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Abstract

e-Poly-L-lysine (¢-PL) is a natural antimicrobial polymer with significant inhibitory activity
against a broad spectrum of microorganisms, and nowadays used widely as a preservative
in the food industry. In the present study, €-PL broth was obtained from Streptomyces ahy-
groscopicus GIM8 fermentation in a nutrient-limited liquid medium. The in vitro antifungal
activity of the broth against fruit pathogens Penicillium expansum and Colletotrichum
gloeosporioides was investigated, and its usage for postharvest storage of two highly per-
ishable fruits wax apple and guava was evaluated. Results showed that e-PL concentration
in the broth reached 0.61 g/L, and the nutrition level of the broth was low. The antifungal
activity of e-PL broth was comparable to that of the aqueous solution of e-PL under the same
concentration. Immersion with the diluted broth (200 mg/L e-PL) markedly delayed the
decline in the quality of postharvest wax apple and guava fruits during storage, and the
decay incidences were also greatly decreased as compared to their respective controls (dis-
tilled water immersion). A further investigation demonstrated that the e-PL broth immersion
induced an increase in the activity of defense-related enzymes peroxidase and polyphenol
oxidase in the two fruits during storage. The present study proved that the fermentation
broth of e-PL could be used as a promising alternative to high purity e-PL and synthetic fungi-
cides for preserving fruits at postharvest stage.

Introduction

Wax apple (Syzygium samarangense L.) is an important non-climacteric subtropical fruit, and
planted widely in Southeast Asian countries including Thailand, Indonesia, and Malaysia [1].
Wax apple contains high levels of vitamin C and bioactive components, while its storage life is
short (less than one week) under refrigerated storage condition due to its high respiration rate,
flimsy skin, and high chilling sensitivity [2, 3]. Guava (Psidium guajava L.), another economically
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that no competing interests exist. days after harvest at ambient condition because of fast ripening, abrupt softening, fungal attack,
and high sensitivity to chilling [4, 5]. The anthracnose caused by Colletotrichum is a common
fungal disease of postharvest guava [6]. Thus, there is an emerging demand for the development
of effective technologies for postharvest storage of wax apple and guava fruits.

Over the past several decades, the use of chemical fungicides still remained the major way
to control postharvest decay in fruits and vegetables. However, excessive use of fungicides
results in drug resistance by pathogens [7], and chemical fungicides are harmful to human
healthy as well as the environment [8]. Therefore, an increasing number of regulatory restric-
tions are put on the use of chemical fungicides. Because of these limitations, there is an urgent
demand to develop alternative approaches to reduce or even replace chemical fungicides for
postharvest storage of fruits and vegetables. Promising approaches, including natural antimi-
crobials like chitosan [9], natamycin [10], and tea oil [11], GRAS (generally regarded as safe)
substances like trisodium phosphate [12], and biological control agents [13, 14], and elicitors
[15] have been explored for the storage of postharvest fruits.

e-Poly-1-lysine (e-PL) is a cationic homopolyamide consisting of 25-30 L-lysine residues
characterized by unique linkages between the e-amino and a-carboxyl groups of L-lysine. It
was first identified in culture filtrate of a Streptomyces albulus strain during screening of Dra-
gendorff-positive substances [16], and currently produced at a commercial scale via aerobic
fermentation in Japan and China. Due to its polycationic nature, €-PL exhibits a broad-spec-
trum antimicrobial activity against bacteria, fungi, and yeasts, as well as some viruses [17, 18].
Besides the antimicrobial activity, e-PL is degradable, thermally stable, and water soluble, and
has non-toxicity to humans and the environment [19, 20]. Owing to the above-mentioned
attributes, e-PL is considered as a promising natural antimicrobial agent in the food industry.
It was awarded GRAS status by the United States Food and Drug Administration [21]. Nowa-
days, e-PL as a food preservative is used widely in a number of countries such as Japan, South
Korea, the United States, and China [22].

Recently, e-PL has attracted considerable attention for storage of postharvest fruits. Several
studies showed that the fungal pathogens such as Penicillium digitatum and Botrytis cinerea
isolated from fruits can be effectively inhibited by €-PL [23, 24]. To the best of our knowledge,
most studies initiated so far have concentrated on the use of high purity e-PL for controlling
postharvest diseases of fruits. Apparently, the cost was high, which is a major hindrance for its
practical application in the fruit industry.

In the present study, considering the high price of €-PL, the use of broth derived from e-PL
fermentation for postharvest storage of fruits was evaluated. The broth was typically prepared
from submerged fermentation of an e-PL-producing Streptomyces ahygroscopicus GIM8 in a
medium with controlled nutrient levels. The antifungal activity of the broth against fruit path-
ogens was investigated, and then its postharvest use was assessed for preserving postharvest
wax apple and guava fruits. The present study proved that the e-PL broth could be a promising
alternative to high purity e-PL and chemical fungicides for postharvest storage of fruits. The
use of e-PL broth for fruit quality maintenance holds great promise for practical application in
the fruit industry.

Materials and methods
Fruits

Mature fruits (either wax apple or guava) were harvested from a block with area less than 100
m” in a commercial orchard in Conghua district, Guangzhou, Guangdong Province, China,
and transported to the laboratory within 2 h. The fruit of uniform shape, size, and color and
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with no mechanical injuries or diseases were selected. The color of wax apple was pink, with L*
value of 37.7+1.6 and a* value of 18.0+1.1. Guava had round shape and a bright color with L*
value of 48.4+2.0 and a* value of 12.0+1.5. The initial firmness of wax apple and guava was 9.26
+0.21 N and 12.17+0.18 N, respectively. Prior to use, the selected fruits were soaked in 0.5%
sodium hypochlorite solution for 2 min, washed with tap water, and air-dried. For each fruit
species, the selected fruits were randomly distributed into groups, with 30 fruits per group.

Pathogens

The pathogens Penicillium expansum and Colletotrichum gloeosporioides were used in this
work for the antifungal activity assay. P. expansum was isolated from an infected wax apple. C.
gloeosporioides was an isolate of diseased guava fruit. Each pathogen was cultured on potato
dextrose agar (PDA) medium in Petri dishes (9 cm diameter) at 25°C. After one week of incu-
bation, spores of each of the pathogens were isolated by scraping the surface of the PDA
medium with an inoculation loop, and suspended in 5 mL sterile distilled water containing
0.05% Tween 20 to prevent spore aggregation. To remove any adhering mycelia, the spore sus-
pensions were filtered through four lagers of cheesecloth. The concentration of spores in the
suspensions was counted using a hemocytometer, and adjusted to 1.0x10” spores/mL with
sterile distilled water. The final spore suspensions were used in subsequent experiments.

Strain, media, and £-PL fermentation

An e-PL-producing strain S. ahygroscopicus GIMS, isolated previously in our group [25], was
used. It has been stored at the China Center for Type Culture Collection with collection num-
ber CCTCC M2011191.

A nutrient-limited medium, modified based on M3G medium [26], was used, and referred
to as MM3G medium in this work. The MM3G medium was comprised of the following ingre-
dients: 18 g glucose, 2 g yeast extract, 4 g (NH,),SO,, 1.36 g KH,PO,, 0.8 g K,HPO,, 0.5 g
MgSO,4-7H,0, 0.04 g ZnSO,-7H,0, 0.03 g FeSO,-7H,0, and 1000 mL distilled water. For ster-
ilization, the medium was autoclaved at 121°C for 20 min.

For the preparation of seed culture, a loop of spores from a slant of a 5-day-old culture of S.
ahygroscopicus GIM8 were inoculated into 30 mL MM3G medium in a 250 mL shake flask,
and cultured at 30°C and 190 rpm for 20 h. For e-PL fermentation, the seed culture (5%, v/v)
was inoculated into 50 mL MM3G medium in a 250 mL flask, and incubation at 30°C and 190
rpm for a period of 72 h.

Preparation of €-PL broth

After a 72-h period of fermentation, the mycelia were removed by centrifugation at 8000xg for
10 min. The concentration of e-PL in the resulting supernatants was then determined. The
supernatants were diluted with sterile distilled water to required concentrations of e-PL, and
adjusted to neutrality (pH 7.0) using 1 M NaOH for better antimicrobial activity. The diluted
€-PL broth was used in subsequent experiments.

In vitro antifungal activity assay

An aliquot (100 pL) of the spore suspensions was spread evently on the surface of PDA plates,
and allowed to adsorb excess water into the medium for 2 h. Sterilized Oxford cups (7.8 mm in
diameter) were placed in the center of a Petri dish (9 cm diameter), and then 50 pL of the
diluted broth with e-PL at a concentration range of 50 to 250 mg/L was pipetted into each cup.
Distilled water was used as negative control, and the aqueous solution of e-PL (powder, purity
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99%, Zhejiang Silver Elephant Bioengineering Co., Ltd., Zhejiang Province, China) acted as
positive control. The plates were incubated for 7 days at 25°C. For antifungal activity estima-
tion, the diameter of inhibition zone was measured with a cross method using a caliper, and
expressed as mm by subtracting the diameter of the cup from the measured values.

Treatments

The fruits were immersed in the diluted broth (200 mg/L e-PL) for 2 min. This concentration
level of e-PL was chosen based on previous published papers [23, 24] and our preliminary
studies. For comparison, sterilized distilled water was used as negative control, and the e-PL
(200 mg/L) aqueous solution acted as positive control. Each treatment included three repli-
cates, with 30 fruits per replicate. After immersion, the fruits of different treatments were sepa-
rately placed in cartons with holes for aeration, and stored at 30°C and 80% relative humidity.
During storage, physicochemical quality parameters of stored fruits were determined. The
decay incidence of each treatment was recorded daily.

Measurement of fermentation parameters

For biomass estimation, 10 mL of broth was filtered through a pre-weighted filter paper,
washed, and dried at 80°C till a constant weight. Residual glucose levels in broth were mea-
sured using the 3,5-dinitrosalicylic acid colorimetric method. e-PL was analyzed with a colori-
metric method according to the procedures of Itzhaki [27]. The Bradford assay was used to
quantify proteins with bovine serum albumin as the standard [28]. The exopolysaccharides
were separated by ethanol precipitation, re-dissolved with distilled water, and then determined
by the phenol-sulfuric acid method [29]. The pH of broth was measured with a pH meter.

Determination of fruit quality parameters

Weight loss of fruits as percentage (%) was calculated by the following formula: (A-B)/A x 100,
where A is the initial fruit weight, and B is the fruit weight after a certain storage period.

Total soluble solids (TSS) content in fruit flesh was determined by a portable refractometer
(PAL-1, Atago, Tokyo, Japan). For each treatment, five fruits of each replicate were homoge-
nized and mixed together. The obtained fruit juice was used to determine the TSS level. The
result was expressed as percentage on a fresh weight (FW) basis.

Titratable acidity (TA) in fruit flesh was measured using the titration method [30]. Five
fruits of each replicate in each treatment were homogenized by adding appropriate amount of
distilled water and filtered. An aliquot of 20 mL was titrated against 0.1 M NaOH. The results
were represented as the percentage of citric acid on a FW basis.

Ascorbic acid content determination was based on the method described by Terada et al.
[31]. Five grams of tissue were obtained from five fruits (as above), and homogenized with 20
mL of cold 6% metaphosphoric acid, and centrifuged for 10 min at 12000xg and 4°C. A 1.6
mL of supernatants was mixed with 0.8 mL 2% di-indophenol, and then 1.6 mL 2% thiourea
and 0.4 mL 1% dinitrophenol hydrazine were added. The mixture was incubated at 37°C for 3
h, and then 2.0 mL 85% H,SO, was added, and against left at ambient temperature for at least
30 min. The absorbance at 540 nm was recorded. The ascorbic acid content was calculated as
mg per 100 g FW.

Assays of enzyme activity

The fruit samples were peeled. Ten grams of fruit tissue from five fruits of each replicate in
each treatment was homogenized in 20 mL 0.05 M phosphate buffer (pH 7.8) at 4°C. The
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homogenate was centrifuged for 10 min at 10000xg and 4°C. The supernatants were used as
enzyme extract for the analysis of activities of peroxidase (POD) and polyphenol oxidase
(PPO).

The enzyme activity of POD in fruits was determined as previously described [32]. The
reaction system was composed of 2.2 mL 1% guaiacol, 0.2 mL 1.5% hydrogen peroxide, and
0.5 mL enzyme extract. Absorbance was measured using a UV-Vis spectrophotometer at 470
nm for 3 min. One unit of PPO activity was defined as the amount of enzyme which caused a
change of 0.01 in absorbance per minute at 470 nm, and expressed as units per gram FW.

PPO activity in fruits was assayed according to the method of Fang et al. [33]. The reaction
mixture consisted of 3 mL 0.01 M catechol and 0.5 mL enzyme extract. Absorbance was mea-
sured at 420 nm for 3 min. One unit of PPO activity was defined as the amount of enzyme
which caused a change of 0.01 in absorbance per minute at 420 nm. The activity was presented
as units per gram FW.

Statistical analysis

All data are presented as the mean + standard deviation of three replicates. The data were ana-
lyzed using one-way analysis of variance. Significant differences between means were deter-
mined using Duncan’s multiple range tests, and a P value of less then 0.05 was considered
statistically significant.

Results
Performance parameters of £e-PL fermentation

As shown in Table 1, the e-PL yield reached 0.61 g/L, the broth was acidic with a final pH
value of 3.12, and the biomass was 4.27 g/L. With regard to nutrient components, the protein
concentration was low at 6.04 mg/L, and the carbohydrates including glucose and exopolysac-
charides were not detectable. In summary, the broth contained considerable amounts of e-PL
while a little nutrition.

In vitro antifungal activity of £-PL broth

Fig 1 shows the inhibitory effect of the broth against P. expansum and C. gloeosporioides. The
data on inhibition zone with different £-PL levels (50-250 mg/L) are listed in Table 2. Accord-
ing to Fig 1, the diluted broth with 200 mg/L e-PL had apparent inhibitory effect on the growth
of the two pathogens, and the efficacy was comparable to that of the e-PL solution under the
same €-PL concentration. Table 2 indicates that e-PL at 50 mg/L in the broth or in distilled
water did not show any inhibitory effect against the pathogens, while a weak effect could be
observed as its concentration increased to 100 mg/L. At 150 mg/L e-PL or above, the inhibi-
tion zone became larger, indicating strong antifungal activity. There were no significant differ-
ences in activity between the broth and e-PL solution when the same e-PL level was tested.
The antifungal activity of the broth against other test fungi is shown in S1 Fig.

Effects of £-PL broth on weight loss of postharvest wax apple and guava
fruits

Fig 2 shows the visual appearance of wax apple and guava fruits in the experimental and con-
trol groups after 7 days of storage. Clearly, the broth had similar effect to that of the €-PL solu-
tion for the storage of the two fruits. As illustrated in Fig 3, the weight loss increased
continuously with time during the entire storage period for all treatments, regardless of fruit
species. Compared with the negative controls, the e-PL broth markedly decreased weight loss
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Table 1. Data on £-PL fermentation in flasks by S. ahygroscopicus GIM8.

Parameters Parameters

e-PL (g/L) 0.61+0.05 Glucose (g/L) 0
Biomass (g/L) 4.27+0.26 Proteins (mg/L) 6.04+0.42
Final pH 3.12+0.23 Exopolysaccharides (g/L) 0

Values were measured at the end of fermentation; data represents as the mean * standard deviation (n = 3).

https://doi.org/10.1371/journal.pone.0265457.t001

of both tested fruits, and the retention effect was similar between the broth and the £-PL solu-
tion. At the end of storage, the weight loss in the negative control wax apple fruit was 6.02%,
while lower values of 4.89% and 4.62% were recorded in the broth- and e-PL solution-treated
groups, respectively. Similar results were obtained when guava fruits were used. Statistical
analysis showed that interaction of treatment and storage time was not significant on weight
loss of both fruits, while main effect of the two factors found significant.

Effects of €-PL broth on TSS, TA, and ascorbic acid contents

As shown in Table 3, the TSS content of wax apple with distilled water immersion first rose
and then decreased rapidly from 3 days of storage. Differently, a gradual increase was observed
throughout the storage period when the broth or e-PL solution was used. No significant

Distilled water ¢-PL broth ¢-PL solution

o

eosporlozd 2,

Fig 1. The growth of P. expansum and C. gloeosporioides in response to the broth and £-PL solution in the PDA plates. e-PL
concentration was 200 mg/L in both solutions.

https://doi.org/10.1371/journal.pone.0265457.9001
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Table 2. In vitro antifungal activity of the broth and £-PL solution against P. expansum and C. gloeosporioides.

&-PL (mg/L) Inhibitory zone (mm)
P. expansum C. gloeosporioides
€-PL broth £-PL solution €-PL broth €-PL solution

50 0.00+0.00a 0.00£0.00a 0.00£0.00a 0.00+0.00a
100 3.34+0.16a 3.36+0.14a 3.01£0.09a 3.05+0.11a
150 12.42+0.45a 12.65+1.15a 9.78+0.32b 10.11+£0.45a
200 18.71+1.23b 19.02+1.06a 14.26+1.04a 14.44+0.82a
250 20.25+1.06a 20.08+1.32a 15.33+£0.78a 15.67+1.20a

Values followed by the same letters within the same row for each strain are not significantly different (P < 0.05); data
represents as the mean + standard deviation (n = 3).

https://doi.org/10.1371/journal.pone.0265457 1002

¢-PL broth

¢-PL solution Distilled water

Fig 2. Visual appearance of wax apple and guava fruits with different treatments after a storage period of 7 days. e-PL
concentration was 200 mg/L in both solutions.

https://doi.org/10.1371/journal.pone.0265457.9002
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Fig 3. Changes in weight loss of wax apple and guava fruits with different treatments during postharvest storage. Different letters at the same time
point indicate significant differences at P < 0.05. Vertical bars represent standard deviations of the means (n = 3).

https://doi.org/10.1371/journal.pone.0265457.9003

differences in TSS content of wax apple were observed between the broth and €-PL solution
immersion in all assayed time points, but the differences were significant between the broth or
e-PL solution immersion with the distilled water immersion. From Table 4, there was a grad-
ual increase of TSS content in guava fruit during storage for all treatments. Compared to the
distilled water, both the broth and e-PL solution retarded the increase in TSS content, and the
difference in inhibition effect was minor between the broth and e-PL solution.

TA of wax apple and guava fruits in all test groups reduced over storage time, while the
reductions were greater in the negative control groups as compared with their corresponding
experimental and positive control groups (Tables 3 and 4). Significant differences in TA level
of each test fruit could be readily observed between the negative control group with the experi-
mental group, or with the positive control group. The broth and e-PL solution had similar
effect in delaying T'A reduction in wax apple, but a less effect was showed by the broth com-
pared to the e-PL solution in the case of guava fruit.

The ascorbic acid content in both wax apple and guava fruits decreased continuously with
storage time in all treatments (Tables 3 and 4). Compared with the distilled water immersion,
the broth retarded the decline of ascorbic acid content in wax apple. This phenomenon was
also observed when using the e-PL solution. In the case of guava fruit, the broth showed a less

Table 3. TTS, TA, and ascorbic acid contents of wax apple at different storage time with different treatments.

Time (d)

0
1
3
5
7

€-PL broth
5.40+0.17a
5.44+0.13a
5.61%£0.19a
5.87£0.21a
6.03£0.14a

TTS (%)

£-PL solution
5.40+0.17a
5.46+0.23a
5.58+0.21a
5.92+0.19a
6.11+0.12a

TA (%) Ascorbic acid (mg/100 g)
Distilled water |&-PLbroth |&-PLsolution |Distilled water |€-PLbroth |&-PL solution |Distilled water
5.40+0.17a 0.31+£0.02a 0.31+£0.02a 0.31+£0.02a 6.83+0.41a 6.83+£0.41a 6.83+£0.41a
5.45+0.18a 0.29+0.03a 0.30+0.02a 0.28+0.02a 5.77+0.26b 6.09+0.34a 4.91+0.24¢
5.61+0.15a 0.25+0.02b | 0.27+0.02a 0.23+0.01c 5.31+0.32a | 5.53+0.23a 4.12+0.23b
5.81+0.22b 0.20+0.01a | 0.21+0.03a 0.19+0.03a 4.35+0.23a | 4.23%0.21a 3.21+0.21b
5.17+0.21b 0.17+£0.02a | 0.18+0.02a 0.14+0.02b 3.24+0.17a | 3.28+0.24a 2.46+0.14b

e-PL concentration was 200 mg/L in the broth and e-PL solution; values followed by the same letters within the same row for each quality parameter are not

significantly different (P < 0.05); data represents as the mean + standard deviation (n = 3).

https://doi.org/10.1371/journal.pone.0265457.t003
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Table 4. TTS, TA, and ascorbic acid contents of guava at different storage time with different treatments.

Time (d)

0
1
3
5
7

€-PL broth
8.20+0.34a
8.24+0.23b
8.42+0.32b
8.53+0.25b

TTS (%)
£-PL solution
8.20+0.34a
8.21+0.18b
8.31+0.21b
8.43+0.26b

8.74+0.22bc | 8.51+0.23¢

Distilled water | £-PL broth

8.20+0.34a 0.35+0.02a
8.43 £0.22a 0.33+0.03a
8.87+0.24a 0.27+0.02b
9.12 +£0.35a 0.24+0.03b
9.5240.28a 0.18+0.01b

TA (%)
£-PL solution
0.35+£0.02a
0.34+0.02a
0.29+0.01a
0.28+0.02a
0.21+0.03a

Distilled water
0.35+£0.02a
0.31£0.03a
0.25+0.02¢
0.20+0.03¢
0.14+0.01c

€-PL broth

83.21+3.84a
71.38+3.16a
58.46+2.78b
50.65+2.88a
46.44+2.54a

£-PL solution
83.21+3.84a
73.26x3.24a
61.10+3.27a
53.45+3.14a
46.51+2.22a

Ascorbic acid (mg/100 g)

Distilled water

83.21+3.84a
72.65+3.52a
55.60+2.47a
42.10+2.34b
36.47+1.98b

e-PL concentration was 200 mg/L in the broth and e-PL solution; values followed by the same letters within the same row for each quality parameter are not

significantly different (P < 0.05); data represents as the mean + standard deviation (n = 3).

https://doi.org/10.1371/journal.pone.0265457.t1004

>

1

Decay incidence (%)

retention effect in preventing ascorbic acid degradation compared to the e-PL solution, but
there were no significant differences except at 3 days of treatment.

Effects of €-PL broth on the decay incidence

Fig 4 shows that the decay incidence of both wax apple and guava fruits increased continuously
with storage time for all treatments. In the negative control wax apple fruit, the decay inci-
dence increased rapidly to 37.74% at 3 days of storage, while the fruit in the experimental and
positive control groups were still not infected (Fig 4A). After a storage period of 7 days, the

decay incidence of wax apple in the negative control reached as high as 87.64%, while lower
values at 49.35% and 37.36% were recorded for the broth and e-PL treatments, respectively.
For guava fruit, Fig 4B shows that the broth exhibited effects similar to that of the -PL solu-
tion in inhibiting fungal decay. After 7 days of storage, the decay incidences were 73.75%,

47.66%, and 31.73% for the distilled water, the broth and e-PL solution treatments, respec-
tively. The statistical analysis showed that interaction of treatment and storage time was not
significant on decay incidence of both fruits, while main effect of the two factors found

significant.
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Fig 4. Effects of £-PL broth on decay incidence of wax apple and guava fruits during a 7-day period of storage. e-PL concentration was 200 mg/L in
both solutions. Different letters at the same time point indicate significant differences at P < 0.05. Vertical bars represent standard deviations of the
means (n = 3).

https://doi.org/10.1371/journal.pone.0265457.9004
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Fig 5. Effects of £-PL broth on the activity of POD and PPO in wax apple and guava fruits during postharvest storage. e-PL concentration was 200
mg/L in both solutions. Different letters at the same time point indicate significant differences at P < 0.05. Vertical bars represent standard deviations of
the means (n = 3).

https://doi.org/10.1371/journal.pone.0265457.9005

Effects of €-PL broth on the activity of defense-related enzymes

As observed in Fig 5, POD activity of both wax apple and guava fruits treated with distilled
water or -PL solution showed a decreasing trend throughout the storage period. Differently,
the e-PL broth immersion induced an increase of POD activity in both fruits on day 1, after-
wards it decreased continuously with time. POD activity in both kinds of fruits with the broth
or £-PL solution immersion was significantly higher than those with distilled water. In both
test fruits, the improvement in POD activity was higher by the broth induction than by the e-
PL solution induction, and the differences were statistically significant from one day of treat-
ment up to the end of storage period.

Results in Fig 5 showed that the activity of PPO in both wax apple and guava fruits in the
negative and positive controls decreased continuously with time, while the reduction was
greater in the negative control fruits compared to the corresponding positive control fruits.
Contrary to this, with the e-PL broth, PPO activity in the two tested fruits increased gradually,
peaking at 3 days of storage, and then decreased continuously. Of the three treatments, with
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the broth treatment, the activity of PPO in each test fruit was highest after one day up to the
end of storage, and the lowest activity was shown in the distilled water treatment.

Discussion

As a natural and safe antimicrobial agent, e-PL has been used to control fungal diseases of har-
vested fruits such as jujube fruit and citrus fruit [23, 24]. e-PL also demonstrated the potential
to maintain quality and extend shelf life of fresh-cut fruits and vegetables [34, 35]. Among
these investigations, the commercial e-PL with relatively high purity in a powder form was
used. However, the market price of e-PL was high, reaching 2.0x10°> USD/metric ton [36],
hence, its practical application is not economically viable in the fruit industry.

The highest yield of e-PL to date reached a level of 59.5 g/L in a fed-batch process using a
high-yield mutant [37]. However, as the separation and purification of e-PL from fermentation
broth included flocculation, filtration, ultrafiltration, ion-exchange chromatography, and
decoloration steps [38], the total production cost of €-PL is still high. To reduce the cost of &-
PL usage in the fruit industry, the use of e-PL broth may be a feasible solution. In the present
study, a nutrient-limited medium was used for e-PL fermentation and a broth with a low level
of the major nutrients while having acceptable e-PL titer was obtained.

The utilization of fermentation broth of various microbes has received more and more
attention in recent years. In a study done by Sarnthima et al. [39], the culture broth of the
medicinal mushroom Ganoderma lucidum was found to have strong antibacterial and antioxi-
dant activities, and the authors pointed out that it could be used as a value-added ingredient in
the products such as cosmetics and nutraceuticals. A broth was obtained through fermentation
of Chinese herbs with probiotics, and showed the potential to store postharvest citrus fruit
[13]. Ma et al. [40] demonstrated that the pre-harvest treatment of kiwifruit trees with mixed
culture fermentation broth of Trichoderma pseudokoningii and Rhizopus nigricans prolonged
the shelf life and improved the quality of postharvest fruit.

In the present study, the e-PL broth was tested to maintain the quality of subtropical fruits
wax apple and guava during postharvest storage. The weight loss of wax apple and guava
increased continuously with time in all treatments. Loss of weight in fresh fruits and vegetables
is mainly due to loss of water caused by transpiration and respiration processes [41]. Interest-
ingly, the broth and e-PL aqueous solution immersion retarded the decline in weight loss of
both test fruits compared to their respective negative controls. This can be explained by high
water absorbency of -PL. The increase of TTS content in fruits is suggested to be related to
the hydrolysis of starch and other macromolecular substances [42], and the conversion of
organic acids to sugars and moisture loss by the fruits [43]. A lower increase rate of TTS in the
fruits treated with the broth and e-PL solution was found in this work, as compared with the
distilled water treatment. This may be due to the inhibition of respiration of the fruits by e-PL.

Ascorbic acid is an important antioxidant in fruits. It has been suggested that the ascorbic
acid content loss in postharvest fruits was related to the O,, pH, and other factors [34]. In the
present study, the ascorbic acid retention rates of postharvest wax apple and guava fruits with
the broth and e-PL solution treatments were higher than those of their respective negative con-
trol fruits. The reason for this can be attributed to a lower respiration rate in the fruits due to
the action of e-PL.

Biological control with antagonistic microorganisms has been considered as the most
promising strategy to control postharvest diseases of fruits [44]. A great number of antagonis-
tic microorganisms, such as yeasts, Bacillus, and Streptomyces had demonstrated the potential
to prevent fungal decay during postharvest storage of fruits [14, 45, 46]. Also, the combined
use of antagonistic microbes with preservatives generally presents a synergetic effect during

PLOS ONE | https://doi.org/10.1371/journal.pone.0265457 March 16, 2022 11/15


https://doi.org/10.1371/journal.pone.0265457

PLOS ONE

Postharvest storage of wax apple and guava fruits using an €-PL fermentation broth of Streptomyces

storage of postharvest fruits [14, 47]. Several biocontrol mechanisms have been proposed,
including competitions for space with pathogens, production of various bioactive substances
with antibiotic activity and cell wall-degrading compounds, and induction of systemic resis-
tance [48].

Inducing disease resistance is an important strategy to improve the degree to which plants
and postharvest fruit use their own defense mechanisms against pathogens [47]. POD and
PPO are important enzymes associated with disease resistance in plants, and involved in
active oxygen metabolism in fruit and participate in the oxidation of phenolic compounds to
toxic quinines [49]. In the present study, the activities of both POD and PPO in wax apple
and guava fruits were induced by the €-PL broth. The induction may be mainly due to the
spores and a small amount of mycelial fragments present in the broth, which served as antag-
onistic microbes. We therefore suggested that in addition to the antifungal action of e-PL,
the induction of disease resistance by the e-PL broth is another mechanism for its preserva-
tion effect.

Conclusion

The present study demonstrated that the e-PL broth, prepared from S. ahygroscopicus fermen-
tation, had strong inhibitory effects against fungal pathogens of postharvest fruits. The -PL
broth immersion delayed the decline in the fruit quality of harvested wax apple and guava
fruits during storage, and induced disease resistance in the fruits. In conclusion, the e-PL
broth could be employed directly as an alternative to high purity e-PL and other fungicides for
postharvest storage of fruits.

Supporting information

S1 Fig. In vitro antifungal activity of €-PL broth against Pestalotiopsis microspora, Asper-
gillus flavus, and Penicillium verrucosum in the PDA plates. £-PL concentration was 200
mg/L in the broth and e-PL solution.

(TIF)

Author Contributions

Conceptualization: Jian-Ling Bai, Shu-Ping Mo.

Data curation: Jian-Ling Bai, Xiao-Juan Yang.

Formal analysis: Jian-Ling Bai, Hui-Hui Wang.

Funding acquisition: Ju-Mei Zhang, Qing-Ping Wu, Shu-Ping Mo.
Investigation: Jian-Ling Bai, Hui-Hui Wang, Ying-Long He, Shao-Quan Weng.
Methodology: Jian-Ling Bai.

Project administration: Ci-Zhou Li.

Supervision: Ju-Mei Zhang, Qing-Ping Wu.

Validation: Shu-Ping Mo.

Writing - original draft: Jian-Ling Bai.

Writing - review & editing: Jian-Ling Bai, Shu-Ping Mo.

PLOS ONE | https://doi.org/10.1371/journal.pone.0265457 March 16, 2022 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0265457.s001
https://doi.org/10.1371/journal.pone.0265457

PLOS ONE

Postharvest storage of wax apple and guava fruits using an €-PL fermentation broth of Streptomyces

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Shi ZH, Tirtawinata R, Meon Z, Thanarut C. Wax apple production in selected tropical Asian countries.
Acta Hort. 2008; 773: 161-164.

ChenF, Hao Y, Yin Z, Wu G, Jiang X. Transcriptome of wax apple (Syzygium samarangense) provides
insights into nitric oxide-induced delays of postharvest cottony softening. Acta Physiol Plant. 2017; 39:
273.

Supapvanich S, Mitrsang P, Youryon P, Techavuthiporn C, Boonyaritthongchai P, Tepsorn R. Posthar-
vest quality maintenance and bioreactive compounds enhancement in ‘Taaptimjaan’ wax apple during
short-term storage by salicylic acid immersion. Hort Environ Biotechnol. 2018; 59: 373-381.

Hong K, Xie J, Zhang L, Sun D, Gong D. Effects of chitosan coating on postharvest life and quality of
guava (Psidium guajava L.) fruit during cold storage. Sci Hortic. 2012; 144:172-178.

Sahu SK, Barman K, Singh AK. Nitric oxide application for postharvest quality retention of guava fruits.
Acta Physiol Plant. 2020; 42: 156.

Cruz AF, Medeiros NL, Benedet GL, Araudjo MB, Uesugi CH, Ferreira M, et al. Control of post-harvest
anthracnose infection in guava (Psidium guajava) fruits with phosphites, calcium chloride, acetyl sali-
cylic acid, hot water, and 1-MCP. Hort Environ Biotechnol. 2015; 56: 330—340.

Leroux P, Fritz R, Debieu D, Albertini C, Lanen C, Bach J. et al. Mechanisms of resistance to fungicides
in field strains of Botrytis cinerea. Pest Manag Sci. 2002; 58: 876—888. https://doi.org/10.1002/ps.566
PMID: 12233177

Droby S, Wisniewski, Macarisin DWilson C. Twenty years of postharvest biocontrol research: is it time
for a new paradigm? Postharvest Biol Technol. 2009; 52: 137-145.

Jiang Y, Li Y. Effects of chitosan coating on postharvest life and quality of longan fruit. Food Chem.
2001; 73:139-143.

Wang F, Saito S, Michailides TJ, Xiao CL. Postharvest use of natamycin to control Alternaria rot on
blueberry fruit caused by Alternaria alternata and A. arborescens. Postharvest Biol Technol. 2021; 172:
111383.

Yue Q, Shao X, Wei Y, Jiang S, Xu F, Wang H, et al. Optimized preparation of tea tree oil complexation
and their antifungal activity against Botrytis cinerea. Postharvest Biol Technol. 2020; 162: 111114.

CaiJ, Chen J, Lu G, Zhao Y, Tian S, Qin G. Control of brown rot on jujube and peach fruits by trisodium
phosphate. Postharvest Biol Technol. 2015; 99: 93—98.

Wang L, Ning T, Chen X. Postharvest storage quality of citrus fruit treated with a liquid ferment of Chi-
nese herbs and probiotics. Sci Hortic. 2019; 255: 169-174.

YuT, YuC, ChenF, Sheng K, Zhou T, Zunun M, et al. Integrated control of blue mold in pear fruit by
combined application of chitosan, a biocontrol yeast and calcium chloride. Postharvest Biol Technol.
2012; 69: 49-53.

Vanti GL, Leshem Y, Masaphy S. Resistance response enhancement and reduction of Botrytis cinerea
infection in strawberry fruit by Morchella conica mycelial extract. Postharvest Biol Technol. 2021; 175:
111470.

Shima S, Sakai H. Polylysine produced by Streptomyces. Agric Biol Chem. 1977; 41: 1807-1809.

Shima S, Matsuoka H, Iwamoto T, Sakai H. Antimicrobial action of e-poly-L-lysine. J Antibiot. 1984; 37:
1449-1455.

Shima S, Fukuhara Y, Sakai H. Inactivation of bacteriophages by e-poly-L-lysine produced by Strepto-
myces. Agric Biol Chem. 1982; 46: 1917-1919.

Hiraki J. Basic and applied studies on e-polylysine. J Antibact Antifungal Agents. 2000; 23: 349-354.

Hiraki J, Ichikawa T, Ninomiya S, Seki H, Uohama K, Seki H, et al. Use of ADME studies to confirm the
safety of e-polylysine as a preservative in food. Regul Toxicol Pharmacol. 2003; 37: 328-340. https://
doi.org/10.1016/s0273-2300(03)00029-1 PMID: 12726761

Tuersuntuoheti T, Wang Z, Wang Z, Liang S, Li X, Zhang M. Review of the application of &-poly-I-lysine
in improving food quality and preservation. J Food Process Preserv. 2019; 43: e14153.

Yamanaka K, Hamano Y, Oikawa T. Enhancement of metabolic flux toward e-poly-L-lysine biosynthesis
by targeted inactivation of concomitant polyene macrolide biosynthesis in Streptomyces albulus. J
Biosci Bioeng. 2020; 129: 558-564. https://doi.org/10.1016/j.jbiosc.2019.12.002 PMID: 31924510

Liu K, Zhou X, Fu M. Inhibiting effects of epsilon-poly-lysine (e-PL) on Pencillium digitatum and its
involved mechanism. Postharvest Biol Technol. 2017; 123: 94—101.

LiH, He C, Li G, Zhang Z, Li B, Tian S. The mode of action of epsilon-polylysine (¢-PL) against Botrytis
cinereain jujube fruit. Postharvest Biol Technol. 2019; 147: 1-9.

PLOS ONE | https://doi.org/10.1371/journal.pone.0265457 March 16, 2022 13/15


https://doi.org/10.1002/ps.566
http://www.ncbi.nlm.nih.gov/pubmed/12233177
https://doi.org/10.1016/s0273-2300%2803%2900029-1
https://doi.org/10.1016/s0273-2300%2803%2900029-1
http://www.ncbi.nlm.nih.gov/pubmed/12726761
https://doi.org/10.1016/j.jbiosc.2019.12.002
http://www.ncbi.nlm.nih.gov/pubmed/31924510
https://doi.org/10.1371/journal.pone.0265457

PLOS ONE

Postharvest storage of wax apple and guava fruits using an €-PL fermentation broth of Streptomyces

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

Huang JM, Wu QP, Liu SR, Zhang JM. Screening of new &-polylysine producing strain and structure
identification of its product. Microbiol China. 2011; 38: 871-877.

Kahar P, lwata T, Hiraki J, Park E, Okabe M. Enhancement of e-polylysine production by Streptomyces
albulus strain 410 using pH control. J Biosci Bioeng. 2001; 91: 190-194. https://doi.org/10.1263/jbb.91.
190 PMID: 16232973

Itzhaki FR. Colorimetric method for estimating polylysine and polyarginine. Anal Biochem. 1972; 50:
569-574. https://doi.org/10.1016/0003-2697(72)90067-x PMID: 4646067

Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utiliz-
ing the principle of protein-dye binding. Anal Biochem. 1976; 72: 248-254. https://doi.org/10.1006/abio.
1976.9999 PMID: 942051

Dubois M, Gilles KA, Hamilton JK, Rebers PA, Smith F. Colorimetric method for determination of sugars
and related substances. Anal Chem. 1956; 28: 350-356.

Bassetto E, Jacomino AP, Pinheiro AL, Kluge RA. Delay of ripening of ‘Pedro Sato’ guava with 1-
methylcyclopropene. Postharvest Biol Technol. 2005; 35: 303—-308.

Terada M, Watanabe Y, Kunitoma M, Hayshi E. Differential rapid analysis of ascorbic acid and ascorbic
2-sulfate by dinitrophenylhydrazine method. Anal Biochem. 1978; 84: 604—608. https://doi.org/10.
1016/0003-2697(78)90083-0 PMID: 626402

Meng X, Zhang M, Adhikari B. Extending shelf-life of fresh-cut green peppers using pressurized argon
treatment. Postharvest Biol Technol. 2012; 71: 13-20.

Fang Z, Zhang M, Sun Y, Sun J. Polyphenol oxidase from bayberry (Myrica rubra Sieb. et Zucc.) and its
role in anthocyanin degradation. Food Chem. 2007; 103: 268-273.

Li S, Zhang L, Liu M, Wang X, Zhao G, Zong W. Effect of poly-¢-lysine incorporated into alginate-based
edible coatings on microbial and physicochemical properties of fresh-cut kiwifruit. Postharvest Biol
Technol. 2017; 134: 114—121.

Fan K, Zhang M, Bhandari B, Jiang F. A combination treatment of ultrasound and e-polylysine to
improve microorganisms and storage quality of fresh-cut lettuce. LWT—Food Sci Technol. 2019; 113:
108315.

Ren XD, Chen XS, Tang L, Sun QX, Zeng X, Gao ZG. Efficient production of -poly-I-lysine from agro-
industrial by-products by Streptomyces sp. M-Z18. Ann Microbiol. 2015; 65: 733-743. https://doi.org/
10.1007/s00449-015-1354-2 PMID: 25605030

Wang L, Chen XS, Wu GY, Li S, Zeng X, Ren XD, et al. Enhanced ¢-poly-I-lysine production by inducing
double antibiotic-resistant mutations in Streptomyces albulus. Bioprocess Biosyst Eng. 2017; 40: 271—
283. https://doi.org/10.1007/s00449-016-1695-5 PMID: 27807681

Chen XS, Gao Y, Zhen B, Han D, Zhang JH, Mao ZG. Separation and purification of €-poly-L-lysine
from fermentation broth. Process Biochem. 2016; 51: 134-141.

Sarnthima R, Khammaung S, Sa-Ard P. Culture broth of Ganoderma lucidum exhibited antioxidant,
antibacterial and a-amylase inhibitory activities. J Food Sci Technol. 2017; 54: 3724—-3730. https://doi.
org/10.1007/s13197-017-2839-6 PMID: 29051668

Ma Q, Cong Y, Wang J, Liu C, Feng L, Chen K. Pre-harvest treatment of kiwifruit trees with mixed cul-
ture fermentation broth of Trichoderma pseudokoningiiand Rhizopus nigricans prolonged the shelf life
and improved the quality of fruit. Postharvest Biol Technol. 2020; 162: 111099.

Zhu X, Wang QM, Cao JK, Jiang WB. Effects of chitosan coating on postharvest quality of mango (Man-
gifera indica L.CV. Tainong) fruits. J Food Process Preserv. 2008; 32: 770-784.

DuY, JinT, Zhao H, Han C, Sun F, Chen Q, et al. Synergistic inhibitory effect of 1-methylcyclopropene
(1-MCP) and chlorine dioxide (ClO2) treatment on chlorophyll degradation of green pepper fruit during
storage. Postharvest Biol Technol 2021; 171: 111363.

Gorny JR, Kader AA. Fresh-cut products: maintaining quality and safety. University of California Davis,
Workshop September 15-16. 1998; 4: 12—14.

Janisiewicz WJ, Korsten L. Biological control of postharvest diseases of fruits. Ann Rev Phytopathol.
2002; 40: 411-441. https://doi.org/10.1146/annurev.phyto.40.120401.130158 PMID: 12147766

Ye WQ, Sun YF, Tang YJ, Zhou WW. Biocontrol potential of a broad-spectrum antifungal strain Bacillus
amyloliquefaciens B4 for postharvest loquat fruit storage. Postharvest Biol Technol. 2021; 174:
111439.

Li X, Jing T, Zhou D, Zhang M, Qi D, Zang X, et al. Biocontrol efficacy and possible mechanism of Strep-
tomyces sp. H4 against postharvest anthracnose caused by Colletotrichum fragariae on strawberry
fruit. Postharvest Biol Technol. 2021; 175: 111401.

PLOS ONE | https://doi.org/10.1371/journal.pone.0265457 March 16, 2022 14/15


https://doi.org/10.1263/jbb.91.190
https://doi.org/10.1263/jbb.91.190
http://www.ncbi.nlm.nih.gov/pubmed/16232973
https://doi.org/10.1016/0003-2697%2872%2990067-x
http://www.ncbi.nlm.nih.gov/pubmed/4646067
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1006/abio.1976.9999
http://www.ncbi.nlm.nih.gov/pubmed/942051
https://doi.org/10.1016/0003-2697%2878%2990083-0
https://doi.org/10.1016/0003-2697%2878%2990083-0
http://www.ncbi.nlm.nih.gov/pubmed/626402
https://doi.org/10.1007/s00449-015-1354-2
https://doi.org/10.1007/s00449-015-1354-2
http://www.ncbi.nlm.nih.gov/pubmed/25605030
https://doi.org/10.1007/s00449-016-1695-5
http://www.ncbi.nlm.nih.gov/pubmed/27807681
https://doi.org/10.1007/s13197-017-2839-6
https://doi.org/10.1007/s13197-017-2839-6
http://www.ncbi.nlm.nih.gov/pubmed/29051668
https://doi.org/10.1146/annurev.phyto.40.120401.130158
http://www.ncbi.nlm.nih.gov/pubmed/12147766
https://doi.org/10.1371/journal.pone.0265457

PLOS ONE Postharvest storage of wax apple and guava fruits using an €-PL fermentation broth of Streptomyces

47. Guo J,FangW, LuH, Zhu R, LuL, Zheng X, et al. Inhibition of green mode disease in mandarins by pre-
ventive applications of methyl jasmonate and antagonistic yeast Cryptococcus laurentii. Postharvest
Biol Technol. 2014; 88: 72—78.

48. Oksanal, Maryam S, Sasan A, Andrey B, Ludmila P. Bacillus spp.: efficient biotic strategy to control
postharvest diseases of fruits and vegetables. Plants. 2019; 8: 97.

49. ShiZ,WangF, LuY, DengJ. Combination of chitosan and salicylic acid to control postharvest green
mold caused by Penicillium digitatum in grapefruit fruit. Sci Hortic. 2018; 233: 54—60.

PLOS ONE | https://doi.org/10.1371/journal.pone.0265457 March 16, 2022 15/15


https://doi.org/10.1371/journal.pone.0265457

