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Abstract: The small seeds of loquat possess very rich and diverse genetic characteristics which can
potentially serve as precious resources for plant breeding. However, they are often aborted during
the seed development. Cytokinin, as an important signaling mediator, plays a pivotal regulatory role
in seed development. However, the effects of exogenous cytokinin application on the development
of loquat seeds are poorly understood. In this study, we analyzed the potential effects of exogenous
cytokinin on the abortion of small seeds of loquat. Cytokinin (20 mg/L trans-zeatin) and cytokinin
inhibitor (60 mg/L lovastatin) were sprayed on the fruits of ‘Dawuxing’ loquat during an early stage
of fruit expansion. The clean water treatment was used as the control group. The results showed that
exogenous trans-zeatin significantly increased the weight of small seeds, the levels of soluble sugar
and starch, as well as peroxidase (POD) and superoxide dismutase (SOD) activities. It also promoted
a substantial increase in the expression of POD- and SOD-related genes during the process of small
seed abortion. Moreover, trans-zeatin treatment significantly increased the content of endogenous
trans-zeatin in the small seeds, and this increase in content showed a trend opposite to that of control
(CKA). Cytokinin dehydrogenase related genes were found to be down-regulated after trans-zeatin
treatment. It was found that exogenous cytokinin inhibitor (lovastatin) treatment could induce the
anti-stress reaction in the small seeds during the early stage of treatment by significantly increasing
the activities of POD and SOD, and the weight of small seeds at the early stage of treatment was
significantly lower than that of the control group, but reverted to the level of the control group
during the late stage of the treatment. Therefore, a specific concentration of trans-zeatin treatment can
promote the development of small loquat seeds, while cytokinin inhibitor (lovastatin) can significantly
inhibit the development of small seeds during the early stage of treatment. In summary, this study
reports for the first time that application of exogenous trans-zeatin could effectively promote the
development of small loquat seeds by significantly increasing the metabolism of small seeds. The
small seeds which contained rich and diverse genetic characteristics often aborted during seed
development. Our study thus established a foundation for the rescue of new germplasm resources of
loquat by promoting the development of small loquat seeds.

Keywords: loquat; exogenous trans-zeatin; lovastatin; small seeds; abortion

1. Introduction

Loquat (Eriobotrya japonica Lindl.) is a subtropical fruit tree originating in China [1].
As the fruit matures in the off-season, and has rich nutritional and medicinal value, it
is widely cultivated in the world. The fruit of the loquat usually has five ventricles,
each of which contains two seeds [2]. Abortion often occurs during development of the
seeds. A number of studies have found that these aborted small seeds possess very rich
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genetic diversity [3], and can generate germplasm resources with high-quality traits such
as haploids [4] and resistance to extremely cold conditions [5]. Therefore, it is of great and
far-reaching significance to promote the development of the small seeds of loquat for the
breeding of novel varieties and germplasm.

Cytokinin, as an important signaling mediator, can play a significant regulatory role
in the process of seed development [6]. It can affect the substantial accumulation of
assimilates during seed development. When developing soybean pods were treated with
Kinetin (KT), Dai Yuling et al. [7] found that a specific concentration of KT could effectively
promote the unloading of photoassimilate from the seed coat and cause the distribution
of photoassimilate to cotyledon. It was found to be especially beneficial for the active
absorption of hexose by the embryo. Cytokinins have also been reported to regulate sucrase
expression and hexose transport in Arabidopsis thaliana [8]. A few studies have indicated
that cytokinins may mobilize carbohydrate transport by inducing an increased expression
of extracellular transferase, sucrose transferase and vacuolar transferase [6,9]. In addition,
cytokinins can also play an important role in regulating grain storage capacity [10,11].
Cytokinins have also been reported to be involved in cell division during endosperm
development. For instance, during the seed development of maize, wheat and rice, the
period of the highest cytokinin content was also observed during the period of the fastest
seed differentiation and endosperm development [12–15]. A number of studies have also
proved that high levels of cytokinins in seeds were consistent with augmented levels of
cell division [16].

Additionally, it has been reported that exogenous cytokinin treatment can significantly
increase grain yield under certain conditions, especially in legumes and cereal plants it
has been found that cytokinin is the limiting factor in regulating the number and size
of the grain bank [10,17]. Nagel et al. [18] treated the inflorescence tissues of soybeans
[Glycine max (L.) Merr.] cultivated in greenhouse with 6-Benzylaminopurine(6-BA), and
the results showed that application of 5 × 10−7 mol of 6-BA significantly increased pod
number, seed number per pod and total seed weight per plant by 58%, 62% and 79%,
respectively, as compared with non-application of 6-BA. Atkins and Pigeaire (1993) [19]
also found that application of exogenous cytokinins prevented the abscission of fruits and
promoted rapid seed development.

However, previous studies related to the application of exogenous hormone treatment
on the development of loquat seeds have mostly focused on the effect of Gibberellin
A3 (GA3) and N-(2-chlor-4-pyridy1)-N’-phenylurea (CPPU) treatment on loquat seed
germination [20–22]. The potential effects of exogenous cytokinin (trans-zeatin) treatment
on loquat seeds have not been reported, and the underlying mechanism was also unknown
until now. Trans-zeatin (tZ), an isoprenoid cytokinin, is commonly found in higher plants.
It has been reported to play a central physiological role because of its abundant occurrence
and high activity as observed in different bioassays [23]. In this study, the potential effects
of exogenous trans-zeatin and lovastatin (cytokinin inhibitor) on abortion of small seeds in
loquat were studied to provide an important theoretical basis for loquat breeding from the
small seeds.

2. Materials and Methods
2.1. Plant Materials and Treatment Conditions

A pre-experiment was conducted first, to screen the suitable concentration of exoge-
nous hormones, in Shimian County, Sichuan Province, China. We found that 20 mg/L
trans-zeatin (tZ) and 60 mg/L lovastatin(L) could effectively promote or suppress the devel-
opment of small seeds, respectively. This experiment was carried out from 16: 00–18: 00 on
a sunny and windless day in which the temperature ranged from 21–24 ◦C in March 2019.
The fruits of the ‘Dawuxing’ were sprayed with 20 mg/L trans-zeatin (CAS:1637-39-4),
60 mg/L lovastatin (CAS: 75330-75-5) and clean water (CK) three times, once a day. The
hormones were sprayed onto the surface of the fruit until they dropped from the surface to
the ground. Fruits were bagged in Kraft paper bags on the tree after being sprayed with
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hormones. Three of the trees at the same growth status were selected for each treatment
regimen. Each tree with 200 fruits and at the same maturity level was treated and each
treatment group was treated in three identical replicates. The fruits of the control and
treatment groups were collected every five days. After sampling, the residual of trans-
zeatin and lovastatin on the surface of the fruits was washed off, the stem of the fruit was
removed, and the various morphological indexes of 50 fruits on each tree were measured,
including the vertical and horizontal diameter, weight of a single fruit and the weight of
the seed. The seeds at specific development stages were observed and collected. The seeds
with complete embryos were considered as normal, while those without embryos or with
embryo development malformation were considered as small aborted seeds. The samples
were divided into four different groups, CKN: the group of normal seeds with clean water
treatment; CKA: the group of small aborted seeds with clean water treatment; tZA and
LA: the group of small aborted seeds treated with 20 mg/L trans-zeatin and 60 mg/L
lovastatin, respectively. They were weighed and immediately frozen in liquid nitrogen and
cryopreserved at −80 ◦C.

2.2. Extraction and Determination of Soluble Sugar

The calibration curve preparation: 0–1 mL of 100 mg/L standard sucrose solution
(prepared using 100 mg of sucrose dissolved with 1 L distilled water) was added in a test
tube. The volume of solution in the test tube was adjusted to 2 mL with distilled water.
Then, 0.5 mL anthrone-ethyl acetate reagent (prepared using 1 g of anthrone dissolved in
50 mL ethyl acetate) was added to each tube, and then 5 mL of concentrated sulfuric acid
was slowly added. The tubes were then vigorously shaken several times, and immediately
placed in a water bath for 1 min at 100 ◦C. After cooling, the absorbance of the solutions
in each tube was measured at 630 nm. The content of sucrose was plotted against the
corresponding absorbance, resulting in a standard curve used to determine the soluble
sugar in unknown samples.

Extraction and determination of soluble sugar: 0.3 g (W1) samples were ground, and
then 10 mL distilled water was added. The seeds were thereafter placed in the water
bath at 100 ◦C for 30 min (twice), and then filtrated and diluted with distilled water to a
volume of 25 mL (VT1). Afterwards, 0–1 mL (VS1) of aliquot of extract were put into 20 mL
graduated test tubes (three times repetitions). It would be diluted with distilled water
before determination if the sugar content was too high. The volume of solution in the test
tube was adjusted to 2 mL with distilled water. Then 0.5 mL anthrone-ethyl acetate reagent
was added to each tube, and then 5 mL of concentrated sulfuric acid was slowly added. The
tubes were then vigorously shaken several times, and immediately placed in a water bath
for 1 min at 100 ◦C. After cooling, the absorbance of the sample was measured at 630 nm to
calculate the soluble sugar content [24]. The soluble sugar content (%) = (C1 × VT1 × N1)
× 100%/(W1 × VS1 × 106). Where C1 (µg) was the content of soluble sugar calculated by
standard curve, and N1 was the dilution ratio of supernatant before determination.

2.3. Extraction and Determination of Starch

The method of calibration curve preparation for determination of starch was the same
as the method described in calibration curve preparation for soluble sugar. A 100µg/mL
standard starch solution was used as the standard reagent for the determination of the
calibration curves. The starch was dissolved in distilled water by placing it in the water
bath at 100 ◦C for 30 min.

Extraction and determination of starch: 0.5 g (W2) samples were ground, and then
50 mL distilled water was added into it. The solid residues were transferred to a 15 mL
centrifuge tube and, after centrifugation, 10 mL hot distilled water was added into it. 2 mL
of 9.2 mol/L perchloric acid was added after that, and then the extraction was placed in
the water bath at 100 ◦C for 15 min. After centrifugation, the supernatant was diluted
with distilled water to a volume of 50 mL (VT2). The contents of starch were thereafter
determined based on anthrone–H2SO4 colorimetry as described previously [25]. Each
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sample was determined with three replicates. The starch content (%) = (C2 × VT2 × N2)
× 100% × 0.9/(W2 × VS2 × 106). Where C2 (µg) was the content of starch calculated by
standard curve, VS2 (mL) was the volume of determined supernatant, and N2 was the
dilution ratio of supernatant before determination.

2.4. Extraction and Determination of Soluble Protein

The calibration curve preparation: 0–1 mL of 100 µg/mL Bovine serum albumin
reagent (prepared using 100 mg of Bovine serum albumin dissolved in 1 L distilled water)
was added to a test tube for the determination of the calibration curves. The volume
of solution in the test tube was adjusted to 1 mL with distilled water. 5 mL of 0.01%
(w/v) Coomassie brilliant blue G-250 reagent was added to the test tube. The contents
were mixed by inversion and incubated for 2 min after which absorbance was measured
at 595 nm with the spectrophotometer. The content of protein was plotted against the
corresponding absorbance, resulting in a standard curve used to determine the protein in
unknown samples.

Extraction and determination of soluble protein: 0.5 g (W3) samples of seeds were
ground in 5 mL distilled water. The homogenate was then centrifuged at 9600× g for
20 min, and then the supernatant was diluted with distilled water to a volume of 10 mL
(VT3). 0–1 mL (VS3) of supernatant from the samples was placed into a graduated test tube
(three repetitions). It was diluted with distilled water before determining if the protein
content was too high. The volume in the test tube was adjusted to 1 mL with distilled
water, and then 5 mL of 0.01% (w/v) Coomassie brilliant blue G-250 reagent was added
into it. It was incubated for 2 min after which absorbance was measured at 595 nm with
the spectrophotometer [26]. The soluble protein content (mg/g) = (C3 × VT3 × N3)/(W3 ×
VS3 × 103). Where C3 (µg) was the content of protein calculated by standard curve, and
the N3 was the dilution ratio of supernatant before determination.

2.5. Extraction and Determination of Trans-Zeatin

About 0.5 g of fine powder of seeds per sample was weighed in a 50-mL centrifuge
tube, and then 20 mL of pre-cooled 80% methanol solution was added. The seeds were then
extracted overnight at 4 ◦C. The supernatant was obtained by centrifuge at 16,000× g for
15 min at 4 ◦C. The extraction procedure was repeated twice and the filtrate was collected.
The filtrate was evaporated at a constant temperature of 38 ◦C and incubated at −20 ◦C for
30 min. After defrosting and centrifugation purification, the solution was re-dissolved with
1.0 mL acetonitrile, ultrasonicated for 30 s, filtered by 0.22 µm membrane. The filtrate was
then subjected to analysis by high performance liquid chromatography (HPLC) using an
Agilent 1260 Infinity System with an Agilent ZORBAX Eclipse C18 column (150 × 4.6 mm,
5 µm). The chromatographic conditions used were as follows: flow rate: 0.5 mL/min;
sample loading: 10 µL; wavelength: 270 nm. The program of mobile phase gradient elution
is shown in supplement Table S1. Each sample was measured with three replicates. The unit
of trans-zeatin content was expressed as ng/g, which means the content of trans-zeatin(ng)
in 1 g sample.

2.6. Extraction and Determination of Antioxidant Enzymes

Extraction: 0.5 g (W) sample was weighed and ground into homogenate with 6 mL of
0.05 mol/L phosphoric acid buffer (pH 7.8) on an ice bath. The supernatant was thereafter
collected into a 10 mL centrifuge tube after centrifugation at 9600× g for 15 min at 4 ◦C,
and diluted with phosphoric acid buffer to a volume of 10 mL (V).

Activity assays: Each sample was measured with three replicates. The activity of super-
oxide dismutase (SOD) was determined by the NBT (nitro-blue tetrazolium) method [27].
Briefly, 0.3 mL (Vt) of the enzyme extract was mixed with 1.5 mL of 50 mmol/L phosphate
buffer (pH 7.8), 0.3 mL of 130 mmol/L methionine, 0.3 mL of 750 µmol/L nitro-blue
tetrazolium (NBT), 0.3 mL of 100 µmol/L EDTA-Na2 and 0.3 mL of 20 µmol/L riboflavin
in a test tube. The reaction was carried out under 4000 lux for 20 min. The blanks and
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controls were run in the same manner but without illumination and enzyme, respectively.
The absorbance was measured at an absorbance of 560 nm. In this assay, 1 unit of SOD was
defined as the amount required to inhibit the photoreduction of NBT by 50%. The SOD
activity(U/g) = (Ack − AE) × V/(0.5 × ACK ×W × Vt). Where Ack was the absorbance
of the extract without enzyme at 560 nm and AE was the absorbance of reaction mixture
containing enzyme at 560 nm.

The activity of peroxidase (POD) was determined by the Guaiacol method [28]. The
reaction mixture consisted of 50 mL of 50 mmol/L phosphate buffer (pH 7.8), 28 µL
guaiacol and 19 µL of 30% H2O2. The assay mixture consisted of 2.9 mL of reaction mixture
and 0.1 mL of the enzyme extract (VS) was measured at 470 nm for 3 min at 37 ◦C for the
measurement of enzyme activity. In this assay, 1 unit of POD was defined as absorbance at
470 nm increased 0.01 per minute. The SOD activity(U/(g.min)) = (C × V)/(VS ×W × 0.01).
Where C was the variation rate of an enzyme at 470 nm.

Catalase (CAT) activity was determined by the Potassium Permanganate titration
method [29]. Briefly, 1.5 mL (Vd) of enzyme solution was added to the test flask. Used as
the control was 1.5 mL of inactivate enzyme solution placed in the water bath at 100 ◦C
for 5 min. Added into the flasks were 1.5 mL of 0.1 mol/L H2O2, and the flasks were
kept in the water bath at 30 ◦C for 10 min(t), then 1.5 mL of 10% H2SO4 was added
immediately. The reaction mixture was titrated with 0.1 mol/L potassium permanganate
for the measurement of CAT activity. The CAT activity(mg/(g.min)) was expressed as
the weight of H2O2 (mg) dissolved by 1 g fresh sample in 1 min. A 1 mL 0.1 mol/L
potassium permanganate standard solution was equivalent to 1.7 mg H2O2. The CAT
activity(mg/(g.min)) = (A − B) × V × 1.7/(W × Vd × t). Where A(mL) was the volume
of potassium permanganate for titration of inactivate enzyme solution. B(mL) was the
volume of potassium permanganate for titration of activate enzyme solution.

2.7. Total RNA Extraction, cDNA Synthesis and Relative Expression Analysis

Total RNA was extracted from loquat seeds using an RNAprep Pure Plant Kit (DP441
Tiangen, China). The quality of extracted RNA was detected by 1% agarose gel elec-
trophoresis and its concentration and OD (OD260/OD280) were determined.

The single-stranded cDNAs were synthesized using a PrimeScriptTM RT Reagent Kit
with gDNA Eraser (TaKaRa, Japan) and stored at −20 ◦C. A g DNA-Eraser was used to
remove genomic DNA with reaction details as indicated in Table S2. The condition used
was as follows: 42 ◦C for 2 min. After removal of genomic DNA, a reaction system of
reverse transcription was performed as described in Table S3. The conditions used were
as follows: 37 ◦C for 15 min; 85 ◦C for 5 sec; 12 ◦C for 5 min. The product was stored at
−20 ◦C.

The cDNA of each sample was used as a template for real-time quantitative PCR
on a CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, California, USA). The
primers used for Real-time quantitative PCR were designed by Primer 5.0 software (Premier,
Canada). The gene sequences for qRT-PCR were obtained by searching on the full-length
transcriptome database (accession number PRJNA623262; https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA623262; accessed on 6 April 2020). Open reading frame analysis was
performed on the NCBI ORF Finder, and BLAST alignment was performed on the NCBI to
determine the specific sequence. The primers were synthesized by TSINGKE Biological
Technology Company (Beijing, China) and were shown in Table S4. The reaction system
used was shown in Table S5. The reaction procedure used was as follows: 95 ◦C for 30 s;
95 ◦C for 5 s, 56 ◦C for 30 s, for 40 cycles. In order to verify the specificity of the primer, the
melting curve was inserted and analyzed after the completion of each reaction. The 2–∆∆Ct

values were computed to quantify the levels of relative gene expression. Every qRT-PCR
assay was performed in three replicates. Loquat Actin (Fu et al. 2012) [30] was used as an
internal control to normalize the gene expression levels for each sample.

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA623262
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA623262
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3. Results
3.1. Morphological Indexes of Loquat Treated with Exogenous Hormones

The vertical and horizontal diameter, weight of a single fruit and the weight of
per normal seeds in CK group, lovastatin and trans-zeatin treatment groups showed an
increasing trend in the development of loquat fruit, whereas the weight of aborted small
seeds showed an increasing trend at first and decreased later (Figure 1).

Figure 1. Morphological indexes of loquat fruit treated with CK (clean water), tZ(trans-zeatin) and L(lovastatin). Different
lower-case letters among different treatment groups indicate significant differences based on one-way analysis of variance
in SPSS 21.0 followed by the Duncan’s test (p < 0.05).

The morphological indexes of loquat fruit treated with trans-zeatin were analyzed.
The weight of aborted small seeds in the trans-zeatin group was found to be significantly
higher than that of the CK and lovastatin groups with the development of loquat fruit
(Table 1), thereby indicating trans-zeatin treatment could promote the development of
small loquat seeds. Vertical and horizontal diameter, weight of single fruit and per normal
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seeds in the trans-zeatin treatment group were higher than that of the CK and lovastatin
treatment group at 15 DAT (days after treatment), but not significantly different (Figure 1).

The morphological indexes of loquat treated with lovastatin were also analyzed. The
weight of small seeds in the lovastatin group was significantly lower than that in the CK
group at 5 DAT (Figure 1). However, at 15 DAT, there were no significant differences
in the vertical and horizontal diameter, single fruit weight, weight and number of nor-
mal seeds as well as the weight of aborted small seeds between the lovastatin and CK
groups (Figure 1).

Table 1. The weight of per aborted small seeds.

Treatment 0 Days after
Treatment (mg)

5 Days after
Treatment (mg)

10 Days after
Treatment (mg)

15 Days after
Treatment (mg)

CK 8.6 ± 0.9 aA 35.4 ± 1.3 bAB 17.2 ± 3.9 bB 17.9 ± 1.9 bB
tZ 8.6 ± 0.9 aA 46.5 ± 4.9 aA 106.4 ± 7.9 aA 80.6 ± 6.4 aA
L 8.6 ± 0.9 aA 21.5 ± 1.8 cB 12.9 ± 1.3 bB 18.9 ± 2.6 bB

The statistical analysis of the data is based on one-way analysis of variance in SPSS 21.0. The different lower-
case and upper-case letters among different treatment groups indicate significant differences followed by Dun-
can’s test with p < 0.05 and p < 0.01 respectively. The data are expressed as mean ± standard deviation (SD).

3.2. Effects of Exogenous Trans-Zeatin and Lovastatin on Nutrients during Seed Abortion
in Loquat
3.2.1. Effects of Exogenous Trans-Zeatin and Lovastatin on Soluble Sugar during Seed
Abortion in Loquat

With the development of loquat seeds, the soluble sugar of aborted small seeds in the
CKA, lovastatin and trans-zeatin treatment groups showed the same trend (Figure 2). The
sugar content showed a trend of decreasing to the lowest level on the 5th DAT and then
increased gradually (Figure 2). However, at 15 DAT, the soluble sugar content of aborted
small seeds in the trans-zeatin treatment group was significantly higher than that in the
CKA and LA groups (Figure 2). It was significantly lower in the lovastatin treatment group
than that of the CKA and tZA groups at 15 DAT (Figure 2). The soluble sugar content of
normal seeds in the CKN group increased gradually, and was significantly higher than that
in all other treatment groups (Figure 2).

Figure 2. The graph representing changes in soluble sugar content in CKN, CKA, tZA and LA groups
after treatment. CKN: the group of normal seeds with clean water treatment; CKA: the group of small
aborted seeds with clean water treatment; tZA and LA: the group of small aborted seeds treated
with trans-zeatin and lovastatin treatment, respectively. Different lower-case letters among different
treatment groups indicate significant differences based on one-way analysis of variance in SPSS 21.0
followed by the Duncan’s test (p < 0.05).
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3.2.2. Effects of Exogenous Trans-Zeatin and Lovastatin on Starch during Seed Abortion
in Loquat

As shown in Figure 3, within 10 days after treatment, the starch content of aborted
small seeds in the lovastatin and trans-zeatin treatment group showed a similar trend of
decreasing first and then increasing with the development of seeds, whereas a gradually
decreasing trend was noticed in the CKA group. At 10–15 DAT, the starch content of
aborted small seeds in the lovastatin and CKA groups decreased, while it gradually rose
to the highest level in the trans-zeatin treatment group. At 15 DAT, the starch content in
the tZA group was significantly higher than that in the LA and CKA groups. The starch
content of the normal seeds in the CKN group gradually increased during the development
process initially, and then decreased after reaching the highest level at 10 DAT. It was
significantly higher in the CKN group as compared to other treatment groups during the
entire development process.

Figure 3. The changes in the starch content in CKN, CKA, tZA and LA groups after treatment.
Different lower-case letters among different treatment groups indicate significant differences based
on one-way analysis of variance in SPSS 21.0 followed by the Duncan’s test (p < 0.05).

3.2.3. Effects of Exogenous Trans-Zeatin and Lovastatin on the Soluble Protein during Seed
Abortion in Loquat

The soluble protein content of aborted small seeds in the CKA and lovastatin groups
showed a similar trend (Figure 4). Its concentration increased to the highest level after
10 DAT and then declined gradually, while it remained at a relatively stable level in the
tZA group during the development (Figure 4). The soluble protein content of normal seeds
in the CKN group was observed to be significantly lower than that in the other treatment
groups during the whole development process (Figure 4).
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Figure 4. The changes in the soluble protein content in CKN, CKA, tZA and LA groups after treatment.
Different lower-case letters among different treatment groups indicate significant differences based
on one-way analysis of variance in SPSS 21.0 followed by the Duncan’s test (p < 0.05).

3.3. The Effects of Exogenous Trans-Zeatin and Lovastatin on the Content of Endogenous
Trans-Zeatin and Expression Pattern of Related Genes during Seed Abortion of Loquat

With the development of loquat seeds, the variation trend of endogenous trans-zeatin
content in the CKA and LA groups was basically similar: it gradually increased to the
highest point at 10 DAT and then declined gradually (Figure 5). However, the trans-
zeatin content in the tZA group decreased on the fifth day after treatment, and then
showed a trend of gradual increase (Figure 5). It reached the highest level at the 15th
day after treatment, which was significantly higher than that in the CKA and LA groups
(Figure 5). The trans-zeatin content of normal seeds in the CKN group decreased slowly,
and was always significantly higher than that of aborted seeds (Figure 5).

Figure 5. The Changes of trans-zeatin content in CKN, CKA, tZA and LA groups after treatment.
Different lower-case letters among different treatment groups indicate significant differences based
on one-way analysis of variance in SPSS 21.0 followed by the Duncan’s test (p < 0.05).
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As shown in Figure 6, the expression of the cytokinin oxidase/dehydrogenase 5 related
gene (F01_i3_LQ_F01 |c18178/f1p13/2960) showed a similar trend in the CKA and LA
groups, which decreased to the lowest point at 5 DAT and then increased. However,
the variation trend of its expression in the tZA group was opposite to that in the CKA
and LA groups. Its expression level reached the peak at five DAT, and then decreased
significantly to the lowest point at 15 DAT, showing a 9.8-fold decrease compared with
that in CKA at 15 DAT. The expression of the cytokinin oxidase/dehydrogenase 7 related
gene (F01_i2_LQ_F01|c23747/f1p8/2141) showed a substantially higher level in the CKA
and LA groups at most of the time points. However, its expression level in the tZA group
showed a trend of gradual down-regulation, and it was a 3.7-fold decrease compared
with that in CKA at 15 DAT, which was significantly lower than that in the CKA group.
During the process of normal seed development in the CKN group, the expression of
cytokinin oxidase/dehydrogenase related genes (F01_i3_LQ_F01 | c18178/f1p13/2960,
F01_i2_LQ_F01 | c23747/f1p8/2141) was at a relatively lower level.

Figure 6. The relative expression level of trans-zeatin related genes in CKN, CKA, tZA and LA groups after the treatment.
Different lower-case letters among different treatment groups indicate significant differences based on one-way analysis of
variance in SPSS 21.0 followed by the Duncan’s test (p < 0.05).

3.4. Effects of Exogenous Trans-Zeatin and Lovastatin on Antioxidant Enzymes Activity and
Expression Pattern of Related Genes during Seed Abortion of Loquat
3.4.1. Effects of Exogenous Trans-Zeatin and Lovastatin on SOD Activity and Expression
Pattern of Related Genes during Seed Abortion of Loquat

With the development of seeds, the SOD activity of the aborted small seeds after clean
water treatment (CKA) reached a peak on the 5th DAT, and then decreased significantly
(Figure 7). The observed change in the trend of SOD activity in the LA group was consistent
with that in the CKA group (Figure 7). The activity level of SOD in the tZA group showed
a trend of gradual increase, and in the last period, its activity level was significantly
higher than that in the CKA, LA and CKN groups (Figure 7). The SOD activity level of
normal seeds after clean water treatment (CKN) almost reached a stable level during the
development process (Figure 7).



Agriculture 2021, 11, 409 11 of 19

Figure 7. The changes of SOD activity in CKN, CKA, tZA and LA groups after treatment. Different
lower-case letters among different treatment groups indicate significant differences based on one-way
analysis of variance in SPSS 21.0 followed by the Duncan’s test (p < 0.05).

As shown in Figure 8, the expression of SOD related genes (F01_i0_LQ_F01 | c1183/
f1p0/969, F01_i0_LQ_F01 | c117/f2p1/933) also showed a decreasing trend after initially
showing an increase in both the CKA and LA groups, and a trend of increase in the tZA
group. At 15 days after treatment, the relative expression levels of these genes in the tZA
group were close to those in normal seeds (only 0.2-fold decrease on average), while those
in the CKA and LA groups were almost 2.8-fold lower than those in the normal seeds.

Figure 8. The relative expression level of SOD related genes in CKN, CKA, tZA and LA groups after the treatment. Different
lower-case letters among different treatment groups indicate significant differences based on one-way analysis of variance
in SPSS 21.0 followed by the Duncan’s test (p < 0.05).

3.4.2. Effects of Exogenous Trans-Zeatin and Lovastatin on POD Activity and Expression
Pattern of Related Genes during Seed Abortion of Loquat

Interestingly, the POD activity of the CKN and CKA groups showed an opposite trend
during the seed development (Figure 9). It was significantly lower in the CKA group than
that of the normal seeds on the 15th day after the treatment (Figure 9). The activity level of
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POD in the CKA and LA groups reached the highest level on the 5th day after the treatment
and then decreased gradually (Figure 9). However, in the tZA group, it increased with
the development of seeds, and later increased sharply on the 15th day after the treatment
(Figure 9). It reached the highest level on the 15th day after the treatment, which was
significantly higher as compared to the other groups (Figure 9).

Figure 9. The changes of POD activity in CKN, CKA, tZA and LA groups after the treatment.
Different lower-case letters among different treatment groups indicate significant differences based
on one-way analysis of variance in SPSS 21.0 followed by the Duncan’s test (p < 0.05).

As shown in Figure 10, the expression of various POD related genes (F01_i1_LQ_F01|
c13651/f1p1/1333, F01_i1_LQ_F01|c5575/f1p19/1450, F01_i1_LQ_F01|c8178/f1p1/1241
and F01_i1_LQ_F01|c2634/f1p0/1258) showed a similar trend in CKA and LA groups,
which increased initially and then decreased slowly. Their expression increased rapidly
in the LA group and showed an average 2.3-fold increase per gene compared with those
of the CKA group during the second period (the 5th day after the treatment), which was
consistent with the alteration trend of POD activity in the LA group. The expression
level of POD-related genes in the tZA group increased during the development of the
small seeds, and it was significantly higher than that in the CKA, LA and CKN groups at
15 days after the treatment. The expression level of F01_i1_LQ_F01|c13651/f1p1/1333,
F01_i1_LQ_F01|c5575/f1p19/1450, F01_i1_LQ_F01|c8178/f1p1/1241 and F01_i1_LQ_F01|
c2634/f1p0/1258 increased 2.0, 18.4, 1.7 and 75-fold compared with those of the CKA
group, respectively.
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Figure 10. The relative expression level of POD related genes in CKN, CKA, tZA and LA groups after the treatment.
Different lower-case letters among different treatment groups indicate significant differences based on one-way analysis of
variance in SPSS 21.0 followed by the Duncan’s test (p < 0.05).

3.4.3. Effects of Exogenous Trans-Zeatin and Lovastatin on CAT Activity and Expression
Pattern of Related Gene during Seed Abortion of Loquat

The CAT activity level of aborted small seeds treated with clean water, trans-zeatin
and lovastatin showed a similar trend, and reached the highest level on the 10th day after
the treatment (Figure 11). It was higher in the tZA group as compared to the CKA and LA
groups on the 10th day after treatment (Figure 11). The CAT activity level of the normal
seeds was always significantly higher than that of the aborted small seeds during the
development process (Figure 11). With the development of seeds, the CAT activity of
normal seeds also showed a gradual upward trend, however its content showed a slight
decrease on the 15th day after the treatment (Figure 11).
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Figure 11. The changes of CAT activity in CKN, CKA, tZA and LA groups after the treatment.
Different lower-case letters among different treatment groups indicate significant differences based
on one-way analysis of variance in SPSS 21.0 followed by the Duncan’s test (p < 0.05).

With the development of the loquat seed, the expression of a CAT related gene
(F01_i2_LQ_F01 | c39694/f1p0/2142) showed a similar trend of decreasing after rising
initially in the CKA, tZA and LA groups, and it reached the highest level at five days day
after the treatment (Figure 12). There was no significant difference in gene expression
between the tZA, LA and CKA groups (Figure 12). However, during the development of
the normal seeds, the CAT related gene was up-regulated in the CKN group and its level
was significantly higher than that in aborted seeds (Figure 12).

Figure 12. The relative expression level of CAT related gene in CKN, CKA, tZA and LA groups after
the treatment. Different lower-case letters among different treatment groups indicate significant
differences based on one-way analysis of variance in SPSS 21.0 followed by the Duncan’s test
(p < 0.05).
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4. Discussion

We have reported previously that seed abortion in the loquat could be primarily
attributed to sibling competition, which may be caused by the difference in fertilization
time as a result of the unequal length of the stigmas in loquat [31]. Abortion of loquat seeds
was similar to intra-pod seed abortion (IPSA), which was due to a dominance hierarchy of
fertilized ovules ranging from the distal (near stigma) to the basal end [32]. Additionally,
studies in Dalbergia sissoo and Syzygium cuminii have found that intra-pod seed abortion
was caused by the diffusion of certain chemicals by dominant ovules at the distal end,
which in turn prevented the subordinate embryos from drawing further resources [33,34].
Sibling competition has also been attributed to the differences in genetics among the
developing seeds. Mohana et al. [35] reported that developing seeds could effectively
compete intensely when they are genetically less related, but tend to develop together
when genetically closely related. This theory also could explain the rich and diverse genetic
characteristics among loquat-aborted small seeds. These small seeds in loquat could be
utilized for the breeding of novel varieties and germplasm.

The seeds could influence fruit development because of their high metabolic activities
and consequent production of phytohormones [36]. Fruits without seeds or with abortive
seeds constitute weak sinks that could ultimately fail to develop [37]. In the fruit devel-
opment of avocado, Tomer et al. [38] have reported the cuke structure of underdeveloped
fruits in which ovule growth was disrupted and embryo sac was found to be degenerated.
Robert C. Hare [39] also found that physical abortion of conelets in Longleaf pine was caused
by significant loss of seeds in orchards. Therefore, promoting the development of the small
seeds of loquat could also ultimately contribute to the normal development of the fruit.

The effects of cytokinins (CKs) such as N6-benzyladenine (BA) [40,41], kinetin (KT) [41],
CPPU [42] and N-phenyl-N′-1,2,3-thiadiazol-5-ylurea (thidia-zuron;TDZ) [40] on fruit
growth have been studied and it has been reported that all of them could promote fruit
growth. Trans-zeatin (tZ) has also been found to significantly increase fruit growth in
Cucumis sativus L. [41]. In loquat (Eriobotrya japonica Lindl.), our study firstly showed that
trans-zeatin treatment could cause a substantial increase in the weight of fruit and small
seeds (Figure 1).

Cytokinins have been reported to play an important role in the regulation of cell
division [43]. However, cytokinin levels have been found to decrease invariably with
seed maturation [44]. Many studies have indicated that the level of cytokinins decreased
in response to extended stress [45–48]. These findings could explain significantly lower
concentration of cytokinins (tZ) in small loquat seeds than normal seeds because of sibling
competition in this study (Figure 5). In dicotyledonous plants, several studies have proved
that cytokinins could stimulate cotyledon expansion [49,50] and could be transported
between the cotyledons and embryonic axis [51]. Hutton and Van Staden [52] reported that
when 8[14C]t-zeatin was applied to the tips of the embryonic radicle of Phaseolus vulgaris,
cytokinins could be transported rapidly from the embryonic axis to the cotyledons where
they were metabolized extensively. We firstly found that exogenous trans-zeatin could sig-
nificantly increase the level of endogenous tZ in the small loquat seeds, which could be pos-
sibly used for stimulating cotyledon expansion. Cytokinin oxidase/dehydrogenase (CKX),
which catalyzes the irreversible degradation of CKs [53–55], plays an important role in
controlling CK levels in the different plant tissues [56]. A number of studies have indicated
that the activity of CKX could be induced by both exogenous [57,58] and endogenous [59]
CKs. In this study, the CKX related genes, especially cytokinin oxidase/dehydrogenase 5
related gene (F01_i3_LQ_F01 |c18178/f1p13/2960), which significantly down-regulated in
small loquat seeds upon treatment with endogenous cytokinin (tZ) (Figure 6), could be a
potential key gene involved in the regulation of seed development in loquat.

It has been found that application of cytokinin (BA) before anthesis in soybeans could
act to redirect the movement of assimilates into the treated tissues, increase sink strength
and prevent abortion of the developing flowers and pod [60]. Dai Yuling et al. [7] reported
that application of cytokinin (KT) could effectively promote the unloading assimilates from
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the seed coat to the cotyledon during the development of soybean pods. In this study,
we found that cytokinin (tZ) treatment promoted the accumulation of various nutrients
(soluble sugar and starch) in the small loquat seeds (Figures 2 and 3). Therefore, it can be
speculated that the application of cytokinin could promote transfer of assimilates to the
seed sink for its development. Besides, it has been demonstrated that various sugars and
amino acids can be transported preferentially to the regions of high cytokinin activity [61].
Thus, higher activity of endogenous tZ in the small seeds enhanced by exogenous trans-
zeatin in our study may promote the accumulation of different nutrients. Additionally,
some studies have found that the content of sugar and starch showed an opposite varying
trend during the development of seeds [62–64]. However, our study indicated that the
accumulation of sugar and starch was greatly synchronized. We speculated that it could
possibly vary in different plant species and seed development stages.

During seed development, reactive oxygen species (ROS) have been reported to
be continually produced [65]. For instance, a number of studies have reported that the
seed deterioration (loss of seed vigor) was a result of the overaccumulation of ROS and
subsequently could result in lipid peroxidation [66–68]. Antioxidant enzymes such as SOD,
POD and CAT, which are considered to be the main protective enzymes, could remove the
ROS [69]. It was observed that plants treated with dihydrozeatin [70] or zeatin riboside [71]
showed elevated CAT and SOD activities. In this study, trans-zeatin treatment could
significantly enhance the activities of POD and SOD.

Lovastatin-inhibitor of mevalonic acid synthesis can also affect cytokinin biosynthesis
by inhibiting HMG-CoA reductase activity [72]. Our study found for the first time that it
could significantly decrease the weight of small loquat seeds (Figure 1) and significantly
enhance the activities of both POD and SOD during the early period of treatment in loquat
(Figures 7 and 9). However, there may be other potential regulatory mechanisms that can
cause the weight of small seeds to recover to the same level as that of the CKA group
during the late development stages.

5. Conclusions

Exogenous trans-zeatin can effectively promote small seed development by causing
an accumulation of various important nutrients (soluble sugar and starch), enhancing the
antioxidant capacity of the small seeds and modulating the level of endogenous trans-
zeatin. Additionally, exogenous cytokinin inhibitor (lovastatin) could significantly inhibit
the development of small seeds at the early period of treatment. In summary, the find-
ings established a foundation for the rescue of new germplasm resources of loquat by
promoting the development of small loquat seeds which contained rich and diverse genetic
characteristics.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agriculture11050409/s1, Table S1: The program of mobile phase gradient elution, Table S2:
Reaction system used for removing genomic DNA, Table S3: Reaction system used for reverse
transcription, Table S4: The primers used for qRT-PCR analysis, Table S5: Reaction system of qRT-
PCR.

Author Contributions: Conceptualization, Y.-Q.W. and Q.-X.D.; Data curation, H.Z., Q.-X.D. and
C.-P.P.; Formal analysis, H.Z. and Z.-W.Y.; Funding acquisition, Y.-Q.W.; Investigation, H.Z., Z.-W.Y.,
Z.-H.C. and Y.-M.Y.; Methodology, H.Z., Z.-W.Y., C.-P.P., Z.-H.C. and L.W.; Project administration,
Y.-Q.W.; Resources, Q.-X.D.; Software, L.W.; Supervision, Y.-Q.W. and Q.-X.D.; Writing—original
draft, H.Z.; Writing—review & editing, H.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: The breeding of new varieties of loquat and supporting technology research (2021YFYZ0023)
and Technical System of National Modern Agricultural Industry -Sichuan fruit innovation project
(sccxtd_2021_04).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/agriculture11050409/s1
https://www.mdpi.com/article/10.3390/agriculture11050409/s1


Agriculture 2021, 11, 409 17 of 19

Data Availability Statement: The genes sequences for qRT-PCR were obtained by searching on the
full-length transcriptome database (accession number PRJNA623262; https://www.ncbi.nlm.nih.
gov/bioproject/PRJNA623262; accessed on 6 April 2020).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhang, H.; Zhang, S.; Cai, L.; Fang, D. The germplasm resources of the genus Eriobotrya with special reference on the origin of

E. japonica Lindl. Acta Hortic. Sin. 1990, 17, 5–12.
2. Deng, Q.; Dong, Y.; Wang, Y.; Luo, N.; Li, J.; Yang, Q.; Fu, Y. Studies on seed degeneration and embryo abortion of loquat

(Eriobotrya japonica Lindl.). South China Fruits 2007, 36, 46–48.
3. Tao, L.; Xie, H.; Yang, W.; Wang, Y.; Pan, C.; Tu, M.; Li, J.; Zhang, Y. Study on Diversity of Leaf Morphological Traits of Plants

Regenerated from ‘Miniature Seeds’ in Loquat. Southwest China J. Agric. Sci. 2016, 29, 1958–1961. [CrossRef]
4. Wang, Y.; Yan, J.; Tao, L.; Yang, Q.; Deng, R.; Fan, J.; Du, K.; Cui, W.; Yang, Z. Haploid can be obtained from small seeds of loquat.

In Proceedings of the 2012 Academic Seminar on Chromosome Ploidy Operation and Genetic Improvement of Horticultural
Plants, Chongqing, China, 13 April 2012; p. 2.

5. Tao, L.; Wang, Y.; Yan, J.; Peng, S.; Deng, Q.; Yang, Z.; Du, K.; Cui, W. Investigation on Hardiness and Preliminary Screening for
Cold Resistant Plants Regenerated from “Miniature Seeds”in Loquat. In Proceedings of the 5th International Symposium on
Loquat, Shimian, China, 1 May 2011; p. 5.

6. Zhou, L.; Wei, Q.; Gao, F. The Effect of Cytokinins on Fruit and Seed Development. Plant Physiol. Commun. 2006, 42, 549–553.
7. Dai, Y.; Zhang, S.; Yang, S. Effect of CTK on Assimilate Unloading and Metabolism of Embryo in Developing Seeds of Soybean.

Acta Agron. Sin. 1998, 24, 613–617.
8. Truernit, E.; Schmid, J.; Epple, P.; Illig, J.; Sauer, N. The sink-specific and stress-regulated Arabidopsis STP4 gene: Enhanced

expression of a gene encoding a monosaccharide transporter by wounding, elicitors, and pathogen challenge. Plant Cell 1996, 8,
2169–2182. [PubMed]

9. Harms, K.; Wohner, R.V.; Schulz, B.; Frommer, W.B. Isolation and characterization of P-type H(+)-ATPase genes from potato.
Plant Mol. Biol. 1994, 26, 979–988. [CrossRef] [PubMed]

10. Jameson, P.E.; Song, J. Cytokinin: A key driver of seed yield. J. Exp. Bot. 2016, 67, 593–606. [CrossRef]
11. Han, Y.; Yang, H.; Jiao, Y. Regulation of inflorescence architecture by cytokinins. Front. Plant Sci. 2014, 5, 669. [CrossRef]
12. Yang, J.; Peng, S.; Visperas, R.M.; Sanico, A.L.; Zhu, Q.; Gu, S. Grain filling pattern and cytokinin content in the grains and roots

of rice plants. Plant Growth Regul. 2000, 30, 261–270. [CrossRef]
13. Lur, H.S.; Setter, T.L. Role of Auxin in Maize Endosperm Development (Timing of Nuclear DNA Endoreduplication, Zein Expres-

sion, and Cytokinin). Plant Physiol. 1993, 103, 273–280. [CrossRef]
14. Morris, R.; Blevins, D.; Dietrich, J.; Durley, R.; Gray, S.G.J.; Hommes, N.; Kaminek, M.; Mathews, L.J. Cytokinins in Plant

Pathogenic Bacteria and Developing Cereal Grains. Aust. J. Plant Physiol. 1993, 5, 621–637. [CrossRef]
15. Yang, J. Correlation of Cytokinin Levels in the Endosperms and Roots with Cell Number and Cell Division Activity during

Endosperm Development in Rice. Ann. Bot. 2002, 90, 369–377. [CrossRef]
16. Morris, R.O. Hormonal Regulation of Seed Development. In Cellular and Molecular Biology of Plant Seed Development; Springer:

Dordrecht, The Netherlands, 1997; pp. 117–148.
17. Song, J.; Jiang, L.; Jameson, P.E. Expression patterns of Brassica napus genes implicate IPT, CKX, sucrose transporter, cell wall

invertase, and amino acid permease gene family members in leaf, flower, silique, and seed development. J. Exp. Bot. 2015, 66,
5067–5082. [CrossRef]

18. Nagel, L.; Brewster, R.; Riedell, W.E.; Reese, R.N. Cytokinin Regulation of Flower and Pod Set in Soybeans (Glycine max (L.)
Merr.). Ann. Bot. 2001, 88, 27–31. [CrossRef]

19. Atkins, C.A.; Pigeaire, A. Application of cytokinins to flowers to increase pod set in Lupinus angustifolius L. Aust. J. Agric. Res.
1993, 8, 1799–1819. [CrossRef]

20. El-Dengawy, E.F.A. Promotion of seed germination and subsequent seedling growth of loquat (Eriobotrya japonica, Lindl) by
moist-chilling and GA3 applications. Sci. Hortic. 2005, 105, 331–342. [CrossRef]

21. Wang, G.Y.; Wang, Q. Effects of Different Temperatures and Different GA_3 Concentrations Treatments on the Loquat Seed
Germination and Seedling Growth. Tianjin Agric. Sci. 2015, 21, 110–113.

22. HU, Z.; LIN, Y. Effect of GA_3+CPPU induction time on loquat pit development. Fujian J. Agric. Sci. 2010, 25, 707–710.
23. Takei, K.; Yamaya, T.; Sakakibara, H. Arabidopsis CYP735A1 and CYP735A2 Encode Cytokinin Hydroxylases That Catalyze the

Biosynthesis of trans-Zeatin. J. Biol. Chem. 2004, 279, 41866–41872. [CrossRef]
24. Chemists, A. Cereal Chem 1975 | A Note on Sugar Determination by the Anthrone Method. Publications 1975, 52, 857–860.
25. Hansen, J.; Mller, I. Percolation of starch and soluble carbohydrates from plant tissue for quantitative determination with anthrone.

Anal. Biochem. 1975, 68, 87–94. [CrossRef]
26. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of proteins utilizing the principle of

protein dye binding. Nature 1976, 227, 248–254. [CrossRef]
27. Giannopolites, C.N.; Ries, S.K. Superoxide dismutase occurrence in higher plants. Plant Physiol. 1977, 59, 309–314. [CrossRef]

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA623262
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA623262
http://doi.org/10.16213/j.cnki.scjas.2016.08.037
http://www.ncbi.nlm.nih.gov/pubmed/8989877
http://doi.org/10.1007/BF00028864
http://www.ncbi.nlm.nih.gov/pubmed/8000010
http://doi.org/10.1093/jxb/erv461
http://doi.org/10.3389/fpls.2014.00669
http://doi.org/10.1023/A:1006356125418
http://doi.org/10.1104/pp.103.1.273
http://doi.org/10.1071/PP9930621
http://doi.org/10.1093/aob/mcf198
http://doi.org/10.1093/jxb/erv133
http://doi.org/10.1006/anbo.2001.1423
http://doi.org/10.1071/AR9931799
http://doi.org/10.1016/j.scienta.2005.01.027
http://doi.org/10.1074/jbc.M406337200
http://doi.org/10.1016/0003-2697(75)90682-X
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1104/pp.59.2.309


Agriculture 2021, 11, 409 18 of 19

28. Lee, T.M.; Lin, Y.H. Peroxidase activity in ethylene-, ABA-, or MeJA-treated rice (Oryza sativa L.) roots. Bot. Bull. Acad. Sin. 1996,
37, 201–207.

29. Machly, A.C.; Chance, P. Assay of catalase and peroxidases. Method Enzym. 1955, 2, 764–775.
30. Fu, X.; Kong, W.; Peng, G.; Zhou, J.; Azam, M.; Xu, C.; Grierson, D.; Chen, K. Plastid structure and carotenogenic gene expression

in red- and white-fleshed loquat (Eriobotrya japonica) fruits. J. Exp. Bot. 2012, 63, 341–354. [CrossRef]
31. Deng, Q.X. Studies on Embryological Mechanism of Seed Degeneration and Genetic Diversity of Seedlings from Middle-

Degenerated seeds inloquat (Eriobotrya japonica Lindl). Ph.D. Thesis, Sichuan Agricultural University, Ya’an, China, 2009.
32. Ganeshaiah, K.N.; Shaanker, R.U. Seed abortion in wind-dispersed pods of Dalbergia sissoo: Maternal regulation or sibling

rivalry? Oecologia 1988, 77, 135–139. [CrossRef]
33. Mohan, R.B.; Uma, S.R.; Ganeshaiah, K.N. Intra-fruit seed abortion in a wind dispersed tree. Dalbergia sissoo Roxb: Proximate

mechanisms. Sex. Plant Reprod. 1996, 9, 273–278. [CrossRef]
34. Arathi, H.S.; Ganeshaiah, K.N.; Shaanker, R.U.; Hegde, S.G. Factors Affecting Embryo Abortion in Syzygium cuminii (L.) Skeels

(Myrtaceae). Int. J. Plant Sci. 1996, 157, 49–52. [CrossRef]
35. Mohana, G.S.; Shaanker, R.U.; Ganeshaiah, K.N.; Dayanandan, S. Genetic relatedness among developing seeds and intra fruit

seed abortion in Dalbergia sissoo (Fabaceae). Am. J. Bot. 2001, 88, 1181–1188. [CrossRef] [PubMed]
36. Köhne, J.S.; Kremer-Köhne, S.; Schutte, J.M. Effect of CPPU sprays on yield and fruit size in avocadocv hass. S. Afr. Avocado

Growers’ Assoc. Yearb. 1993, 16, 31–32.
37. Steyn, E.M.A.; Robbertse, P.J.; Smith, D.G. Cuke development in consistently low producing trees of the ‘fuerte’ avocado with

special reference to seed abortion. S. Afr. Avocado Growers’ Assoc. Yearb. 1993, 16, 5–8.
38. Tomer, E.; Gazit, S.; Eisenstein, D. Seedless fruit in ‘Fuerte’ and ‘Ettinger’ avocado. J. Am. Soc. Hortic. Sci. 1980, 105, 341–346.

[CrossRef]
39. Hare, R.C. Reducing conelet abortion in longleaf pine with chemicals. Can. J. For. Res. 1981, 11, 448–450. [CrossRef]
40. Itai, A.; Tanabe, K.; Tamura, F.; Susaki, S.; Yonemori, K.; Sugiura, A. Synthetic cytokinins control persimmon fruit shape, size and

quality. J. Hortic. Sci. 1995, 70, 867–873. [CrossRef]
41. Ogawa, Y.; Nishikawa, S.; Inoue, N.; Aoki, S. Promotive Effects of Different Cytokinins on the Fruit Growth in Cucumis sativus L.

Eng. Gakkai Zasshi. 1990, 59, 597–601. [CrossRef]
42. Antognozzi, E.; Famiani, F.; Proietti, P.; Tombesi, A.; Frenguelli, G.; Frenguelli, G. Effect of cppu (cytokinin) treatments on fruit

anatomical structure and quality m actinidia deliciosa. Acta Hortic. 1997, 444, 459–465. [CrossRef]
43. Srivastava, L.M. Chapter 8—Cytokinins. In Plant Growth and Development; Srivastava, L.M., Ed.; Academic Press: San Diego, CA,

USA, 2002; pp. 191–204.
44. Davey, J.E.; Staden, J. Cytokinin Activity in Lupinus albus. III. Distribution in Fruits. Physiol. Plant 1978, 43, 87–93. [CrossRef]
45. Kudoyarova, G.R.; Vysotskaya, L.B.; Cherkozyanova, A.; Dodd, I.C. Effect of partial rootzone drying on the concentration of

zeatin-type cytokinins in tomato (Solanum lycopersicum L.) xylem sap and leaves. J. Exp. Bot. 2006, 58, 161–168. [CrossRef]
46. Ghanem, M.E.; Albacete, A.; Martínez-Andújar, C.; Acosta, M.; Romero-Aranda, R.; Dodd, I.C.; Lutts, S.; Pérez-Alfocea, F.

Hormonal changes during salinity-induced leaf senescence in tomato (Solanum lycopersicum L.). J. Exp. Bot. 2008, 59, 3039–3050.
[CrossRef]

47. Merewitz, E.; Gianfagna, T.; Huang, B. Photosynthesis, water use, and root viability under water stress as affected by expression
of SAG12-ipt controlling cytokinin synthesis in Agrostis stolonifera. J. Exp. Bot. 2011, 62, 383. [CrossRef]

48. Nishiyama, R.; Watanabe, Y.; Fujita, Y.; Le, D.T.; Kojima, M.; Werner, T.; Vankova, R.; Yamaguchi-Shinozaki, K.; Shinozaki, K.;
Kakimoto, T.; et al. Analysis of Cytokinin Mutants and Regulation of Cytokinin Metabolic Genes Reveals Important Regulatory
Roles of Cytokinins in Drought, Salt and Abscisic Acid Responses, and Abscisic Acid Biosynthesis. Plant Cell 2012, 23, 2169–2183.
[CrossRef]

49. Hutton, M.J.; Van, S.J.; Davey, J.E. Cytokinins in Germinating Seeds of Phaseolus vulgaris L. I. Changes in Endogenous Levels
Within the Cotyledons. Ann. Bot. 1982, 49, 685–691. [CrossRef]

50. Gilad, T.; Ilan, I.; Reinhold, L. The effect of kinetin and of the embryo axis on the level of reducing sugars in sunflower cotyledons.
Isr. J. Bot. 1970, 19, 447–450.

51. Gepstein, S.; Ilan, I. Evidence for the involvement of cytokinins in the regulation of proteolytic activity in cotyledons of
germinating beans. Plant Cell Physiol. 1980, 21, 57–63. [CrossRef]

52. Hutton, M.J.; Van, S.J. Cytokinins in Germinating Seeds of Phaseolus vulgaris L. II. Transport and Metabolism of 8[14C]t-Zeatin
Applied to the Radicle. Ann. Bot. 1982, 49, 701–706. [CrossRef]

53. Galuszka, P.; Frébort, I.; Sebela, M.; Sauer, P.; Jacobsen, S.; Pec, P. Cytokinin oxidase or dehydrogenase? Mechanism of cytokinin
degradation in cereals. Eur. J. Biochem. 2001, 268, 450–461. [CrossRef]

54. Galuszka, P.; Popelková, H.; Werner, T.; Frébortová, J.; Pospíšilová, H.; Mik, V.; Köllmer, I.; Schmülling, T.; Frébort, I. Biochemical
Characterization of Cytokinin Oxidases/Dehydrogenases from Arabidopsis thaliana Expressed in Nicotiana tabacum L. J. Plant
Growth Regul. 2007, 26, 255–267. [CrossRef]

55. Schmülling, T.; Werner, T.; Riefler, M.; Krupková, E.; Bartrina y Manns, I. Structure and function of cytokinin oxi-
dase/dehydrogenase genes of maize, rice, Arabidopsis and other species. J. Plant Res. 2003, 116, 241–252. [CrossRef]

56. Cai, L.; Zhang, L.; Fu, Q.; Xu, Z. Identification and expression analysis of cytokinin metabolic genesIPTs, CYP735A andCKXs in
the biofuel plantJatropha curcas. PeerJ 2018, 6, e4812. [CrossRef]

http://doi.org/10.1093/jxb/err284
http://doi.org/10.1007/BF00380936
http://doi.org/10.1007/BF02152702
http://doi.org/10.1086/297319
http://doi.org/10.2307/3558328
http://www.ncbi.nlm.nih.gov/pubmed/11454617
http://doi.org/10.1007/BF00023230
http://doi.org/10.1139/x81-059
http://doi.org/10.1080/14620316.1995.11515362
http://doi.org/10.2503/jjshs.59.597
http://doi.org/10.17660/ActaHortic.1997.444.70
http://doi.org/10.1111/j.1399-3054.1978.tb01572.x
http://doi.org/10.1093/jxb/erl116
http://doi.org/10.1093/jxb/ern153
http://doi.org/10.1093/jxb/erq285
http://doi.org/10.1105/tpc.111.087395
http://doi.org/10.1093/oxfordjournals.aob.a086296
http://doi.org/10.1093/oxfordjournals.pcp.a075990
http://doi.org/10.1093/oxfordjournals.aob.a086298
http://doi.org/10.1046/j.1432-1033.2001.01910.x
http://doi.org/10.1007/s00344-007-9008-5
http://doi.org/10.1007/s10265-003-0096-4
http://doi.org/10.7717/peerj.4812


Agriculture 2021, 11, 409 19 of 19

57. Chatfield, J.M.; Armstrong, D.J. Regulation of Cytokinin Oxidase Activity in Callus Tissues of Phaseolus vulgaris L. cv Great
Northern. Plant Physiol. 1986, 80, 493–499. [CrossRef]

58. Motyka, V.; Kamínek, M. Regulation of Cytokinin Catabolism in Tobacco Callus Cultures. In Progress in Plant Cellular and
Molecular Biology; Springer: Berlin/Heidelberg, Germany, 1990; pp. 492–497.

59. Motyka, V.; Faiss, M.; Strand, M.; Kaminek, M.; Schmulling, T. Changes in Cytokinin Content and Cytokinin Oxidase Activity in
Response to Derepression of ipt Gene Transcription in Transgenic Tobacco Calli and Plants. Plant Physiol. 1996, 112, 1035–1043.
[CrossRef] [PubMed]

60. Reese, R.N.; Dybing, C.D.; White, C.A.; Page, S.M.; Larson, J.E. Expression of vegetative storage protein (VSP-β) in soybean
raceme tissues in response to flower set. J. Exp. Bot. 1995, 46, 957–964. [CrossRef]

61. Mothes, K.; Engelbrecht, L. Kinetin-induced directed transport of substances in excised leaves in the dark. Phytochemistry 1961, 1,
58–62. [CrossRef]

62. Han, J.; Mao, P.; Niu, Z.; Sun, R. Changes of Physiology and Biochemistry During Seed Development of Siberian Wildrye.
Acta Agrestia Sin. 2000, 8, 237–244. [CrossRef]

63. Mao, P.; Han, J.; Wang, P.; Rong, Y. Changes of Physiology and Biochemistry During Seed Development of Smooth Bromegrass.
Chin. J. Grassl. 2001, 23, 26–31. [CrossRef]

64. Shi, P. Study on panicle initiation and eight physiological in dicators changes during seeds development of Puccinellia tenui-
flora(Griseb.)Scribn.et Merr.cv. Tongde. Master’s Thesis, Qinghai University, Xining, Qinghai, China, 2012.

65. Bailly, C. Active oxygen species and antioxidants in seed biology. Seed Sci. Res. 2004, 14, 93–107. [CrossRef]
66. Rashid, M.; Hampton, J.G.; Shaw, M.L.; Rolston, M.P.; Khan, K.M.; Saville, D.J. Oxidative damage in forage rape (Brassica napus

L.) seeds following heat stress during seed development. J. Agron. Crop Sci. 2020, 206, 101–117. [CrossRef]
67. Bhatia, V.S.; Yadav, S.; Jumrani, K.; Guruprasad, K.N. Field Deterioration of Soybean Seed: Role of Oxidative Stresses and

Antioxidant Defense Mechanism. J. Plant Biol. 2010, 37, 179–190.
68. Wang, L.; Ma, H.; Song, L.; Shu, Y.; Gu, W. Comparative proteomics analysis reveals the mechanism of pre-harvest seed

deterioration of soybean under high temperature and humidity stress. J. Proteom. 2012, 75, 2109–2127. [CrossRef] [PubMed]
69. Khan, M.H.; Panda, S.K. Induction of Oxidative Stress in Roots of Oryza sativa L. in Response to Salt Stress. Biol. Plant 2002, 45,

625–627. [CrossRef]
70. Clarke, S.F.; Guy, P.L.; Burritt, D.J.; Jameson, P.E. Changes in the activities of antioxidant enzymes in response to virus infection

and hormone treatment. Physiol. Plant 2002, 114, 157–164. [CrossRef] [PubMed]
71. Gidrol, X.; Lin, W.S.; Dégousée, N.; Yip, S.F.; Kush, A. Accumulation of reactive oxygen species and oxidation of cytokinin in

germinating soybean seeds. Eur. J. Biochem. 1994, 224, 21–28. [CrossRef]
72. Laureys, F.; Dewitte, W.; Witters, E.; Van Montagu, M.; Inzé, D.; Van Onckelen, H. Zeatin is indispensable for the G2-M transition

in tobacco BY-2 cells. FEBS Lett. 1998, 426, 29–32. [CrossRef]

http://doi.org/10.1104/pp.80.2.493
http://doi.org/10.1104/pp.112.3.1035
http://www.ncbi.nlm.nih.gov/pubmed/12226431
http://doi.org/10.1093/jxb/46.8.957
http://doi.org/10.1016/S0031-9422(00)82812-5
http://doi.org/10.3321/j.issn:1673-5021.2001.01.006
http://doi.org/10.3969/j.issn.1673-5021.2001.01.006
http://doi.org/10.1079/SSR2004159
http://doi.org/10.1111/jac.12372
http://doi.org/10.1016/j.jprot.2012.01.007
http://www.ncbi.nlm.nih.gov/pubmed/22270011
http://doi.org/10.1023/A:1022356112921
http://doi.org/10.1034/j.1399-3054.2002.1140201.x
http://www.ncbi.nlm.nih.gov/pubmed/11903962
http://doi.org/10.1111/j.1432-1033.1994.tb19990.x
http://doi.org/10.1016/S0014-5793(98)00297-X

	Introduction 
	Materials and Methods 
	Plant Materials and Treatment Conditions 
	Extraction and Determination of Soluble Sugar 
	Extraction and Determination of Starch 
	Extraction and Determination of Soluble Protein 
	Extraction and Determination of Trans-Zeatin 
	Extraction and Determination of Antioxidant Enzymes 
	Total RNA Extraction, cDNA Synthesis and Relative Expression Analysis 

	Results 
	Morphological Indexes of Loquat Treated with Exogenous Hormones 
	Effects of Exogenous Trans-Zeatin and Lovastatin on Nutrients during Seed Abortion in Loquat 
	Effects of Exogenous Trans-Zeatin and Lovastatin on Soluble Sugar during Seed Abortion in Loquat 
	Effects of Exogenous Trans-Zeatin and Lovastatin on Starch during Seed Abortion in Loquat 
	Effects of Exogenous Trans-Zeatin and Lovastatin on the Soluble Protein during Seed Abortion in Loquat 

	The Effects of Exogenous Trans-Zeatin and Lovastatin on the Content of Endogenous Trans-Zeatin and Expression Pattern of Related Genes during Seed Abortion of Loquat 
	Effects of Exogenous Trans-Zeatin and Lovastatin on Antioxidant Enzymes Activity and Expression Pattern of Related Genes during Seed Abortion of Loquat 
	Effects of Exogenous Trans-Zeatin and Lovastatin on SOD Activity and Expression Pattern of Related Genes during Seed Abortion of Loquat 
	Effects of Exogenous Trans-Zeatin and Lovastatin on POD Activity and Expression Pattern of Related Genes during Seed Abortion of Loquat 
	Effects of Exogenous Trans-Zeatin and Lovastatin on CAT Activity and Expression Pattern of Related Gene during Seed Abortion of Loquat 


	Discussion 
	Conclusions 
	References

