian District, PO Box 5109, Beijing 100193, China

ARTICLE INFO ABSTRACT

Keywords:
Sweet potato
Rhizopus stolonifer

Effects of ultrasound (US, 300, 400, and 500 W) and slightly acidic electrolyzed water (SAEW, 10, 30, and 50
mg/L) combination on inactivating Rhizopus stolonifer in sweet potato tuberous roots (TRs) were investigated. US
at 300, 400, and 500 W simultaneous SAEW with available chlorine concentration of 50 mg/L at 40 and 55 °C for

Ul,trasound, . 10 min significantly inhibited colony diameters (from 90.00 to 6.00-71.62 mm) and spores germination (p <
Slightly acidic electrolyzed water . . . .
Combination 0.05). US + SAEW treatment could destroy cell membrane integrity and lead to the leakage of nucleic acids and

proteins (p < 0.05). Scanning and transmission electron microscopy results showed that US + SAEW treatment
could damage ultrastructure of R. stolonifer, resulted in severe cell-wall pitting, completely disrupted into debris,
apparent separation of plasma wall, massive vacuoles space, and indistinct intracellular organelles. US500 +
SAEWS50 treatment at 40 and 55 °C increased cell membrane permeability, and decreased mitochondrial
membrane potential of R. stolonifer. In addition, US500 + SAEW50 at 40 °C and US300 + SAEW50 at 55 °C
controlled R. stolonifer growth in sweet potato TRs during 20 days of storage, suggesting effective inhibition on
the infection of R. stolonifer. Therefore, US + SAEW treatment could be a new efficient alternative method for

storing and preserving sweet potato TRs.

1. Introduction

Sweet potato (Ipomoea batatas [L.] Lam.) belongs to morning glory
family, Convolvulaceae, being rich in carbohydrates, proteins, dietary
fiber, minerals, vitamins, and polyphenols [1]. As a food crop, sweet
potato plays a significant role in the traditional diet of many countries
and regions worldwide due to its higher dry matter content per unit land
area than cereals [2]. However, sweet potato tuberous roots (TRs) are
easily damaged by cuts and abrasion during postharvest due to their thin
and delicate skin [3], thus they are easily infected by different patho-
genic fungi [4]. On average, approximately 15-65% of sweet potato TRs
is lost during the whole supply chain [5]. Rhizopus soft rot, one of the
most severe postharvest diseases caused by R. stolonifer, is responsible
for the significant decay losses of sweet potato TRs during storage [6].
Currently, to control the postharvest diseases including Rhizopus soft
rot, synthetic fungicides are usually applied before storage, such as
Botran, Carbendazim, etc. [7]. The application of synthetic fungicides
results in various problems, such as increased resistance of pathogens to
fungicides, environmental hazards, and residual chemical fungicides,
which are harmful to human health [8]. Therefore, it is vital to look for
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alternative ’safer’ methods to control postharvest diseases of sweet po-
tato TRs.

Ultrasound (US), a form of energy generated by sound waves, can
inactivate some microorganisms, and is considered to be an
environmentally-friendly antimicrobial treatment in food industry [9].
The mechanical effect of US is generally regarded as the main inacti-
vation mechanism resulting in complete rupture of microbial cell
membranes and the death of microbe [10,11]. US treatment was re-
ported to reduce effectively mold growth in strawberries [12]. US also
reduced the total number of bacteria colonies, mold, and yeast of green
asparagus after 16 days of storage [13]. However, in some cases, US
treatment alone was found to be no benefit for bactericidal efficiency
[14]. Thus, US combined with other sanitizers had been used to enhance
the inactivation effect on pathogenic in fruits and vegetables [15-17].

Slightly acidic electrolyzed water (SAEW), usually with a pH value of
5.0-6.5, is considered to be an effective antimicrobial agent in recent
years [18]. SAEW exhibits strong antimicrobial activity against many
different kinds of microorganisms such as Escherichia coli [19], Staphy-
lococcus aureus [19,20], Salmonella spp [21], Vibrio parahaemolyticus
[22], and Bacillus cereus spores, etc. [23,24]. SAEW has been used to
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disinfect fresh fruits [25], vegetables [26,27], fish products [28,29], and
meat products [30]. In addition, SAEW shows potential on controlling
some phytopathogenic fungi. SAEW resulted in 100% inactivation of
Botrytis cinereaor in pure culture [31]. Spores of phytopathogenic fungi
B. cinerea, Colletotrichum acutatum, and Phytophthora capsici were not
cultivable after SAEW treatment [32]. Thus, SAEW has a powerful wide
spectrum of antifungal activity, and is a potential alternative to fungi-
cidal agents on the control of plant diseases. However, to our knowl-
edge, there is no report about the application of US and SAEW
combination on the inactivation of R. stolonifer in sweet potato.
Therefore, the study aimed to evaluate the effects of US combined
with SAEW at the different temperatures on mycelial growth and spore
germination of R. stolonifer, as well as its cell membrane structure and
function. Besides, R. stolonifer was artificially inoculated to the fresh
harvested sweet potato TRs, of which the disease severity of the TRs
caused by R. stolonifer was observed. This new hurdle approach is thus
expected to improve microbial safety of sweet potato during storage.

2. Materials and methods
2.1. Materials

Sweet potato TRs (cv. 'Xiguahong’) were purchased from the local
market (Beijing, China). Potato dextrose agar (PDA) medium and potato
dextrose broth (PDB) medium were purchased from Beijing Aoboxing
Bio-Technology Co., Ltd. (Beijing, China). Rhodamine 123 was obtained
from Sigma-Aldrich Co. (St. Louis, MO, USA). The fluorescent dye
SYTOX green was purchased from Nanjing Keygen Biotechnology Co.,
Ltd. (Nanjing, China).

2.2. Fungal cultivation and culture conditions

Rhizopus stolonifer (CICC40327) was obtained from China Center of
Industrial Culture Collection (Beijing, China). R. stolonifer was main-
tained on PDA slants at 4 °C. Before each microbiological assay, it was
activated on the PDA medium for 5 days at 28 °C.

2.3. Slightly acidic electrolyzed water (SAEW) preparation

SAEW was prepared by using a SAEW generation system (SWS050,
Yantai Boxin Water Treatment Technology Co., Ltd., Yantai, China) as
described previously [19] with modifications. SAEW was produced by
electrolyzing 3% HCI aqueous solution at a setting of 8 A and 5 V. When
the stable amps were reached after 30 min, SAEW with pH value
6.5-6.7, oxidation-reduction potential (ORP) value 800-900 mV, and
an available chlorine concentration (ACC) of 80 mg/L was collected. The
obtained SAEW was diluted in deionized water to produce SAEW with
ACC 10 to 50 mg/L, and stored in polypropylene containers until use.
The pH and ORP values were determined by a dual scale pH/ORP meter
(PHB-4, Shanghai INESA Scientific Instrument Co., Ltd., Shanghai,
China) with a pH electrode and an ORP electrode. The ACC was deter-
mined using a digital chlorine test kit (RC-3F, Kasahara Chemical In-
struments Corp., Saitama, Japan).

2.4. Preparation of spores suspension of R. Stolonifer

An aliquot of 5 mL sterile water was added to the petri dish. The
fungal suspensions were obtained by scraping the colony with a
spreader, and then filtered twice to get a spore suspension. The spore
suspension with a concentration of 1 x 10 spores/mL was prepared
using a blood cell counting plate, thoroughly shaken on the vortex
apparatus, and stored at 4 °C for further use on the same day.
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2.5. US and SAEW combination (US + SAEW) treatment of spores
suspension of R. Stolonifer

US + SAEW treatment of spores suspension of R. stolonifer was per-
formed following the method by [31] with modification. Each aliquot of
0.5 mLof 1 x 10® spores/mL spores suspension of R. stolonifer was mixed
4.5 mL of SAEW with ACC of 10, 30, and 50 mg/L, respectively.
Immediately, the mixture were treated with US by using a rectangular
tank-type ultrasonic cleaner (KQ-500DE, Kunshan Ultrasonic Instrument
Co., Ltd., Suzhou, China) filled with 5 L of sterile water with the con-
ditions as following: US power 0, 300, 400, and 500 W, temperature 25,
40 and 55 °C, and treatment time 1, 5 and 10 min respectively.
Following the experiments were stopped by diluting the mixture with
sterile water to get a final concentration of R. stolonifer 1 x 10° spores/
mL.

2.6. Mycelial growth of R. Stolonifer

The mycelial development of R. stolonifer was performed according
to the method of Bevilacqua, et al. [33] with modification. Each aliquot
of 5 pL treated R. stolonifer spore suspension was placed on the PDA
plate. After the suspension was fully absorbed, the plates were sealed
and placed in a constant temperature incubator at 28 °C for inverted
culture. The colony diameter was measured every 24 h with the cross-
over method.

2.7. Release of cellular content

The release of cellular content was conducted using the spectro-
photometric method described by Chang, et al. [34] with modification.
The mycelia were harvested from PDB incubated at 28 °C for 5 days with
constant shaking at 120 rpm. The mycelia were washed twice with 0.1 M
phosphate buffer (pH 7.0), resuspended in sterile deionized water, and
treated by US + SAEW at different conditions mentioned above for 10
min. The treated mycelia were incubated at 28 °C for 12 h with shaking,
and centrifuged at 8,000 x g at 4 °C for 10 min to get the supernatant.
The absorbance at 260 and 280 nm of the supernatant was measured
using a spectrophotometer (UV 2800, Shanghai Sunny Hengping Sci-
entific Instrument Co., Ltd) to examine the nucleic acid and protein
leakage, respectively.

2.8. Spore germination of R. Stolonifer

The spore germination of R. stolonifer was evaluated as described by
Wang, et al. [35] with modification. Each treated R. stolonifer spore
suspension (20 pL) was put on the concave slide, placed on a petri dish
with sterile wet filter paper, and incubated for 24 h at 28 °C. The
germination of spores was observed by an optical microscope (400 x ).

2.9. Scanning electron microscopy (SEM) analysis

Fungal morphology was assayed with SEM following the method of
Oliveira, et al. [36]. The mycelia were harvested, washed, resuspended,
and then treat by US + SAEW at different conditions mentioned above
for 10 min as described in section 2.8. Then, the treated mycelia were
fixed with 2.5% glutaraldehyde, washed three times (10 min each time)
with 0.1 M phosphate buffer, post-fixed in 1% osmium tetroxide at 4 °C
for 2 h, rinsed again with distilled water for three times with 3 min each,
and then dehydrated with graded ethanol (30, 50, 60, 70, 80, 90, 95 and
100%) series using Critical point dryer (Leica CPD 030, Germany). The
dehydrated mycelia were coated with gold-palladium, and observed
with a Hitachi Model SU8010 SEM (Japan).

2.10. Transmission electron microscopy (TEM) analysis

Fungal ultrastructure was assayed by TEM following the method of
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Kong, et al. [37]. A portion of the dehydrated mycelia used for SEM were
taken and washed with acetone at least 4 times (15 min each time),
embedded in Spurr’s resin, incubated overnight at room temperature,
polymerized in an oven at 65 °C for one week, and sliced with a Leica EM
UC7 (Germany) ultramicrotome, following by staining with uranyl ac-
etate and alkaline lead citrate for 5-10 min. The ultrastructure of final
samples was then examined using an H-7500 TEM (HITACH, Japan) at
an accelerating voltage of 80 kV and a working current of 67 uA.

2.11. Laser scanning confocal microscope (LSCM) analysis

The cell membrane permeability and mitochondrial membrane po-
tential (MMP) of R. stolonifer were detected by using the fluorescent dyes
SYTOX green and Rhodamine 123 as described by [35]. The treated
R. stolonifer mycelia were incubated with 5 pmol/L SYTOX green or 4
pg/mL Rhodamine 123 for 30 min in the dark, and then observed under
a laser scanning confocal microscope (LSM 880, Carl Zeiss, Germany).
The excitation and emission wavelengths observed by SYTOX green
staining were 488 and 525 nm, respectively, while those observed by
Rhodamine 123 staining were 561 and 595 nm, respectively.

2.12. Pathogenicity test

Sweet potato TRs with the weight of approximately 250 g/root and
without visible external injuries were selected, washed with tap water,
surface-disinfected with 75% alcohol for 2 min, and air-dried at room
temperature. Three micro-wounds (5 mm deep) were made on one side
of sweet potato TRs with a sterilized inoculation needle, and 20 pL of 1
x 10° spores/mL R. stolonifer conidial suspension were injected into the
wounds. After 24 h incubation, sweet potato TRs were treated with US +
SAEW under different conditions for 10 min, then put into a plastic
turnover box (with gauze on the bottom and covered with gauze for
moisturizing), and stored at 28 °C for 20 days. Sweet potato TRs treated
with sterile water were marked as control. The incidence was checked
during the storage.

Table 1
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2.13. Statistical analysis

The experiments were conducted in triplicates. The data were
expressed as mean value + standard deviation and tested by one-factor
analysis of variance (ANOVA) using SPSS Statistics 17 software (IBM
Co., USA). Duncan’s multiple range tests were used to analyze the dif-
ferences between the means. The confidence level for statistical signif-
icance was set at a probability value of p < 0.05.

3. Results and discussion
3.1. Effect of US + SAEW treatment on mycelial growth of R. Stolonifer

The mycelial growths of R. stolonifer as affected by US + SAEW
treatment are presented in Table 1. At 25 °C, US 4+ SAEW treatment with
ACC 10, 30 and 50 mg/L at 0, 300 and 400 W for 1, 5 and 10 min,
showed no effect on colony diameters of R. stolonifer (p > 0.05). The
inhibitions of colony diameters were only observed in the R. stolonifer
treated by US500 with ACC 30 and 50 mg/L for 5 min, as well as US500
with ACC 10-50 mg/L for 10 min (p < 0.05). At 40 °C, significant in-
hibitions of mycelial growth were shown in the R. stolonifer treated by
US300, US400 and US500 with ACC 50 mg/L for different treatment
time, or by US300, US400 and US500 with different ACC for 5 and 10
min (p < 0.05). And the colony diameter was the lowest for R. stolonifer
treated by US500 at ACC 50 mg/L for 10 min, which was 6 mm, followed
by US300 at ACC 50 mg/L for 10 min (22.45 mm, p < 0.05). At 55 °C, all
US + SAEW treatments significantly inhibited the mycelial growth of
R. stolonifer, suggesting the stronger inhibition effects on R. stolonifer
compared to these at 25 and 40 °C. Among them, the colony diameters
were the lowest for R. stolonifer treated by US300 and US400 at different
ACC, and US500 at ACC 50 mg/L for 10 min, which were in the range of
6-13.66 mm (p < 0.05). The results above suggested that stronger US
power (300, 400 and 500 W), higher ACC (50 mg/L), higher tempera-
ture (40 and 55 °C) and longer treatment time (10 min) presented better
inhibition on mycelial growth of R. stolonifer.

Effect of ultrasound and slightly acidic electrolyzed water on mycelial growth (mm) of R. stolonifer at different temperature.

Power  Time ACC (mg/L) at 25 °C ACC (mg/L) at 40 °C ACC (mg/L) at
55°C
w) (min) 10 30 50 10 30 50 10 30 50
0 1 90.00 + 90.00 + 90.00 + 90.00 + 90.00 + 90.00 + 52.81 + 54.10 + 3.41Ad  53.52 +
0.00Bb 0.00Bb 0.00Bc 0.00Be 0.00Bf 0.00Bg 0.04Ae 3.87Ag
5 90.00 + 90.00 + 90.00 + 90.00 + 90.00 + 90.00 + 56.88 + 53.79 + 0.92Ad 53.01 +
0.00Cb 0.00Cb 0.00Cc 0.00Ce 0.00Cf 0.00Cg 1.67Be 0.63Ag
10 90.00 + 90.00 + 90.00 £ 90.00 + 90.00 + 85.66 + 54.32 + 51.93 £ 0.49Bd  49.32 +
0.00Eb 0.00Eb 0.00Ec 0.00Ee 0.00Ef 0.35Dg 2.74Ce 0.23Afgef
US300 1 90.00 + 90.00 + 90.00 + 90.00 + 81.12 + 75.36 + 28.39 + 22.37 + 5.49Ab 30.05 +
0.00Eb 0.00Eb 0.00Ec 0.00Ee 0.30De 5.11Cf 2.49Bb 5.90Bdc
5 90.00 + 90.00 + 90.00 + 71.52 + 62.22 + 62.53 + 25.72 + 36.28 + 0.42Bc 23.89 +
0.00Eb 0.00Eb 0.00Ec 5.00Dc 4.53Cb 5.67Cd 9.86Ab 1.10Ac
10 90.00 + 90.00 + 90.00 + 64.80 + 55.34 + 22.45 + 6.00 + 11.45 +£ 9.44Aa  6.00 + 0.00Aa
0.00Eb 0.00Eb 0.00Ec 0.57Dc 1.41Ca 1.09Bb 0.00Aa
US400 1 90.00 + 90.00 + 90.00 + 90.00 + 89.26 + 55.27 + 45.17 + 41.18 + 46.93 +
0.00Db 0.00Db 0.00Dc 0.00De 1.05Df 11.67Cc 4.02ABd 0.20Abc 4.2Bdef
5 90.00 + 90.00 + 90.00 + 69.23 + 62.58 + 69.26 + 38.67 + 42.86 + 44.30 +
0.00Eb 0.00Eb 0.00Ec 0.93Db 9.43Cb 2.40Dde 0.15Ac 1.75ABc 3.04Ce
10 90.00 + 90.00 + 90.00 + 71.50 + 71.62 + 64.14 + 6.00 + 13.66 + 11.37 +
0.00Eb 0.00Eb 0.00Ec 2.92Dc 0.95Dd 1.92Cde 0.00Aa 10.38Ba 7.59ABb
Uss500 1 90.00 + 90.00 + 90.00 + 90.00 + 83.37 + 68.81 + 26.19 + 35.44 £+ 2.15Bc 34.30 +
0.00Eb 0.00Eb 0.00Ec 0.00Ee 0.9De 2.25Ce 2.82Ab 3.62Bd
5 90.00 + 69.10 + 70.14 + 76.33 + 67.43 + 63.02 + 29.96 + 36.29 + 7.90Cc 6.06 + 0.00Aa
0.00 Gb 6.48DEa 5.90EFb 1.80Fd 0.74DEc 0.89Dd 5.64Bb
10 71.27 + 67.70 £ 67.39 £ 68.37 + 58.02 + 1.87 6.00 + 26.40 + 36.04 + 7.31Cc 6.00 £+ 0.00Aa
1.31Ea 0.21Ea 6.87Ea 0.53Eb Da 0.00Aa 0.98Bb

US, ultrasound; US300, US400 and US500, ultrasound treatment at 300, 400, and 500 W respectively; ACC, the concentration of available chlorine in slightly acidic

electrolyzed water.

Values followed by different capital letters in the same row mean statistically significant differences (p < 0.05). Values followed by different lowercase letters in the

same column mean statistically significant differences (p < 0.05).
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The synergistic effect of US, SAEW and mild heat was also reported to
inhibit the growth of some other pathogens. Luo and Oh [38] reported
that US + SAEW treatment at 60 °C for 1 min resulted in an additional
2.72 log CFU/g reduction of L. monocytogenes compared to SAEW
treatment alone. Luo, et al. [39] indicated that US (400 W/L) combined
with SAEW (ACC 28-30 mg/L) at 60 °C achieved approximately 3.0 log
CFU/g reduction in the Bacillus cereus. Ding, et al. [25] studied that US
enhanced the bactericidal activity of SAEW (ACC = 34.33 mg/L) which
resulted in 1.50 and 1.29 log reductions on yeasts and molds for cherry
tomatoes and strawberries respectively. The inactivation effect of US +
SAEW treatment might be due to thermosensation cavitation activity,
which caused high pressure and temperature areas, destroying the
bacterial cell wall, thus resulting in better penetration of SAEW [17].

3.2. Effect of US + SAEW treatment on cell membrane integrity

Effects of US + SAEW treatment on the leakage of nucleic acids at
260 nm and proteins at 280 nm from R. stolonifer cells are shown in
Table 2. The absorbance at 260 nm of the untreated R. stolonifer USO +
SAEWO0 was 0.33. At 25 °C, the absorbance at 260 nm of the mycelia
treated by US500 + SAEW50 was significantly increased to 0.70 (p <
0.05). At 40 °C, with the increase of US power, the absorbance at 260 nm
of the mycelia treated by US300 + SAEW50, US400 + SAEW50, US500
+ SAEW50 were significantly increased to 0.67, 0.8 and 1.17 respec-
tively (p < 0.05). At 55 °C, the absorbance at 260 nm was increased with
the increase of US power and the ACC of SAEW. Obviously, the absor-
bance at 260 nm of the mycelia treated by US500 + SAEW50 was the
highest (1.68), followed by US500 + SAEW50 (1.17, p < 0.05).

Similarly, the absorbance at 280 nm of the untreated R. stolonifer was
0.24. At 25 °C, the absorbance at 280 nm of the mycelia treated by
US500 + SAEW50 was increased to 0.54, but with no significant dif-
ference compared to that of the untreated one (p > 0.05). At 40 °C, the
absorbance at 280 nm of the mycelia treated by US500 + SAEW50 was
significantly increased to 0.73 (p < 0.05). At 55 °C, US500 + SAEW50
treatment also resulted in the highest absorbance at 280 nm of the
mycelia, which was 0.97 (p < 0.05). For both absorbances at 260 and
280 nm, US500 + SAEW50 treatment at 55 °C for 10 min showed the
highest values, suggesting the most severe leakage of intracellular ma-
terials. The leak of nucleic acid and protein in R. stolonifer treated with
US + SAEW indicated that the cell membrane was disrupted, resulting in
the release of internal components of the cell [37]. Lin, et al. [40]
revealed that the integrity and permeability of the E. coli cell membrane

Table 2
Effect of ultrasound and slightly acidic electrolyzed water on the leakage of 260
nm and 280 nm absorbing materials from R. stolonifer.

Temperature (°C) Treatment Absorbance
260 nm 280 nm
25 USO + SAEWO0 0.33 £+ 0.01a 0.24 + 0.00a
US500 + SAEWS50 0.70 + 0.20bcd 0.54 + 0.10abcde
40 US300 + SAEW50 0.67 + 0.07bcd 0.47 + 0.06abcde

US400 + SAEWS50 0.80 + 0.24 cd 0.44 + 0.13abed
US500 + SAEWS50 1.17 + 0.01ef 0.73 + 0.03def
55 US300 + SAEW10 0.47 + 0.15ab 0.33 + 0.04ab
US300 + SAEW30 0.61 + 0.01abed 0.40 + 0.02abc
US300 + SAEWS50 0.92 + 0.06de 0.53 + 0.04abcde
US400 + SAEW10 1.32 £ 0.03 fg 0.78 £ 0.01ef
US400 + SAEW30 1.50 + 0.28gh 0.61 + 0.38bcde

US400 + SAEW50
US500 + SAEW10
US500 + SAEW30
US500 + SAEWS50

0.51 + 0.07abc
0.73 + 0.14bcd
0.65 + 0.03bcd
1.68 £ 0.12h

0.55 + 0.11abcde
0.67 + 0.19cdef
0.73 + 0.17def
0.97 + 0.01f

US, ultrasound; SAEW, slightly acidic electrolyzed water, US + SAEW, ultra-
sound with the power of 300, 400, and 500 W combined SAEW with the con-
centration of available chlorine of 10, 30, and 50 mg/L respectively.

Values followed by different lowercase letters in the same column mean statis-
tically significant differences (p < 0.05).
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was disrupted by US treatment. SAEW (ACC = 25.27 mg/L) was re-
ported to damage the cell membrane of E. coli, S. aureus, and B. subtilis
[41]. US + SAEW treatment caused the release of cell contents and the
disintegration of the cell wall and plasma membrane on S. aureus bac-
teria [42]. It might be due to that the high pressure and temperature in
the local regions created by US damaged the bacterial cell structure and
caused higher uptake of SAEW, thus resulting in maximum cellular
damage [43].

3.3. Effect of US + SAEW treatment on spore germination

The spore germination of R. stolonifer as affected by US + SAEW
treatment is shown in Fig. 1. After 24 h incubation, the germ tubes and
spore germination were observed in the untreated R. stolonifera
(Fig. 1A), while only swollen spores were observed in US + SAEW
treated samples (Fig. 1B-F). After 48 h incubation, the spores were
completely germinated, and typical hyphae were shown in the untreated
R. stolonifer (Fig. 1A). The spores of R. stolonifer treated by US500 +
SAEWS50 (25 °C, 10 min) and US500 + SAEW50 (40 °C, 10 min) were
only enlarged (Fig. 1B and C). There are no spores germinated after
US300 + SAEW50, US400 + SAEW50, and US500 + SAEW50 treatment
at 55 °C for 10 min (Fig. 1D-F), suggesting US + SAEW treatment
inhibited the spore germination ultimately and affected the develop-
ment of hyphae of R. stolonifer. Evelyn, et al. [44] stated that US at 75 °C
could inactivate the vegetative cells and spores of the bacterial and
fungal. Guerra Sierra, et al. [45] found that SAEW with ACC 10-50 ppm
for 7 min could inhibit the conidia germination of R. stolonifer and
B. cinerea..

3.4. Scanning electron microscopy (SEM)

SEM micrographs of R. stolonifer as affected by US + SAEW treatment
are shown in Fig. 2. The untreated R. stolonifer presented homogeneous,
regular and long tubular hyphae with a smooth external surface (Fig. 2
A-a). US500 + SAEW50 (25 °C, 10 min) treatment induced superficial
wrinkles and partially collapsed hyphae (Fig. 2 B-b). US500 + SAEW50
(40 °C, 10 min) treated hyphae was distorted and destructed, resulting
in flowing out of part of cellular contents (Fig. 2 C-c). Severe cell-wall
pitting was observed, and part of hyphae were completely disrupted
into debris after US300 + SAEW50, US400 + SAEWS50, and US500 +
SAEWS50 treatment at 55 °C for 10 min respectively (Fig. 2, D-d, E-e, and
F-f). It was reported that US + SAEW had a significant impact on the
biological structure of S. aureus [42], which might be due to the cavi-
tation efficacy of US, which could produce micro-cracks in the bacterial
cell membranes that allowed SAEW to enter inside the bacteria cells
[46].

3.5. Transmission electron microscopy (TEM)

Ultrastructure changes of R. stolonifer observed by TEM as affected
by US + SAEW treatment are shown in Fig. 3. The untreated R. stolonifer
showed typical fungal ultrastructure with normal cell wall thickness, the
plasma membrane was regular and intact, the cytoplasmic matrix was
abundant, and the prominent organelles such as mitochondria, vacuoles
and nucleus were normal and uniform (Fig. 3A). Compared with the
untreated one, the ultrastructure of R. stolonifer was changed after
different US + SAEW treatment. An apparent separation of plasma wall
and decreased cytoplasm were observed in R. stolonifer treated by
US500 + SAEW50 (25 °C, 10 min) (Fig. 3B). This result might be because
the free radicals and hydrogen peroxide were generated during US
treatment, which changes cell membrane permeability through the
sonochemical reaction and oxidative damage, thus resulting in the
leakage of intracellular potassium and the loss of osmotic pressure bal-
ance. More serious separation of plasma wall and intracellular compo-
nents damages were observed in R. stolonifer treated by US500 +
SAEW50 (40 °C, 10 min) (Fig. 3C). Much more severe damaged
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Fig. 1. Effects of ultrasound and slightly acid electrolytic water combination on spore germination. US, ultrasound; SAEW, slightly acid electrolytic water. A, un-
treated; B, US500 + SAEW50 (25 °C, 10 min); C, US500 + SAEW50 (40 °C, 10 min); D, US300 + SAEW50 (55 °C, 10 min); E, US400 + SAEW50 (55 °C, 10 min); F,

US500 + SAEWS0 (55 °C, 10 min).

9.5mm x1.50k SE(UL

Fig. 2. Effect of ultrasound and slightly acid electrolytic water combination on the fungal morphology of R. stolonifer by SEM. US, ultrasound; SAEW, slightly acid
electrolytic water. A-a, untreated; B-b, US500 + SAEW50 (25 °C, 10 min); C-c, US500 + SAEW50 (40 °C, 10 min); D-d, US300 + SAEW50 (55 °C, 10 min); E-e,

US400 + SAEW50 (55 °C, 10 min); F-f, US500 + SAEW50 (55 °C, 10 min).

intracellular components, increased vacuoles space, indistinct intracel-
lular organelles, and cytoplasm loss were shown in stolonifer after
US300 + SAEW50, US400 + SAEW50, and US500 + SAEW50 treatment
at 55 °C for 10 min respectively (Fig. 3D, E, and F). Among them, the
most severe cell damage was observed after US500 + SAEW50 (55 °C,
10 min) treatment (Fig. 3F). Markedly damaged, destroyed, or distinct
separation of the cytoplasmic cellular material was also observed in the
cell membrane of E.coli 0157:H7 cells treated by SAEW with ACC10 or
30 mg/L for 3 min [47].

3.6. Cell membrane permeability and mitochondrial membrane potential
(MMP)

The cell membrane plays an essential role in maintaining the normal
physiological functions of microorganisms, including the transportation
of necessary materials and adenine triphosphate generation. Once the
membrane is damaged irreversibly, microbial cells will be dead imme-
diately. To assess the effect of US + SAEW treatment on the cell mem-
brane permeability of R. stolonifer, a fluorescent dye based on a high-
affinity nucleic acid stain SYTOX-Green was used. The dye can easily
penetrate the cells with compromised plasma membranes, but can’t
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Fig. 3. Effect of ultrasound and slightly acid electrolytic water combination on
the fungal ultrastructure of R. stolonifer by TEM. US, ultrasound; SAEW, slightly
acid electrolytic water. A, untreated; B, US500 + SAEW50 (25 °C, 10 min); C,
US500 + SAEWS50 (40 °C, 10 min); D, US300 + SAEW50 (55 °C, 10 min); E,
US400 + SAEW50 (55 °C, 10 min); F, US500 + SAEW50 (55 °C, 10 min).

cross the membranes of non-compromised living cells, being used to
assess the integrity of biological membranes [48]. As shown in Fig. 4, no
fluorescent signal was observed in the untreated hyphal cell. However,
after US + SAEW treatment, the fluorescent signal was distinct and clear.
The hyphal cell treated by US500 + SAEW50 (55 °C, 10 min) showed
stronger fluorescence intensity than that treated by US500 + SAEW50
(40 °C, 10 min). US treatment was found to significantly increase the
membrane permeability of E. coli 0157:H7 [40]. The cell membrane
permeability of Escherichia coli was also enhanced treated by SAEW
with ACC 60 mg/L for 5 min [49].

To evaluate MMP changes of R. stolonifer as affected by US + SAEW
treatment, Rhodamine 123 staining was used. Rhodamine 123 is a
cationic fluorescent dye that penetrates cell membranes, which is an
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ight field Dark field

=
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indicator of MMP. In normal cells, the transmembrane potential of
mitochondria could be relied on to enter the mitochondrial matrix, and
the fluorescence intensity would be reduced or disappeared [50]. As
shown in Fig. 5, the fluorescent signal was very weak in the untreated
hyphal cell. After US + SAEW treatment, the fluorescent signal was
obviously enhanced. The hyphal cell treated by US500 + SAEW50
(55 °C, 10 min) showed stronger fluorescence intensity than that treated
by US500 + SAEW50 (40 °C, 10 min), indicating that the MMP of the
cells was substantially decreased. As a sensitive indicator reflecting the
energy status of mitochondria and cells, the decrease in MMP suggested
that the normal physiological activities of cells could be affected [51].
These results indicated that the function of R. stolonifer cell membrane
were damage after US + SAEW treatment.

3.7. R. Stolonifer infections in sweet potato TRs

The effect of US + SAEW treatment on R. stolonifer development in
sweet potato TRs is shown in Fig. 6. For the untreated samples, the TRs
were rapidly infected after inoculation with R. stolonifer for only 5 days,
with some mycelia appeared and started to diffuse at the wound
(Fig. 6A). With the increase of storage time (10, 15, and 20 days), the
infection was significantly increased and diffused. The TRs were
completely infected and turned soft at 15 days of storage (Fig. 6A). For
the TRs treated by US500 + SAEW50 (25 °C, 10 min), after 10 days
storage, the infection was diffused; after 15 days storage, nearly a half
part of rotting inside TRs was observed; but after 20 days storage, a very
large part of rotting inside TRs was observed (Fig. 6B). For the TRs
treated by US500 + SAEW50 (25 °C, 10 min), after 10 days storage, the
infection was diffused; after 15 days storage, part of rotting inside TRs
was observed; but after 20 days storage, a very large part of rotting in-
side TRs was observed (Fig. 6B). Similar phenomenon was observed in
the TRs treated by US400 + SAEW50 (55 °C, 10 min) and US500 +
SAEW50 (55 °C, 10 min) (Fig. 6 E and F). Whereas for the TRs treated by
US500 + SAEWS50 (40 °C, 10 min) and US300 + SAEW50 (55 °C, 10
min), small-localized scabs appeared in the puncture wound locations
after 5 and 10 days storage; then only partial enlarged infection was
observed after 15 and 20 days storage (Fig. 6C and D), suggesting US +
SAEW treatment at appropriate conditions could effectively prevent the
spreading of soft rot pathogens. It had been reported that the application
of US at 400 W/L and 40 °C for 3 min could significantly enhance the
efficacy of 5 mg/L SAEW on the reduction of pathogens and spoilage
microorganisms in kale [52]. However, it was noteworthy that the TRs
in the US400 + SAEW50 (55 °C, 10 min) and US500 + SAEW50 (55 °C,
10 min) groups was rotting faster than the other treatment groups at the
end of the storage, although US400 + SAEW50 and US500 + SAEW50
(55 °C, 10 min) were good at inhibiting the mycelial growths of

Treatment

Fig. 4. Ultrasound combined with slightly acid electrolytic water elicited an increase in cell membrane permeability of R. stolonifer observed by SYTOX green
staining. US, ultrasound; SAEW, slightly acid electrolytic water. Treatment 1, US500 + SAEW50 (40 °C, 10 min); Treatment 2, US500 + SAEW50 (55 °C, 10 min).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Ultrasound combined with slightly acid electrolytic water elicited a decrease in mitochondrial membrane potential of R. stolonifer observed by Rhodamine
123 staining. US, ultrasound; SAEW, slightly acid electrolytic water. Treatment 1, US500 + SAEW50 (40 °C, 10 min); Treatment 2, US500 + SAEW50 (55 °C, 10 min).
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Fig. 6. Effect of ultrasound and slightly acid electrolytic water combination on
transverse section of sweet potato TRs artificially inoculated with R. stolonifer.
US, ultrasound; SAEW, slightly acid electrolytic water. A, untreated; B, US500
-+ SAEW50 (25 °C, 10 min); C, US500 + SAEW50 (40 °C, 10 min); D, US300 +
SAEWS50 (55 °C, 10 min); E, US400 + SAEW50 (55 °C, 10 min); F, US500 +
SAEWS50 (55 °C, 10 min).

R. stolonifer (Table 1). These results might be due to the explosion of the
bubbles generated by US at relative higher power (400 and 500 W) and
temperature (55 °C), which might induce damages to the internal tissue
of TRs. The damages might promptly accelerate the growth of surface
microorganisms, leading to the decay of the plant tissue [14].

4. Conclusions

In this study, the effect of US combined with SAEW at different
temperature on R. stolonifer of sweet potato TRs was evaluated. US +
SAEW treatment at proper power, temperature and time could syner-
gistically inhibit the mycelial growth and spore germination of
R. stolonifer. The cavitation bubbles caused by US might lead to the
penetration of SAEW into R. stolonifer cells, so as to enhance the effec-
tiveness of SAEW on the permeability increase of cell membranes and
the leakage of intracellular nucleic acids and proteins. The damaged
R. stolonifer cells were further ruptured by US, which resulted in the cell
wall and membrane fragmentation of lysed cells. In addition, US +
SAEW treatment could control the growth of R. stolonifer in sweet potato
TRs to some extent, indicating that US + SAEW treatment could be a new
way to control R. stolonifer in sweet potato.
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