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Abstract: As one of the key enzymes in the pentose phosphate pathway (PPP), glucose-6-phosphate
dehydrogenase (G6PDH) provides NADPH and plays an important role in plant development and
stress responses. However, little information was available about the G6PDH genes in strawberry
(Fragaria × ananassa). The recent release of the whole-genome sequence of strawberry allowed us to
perform a genome-wide investigation into the organization and expression profiling of strawberry
G6PDH genes. In the present study, 19 strawberry G6PDH genes (FaG6PDHs) were identified from
the strawberry genome database. They were designated as FaG6PDH1 to FaG6PDH19, respectively,
according to the conserved domain of each subfamily and multiple sequence alignment with Ara-
bidopsis. According to their structural and phylogenetic features, the 19 FaG6PDHs were further
classified into five types: Cy, P1, P1.1, P2 and PO. The number and location of exons and introns
are similar, suggesting that genes of the same type are very similar and are alleles. A cis-element
analysis inferred that FaG6PDHs possessed at least one stress-responsive cis-acting element. Ex-
pression profiles derived from transcriptome data analysis exhibited distinct expression patterns of
FaG6PDHs genes in different developmental stages. Real-time quantitative PCR was used to detect
the expression level of five types FaG6PDHs genes and demonstrated that the genes were expressed
and responded to multiple abiotic stress and hormonal treatments.

Keywords: strawberry; G6PDH; genome-wide; expression patterns; abiotic stress

1. Introduction

The pentose phosphate pathway (PPP) is a principal glycol-metabolism pathway that
plays an important role in growth, development, and physiological stresses in plants. The
PPP produces nicotinamide adenine dinucleotide phosphate (NADPH), which is used
in processes that include carbon fixation, fatty acid synthesis and nitrogen assimilation.
Glucose-6-phosphate dehydrogenase (G6PDH, EC1.1.1.49) is recognized as a key enzyme
of the plant PPP pathway, regulates the first step of dehydrogenation, and controls the
reaction rate of the entire pathway in plants [1].

The G6PDH gene family members have been investigated in many plants, such as
Arabidopsis thaliana, Hevea brasiliensis and Glycine max. There are six G6PDH genes in Ara-
bidopsis [2], four in rubber tree [3] and nine in soybean [4]. According to their subcellular
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locations, G6PDH molecular variants are divided into cytosolic (Cy) and plastidic (P) iso-
forms, while the P-G6PDHs amino acid sequence is about 60 amino acids longer than the
Cy-G6PDHs. It is encoded by nuclear genes, and the physicochemical properties of iso-
electric point and pH are very similar. According to its specific antibody, post-translational
redox modification level and amino acid sequence, the P-G6PDHs can be divided into the
following types: P1 type, mainly present in green tissues; P2 type, which is insensitive to
NADPH compared to P1 type; PO type, which rarely encodes a protein but can bind to the
P1 type to allow P1 to enter the peroxisome. Cy-G6PDHs usually exhibits lower sensitivity
to reducing power, which is regulated by NADPH/NADP+ ratio [5] and is competitively
inhibited by NADPH [6]. Cy-G6PDHs have no allosteric regulation properties in terms of
molecules, but subject to phosphorylation or other complex regulation [7]. The P-G6PDHs
seem to be insensitive to NADPH and is susceptible to redox regulation [8,9]. The release
of G6PDH from thylakoids requires an alkaline environment, and light can regulate the
enzyme by regulating the pH dependence of the enzyme [10]. Several studies have shown
that Cy-G6PDHs and plastidic P-G6PDHs were regulated by different factors, suggesting
that there may be different response patterns in Cy-G6PDHs and plastidic P-G6PDHs under
different stresses [11].

G6PDH is not only a rate-limiting enzyme, but also plays a role in response to biotic
and abiotic stresses [3,12,13]. The response of plant G6PDH has been examined under
different types of environmental stresses including drought [14–16], salinity [17–20], heavy
metals [21,22], heat [23] and low temperature [24,25]. For years, the studies of G6PDHs
have been mainly focused on aspects of transcription and activity analysis under various
stresses, stressing their roles in maintaining cell redox balance to enhance stress resistance
in plants [26–28].

Although the biological functions of G6PDH in stress responses have been described
in several model plants, little information is known about strawberry (Fragaria × ananassa).
Strawberry is a model fruit crop in Rosaceae genomics research and also has high eco-
nomic and nutritional value. The environmental stresses significantly affect the growth
and development of the strawberry plant. The strawberry fruit can be injured under low
temperature, and the low temperature can also cause significant yield loss in strawberry
production. Additionally, drought stress can result in diminished growth and the plant is
usually severely damaged by salt stress. Due to the importance of the G6PDH genes in vari-
ous physiological programs, it would be of interest to conduct a systematic investigation of
the G6PDH family in strawberry. Recent completion of the strawberry genome sequencing
provided an opportunity to reveal the organization, expression and evolutionary traits of
strawberry G6PDH gene family at the genome-wide level [29]. In the present study, we
identified 19 strawberry G6PDH genes and classified them into five main groups. Fifteen
G6PDH genes of Fragaria × ananassa comprising one plastidic and four cytosolic isoforms
were identified and each type of FaG6PDHs were cloned for the first time. The compre-
hensive analysis including the exon-intron organization, motif compositions, cis-elements,
phylogenetic relationships, synteny analysis, tissue-specific expression levels and dynamic
expression patterns in response to different abiotic stresses were further investigated. The
results provide useful information for further functional characterization of G6PDH gene
family members in strawberry.

2. Results
2.1. Identification Andanalysis of G6PDH Genes in Strawberry

G6PDH isozymes have various biochemical properties in plants [30]. A genome-wide
analysis was performed to search all FaG6PDH genes and there were nineteen genes
identified, which were named FaG6PDH1 to FaG6PDH19 according to their distribution
on chromosomes. In order to analyze the biochemical properties of HvG6PDH proteins,
we predicted the isoelectric point (pI), molecular weight, and subcellular localization of
each FaG6PDH protein. The sequence length ranged from 3020 bp to 6330 bp, with a large
difference; FaG6PDH11 was the shortest, and FaG6PDH14 was the longest. The deduced
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protein sequence are mainly 513 to 713 amino acids in length, except for FaG6PDH17 which
has only 256 amino acids.

The unrooted phylogenetic tree showed that the FaG6PDH genes were placed in five
branches, which correspond to the evolution of different subgroups in Arabidopsis thaliana.
Using MEME software to predict the full-length protein sequence (Figure 1), particularly
FaG6PDH14 contains a long open reading frame (ORF). The number of exons in FaG6PDHs
are mainly concentrated in 10–15, nearly all FaG6PDH genes have ten motifs for which the
type and order are consistent, except for FaG6PDH17, which has only five motifs for which
the type and order differ significantly from the others.,.
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2.2. Characterization and Multiple Sequence Alignment of FaG6PDH Proteins

HMMER (v3.0) was used to identify the G6PDH gene family members from the
Fragaria × ananassa genome based on the G6PDH domain sequence (Pfam: PF02781)
and nineteen candidate G6PDH genes were found. The results analyzed by the ExPASy-
ProtParam tool (Table 1) showed that the relative molecular mass of the nineteen FaG6PDH
proteins ranged from 58.5 KDa to 70.8 KDa, except that FaG6PDH17 was only 29.1 KDa.
The aliphatic index is expected to be between 84.88 and 92.10, and the more content of
acidic amino acids in protein molecules with negatively GRAVY, indicating that FaG6PDH
family proteins tend to be hydrophilic. These proteins do not have signal peptides or
transmembrane structure, so they did not belong to membrane proteins or secreted proteins.

Table 1. List of FaG6PDHs identified in strawberry.

Gene Name Gene ID Chromosome Location Length
(bp)

Number of
Amino Acid

Protein MW
(KDa)

Protein
pI

Protein
GRAVY

FaG6PDH1 FxaC_15g15650 Chr4-2 7391825..7395478(+) 3653 594 66.9 8.43 −0.315
FaG6PDH2 FxaC_13g22470 Chr4-3 10631546..10635068(+) 3522 594 66.9 8.57 −0.32
FaG6PDH3 FxaC_14g15070 Chr4-4 7414087..7417728(+) 3641 599 67.4 8.43 −0.324
FaG6PDH4 FxaC_21g03340 Chr6-1 1504970..1509902(+) 4932 527 60.2 6.07 −0.209
FaG6PDH5 FxaC_21g16460 Chr6-1 7345730..7349767(−) 4037 601 68.4 7.62 −0.411
FaG6PDH6 FxaC_21g16710 Chr6-1 7448648..7452176(−) 3528 607 69.4 5.96 −0.368
FaG6PDH7 FxaC_21g61380 Chr6-1 31504410..31509352(+) 4942 626 66.7 7.25 −0.291
FaG6PDH8 FxaC_23g35580 Chr6-2 22990853..22995565(+) 4712 626 70.8 5.94 −0.332
FaG6PDH9 FxaC_23g45900 Chr6-2 28274042..28278994(+) 4952 513 58.6 6.02 −0.224

FaG6PDH10 FxaC_23g59070 Chr6-2 34630394..34634363(−) 3969 598 68 7.64 −0.41
FaG6PDH11 FxaC_23g59250 Chr6-2 34709249..34712269(−) 3020 534 61.2 5.44 −0.378
FaG6PDH12 FxaC_22g02420 Chr6-3 1244434..1249416(+) 4982 540 61.6 5.89 −0.165
FaG6PDH13 FxaC_22g14340 Chr6-3 6979140..6983155(−) 4015 587 66.7 6.75 −0.369
FaG6PDH14 FxaC_22g14700 Chr6-3 7086714..7093044(−) 6330 606 69.3 6.31 −0.318
FaG6PDH15 FxaC_22g60560 Chr6-3 37112791..37117415(+) 4624 713 80.6 5.96 −0.345
FaG6PDH16 FxaC_24g02960 Chr6-4 1307649..1312541(−) 4892 513 58.5 5.76 −0.222
FaG6PDH17 FxaC_24g12040 Chr6-4 5813786..5818374(−) 4588 256 29.1 5.17 −0.315
FaG6PDH18 FxaC_24g49360 Chr6-4 29924067..29927094(+) 3027 614 70.3 6.07 −0.378
FaG6PDH19 FxaC_24g49610 Chr6-4 30017351..30021341(+) 3990 586 66.5 6.96 −0.418

In addition, multiple sequence alignments were performed on nineteen FaG6PDH
proteins (Figure 2); the difference between the N-terminal sequences was larger, and
FaG6PDH4, FaG6PDH9, FaG6PDH12 and FaG6PDH16 were significantly shorter than other
amino acid sequences. In addition, FaG6PDHs contain the common Rossman fold, active
site and NADP+ binding site of the G6PDH gene family and are relatively conservative.

To explore the similarity between FaG6PDHs and other determined G6PDH proteins,
using clustal X and MEGA, we constructed a phylogenetic tree based on a multiple align-
ment of FaG6PDHs and other 37 identified G6PDH proteins from Arabidopsis thaliana,
tobacco, tomato, apple, pear, and grape etc. (Figure 3). It can be seen from the results
that FaG6PDHs can be classified into five types: CY, P1, P1.1, P2, and PO. Based on the
classification of G6PDH proteins in A. thaliana, FaG6PDH5, FaG6PDH10, FaG6PDH13 and
FaG6PDH19 belong to P1 type; FaG6PDH6, FaG6PDH11, FaG6PDH14 and FaG6PDH18
belong to P1.1 type; FaG6PDH1–FaG6PDH3 belong to P2 type; FaG6PDH7, FaG6PDH8,
FaG6PDH15 and FaG6PDH17 belong to PO type; and FaG6PDH4, FaG6PDH9, FaG6PDH12
and FaG6PDH16 belong to CY type. It is noteworthy that FaG6PDH has high homology
with plants in Rosaceae and are far related to Arabidopsis, tobacco and other herba-
ceous plants.
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2.3. Chromosomal Distribution and Synteny Analysis of FaG6PDH Genes

We choose the high-quality reference genome for the Fragaria × ananassa cultivar
‘Camarosa’, one of the most historically important and widely grown strawberry cultivars
worldwide, to discuss FaG6PDH genes collinearity [31]. We investigated the chromosomal
distribution of FaG6PDH genes in strawberry, all 19 genes were located on chromosomes
(Figure 4). The nineteen FaG6PDH were mainly mapped on the LG6, and a few exist in
LG4. Notably, chromosome Fvb4-1 does not contain any FaG6PDH family member.
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2.4. Putative cis-Regulatory Elements in FaG6PDH Genes

The cis-actng regulatory elements of each FaG6PDH gene were mainly divided into
three physiological processes, including phytohormones, biotic/abiotic stress, and plant
growth development responsiveness [32]. Most of the FaG6PDH genes contain TCA-
elements: TGACG-motif, ABRE, ARE, and LTR (Figure 5). The phytohormone response-
related cis-elements, such as ABRE (27%), AuxRR-core (30%), TCA-element (5%), P-box
(7%) and TGACG-motif (31%) were also discovered, which are associated with ABA,
auxin, SA, gibberellin and MeJA responses, indicating that these are involved in fruit
ripening [33]. In addition, several kinds of stress-responsive elements in the abiotic/biotic
stress related process were discovered, including LTR (6%), G-box (76%), and ARE (18%),
which were related to cold, stress and light stress response, respectively. All FaG6PDHs
contained G-box and TCA-elements, with high level TCA-elements copy numbers ranging
from three (FaG6PDH13) to twelve (FaG6PDH5), which means the FaG6PDH family
will be highly susceptible to light regulation. No other regulatory elements related to
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physiological processes were found in the promoter regions of FaG6PDH9 except G-box
and TCA-elements.
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category represented with different colors. (b) The size of the pie charts showed the percentage of
promoter element in each category.

2.5. Expression Patterns of FaG6PDHs Genes in Different Fruit Developmental Stages

We analyzed transcriptome data for expression of FaG6PDH genes in the green fruit,
white fruit, turning fruit and red fruit. FaG6PDH12, FaG6PDH13 and FaG6PDH16 were
barely expressed during the whole fruit development stage (Figure 6). In contrast, both
FaG6PDH18 and FaG6PDH1 were highly expressed in the whole fruit development stage.
The expression level of FaG6PDH17 was extremely high only at fruit ripening, which
was similar to the expression pattern of FaG6PDH2. The expression patterns of the same
subgroups were not similar, suggesting that there may be functional redundancy of genes
in the subgroups.
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2.6. Expression Profiles of FaG6PDHs under Different Abiotic Stresses

To further investigate the expression levels of G6PDH genes under various abiotic
stresses, we selected five FaG6PDH genes according to the five known Arabidopsis species
mentioned above (FaG6PDH−CY:FaG6PDH16; FaG6PDH-P1:FaG6PDH13; FaG6PDH-
P1.1:FaG6PDH6; FaG6PDH-P2:FaG6PDH2; FaG6PDH-PO:FaG6PDH7) and analyzed their
expression pattern using qRT-PCR after four treatments: drought, high salt, and high and
low temperatures and spraying three types of hormones (SA, GA, and ABA) on fruits, and
measured expression at six-hour intervals.

ABA usually mediates plant responses to abiotic stress. The qRT-PCR results showed
the following under the treatment of abscisic acid (Figure 7): all of the expression of
FaG6PDH gene family increased at 6 h, FaG6PDH-CY was in the ascending phase in
the first 24 h and then it decreased rapidly; the trend of FaG6PDH-P1.1 reached the
highest value at 6 h, then decreased rapidly, and then showed an upward trend after
24 h treatment; FaG6PDH-PO gradually accumulated at the first 6 h, and then remained
relatively stable. Thus, this indicates that the FaG6PDH gene family can be affected by ABA,
but plastidic G6PDH have a different response time to cytosolic G6PDH. In the treatment
of gibberellin, the changes in the FaG6PDH gene subgroups were almost the same. The
expression of FaG6PDH-CY and FaG6PDH-P1 peaked at 24 h after treatment, while the
highest expression of FaG6PDH-P2 and FaG6PDH-PO appeared at 12 h; FaG6PDH-P1.1
accumulated at 6 h after treatment, and then gradually reduced the expression. The
expression of FaG6PDH-CY and FaG6PDH-P1 were still the same when treated with
salicylic acid. The expression of FaG6PDH-CY and FaG6PDH-P1 was the same at 6 h, then
the expression rapidly decreased, and then it began to increase after 12 h. FaG6PDH-P1.1
was expressed in the first 12 h. The amount gradually increased and reached the maximum
value, then began to decrease; FaG6PDH-P2 also had the maximum expression at 6 h, then
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slowly decreased until 24 h, and then slowly increased. In general, these results suggested
that hormones treatments have little effect on FaG6PDH-PO expression levels in strawberry,
and the cytosolic G6PDH is more responsive than plastidic G6PDH in hormones treatments.
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Furthermore, we examined and analyzed the response of FaG6PDH genes under high
temperature, the expression patterns of FaG6PDH-CY and FaG6PDH-PO were similar, and
the expression was highest at 6 h, then gradually decreased. The expression of FaG6PDH-
P1, FaG6PDH-CY, and FaG6PDH-P2 in the first 12 h rose similarly after 12 h treatment;
the expression level of FaG6PDH-PCY gene reached the peak at 48 h; FaG6PDH-PO and
FaG6PDH-P1.1 barely expressed. At low temperature, the expression of FaG6PDH-CY
increased first, then decreased and then increased, and the expression was the highest at
48 h. The expression of FaG6PDH-P2 did not change significantly within 6 h of treatment,
then the expression level began to increase gradually, and then decreased gradually after
12 h of treatment. The expression of FaG6PDH-P1 increased slightly and FaG6PDH-
P1.1 and FaG6PDH-PO decreased slightly. Under drought stress, the expression levels of
FaG6PDH-CY, FaG6PDH-P1.1 and FaG6PDH-P2 were always increased, and the expression
of FaG6PDH-CY was most obvious at 1–3 h. The expression levels of FaG6PDH-P1.1 and
FaG6PDH-P2 accumulated rapidly within 1 h before drought; the expression of FaG6PDH-
PO was also increased in the first 3 h, but then decreased. FaG6PDH-P1 was rarely affected
by drought, and the expression level was also not changed significantly. Under salt stress,
the expression patterns of FaG6PDH-PO were different with trend under drought stress,
at 12 h, the peak of gene expression was observed, and then continuously decreased. The
expression of FaG6PDH-CY and FaG6PDH-P2 decreased rapidly after 24 h, then decreased
slowly, and FaG6PDH-PO increased slightly after the expression decreased rapidly to 24 h.
In general, the cytosolic subgroup was significantly regulated by abiotic stress, and its
expression level was significantly increased under drought and significantly decreased
under salt stress, suggesting that the cytosolic G6PDH participated in different regulatory
functions under different stresses.

3. Discussion

Precise and complete identification is vital for studying the function and evolution of
a gene family. To date, the G6PDH gene family has been reported in many plants, including
barley [34], wheat [35], Nicotiana tabacum [23], and sugarcane [12], but it has not been
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identified in strawberry, especially octoploid strawberry (Fragaria × ananassa). In our study,
nineteen G6PDH genes were found in the strawberry genome using six G6PDHs that have
been found in Arabidopsis [27,36], all of which are distributed in chromosome 6. From
the phylogenetic tree, we found that the nineteen genes can be divided into five types,
and the same type of gene is very similar in the number and position of exons, or type
and order of motifs, suggesting that the same type of genes are alleles. The similarity
rate between the same plants is high, indicating that G6PDH is highly conserved during
evolution and is important for plant growth and development. However, the number of
G6PDH isozymes and the number of each type are different in different plants. Different
species have different range in each type, such as six G6PDHs in Arabidopsis, two in CY
type, two in P2 type, nineteen G6PDHs in strawberry, only four in CY type, and eight
in P1 type. G6PDH protein sequence in strawberry have Rossman folds, active sites and
NADP+ binding sites, which is consistent with the results of Arabidopsis [36], barley [34],
and plum [18]. These genes encode protein between 58.5 and 70.8 kDa, which are similar to
other species; however, there are still several amino acid differences, suggesting that there
may be a difference between the effects of G6PDH isoenzymes. In addition, as they are
clustered in the same group, those homologs may be involved in similar functions.

The cytoplasmic type of G6PDH content is higher than the plastid type has been
found in previous studies [28], and the expression of FaG6PDH-CY in strawberry was
also found to be much higher than that of plastid type G6PDH. The expression level of
FaG6PDH-CY was higher than that of plastid type in different developmental stages of
fruit; the expression level of FaG6PDH-P2 gene remained at a low level from the small
green stage to the white ripe stage, and rose sharply during the turning red stage, indicating
that FaG6PDH-P2 may be involved in fruit coloration, which is similar to the results of
Kong [12].

More studies have focused on the relationship between G6PDH expression patterns
and stress. The results of q-PCR showed that different genes of FaG6PDHs had different
expression patterns under different abiotic stresses, which may be different response
pathways in different stresses. In addition to the change in the expression of PO type in
GA and SA treatment, other genes were up-regulated, indicating that the PO type is not
sensitive to these two hormones, and does not participate in their regulatory pathways,
while other genes are positively regulated. In the study of Subban [37] and others, G6PDH
activity was also found to be affected by SA and GA. Under high temperature stress, P2
type is not sensitive to it, and CY type rises rapidly in a short time. It may be involved
in anti-high temperature related pathways, and the expression of other genes were also
increased, which may be regulated by high temperature stress although non-significant.
In the low temperature treatment, two genes and PO types of P1 type were not involved
in stress regulation, and the first expression level of P2 type increased, which may play
a role in the downstream of cold stress regulation. CY type is more sensitive to cold stress,
can be quickly perceived and participate in regulation. Under salt stress, P1 type did not
participate in regulation, and other genes expressed similar patterns, indicating that they
may participate in the same regulatory pathway. Under drought stress, the P1 type did not
participate in the anti-reverse pathway, the other gene expression levels increased which
the patterns were similar, presumably playing a role in the same pathway. In soybean [26],
tomato [38] and other plants, it was found that the trend of FaG6PDH response stress was
consistent with the ABA trend, and it was speculated that FaG6PDH responded to stress
through ABA pathway.

The expression levels of all genes in ABA treatment increased to varying degrees,
indicating that the FaG6PDH gene family is affected by ABA. Wang [26] believes that stress
induces ABA accumulation, which in turn activates NADPH oxidase to enhance H2O2
production. H2O2 acts as a signaling molecule and activates G6PDH activity to participate
in plant resistance. Yang [39] found that G6PDH of CY type in Arabidopsis was closely
related to ABA. The results of this experiment are consistent with previous studies, which
prove that G6PDHs in strawberry can respond to ABA, and ABA as a signaling molecule
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participates in many stress processes, which may be one of the mechanisms of FaG6PDHs
participating in stress. However, further trials are needed on how specific FaG6PDHs
respond to stress.

In summary, although not all genes in the family respond to abiotic stress and the
expression patterns are not identical, FaG6PDHs play an important role in stress and may
involve cross-regulation of multiple signaling pathways. Therefore, the next step can
further explore how FaG6PDH operates in the signal network, thus providing a basis for
improving the stress resistance of strawberry.

4. Materials and Methods
4.1. Plant Materials and Treatments

Fragaria × ananassa cv. Benihoppe, ‘Chengdu, China’, a typical cultivated variety, was
used throughout the study. The different tissues (roots, stems, young leaves, old leaves,
flowers, fruits) at different developmental stages (small green, big green, light green, white
ripe, turning red, full red) were collected separately for RNA extraction and used for further
qRT-PCR analysis. To investigate the expression pattern in response to various stress and
hormonal treatments, five types of FaG6PDH genes were selected for further qRT-PCR
analysis. For phytohormone analysis, the plants were sprayed evenly on the front and back
of the blade with 2 L of 20 mg/L GA, 50 µM ABA and 1 mM SA solution for 0, 6, 12, 24
and 48 h. For heat and cold stress treatments, the plantlets were subjected to 38 and 4 ◦C,
respectively. The leaves were collected at 0, 6, 12, 24, 48 h in cold and heat treatment. For
salinity treatments, the plants were incubated in the 100 mM NaCl solution for 0, 12, 24, 48,
72 h. For drought treatment, the seedlings were placed on dry filter papers above a work
bench and dried at 25 ◦C for 0, 1, 3, 6 and 12 h. All treated tissue samples were immediately
frozen in liquid nitrogen and stored at −80 ◦C for subsequent analysis.

4.2. Identification and Classification of the G6PDH Genes in Strawberry

The protein sequence of Arabidopsis G6PDH from the genome (TAIR10) downloaded
from The Arabidopsis Information Resource (TAIR) (https://www.rabidopsis.org/) (ac-
cessed on 12 September 2021) was used as query to search against the genome database for
strawberry (Fragaria_ananassa_v1.0.a2) (GDR, https://www.rosaceae.org) (accessed on
13 September 2021). The sequence with high score in the results was retrieved as potential
G6PDH paralogous in cultivated strawberry (FaG6PDH). The number of amino acids, open
reading frame (ORF) length, putative protein molecular weight (MW), and isoelectric point
(pI) for each sequence were obtained using ExPASy ProtParam tool (http://web.expasy.
org/protparam/) (accessed on 15 September 2021). To validate the search results, all candi-
date sequences were examined and analyzed by a simple modular architecture research
tool (SMART) (http://smart.embl.de/) (accessed on 17 September 2021) and the Conserved
Domain Database (CDD) (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) (ac-
cessed on 19 September 2021). A Maximum Likelihood phylogenetic tree was generated
and Poisson model with clustal X and MEGA.

4.3. Gene Structure and Conserved Motif Analysis of the FaG6PDH Genes

The exon-intron organization of FaG6PDH genes were determined by comparing
predicted coding sequences with their corresponding full-length sequences using the
software TBtools (https://github.com/CJ-Chen/TBtools/releases) (accessed on 25 Septem-
ber 2021). The MEME online program (http://meme- suite.org/tools/meme) (accessed on
28 September 2021) for protein sequence analysis was used to identify conserved motifs in
the identified FaG6PDH proteins. The upstream 2 Kb sequences of each FaG6PDH were
retrieved from the corresponding gene as the putative promoter regions. The distribution
of cis-acting regulatory elements in the promoter regions were identified using PlantCARE
online software (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (accessed
on 30 September 2021). Gene synteny analysis was also conducted by TBtools software.

https://www.rabidopsis.org/
https://www.rosaceae.org
http://web.expasy.org/protparam/
http://web.expasy.org/protparam/
http://smart.embl.de/
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://github.com/CJ-Chen/TBtools/releases
http://meme
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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4.4. Expression Analysis of FaG6PDH Genes in Strawberry

Total RNA of strawberry tissues, fruits and different abiotic stress-treated leaves
was extracted by modified CTAB method. After electrophoresis and nucleic acid protein
assay, synthesis of first strand of cDNA by using the reverse transcription kit (Bao Bio)
instructions for subsequent PCR experiments. qPCR-based expression analyses were
carried out using SYBR Green Premix Ex TaqTM (Takara, Japan) on a CFX96 qPCR system
(Bio-Rad, Chengdu, China) in triplicate of each sample. The housekeeping FaACTIN gene
was used as an internal control. Each reaction was performed in biological triplicates and
the relative expression was calculated using the 2−∆∆Ct method. Sequences of the primers
and results used in this study were shown in detail in Supplemental Tables S1 and S2. The
RNAseq-based expression levels of FaG6PDH genes in strawberry were retrieved from the
online transcriptomic data (SRA accession: SRX6381727).

5. Conclusions

In summary, although not all genes in the family respond to abiotic stress, and the
expression patterns are not identical, FaG6PDHs play an important role in stress and may
involve cross-regulation of multiple signaling pathways. Therefore, the next step can
further explore how FaG6PDH operates in the signal network, thus providing a basis for
improving the stress resistance of strawberry.
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