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Applying the Solanaceae Strategies to
Strawberry Crop Improvement
Amelia Gaston,1 Sonia Osorio,2 Béatrice Denoyes,1,* and Christophe Rothan1,*
Highlights
Cultivated octoploid strawberry,

whose production increases

continuously, displays limited ge-

netic variability, which impedes its

improvement. Woodland straw-

berry, one of its wild diploid an-

cestors, exhibits wide phenotypic

diversity. Tomato and potato are

major crops of the Solanaceae
Strawberry is a fruit crop species of major horticultural importance, for which fruit quality and

the control of flowering (for fruit yield), runnering (for vegetative propagation), and the

trade-off between the two are main breeding targets. The octoploid cultivated strawberry has

a limited genetic basis. This raises the question of how to identify important gene targets and

successfully exploit them for strawberry improvement. In this Opinion article we propose to

apply to woodland strawberry, a wild diploid species displaying wide diversity, the strategies

successfully employed in recent years for the identification of genetic variations underlying fruit

quality and fruit yield traits in solanaceous crops (tomato, potato). Next we propose to use gene

editing technologies to translate the findings to cultivated strawberry.
1INRA and University of Bordeaux, UMR
1332 Biologie du Fruit et Pathologie,
F-33140 Villenave d’Ornon, France

family.

Fruit yield and quality are major

breeding targets in strawberry and

tomato. Stolon production is a trait

important for both strawberry

(vegetative propagation) and po-

tato (tuber production) that has

recently received much attention.

In tomato, the exploitation of ge-

netic diversity combined with mul-

tiomics and/or gene editing stra-

tegies recently led to considerable

improvement of fruit yield and

quality.
How Lessons Learned from the Solanaceae Can Improve Strawberry

In the past years, fruit yield and quality have been studied in depth in the model fleshy-fruit species

tomato. Recently, natural and artificial tomato genetic diversity (see Glossary) has been explored to

an unprecedented level through deep sequencing and other omics technologies to discover the

genetic architecture of fruit yield, fruit flavor, and fruit nutritional quality [1–6]. Remarkably, these

findings were immediately translated to crop improvement through the creation of new tomato lines

exhibiting enhanced yield and fruit quality or even for de novo domestication of wild related species

through clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated

system 9 (Cas9) gene editing technology [7–9].

Strawberry is a fleshy fruit of considerable commercial and nutritional importance. Like tomato, straw-

berry has sympodial shoot growth and bears fruit for which volatiles and primary metabolites (flavor)

and specializedmetabolites (color, nutrition) are of utmost importance. Like potato, which belongs to

the Solanaceae family together with tomato, strawberry propagates by both sexual (fruits) and

asexual (stolons or runners) reproduction [10,11]. However, strategies used in the Solanaceae for

gene and allele discoveries can hardly be applied directly to cultivated strawberry because of its

octoploid status (Box 1) and limited genetic diversity [12,13]. By contrast, the wild diploid woodland

strawberry (Fragaria vesca) benefits from a wide distribution in the Northern Hemisphere and hence

from very large genetic diversity. Several additional diploid Fragaria species with more limited

distributions are found in the wild (Figure 1). Thanks to the considerable advances in phenotyping

and genotyping technologies, these genetic resources can now be harnessed to identify genetic var-

iations responsible for remarkable agronomic traits such as plant flowering and runnering aptitude or

fruit flavor. In addition, the high-quality genome sequence of cultivated strawberry, recently released

[14], showed the expression dominance of F. vesca in cultivated strawberry. Because the diploid and

octoploid strawberry species can be efficiently engineered by CRISPR/Cas9 gene editing [15,16], the

findings from F. vesca can now be transferred to cultivated strawberry via gene editing ,which is well

adapted for targeting multiple traits or multiple homoeoalleles (Box 1) in polyploid crop species.
2Department of Molecular Biology and
Biochemistry, Instituto de
Hortofruticultura Subtropical y
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Tomato and Strawberry Genetic Diversity

Tomato and its 12 closely related species belong to the Solanum genus in the large Solanaceae family

[17], are diploid (Box 1) and originate from the Andean region of South America. Cultivated tomato

Solanum lycopersicum derives from the wild Solanum pimpinellifolium via the domesticated cherry

tomato. Domestication and selection triggered a genetic bottleneck resulting in a loss of genetic

diversity [18], but later improvement and breeding contributed to the development of thousands

of new cultivated varieties with large phenotypic diversity. Explorations of the tomato’s center of
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Box 1. Polyploidy

Polyploidy has long been recognized as a major force in speciation and evolution. The haploid number (n)

represents the number of chromosomes present in haploid cells such as gametes and the number x represents

the number of chromosomes present in the haploid cells of the species showing the lowest level of ploidy in the

series. In diploids, one set of chromosomes is present (2n = 2x), while more than one set are present

in polyploids resulting from whole-genome duplication [two in tetraploids (2n = 4x), three in hexaploids

(2n = 6x), etc.]. As an example, in the strawberry (Fragaria) genus, for which the basic number of chromosomes

is x = 7, species can be diploid such as Fragaria vesca (2n = 2x = 14), hexaploid such as Fragaria moschata

(2n = 6x = 42), octoploid such as Fragaria virginiana (2n = 8x = 56), or decaploid such as Fragaria iturupensis

(2n = 10x = 70).

An allopolyploid octoploid species results from the merger of four diploid genomes from related species,

considered as four subgenomes. The cultivated strawberry Fragaria 3 ananassa, which is a hybrid between

the two octoploid species F. virginiana and Fragaria chiloensis, comprises the four F. vesca, Fragaria viridis,

Fragaria iinumae, and Fragaria nipponica subgenomes [14]. The consequences of polyploidy on crop breeding

are essential. In diploid species such as tomato, only two copies or alleles of the same gene at the same loci on

homologous chromosomes will contribute to the expression of a given gene and thus to the value of the

corresponding trait. Therefore, the identification and selection of plants carrying the beneficial allelic variant

and hence the trait of interest can be relatively straightforward even for multigene control. In polyploids, tran-

scripts from a given gene can be represented by a combination of transcripts from various homoeoalleles.

Allelic dosage or more complex interactions between homoeoalleles can therefore strongly affect phenotypes.

In an octoploid species such as cultivated strawberry, determining which allele or which combination of up to

eight homoeoalleles is responsible for the trait of interest can prove extremely difficult. As a consequence,

breeding superior varieties by selecting the beneficial homoeoallelic variants or by modifying simultaneously

several homoeoalleles via gene editing can be challenging. However, a recent study showed that F. vesca is the

dominant subgenome in cultivated strawberry and controls several metabolic pathways including flavor, which

makes this species the ideal target for the discovery of beneficial allelic variants and for their subsequent trans-

fer to cultivated strawberry.

Glossary
Allele: one of a number of alter-
native forms of the same gene
occupying a given position on a
chromosome.
Carpel: female part of a flower
that comprises the ovary, stigma,
and style. The fruit pericarp tissue
that develops from the ovary wall
of the flower and surrounds the
seeds is fleshy in tomato fruit
(fused carpels) and dry and hard-
ened in the strawberry achene
(unique carpel).
CENTRORADIALIS/TERMINAL
FLOWER 1/SELF-PRUNING
(CETS) family: gene family with a
prominent role in the regulation of
flowering or tuberization, with
members acting as florigen, tu-
berigen, and floral repressor.
Clustered regularly interspaced
short palindromic repeats
(CRISPR)/CRISPR-associated sys-
tem 9 (Cas9): CRISPR and its
associated nuclease Cas are ‘mo-
lecular scissors’ designed to
target and edit a given sequence.
This can introduce mutations and
thus create a new allelic variant or
replace a wild allele with an en-
gineered allele.
Florigen: long-distance signal
promoting flowering.
Genetic diversity: variation in a
DNA sequence between distinct
individuals of a given species (or
population). Genetic diversity is
reflected in phenotypic diversity;
for example, variations in fruit
shape, color, or flavor between
individuals and populations.
Genome-wide association study
(GWAS): a powerful approach that
examines the genetic variations
(e.g., SNPs) over the genome of
many individuals and correlates
them with variations in phenotypic
traits. To precisely pinpoint the
genetic variations associated with
a given trait requires access to
cost-effective and high-resolution
genome-wide genotyping tech-
nologies, such as whole-genome
sequencing, and to highly diverse
genetic resources representing a
wide genetic diversity. The struc-
ture and genetic relatedness of
genetic diversity has to be taken
into account when constituting
GWAS panels.
Meristem: in plants, groups of
cells that achieve stem-cell
renewal and coordinate organ
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origin further enabled the collection and characterization of vast natural genetic diversity. In addition,

artificially induced mutant collections provide new genetic diversity [17].

Strawberry belongs to the genus Fragaria in the Rosaceae family. Fragaria comprises 22 wild species

[19] ranging from diploids (2n = 2x = 14) to decaploids (2n = 10x = 70; Box 1). The main cultivated

strawberry Fragaria 3 ananassa (8x) originated in the 18th century in Europe from a hybridization

by chance between two octoploid species, the wild Fragaria virginiana (North America) and the

domesticated Fragaria chiloensis (South America) [14]. Early breeding practices reduced its genetic

diversity, which was later enlarged by crosses with both wild parental species aimed at transferring

desirable traits such as remontancy for F. virginiana or adaptation to mild coastal climates for

F. chiloensis [12]. In addition to the octoploid F. chiloensis, cultivated in Chile for �1000 years, other

cultivated species are the hexaploid Fragaria moschata, or musk strawberry, cultivated in Europe

since the 14th century, and the diploid F. vesca or woodland strawberry, which was a common garden

strawberry in Europe from Roman times until it was superseded by the hexaploid and then by

the octoploid scarlet imported in Europe in 16th century and finally by F. 3 ananassa in the 18th

century [19].

Wild Fragaria diploid species occur naturally almost throughout the Holarctic. Among the wild

diploid species, F. vesca and its subspecies [19] show the most widespread distribution [20] (Figure 1).

After F. vesca, the largest distribution is that of the Eurasian Fragaria viridis. Other Fragaria diploid

species display a much more restricted distribution, examples of which are the Fragaria iinumae

and Fragaria nipponica species circumscribed mainly to islands of Japan and East Russia. Interest-

ingly, F. vesca is one of the four diploid progenitors of the octoploid cultivated strawberry and

displays a dominant expression bias over the other three subgenomes from F. viridis, F. iinumae,

and F. nipponica [14]. As a consequence of its extensive distribution, F. vesca diversity is high, as

shown for fruit size, shape, and color traits in a subset of F. vesca accessions (Figure 1). It therefore

constitutes a major genetic resource, still underexploited, for the discovery of natural allelic variants
Trends in Plant Science, February 2020, Vol. 25, No. 2 131
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Figure 1. Distribution of Diploid Strawberry Species and Fruit Diversity in Subspecies of Woodland

Strawberry.

(A) Geographic distribution of the twelve Fragaria diploid species. The woodland strawberry Fragaria vesca is the

most widely distributed in the Northern Hemisphere. (B) Altitudinal distribution of woodland strawberry. F. vesca is

present at a wide range of altitudes (e.g., from 150 m to 1700 m above sea level, depending on south or north

exposure, in the Pyrénées mountains). (C) Example of fruit phenotypic diversity in F. vesca (different subspecies

and formae). Photograph from Klaus Olbricht. Map available at https://www.sccpre.cat/show/imhibo_world-

map-png-high-resolution-world-map-vector/.

formation from the periphery of
the meristem.
Metabolome: the total comple-
ment of metabolites present in a
cell, tissue, organ, or organism.
Plant architecture: spatial
arrangement of vegetative and
reproductive structures along the
stem that produces the
complexity of plant organization.
It results from the complex regu-
lation of hierarchically organized
meristems.
Primary metabolism: reactions
and pathways absolutely vital for
plant survival.
Quantitative trait locus (QTL): lo-
cus (chromosomal region) associ-
ated with the quantitative varia-
tion of a trait.
Receptacle: enlarged flower
stem.
Runners: aerial stolons producing
daughter plants in strawberry.
Single-nucleotide polymorphism
(SNP): substitution of a single
nucleotide at a specific position in
the genome.
Specialized metabolism: re-
actions and pathways that fulfil a
multitude of important functions
for growth and development,
including the interaction of the
plant with the environment.
Stolon: specialized and highly
elongated axes developed from
an axillary meristem (AM). In po-
tato, underground stolons pro-
duce tubers in the tuberization
process; in strawberry, stolons are
called runners.
Transcriptome: the total comple-
ment of transcripts present in a

Trends in Plant Science
responsible for environmental tolerance and for plant and fruit agronomic traits. In addition, new

artificially induced genetic diversity has been generated in F. vesca by mutagenesis [11].

cell, tissue, organ, or organism.
Tuberigen: long-distance signal
promoting tuberization.
Volatiles: volatile organic com-
pounds that comprise a wide di-
versity of low-molecular-weight
secondary metabolites with high
vapor pressure under ambient
conditions.
Major Traits to Improve in Strawberry
Plant and Fruit Yield

Fruit yield, one of the most important and complex crop traits, is determined by fruit number and

weight. Fruit number depends on plant and inflorescence architecture (Box 2), which determines

the number of inflorescences and the number of flowers/fruits in a truss, and on the extent of the fruit

production period. Fruit weight mostly depends on fruit size and shape [21]. In strawberry, there is a

trade-off between fruit yield and the production of aerial stolons (or runners), an important trait in

nurseries for vegetative plant propagation via daughter plants [10] (Figure 2).

Considerable advances have been made in recent years regarding fruit yield control in tomato via

plant and inflorescence architecture, thanks to the dissection of the molecular mechanisms for

meristemmaturation [22–24] and to the study of the available genetic diversity from Solanaceae spe-

cies and tomato mutant collections [1]. Several key players in tomato yield have been unraveled

including the florigen SFT and anti-florigen SP [from the CENTRORADIALIS/TERMINAL FLOWER

1/SELF-PRUNING (CETS) family], the balance of which modulates shoot termination and branching

and therefore plant architecture [1,25], and the TMF transcription factor, S locus (WOX9 homolog),

and MADS-box J2 and EJ2, which determine inflorescence architecture [2,7,23] (Figure 2). Moreover,
132 Trends in Plant Science, February 2020, Vol. 25, No. 2
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Box 2. Plant and Inflorescence Architecture

Tomato and strawberry are sympodial species in which the main axis, issued from the shoot apical meristem

(SAM), terminates in an inflorescence under inducible conditions. The vegetative growth of the plant is main-

tained by the uppermost AM leading to a sympodial axis, which can in turn terminate in an inflorescence; this

process will be reiterated.

In addition, in potato and strawberry, the AM along the axis can produce lateral axes terminated by an inflo-

rescence or can develop specialized and highly elongated axes, named stolons. In strawberry, stolons are

aerial and produce daughter plants, whereas in potato stolons are underground and produce tubers, both pro-

cesses allowing asexual reproduction. AM fate thus regulates the trade-off between flowering (fruit yield) and

runnering (daughter-plant yield) in strawberry.

The inflorescence meristem is indeterminate and may continuously initiate determinate floral meristems, which

produce flowers. As an example, depending on meristem activity, the number of flowers in Solanaceae may

range from one (pepper) to hundreds in some species and in several tomato mutants [71].

Trends in Plant Science
customized combination of allelic variants of architecture-associated genes resulted in spectacular

improvement in crop productivity not only in cultivated tomato but also in its wild ancestor

S. pimpinellifolium and in the orphan species Physalis peruviana [1,3,7,9,26]. To date, the large

variability in plant and inflorescence complexity has not been studied in depth in Fragaria

species [27].

The fruit production period can be extended in cultivated strawberry, which is a short-day species,

thanks to the natural perpetual flowering homoeoallelic variant introduced from F. virginiana [28]. In

woodland strawberry, mutation in the TFL1 floral repressor considerably prolongs fruit production

[29,30], whereas in tomato mutation in its SP homolog results in determinate growth and thus shortens

the flowering period [25]. In tomato, domestication-driven loss of day-length-sensitive flowering is due

to allelic variations in the florigen repressor SP5G and in the circadian clock gene EID1 [2,31], while in

potato an allelic variant of the CDF1 mediator between light regulation and the tuberigen pathway is

responsible for the loss of photoperiodic sensitivity in tuberization [32]. In both Solanaceae species,

thesemutations permitted the adaptation to newgeographic regions. Together these findings highlight

how improvement of strawberry productivity can benefit from Solanaceae studies on plant architecture

and on the florigen/tuberigen pathway and its regulation by light.

Fruit weight has long received considerable attention in tomato because of its association with

domestication and crop productivity [21]. Various combinations of natural, mutated and, more

recently, gene edited variants of genes regulating the floral meristem were shown to have a huge

effect on carpel number and fruit size in tomato [7,21,33]. However, because the strawberry fruit is

a swollen receptacle and is not formed from carpels, the most interesting target genes are those

active in the ovary and in growing fruit, such as FW2.2, SUN, or OVATE [21,33].

Regarding daughter-plant yield, there is a clear convergence between strawberry and potato because

tubers are also produced by stolons, which are underground in this species (Box 2). In strawberry, the

study of natural and induced mutants led to the identification of GA pathway components (GA20ox

and DELLA proteins) for the control of runnering [10,11], while the same hormonal pathway and the

tuberigen SP6Awere shown to regulate stolon formation and tuberization in potato [34–36] (Figure 2).

Fruit Quality

Flavor Is a Major Fruit Quality Trait

Fleshy-fruit quality is also complex (Figure 3A) and is difficult to improve by selection. One of themost

important traits is fruit flavor (taste and smell), which is determined in both tomato and strawberry by

complex interactions between sugars (mainly glucose, fructose, and sucrose), organic acids (mainly

citrate, malate, and glutamate), and a set of tens to hundreds of volatile compounds. Major

compounds produced by primary and specialized metabolism are summarized in Figure 3B. The
Trends in Plant Science, February 2020, Vol. 25, No. 2 133
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Figure 2. Fruit and Plant Yield-Associated Traits and Candidate Genes.

Nonexhaustive list of major genes from tomato and potato that may contribute to the improvement of yield-associated

traits in strawberry. The fruit yield trait can benefit from insights on plant and inflorescence architecture, fruit size

determination, and day-length control of flowering in tomato. The daughter-plant yield trait can benefit from

insights on stolon production and tuberization in potato. Tomato (Sl, Solanum lycopersicum): SP, SELF-PRUNING;

SFT, SINGLE FLOWER TRUSS; S, COMPOUND INFLORESCENCE [homolog of WUSCHEL-RELATED HOMEOBOX

9 (WOX9)]; J2, JOINTLESS 2; EJ2, ENHANCER-OF-JOINTLESS 2; TMF, TERMINATING FLOWER; FW2.2, FRUIT

WEIGHT 2.2; SUN; OVATE; SlSP5G, SELF-PRUNING 5G; SlEID1, EMPFINDLICHER IM DUNKELROTEN LICHT 1.

Potato (St, Solanum tuberosum): StSP6A, SELF-PRUNING 6A; StSP5G, SELF-PRUNING 5G; COL1, CONSTANS-

LIKE 1; CDF1, CYCLIN DOF FACTOR 1; GA2ox1, GIBBERELIN 2 OXIDASE 1; GA20ox1, GIBBERELIN 20

OXIDASE 1; BEL5, arabidopsis BEL1-like; LOG1, LONELY GUY 1. *, belongs to the CETS family.

Trends in Plant Science
sugar:acid ratio is widely adopted as a breeding target [37], but specific volatiles may also enhance

the perception of sweetness independent of sugar content [38]. In strawberry fruit, for example, pos-

itive correlations between sweet aroma intensity and a subset of lactones and terpenoids have been

reported [39].

Until recently, modern breeding has been mainly focused on plant production, yield (Figure 2), bi-

otic resistance, and postharvest handling rather than on fruit quality. Consequently, modern vari-

eties frequently lack the pleasant flavor characteristics required by consumers because they contain
134 Trends in Plant Science, February 2020, Vol. 25, No. 2
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Figure 3. Fruit Quality.

(A) Tomato is a berry where seeds are enclosed in fleshy pericarp. Strawberry is botanically not a fruit but a swollen

receptacle that bears multiple fruits (achenes) on its surface. The achene is an indehiscent dry fruit in which a unique

seed is enclosed in a sclerified pericarp. Strawberry and tomato fruits share common sensorial and nutritional

quality traits including fruit appearance and tactile sensation (size, shape, color, brightness, or texture), flavor

(sugars, organic acids, volatiles, bitter and astringent compounds), and nutritional value (vitamins, polyphenols).

(B) Specialized metabolism is important in both tomato and strawberry. Compounds derived from specialized

metabolism are, for example, essential for fruit color (e.g., the red anthocyanins in strawberry) and health

benefits (vitamins, phenolics, and other antioxidants). An outline of the most important shikimate- and

phenylalanine-derived secondary compounds pathways in tomato and strawberry fruit is shown. Single and

double arrows indicate single and multiple reactions, respectively.

Trends in Plant Science
only a small variation of the flavor chemicals present in wild genetic resources. This is due to

extreme genetic selection and loss of allelic diversity during domestication [4–6,40,41].

Additionally, breeding for increased sugars content may be detrimental to fruit size, which is a

major trait [6].
Trends in Plant Science, February 2020, Vol. 25, No. 2 135
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A Wild Reservoir for Flavor Improvement in Genetic Resources

Interestingly, strawberry and tomato wild relatives are significantly different from cultivated varieties,

not only for fruit size but also for flavor attributes [5,6,42–44]. In tomato, this diversity has been

instrumental for the discovery by quantitative trait locus (QTL)mapping of allelic variants responsible

for desirable flavor-related traits (e.g., starch and sugar content [45], fructose-to-glucose ratio [46],

flavor volatiles [47]). In parallel, genome-wide association studies (GWASs) of hundreds of tomato

modern varieties, landraces, and wild relatives led to the identification of causal SNPs associated

with variations in fruit size [6], steroidal alkaloids [6], malate [48], fruit color [6,18], and flavor

components [4,5]. Building a correlation network with tens of millions of SNPs, tens of thousands

of transcripts (transcriptome), and hundreds of metabolites (metabolome) revealed new metabolic

genes and pathways underlying major fruit quality traits [6]. Recently, GWAS data sets representing

a very large tomato diversity (775 accessions) were further combined and analyzed to pinpoint gene

polymorphisms likely to be responsible for sugars, acids, and flavor-related volatiles [49].

In strawberry, pathways and candidate genes for key flavor volatiles were uncovered through genetic,

genomic, and chemical analyses [42,43,50,51]. A striking example is that of the very attractive and

fruity note of F. vesca, which is found only in rare cultivated varieties such as ‘Mara des Bois’ and is

due to the highly aromatic methyl anthranilate (MA) volatile [44]. Combined genetic, transcriptome,

and volatile analyses of MA- and non-MA-producing plants from a F. 3 ananassa population

succeeded in the identification of a methyltransferase enzyme responsible for the last step of MA

synthesis [44]. These findings indicate that breeding desirable strawberry varieties with substantial fla-

vor improvement is achievable by restoring or introducing specific volatiles from wild species to mod-

ern varieties. Fortunately, many more attractive flavor components can be found by screening natural

diversity from F. vesca and other wild species [39,52,53].
Applying the Solanaceae Strategies to Strawberry Crop Improvement
Woodland Strawberry F. vesca as a Model for Cultivated Strawberry

Major breeding targets are common to tomato and strawberry (Figures 2 and 3). In cultivated straw-

berry, as in tomato, wild alleles from parental species (e.g., the perpetual flowering locus [28]) can be

introduced by crossing. Its genome size of 813 Mb (900 Mb in tomato) [14] makes it suitable for

GWASs [12] and it can be genetically transformed [16]. However, direct transfer of the strategies

and findings from tomato to cultivated strawberry is not trivial because of the complexity of its octo-

ploid genome (Box 1). Woodland strawberry recently emerged as a model for cultivated strawberry

and for the Rosaceae family [54]. It is diploid, has a short generation time and can be genetically trans-

formed [15]. It has a high-quality genome sequence of only 219Mb [54,55] and a gene expression atlas

is available [56]. Moreover, its genome is dominant in the octoploid for certain biological pathways

including fruit flavor [14]. Wide natural and induced genetic diversity (Figure 1) [11] and populations

of introgression lines [57] are available, which have already allowed the discovery of causal mutations

of the perpetual flowering [29,30] and runnerless [10,11] traits.
Which Strategies to Exploit F. vesca Diversity and Transfer the Findings to
Cultivated Strawberry?

Exploiting F. vesca Genetic Diversity

The exploitation of artificially (Figure 4, Key Figure) induced diversity by mapping-by-sequencing to

discover causal mutation is relatively straightforward in both tomato and woodland strawberry

[11,58]. Exploitation of natural genetic diversity from woodland strawberry (Figure 1; e.g., for vernal-

ization requirement [59], for fruit shape and flavor [53,57]) can be done by generating various types of

populations [10,57,60] and by GWASs, as done in tomato [4–6,18,48,49]. For GWASs, the first step is

to constitute representative F. vesca collections to control the effect of population structure [17,49].

Because of its small genome size and the plummeting costs of sequencing, large GWAS panels of

tens or hundreds of available accessions of F. vesca [61] can now be sequenced. Phenotyping may

be the limiting step. For fruit quality traits, analytical methods are essentially identical in the two spe-

cies and the same strategy of integration of genetic, genomic, transcriptomic, and metabolomic data
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Figure 4. Mining the tomato and potato literature and databases produces candidate genes for improvement of

yield-associated traits (plant and inflorescence architecture, stolon formation, timing and duration of flowering

period, fruit size) and of fruit quality traits in strawberry (1a). New candidate genes can be produced by

genome-wide association studies (GWASs) of natural diversity from woodland strawberry; whole-genome

sequence data can be further integrated with large-scale metabolome and transcriptome data (1b). After a

validation step in the diploid woodland strawberry via gene editing (2), beneficial alleles can be engineered in

octoploid cultivated strawberry to obtain strawberry varieties with the desirable traits (3).
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Outstanding Questions

What proportion of woodland

strawberry natural diversity is

currently available in ex situ collec-

tions of genetic resources and how

can it be increased?

Given that the evaluation of plant

architecture is complex in straw-

berry but is essential for yield-asso-

ciated traits, is it possible to in-

crease its throughput?

What are the existing barriers for

the transfer of beneficial alleles

from woodland strawberry to culti-

vated strawberry, either by

crossing (available diversity in octo-

ploid related species) or by genetic

engineering (regulatory issues)?
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[6] can be applied (Figure 4). For other complex traits, such as yield-associated traits, the develop-

ment of more precise and higher phenotyping methods may be required.

Validation of Candidate Genes and Transfer of Beneficial Alleles to Cultivated
Strawberry

Most findings from tomato and potato on yield and fruit quality traits (Figures 2 and 3) can be readily

used to identify orthologous target genes in F. vesca (Figure 4). However, we must stress that the con-

servation of gene function and involvement in the same processes in strawberries is not guaranteed.

For example, although modulation of flowering and plant architecture by FT/TFL1 floral regulators is

well conserved in plants, FT/TFL1 duplication in different species often leads to conservation of the

function of one paralog and neofunctionalization of the others [62]. Such functional diversification of

FT-like genes can be observed, for instance, in potato, where StSP3D and StSP6A (Figure 2) are

involved in two independent systemic signals: florigen and tuberigen [34]. Likewise, although there

is a remarkable convergence between fleshy fruit species, regardless of the ontogeny of the fruit,

the processes involved can be very different. To cite just a few examples: tomato fruit imports sucrose

while strawberry fruit imports both sucrose and sorbitol, sugars can be transiently stored as starch in

tomato but not in strawberry, and profiles of volatile organic compounds differ markedly between the

two species. To cope with these discrepancies, new computational analyses, such as STATIS, which

combines principal component analysis and pathway over-enrichment analysis [63], have been suc-

cessfully used to identify the metabolic processes whose behavior is similarly affected during fruit

development and ripening in tomato and strawberry.

Screening natural and induced diversity will additionally produce awealth of candidate genes and allelic

variants.Once identified, their effect on the trait of interest canbe validated indiploid or cultivated straw-

berry through, for example, virus-induced gene silencing [64] or stable transformation [15,16]. Gene

editing technologies using transcription activator-like effector nucleases (TALENs) or the CRISPR/

Cas9 system are particularly attractive for engineering crops with desirable traits, as shown in many

crop species including tomato, potato, and strawberry [65,66]. The CRISPR/Cas9 system has been

successfully established in both Fragaria species [15,16]. It is a powerful gene editing technology allow-

ing the introduction of mutations in target genes or even the replacement of a wild allele by an engi-

neered allele, as recently demonstrated in tomato [67]. In this species, the creation of new allelic variants

for up to six genes could redirectmetabolic pathways controlling fruit nutritional value [68] and, in various

studies on wild relatives, recapitulate the domestication process [26]. Furthermore, the creation of new

expressional alleles by targeting the cis-regulatory regions of two genes controlling floral meristem size

led to the production of fruits with increased size, a trait that could be further fixed in progeny [7].

However, because the octoploid genome is complex (Box 1), it is preferable to first validate the

candidates in diploid species and then, for selected target genes, reproduce the beneficial allelic

variations in cultivated strawberry [69]. Editing multiple homoeoalleles at a same locus is possible.

It has been done with the CRISPR/Cas9 system in octoploid strawberry [16] and has already demon-

strated its potential for trait engineering in polyploid crop species such as hexaploid wheat [70].

Examples from the Solanaceae clearly show how strawberry improvement for plant and yield traits

and for fruit quality can benefit from these technologies.
Concluding Remarks and Future Perspectives

One of the current challenges in strawberry breeding is to together improve daughter-plant yield (for

nurseries), fruit yield (for producers), and fruit quality (for consumers) and the balance between these

traits. Cultivated strawberry is octoploid and, due to its history, has a low genetic diversity, which im-

pedes the pace at which new desirable traits can be introduced. Recently, the deep sequencing and

CRISPR/Cas9 gene editing revolutions modified the scale, precision, and speed at which genetic var-

iations underlying fruit yield and fruit quality could be discovered and translated to tomato crop

improvement. The application of the strategies successfully used in tomato to strawberry crop

improvement is timely. The wide genetic diversity from woodland strawberry is still underexploited

and the scientific context is now favorable to the rapid transfer of discoveries from wild to cultivated
138 Trends in Plant Science, February 2020, Vol. 25, No. 2
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strawberry. We argue that efforts should be devoted to large-scale and multilevel analyses of wood-

land strawberry genetic resources and, once beneficial alleles have been discovered and validated, to

transferring the findings to cultivated strawberry via conventional marker-assisted breeding or gene

editing (see Outstanding Questions).
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