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Abstract: It is clear that the incompatibility system in Fragaria is gametophytic, however, the genetic
mechanism behind this remains elusive. Eleven second-generation lines of Fragaria viridis with
different compatibility were obtained by manual self-pollination, which can be displayed directly by
the level of fruit-set rate. We sequenced two second-generation selfing lines with large differences
in fruit-set rate: Ls-5,-53 as a self-incompatible sequencing sample, and Ls-5,-76 as a strong
self-compatible sequencing sample. Fragaria vesca was used as a completely self-compatible
reference sample, and the genome-wide variations were identified and subsequently annotated.
The distribution of polymorphisms is similar on each chromosome between the two sequencing
samples, however, the distribution regions and the number of homozygous variations are inconsistent.
Expression pattern analysis showed that six candidate genes were significantly associated with
self-incompatibility. Using F. vesca as a reference, we focused our attention on the gene FIP2-like
(FH protein interacting protein), associated with actin cytoskeleton formation, as the resulting proteins
in Ls-5,-53 and Ls-S;-76 have each lost a number of different amino acids. Suppression of FIP2-like to
some extent inhibits germination of pollen grains and growth of pollen tubes by reducing F-actin of
the pollen tube tips. Our results suggest that the differential distribution of homozygous variations
affects F. viridis fruit-set rate and that the fully encoded FIP2-like can function normally to promote
F-actin formation, while the new FIP2-like proteins with shortened amino acid sequences have
influenced the (in)compatibility of two selfing lines of F. viridis.
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1. Introduction

Fragaria viridis Weston, known as the green strawberry, belongs to a diploid wild resource of
the genus Fragaria of Rosaceae and is a potential breeding material for the character optimization of
cultivated strawberry. It has a variety of excellent properties, such as firm flesh, remontant flowering
habit, good flower characteristics, and an acidic apple-like aroma [1]. Although self-compatibility has
been reported in Fragaria vesca [2], F. viridis has gametophytic self-incompatibility [1,3]. In contrast to
the genera Malus, Pyrus, and Prunus [4], F. viridis has two controlling sites; thus, the self-incompatibility
mechanisms that control the pollen—pistil interaction are difficult to understand [4,5]. Based on
manually self-pollinated first generation Ls-S;-2 of F. viridis 42 [6], a group of F. viridis second-generation
selfing lines with large differences in fruit-set rate was obtained by manual self-pollination. The lowest
fruit-set rate was only 2%, while the highest was up to 80%, however, this is still different from the
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completely compatible F. vesca 41 (100% rate of fruit-set in this study), and the molecular mechanisms
governing the differences in fruit-set rate are unknown.

Currently, over 14 species of fruit tree genome sketches have been released, including five
species of Rosaceae: apple [7], pear [8], strawberry [9], peach [10], and Japanese apricot [11].
Shulaev et al. [9] published a sketch of diploid F. vesca genome and comprehensively annotated
the gene function. The genome consists of seven chromosomes of about 230 Mb, which lack the
analogous repeat sequences that exist in other Rosaceae species [9]. Over several years, scientists
further improved the genomic map and annotation information of F. vesca [12-15]. The release of whole
genomes of strawberry promotes the scientific understanding of the chromosomal composition of
octoploid strawberries [16], functional genomics [13,17], interspecies collinearity [9], the construction
of high-precision maps, QTL mapping analysis [18], and molecular breeding technology [18,19].

With the completion of whole-genome sequencing of many species and the rapid development
of high-throughput sequencing and resequencing technology, significant progress has been made in
genetic evolution [20], molecular markers [21,22], transposon analysis [23], and genetic prediction
of important agronomic traits [20,21,24]. Resequencing samples with significant differences and
combining with bioinformatic analysis can allow the rapid investigation of genetic differences across
genomes and the prediction of candidate genes for important agronomic traits, such as apple flowering
genes [25] and grape early maturing genes [26]. This strategy has been used to investigate the genetic
variation and to find the candidate genes related to agronomic traits among different samples and has
also been applied successfully on plants of the genus Fragaria [27].

Many fruit trees of the family Rosaceae possess an S-RNase-based gametophytic
self-incompatibility (GSI) system [4,28]. This involves a complex genetic mechanism, and the display
of the complete trait of self-incompatibility not only depends on the S-site genes (pistil S gene and
pollen S gene) but, also, several modifier genes associated with complex mechanisms that have been
gradually explored [29]. These modifier genes are involved in multiple signal transduction systems [29],
for example, calcium ion signaling [29-31], reactive oxygen signaling [32], hormone signaling [33],
inositol phosphate signaling [34,35], biochemical metabolism processes [36], programmed cell death
(PCD) [32,37], and cell wall and cytoskeletal construction [28,38-41]. These modifiers, distributed in
a determined location of the chromosome, will affect the intensity of self-incompatibility to varying
degrees, and be directly reflected in the fruit-set rate. Therefore, to enable a deep understanding
of the self-incompatibility of green strawberry, it is important that the related genes are mined by
whole-genome sequencing technology.

The hypothesis of this work is that the functional change of the modifier genes caused by
sequence variations leads to differences in fruit-set rate. Using F. vesca as the reference genome [9],
two green strawberry second-generation selfing lines with large differences in fruit-set rate were
selected as sequencing samples, namely, Ls-5,-53 as a self-incompatible line, and Ls-5,-76 as a strong
self-compatible line. By comparing the two samples with the reference genome, many genetic variations
and molecular markers related to agronomic traits were discovered. The series of genes related
to self-incompatibility was further predicted by analyzing the variations that may influence gene
function, which has provided some clues for modifiers research on the GSI of plants of the genus
Fragaria. The sequence and function of a gene (FH protein interacting protein, FIP2-like), which may be
related to F-actin formation, was verified, and its role in the samples that have different degrees of
self-(in)compatibility was further analyzed.

2. Results

2.1. Traits of Fruit and Pollen Tubes in Styles

The fruit-set rate of the 13 green strawberry lines significantly differed by between 2% and 80%
(Table 1). The fruit-set rates of Ls-5,-30 and Ls-5,-76 were higher than other green strawberry lines,
being 80% and 75%, respectively (Figure 1; Table 1). The difference of fruit-set rate between both
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was not obvious, however, the fruit malformation rate of Ls-5,-30 is markedly higher than Ls-S;,-76.
Therefore, we chose Ls-5,-76 as the intensive compatibility sequencing sample and selected the Ls-5,-53
with the lowest fruit-set rate as the incompatibility sequencing sample. F. vesca shows a very high
fruit-set rate (Table 1) and is an excellent reference sample of complete compatibility [3,9]. The three
differential trait samples provided the material basis for the analysis of sequence polymorphism,
structural variation, and mining of self-incompatibility-related genes. The dynamic observation of
pollen tube growth in the styles showed that the growth rate of pollen tubes of F. vesca was faster
than for the two green strawberry lines from 12 to 24 h after manual self-pollination (Figure 2); there
was a significant difference in the proportion of the styles crossed by pollen tubes at 24 h: for F. vesca,
Ls-S,-76, and Ls-S,-53, this proportion was 80%, 12%, and 0%, respectively (Figure 2; Table 2). All styles
of F. vesca 41 were penetrated by at least one pollen tube at 48 h; Ls-S,-76 increased to 90% while
Ls-5,-53 accounted for only 6%. At 72 h, the number of styles crossed by pollen tube did not show an
increase in either Ls-5,-53 or Ls-5,-76 (Figure 2; Table 2).

2.2. Genome Sequencing and Mapping of Reads to the Reference

Whole genome sequencing (WGS) produced 139,726,788 read pairs, 72,849,376 for Ls-5,-53, and
66,877,412 for Ls-S,-76. After pre-processing, 122,329,816 read pairs were retained, 63,518,251 read
pairs from Ls-S,-53 and 58,811,565 read pairs from Ls-5,-76, and were finally mapped to the F. vesca
reference genome, with an average depth of 80x and 75 x, respectively (Table 3). Above 90% (coverage
depth >1x) of the reference genomic regions were covered by either of two samples with bases.
The percentage of sequences (Q30) reached more than 91% and 39% GC content in both of the two
sequencing samples (Table 3). More details of the original sequencing data quality, including base
type distribution, base quality distribution, sequencing depth distribution, insert size distribution, and
principal coordinate analysis of two samples are presented in Figure S1. The above sequencing results
provide a reliable database for the detection of sample polymorphisms, and the data was submitted to
the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) database.
The accession number was PRJNA510489.

Figure 1. The field performances of F. vesca 41, Ls-Sp-53, and Ls-Sp-76. Arrows mark the growing

condition of fruit for 25 days after manual self-pollination.
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Table 1. Fruit-set rate of Fragaria viridis and self-cross accessions.
Lines E zfls“’ Ls  Ls-S;-2 Ls-Sp-02 Ls-Sp-11 Ls-S;-28 Ls-Sp-30 Ls-Sp-37 Ls-Sp-49 Ls-Sp-53 Ls-Sp-57 Ls-Sp-61 Ls-Sy-63 Ls-S,-76
Fruit-set rate 100% 20% 25% 30% 40% 18% 80% 11% 16% 2% 12% 18% 12% 75%
Aberration rate 0% 100% 100% 100% 68% 86% 60% 67% 86% 100% 100% 100% 83% 32%
Ls represents F. viridis 42, the zeroth generation, which is taken as reference for the assessment of the fruit-set and the (in)compatibility. S; and S, represent the first and second self-crossing

generations, respectively. Aberration rate indicates the ratio of stunted fruits (with few achenes and irregular shapes) to the total number of fruits.

Table 2. The proportion of styles traversed by at least one pollen tube.

Lines F. vesca 41 Ls-S,-53 Ls-S,-76
Oh
6h 0% (0/150)
12h
24h 80% (120/150) 0% (0/150) 12% (18/150)
48 h 100% (150/150) 6% (9/150) 90% (135/150)
72h 100% (150/150) 6% (9/150) 89% (134/150)

The numerators in parentheses represent the number of styles crossed by pollen tube and the denominators represent all the styles observed.

Table 3. Statistical analysis of resequencing data for F. viridis sequencing samples Ls-S,-76 and Ls-S,-53.

Sample Total_Reads Clean_Reads  Clean-Base Q30 (%) Mapped (%) Depth GC (%) Cov_Ratio_1x  Duplication

Mean Mapping
(%) (%) Quality
Ls-5,-53 72,849,376 63,518,251 19,055,475,300 91.34 91.64 80.379 39.17 90.64 33.24% 52.0563
Ls-5,-76 66,877,412 58,811,565 17,643,469,500 91.20 92.48 75.067 39.00 90.60 31.72% 52.0845
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F. vesca 41

Ls-S2-76

Ls-S2-53

Figure 2. Results of dynamic observation of pollen tube growth in styles. Times of 0, 6, 12, 24, 48,
and 72 h each indicate the growth state of the pollen tubes of F. vesca 41, Ls-S,-76, and Ls-S,-53 after
manual self-pollination. The locations indicated by red arrows are where most of the pollen tubes
arrived. The red squares indicate the details of the style basis passed by pollen tubes at different time
in different samples. Scale bar = 0.5 mm. The growth rate of the pollen tubes was similar within 12 h
between the three different samples, and reached about 1/3 of the style at 12 h. Most pollen tubes of
F. vesca reached the base of the styles, while those of two green strawberry lines reached 2/3 of styles at
24 h. Unlike the Ls-5,-53 lines, some styles of Ls-S,-76 were crossed by at least one pollen tube at 24 h.

2.3. Detection and Characteristics of Single-Nucleotide Polymorphisms (SNPs), Structural Variations (SVs),
and Indels

Using F. vesca as a reference, 2,721,415 single-nucleotide polymorphisms (SNPs), 409,626 indels,
and 32,534 structural variations (SVs) were identified in the Ls-S,-53 genome; 84.15% of SNPs and
83.98% of indels were homozygotes. Meanwhile, 2,718,829 SNPs, 409,159 indels, and 31,815 SVs
were identified in the Ls-5,-76 genome; 84.25% of SNPs and 84.02% of indels were homozygotes
(Additional File 1). A total of 12,867.2 and 12,855.0 SNPs per Mb, 1936.8 and 1934.6 indels per Mb,
and 153.8 and 150.4 SVs per Mb were detected on chromosomes of Ls-5,-53 and Ls-5;,-76, respectively
(Additional File 1). All of the identified genetic variations involved 16,245 genes.’Additionally, a total of
190,729 SNPs and 33,488 indels were identified between the Ls-5,-53 genome and the Ls-5,-76 genome
according to whether variations on the same locus in the two sequencing samples were consistent or
not (Additional File 1).

Based on the alignment results between samples and the reference genome, we further detailed
and counted the variations. A total of 73,775 and 73,923 synonymous (syn) SNPs and 86,025 and 85,928
nonsynonymous (nonsyn) SNPs, which result in amino acid changes, were located in Ls-5,-53 and
Ls-S;-76 coding sequences (CDSs), respectively. Depending on the substitution of nucleotides, SNPs
can be divided into transitions (C/T and G/A) and transversions (C/A, G/C, A/T, and T/G); the ratio
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of transitions to transversions (Ts/Tv) was 1.57 in both of the two sequencing samples. We counted
the numbers of indels with different sizes in the whole genome and the CDS regions, and further
analysis demonstrates that the majority of insertions and deletions were in the range of 1-4 bp in
both sequencing samples (Figure S2). A total of 74,998 and 75,012 insertions (INSs) and 70,858 and
70,702 deletions (DELs) in the genomic region, and 3325 and 3332 INSs, and 3399 and 3381 DELSs in the
CDS regions, are distributed in Ls-5,-53 and Ls-S,-76, respectively. There was no significant difference
in the proportion of each SV between Ls-5,-53 and Ls-S,-76; Ls-5S,-53 contains 32,534 SVs compared
to the reference genome, including 17,099 (52%) DELSs, 7366 (23%) interchromosomal translocations
(CTXs), 2473 (8%) intrachromosomal translocations (ITXs), 1809 (5%) inversions (INVs), 3785 (11%)
unknown SVs, and two INSs, however, no INSs were found on Ls-5,-76. Interestingly, the DEL, CTX,
and ITX annotations show large majority were found in both of the two sequencing samples (Figure S3).

2.4. Distribution of SNPs, Indels, and SVs

The detailed distribution of SNPs, indels, and SVs of the two sequencing samples (Ls-S,-53
and Ls-5,-76) were identified compared with the F. vesca reference genome, and as shown in
Figure 3 and Additional File 1. The distribution of polymorphisms is similar in Ls-5,-53 and
Ls-S,-76 but, however, is uneven within chromosomes as well as between each chromosome within
Ls-S,-53 or Ls-5,-76. The largest numbers of 519,100 and 518,521 SNPs, and 79,658 and 79,531
indels, were observed on chromosome 6, while the lowest numbers of 302,695 and 300,168 SNPs,
and 45,618 and 45,113 indels, were observed on chromosome 1, in Ls-5,-53 and Ls-5,-76, respectively
(Additional File 1). Other chromosomes showed similar results. The distribution of homozygous
variations was significantly different in Ls-5,-53 and Ls-5,-76 compared with the F. vesca reference
genome (Additional File 1). In Ls-S,-53, the largest proportion of homozygous SNPs was observed on
chromosome 2, while the lowest proportion was observed on chromosome 3; in Ls-5,-76, the largest
proportion of homozygous SNPs was observed on chromosome 7, while the lowest proportion was
observed on chromosome 6. Compared with Ls-5,-76, Ls-5,-53 had a significantly higher proportion
of homozygosity on chromosomes 2, 4, 5, and 7, and vice versa, for chromosomes 1, 3, and 6. Using
a sliding window of 100 K with heterozygosity (<10%) as the parameter, a different distribution area of
homozygous mutations was found; 10 abundant SNPs were detected on a high region on chromosome
1 (0.7-1.8 Mb, 5.1-6.5 Mb), chromosome 2 (22.3-27.5 Mb), chromosome 3 (5.7-18.8 Mb, 19.8-24.0 Mb,
26.4-33.7 Mb), chromosome 5 (0.7-1.2 Mb, 7.3-8.4 Mb, 8.9-26.1 Mb), and chromosome 7 (17.1-17.6 Mb)
between Ls-S,-53 and Ls-S,-76 (Figure 4). Similar areas of difference were also represented on indels.
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Figure 3. The distribution of DNA polymorphisms (single-nucleotide polymorphisms (SNPs), indels,
structural variations (SVs)) in F. viridis resequencing samples Ls-5,-53 and Ls-5,-76, compared with
the reference sample genome (F. vesca). The three rings, from outside to inside, represent all detected
SNPs, indels, and SVs, respectively. The total variation distribution in the two sequencing samples is
highly similar.
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Figure 4. The specific distribution area of homozygous mutations (SNPs, indels) in Ls-5,-53 and
Ls-S;,-76 using a sliding window of 100 K with heterozygosity (<10%) as the parameter. The axis of
abscissas and ordinates indicate the chromosomal location and number of variations, respectively. The
different distribution areas of homozygous mutations were marked by the red rectangles and mainly
distributed on chromosomes 2, 3, and 5.

We calculated the size of genome composition involving intergenic regions, genic regions, exon
regions, and intron regions (Figure 5). The intergenic regions were significantly longer than genic
regions, and the number of variations (SNPs and indels) in intergenic regions was larger. The variation
distribution density of SNPs and indels was further analyzed in different regions of the genome.
The SNPs’ distribution density order, from high to low, was intergenic regions, exon regions, genic
regions, and intron regions, while the indels’ distribution density order, from high to low, was
intergenic regions, intron regions, genic regions, and exon regions.

Genome composition

y x10% 4 F2x104
M INTERGENIC
m CDS mmm SNPs Number(Ls-82-53)
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Figure 5. The chromosome composition and variation distribution of SNPs and indels in different
regions of the F. viridis genome.

2.5. The Annotation and Function Analysis of SNPs, Indels, and SVs

SNPs, although containing small differences, have a great impact on the function of genes and
biological traits, especially those distributed in the Pfam-containing genes; the ratio of nonsyn to syn
SNPs is higher in these genes which indicating that the Pfam domains (Function domain of the gene)
possibly had more amino acid substitutions, and the probability of functional changes is higher [25,42].
Therefore, the distribution information of the SNPs in Pfam-containing genes was further analyzed
(Figure 6). The result shows that more SNPs and a higher ratio of nonsyn to syn SNPs were found in
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leucine-rich repeats, F-box domain, NB-ARC domain, thioredoxin, plant calmodulin-binding domain,
NADH(P)-binding, and pentapeptide repeats, indicating that the genes containing these Pfam domains
may have changes of function. The variations result in amino acid changes, such as nonsyn SNP
mutations, frame-shifts, SVs in coding sequence associated with the genes in Ls-5,-53 and Ls-S,-76,
details of which can be found in Additional File 2. The same type of genetic variation between Ls-5,-53
genome and Ls-5,-76 genome was also identified (Additional File 3). Furthermore, these genes may
have amino acid changes; the detailed functional annotation data from Swiss-Prot, NR, COG, GO, and
KEGG databases, in Ls-S,-53 and Ls-5,-76, can be found in Additional File 4.

In total, 4794 genes (Additional File 2) were assigned gene ontology (GO) annotations by
GO analysis, as shown in Figure S4. All the genes (Additional File 2) that exhibit SNP mutations,
indels or SVs were classified into three categories, namely, cellular component, molecular function,
and biological process. Cell part (1700 genes, 35.46%), cell (1695 genes, 35.36%), and organelle
(1323 genes, 27.60%) dominated in the cellular component category. With respect to the molecular
function, genes were associated with catalytic activity (2416 genes, 50.40%), binding (2227 genes,
46.45%), and transporter activity (199 genes, 4.15%). Genes associated with the metabolic process
(2791 genes, 58.22%), cellular process (2176 genes, 45.39%), and biological regulation (809 genes,
16.88%) were dominant in the biological process category. Meanwhile, these genes were also assigned
to KEGG annotations analysis (Additional File 5, Figure S5). A total of 98 KEGG pathways were
involved. A total of 12 KEGG pathways were significantly enriched, including plant hormone signal
transduction (ko04075), spliceosome (ko03040), ribosome (ko03010), plant—pathogen interaction
(ko04626), ubiquitin-mediated proteolysis (ko04120), and RNA degradation (ko03018; p-value < 0.1
and FDR < 0.1).

According to Additional File 2, all of the different genes that might be involved in incompatibility
traits between three strawberry samples were identified, as shown in Additional File 6. Subsequently,
146 identified genes (Additional File 7) were used to construct physical maps, which were screened
out in the same way as for Additional File 3. The details of these predicted incompatibility genes,
including locations and distributions, are shown in Figure 7. These genes were obtained based on
previous research in other species and combined with an amino acid change of the genes between
the two sequencing samples. A total of 34 and 36 predicted incompatibility genes were located on
chromosomes 5 and 3, respectively, while just 12 and 13 were located on chromosomes 1 and 6,
respectively. It is interesting that the predicted incompatibility genes are more likely to be located
on chromosomes which contain more different distribution areas of homozygous mutations between
Ls-S;,-53 and Ls-S,-76, such as chromosomes 3 and 5.
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Figure 7. Constructed physical maps of Fragaria using 146 predicted genes related to self-incompatibility.
The IDs for the genes are shown on the chromosome and the chromosomal locations of genes are
indicated by the axis of ordinates on the right.

2.6. RT-qPCR Analysis

In order to verify the role of the selected differential candidate genes in self-incompatibility, we
randomly selected 17 genes for quantitative expression analysis (Figure 8). The expression levels of all
genes in different periods after manual self-pollination in the incompatible samples (Ls-S,-53) were
analyzed. It was found that ABCA (ABC transporter A family member), ABCI (ABC transporter I
family member), CDPK34 (calcium-dependent protein kinase 34), TIP5;1 (tonoplast membrane intrinsic
protein), NIP2-1-like (nodulin 26-like intrinsic protein), IOX2-like (inositol oxygenase), PLA1llgamma
(phospholipase Al-llgamma-like), FIP2-like, and SEC15B (exocyst complex component SEC15B) present
high expression levels after pollination; within 48 h after pollination, ABCA, ABCI, CDPK34, TIP5;1,
NIP2-1-like, IOX2-like, PLA1llgamma, and FIP2-like showed a trend of rising first and then decreasing.
It is unusual that the expression of ABCA, CDPK34, TIP5;1, and IOX2-like suddenly rose again 72 h
after pollination. ABCF (ABC transporter F family member), Ca?*-ATPase (calcium-transporting
ATPase), Calcineurin B (calcineurin B-like protein), MAPK ANPI1-like (mitogen-activated protein
kinase ANP1-like), Ppa 1-like (inorganic pyrophosphatase), Metacaspase 9, and PI-PLC (PI-PLC X-box
domain-containing protein) decreased after pollination. Tissue-specific expression analysis revealed
that 14 genes were highly expressed in anthers; seven of these genes (ABCF, CDPK34, TIP5;1, IOX2-like,
PLA1llgamma, FIP2-like, Metacaspase 9) were specifically expressed in anthers, and the expression
level of the other three genes was slightly higher in other floral organs, such as pistils and peduncles,
and 15 genes were higher in pistils than in leaves. Our results indicate that these genes were clearly
expressed in flower organs, especially in anthers and pistils. The expression level of six genes increase
significantly and have a similar trend to S-RNase after pollination [43], which implies that these
genes may have an effect on the incompatibility of F. viridis. To further analyze the role of FIP2-Iike
candidate genes in self-incompatibility, we additionally analyzed the expression of FIP2-like in Ls-5,-76
and F. vesca samples according to the period described above. Ls-5,-53 was similar to Ls-5,-76 but
was not consistent with F. vesca in expression patterns. The expression of FIP2-like in the different
developmental stages of anthers was inconsistent and showed a tendency of gradual increase with the
maturity of anthers, and was also higher in pollen than anthers.
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Figure 8. Relative gene expression of selected genes in manually self-pollinated pistil after 0, 6, 12, 24,
48, and 72 h, and tissue-specific (style, leaf, petal, sepal, pedicel, anther) expression pattern analysis.
The materials used in FIP2-like-76 and FIP2-like-vesca are, respectively, the pistil of Ls-S,-76 and F. vesca
41, and the others are from Ls-5,-53. Mean values and standard deviations (SD) were calculated from
three replicates, p < 0.05. The IDs and annotation information of these abbreviated genes are displayed
in Table S1 and Additional File 6.

2.7. Cloning and Sequence Analysis of FIP2-Like

The FIP2-like gene was cloned from the cDNA and DNA of F. vesca 41 anthers as a template.
The results of the alignment analysis showed that the gene had no intron (Figure 56), and the full-length
sequence of CDS (Seql) is 1098 bp (Figure 9b and Figure S6). FIP2-like is located in a different
distribution area on chromosome 3, which demonstrates that the gene mainly contains heterozygous
and homozygous variations in Ls-5,-53 and Ls-5,-76, respectively (Figures 4 and 7). Using Ls-5,-53
and Ls-S,-76 cDNA as a template, a single sequence (Seq3) was obtained from Ls-S,-76, and 14 SNPs
and a 2 bp DEL were found compared with F. vesca (Table 4). Additionally, the sequences Seq2 and
Seq3 (Figure 9b and Figure S6) were obtained from Ls-S;-53, and 16 SNPs and a 23 bp DEL were
found in Seq2 compared with F. vesca. The sequence information obtained by monoclonal sequencing
was mainly consistent with the results of resequencing, which suggests that the resequencing data
are reliable. The FIP2-like gene of F. vesca can be translated the sequence containing 365 amino acids
(Figure 9a), including three domains (Figure 9c¢); the amino acid translation process of Seq2 and Seq3
terminated prematurely (Figure 9a and Figure S6) since the stop codon was obtained in advance,
which was caused by FRAME_SHIFT at different sites of FIP2-like with the F. vesca as the reference.
P2 lacks 77 amino acid residues, the terminal domain has been lost the entire functional area, and the
pentapeptide amino acid functional domain was partially damaged; P3 lacks 317 amino acid residues
and two domains were deleted completely (Figure 9a,c).
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Figure 9. Sequence analysis of FIP2-like (FIP2-like). (a) Amino acid sequence alignment of FIP2-like
of F. vesca 41 and Ls-S,-76 harbor P1 and P3, respectively, and Ls-S,-53 which harbors P2 and P3.
(b) The full length of the FIP2-like gene. 1, 2 are obtained using the DNA and anther cDNA of F. vesca 41
as templates, respectively; 3 and 4 are respectively obtained using Ls-S»-53 and Ls-5,-76 anther cDNA

as templates. (c) Contained structural domain of FIP2-like from P1, P2, and P3.

Table 4. Variations of FIP2-like in F. vesca 41, Ls-S»-76, and Ls-S,-53.

Gene Variation Type Location E vesca 41 Ls-S5-53 Ls-S,-76

Syn 29162859 A G G

Syn 29162874 C T T

FRAME_SHIFT 29162967 CAC CAC, A A

Syn 29163022 G G T T

Nonsyn 29163188 T C C

Syn 29163231 T C C

Nonsyn 29163281 A G G

Nonsyn 29163300 G T T

. Syn 29163420 C T T

FIP2-like Szn 29163461 A A,C C

Nonsyn 29163566 A C C

Syn 29163618 G A A

Syn 29163639 C T T

Nonsyn 29163668 T T,C T
ACTGTAAATTTGTC AATGTAAATTTGTC AATGTAAATTTGTC
FRAME_SHIFT 29163671 AAGTCAAATATCC AAGTCAAATATCC AAGTCAAATATCC

GGGGA GGGGA, A GGGGA

Syn 29163735 G G A G

Syn 29163764 G A A

Syn 29163836 C T T

2.8. Transient Expression Assay

The pollen grain germination rates of Ls-5,-53, Ls-5,-76, and F. vesca were calculated as 60.24%,
61.25%, and 71.49%, respectively (Figure 10a,c). F. vesca has a higher pollen grain germination
rate than the two selfing lines of F. viridis, however, there was no significant difference between
Ls-S,-76 and Ls-S;-53. Furthermore, the density of F-actin was investigated in three sample pollen
tube tips by analyzing fluorescence intensity (Int/mm?). The fluorescence intensity between the
two green strawberries Ls-5,-76 and Ls-5,-53 is similar and is lower than F. vesca (Figure 10b,c).
The expression level of this gene decreased when adding antisense oligonucleotides (as-ODN) to
medium compared with the control (s-ODN) (Figure 10c). When FIP2-like was suppressed by as-ODN
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in pollen, the germination rates and mean length of the pollen tubes were lower than in those treated
with s-ODN as control (Figure 10a,c). The F-actin density of pollen tube tip was also further analyzed
in F. vesca, after as-ODN treatment, and the accumulated fluorescence intensity lower than the control
(s-ODN) (Figure 10b,c). These results indicate that suppression of FIP2-like to some extent inhibits
the germination of pollen grains and the growth of the pollen tubes, and this is probably achieved by
decreasing the formation of F-actin of the pollen cells. Additionally, the gene of FIP2-like-GFP with 355
promoter was transformed into Nicotiana benthamiana. It is clear that FIP2-like is localized on the cell
membrane and nucleus (Figure S7).
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Figure 10. Pollen grain germination, pollen tube growth, and alterations of F-actin amount after
antisense oligonucleotide (as-ODN) treatment. (a) Pollen grain germination and pollen tube growth for
Ls-S5-53, Ls-S,-76, F. vesca 41, and F. vesca 41 of s-ODN treatment and F. vesca 41 of as-ODN treatment is
displayed from left to right, respectively. Scale bar = 100 um. (b) The amount of F-actin of pollen tubes,
where the green fluorescence indicates F-actin filaments and the gray area corresponds to the bright
field. The F-actin intensity of pollen tube tip was measured and further analyzed with the Image]
software using the processed images (subtraction of background). Scale bar = 10 um. (c) Pollen grain
germination rate, average length of pollen tube, the F-actin density of pollen tube tip, and the relative
expression of FIP2-like for the different samples and under the as-ODN treatments. Mean values and
standard deviations (SD) were calculated from three replicates, p < 0.05.

3. Discussion

3.1. Resequencing Plays an Important Role in the Study of Genetic Variations

With the development of high-throughput sequencing technology and the release of genomic
sketches of more species, the resequencing technique has become a relatively mature technology to
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study genetic differences such as SNPs and indels, which have been widely applied in marker-assisted
and genomic selection, QTL mapping, positional cloning, and haplotype and pedigree analysis [21-24].
We resequenced two samples with large differences in fruit-set rate; a large number of mutations
(SNPs, indels, and SVs) were identified, and it was further found that the distribution regions and
number of homozygous variations were distinct between Ls-5,-53 and Ls-5,-76. We also obtained some
candidate genes related to the self-incompatibility of F. viridis according to the sequence variations that
might lead to changes in the encoded amino acids. The resequencing technique is a powerful tool and
plays a significant role in rapidly identifying mutations, studying polymorphisms, and gene mining of
important agronomic traits.

The ratio of nonsynonymous to synonymous (nonsyn/syn) SNPs is similar between Ls-5,-53 (1.17)
and Ls-5,-76 (1.16). SNPs of nonsynonymous SNPs show a higher number than synonymous SNPs
and are similar to peach [24], soybean [44], and rice [45]. These Pfam-containing genes with higher
proportions of nonsynonymous SNPs may hold more functional diversifications of corresponding
proteins. Large amounts of nonsynonymous SNPs, but few indels in the coding sequence, were found
in Ls-5,-53 and Ls-5,-76; similar results were also observed in previous studies [25,46]. A higher ratio
of Ti/Tv of the SNPs [24,42], single-based indels, account for the greatest proportion of indels in
the genome and CDS than other types of indels [42], and this was also found in the two sequencing
samples. The abovementioned regularity of several genetic variations was formed in the process of
plant evolution to adapt to environments for survival.

The genetic relationships between species can be evaluated by analyzing the genetic
variation [24,25,42]; the closer the genetic relationship is, the smaller the genetic differences are [42].
Compared with the reference genomes, there are more SNPs in the two samples, however, the number
of SNPs between these two samples is extremely small as Ls-5,-53 and Ls-5,-76 are derived from same
parent (Ls-S1-2). There are about 24 species of wild strawberry in the world, and ploidy diversity
and the evolution of polyploid germplasm genomes is complex [47]. Genetic variation can be used
not only to explore the genetic relationship of wild strawberries but also for genome component
analysis and to deepen the understanding of polyploid origin through the development of molecular
markers [16,19,48,49]. The certified genetic variation through genomic resequencing provides basic
research data to explore the origin of the Fragaria polyploids.

The SNP variations in the intergenic regions, genic regions, coding regions, and introns are
not uniform. The distribution of SNP variations of intergenic regions is the highest, however, the
variations in other regions are relatively small. This phenomenon has also been shown in other
species [24,25,42,50]. The reason for the large SNP variation in intergenic regions may be due to the
large size of the region [25]; this view is supported by the fact that the size of different regions is directly
proportional to the number of variations (Figure 5). Due to the existence of different DNA damage
repair mechanisms, the repairability of chromosomes in different regions is different, which directly
leads to the discrepancy in the number of the variations within the unit length of specific regions [51,52].
The genic regions have a smaller distribution density than intergenic regions in two resequencing
samples, which implies a stronger DNA repair capacity in genic regions [51].

3.2. Impact Factor Analysis on Self-Incompatibility Intensity of Differential Trait Samples

The distribution of genetic variation in the two sequencing samples is uneven, not only on different
chromosomes in the same sample but also in different regions on the same chromosome. Similar results
have also been found in other species [25,42,46]. We also analyzed the distribution of homozygous and
heterozygous genetic variations in two sequencing samples. Due to the chromosomal recombination
that occurs during the self-crossing process, the homozygous mutation rate and homozygous regions
carried on each chromosome are different between the two sequencing samples. The differential
distribution of homozygous regions on two samples may affect the green strawberry fruit-set rate,
which suggests that homozygous regions are very likely to be where the self-incompatibility-related
genes are located. Thus, differential genes between the two sequencing samples, especially the genes
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that hold most homozygous variations in one or two sequencing samples, deserve the most attention.
Regarding why the growth rate of the pollen tubes from green strawberries is distinctly slower than
that of F. vesca in their own style, we speculate that the mutations that occur in different lines in green
strawberries compared to the reference F. vesca have changed the function of the related genes.

Ls-5,-53, Ls-5,-76, and F. vesca showed different fruit-set rates. Further study has supported the
idea that the difference in fruit-set rate was caused by varying degrees of inhibition of the growth of
pollen tubes in styles, which was derived from the fundamental sequence differences in the distribution
of the sample. The accumulation of genetic variation or the formation of homozygotes after gene
recombination will lead to the emergence of some new traits [25,53]. In order to study the effect of these
mutations on sample traits, we calculated the distribution of nonsynonymous SNP mutations in the
Pfam domain-containing genes, paying particular attention to the ratio of homozygous/heterozygous
variations. In addition, we used the self-incompatibility-related genes involved in the mutations, with
similar mutations to those that occurred in genes containing Pfam, to construct a linkage map, and
found that the number of variations and homozygosity in the different genes was different (Additional
File 8). In order to determine the function of the genes involved in the mutations corresponding
to amino acid changes, we classified them by GO and KEGG analysis in order to allow us to better
understand the relationship between genotype and mutation.

3.3. Analysis of the Potential Functions of Six Candidate Genes

ABC transporter can non-specifically bind S-RNase and transport extracellular S-RNase into
pollen tubes to mediate a self-incompatibility reaction with the help of microfilaments and
microtubules [54,55]. We detected three ABC transporters in which the expression profile of the
ABCA gene was similar to MAABCF [54] and significantly associated with S-RNase transport. Calcium
is the second messenger of cell signal transduction, and previous studies have confirmed that the Ca?*
gradient is involved in the self-incompatibility of pears [31,40]. We have detected three genes related to
the formation of calcium ion gradients and its signal transduction. The gene CDPK34, a member of the
calcium-dependent protein kinase family whose product can phosphorylate S-RNase [56], has similar
expression patterns to ABCA, not only in the pistils but also in the anthers, and is presumably
involved in the calcium signal transduction of the pollen tubes in the self-incompatibility reaction.
Boron, as a trace element, is necessary for pollen germination and pollen tubes of fruit trees [57].
Although there is no relevant report on the involvement of boron in self-incompatibility, boron is
known as a signaling molecule closely related to calcium gradients [58] and is involved in the formation
of substances and intensity of pollen wall [59], and the improvement of fruit-set rate. In our results, we
found two genes associated with boron transport, in particular, the TIP5; 1 gene. It is speculated that the
balance of intracellular and extracellular boron concentrations was broken after self-pollination, and
further affects the normal growth of pollen tubes in the style. IOX is a key enzyme in UDP-glucuronic
acid as a precursor of the plant cell wall [60] and ascorbate biosynthesis [61,62]. Large expression
of IOX2-like after self-pollination may lead to a massive accumulation of cell wall material and the
destruction of the reactive oxygen gradient of the pollen tube, which is similar to the phenomenon
mediated by the self-incompatibility reaction. Methyl jasmonate small molecules may be involved in
self-incompatibility reactions, with a different distribution in the style of self- and cross-pollination [33].
Phospholipase Al is the first step in the biosynthesis of methyl jasmonate [63]. Increased expression
levels of the gene (PLA1lIgamma) relating to its synthesis after pollination may be involved in the
regulation of compatibility. FIP2 is a protein that regulates the actin skeleton [64,65]. Our result shows
that the specific expression of FIP2-like in the pistil increased significantly after pollination, and the
specific expression in the pollen may promote formation of the actin skeleton at the tip of the pollen
tube, resulting in rapid growth of the pollen tube.

Analysis of expression patterns of self-incompatibility-modifying genes suggested that S-RNase
was assisted by ABC family genes into pollen tubes. This may have triggered a variety of signal
transduction systems to participate in self-incompatibility reaction in F. viridis. Previous research on
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incompatibility mechanisms in other species has found that relevant signals may mediate downstream
events, such as microfilament depolymerization [39], the change of microstructures of cell walls and
organelles [38,66], nuclear degradation [32,37], and programmed cell death [37], and eventually cause
the pollen tube to stop growing within the style. Our results also suggest that if the functional changes
of the modifier genes are involved in the self-incompatibility of F. viridis, the self-incompatibility
intensity weakened, or enhanced, to varying degrees.

3.4. The Functional Verification of FIP2-Like

FIP2 is a protein that interacts with formin homology (FH), located in the membrane [64,67], that is
a membrane localization protein, and both together may form a membrane-anchored complex that
regulates the actin skeleton [64,65]. Our results show that FIP2-like can target the cell membrane, which
supports the idea that FIP2-like performs a molecular function by associating with FH. The results
also show that FIP2-like may act as a cofactor for actin cable formation and affect the germination
of pollen grains and the growth of pollen tubes. Several plants possess an S-RNase-based SI system,
and S-RNase acts as a style determinant into the pollen tube to degrade RNA and induce pollen
tube death [29]. Moreover, pollen tubes quickly launch a self-protection mechanism to prevent
S-RNase cytotoxicity [68]. The expression level of FIP2-like in pistil of the green strawberry increased
significantly, however, there was no significant difference in F. vesca after manual self-pollination.
S-RNase was specifically expressed in F. viridis pistil, however, interestingly, was not expressed in
F. vesca species, which might be due to the loss of S-RNase in SC Fragaria [5]. S-RNase may enhance the
expression of FIP2-like to slow down the process of F-actin degradation as a self-protection mechanism.
Other evidence supports the lack of a significant difference in the expression level of FIP2-like between
F. vesca (F. vesca 41) and F. viridis (Ls-S,-53) in germinated pollen tubes when both are mediated with no
S-RNase. However, we found FIP2-like to have functional variations or loss in the green strawberries,
which may be the reason for the different compatibility between Ls-S,-53 and Ls-S;-76.

The FIP2-like of F. vesca containing three domains (Figure 9c), the BTB domain, repeated
pentapeptides, and the UBA domain, is from N- to C-terminal region, respectively. Repeated
pentapeptide is a feature of FIP2 [64], the proteins containing the BTB domain can be involved
in ubiquitin processes [69], and the UBA domain can bind to ubiquitinated proteins, which help
to clear misfolded proteins [70]. FIP2-like may play an important role in promoting the correct
assembly of F-actin. In addition to cytoskeletal regulation, another potential function of FIP2-like
is transcriptional regulation. We speculate that shortened FIP2-like (P2) may participate in positive
transcriptional regulation of the self-incompatibility reaction of Ls-5,-53, and cause pollen tubes to stop
growing in the style. The functional evidence in transcriptional regulation is as follows: (1) The BTB
domain is often found in transcription factors [71-73] whose functions are mainly governed by
BTB domain-based protein—protein interactions [74-76]. (2) The protein containing the pentapeptide
repeat was reported to interact with MED20, a subunit of the mediator complex, where it serves as
a bridge between gene-specific regulatory proteins and the basal RNA polymerase II transcription
machinery [71]. When repeated pentapeptides were lost and the BB domain was damaged (P3),
the ability of transcriptional regulation disappeared in Ls-5,-76 and the self-incompatibility intensity
was correspondingly weakened.

4. Materials and Methods

4.1. Materials and Sample Selection

All of the plants were grown in the experimental field at the White Horse teaching and research
base (Nanjing Agricultural University) in Jiangsu Province, China, from March to May 2017. Sample
collection and pollination experiments were generally carried out between 08:30-10:00 when the
weather was sunny, and the outside temperature was about 10 to 25 °C.
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The fruit-set rate of F. vesca 41, F. viridis 42, Ls-S1-2, and 11 next-generation selfing lines of Ls-5;-2
were surveyed according to Ge et al. [6]. We selected young leaves of two second-generation selfing
lines of F. viridis 42, Ls-S,-53 and Ls-S;,-76, as materials for resequencing. Leaf, pedicel, calyx, petals,
pistil, and anther samples of Ls-S5,-53 were mainly collected for tissue-specific expression pattern
analysis after manual self-pollination (0 h), and the pistils were collected after manual self-pollination
(0, 6,12, 24, 48, and 72 h) for gene spatiotemporal expression analysis. The flower organ samples used
in the pollination experiment were all selected from the big budding stage [77].

4.2. Fruit-Set Rate Statistics and Dynamic Observation of Pollen Tube Growth

Anthers were collected, wrapped in air-laid paper, and then placed in a silicone bottle for drying
for about 24 h at 4 °C. The dried pollen grains were directly used for isolation pollination or were
stored in silicone bottles in a —70 °C freezer. The germination medium (GM) was modified according
to Voyiatzis et al. [78] and Hiratsuka et al. [79], and contained 0.01% H3BOs3, 0.01% KNOs, 0.01%
MgSQOy, 0.01% Ca(NO3),-7H,0, 15% polyethylene glycol 4000 (PEG), 10% sucrose, and 0.5% MES,
pH 6.0 £ 0.2. We determined the pollen grain germination rate before pollination and the active
pollen grains were applied to the stigmas of stamen-emasculated flowers. We used double pollination
(again, after six hours) and at least 50 flowers for the fruit-set statistics of each combination.

The styles after manual self-pollination (0, 6, 12, 24, 48, and 72 h) were fixed in FAA (5% formalin,
5% acetic acid, 65% ethanol) for two hours. The reader is referred to the method of Hiratsuka et al. [79]
for staining. The styles were hydrolyzed in 4 M NaOH for two hours and stained in aniline blue staining
solution (0.1% aniline blue, 0.1 M K3POy) for 12 h after being washed three times. The pollen tube
growth state in the styles was observed under a BX53 Olympus fluorescence microscope (Olympus,
Tokyo, Japan). For each period, fifteen flowers were observed and, in each flower, 10 randomly selected
styles were observed.

4.3. Resequencing and Mapping

Young leaves of Ls-5,-53 and Ls-S,-76 was used for genomic DNA extraction using a modified
cetyltrimethylammonium bromide (CTAB) extraction protocol. DNA fragments of the desired length
were gel-purified after being randomly sheared, and adapter ligation and DNA cluster preparation
were performed, and sequencing was conducted using Solexa sequencing and an Illumina HiSeq 2500
(lumina, San Diego, CA, USA). Low-quality reads (<20), reads with adaptor sequence, and duplicated
reads were filtered, and the remaining high-quality data were used for mapping.

The clean sequencing reads were aligned to the F. vesca reference genome v2.0.al [9] using the
Burrows—-Wheeler Alignment tool v0.6.1 (Cambridge, UK) [80] under the default parameters with a
small modification: allowing no more than three mismatches in the sequence and not allowing gaps
(-0 0). The mapped reads were used to calculate average sequencing depth and coverage, and then
detect SNP, indel, and SV polymorphisms.

4.4. Detection of SNPs, Indels, and SV's Polymorphisms

SAMotools software was used to eliminate redundancy (mark duplicates and PCR duplication) and
selected read pairs with high mapping quality (>Q20) from the mapping result (Cambridge, UK) [81].
UnifedGenotyper in GATK (Cambridge, MA, USA) [82] was used to detect biallelic variants with
high variant quality (>20) and indels were defined as the insertion or deletion, the length of which
varied from 1 to 30 bp. SVs were generally described as large scale variations including insertion
(INS), deletion (DEL), inversion (INV), ITX, and CTX. Firstly, we used Pindel (Cambridge, UK) [83]
and Breakdancer (Washington University, St. Louis, MO, USA) [84] software to detect SVs with their
default parameters. Secondly, in order to obtain reliable SVs, the detected SVs were returned to the
paired reads alignments between sequencing samples and the reference, and were validated under the
following criteria: 2x to 100x for coverage depth and more than 20 for SV quality.
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4.5. Annotation of SNPs, Indels, and SVs

The annotation contained locations and functions were ascertained based on the information
in GDR (The Genome Database for Rosaceae). SnpEff software (Wayne State University, Detroit,
M1, USA) [85] was used to annotate SNPs and small indels, and polymorphisms were annotated as
genic and intergenic, depending on whether they were in the gene region. The SNPs, indels, and
SVs were classified as exonic, intronic, etc., according to the specific location in the genic region.
SNPs in the exons of CDS were further classified according to the variation of the amino acid residues
it caused, such as synonymous or nonsynonymous. In order to get annotation for analyzing gene
function, we blasted [86] each gene containing mutations to NR [87], Swiss-Prot [87], GO [88], COG [89],
and KEGG [90] database.

4.6. Search and Prediction of Genes Related to Self-Incompatibility

Gametophytic self-incompatibility can inhibit the normal growth of germinated isogenic pollen
tubes in the style as a complex defense mechanism. The specificity of the GSI interaction is determined
by S-locus genes; however, the presence of genes at other loci (modifiers) is required for full
manifestation of the GSI response [29]. These modifiers, together with S-RNase, undertake the
regulation of physiological and biochemical metabolism and signal cascade responses of pollen
tubes in styles [29]. We chose related genes mainly based on previous research in other gametophyte
self-incompatibility species. Prediction of candidate effectors was performed according to the change
of a gene’s function between two sequencing simple genomes and the reference genome. In brief,
genes in which SNPs occurred, including nonsynonymous, Stopgain, Stop_Lost, etc.; indels including
Fram- shift, Codon_Deletion, etc.; and SVs in coding sequence were chosen as candidate genes. A total
of seventeen genes were selected for further tissue-specific analysis by testing their expression levels
in pistil after manual self-pollination.

4.7. RT-qPCR

Total RNA of strawberry tissue was extracted with the plant total RNA isolation Kit Plus from
Fuji (Chengdu, China) according to the manufacturer’s protocol. The concentration of total RNA was
measured using a NanoDrop 2000 UV-Vis spectrophotometer (Thermo Scientific, Waltham, MA, USA)
after treatment of genomic DNA with RNase-free DNase I (Takara, Dalian, China). PrimeScriptTM
RT reagent Kit (Takara) was used to obtain cDNA according to the manufacturer’s instructions.
Synthesized cDNA concentration was diluted to 100 ng/uL and each reaction mixture contained
10.0 uL SYBR Premix Ex TaqTM (Takara), 0.5 uL of each primer (10 uM), 1 uL cDNA, and 8 pL ddH,O
in a total volume of 20 pL. Reactions were performed under the following conditions: 95 °C preheating
for 4 min, followed by 40 cycles at 95 °C for 20 s, 60 °C for 20 s, and 72 °C for 40 s. An elongation
factor-oe gene (EF1-x) was used as a standard control in the RT-qPCRs. The primer pairs were designed
in the CDS area of F. vesca. The forward and reverse primers are shown in Table S1. All primers were
subjected to normal PCR and the reaction products were separated on a 1% agarose gel to ensure
the bands were of the expected size and that there were no primer dimers. The PCR experiment was
carried out with at least three technical replicates. The relative transcript levels of selected genes were
calculated using the 2-AACt method [91].

4.8. Cloning and Sequence Analysis of FIP2-like

The open reading frame (ORF) of the FIP2-like gene was obtained using the specific primers
FIP2-like-ORF (Table S1) and PCR using PrimeSTAR® GXL DNA polymerase (Takara), which was also
used to compare sequences between different samples. The amplification procedure was as follows:
98 °C for 5 min; 36 cycles at 98 °C for 10 s, 53 °C for 15 s, and 68 °C for 1 min; and a final extension at
68 °C for 10 min. The PCR products were analyzed on 1.0% agarose gels, and the putative fragment was
purified using a DNA purification kit (Takara). The amplified fragment was cloned into the pMDTM
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19-T Vector (Takara), transformed into Escherichia coli DH5x competent cells (Tsingke, Nanjing, China),
and 10 monoclones per sample were sequenced (Tsingke). The nucleotide sequence and transcriptional
amino acid sequence of FIP2-like were analyzed using alignment tool DNAMANS.0 (Lynnon, QC,
Canada). The domain of FIP2-like was predicted using the CDD Tool from the NCBI databases.

4.9. Visualization of F-Actin Organization In Vitro

Actin filaments in fixed pollen tubes were stained with Alexa Fluor 488 phalloidin (Invitrogen,
Carlsbad, CA, USA) according to Jia et al. [92]. The pollen grains germinated in GM for 3 h were
fixed and washed according to the following steps: first, pollen tubes were fixed in a freshly prepared
solution of 4% paraformaldehyde in PBS (pH 6.8) for 1.5 h, and then gently washed with PBS (pH 6.8)
twice, and then in enzyme solution of 1% cellulase R-10 and 1% pectinase for 20 min. Pollen tubes were
incubated in 1% Triton X-100 to increase cell membrane permeability, and then once in PBS. Finally,
the actin cytoskeleton was stained with 0.33 uM Alexa 488-phalloidin followed by three washes with
PBS. The samples were mounted onto glass slides and photographed for further analysis of F-actin
intensity using a Zeiss LSM 800 confocal laser scanning microscope (LSCM) (Zeiss, Jena, Germany)
with excitation at 488 nm. At least 50 tubes were analyzed for each treatment, which was repeated
three times.

4.10. Subcellular Localization of FIP2-Like

For FIP2-like (genelD for gene01424) subcellular localization vector constructs, full-length
sequences were amplified from F. vesca 41 anther cDNA and directionally cloned into entry
vector pPDONR221 using specific primers FIP2-like-Sub (Table S1), and the resulting FIP2-like gene
fragment was subsequently subcloned into Gateway ready pMDC43 vector, using the LR reaction of
Gateway recombination-based cloning (Invitrogen). The constructed fusion vector was transferred
into Agrobacterium and used to transform young N. benthamiana leaves. The FIP2-like-GFP protein
fluorescence was observed using a Zeiss LSM 800 (Zeiss) 2-3 days after transformation.

4.11. Transient Expression Assay

Phosphorothioated as-ODN treatment was performed essentially as described by Meng et al. [54].
We designed an as-ODN based on the CDS region of FIP2-like described, to downregulate FIP2-like.
First, taking a small amount of pollen (20 pollen chambers) into a 1.5 mL GM in a centrifuge
tube, the culture was shaken at 200 rpm at 25 °C in the darkness. In addition to adding 210 puL
cytofectin buffer and 30 puL cytofectin to the medium, we also added either as-ODN (1 uM final
concentration), or s-ODN as controls, and incubated for 3 h. We then took 100 pL liquid medium
containing pollen tubes for germination rate measurements and pollen tube length measurements, and
100 uL liquid to observe actin analysis; three biological replicates were made, using at least 50 pollen
grains. The remaining pollen grains were collected by centrifugation at 6000x g and 6 min, for use in
RT-gPCR analysis.

5. Conclusions

In this study, we sequenced two selfing lines of F. viridis and an F. vesca reference. A large number of
variations (SNPs, indels, and SVs) were obtained and annotated among three differential trait samples,
which provided basic research data of Fragaria for functional genomic analyses, molecular breeding,
molecular markers, genetic evolutionary relationship, and more. We further analyzed the distribution
patterns of the variations and found that the distribution region and the number of the homozygous
variations were especially different on the chromosomes of the two sequencing samples, which could
explain the different fruit-set rate or self-incompatibility intensities. We screened and functionally
annotated the sequence variations that might lead to changes in the encoded amino acids between
the three different samples, and predicted the identity of the gene related to self-incompatibility of
F. viridis. Seventeen candidate genes were selected for tissue-specific expression pattern analysis, and it
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was found that these genes were abundantly expressed in floral organs, especially in anthers and styles.
The spatiotemporal specificity analysis of gene expression revealed that six genes were significantly
associated with self-incompatibility. The gene FIP2-like was focused upon; this gene is associated
with actin cytoskeleton formation, and its translation process was terminated prematurely due to
FRAME_SHIFT at different sites in two selfing lines with F. vesca as the reference. Our experimental
evidence suggests that the fully encoded FIP2-like from F. vesca can function normally and promote
F-actin formation. The shortened amino acid sequences may have new features and have a positive
transcription regulation role in the self-incompatibility reaction. Although the difference between the
three sample traits can be explained by the amino acid composition of FIP2-like, the function of the
shortened sequences needs to be further confirmed. Additionally, there are many factors involved
in self-incompatibility intensity, and the difference in fruit-set rate may be coordinated by several
modifiers, which also need to be further explored.

Supplementary Materials: Supplementary materials can be found at http:/ /www.mdpi.com /1422-0067/20/5/
1039/s1.
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PCD programmed cell death

s-ODN sense oligodeoxynucleotides
as-ODN antisense oligodeoxynucleotides

GM germination medium

PBS phosphate buffer saline

NR NCBI non-redundant protein

CGO cluster of ortholog genes

GO gene ontology

KEGG Kyoto encyclopedia of genes and genomes
RT-gPCR Reverse transcription and quantitative real-time PCR
FIP FH protein interacting protein

ABC ATP-binding cassette

CDPK calcium-dependent protein kinase
TIP tonoplast membrane intrinsic protein
10X inositol oxygenase

PLAlllgamma phospholipase Al-Ilgamma
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