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Abstract: Transposable elements (TEs) make up a large portion of plant genomes and play a vital
role in genome structure, function, and evolution. Cultivated strawberry (Fragaria x ananassa) is one
of the most important fruit crops, and its octoploid genome was formed through several rounds
of genome duplications from diploid ancestors. Here, we built a pan-genome TE library for the
Fragaria genus using ten published strawberry genomes at different ploidy levels, including seven
diploids, one tetraploid, and two octoploids, and performed comparative analysis of TE content in
these genomes. The TEs comprise 51.83% (F. viridis) to 60.07% (F. nilgerrensis) of the genomes. Long
terminal repeat retrotransposons (LTR-RTs) are the predominant TE type in the Fragaria genomes
(20.16% to 34.94%), particularly in F. iinumae (34.94%). Estimating TE content and LTR-RT insertion
times revealed that species-specific TEs have shaped each strawberry genome. Additionally, the copy
number of different LTR-RT families inserted in the last one million years reflects the genetic distance
between Fragaria species. Comparing cultivated strawberry subgenomes to extant diploid ancestors
showed that F. vesca and F. iinumae are likely the diploid ancestors of the cultivated strawberry, but
not F. viridis. These findings provide new insights into the TE variations in the strawberry genomes
and their roles in strawberry genome evolution.

Keywords: Fragaria; cultivated strawberry; transposable elements (TEs); genome evolution; long
terminal repeat retrotransposons (LTR-RTs)

1. Introduction

Transposable elements (TEs) are mobile and repetitive DNA sequences dispersed
throughout the genomes of most eukaryotes [1]. First identified in Zea mays (maize) [2],
TEs make up the majority of genetic material in plant genomes [3]. For instance, TEs
comprise approximately 85% of the maize genome [3]. Two classes of mobile genetic
elements, RNA TEs and DNA TEs, possess the capability to replicate and relocate within
the nuclear genome when they are active and even transfer horizontally across diverse
species [4]. In addition, TEs can perturb host sequences and recombine homologously, caus-
ing DNA rearrangements [5], which significantly impact the genome structure and function.
Recent investigations have shown that a long terminal repeat retrotransposon (LTR-RT)
was inserted in the upstream of MdMYBI, resulting in the conversion of golden-skinned
apples to red-skinned apples [6]. Throughout maize domestication, numerous TEs have
increased alternative splicing levels in transcription factors and stress-responsive genes [7].
Furthermore, TEs exhibit remarkable rates of amplification and removal, thereby driving
changes in genome size and the modification of agronomic traits [6,8-10]. Therefore, their
significance in the realm of plant genome structure, evolution, and function is substantial.

As a crucial and abundant part of plant genomes, TEs have been used as genetic
markers in plant research and breeding. Molecular marker systems based on TEs have
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been effectively employed in crop breeding, notably in rice and tea, enabling precise
identification of desirable traits and the development of superior crops [11,12]. The use
of TE-derived markers in genome-wide association studies (GWAS) may recover a large
portion of single-nucleotide polymorphism (SNP)-based GWAS peaks and, in the meantime,
reduce false positives associated with linkage disequilibrium among SNP markers [13].
Therefore, it is critical to carefully annotate TEs in plant genomes and perform comparative
analysis of TE diversity across different species [14-17].

Strawberry belongs to the genus Fragaria of the Rosaceae family and is one of the
most important fruit crops in the world. The cultivated strawberry (F. x ananassa) is an
allo-octoploid species developed in Europe in the mid-18th century through hybridization
between two wild octoploid ancestors (F. chiloensis and F. virginiana) [18-20] and contains
four different subgenomes. It is widely accepted that F. vesca is a diploid ancestor that bears
the closest genetic distance to the cultivated strawberry, and it became part of the octoploid
strawberry genome around 1.1 million years ago [18-21]. Nonetheless, there remains
substantial debate regarding the other three diploid ancestors. Edger and colleagues
suggest that the other three subgenomes were provided by three different diploid ancestors,
namely, F. iinumae, F. nipponica, and F. viridis [20]. However, it was also proposed that all
three subgenomes were contributed solely by F. iinumae or its ancestor [22,23]. Thus, a
consensus on the diploid ancestors of cultivated strawberry has not been reached, and
comparative analysis of TEs in different strawberry genomes may provide a clue.

TEs are a major genetic component in strawberry genomes and may play a role in the
rich phenotypic diversity of strawberry species. The Fragaria genus comprises 25 identified
species that are widely distributed throughout the Northern Hemisphere [18,24,25]. Fragaria
species display rich diversity in phenotypes such as disease resistance, cold tolerance, fruit
color, and flavor [26-28], making them valuable germplasm resources for the breeding
of cultivated strawberry [29,30]. In previous studies on strawberry genomes, researchers
identified over 40% of TE content in each genome [20,21,25,28], but the annotation and
analysis of TEs remain limited. TEs are also critical players in shaping phenotypic traits of
strawberries. For example, an LTR-RT inserted into the genome of F. nilgerrensis leads to the
white fruit phenotype [28,31]. In cultivated strawberry, TE-derived long non-coding RNAs
(IncRNAs) are involved in strawberry growth, development, and fruit maturation through
the ABA biosynthesis pathway [32]. Therefore, exploring the roles of TEs in strawberry
diversity and their impact on phenotypes is an important research area.

The publication of numerous high-quality genomes of Fragaria species [20-22,25,28,33-35]
provides a golden opportunity for comparative analysis of TEs in the Fragaria genomes.
However, a systematic analysis of TEs in species of the Fragaria genus is still lacking. Here,
we utilized ten published high-quality genomes in the Fragaria genus to construct a pan-
genome TE library and performed a comprehensive identification and analysis of the TEs.
The results show that TEs are an important force in shaping the strawberry genomes, and
the copy numbers of different LTR-RT families reflect the genetic distance among species.
Furthermore, comparison of TEs within the subgenomes of cultivated strawberry with
those in their diploid ancestors suggests that F. vesca and F. iinumae, but not F. viridis, likely
served as the diploid ancestors of cultivated strawberry. Therefore, this study provides
new insights on the TE landscape in the strawberry genomes at different ploidy levels as
well as the evolutionary history of the strawberry genomes. The TE data that we generated
can also serve as an invaluable resource for investigating strawberry genome structure and
evolution and for guiding strawberry breeding and phenotypic trait improvements.

2. Results
2.1. Construction of a Pan-Genome TE Library with Ten Fragaria Species
2.1.1. Pan-Genome TE Content across Genus Fragaria

Transposable elements (TEs) were identified in the genomes of ten Fragaria species
at different ploidy levels, including seven diploids, one tetraploid, and two octoploids,
utilizing a de novo approach. A total of 43,648 consensus TE sequences were identified
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using EDTA [36], with each genome yielding between 3091 and 8001 consensus sequences
(Supplementary Table S1). The F. chiloensis and F. x ananassa octoploid strawberries possess
four subgenomes, leading to a higher count of TEs compared to other strawberries that
have a lower ploidy level. After discarding simple repeat sequences and those less than
80 nt in length, the pan-genome TE library of strawberries was established by removing
highly similar sequences from all TE sequences that were identified from each of the ten
strawberry species (Figure 1). The library comprises a total of 26,226 consensus sequences
(Table 1). Within this library, 7719 retrotransposons (class I) and 14,857 DNA transposons
(class II) were documented (Table 1). Notably the Fragaria species exhibited a higher level
of diversity among DNA transposons.

(_ Strawberry genomes )
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Figure 1. The pipeline for building a pan-genome TE library and annotating TEs in the Fra-
garia genomes.

The TE annotation in the Fragaria species shows that TEs account for over 50%
of the genome in every species (Figure 2 and Supplementary Table S2). Noteworthy
variations in TE content were observed, with percentages ranging from 51.83% in F. viridis
to 60.07% in F. nilgerrensis. Three diploid strawberries (F. mandschurica, F. viridis, F.
vesca), residing in high-latitude regions and the southern Himalayas [25], exhibited
lower TE content, with a rate of 52.77%, 51.83%, and 52.56%, respectively, compared
to other strawberry species (55.34-60.07%), suggesting that higher latitude or lower
temperature may reduce the transposition activity of TEs. On the other hand, polyploid
strawberry species like F. pentaphylla and F. chiloensis had a similar TE content as that of
the diploid strawberries that do not reside in high-latitude regions, ranging from 55.34%
to 57.55%, suggesting polyploidization did not modify the TE content. As expected,
pseudochromosome regions with a higher TE content tended to have a lower gene
density (Supplementary Figures S1 and S2).
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Table 1. Summary of the pan-genome TE library of Fragaria species.
Type of TE Number of Sequences
Class I 8931
LTR 8539
Copia 3002
Gypsy 5255
Unknown 282
NonLTR 392
LINE 320
SINE 46
DIRS 3
PLE 23
Class IT 16,154
TIR 13,945
CACTA 3928
Mutator 5007
P 2
PIF-Harbinger 1408
Tcl-Mariner 517
hAT 3083
Helitron 2209
Unknown 1141
Total 26,226
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Figure 2. Percentages of genome occupied by TEs in the different Fragaria genomes studied. The
genome percentages of LTR (long terminal repeat) and LINE (long interspersed nuclear element)
retrotransposons; TIR (terminal inverted repeat) and Helitron DNA transposons; and unclassified
elements (Unknown) were estimated with EDTA. For clarity, DIRS (Dictyostelium intermediate
repeat sequence) sequences were included in LTR retrotransposons, and PLE (Penelope-like element)
sequences were included in LINE elements.
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2.1.2. Diversity of TE Content in the Genome of Strawberries

Across all genomes, F. iinumae exhibited the highest proportion of LTR content (34.19%)
among all TE classes (or subclasses), whereas TIR (14.33%) and Helitron (7.52%) contents
were slightly lower than those in the other strawberry genomes (Figure 2 and Supplemen-
tary Table S2). In contrast to F. iinumae, the remaining strawberry genomes displayed a
lower class I proportion, varying from 21.10% (F. mandschurica) to 27.46% (F. chiloensis), and
a higher class II proportion, ranging from 26.37% (F. x ananassa) to 32.29% (F. nilgerrensis).
In F. iinumae, the contents of various TEs superfamilies were marginally lower than those
in other strawberry species, except that it had a substantially higher proportion of gypsy
LTR retrotransposons (25.11%), suggesting an extensive amplification of this type of TE.
The distinct TE profile of F. iinumae suggests that it has a unique TE amplification history
because it was the earliest divergent diploid strawberry with a confined distribution in
Japan and thus was geographically segregated from other strawberry species [25].

2.2. The Evolution History of TEs in the Fragaria Genus
2.2.1. Amplification of TE Subfamilies

Because most TEs become inactive once inserted and are subsequently subject to
random mutations, the insertion time (or age) of each TE can be estimated with the Kimura
2-parameter sequence divergence between each TE and the corresponding consensus
sequence. Recently inserted TEs have a lower Kimura distance, whereas old TEs have
a higher Kimura distance. Therefore, graphs can be generated for different kinds of
transposons, i.e., LTR and LINE retrotransposons and TIR and Helitron DNA transposons
in each strawberry genome, which depict peaks of activity that mark the occurrence of
transposition bursts during the evolution of strawberries (Figure 3).

The results indicate that the TE transposition activities in all strawberry genomes were
generally comparable, with only minor variations. A clear recent transposition burst event
was observed, with the peak located in the range of a Kimura distance level of 4-7 (Figure 3).
Notably, DNA transposons predominated in strawberries, except for F. iinumae. The genome
of F. iinumae was found to be predominantly composed of retrotransposons. A transposition
burst of LTR retrotransposons was also observed in the genomes of two diploid strawberries,
F. nilgerrensis and F. iinumae, which did not correspond to any increase in copy number
of DNA transposons. Four transposition bursts with a Kimura distance greater than 10
were detected in the genome of F. vesca with a low level of TE consent. Transposition
activities in the two octoploid strawberry genomes were almost identical because the two
species diverged no more than 500 years ago [20,21]. A more recent transposition burst
event was detected in their genomes, in addition to the major transposition burst shared by
all strawberries.

2.2.2. TE Contents Are Strongly Correlated with Genome Sizes of Diploid Strawberries

Excluding the limited (only three) polyploid (tetraploid and octoploid) strawberry
genomes, we tested the relationship between TE content and genome size in the remaining
seven diploid strawberry genomes to examine the impact of TE content on strawberry
genome size. We found a strong positive correlation between TE content and strawberry
genome size (Figure 4A and Supplementary Table S2). This correlation was statistically
verified by a Pearson correlation test (Pearson correlation coefficient: 0.75, p = 0.0528). The
quantitative traits among species within the same phylogenetic branch are interdependent
because of a shared ancestor. Therefore, we conducted phylogenetically independent
contrasts (PICs) using phytools, based on a published phylogenetic tree [25,37]. After
conducting PICs, we found a stronger positive correlation between TE content and diploid
strawberry genome size, with a Pearson correlation coefficient of 0.85 (p = 0.0323). There-
fore, transposable elements play a considerable role in determining the size of diploid
strawberry genome.
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Figure 3. Kimura distance-based divergence analysis of TEs in Fragaria genomes. These graphs
represent the genome coverage for different types of TEs (LTR and LINE retrotransposons; TIR and
Helitron DNA transposons) in the analyzed genomes, clustered according to the Kimura distance of
TE copies and their corresponding consensus sequences. For clarity, DIRS sequences are included in
LTR retrotransposons and PLE elements in LINE elements.
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and the half-life rate of LTR-RTs in diploid strawberry genomes.
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2.2.3. Removal Rate of LTR-RTs and the Strawberry Genome Size

LTR retrotransposons possess two identical terminal repeats on both ends, and se-
quence divergence between the two LTRs can be used to estimate the insertion time for each
LTR-RT. We thus calculated the insertion time for all full-length LTR-RTs in each strawberry
genome and put them in insertion time bins of 500 k years (Supplementary Figure S3).
Naturally, there was a declining trend in the graphs because old copies were constantly
disrupted or removed from the genome (Supplementary Figure S3).

Assuming that TE sequences are removed from the genome at a constant rate, the
insertion time of TE distribution can be described by an exponential function with a constant
half-life rate [38]. Our calculation results suggest that LTR retrotransposons are removed
or truncated from the strawberry genomes at a rate of over 2.36 Mys (million years),
with a notable variation between 2.36 Mys (F. pentaphylla) and 3.74 Mys (F. nilgerrensis)
(Supplementary Table 54).

We analyzed seven diploid strawberry species (Figure 4B) to investigate the rela-
tionship between LTR-RT half-life rate and genome size and found a significant positive
correlation between half-life rates and genome size, supported by a Pearson correlation
test (Pearson correlation coefficient: 0.85, p = 0.0334). With PIC adjustment, a stronger
positive correlation was also found (Pearson correlation coefficient: 0.93, p = 7.6 x 1073).
These results suggest that a slower removal rate could lead to an increase in genome
size and that LTR-RT removal plays an important role in determining the genome size of
diploid strawberries.

2.2.4. The Transposition Bursts of LTR-RTs in Fragaria Genomes

The specific structure of LTR-RTs enables precise estimation of their transposition time
through the genetic distance between the long terminal repeat sequences located at both
ends. We computed the insertion time of intact LTR-RTs in each Fragaria genome, including
413-2103 copia elements and 155-2425 gypsy elements. A density plot of LTR-RT insertion
times may reveal the transposition history of each LTR-RT family and transposition burst,
especially for two main LTR-RT superfamilies, copia and gypsy (Figure 5A,B).

It is apparent that all strawberry genomes experienced a significant transposition burst
in the recent past (Figure 5). The F. nilgerrensis genome appeared to have experienced two
transposition bursts of copia elements, one about one million years ago and the other more
than eight million years ago (Figure 5A). In comparison to other varieties of strawberries,
recent copia transpositions (about 400,000 years ago) in the genomes of F. mandschurica, F.
nubicola, F. pentaphylla, and F. chiloensis showed higher peak levels of burst. In both genomes
of F. daltoniana and F. nilgerrensis, a gypsy transposition burst occurred approximately 4
to 5 million years ago (Figure 5B). Compared to other strawberry genomes, the gypsy
transposition burst in F. mandschurica, F. nubicola, F. vesca, F. pentaphylla, and F. chiloensis
occurred more recently (about 300,000 years ago) and achieved higher peak levels.

2.2.5. Recent Transposition Burst of LTR Retrotransposons

Since all strawberry genomes share a recent transposition burst of LTR-RTs within the
last million years, we extracted LTR-RTs inserted during this period for further analysis.
The LTR-RT copies were classified into different families using TEsorter [39], and the
percentage of each LTR-RT family in the total LTR-RT copies in each species was calculated
and used for clustering (Figure 6 and Supplementary Table S5). The clustering grouped F.
pentaphylla, F. nubicola, F. chiloensis, and F. x ananassa, the last four species diverged from
the Fragaria genus, into one cluster, whereas the others were grouped into another cluster,
which is in concordance with the phylogenetic tree [20,21,25], suggesting that closely related
strawberries tend to share similar LTR-RT profiles.
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Figure 5. Density plot of LTR-RT insertion times in the Fragaria genomes. Colored lines represent
different strawberry species. (A) Density plot of copia retrotransposon insertion time in the Fragaria
genomes (dashed line at x = 0.4 Mya). (B) Density plot of gypsy retrotransposon insertion time in the
Fragaria genomes (dashed line at x = 0.3 Mya).
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Figure 6. Diversity and abundance of LTR retrotransposon superfamilies that have transposed within
the last 1 million years. The family of LTR retrotransposons is identified by TEsorter [39]. Percentages
of LTR-RT superfamilies in total LTR-RTs of Fragaria genomes are represented by different colors.
Percentage values were log 2 transformed.
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The higher the percentage, the more likely an LTR-RT family is one of the primary
groups that was involved in recent transposition burst. Both the Ale family, a member of
the copia retrotransposon, and the Athila family, a member of the gypsy retrotransposon,
were found to have high copy numbers in all strawberry species, suggesting that they
have had high transposition activity in the past million years. The Biarnca family in the F.
mandschurica, F. nubicola, and F. nubicola genomes; the Tekay family in the F. mandschurica and
F. vesca genomes; and the Athila family in the F. chiloensis genome exhibited a significantly
higher abundance (Figure 6). The massive number of copies of these superfamilies suggests
that they were one of the primary drivers of the recent LTR-RT transposition burst in
those genomes.

2.3. Evolution History of TEs in Cultivated Strawberry
2.3.1. Comparative Analysis of the TE Contribution between Cultivated Strawberry
Subgenomes and Their Diploid Ancestor Genomes

The cultivated strawberry (F. x ananassa) is an allo-octoploid that originated from
four diploid ancestors [19,20,33]. However, although three of these ancestors have high-
quality genomes that were assembled to the chromosome level [21,22,25], only a fragmented
genome assembly is available for F. nipponica [35]. Therefore, we only identified TEs in
the genomes of three extant diploid ancestors: F. viridis, F. vesca, and F. iinumae. When
comparing the TE content in each subgenome of F. x ananassa with that in the corresponding
ancestor genome, we observed significant differences in the distribution of TE superfamilies.
As evident in Figure 7B and Supplementary Tables S2 and S3, the proportion of TEs in
subgenome Camarosa vesca (the subgenome that likely originated from F. vesca—please see
Materials and Methods for the naming convention of the four subgenomes) was lower
(50.48%) compared to that in the other three subgenomes (56.95%, 57.54%, and 57.59%,
respectively). The LTR-RT content in subgenome C. vesca was notably lower than that of
other subgenomes, with gypsy constituting only half of that found in other subgenomes.
The class II TE copy number of subgenome C. vesca was slightly higher than that in
other subgenomes.

60
Unknown
B Helitron I I I
LINE ©
M TR 2 g I
B LR S S 40 -
g 2
&0 =
() wv
5 5}
= =
o Gy
+~ o
5 2 I
8 201 I
5 s I
O p

Figure 7. Percentages of TEs in extant diploid Fragaria ancestor genomes and the corresponding
cultivated strawberry subgenomes. (A) Percentages of different types of TEs in the genomes of
extant diploid ancestors. (B) Percentages of different types of TEs in the subgenomes of cultivated
strawberry. For clarity, DIRS sequences were included in LTR retrotransposons and PLE elements
were included in LINE elements.
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By comparing the subgenomes and their corresponding extant diploid ancestors,
differences in the landscape of TEs between cultivated strawberry and its diploid ancestors
became evident (Figure 7). There were notable distinctions between the TE superfamilies of
subgenome Camarosa viridis and the F. viridis genome. Aside from LTR-RTs, most elements
in the C. viridis subgenome exhibited lower levels compared to the F. viridis genome.
Additionally, the C. viridis subgenome had a significantly higher total TE content than that
of F. viridis, with respective percentages of 57.54% and 51.83%. It is also worth noting that the
content of the gypsy superfamily of LTR-RTs in subgenome C. viridis was nearly twice that
of F. viridis. Similar findings were observed in subgenome C. vesca (50.48%) and the F. vesca
genome (52.56%), with the exception of LTR-RTs. This difference may be attributed to TE
activation during the polyploidization process of cultivated strawberry [40]. Furthermore,
the proportion of all elements of subgenomes C. iinumae, C. viridis, and C. nipponica was
slightly lower across TE superfamilies compared to the TE content of F. iinumae.

2.3.2. Evolution History of LTR-RTs in Cultivated Strawberry

To analyze the LTR-RT transposition history in the subgenomes of cultivated strawberry,
we created a distribution curve of LTR-RT insertion times for each of the four subgenomes,
as illustrated in Figure 8A,B. Our results indicate that the transposition histories of the
LTR-RTs in the subgenomes of cultivated strawberry are similar. We also found a significant
transposition burst of both copia and gypsy elements in the four subgenomes that occurred
approximately one million years ago. Among the subgenomes, C. vesca exhibited the
highest peak level. Additionally, a major transposition burst of copia that occurred further
back in time was observed in the subgenomes C. iinumae and C. vesca. The subgenome C.
vesca, which has a closer genetic distance to extant diploid ancestor F. vesca, showed the
most significant variation. On the other hand, F. vesca displayed a more recent and higher
peak level during the recent major gypsy transposition burst.

Additionally, the diversity of the LTR-RT superfamilies in the subgenomes of cultivated
strawberry and their corresponding diploid ancestors over the past two million years
was compared (refer to Figures 6 and 7). F. vesca, the diploid ancestor with a distinct
gypsy insertion time distribution compared to subgenome C. vesca [18-21], exhibited a
substantially greater abundance of the Tekay family (Figure 6), suggesting that the Tekay
family experienced an independent transposition burst in diploid strawberry F. vesca after
the formation of cultivated strawberry.

2.3.3. Shared TEs in Cultivated Strawberry Genome and the Ancestor Genomes

It has been proposed that the cultivated strawberry (F. x ananassa) is an octoploid that
originated from four diploid ancestors [19,20,33]. Although TE content in the strawberry
genomes has been subject to constant changes during evolution, the TE profiles in each
subgenome should have high similarity to that in the corresponding ancestor diploid
genome [41,42]. To this end, we examined the shared intact LTR-RTs, TIRs, and Helitrons in
the genome of cultivated strawberry and the genomes of three proposed diploid ancestors
(E. nipponica was not in this analysis due to lack of a high-quality genome assembly) using
the shared sequences of the pan-genome TE library. As shown in the Venn plot, the
number of intact TEs shared exclusively between the genome of F. viridis and cultivated
strawberry was only 165, which is significantly lower than the 431 in F. vesca and the 259
in F. iinumae (Figure 9). The low level of shared TEs between the F. viridis genome and the
cultivated strawberry genome implies that F. viridis may not be a true diploid ancestor of
cultivated strawberry.
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We further counted the copy numbers of intact TEs shared by the subgenomes of
cultivated strawberry and three proposed diploid ancestor genomes (Table 2). F. viridis and
the four subgenomes shared a low copy number of intact TEs (80-120), and the highest
copy number of shared TE was found between F. viridis and the subgenome C. vesca, which
is the subgenome that originated from F. vesca. In contrast, the numbers of shared TE copies
between the F. vesca genome and the four subgenomes of cultivated strawberry range from
127 to 516, with the highest copy number coming from the F. vesca genome and the C. vesca
subgenome, which originated from F. vesca. Similarly, the numbers of shared TE copies
between the F. iinumae genome and the four subgenomes of cultivated strawberry range
from 73 to 243, with the highest copy number coming from the F. iinumae genome and the
C. iinumae subgenome, which originated from F. iinumae. These results suggest that F. vesca
and F. iinumae are true diploid ancestors of cultivated strawberry but that F. viridis may not
be a true diploid ancestor.

Table 2. Number of TEs shared by the subgenomes of cultivated strawberry and three proposed
diploid ancestors.

Subgenome Total E viridis E vesca E iinumae
Camarosa viridis 1639 85 127 157
Camarosa vesca 2136 120 516 73
Camarosa iinumae 1855 82 139 243
Camarosa 1824 80 151 154
nipponica

3. Discussion
3.1. The Contributions of TE Amplification and DNA Removal to Genome Size

Transposable elements (TEs) and other repetitive sequences are crucial components of
eukaryotic genomes, which are instrumental in driving changes in genome size [8,43]. The
contribution of TEs to genome size is variable in different eukaryotic lineages [44]. Previous
reports indicated that TEs exhibit significant species specificity [45], however, general TE
databases lack specificity for the Fragaria species [46]. Here, we built a pan-genome TE
library based on ten high-quality genomes in the Fragaria genus, which should serve as
an important resource for TE detection and investigation in strawberry genomes. The
pan-genome TE library approach can help improve the TE annotation in each genome,
especially for TEs that have very low copy numbers in each genome. Comparison of TEs in
multiple closely related species can give us a clear picture of TE evolution in these species,
and including TE markers in genome-wide association studies may help us find the cause
for certain phenotypic changes. As the number of released plant genomes continues to
increase at an unprecedented speed, a pan-genome TE analysis can be applied to many
other plant lineages.

This study suggests that TEs are a major force in shaping the Fragaria genomes. A
strong positive correlation between TE content and genome size was observed in the
Fragaria species, suggesting that the amplification efficiency of TEs is an important factor
that influences the genome size. Similar results have also been reported in previous
studies for rice [47], Cucurbitaceae [16], Noctuidae [48], arthropods [43], hydras [49], and
vertebrates [44]. The half-life rate of TEs serves as a proxy for DNA removal, and a larger
half-life rate indicates a lower rate of TE DNA removal. Our analysis of half-life of LTR-RTs
suggests that the rate of DNA removal is variable in different strawberry genomes and is
also a contributor to genome size. This feature is particularly evident in birds due to the
extremely high rate of DNA removal caused by extreme selective pressures [50]. Further
investigation of the effects of environmental conditions on strawberry genome evolution
may provide additional evidence.
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3.2. The Role of TEs in Strawberry Genome Evolution

TEs appear to have played a crucial role in the evolution of Fragaria genomes. F. iinumae
is considered the earliest diploid strawberry diverged from other species in the Fragaria
genus (approximately 7.94 million years ago) [25]. The TE composition of F. iinumae differs
significantly from that of other strawberry genomes examined in our study. Its genome
showed the highest content of LTR-RTs (34.19%) and the lowest content of DNA transposons
(22.3%). The transposition bursts of LTR-RTs in the strawberry genomes mainly occurred
in the past 2 million years, which is in line with previous findings in other Rosaceae species
such as apple [51], peach [52], and plum [15]. The large number of LTR-RTs inserted in the
past million years suggests that the evolution of the F. iinumae genome was primarily driven
by the species-specific transposition explosions of three gypsy retrotransposon families
(Athila, Ogre, and Retand). This type of genome evolution, caused by specific LTR families,
has also been found in the F. vesca genome. A differential transposition burst event one
million years ago was discovered between the F. vesca and the Camarosa vesca subgenomes
of cultivated strawberry. In the F. vesca genome, the Tekay family, a copia retrotransposon
family, has undergone massive transpositions, leading to this different transposition burst.
A similar example was found in the genome of hydra [49], where the significant embedding
of the CR1 family of LINE retrotransposons has resulted in genomes three times larger in
brown hydras compared to green hydras. Thus, the roles of TEs in shaping plant genomes
cannot be ignored.

The copy number of different LTR-RT families can serve as an indicator of the genetic
divergence among Fragaria species. We utilized TEsorter to sort LTR-RTs into different
families and found that the LTR-RT family composition could be used to cluster the species
of the Fragaria genus into two distinct groups (Figure 6). One group comprised the species
F. pentaphylla, F. nubicola, F. chiloensis, and F. x ananassa, which recently diverged from
in the Fragaria lineage [20,25], whereas the other group comprised species that diverged
earlier. Moreover, Fragaria species that are close in this clustering usually also have close
genetic distances, suggesting that the LTR-RT family composition is a reliable indicator of
genetic relationships.

3.3. New Perspective on the Diploid Ancestors of Cultivated Strawberry

This study compares the TEs present in cultivated strawberry and their potential
diploid ancestors. The likelihood of a diploid species being an ancestor to the cultivated
strawberry can be investigated from the TE composition perspective. The cultivated straw-
berry is an allo-octoploid that was derived from diploid ancestors and was originated
through the hybridization of two octoploids, F. chiloensis and F. virginiana [20]. Early reports
have identified F. vesca and F. iinumae as diploid ancestors [18,19]. However, there exists an
open debate on the other two diploid ancestors [20,22,23,33]. The debate centers on whether
F. viridis and F. nipponica are the remaining two diploid progenitors [20,22,23]. Here, we
analyzed and compared the TE composition profiles of the subgenomes of cultivated straw-
berry and the genomes of proposed diploid ancestors. Similar TE content characteristics
were discovered in F. iinumae and in three subgenomes of cultivated strawberry, including
the subgenome Camarosa iinumae, the subgenome C. viridis, and the subgenome C. nipponica.
Only the subgenome Camarosa vesca possessed the same TE content characteristics as F. vesca.
However, F. viridis showed different TE content characteristics than all other cultivated
strawberry subgenomes. Furthermore, F. vesca and F. iinumae contributed to the highest
copy number of shared TEs in the corresponding subgenomes in cultivated strawberry.
The contribution of F. viridis to shared TEs in cultivated strawberry was significantly lower
than those from F. vesca and F. iinumae, and a similar copy number of shared TEs was
distributed among four cultivated strawberry subgenomes. This fact suggests that F. vesca
and F. iinumae are true ancestors of cultivated strawberry, whereas F. viridis is not. Because a
chromosomal-level genome assembly is not available for F. nipponica, it was not included
in our analysis, and thus, we cannot provide more evidence on whether it was a possible
diploid ancestor. More extant diploid strawberry genomes need to be investigated to de-
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termine other true ancestors of the cultivated strawberry. Additionally, machine learning
(ML) may be employed for accurate annotation of TEs, as it has already had a wide range of
applications in genetics and genomics, such as identifying gene-splicing sites, promoters,
and enhancers [53,54]. Although most TEs are non-functional by themselves, their proximity
or association to functional genes may have functional consequences. Including TEs as
genetic markers in machine learning models may increase the power of predictive breeding
or genomic selection, which is an important method for crop improvement under diverse
environments [55-57].

4. Materials and Methods
4.1. Genome Datasets

The genomes of ten species in the genus Fragaria, assembled at the chromosome level,
were selected for the detection, annotation, and analysis of TEs. Details of the genome
assembly information are provided in Supplementary Table S6. The genomes of nougou
strawberry (F. iinumae) [22], huangmao strawberry (F. nilgerrensis) [28], Himalaya strawberry
(F. nubicola) [33], woodland strawberry (F. vesca) [21], green strawberry (F. viridis) [25],
cracked strawberry (F. daltoniana) [58], northeast strawberry (F. mandschurica) [31], five-leaf
raspberry (F. pentaphylla) [25], Chilean strawberry (F. chiloensis) [34], and garden strawberry
(cultivated strawberry, F. x ananassa) [20] were downloaded from the Genome Database
for Rosaceae (GDR) [58]. The sequencing material used for the cultivated strawberry
F. x ananassa genome was the “Camarosa” cultivar. Following the convention used by Liston
and colleagues [23], the four subgenomes were referred to as Camarosa vesca, C. iinumae,
C. nipponica, and C. viridis in accordance with the name of the corresponding proposed
diploid progenitor, namely, F. vesca, F. iinumae F. nipponica, and F. viridis, respectively [20].

4.2. Construction of the Pan-Genome TE Library for Fragaria Species

A pan-genome TE library was constructed by combining de novo and Repbase [46]
annotations for ten Fragaria species. TEs of each Fragaria species were identified using a
de novo approach with EDTA (v2.1.0) [36], which uses tools such as LTR_retriever [59],
TIR-Learner [60], and HelitronScanner [61] to accurately identify TEs, in addition to
calling on RepeatModeler (v2.0.1) [62] to increase the sensitivity of TE identification
(--sensitive 1). Subsequently, the TE sequences of each Fragaria species were merged to
generate a draft TE database. Simple repeat sequences, satellite sequences, and sequences
less than 80 bp in length were discarded. Redundancies in TE sequences were removed
using make_panTElib.pl [63], a utility tool from EDTA [36], to obtain the Fragaria pan-
genome TE library. The de-duplication parameters of make_panTElib.pl were “-miniden
80 -mincov 80”. The unknown sequences in pan-genome TE library were classified into
superfamilies using DeepTE [64].

4.3. Genome Masking

The pan-genome TE library was used to mask the genomes of ten Fragaria species
with EDTA [36], the “--anno 1 --step anno” was used to call on the masking software
RepeatMasker (http:/ /repeatmasker.org, accessed on 3 September 2020, version 4.1.1), and
the identification step was skipped.

4.4. Kimura Distance-Based Propagation Activity Analysis

To estimate the propagation activity of transposable elements during the evolutionary
history of Fragaria, we performed a Kimura-based analysis of the propagation activity
of the TE subfamilies. The Kimura distance between each TE and the corresponding
consensus sequence in the pan-genome TE library was calculated in alignment files using
calcDivergenceFromAlign.pl, a utility tool from RepeatMasker.
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4.5. Estimate the Insertion Time of LTR Retrotransposon

The insertion time of an intact LTR retrotransposon can be calculated using the genetic
distance between two LTR fragments and the neutral mutation rate. The procedure was
implemented as scripts in the EDTA package [36]. The Kimura distance of LTR retro-
transposons was transformed into an insertion time with the equation T = K/2r, where r
is the strawberry neutral mutation rate estimate, which was previously estimated to be
2.8 x 1077 [25], and K is the Kimura 2 parameter divergence of two LTR sequences of each
intact LTR retrotransposon.

4.6. Estimate the Half-Life Rate of LTR Retrotransposon

To estimate the half-life rate at which LTR retrotransposons are removed from the
strawberry genome, we divided the estimated insertion times of full-length LTR retro-
transposons from each genome of Fragaria into bins of 500,000 years. Assuming that LTR
retrotransposons are removed from the genome at a constant rate, the distribution of inser-
tion times can be represented by an exponential function with a constant half-life rate. To
estimate the average half-life of LTR retrotransposons, an R (v4.1.1) script was used to fit an
exponential function representing the relationship between insertion time and number of
LTR retrotransposons to the observed data by minimizing the sum of the distance between
the calculated and the observed values for each bin.

5. Conclusions

Transposable elements are an important part of the genome and play a crucial role
in plant genome structure and function [5,65]. In this study, we conducted a comparative
analysis of TEs in ten Fragaria genomes to enhance our understanding of the TE composition
of each genome and the roles they played in strawberry genome evolution and function.
The linear relationship between the half-life of intact LTR-RTs and genome size suggests
that, in addition to the amplification efficiency of TEs, the rate of DNA removal is also
an important force in determining strawberry genome size. The copy number of LTR-RT
families over the last million years reflects the genetic distance among Fragaria species.
Comparisons of TEs in the genomes of cultivated and diploid strawberries suggest that F.
vesca and F. iinumae are diploid ancestors of cultivated strawberry but that F. viridis may not
be. More high-quality strawberry genomes are necessary to determine additional diploid
ancestors of cultivated strawberry.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms242316935/s1.

Author Contributions: Methodology and data analysis, K.L.; writing—original draft preparation,
K.L.; writing—review and editing, J.X., S.L. and R.L.; visualization, K.L.; supervision, ] X. and R.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by funds from Fujian Agriculture and Forestry University to R.L.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

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

1.  Bourque, G.; Burns, KH.; Gehring, M.; Gorbunova, V.; Seluanov, A.; Hammell, M.; Imbeault, M.; Izsvak, Z.; Levin, H.L,;
Macfarlan, T.S.; et al. Ten things you should know about transposable elements. Genome Biol. 2018, 19, 199. [CrossRef]

2. Bennetzen, ].L.; Wang, H. The contributions of transposable elements to the structure, function, and evolution of plant genomes.
Annu. Rev. Plant Biol. 2014, 65, 505-530. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms242316935/s1
https://www.mdpi.com/article/10.3390/ijms242316935/s1
https://doi.org/10.1186/s13059-018-1577-z
https://doi.org/10.1146/annurev-arplant-050213-035811
https://www.ncbi.nlm.nih.gov/pubmed/24579996

Int. . Mol. Sci. 2023, 24, 16935 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Malik, H.S.; Baucom, R.S,; Estill, J.C.; Chaparro, C.; Upshaw, N.; Jogi, A.; Deragon, ].-M.; Westerman, R.P.; SanMiguel, PJ.;
Bennetzen, ].L. Exceptional diversity, non-random distribution, and rapid evolution of retroelements in the B73 maize genome.
PLoS Genet. 2009, 5, €1000732. [CrossRef]

Wells, J.N.; Feschotte, C. A field guide to eukaryotic transposable elements. Annu. Rev. Genet. 2020, 54, 539-561. [CrossRef]
Bennetzen, J.L. Transposable elements, gene creation and genome rearrangement in flowering plants. Curr. Opin. Genet. Dev.
2005, 15, 621-627. [CrossRef]

Zhang, L.; Hu, ].; Han, X;; Li, J.; Gao, Y,; Richards, C.M.; Zhang, C.; Tian, Y.; Liu, G.; Gul, H,; et al. A high-quality apple genome
assembly reveals the association of a retrotransposon and red fruit colour. Nat. Commun. 2019, 10, 1494. [CrossRef] [PubMed]
Huang, J.; Gao, Y,; Jia, H.; Liu, L.; Zhang, D.; Zhang, Z. Comparative transcriptomics uncovers alternative splicing changes and
signatures of selection from maize improvement. BMC Genom. 2015, 16, 363. [CrossRef]

McCann, J.; Macas, J.; Novak, P; Stuessy, T.E,; Villasenor, ].L.; Weiss-Schneeweiss, H. Differential genome size and repetitive DNA
evolution in diploid species of Melampodium sect. Melampodium (Asteraceae). Front. Plant Sci. 2020, 11, 362. [CrossRef]

Zeng, X.; Xu, T.; Ling, Z.; Wang, Y.; Li, X; Xu, S.; Xu, Q.; Zha, S.; Qimei, W.; Basang, Y.; et al. An improved high-quality genome
assembly and annotation of Tibetan hulless barley. Sci. Data 2020, 7, 139. [CrossRef]

Butelli, E.; Licciardello, C.; Zhang, Y.; Liu, J.; Mackay, S.; Bailey, P.; Reforgiato-Recupero, G.; Martin, C. Retrotransposons control
fruit-specific, cold-dependent accumulation of anthocyanins in blood oranges. Plant Cell 2012, 24, 1242-1255. [CrossRef]
Rohilla, M.; Mazumder, A.; Saha, D.; Pal, T.; Begam, S.; Mondal, T.K. Genome-wide identification and development of minia-
ture inverted-repeat transposable elements and intron length polymorphic markers in tea plant (Camellia sinensis). Sci. Rep.
2022, 12, 16233. [CrossRef]

Castanera, R.; Morales-Diaz, N.; Gupta, S.; Purugganan, M.; Casacuberta, ].M. Transposons are important contributors to gene
expression variability under selection in rice populations. eLife 2023, 12, RP86324. [CrossRef]

Yan, H.; Haak, D.C.; Li, S.; Huang, L.; Bombarely, A. Exploring transposable element-based markers to identify allelic variations
underlying agronomic traits in rice. Plant Commun. 2022, 3, 100270. [CrossRef]

Han, Y.; Qin, S.; Wessler, S.R. Comparison of class 2 transposable elements at superfamily resolution reveals conserved and
distinct features in cereal grass genomes. BMC Genom. 2013, 14, 71. [CrossRef] [PubMed]

Wang, L.; Wang, Y.; Zhang, J.; Feng, Y.; Chen, Q.; Liu, Z.S.; Liu, C.L.; He, W.; Wang, H.; Yang, S.E; et al. Comparative analysis of
transposable elements and the identification of candidate centromeric elements in the Prunus subgenus Cerasus and Its relatives.
Genes 2022, 13, 641. [CrossRef] [PubMed]

Li, S.F; She, H.B.; Yang, L.L.; Lan, L.N.; Zhang, X.Y.; Wang, L.Y.; Zhang, Y.L.; Li, N.; Deng, C.L.; Qian, W.; et al. Impact of
LTR-retrotransposons on genome structure, evolution, and function in Curcurbitaceae species. Int. J. Mol. Sci. 2022, 23, 10158.
[CrossRef] [PubMed]

Nouroz, F; Noreen, S.; Heslop-Harrison, ]J.S. Evolutionary genomics of miniature inverted-repeat transposable elements (MITEs)
in Brassica. Mol. Genet. Genom. 2015, 290, 2297-2312. [CrossRef] [PubMed]

Liston, A.; Cronn, R.; Ashman, T.L. Fragaria: A genus with deep historical roots and ripe for evolutionary and ecological insights.
Am. ]. Bot. 2014, 101, 1686-1699. [CrossRef] [PubMed]

Tennessen, J.A.; Govindarajulu, R.; Ashman, T.L.; Liston, A. Evolutionary origins and dynamics of octoploid strawberry
subgenomes revealed by dense targeted capture linkage maps. Genome Biol. Evol. 2014, 6, 3295-3313. [CrossRef] [PubMed]
Edger, PP; Poorten, T.].; VanBuren, R.; Hardigan, M.A.; Colle, M.; McKain, M.R.; Smith, R.D.; Teresi, S.J.; Nelson, A.D.L.; Wai,
C.M.; et al. Origin and evolution of the octoploid strawberry genome. Nat. Genet. 2019, 51, 541-547. [CrossRef]

Edger, PP.; VanBuren, R.; Colle, M.; Poorten, T.J.; Wai, C.M.; Niederhuth, C.E.; Alger, E.I; Ou, S.; Acharya, C.B.; Wang, J.; et al.
Single-molecule sequencing and optical mapping yields an improved genome of woodland strawberry (Fragaria vesca) with
chromosome-scale contiguity. Gigascience 2018, 7, gix124. [CrossRef] [PubMed]

Edger, PP; McKain, M.R,; Yocca, A.E.; Knapp, S.J.; Qiao, Q.; Zhang, T. Reply to: Revisiting the origin of octoploid strawberry. Nat.
Genet. 2020, 52, 5-7. [CrossRef] [PubMed]

Liston, A.; Wei, N.; Tennessen, J.A.; Li, ].; Dong, M.; Ashman, T.L. Revisiting the origin of octoploid strawberry. Nat. Genet.
2020, 52, 2—4. [CrossRef] [PubMed]

Johnson, A.L.; Govindarajulu, R.; Ashman, T.-L. Bioclimatic evaluation of geographical range in Fragaria (Rosaceae) consequences
of variation in breeding system, ploidy and species age. Bot. |. Linn. Soc. 2014, 176, 99-114. [CrossRef]

Qiao, Q.; Edger, PP; Xue, L.; Qiong, L.; Lu, J.; Zhang, Y.; Cao, Q.; Yocca, A.E.; Platts, A.E.; Knapp, S.J.; et al. Evolutionary history
and pan-genome dynamics of strawberry (Fragaria spp.). Proc. Natl. Acad. Sci. USA 2021, 118, €2105431118. [CrossRef] [PubMed]
Guo, R; Xue, L.; Luo, G.; Zhang, T.; Lei, J. Investigation and taxonomy of wild Fragaria resources in Tibet, China. Genet. Resour.
Crop Evol. 2017, 65, 405-415. [CrossRef]

Luo, G.; Xue, L.; Guo, R; Ding, Y.; Xu, W.; Lei, J. Creating interspecific hybrids with improved cold resistance in Fragaria. Sci.
Hortic. 2018, 234, 1-9. [CrossRef]

Zhang, |J.; Lei, Y,; Wang, B.; Li, S.; Yu, S.; Wang, Y.; Li, H; Liu, Y,; Ma, Y,; Dai, H.; et al. The high-quality genome of diploid
strawberry (Fragaria nilgerrensis) provides new insights into anthocyanin accumulation. Plant Biotechnol. J. 2020, 18, 1908-1924.
[CrossRef]

Sangiacomo, M. A ; Sullivan, J.A. Introgression of wild species into the cultivated strawberry using synthetic octoploids. Theor.
Appl. Genet. 1994, 88, 349-354. [CrossRef]


https://doi.org/10.1371/journal.pgen.1000732
https://doi.org/10.1146/annurev-genet-040620-022145
https://doi.org/10.1016/j.gde.2005.09.010
https://doi.org/10.1038/s41467-019-09518-x
https://www.ncbi.nlm.nih.gov/pubmed/30940818
https://doi.org/10.1186/s12864-015-1582-5
https://doi.org/10.3389/fpls.2020.00362
https://doi.org/10.1038/s41597-020-0480-0
https://doi.org/10.1105/tpc.111.095232
https://doi.org/10.1038/s41598-022-20400-7
https://doi.org/10.7554/eLife.86324.3
https://doi.org/10.1016/j.xplc.2021.100270
https://doi.org/10.1186/1471-2164-14-71
https://www.ncbi.nlm.nih.gov/pubmed/23369001
https://doi.org/10.3390/genes13040641
https://www.ncbi.nlm.nih.gov/pubmed/35456447
https://doi.org/10.3390/ijms231710158
https://www.ncbi.nlm.nih.gov/pubmed/36077556
https://doi.org/10.1007/s00438-015-1076-9
https://www.ncbi.nlm.nih.gov/pubmed/26129767
https://doi.org/10.3732/ajb.1400140
https://www.ncbi.nlm.nih.gov/pubmed/25326614
https://doi.org/10.1093/gbe/evu261
https://www.ncbi.nlm.nih.gov/pubmed/25477420
https://doi.org/10.1038/s41588-019-0356-4
https://doi.org/10.1093/gigascience/gix124
https://www.ncbi.nlm.nih.gov/pubmed/29253147
https://doi.org/10.1038/s41588-019-0544-2
https://www.ncbi.nlm.nih.gov/pubmed/31844320
https://doi.org/10.1038/s41588-019-0543-3
https://www.ncbi.nlm.nih.gov/pubmed/31844319
https://doi.org/10.1111/boj.12190
https://doi.org/10.1073/pnas.2105431118
https://www.ncbi.nlm.nih.gov/pubmed/34697247
https://doi.org/10.1007/s10722-017-0541-1
https://doi.org/10.1016/j.scienta.2018.02.023
https://doi.org/10.1111/pbi.13351
https://doi.org/10.1007/BF00223644

Int. . Mol. Sci. 2023, 24, 16935 17 of 18

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

Noguchi, Y.; Mochizuki, T.; Sone, K. Breeding of a new aromatic strawberry by interspecific hybridization Fragaria x ananassa x F.
nilgerrensis. Engei Gakkai Zasshi 2002, 71, 208-213. [CrossRef]

Castillejo, C.; Waurich, V.; Wagner, H.; Ramos, R.; Oiza, N.; Mufoz, P; Trivifio, ].C.; Caruana, J.; Liu, Z.; Cobo, N; et al. Allelic
variation of MYB10 is the major force controlling natural variation in skin and flesh color in strawberry (Fragaria spp.) fruit. Plant
Cell 2020, 32, 3723-3749. [CrossRef] [PubMed]

Chen, X.; Wang, C.; He, B.; Wan, Z; Zhao, Y.; Hu, F; Lv, Y. Transcriptome profiling of transposon-derived long non-coding RNAs
response to hormone in strawberry fruit development. Front. Plant Sci. 2022, 13, 915569. [CrossRef] [PubMed]

Feng, C.; Wang, ].; Harris, A.J.; Folta, KM.; Zhao, M.; Kang, M. Tracing the diploid ancestry of the cultivated octoploid strawberry.
Mol. Biol. Evol. 2021, 38, 478-485. [CrossRef] [PubMed]

Cauret, C.M.S.; Mortimer, SSM.E.; Roberti, M.C.; Ashman, T.L.; Liston, A. Chromosome-scale assembly with a phased sex-
determining region resolves features of early Z and W chromosome differentiation in a wild octoploid strawberry. G3 (Bethesda)
2022, 12, jkac139. [CrossRef] [PubMed]

Hirakawa, H.; Shirasawa, K.; Kosugi, S.; Tashiro, K.; Nakayama, S.; Yamada, M.; Kohara, M.; Watanabe, A.; Kishida, Y.; Fujishiro,
T.; et al. Dissection of the octoploid strawberry genome by deep sequencing of the genomes of Fragaria species. DNA Res.
2013, 21, 169-181. [CrossRef] [PubMed]

Ou, S; Su, W,; Liao, Y.; Chougule, K.; Agda, ].R.A.; Hellinga, A.].; Lugo, C.S.B.; Elliott, T.A.; Ware, D.; Peterson, T.; et al.
Benchmarking transposable element annotation methods for creation of a streamlined, comprehensive pipeline. Genome Biol.
2019, 20, 275. [CrossRef] [PubMed]

Revell, L.J. phytools: An R package for phylogenetic comparative biology (and other things). Methods Ecol. Evol. 2012, 3, 217-223.
[CrossRef]

Wicker, T.; Keller, B. Genome-wide comparative analysis of copia retrotransposons in Triticeae, rice, and Arabidopsis reveals
conserved ancient evolutionary lineages and distinct dynamics of individual copia families. Genome Res. 2007, 17, 1072-1081.
[CrossRef]

Zhang, R.G.; Li, G.Y;; Wang, X.L.; Dainat, J.; Wang, Z.X,; Ou, S.; Ma, Y. TEsorter: An accurate and fast method to classify
LTR-retrotransposons in plant genomes. Hortic. Res. 2022, 9, uhac017. [CrossRef]

Vicient, C.M.; Casacuberta, ].M. Impact of transposable elements on polyploid plant genomes. Ann. Bot. 2017, 120, 195-207.
[CrossRef]

Castro, M.RJ.; Goubert, C.; Monteiro, F.A.; Vieira, C.; Carareto, C.M.A. Homology-free detection of transposable elements unveils
their dynamics in three ecologically distinct Rhodnius species. Genes 2020, 11, 170. [CrossRef] [PubMed]

Laurie, ].D.; Ali, S.; Linning, R.; Mannhaupt, G.; Wong, P.; Giildener, U.; Miinsterkétter, M.; Moore, R.; Kahmann, R.; Bakkeren,
G.; et al. Genome comparison of barley and maize smut fungi reveals targeted Loss of RNA silencing components and species-
specific presence of transposable elements. Plant Cell 2012, 24, 1733-1745. [CrossRef] [PubMed]

Petersen, M.; Armisen, D.; Gibbs, R.A.; Hering, L.; Khila, A.; Mayer, G.; Richards, S.; Niehuis, O.; Misof, B. Diversity and evolution
of the transposable element repertoire in arthropods with particular reference to insects. BMC Ecol. Evol. 2019, 19, 11. [CrossRef]
[PubMed]

Chalopin, D.; Naville, M.; Plard, F,; Galiana, D.; Volff, ] N. Comparative analysis of transposable elements highlights mobilome
diversity and evolution in vertebrates. Genome Biol. Evol. 2015, 7, 567-580. [CrossRef] [PubMed]

Suntsova, M.V,; Buzdin, A.A. Differences between human and chimpanzee genomes and their implications in gene expression,
protein functions and biochemical properties of the two species. BMIC Genom. 2020, 21, 535. [CrossRef]

Bao, W.; Kojima, K.K.; Kohany, O. Repbase Update, a database of repetitive elements in eukaryotic genomes. Mob. DNA 2015, 6, 11.
[CrossRef]

Ammiraju, J.S.; Zuccolo, A.; Yu, Y,; Song, X.; Piegu, B.; Chevalier, F.; Walling, ].G.; Ma, ]; Talag, J.; Brar, D.S,; et al. Evolutionary
dynamics of an ancient retrotransposon family provides insights into evolution of genome size in the genus Oryza. Plant ].
2007, 52, 342-351. [CrossRef]

Zhang, C.; Wang, L.; Dou, L.; Yue, B.; Xing, J.; Li, ]. Transposable elements shape the genome diversity and the evolution of
noctuidae species. Genes 2023, 14, 1244. [CrossRef]

Wong, W.Y.; Simakov, O.; Bridge, D.M.; Cartwright, P.; Bellantuono, A.J.; Kuhn, A.; Holstein, TW.; David, C.N.; Steele, R.E.;
Martinez, D.E. Expansion of a single transposable element family is associated with genome-size increase and radiation in the
genus Hydra. Proc. Natl. Acad. Sci. USA 2019, 116, 22915-22917. [CrossRef]

Kapusta, A.; Suh, A. Evolution of bird genomes-a transposon’s-eye view. Ann. N. Y. Acad. Sci. 2017, 1389, 164-185. [CrossRef]
Sun, X; Jiao, C.; Schwaninger, H.; Chao, C.T.; Ma, Y.; Duan, N.; Khan, A.; Ban, S.; Xu, K.; Cheng, L.; et al. Phased diploid genome
assemblies and pan-genomes provide insights into the genetic history of apple domestication. Nat. Genet. 2020, 52, 1423-1432.
[CrossRef] [PubMed]

Alioto, T.; Alexiou, K.G.; Bardil, A.; Barteri, F.; Castanera, R.; Cruz, F,; Dhingra, A.; Duval, H.; Ferndndez i Marti, A.; Frias, L.; et al.
Transposons played a major role in the diversification between the closely related almond and peach genomes: Results from the
almond genome sequence. Plant J. 2019, 101, 455-472. [CrossRef] [PubMed]

Libbrecht, M.W.; Noble, W.S. Machine learning applications in genetics and genomics. Nat. Rev. Genet. 2015, 16, 321-332.
[CrossRef] [PubMed]


https://doi.org/10.2503/jjshs.71.208
https://doi.org/10.1105/tpc.20.00474
https://www.ncbi.nlm.nih.gov/pubmed/33004617
https://doi.org/10.3389/fpls.2022.915569
https://www.ncbi.nlm.nih.gov/pubmed/35783970
https://doi.org/10.1093/molbev/msaa238
https://www.ncbi.nlm.nih.gov/pubmed/32941604
https://doi.org/10.1093/g3journal/jkac139
https://www.ncbi.nlm.nih.gov/pubmed/35666193
https://doi.org/10.1093/dnares/dst049
https://www.ncbi.nlm.nih.gov/pubmed/24282021
https://doi.org/10.1186/s13059-019-1905-y
https://www.ncbi.nlm.nih.gov/pubmed/31843001
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1101/gr.6214107
https://doi.org/10.1093/hr/uhac017
https://doi.org/10.1093/aob/mcx078
https://doi.org/10.3390/genes11020170
https://www.ncbi.nlm.nih.gov/pubmed/32041215
https://doi.org/10.1105/tpc.112.097261
https://www.ncbi.nlm.nih.gov/pubmed/22623492
https://doi.org/10.1186/s12862-018-1324-9
https://www.ncbi.nlm.nih.gov/pubmed/30626321
https://doi.org/10.1093/gbe/evv005
https://www.ncbi.nlm.nih.gov/pubmed/25577199
https://doi.org/10.1186/s12864-020-06962-8
https://doi.org/10.1186/s13100-015-0041-9
https://doi.org/10.1111/j.1365-313X.2007.03242.x
https://doi.org/10.3390/genes14061244
https://doi.org/10.1073/pnas.1910106116
https://doi.org/10.1111/nyas.13295
https://doi.org/10.1038/s41588-020-00723-9
https://www.ncbi.nlm.nih.gov/pubmed/33139952
https://doi.org/10.1111/tpj.14538
https://www.ncbi.nlm.nih.gov/pubmed/31529539
https://doi.org/10.1038/nrg3920
https://www.ncbi.nlm.nih.gov/pubmed/25948244

Int. . Mol. Sci. 2023, 24, 16935 18 of 18

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

Ma, C.; Zhang, H.H.; Wang, X. Machine learning for big data analytics in plants. Trends Plant Sci. 2014, 19, 798-808. [CrossRef]
[PubMed]

Cortes, A.J.; Restrepo-Montoya, M.; Bedoya-Canas, L.E. Modern strategies to assess and breed forest tree adaptation to changing
climate. Front. Plant Sci. 2020, 11, 583323. [CrossRef]

Cortes, A.J.; Lopez-Hernandez, F. Harnessing crop wild diversity for climate change adaptation. Genes 2021, 12, 783. [CrossRef]
Tong, H.; Nikoloski, Z. Machine learning approaches for crop improvement: Leveraging phenotypic and genotypic big data.
J. Plant Physiol. 2021, 257, 153354. [CrossRef]

Jung, S.; Lee, T.; Cheng, C.H.; Buble, K.; Zheng, P,; Yu, J.; Humann, J.; Ficklin, S.P.; Gasic, K.; Scott, K.; et al. 15 years of GDR: New
data and functionality in the genome database for Rosaceae. Nucleic Acids Res. 2019, 47, D1137-D1145. [CrossRef]

Ou, S.; Jiang, N. LTR _retriever: A highly accurate and sensitive program for identification of long terminal repeat retrotransposons.
Plant Physiol. 2018, 176, 1410-1422. [CrossRef]

Su, W,; Gu, X,; Peterson, T. TIR-Learner, a new ensemble method for TIR transposable element annotation, orovides evidence for
abundant new transposable elements in the maize genome. Mol. Plant 2019, 12, 447-460. [CrossRef]

Xiong, W.; He, L.; Lai, J.; Dooner, H.K.; Du, C. HelitronScanner uncovers a large overlooked cache of Helitron transposons in
many plant genomes. Proc. Natl. Acad. Sci. USA 2014, 111, 10263-10268. [CrossRef] [PubMed]

Flynn, ].M.; Hubley, R.; Goubert, C.; Rosen, ].; Clark, A.G.; Feschotte, C.; Smit, A.F. RepeatModeler2 for automated genomic
discovery of transposable element families. Proc. Natl. Acad. Sci. USA 2020, 117, 9451-9457. [CrossRef] [PubMed]

Ou, S.; Collins, T.; Qiu, Y.; Seetharam, A.S.; Menard, C.C.; Manchanda, N.; Gent, ].I.; Schatz, M.C.; Anderson, S.N.; Hufford,
M.B.; et al. Differences in activity and stability drive transposable element variation in tropical and temperate maize. bioRxiv 2022.
[CrossRef]

Yan, H.; Bombarely, A.; Li, S. DeepTE: A computational method for de novo classification of transposons with convolutional
neural network. Bioinformatics 2020, 36, 4269-4275. [CrossRef]

Wicker, T; Sabot, F.; Hua-Van, A.; Bennetzen, ].L.; Capy, P.; Chalhoub, B.; Flavell, A ; Leroy, P.; Morgante, M.; Panaud, O.; et al. A
unified classification system for eukaryotic transposable elements. Nat. Rev. Genet. 2007, 8, 973-982. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.tplants.2014.08.004
https://www.ncbi.nlm.nih.gov/pubmed/25223304
https://doi.org/10.3389/fpls.2020.583323
https://doi.org/10.3390/genes12050783
https://doi.org/10.1016/j.jplph.2020.153354
https://doi.org/10.1093/nar/gky1000
https://doi.org/10.1104/pp.17.01310
https://doi.org/10.1016/j.molp.2019.02.008
https://doi.org/10.1073/pnas.1410068111
https://www.ncbi.nlm.nih.gov/pubmed/24982153
https://doi.org/10.1073/pnas.1921046117
https://www.ncbi.nlm.nih.gov/pubmed/32300014
https://doi.org/10.1101/2022.10.09.511471
https://doi.org/10.1093/bioinformatics/btaa519
https://doi.org/10.1038/nrg2165

	Introduction 
	Results 
	Construction of a Pan-Genome TE Library with Ten Fragaria Species 
	Pan-Genome TE Content across Genus Fragaria 
	Diversity of TE Content in the Genome of Strawberries 

	The Evolution History of TEs in the Fragaria Genus 
	Amplification of TE Subfamilies 
	TE Contents Are Strongly Correlated with Genome Sizes of Diploid Strawberries 
	Removal Rate of LTR-RTs and the Strawberry Genome Size 
	The Transposition Bursts of LTR-RTs in Fragaria Genomes 
	Recent Transposition Burst of LTR Retrotransposons 

	Evolution History of TEs in Cultivated Strawberry 
	Comparative Analysis of the TE Contribution between Cultivated Strawberry Subgenomes and Their Diploid Ancestor Genomes 
	Evolution History of LTR-RTs in Cultivated Strawberry 
	Shared TEs in Cultivated Strawberry Genome and the Ancestor Genomes 


	Discussion 
	The Contributions of TE Amplification and DNA Removal to Genome Size 
	The Role of TEs in Strawberry Genome Evolution 
	New Perspective on the Diploid Ancestors of Cultivated Strawberry 

	Materials and Methods 
	Genome Datasets 
	Construction of the Pan-Genome TE Library for Fragaria Species 
	Genome Masking 
	Kimura Distance-Based Propagation Activity Analysis 
	Estimate the Insertion Time of LTR Retrotransposon 
	Estimate the Half-Life Rate of LTR Retrotransposon 

	Conclusions 
	References

