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Abstract: Assessing the effects of different growth regulators on sprout growth and tuber carbon-nitrogen metabolism during
the storage of potato tubers is helpful to understand the physiological changes of dormancy in potatoes. In this study, a major
potato cultivar ‘Chuanyu-117° of Southwestern China was used as the experimental material. The tubers were immersed in
sprouting inhibitors chlorpropham (CIPC), abscisic acid (ABA), and gibberellin A; (GA3) to study sprout growth and changes in
the carbon-nitrogen metabolism during tuber storage. The results showed that GA; treatment shortened the dormancy intensity
and amplitude by 17 days and 11 days, respectively, and that the sprouts grew faster after germination. Compared to the control
treatment, ABA prolonged dormancy and increased its intensity by 6 days but shortened the amplitude by 11 days. After
dormancy, the sprouts grew rapidly and uniformly. The CIPC treatment had a more significant dormancy prolonging effect. The
stems germinated 70 days post treatment, and the germination period was extended by at least 40 days compared with the control.
Tubers treated with different growth regulators showed similar carbon-nitrogen metabolism during the storage period. However,
the rate of variation was significantly different. After 12 weeks, the starch content of tubers treated with GA;, ABA, and CIPC
decreased by 13.36%, 11.30%, and 5.93%, respectively, while soluble sugar content decreased by 48.3%, 58.9%, and 56.1%,
respectively. Soluble protein and crude protein content in the treated tubers first increased and then decreased. Soluble protein
content in the tubers treated with GAz;, ABA, and CIPC increased during storage but decreased in the later period. Crude protein
content also increased the first time, and then decreased in the later period. Changes in the carbon-nitrogen ratio of tubers in
different treatments during storage were also different. The carbon-nitrogen ratio of tubers treated with sprouting promotors was
high, while that of the tubers treated with sprouting inhibitors was low and showed a gradual decreasing trend.
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known to be directly linked to economic benefits [2, 3]. After
harvesting, because of the degree of dormancy in the potato
storage process, irregular sprouts and shrinkage of tubers may
occur, resulting in a decrease in nutritional, processing, and
cultivation qualities of the tubers [4]. For potato production, in
order to satisfy the demand of different sowing dates and to
ensure the desired germination rate, germination uniformity,
and growth potential, it is necessary to break or prolong the
dormancy of potato cultivars in a timely and appropriate

1. Introduction

As the world’s fourth largest food crop, potato has good
nutritional and economic value and is widely used in the food,
starch, feed, and pharmaceutical industries [1]. Storage of
potato tuber, as a reproductive and vegetative organ, is one of
the most important steps in the potato production chain. The
quality of potato cultivation affects potato growth and yield
quantity or quality, with the quality of commercial potatoes
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manner to adjust the dormancy period and the uniformity of
germination [5]. When potatoes are used as processing and
feed materials, it is necessary to extend the dormancy period
to prolong the preservation time of tubers. Therefore, the
dormancy regulation technology of potato tubers is of great
significance to the actual production process. At present,
research on dormancy regulation of potatoes has mainly
considered the physical and growth regulator treatments. The
former requires labor and material resources at high costs and
the processing time is long, while the latter has the advantages
of convenience, directness, and cost efficiency [6].
Gibberellin A; (GA;) is considered to be the most effective
agent for breaking potato tuber dormancy. However, the
results of previous studies showed inconsistency in the
suitable concentration and treatment method with different
types, grades, and sizes of potato tubers [7, 8]. Chlorpropham
(CIPC) is a widely-used, high-efficiency potato sprouting
inhibitor, and its inhibition effect has been widely reported
[9-10]. In addition, abscisic acid (ABA) is considered to be a
positive regulator for dormancy induction and may be
involved in the maintenance of dormancy [11]. Its effect on
prolonged dormancy has been demonstrated in onion and
other crops [12], but it is rarely studied in potatoes as a
sprouting inhibitor. Moreover, only a few comparative studies
have investigated the effects of ABA, GAj, and CIPC on the
dormancy of potato tubers. In this experiment, the major
potato cultivar ‘Chuanyu-117° of Southwestern China was
used as the experimental material to assess the effects of CIPC
and ABA as sprouting inhibitors and GAj; as a sprouting
promotor on the growth of sprouts and the carbon-nitrogen
metabolism of potato tubers during storage. Furthermore, we
investigated the dormancy regulation technology and its
material basis, aiming to provide theoretical evidence for the
scientific storage and processing of potato tubers.

2. Materials and Methods

2.1. Experimental Materials

The tested potato cultivar ‘Chuanyu-117’ is the primary
cultivar of Southwest China. The test agents GA; and ABA
were manufactured by Chengdu Kelong Chemical Reagent
Factory, whereas the Chlorpropham emulsifier (CIPC content
30%) was developed by the Institute of Agricultural Product
Storage and Processing, Gansu Academy of Agricultural
Sciences.

2.2. Experimental Methods

After harvesting at the end of April 2014, potato tubers with
good appearance, no mechanical damage, no disease, and a
weight of approximately 50 g were selected. The selected
tubers were washed and dried in a ventilated dark place and
then divided into 4 parts. After 15 days, they were immersed
in either 15 mg/L of GA;, CIPC emulsifier diluted 200 times
(CIPC content of 1500 ppm), or 4 mg/L of ABA for 30 min,
and then they were dried and stored in the absence of light.
Tubers immersed in water were used as control treatment (CK)

for comparison. There were 6 replicates in each treatment, and
each replicate contained 60 tubers. The treated potato tubers
were placed in a box in a cool and ventilated place (storage
temperature 18-24°C, relative humidity 85-98%). Three
selected replicates were observed for germination, with
records taken every day after treatment. The other three
replicates were sampled at 0, 14, 28, 42, 56, 70, and 84 d after
treatment to determine the dynamic changes of
carbon-nitrogen metabolism. The whole potato was cured at
105°C for 30 min then dried at 80°C to a constant weight, after
which it was ground and passed through a 100-mesh sieve for
the determination of carbon-nitrogen metabolites.

2.3. Measurements and Methods

2.3.1. Definition and Calculation of Gemination Dynamics
Related Indicators of Each Treatment
The germination dynamics of each potato tuber treatment
was determined according to the method of Wang et al. [13,
14], and the relevant indicators were calculated as follows:
Germination rate: A 2-mm length of the first sprout on the
tuber was used as the germination standard. The shoot length
and diameter were measured with a Vernier caliper.

Germinated tubers
Total tubers

Germination rate = X 100%

Germination period: the number of days from the harvest of
the tuber to 10% germination rate;

Dormancy period: the germination date of 50% of potato
tubers was determined as the germination period of the
treatment. The dormancy period was the number of days from
harvest to the germination period;

Dormancy intensity: the number of days from harvest to 90%
germination rate;

Dormancy amplitude: the number of days from 10% to 90%
germination rates.

2.3.2. Method for the Determination of Tuber
Carbon-Nitrogen Metabolites

Soluble sugar and starch content were determined by a
sulfuric acid-anthrone method [15]. Crude protein content was
determined by the Kjeldahl method. Soluble protein content
was determined by the Coomassie Brilliant Blue G-250
method. Tuber carbon to nitrogen ratio (C/N) = soluble sugar
content / soluble protein content [16].

2.4. Data Analyses

The test data was plotted and analyzed using Excel 2007,
SPSS 20, and SigmaPlot 10.0.
3. Results and Analysis

3.1. Effects of Different Growth Regulators on the
Germination Rate During Storage Period of Potato
Tubers

The effects of different plant growth regulators on the
germination dynamics of potato tubers during storage are
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presented in Table 1. GA; showed a significant dormancy
shortening effect. The germination and dormancy periods
of treated tubers were 13 days and 20 days, respectively,
earlier than those of the control treatments. The dormancy
intensity and amplitude were of treated tubers were
shortened by 20 days and 11 days, respectively, relative to
the control. This indicates that GA; can break dormancy,
shorten the dormancy period, and improve the

concentration and uniformity of germination to some extent.

Contrary to GAj;, ABA showed a dormancy prolongation
effect. The germination and dormancy periods of tubers
treated with ABA were delayed by 15 days and 4 days,
respectively. The dormancy intensity was extended by 6
days, but the dormancy amplitude was also shortened by 11
days when compared with the control. This indicates that
ABA has a significant sprout inhibition effect. ABA can
extend the dormancy of potato tubers and greatly improve
the uniformity of germination. The inhibition effect of
CIPC was more significant. Tubers treated with CIPC
began to germinate in 70 days and the germination rate was
still less than 5% after 84 days of treatment, with the
germination period delayed by at least 40 days compared
with that of the control treatment.

The three growth regulators also had a significant effect
on the germination process of potato tubers. As shown in
Figure 1, the germination trend of potato tubers treated with
GA; and CK was slow-fast-slow, in line with the logistic
function. The regression equation of the germination rate
(Y) for the number of days after treatment (x, starting from
the previous observation time at which germination was
observed) for GA; and CK was Ygas = 97.67/(1 +
e(8:320:0.1993%y " R2 = 0.9958" and Ycx = 118.22/(1 +
o6:048:0.0929) R2— 0 9791™, respectively. The germination
process for the ABA treatment was more linear, and the
regression equation was Yaga = -193.66 + 3.5476x (R2 =
0.97947).
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Figure 1. The germination percentage dynamics of potato after treatment
with different growth regulators.
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Table 1. Effects of different growth regulators on germination dynamics of
‘Chuanyu-117".

Measurement Growth regulators

Indexes GA; CK CIPC ABA
Germination period (d) 43¢ 56b -- 71a
Dormancy period (d) 54b 74 a -- 78 a
Dormancy intensity (d) 68 b 85a -- 9la
Dormancy amplitude (d) 20 b 3la -- 20b

Note: Values within a line followed by different lowercase letters are
significantly different at 0.05 probability level, as determined by Duncan’s
multiple range tes.

3.2. Effects of Different Growth Regulators on Dynamic
Changes of Shoot Length and Diameter During the
Storage of Potato Tubers

The growth of potato sprouts is rapid after germination.
The average shoot length (Y) of the sprouting tuber against
the number of days after treatment was quadratic (X,
starting from the previous observation time at which the
germination was observed). The regression equations for
GA;, CK, and ABA treatment were Ygaz = 0.51 - 0.091x +
0.0028x* (R*= 0.99637"), Ycx = 3.83 - 0.210x + 0.0028x>
(R?=10.9891""), and Y apa= 11.14 - 0.440x + 0.0043x* (R*=
0.9868"), respectively. GA;, CIPC, and ABA not only
affected the germination dynamics of tubers, but also
significantly affected the growth of the sprouts. The
average growth rate of shoot length during each
germination period of GA; and ABA treatments was higher
than that of the control treatment. The average change in the
germination rate during three periods of 10% to 50%, 50%
to 90%, and 90% to 100% germination rates was 0.122,
0.188, and 0.288 mm/d for GA; treatment, 0.089, 0.183,
and 0.255 mm/d for CK treatment, and 0.120, 0.207, and
0.272 mm/d for ABA treatment, respectively. Although the
average growth rate of shoot length after GA; and ABA
treatments was higher than that of CK, the germination
periods from 10% to 90% germination rates of the GA;
treatment and from 10% to 100% germination rates of the
ABA treatment were shorter than those of the control
treatment. Therefore, the average shoot length of these two
treatments during the treatment period was relatively lower
than that of the control treatment. The germination period
from 90% to 100% germination rate of the GA; treatment
was longer than that of the control, and the shoot length was
about 3 mm longer than the control treatment when the
germination rate reached 100%.

The growth of the shoot diameter was different from that
of the shoot length. After germination, the shoot diameter
increased linearly. The regression equation for the average
shoot diameter (Y) of tubers treated with GA;, CK, and
ABA against the number of days after treatment (X, starting
from the previous observation time at which germination
was observed) was Ygas = -1.63 + 0.0574x (R*=0.9885"),
Yok =-1.35+0.0503x (R*= 0. 0.9501""), and Y apa= -5.38
+ 0.0989x (R? = 0.98057), respectively. The average
growth rate of shoot diameter in tubers treated with GA;,
CK, and ABA was 0.0574, 0.0503, and 0.0989 mm/d,
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respectively. The difference between GA; and CK
treatments was not significant, while there was a rapid
increase in shoot diameter in the ABA treatment. However,
because of a high germination rate and short germination
period, the shoot diameter in the ABA treatment was still
less than that of the CK and GA; treatments at 100%
germination.
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Figure 2. The shoot length dynamics of potato after treatment with different
growth regulators.
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Figure 3. The shoot diameter dynamics of potato after treatment with different
growth regulators.

3.3. Effects of Different Growth Regulators on Carbon
Metabolism During the Storage of Potato Tubers

Figure 4 shows that starch content of the shoots during
the storage of the treated tubers first increased and then
decreased over the germination period. The starch content
of tubers treated with GA;, CIPC, and ABA increased to its
highest after 14 days, 56 days, and 28 days after treatment,
respectively, which was 4.6%, 5.1%, and 2.3%, respectively,
higher than the starch content at the beginning of the
experiment. Thereafter, the starch content of the tubers
started to decrease, with the reduction amplitude of each
treatment being different. The starch content of tubers
treated with GA;, CIPC, and ABA after 84 days was
13.36%, 5.93%, and 11.30%, respectively, lower than the
starch content at the beginning of the treatment. During the

early period of storage, the starch content of tubers in each
treatment was not significantly different, and the
differences only became significant after 42 days of
treatment. During the later period of storage, the
differences between GAj; and the control treatment and that
between CIPC and ABA treatment were not significant, but
the starch content of tubers treated with GA; and the control
treatment was significantly lower than that of the CIPC and
ABA treatments. The soluble sugar content of the treated
tubers varied during storage (Figure 5). GA;, CIPC, and the
control treatments showed a decreasing trend, while ABA
treatment showed a trend of first decreasing, then
increasing, and then decreasing again. The reduction
amplitude of soluble sugar content in tubers with different
treatments was also different. After 84 days of treatment,
the soluble sugar content of GA;, CK, CIPC, and ABA
treatments was 48.3%, 57.5%, 58.9%, and 59.1%,
respectively, lower than the soluble sugar content at the
beginning of the treatments.
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Figure 4. The change of the starch content in the potato tubers of different
treatments during storage.

Note: Different lowercase letters above the columns show significant
differences in starch content among treatments under the same storage period
(P <0.05). The same as below.
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Figure 5. The change of the soluble sugar content of different treatments
during storage.
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3.4. Effects of Different Growth Regulators on Nitrogen
Metabolism During the Storage of Potato Tubers

As shown in Figure 6, soluble protein content of potato
tubers in each treatment showed a trend of first increasing and
then decreasing during the entire storage period. The
difference between the treatments during the same period was
not significant, but the soluble protein content started to
decrease earlier in sprouting promotor treated groups than in
that of sprouting inhibitor treated groups, and the content
reached its maximum at around the germination period.
During the early period of storage, the soluble protein content
was maintained at a high level in tubers treated with the
sprouting promotor GAj, and its increase was small. The
soluble protein content remained at low levels in tubers treated
with the sprouting inhibitors CIPC and ABA, but the protein
content was higher in the ABA treatment than in the CIPC
treatment. The increase in soluble protein content of each
treatment was expressed as ABA (39.68%) > CK (35.58%) >
CIPC (31.32%) > GA; (25.73%). The decrease in soluble
protein content during the late storage period was ABA
(33.22%) > CK (32.72%) > GA; (19.17%) > CIPC (17.74%).

CK B8 ABA

GA; E= CIPC

The content of soluble protein /%

AN NN

0 14 28 42 56 70 84
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Figure 6. The change of soluble proteins of different treatments during
storage.

Changes in crude protein content of the treated potato tubers
during storage were similar to those of soluble proteins, with
both showing a trend of first increasing and then decreasing;
however, the changes in crude protein content were smaller
(Figure 7). The crude protein content of each treated tuber
increased to its highest level during the initial period of
germination (about 28 days post treatment). The crude protein
content in CIPC treated tubers increased the most during
physiological dormancy and was significantly higher than in
other treatments. After 14 days of treatment, the difference
between sprouting promotor and inhibitor treatments was
significant, but the difference within the sprouting inhibitor
treatments was not significant. Later, with the prolongation of
storage time, the difference in crude protein content between
GA; and ABA treatments was not significant but significantly
varied compared with that in the CIPC treatment. The increase
in crude protein content during the early period of storage was

Plant Growth Regulators Affect Germination and Main Carbon-Nitrogen Metabolites of Potato Tubers

expressed as CIPC (12.8%) > ABA (12.5%) > CK (8.2%) >
GA; (4.77%), while the decrease in crude protein content
during the late storage period was ABA (18.02%) > CK
(12.5%) > GA; (11.37%) > CIPC (8.71%). This indicated that
during the entire storage period, crude protein content was high
in tubers treated with CIPC, whereas GA; and ABA treatments
decreased the crude protein content.
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Figure 7. The change of the crude protein content of different treatments
during storage.

3.5. Effects of Different Growth Regulator Treatments on
the Carbon-Nitrogen Ratio During the Storage of
Potato Tubers

4.0
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Figure 8. The change of the carbon-nitrogen ratio of different treatments
during storage.

The carbon-nitrogen ratio of potato tubers treated with
different growth regulators showed a decreasing trend except for
ABA treatment, which increased gradually at about 42 days post
treatment and then decreased thereafter (Figure 8). The effects of
different growth regulator treatments on the carbon-nitrogen ratio
of potato tubers were different. The carbon-nitrogen ratio of
tubers treated with GA; was higher than the overall level during
the entire storage process. The carbon-nitrogen ratio of tubers
treated with the sprouting inhibitor was relatively low. The
decrease in the carbon-nitrogen ratio of tubers in each treatment
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during the entire storage period was expressed as CIPC
(60.44%) > CK (58.40%) > ABA (55.31%) > GA; (48.99%).
However, the carbon-nitrogen ratio of tubers in the ABA
treatment increased abruptly at the germination period, and the
smaller decrease of carbon-nitrogen ratio after germination
resulted in higher carbon-nitrogen ratios during the late storage
period when compared with the CIPC and CK treatments,
leading to a smaller decrease in the carbon-nitrogen ratio of the
ABA-treated tubers.

4. Discussion

Potato tubers do not germinate immediately after harvest
and require a period of post-ripening and physiological
dormancy [17]. It is believed that the dormancy of potato
tubers begins in the tuber formation period with the
involvement of endogenous hormones for regulation [18, 19],
and some plant growth regulators can regulate the dormancy
of potato tubers. The results of the current study indicate that
GA; had  significant  dormancy  breaking and
germination-promoting effects. The dormancy period and
dormancy intensity were shortened by 20 days and 17 days,
respectively, and the dormant shoots grew rapidly after
germination. However, young shoots (buds) were relatively
slender, with a large shoot length to shoot diameter ratio.
Therefore, for potato production, attention should be paid to
the seedling hardening period, for ensuring that the seeding of
potatoes occurs in a timely manner, with the amount of base
fertilizer increased to cultivate strong seedlings. Contrary to
the effect of GA;, ABA has a dormancy prolonging effect.
Compared with the control treatment, after ABA treatment,
the dormancy period and intensity of potato tubers increased
by 4 days and 6 days, respectively, with high germination rate
and germination uniformity. At the same time, the ratio of
shoot length to shoot diameter was relatively small, and the
young shoots (seedlings) were relatively thick, which is
favorable for the cultivation of strong seedlings. Although the
tubers treated with CIPC germinated during the experimental
period, there was no obvious sign of sprout growth, indicating
that CIPC has a strong inhibitory effect on tuber germination.
Corsini et al. [20] reported that the CIPC content in the
epidermis of the tubers gradually decreased due to factors
such as CIPC volatilization or decomposition. When the CIPC
content was less than 20 ppm, the potato germinated, but when
the tubers were retreated with CIPC before the CIPC content
was less than 20 ppm, the tubers remained dormant. Huang Z
et al. found that the inclusion complex CIPC-HPBCD
exhibited different properties from CIPC, and the complex
displayed a better effect on sprout inhibition [21]. However,
eventually, all tubers germinated, indicating that potato tubers
treated with different concentrations of CIPC could all
germinate. Therefore, for potato production, producers should
choose the appropriate concentration of CIPC to treat potato
tubers according to their needs.

A series of changes occur in the internal physiological
activities and material transformations during the dormancy and
germination periods of potato tubers. After harvesting, the

potato tubers will first undergo corkification, preventing the
invasion of pathogens and reducing the entry of oxygen. At this
time, the physiological activity of the tubers is the same as that
during “storage,” which is mainly characterized by the
conversion of soluble nutrients such as small molecules of
sugars and amino acids into insoluble substances such as starch
and protein through synthesis. Macromolecular nutrients can
act as dehydration protectants that bind with water to facilitate a
smooth dormancy period for the potatoes [22]. After dormancy,
the tubers are transformed into “sources” and various metabolic
activities start to increase [23]. Starch and protein begin to
decompose into soluble sugars and soluble proteins. The former
is the main energy-supplying substance and also an important
osmoregulation and signaling substance [24]; the latter is the
component of some metabolic enzymes, and it can enhance the
water-holding capacity of the cells due to its hydrophilicity [25].
Therefore, these non-structural carbon-nitrogen compounds of
tubers are important metabolic and energy substances, and the
carbon-nitrogen ratio of tubers can provide a measure of the
strength and coordination of the physiological activities [26, 27].
In this experiment, starch, crude protein, and soluble protein
content of ‘Chuanyu-117° tubers first increased and then
decreased, reaching the maximum values at 14-56 days post
treatment. However, the time at which the maximum content
occurred varied depending on the treatment. The tubers in the
GA; treatment showed increased physiological activity, early
decomposition of starch, faster decomposition rate, high soluble
sugar content, and high carbon-nitrogen ratio. ABA treatment
showed opposite trends; starch and protein began to decompose
later and the carbon-nitrogen ratio during the early period of
storage was relatively low. A study showed that exogenous
GA3 inhibited tuber formation, whereas exogenous ABA
stimulated tuberization, and ABA significantly promoted the
accumulation of starch, suggesting that ABA may induce the
expression of starch synthesis genes. The results of present
study are consistent with the results of Yang, who reported that
carbon and nitrogen are the material basis for GA; and ABA to
break or prolong tuber dormancy and promote or delay
germination [28]. Therefore, tubers treated with GA; and ABA
should be planted soon after germination to avoid the aging of
potato cultivars caused by excessive consumption of nutrients,
preventing the loss of cultivation quality. The physiological
activity of tubers treated with CIPC is in a low state. The
content of nutrients such as starch and protein are relatively
stable with low consumption rate. Therefore, CIPC can be used
as a preservative for commercial potatoes.

5. Conclusion

GA; can shorten tuber dormancy in potatoes, with tubers
sprouting rapidly post dormancy with high nutrient
consumption. In contrast, ABA can prolong potato tuber
dormancy, with uniform tuber sprouting and high nutrient
consumption during the later period. CIPC has the strongest
inhibitory effect; it can effectively inhibit the germination
and growth of potato sprouts, with less nutrient
consumption.
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