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Abstract Key genes in strawberry fruit development play an important role in the development and maturation of strawberry fruit,
and are also important in molecular breeding and genetic improvement. UPL probes was used to quantitatively analyze the
expression of strawberry genes FaNCEDI, FaPG, FaEXP5 and FaDFR at different stages of fruit development and in different
organs. The results showed that FaPG and FaEXP5 significantly increased expression in the late stage of fruit development. And
FaPG had significant fruit-specific expression. At every stage of fruit development, FaDFR showed a higher level of expression than
other genes. This study provides some theoretical reference for the development and utilization of key genes in strawberry fruit
development..
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Strawberries (Fragaria x ananassa), apples, pears, peaches, plums, apricots and other important fruits belong to
the Rosaceae. Strawberry planting area is wide, the growth cycle is short, the reproduction is fast, not only can be
planted in the open air but also suitable for facility cultivation. Compared with other fruit trees, strawberry is easy
to be transformed by agrobacterium, so it is often used as the model material of Rosaceae for scientific research.
Cultivated strawberries are usually octaploid, originating from four diploid ancestors (Shulaev et al., 2011).
Strawberry fruit is formed by the expansion of the receptacle, rich in anthocyanin and vitamin C, with high
nutritional value (Afrin et al., 2016). For a long time, breeders have been committed to improving the color, flavor
and nutrition of strawberry fruits (Kayesh et al., 2013; Pillet et al., 2015). Further research on key genes of
strawberry fruit development can provide theoretical basis for the related mechanism of fruit quality formation
and contribute to the creation of excellent germplasm (Carvalho and Folta, 2017).

In order to realize its function, a gene can be regulated at many levels, among which the regulation of
transcriptional expression is particularly important. Regulatory sequences of transcriptional expression can
include promoters, 5S'UTR, 3'UTR, introns, and even sequences further from the encoding region. The most
important regulatory sequence is the promoter.The promoter controls when and to what extent the target gene is
expressed.Promoters can be classified into constituent promoters, tissue specific promoters and inducible
promoters(Zeng et al., 2018). Constitutive promoters are not tissue specific and keep gene expression intensity at
a fixed level. Constitutive promoters are not tissue specific and keep gene expression intensity at a fixed level.
Inducible promoters usually initiate gene transcription only after receiving induction of a response signal.
Tissue-specific promoters are also called organ-specific promoters. Under the regulation of this promoter, gene
expression generally occurs only in some specific organ or tissue sites, and often shows the characteristics of
regulating development. Analysis of tissue-specific genes is helpful to explore the function of tissue-specific
promoters (Shahan et al., 2019).
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Some genes closely related to fruit development have been published, according to previous research reports. For
example, 9-cis-epoxycarotenoid Dioxygenase (NCED) is a key enzyme in the biosynthetic pathway of ABA in
higher plants (Sun et al., 2012). NCED is synthesized in plants under the conditions of ripening, wilt and water
shortage. Many NCED genes in plants have been cloned and identified. Silencing of NCED gene in sweet cherry
may lead to a colorless phenotype (Shen et al., 2014). The accumulation of anthocyanin in strawberry is regulated
by abscisic acid. When the ABA synthase FaNCED] is inactivated or the ABA receptor is blocked, anthocyanin
cannot form in the fruit (Jia et al., 2011). Polygalacturonase (PG) acts on pectin molecules, causing pectin
degradation and cell wall structure disintegration, leading to fruit softening. It was confirmed in the ripening
process of tomato (Jiang et al., 2019), peach (Chen et al., 2009), strawberry (Hao et al., 2009) and other fruits.
Expansin (EXP) is a kind of plant extension protein that is coded by a large family of genes. EXP expression is
closely related to growth and maturation in many plant (Sampedro and Cosgrove, 2005). In strawberries, FaEXP1,
FaEXP2 and FaEXP5 have been identified to be closely related to fruit firmness (Dotto et al., 2006).
Dihydroflavonol reductase (DFR) is an enzyme required as the last step in the catalytic flavonoid biosynthesis
pathway and can lead to anthocyanin and proanthocyanidin production. DFR is a key enzyme expressed
downstream of anthocyanin biosynthesis pathway in fruits, which is highly expressed in fruits with bright colors
under normal conditions.

In general, the promoter of regulatory genes is weak, while the promoter of structural genes is strong. In this study,
specific structural genes of fruit were selected, belonging to four different metabolic pathways. NCEDI is a key
enzyme in ABA synthesis pathway, PG is related to cell wall synthesis, EXP5 is an important gene that causes cell
expansion in vivo, and DFR is a structural gene downstream of anthocyanin synthesis. Through the analysis and
comparison of the expression activities of these structural genes in different tissues and different fruit
development stages of strawberry, the change rules of these structural genes in the fruit development process were
grasped, which provided theoretical support for further exploring the function of specific promoters of fruit and
gene engineering breeding.

1 Results and Analysis

1.1 Physical and chemical characteristics analysis of FaNCEDI, FaPG, FaEXP5 and FaDFR genes

In this study, strawberry FaNCEDI, FaPG, FaEXP5 and FaDFR gene sequences were obtained from NCBI
database. According to the statistical analysis of gene sequences on the website of ExPASy (Table 1), the CDS
sizes of FaNCED1, FaPG, FaEXP5 and FaDFR genes were 679 bp, 1 218 bp, 488 bp and 1 026 bp, respectively,
encoding 226,405,162,341 amino acids, with molecular weights ranging from 17.57 to 43.31 kD. The hydrophilic
values of the proteins ranged from -0.248 to -0.146, all of which were hydrophilic proteins. The predicted
isoelectric values of the four proteins ranged from 6.47 to 9.14, including three basic proteins and one acidic
protein. The instability index of all four proteins was less than 40, indicating that the protein structure was
relatively stable.

Table 1 Physical and chemical properties of the key genes in strawberry fruit development

Gene Gene ID Length of the Number of Molecular Grand average of Theoretical pI  Instability index
name sequence (bp) amino acids weight (kD)  hydropathicity

FaNCEDI HQ290318.1 679 226 25475.33 -0.181 7.23 3533

FaPG DQ458990.1 1218 405 43 309.31 -0.146 8.47 32.12

FaEXP5  AF226702.1 488 162 17 566.89 -0.248 9.14 30.14

FaDFR AY575057.1 1026 341 38 053.88 -0.192 6.47 36.66

1.2 Analysis of expression characteristics of different genes in different organs of strawberry

Different genes often have different expression patterns, and their expression is different in different organs, and
there are often specific expressions in some organs. In this study, expression characteristics of FaNCED1, FaPG,
FaEXP5 and FaDFR in strawberry root, fruit, flower, runner, petiole and leave were analyzed using Roche UPL
universal probe assay (Figure 1). The results showed that the expression of FaNCEDI was higher in root, runner
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and petiole than in fruit, flower and leaf. FaPG was significantly higher in fruit than other tissues and organs. The
expression patterns of FaEXPS5 and FaDFR were similar, and the expression level in fruit was significantly higher
than that in other organs. It can be seen that the expressions of FaPG, FaEXP5 and FaDFR in fruits all have
certain significance.
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Figure 1 Expression of FaNCEDI1, FaPG, FaEXP5 and FaDFR in different organs of strawberry

1.3 Analysis of the expression characteristics of different genes in different development stages of
strawberry fruits

There are seven obvious stages in strawberry fruit development, namely SG (Small green), BG (Big green), DG
(Degreening), Wt (White fruit), IR (Initial red), PR (Partial red) and FR (Full red).In this study, the expression
characteristics of FaNCEDI, FaPG, FaEXP5 and FaDFR in different development stages of strawberry fruits
were also studied by using Roche UPL universal probe detection technique (Figure 2).The results showed that the
expression of FaNCEDI and FaDFR fluctuated with the development of the fruit, and the expression of
FaNCED] reached the first peak in the DG period, followed by a decrease, and then increased with the fruit
gradually ripening. The expression of FaDFR reached its first peak in the BG period, followed by a decline, and
then an up-regulation, and maintained a high expression level after IR period. The expression of FaPG began at
the IR period, then increased gradually, and reached its peak when the fruit was fully ripe. The expression level of
FaEXP5 was relatively low before fruit ripening and significantly increased at fruit ripening stage. The
expressions of FaNCED1, FaPG and FaEXP5 gradually increased in the stage of IR, PR and FR, and reached the
highest level in the stage of full-ripening. FaDFR expression was relatively high in strawberry fruits at IR, PR and
FR stages.

1.4 Analysis of expression differences of different genes in the same period of fruit development

Since the expression of each gene was different at different fruit development stages, the expressions of
FaNCEDI, FaPG, FaEXPS5 and FaDFR at the same fruit development stage were compared and analyzed (Figure
3). The expression of FaDFR was significantly higher than that of the other three genes from SG to IR stage.
However, FaPG expression was significantly higher than that of other genes in the half-ripe and full-ripe stages. It
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can be seen that compared with other genes, FaDFR is highly expressed throughout the development of
strawberry fruits, while FaPG may play an important role in the later stage of fruit development.
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Figure 2 Expression of FaNCED1, FaPG, FaEXP5 and FaDFR in the different development periods of strawberry fruit
Note: SG: Small green period; BG: Big green period; DG: Degreening period; Wt: White fruit period; IR: Initial red period; PR:
Partial red period; FR: Full red period

§ ¥ 560
: |
) 5 400
3 ]
10 “ 200
FaNCED]  FaPG  FaEXPS  FaDFR O —FNGEDT Fre aEXP5  FalFR
56
2 200
20,
= 5 150
g g
218 g
5 ;
: 5100
] 2
:E 10 £
= ] 2 5
o o I
FaNCEDI  FaPG  FaEXPS  FaDFR FaNCED]  FaPG  FeEs  FaDFR
00 150 150
& 200 g100 fo
B 4 ]
£ H £
= = =
3100 3 % 3 %
FaNCED! FaPCv F FaDFR FaNCED! FaPG FaEXPS FaDFR FaNCED] FaPG FaEXPS FaDFR

PR

Figure 3 Comparison of expression differences of FaNCEDI, FaPG, FaEXP5 and FaDFR in the same development period of
strawberry fruit



Molecular Plant Breeding 2020, Vol.11, No.21, 1-7
MolBrecd Publisher http://genbreedpublisher.com/index.php/mpb

2 Discussion

FaNCEDI] is a key gene in ABA synthesis. It has been reported that FaNCEDI gene is expressed in strawberry
roots, stems, leaves, calyx and fruits. During the fruit ripening process, FaNCED] expression reached two peaks,
respectively at white fruit stage and fruit maturity stage, and the expression level is the highest at fruit maturity
stage, which is consistent with ABA accumulation (Zhu et al., 2012). In this study, the first expression peak of
FaNCEDI occurred at the DG stage, which was speculated to be caused by the differences between varieties.
Studies have shown that the expression of FaEXP2 and FaEXPS5 increased significantly in Fragaria chiloensis
with the rapid decrease of fruit hardness during fruit development (Figueroa et al., 2009). Dotto et al. (2006)
confirmed that the expression of FaEXP5 was related to the firmness of strawberry fruit. With the decrease of fruit
hardness, the expression of FaEXPS5 increased. The expression patterns were different in different strawberry
varieties. In this study, the expression of FaEXPS5 increased with the decrease of fruit firmness and reached a peak
in the fruit ripening stage, which was consistent with the results in other studies. At the same time, FaPG gene
promoted fruit softening (Mercado et al., 2009), and its expression increased with fruit softening, reaching the
highest level at the ripening stage. Moyano et al. (1998) proved that FaDFR was first detected in the fruit
expansion stage, then its expression declined, and it increased sharply at the beginning of anthocyanin
accumulation at the beginning of fruit ripening. This is basically consistent with the expression of FaDFR during
fruit development in this study. In addition, from the perspective of tissue specificity, FaPG, FaEXP5 and FaDFR
all have certain characteristics of specific expression in fruits, and FaPG is particularly significant. From the
perspective of fruit development, all the four genes reached the highest expression level in the later stage of fruit
development, indicating that they had a certain relationship with fruit maturation and development. From the
comparison of the expression activity of different genes at each stage of development, it can be seen that the
expression level of FaDFR is maintained at a relatively high level compared with other genes. This indicates that
it may play an important role in every stage of fruit development.

3 Materials and Methods

3.1 Total RNA extraction and cDNA synthesis of strawberry

The experiment was conducted in 2017-2018 at National and Local Joint Engineering Research Center for
Detoxification and Breeding Technology of Horticultural Plants (Shanxi). The strawberry variety tested was "
Benihoppe ". In December, the strawberry plants in the greenhouse were selected to be labeled, and the fruits at
different stages were collected after flowering (Fait et al., 2008; Jia et al., 2011), namely SG, BG, DG, Wt, IR, PR,
FR. The fruit was frozen with liquid nitrogen and then put in the refrigerator at -70°C for later use. Total RNA

was extracted by Tiangen RNAprep Pure extraction kit, and cDNA was synthesized by reverse transcription.

3.2 Analysis of physical and chemical properties of strawberry gene

First, FaNCED1, FaPG, FaEXP5, FaDFR gene sequences were found in GenBank database of NCBI website,
and the obtained gene sequences were imported into ExXPASy website to analyze the physical and chemical
properties of genes.

3.3 Design of qRT-PCR primer and probe

For qRT-PCR primers and probe design, first found in GenBank FaNCEDI, FaPG, FaEXPS5, FaDFR and
FaACTIN cDNA sequences, then in accordance with the Roche Universal Probe Library Assay Design Center
designed to gene primers and probes, ensure that the sensitivity and specificity in the process of qRT-PCR reaction.
The primer and probe sequences are shown in Table 2:

3.4 Analysis of qRT-PCR

Roche Light Cycler 96 qRT-PCR instrument was used for qRT-PCR test, and Excel 2007 and GraphPad Prism 8
software were used for data statistical analysis and plotting. All reaction kits are provided by Roche. A 10 pL
reaction system was set for each reaction, including 1 pL ¢cDNA, 5 pL reaction mix, 0.4 pL forward primer, 0.4
pL reverse primer, 0.2 pL probe, and 3 pL ddH>O. The reaction procedure was: 95°C for 10 min; 95°C for 10 s,
60°C for 30 s, 45 cycles.The experiment was set up for three biological repeats. Finally using 22T analysis

method (Livak and Schmittgen, 2001) to analyze relative gene expression level.
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Table 2 The sequences of Primers and probes for qRT-PCR

Name Forward primer Reverse primer Probe
FaACTIN cccaaggctaatcgtgagaa aacagcttgaatggccacat GACCCAGA
FaNCEDI tgcacgacttcgecatta atctccgggaggttgaaga CAGCAGGT
FaPG tgcaagtagagtcgeacagttt cccaccatatttcggacttg AGCTCCTG
FaEXP5 tgcactccctaacaacaacg ctgggcgagatcgaaatg TCCTCAGC
FaDFR aagcaatgccaatacgttcac tcggatgctegtagaggaata CTCTGCCA
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