May, 2021 Int J Agric & Biol Eng

Open Access at https://www.ijabe.org

Vol. 14 No.3 241

Combination of wound healing with 1-methylcyclopropene and wound
detection by iodine solution to maintain the quality of sweet potato during

long-term storage
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Abstract: Wound healing treatment after harvest is a critical step to protect sweet potatoes from pathogens. The method of
phloroglucinol staining is commonly used for detecting callus. However, this method is not easy to identify the degree of
callus as the color change is not obvious compared with non-curing roots for some cultivars. A new method based on the
principle of starch test by iodine was developed for the detection of wound healing.  After healing, the reducing sugar content
increased while the starch content decreased to a lower level compared to that of the non-curing roots. Moreover, the
antioxidant capacity of the sweet potato after wound healing was higher than that in the control. Wound healing combined
with ethylene, 1-methylcyclopropene (1-MCP), chlorpropham or abscisic acid were studied for inhibiting sprout of sweet potato
root caused by high temperature during curing. The results showed ethylene and 1-MCP treatment had no negative effect on

wound healing. Moreover, 1-MCP treatment was the most effective one on the suppression of sprouting and decay of sweet
potato. The results indicate that iodine solution staining is a useful and rapid method to identify the wound healing extent, and
1-MCP treatment can effectively inhibit root sprouting during wound healing and the subsequent long-term storage.
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1 Introduction

Sweet potato (Ipomoea batatas L.), a nutrient-rich root crop, is
widely planted and has a high production level in China. Sweet
potato is an excellent source of enriched fibers, minerals,
antioxidant compounds and other nutritional and functional
ingredients!™!.  After harvest, sweet potato can only be stored at
relatively high temperatures for a long time which is not below
10<C; otherwise, chilling injury symptoms would appear quickly.
Therefore, it is a challenge to maintain the quality of sweet potato
during its long-term storage. In addition, sweet potato is likely to
get wounded during harvest, transport, and preparation for
storage!. I the damaged skin of sweet potato could not become
dry immediately, the root becomes susceptible to fungus and
bacteria thus sharply increasing the decay rate; and the enhanced
respiration rate by the mechanical injury would further cause
greater loss. Therefore, it is essential to heal the wound before
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storage for many roots and tubers to reduce their decay during
storage®®.  Phloroglucinol staining is a popular method for
detecting the curing extent of sweet potato, since lignin in plant cell
wall can be stained by phloroglucinol in the presence of alcohol
and hydrochloric acid (HCI). If the wound are healing under a
suitable condition, the skin in the outer layer of the wound will be
covered with lignin which will show pink color due to
phloroglucinol staining!”?. However, it might not be so easy to
discern whether the wounds of roots are healed well or not because
the root color of some cultivars after being cured and stained may
be similar to the skin of sweet potatoes. So, it is highly desired to
develop novel techniques to clearly determine the proper period of
the wound healing process. Additionally, it is also valuable to
perform systematic study on curing conditions as well as nutrition
changes during the storage of sweet potato roots so that
corresponding strategies could be taken to reduce industry loss.

It’s reported that different cultivars require varied optimal
healing times and/or temperatures®. However, little research has
been performed to handle some new cultivars of sweet potato in
China. Even though wound healing is a useful method to reduce
moisture loss and the decay rate of stored sweet potatoes, poor
curing conditions would promote sprouting percentage as wound
healing is often conducted at relatively high temperature such as
85F (29<C) and high relative humidity (RH) of 90% with proper
ventilation for 3-5 d immediately after harvest®. Therefore, an
effective method should be considered to overcome this problem.
Chlorpropham (CIPC) is commonly applied to potatoes before or
during their storage to suppress sprouting. It has been reported
that CIPC can also suppress the sprouting of sweet potatoes to
some extent!™™.  However, considering the safety of CIPC,



242 May, 2021 Int J Agric & Biol Eng

Open Access at https://www.ijabe.org

Vol. 14 No. 3

alternatives such as ethylene and 1-methylcyclopropene (1-MCP)
have been tested to inhibit sprout growth and sprouting in some
dormancy roots™*2.  However, it is not yet known whether these
methods can effectively suppress sprouting or have a negative
effect on wound healing in sweet potatoes.

Even though a good curing condition is useful for restricting
pathogen infection, the decay rate keeps at a high level during long
storage. Now, the fungicides such as iprodione or chlorothalonil
have been commonly used for the control of postharvest sweet
potato decay in China. So an effective and safe method should be
developed to maintain good quality and reduce the loss of sweet
potatoes.

In this study, a new curing method was proposed for two
popular varieties of sweet potatoes in China, the curing time and
temperature were optimized to prevent the decay of damaged sweet
potato, and the influence of wound healing on the quality of
postharvest sweet potato was studied. In addition, some growth
regulators were selected to repress the sprouting and decay caused
by the high temperature during wound healing.

2 Materials and methods

2.1 Sweet potato

Yellow-fleshed (Beijing 553) and purple-fleshed (Chuanshanzi)
sweet potato roots were provided by the Yantai Academy of
Agricultural Science. Both cultivars of sweet potatoes were
collected from Donghu Village, Anzhan Town, Feicheng City,
Shandong Province. The roots were collected in October, and
then transported to the Postharvest Laboratory of Fruits and
Vegetables of Shandong Agricultural University. Roots with
uniform size and shape, and without any visual defect were
selected for the research.
2.2 Comparison of two detection methods for wound healing
assay

The purple-fleshed (Chuanshanzi) cultivar of sweet potato
roots was used for curing detection with both phloroglucinol and
iodine staining methods.  The roots were divided into two groups
randomly and the skin of the roots was intentionally scraped with a
knife. Each group included 30 roots with 3 repetitions. One
group of the roots were directly stored in a storage room at
(1340.5)<C, RH 90%. The other group was cured at 29<C, RH
90%-95% for 4 d and then stored in a storage room at (1340.5)<C,
RH 90%. Two staining solutions including iodine and
phloroglucinol were separately prepared and one drop of the iodine
solution was spread on the scraped skin on the 4th day. The
traditional method of phloroglucinol staining was conducted
following the method of Jensen!” with some modifications. ~ First,
a saturated solution of phloroglucinol with 20% HCI was prepared
in the fume hood. About 2.0 g phloroglucinol (purchased from
Sigma) was firstly dissolved in 80 mL 20% ethanol-water solution
(VIV) followed by adding 20 mL of concentrated HCI (12 mol/L)
to it. The solution was filtered to remove crystals then stored in a
reagent bottle. The iodine solution was prepared in deionized
water by dissolving iodine and potassium iodide at the ratio of
1:2 (wiw). A few (2-3) drops of the staining solutions were
respectively applied to a scraped surface of sweet potatoes. After
1 min, the phloroglucinol or iodine solutions were absorbed with a
piece of absorbent paper. Finally, the color of the wounding site
was measured.
2.3 Measurement of the curing days and temperatures

The yellow-fleshed (Beijing 553) and purple-fleshed
(Chuanshanzi) cultivars of sweet potato roots were used for

determining the suitable wound healing days and temperatures.
Four groups of roots were included and each group including 30
roots with 3 repetitions were stored in a storage room (RH 90%),
but at various temperatures and different days including (1320.5)<C,
(2049.5)<C, (2540.5)C and (2940.5)<C, for 4 d, 6 d, 8 d, 10 d and
12 d, respectively. Then, iodine and phloroglucinol solutions
were separately applied simultaneously for detecting the proper
curing temperatures. Color score was used for presenting color
development of the wound. For phloroglucinol dying, the method
of Walter et al.*®! was used with slight modifications, where 0=no
discoloration, 1=pink, 2=red, and 3=reddish to purple. For iodine
dying, the classification criteria were as follows: 0’=black blue,
1°=blue, 2’=weak blue, and 3’=no discoloration.
2.4 Detection of the quality effect of wound healing
2.4.1 Measurement of sprouting rate, decay index and decay rate

The cultivars of Chuanshanzi were used for the experiment.
During storage, the sprouting rate (%) was calculated by the
following equation.

number of sprouting roots
number of all the investigated tubers

Sprouting rate = x100% (1)
Disease development was evaluated by measuring the decay
area every two months. Disease severity in terms of decay area
was classified as 6 grades (0-5), where O=without decay; 1=less
than 10% decay area; 2=10%-30% decay area; 3=30%-50% decay
area; 4=50%-70% decay area; 5=over 70% decay area. These
empirical scales made it possible to calculate the decay index
showing the average of the disease severity.
Decay index =

" (decay grade x number of this grade)
total number of investigated tubers x maximum decaygrade

x100%

2
The decay rate of the sweet potato was assessed by measuri(n(;
the extent of the total decay area of the root. The decay rate was
calculated by the following equation.
number of disease tubers

number of investigated tubers

Decay rate = x100%  (3)
2.4.2 Detection of the content of reducing sugar and starch

The reducing sugar content was determined by using the 3,
5-dinitrosalicylic acid method™. Starch content was measured
following the method of Dandago et al.**
2.4.3 Measurement of the antioxidant capacity

The  antioxidant  capacity = was  determined by
1,1-diphenyl-2-picrylhydrazyl (DPPH) inhibition rate!®! with some
modifications. Sweet potato powder (2.0 g) was mixed with 8 mL
acetone and then incubated in an incubator (Ningbo Dongnan
Instrument Co., Ltd., China). Two grams of ground sweet potato
powder was mixed with 10 mL ethanol and centrifuged at
10 000 xqg, then 1.0 mL of the supernatant was mixed with 2.5 mL
of the DPPH solution, and the mixture was incubated at room
temperature for 30 min. The mixture of 2.5 mL DPPH solution
and 1.0 mL 95% ethanol solution was as the blank. The
absorbance was determined at 517 nm.
2.5 Measurement of the role of CIPC, ethylene, 1-MCP and
ABA during wound healing treatment and long-time storage

Slow-released ethephon (5% solid ethephon powder/sachet,
0.3 g/sachet) and 1-MCP (0.045% 1-MCP cyclodextrin powder,
0.4 g/sachet) were supplied by Shandong Yingyangyuan Food
Technology Co., Ltd (Shandong, China). Sweet potato roots
(approximately 100 kg) were divided into 5 groups randomly.
One group of roots was treated with 50 mg/L abscisic acid (ABA)
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solution for 5 min then stored in a sealed case at 29<C for 4 d.
The other three groups of roots were treated with 10 mg CIPC per
kilogram fresh weight, slow-released 1-MCP (4 sachets/case),
slow-released ethylene (4 sachets/case) in sealed cases at 29<C for
4 d, respectively. Roots of the last group, as the control, were not
treated but stored in a sealed case at 29<C for 4 d. After 4 d, the
roots curing in the cases were removed from the cases and stored at
(1340.5)<C. The effect of different treatments on iodine staining
and the rates of sprouting and decay were investigated after the
storage of 3, 5, 7 and 9 months. The experiments were repeated
three times for statistical purposes.
2.6 Statistical analysis

The experiments were performed in triplicates. Data were
analyzed by SPSS 20.0 Windows Software (SPSS Inc., Chicago,
USA) and presented as means3standard errors (S.E.). One-way
analysis of variance (ANOVA) was used for data analysis and
Tukey analysis was used to compare treatment means at the 5%
level.

3 Results and discussion

3.1 Comparison of appearance color after staining with
different reagents

After harvest, the sweet potato roots were fresh thus easy to be
wounded. After being stained with phloroglucinol solution, the
flesh with the wound appeared red-violet on the wound surface of
curing roots, but there was no discoloration on the surface of the
control roots (Figure 1b). Oppositely, if the staining of iodine
solution was used, the wound surface had no obvious discoloration
on the wound healing roots, but a deep blue color appearing on the
control (Figure 1a).

Al

a. lodine solution (A1, without curing; A2, after curing)

b. Phloroglucinol solution (B1, without curing; B2, after curing)
Figure 1 Detection of wound healing extent by two dye reagents
for the purple category (Chuanshanzi) of sweet potato cured at
29Cfor4d

Even though the red-violet color is more obvious than that in
the control, the color is a little weak, especially for some purple
peel cultivars. During wound healing, starch in the wound will
gradually be expended as the respiration rate is very high. By the

principle of starch turning blue when exposed to iodine, the root of
non-healing can be identified. The color change in the process of
wound healing is very clear. So, this method can be used as a
criterion to tell whether the curing is completed or not before the
long-term storage of some root or tuber vegetables.
3.2 Effects of different time and temperatures on the wound
healing of sweet potatoes

It has been reported that wound healing of potato tubers goes
faster at high temperatures (<30<C) and in high moisture, and the
effect of temperature is more critical in the wound healing
processi?).  When the roots were exposed to temperatures of
28-30C, wound healing in sweet potatoes was the most efficient!*!.
The present results showed the sweet potato wounds of the two
cultivars could not be stained by the phloroglucinol solution at
relatively low temperatures such as 13<C even after curing for 12 d
(Table 1). At 25<C, more days were needed for wound healing
compared with the roots at 29<C.  So, appropriate temperature and
time are key factors affecting the wound healing process. For
‘Beijing 553°, the roots were stored at 25°C for 8-12 d or 29<C for
4-12 d, the wound periderm would be formed completely. For
‘Chuanshanzi’, the roots were stored at 25°C for 6-12 d or 29<T for
4-12 d, the wounds would be healed. Therefore, the optimal
wound healing conditions vary for different cultivars.

Table 1 Curing temperature screening of two cultivars of

sweet potato using staining method at the condition of RH 90%

lodine solution staining at
Curing  different temperatures

Phloroglucinol staining at

Cultivars different temperatures

days/d
13T 20T 25T 29T 13T 20T 25T 29T
4 3 3 2’ 0’ 0 0 1 3
6 3 3 1’ 0 0 0 2 3
Beijing553 8 3 2 0 0 0 1 3 3
10 3 2’ 0’ 0’ 0 2 3 3
12 3’ 1’ 0’ 0’ 0 3 3 3
4 3’ 3’ I 0’ 0 0 2 3
6 3 3 0’ 0 0 0 3 3
Chuanshanzi 8 3 2’ 0’ 0’ 0 1 3 3
10 3 1’ 0’ 0 0 2 3 3
12 3’ 1’ 0’ 0’ 0 3 3 3

Note: “0, 1, 2, 3” indicate the extent of sweet potato roots stained by
phloroglucinol solution, where 0 represents no discoloration, 1 represents pink, 2
represents red, and 3 represents reddish to purple. “0’, 1°, 2°, 3°” indicate the
extent of sweet potato roots stained by iodine solution, where 0’ represents black
blue, 1’ represents blue, 2’ represents weak blue, and 3’ represents no
discoloration.
3.3 Effect of different curing time at 29<C on the decay rate of
sweet potatoes

Compared with the direct storage at (1340.5)C (without
curing), curing for 4 d, 6 d, 8 d or 10 d reduced the decay rates of
the sweet potatoes within 5 months storage (Table 2). Wound
healing slowed down the rate of deterioration of sweet potato roots,
and cured at 29<C for 4 d had the best effect on reducing decay rate
during long-term storage. Placing roots at 29<C for more than 4 d
not only had no effect on wound healing (Table 1), but also
enhanced the decay rate of the roots during storage. The results
indicate the roots should be moved to a relatively low temperature
as soon as possible after the wound healing is completed at the high
temperature.  Edmunds et al.® also suggests after curing, the
sweet potato should be stored in the proper environment to
maintain root quality.
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Table 2 Decay rate after stored different months at
(1340.5)<T by curing different days at 29<C RH 90% for
Chuanshanzi sweet potato

Decay rate at different storage months/%

Curing

days/d 1 3 5 7 9
0 11.843.1° 225423  451#4.0° 6127  71.4452%
4 3.041.6°  10.843.2° 27.8#45° 392437°  55247.9¢
6 0.040.0 11542.1°  2694#4.4°  383#4.8°  63.9#4.2°
8 0.020.0  133242.6° 324457° 62.6434°  76.745.0°
10 0.040.0  13.6642.9° 352464° 70546.4°  100.040.0°

Note: Sweet potatoes were callus treatments for 0 d, 4 d, 6 d, 8 d, and 10 d at
29<C, and then stored at (13#0.5)<C for 1, 3, 5, 7, and 9 months before
calculating the attenuation rate. The same letters in one column indicate no
significant difference (p>0.05).
3.4 Effects of curing treatment on the content of reducing
sugar and starch

The contents of reducing sugar and starch demonstrated a
similar trend in the curing-treated sweet potatoes and non-treated
ones during the storage time (Figure 2a), but the roots with wound
healing had significantly (p<0.05) higher content of reducing sugar
than the control, which was related to the higher respiration rate of
the roots at 29<C. On the contrary, the starch content of wound
healed sweet potatoes was significantly (p<0.05) lower than that of
non-healed roots during the whole storage time (Figure 2b).
Moreover, the starch contents in both curing treated and
non-treated roots showed decreasing trends, which indicated that
the starch was converted into simple sugars such as reducing sugars
to maintain its storage life. A relationship of dry matter content in
sweet potato roots, both in terms of shelf-life and wound-healing
efficiency, has been reported previously®*®!. Generally, lower
dry matter content is associated with longer shelf-life and more
efficient healing at low humidity!®. Starch, one component of
dry matter, showed a lower level in wound healing sweet potatoes,
which benefited for the roots to have a longer storage life.

10
—8— Control b

—O— Curing

Reducing sugar content/%

5 N 1 I 1 . )
0 1 3 =) 7

Storage time/months

a. Reducing sugar

Starch content/%
>
T

—8— Control
14 b == Curing

13 L L L L L )

0 1 3 5 7
Storage time/months
b. Starch

Note: Different letters in the same month mean the difference is significant

(p<0.05).

Figure 2 Effects of 29<C curing treatment on the content of reducing
sugar and starch of the sweet potato during storage at (1330.5)<C

3.5 Effects of curing treatment on free radical scavenging
capacity of sweet potato peel and flesh

Sweet potatoes are enriched in antioxidant compounds.
The purple-fleshed sweet potato genotypes have some functions
such as antioxidant, radical-scavenging activity®™, and
antimutagenicity®?.  The percent DPPH inhibition of sweet potato
peels continuously increased then decreased in both wound healing
treated and non-treated roots during storage, but the percent
inhibition of the treated group was significantly higher (p<0.05)
than that of the control after an equal storage period except one
month in flesh (Figure 3), which might be attributed to the
scavenging of radical oxygen species thus protecting cells of the
roots’?®.  Moreover, the DPPH scavenging activity in peel was
higher than that in the flesh of the sweet potato. It was reported
that DPPH radical scavenging activity decreased during the storage
in four cultivars of sweet potatoes®!.  However, in this
experiment, the DPPH inhibition rate increased and then decreased
during the storage, but wound healing could maintain a higher level
of DPPH inhibition rate than no wound healing.
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Note: Different letters in the same month mean the difference is significant
(p<0.05).
Figure 3 Effects of 29T curing treatment on DPPH inhibition
rate of peel and flesh of the sweet potato during storage at (1320.5)<C

3.6 Effects of different growth regulators combined with
curing at 29<C on the sprouting rate of sweet potato

As sprouting is an important problem that easily occurs after
wound healing at high temperatures, growth regulators including
ethylene, 1-MCP, CIPC and ABA were used during wound healing
for inhibiting the sprouting. Compared to the treatment of curing
at 29<C for 4 d, the combination of curing with ethylene, 1-MCP,
CIPC or ABA could reduce the sprouting rate during the storage
(Table 3). It has demonstrated that continuous ethylene
supplementation can suppress the sprouting of onion, potato and
sweet potato™# %1, Onion treated with 1-MCP can also suppress
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its sprout growth™. In potato tubers, ethylene is not part of the
wound response required to initiate or modulate suberization or any
of the closely associated processes®®!. Present results showed that
continuous ethylene treatment had the best effect on inhibition of
the sprouting rate, followed by CIPC and 1-MCP. However, the
iodine staining on the surface of CIPC- and ABA-treated roots was
deeper than that on ethylene- or 1-MCP-treated roots, which
indicates that CIPC and ABA might have a negative effect on
wound healing while inhibiting sprouting. ABA is a strong
growth inhibitor of plants, which can inhibit seed germination. It
is reported that ABA can inhibit axillary bud and root development
and subsequent plantlet growth?”), and the ABA content increasing
may be a contributing factor to the extent of sprout suppression
during exogenous ethylene treatment™. Exogenous ABA can
stimulate suberization to accelerate curing in wounded Kiwifruit
and tomato fruit?®?*1.  However, ABA could not accelerate wound
healing of sweet potatoes; oppositely, it restricted suberization
during wound healing at high temperature, which might be related

Table 3 Effect of different growth regulators combined with
curing on the iodine staining and the sprouting rate of the
sweet potato healed at 29<C RH 90% for 4 d and then storage
for 25 d at (2540.5)<C

Treatments lodine staining Sprouting rate/%
Control (without curing) 0’ 0
Curing 3 82.2745.74a
Curing and ethylene 3 2.38+42.06e
Curing and 1-MCP 3 36.8349.45¢
Curing and CIPC I 21.43+5.97d
Curing and ABA I 54.63+15.36b

Note: 0°, 1°, 2’ and 3° mean the extent of sweet potato tubers stained by iodine
solution, where 0’ represents black blue, 1” represents blue, 2’ represents weak
blue, and 3’ represents no discoloration. The same letters in sprouting rate
column mean no significant difference (p>0.05).

to the inhibition of endogenous ABA during root suberization after
exogenous ABA application. The present results exhibited that
the root sprout was suppressed effectively by exogenous ABA
treatment, which played a similarly role to the plant growth of the
root development’?. As a sprouting inhibitor, CIPC has been
used widely in potatoes. Even though CIPC could suppress
sprouting of sweet potatoes, it restricted the progress of wound
healing, which could result in serious decay during long-term
storage.
3.7 Inhibitory effect of ethylene, 1-MCP, CIPC and ABA on
the decay of the sweet potato

The effect of ethylene on accelerating ripening and senescence
of fruits and vegetables has been established. Recently, additional
functions of ethylene have been elucidated such as enhancing the
resistance of sweet potato against black rot®®, mediating dormancy
and sprout growth®-3 and reducing chilling injury of the pear
fruit®.  On the other hand, studies also show that exogenous
ethylene escalated the root decay of the sweet potato®*®). In this
study, compared with curing at 29<C for 4 d, 1-MCP could
effectively inhibit the decay rate during the storage, but ethylene,
CIPC and ABA could accelerate the decay during the storage
(Table 4). Moreover, 1-MCP treatment could not restrict wound
healing.  Therefore, wound healing combined with 1-MCP
treatment can better inhibit decay and sprouting of sweet potatoes.
It is found that 1-MCP could inhibit the onion bolting" and the
sweet potato decay™®!.  Similar results were shown in the present
study, indicating that as an ethylene-binding inhibitor, 1-MCP can
effectively inhibit senescence of fruits and vegetables and also
inhibit sprouting and decay of the sweet potato. Effects of ABA
on decay of stored roots haven’t been elucidated up to now. The
results show ABA could inhibit sprouting of sweet potato roots but
simultaneously accelerate the decay at the later stage of their
storage, which may be related to ABA triggering ethylene
production then expediting cell senescencel®").

Table 4 Effect of different growth regulators combined with curing on decay rate of the sweet potato after cured for 4 d then stored
at (13+0.5) C for different months

Decay rate at different storage months/%

Treatments
3 5 7 9
Curing 2.3842.06° 15.2642.11° 29.36:45.54° 46.63:44.66°
Curing combined with ethylene 5.0043.54° 32.0047.07° 49,0047.67° 67.0048.23°
Curing combined with 1-MCP 0.0026.00° 0.0028.00° 2.12:41.10° 10.2142.15°
Curing combined with CIPC 13.65:+1.69° 20.42-+4.88° 38.88+10.33™ 58.56:9.09°
Curing combined with ABA 5.5642.41° 30.3346.72% 42.2145.20 65.3345.89%

Note: The same letters in one column mean no significant difference (p>0.05).

4 Conclusions

Wound healing is a key step for reducing decay of the sweet
potato before its long-term storage. A new method of iodine dye
for identifying wound healing was developed. The proposed
method was easy to discern whether the wounds of roots were
healed well or not. Wound healing helped the sweet potato
maintain higher reducing sugar content and antioxidant capacity
and lower starch content during storage. In addition, continuous
ethylene or 1-MCP treatment could effectively suppress the
sprouting of the sweet potato and had no negative effect on wound
healing simultaneously. And 1-MCP treatment can effectively
inhibit root sprouting and decay rate during curing and the
subsequent long-term storage.
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