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Abstract. Most strawberry plants have white flowers and red fruit. We developed a
new strawberry selection with pink flowers and white fruit, and named it G23. Basic
phenotypic data were recorded over years of observation and experimentation with
the flower crown diameter, petal color, and rate of fruit set, as well as fruit skin color,
flesh color, seed color and attachment status, fruit weight and shape, soluble solids
contents, and firmness. We found that G23 bloomed with a stable pink flower and
produced white fruit consistently with a relatively high fruit-set rate compared with
its female parent, ‘Pink Panda’. G23 displayed high resistance to Fusarium wilt
(Fusarium oxysporum) and anthracnose (Colletotrichum spp.). It is also tolerant of
high temperatures (up to 40°C) and long-term drought. The asexual propagation
ability of G23 is high, with ~60 to 100 stolon ramets formed during the summer. In
summary, this new pink-flowered and white-fruited strawberry germplasm is suitable
for ornamental use, as a result of its remarkable flowering and fruiting characteris-
tics. In addition, it provides opportunities for innovative strawberry germplasm for

future breeding.

Strawberry (Fragaria sp.) is a perennial
herb in the Rosaceae family. The flower pet-
als usually are white and the fruit color is
mostly red, with only a small proportion of
white or pink fruit for cultivation (Darrow
1966). Approximately 300 years ago, breeders
in Europe used the wild octoploid strawberries
Fragaria chiloensis and Frugaria virginiana
to breed Fragaria Xananassa Duch. with large
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fruit and white flowers for cultivation (Nju-
guna et al. 2013). The early strawberry fruit
were mainly white, inherited from F. chiloensis,
and widely cultivated in Chile (Dale and Sjulin
1990; Morales-Quintana and Ramos 2019).
However, through the efforts of strawberry
breeders worldwide, the bright-red cultivated
strawberry rapidly became a mainstream global
phenotype (Hardigan et al. 2021).

Strawberry flowers form in cyme inflores-
cence, which means that the flowers on the
same inflorescence open in succession and have
a long flowering period. During the past
20 years, many breeders have begun cross-
breeding, selecting for ornamental, red-
flowered strawberry varieties on a large
scale (Bentvelsen and Bouw 2006; Mabberley
2002). The purple-flowered hexaploid marsh
cinquefoil [Potentilla palustris (L.) Scop.] is
closely related to the strawberry and was used
as the red-flowered gene donor that was crossed
with the cultivated strawberry (Fragaria *ana-
nassa Duch.). Thus, the first ornamental, red-
flowered strawberry cultivar Pink Panda was
produced (Asker 1971). However, the distant
hybridization caused reproductive obstacles,
such as a poor pollen—pistil compatibility,

resulting in difficulty in bearing fruit or the
tendency to produce deformed fruit. There-
fore, the ornamental flowering and edible
properties of the fruit could not be repro-
duced concomitantly (Gheorghe et al. 2012;
Xue et al. 2019). This problem caused a
bottleneck in the development of new varie-
ties of ornamental strawberry.

Recently, however, progress has been made
in the improvement of ornamental, red-flow-
ered strawberry varieties. In China, many new
varieties of ornamental strawberry have been
bred with various flower colors and diverse
petal types. Varieties with the same color, but
considerable differences in color chromaticity
were bred by Jiajun Lei and Li Xue, such as
the red- or pink-flowered strawberry ‘Pink
Beauty’, ‘Pretty Beauty’, ‘Pink Princess’, ‘Siji-
hong’, and ‘Xiaotaohong’ (Lei et al. 2015; Xue
2016; Xue et al. 2015, 2017). In addition, the
Jiangsu Academy of Agricultural Sciences in
China has bred ornamental strawberry cultivars
with red or pink flowers and edible high-quality
red fruit, such as ‘Zijinhong’ and ‘Zijin Fenyu’
(Wang et al. 2017, 2021). This study reports on
the breeding processes and characteristics of a
new strawberry cultivar that has pink flowers
and white fruit, and provides a novel approach
to creating and enriching strawberry germplasm
resources.

Materials and Methods

The female parent ‘Pink Panda’ grows
close to the ground and is cultivated in Nan-
jing, China. The stolons are mostly red, with
the first node typically remaining dormant,
whereas the second node can be grown and
developed as an independent ramet. The
flowering characteristics include a short pe-
duncle, red flower (the red color becomes
darker with colder winter temperatures), an
average flower crown diameter of 1.82 cm,
and typically five to seven petals on the
flower (rarely eight or more). In open-field
cultivation conditions, there are no or very
few flowers in winter; however, many flow-
ers blossom in the spring. The rate of fruit set
reached the maximum in May in Nanjing;
however, very few fruit are produced, and
those that are produced are generally de-
formed (Fig. 1). The fruit size is tiny (average
fruit transverse diameter, 0.82 c¢cm), and the
flavor is unfavorable and slightly sour, with
little strawberry aroma. It is difficult to find
the fruit in Nanjing in any month other than
in May.

The male parent ‘Hatsukoi’, which produ-
ces white flowers with an average diameter
of 1.43 cm, and white fruit with an average
diameter of 2.21 cm, is suitable for cultiva-
tion in plastic tunnels (Fig. 1). The initial rip-
ening period of the fruit of ‘Hatsukoi’ in
Nanjing is in January, which is about 1 month
later than that of conventional, red-fruited va-
rieties such as ‘Benihoppe’ under the same
cultivation conditions.

We adopted conventional breeding proto-
cols. Configuration of cross combinations started
in Spring 2016. We collected the ‘Hatsukoi’ ma-
ture flower buds, removed the petals, moved the
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Fig. 1. Flowering and fruiting status of the female parent ‘Pink Panda’ (A) and male parent ‘Hatsukoi’
(B), separately. Scale bars in A and B are 1.0 and 2.0 cm, respectively.

anthers to the transfer-paper box, and dried them
in cool conditions. When the release of anther
pollen was complete, we collected the pollen
and dried it at a low temperature (4 °C) for sub-
sequent use. About 20 ‘Pink Panda’ plants with
good growth and sufficient flowers to be polli-
nated were selected as female parent plants for
cross-pollination. We ensured there were more
than 50 female parent plant flowers for cross-
pollination to guarantee producing a sufficient
number of progeny seedlings (> 2000 seedlings
expected). Thirty days after cross-pollination,
the mature fruit could be harvested, and the hy-
brid seeds collected. The seeds were dried and
maintained at 4 °C for nearly 1 month for strati-
fication and were then sown when the weather
conditions were suitable.

In late Spring 2016, the hybrid seeds were
sown in the substrate (peat, perlite, and vermicu-
lite; 3:1:1, v/v), and the germinated seedlings
were transferred into a plug tray where they
underwent vegetative growth through the sum-
mer until they had grown into mature straw-
berry plants. In autumn, they were moved into
the field for clonal propagation. Under the culti-
vation conditions of the polytunnel, the botani-
cal characteristics, phenological observations,
flower ornamental descriptions, fruit characteris-
tics, and other indicators of these hybrid seed-
lings were recorded in detail. After a series of
comprehensive investigations and evaluations,
the best individual seedlings were selected. In
Spring 2017, the selected seedlings were moved
into the open field for asexual propagation. The
phenotypes and relative values compared with
parental selections were measured. In particular,
ramet formation ability, disease resistance, and
flowering and fruiting characteristics were re-
corded in 2017 and 2018. After 2 years of sys-
tematic phenotyping, analyses, and observations
on their botanical, resistance, phenological,
flowering, and fruiting characteristics, the new
selections with bright and stable pink-colored
flowers and relatively high-quality white fruit
were selected, and a regional-level test was
conducted in 2019 and 2020.

Results

Botanical records. We found that the new
strawberry selection, which we named G23,
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had the ornamental characteristic of stable pink
flowers and the quality characteristic of white
fruit. This new germplasm of pink-flowered
and white-fruited strawberry, G23, has a plant
height of 7.0 to 10.0 cm, which is equal to or
less than half of the height of normal cultivated
strawberry (Fragaria xananassa Duch.); how-
ever, the root system is robust and shows a
strong similarity to the cultivated strawberry.
The morphological characteristics of the leaf
are mostly inherited from the female parent
‘Pink Panda’, presenting a dark-green color
and a leathery surface with medium-length tri-
chomes. The first node of the stolon in G23 is
mostly dormant; the second node can be grown
and developed as an independent ramet. When
there is sufficient sunlight, the stolon color is
red. Color measurements for flower petals, fruit
skin, fruit flesh, and any other color listed here
were evaluated based on the Royal Horticul-
tural Society Colour Chart (Royal Horticultural
Society 2007). In Nanjing, stolons of G23 can
be initiated from the crown axillary buds from
May to October, with an average of 10 stolons
per plant; approximately 60 to 100 stolon ra-
mets can be formed from each mother-plant
during the summer.

Resistance, phenological, and flowering
observations. G23 is highly resistant to the
prevalent and serious diseases of Fusarium
wilt (Fusarium oxysporum) and anthracnose
(Colletotrichum spp.) when compared with
other main cultivated strawberry varieties,
such as ‘Benihoppe’, ‘Akihime’, and ‘Sweet

Charlie’, under the same cultivated condi-
tions in Nanjing, China. It also demonstrates
a strong tolerance to higher temperatures (up
to 40 °C in the summer), with a good survival
rate (up to 90%), even in the open field. It
continues to flower and bear fruit from July
to August (in temperatures ranging between
35.0 and 40.0°C) in Nanjing in the summer.
In open-field cultivation, the peak blossoming
dates are from March to May; however, flow-
ers and fruit can be seen at any time except
during the extremely low temperatures expe-
rienced in winter. Under cultivation in the
plastic tunnel, G23 initially entered the flow-
ering period in October. In general, the initial
ripening stage of G23 fruit is from the end of
November to the beginning of December,
which—based on our current knowledge—is
earlier than most of the red- or pink-flowered
strawberry cultivars. The low temperatures
and deficiency of sunlight in winter causes
the first crop of white fruit of G23 to be stable
and uniform (Fig. 2). The color of the G23
flower petals ranges from pink to red, with
the darker colors occurring at lower tempera-
tures. The color of the base of the petals is
darker compared with the distal portions of
the petal. The stamens and pistils are typi-
cally yellow (Fig. 3). The crown diameter of
the G23 flower is moderate compared with its
parents (Table 1), which is attractive and suit-
able for ornamental use.

Fruiting characteristics. Open-field culti-
vation of G23 in Nanjing displays the best
fruit-bearing capability in May. The rate of
fruit set is much higher in G23 than in any
other currently known red- or pink-flowered
strawberry cultivars (Xue 2016). The fruit
color of G23 is white, and under sufficient
sunlight becomes slightly pink (Fig. 4C).
During this period, the fruit size also reaches
a maximum, with an average single fruit
weight of 10.21 g (Table 2). The fruit shape
of G23 is roughly conical (Fig. 4C), particu-
larly in ideal conditions with a temperature of
~25°C and sufficient sunlight. The side of
the fruit exposed to the sunlight is slightly
pink, whereas the side of the fruit that is in
the shade retains its original white color,
which is similar to the color found in the
male parent ‘Hatsukoi’. The sepals of G23
grow close to the fruit, and the fruit neck is in
close proximity to the sepals. The mature

Fig. 2. Status of flowering and fruit bearing of G23 under the cultivation of ridge planting (A) and high
bench (B) in the polytunnel, respectively. Scale bars are 1.0 cm.
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Fig. 3. Flower presentation of the female parent ‘Pink Panda’ (A), male parent ‘Hatsukoi’ (B), and
pink-flowered and white-fruited selection G23 (C), respectively. Scale bar is 1.0 cm.

Table 1. Flowering characteristics of G23 and its parent plants.’

Peak blossoming

Material Petal color Flower crown diam (cm)' dates Rate of fruit set (%)
Pink Panda  Red 1.82 +0.03 March to May 10.54 £ 0.51
Hatsukoi White 1.43 £ 0.04 March to May 92.11 £ 0.78
G23 Pink 1.53 £ 0.05 March to May 70.65 + 0.32

" The cultivation condition is in the open field.

i Flower crown diameter means the diameter of the corolla. Data are the mean + SE (n = 6). More
than 100 plants of each material were planted for testing; six were selected as the typical representa-

tives for acquiring statistics, the same as in Table 2.

seeds of G23 are red and embedded under the
fruit surface. The flavor of the fruit is sweet
and slightly sour; the average soluble solids
content value is ~7.0° Brix, and the fruit has
medium firmness (Table 2).

Discussion

Effects of temperature and light on straw-
berry coloration. Several studies have re-
ported that environmental factors, especially

temperature and light, affect the coloration of
flowers and fruit of horticultural crops at dif-
ferent levels (Gruda 2005; Muhammad et al.
2022; Wang et al. 2022). Similarly, temper-
ature and light have a significant effect on
the flower and fruit coloring of strawberries
(Khammayom et al. 2022; Zhang et al. 2018a,
2018b). In our study, the flower color of G23 in
the colder winter is significantly darker than in
the warmer spring in Nanjing. In contrast, G23
fruit maturation occurs in a period of low

Fig. 4. Fruit surface, seed attachment status (left three), and flesh presentation (right three with longitu-
dinal cutting) of female parent ‘Pink Panda’ (A), the male parent ‘Hatsukoi’ (B), and the pink-flow-
ered and white-fruited selection G23 (C), respectively. Scale bar is 1.0 cm.
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temperatures coupled with cloudy days, and the
fruit color is almost white. However, when the
temperature and sunlight increase in spring,
(523 fruit have a light-pink coloring on the fruit
surface exposed to light. The shaded side of
(23 fruit, despite being exposed to the same
warmer spring temperatures, retains the origi-
nal white coloring. This indicates that G23 fruit
coloration is more dependent on light intensity
than temperature.

We speculate that the different responses of
flower and fruit coloration in strawberries to
environmental factors may be attributable to
the different temperature response mechanisms
in anthocyanin synthesis and accumulation
during flowering and fruiting. For example,
low temperature can be a stress factor in either
flowering or fruiting. The darker color during
strawberry flowering in response to a low tem-
perature attracts insects more effectively for
pollination, thus providing an advantage in ge-
netic transmission. A low temperature during
fruiting decreases the secondary metabolism
rate of the strawberry fruit. We suggest that
this may be because the synthesis and accumu-
lation of anthocyanin-related substances, which
are key for fruit coloration, are affected by low
temperatures (Zhang et al. 2018b). However,
heredity is the final determinant. Environmen-
tal factors such as temperature and light can
only affect the change in chromaticity within a
very limited range. Although a low tempera-
ture produces a darker petal in the red- or pink-
flowered strawberry, and a low temperature
coupled with a shortage of sunlight hinders
fruit coloring, these environmental factors can-
not make a white flower become red or pink,
nor can a red-fruited strawberry produce white
fruit.

Development of an ornamental flowered
and edible-fruit strawberry germplasm will
help meet diversified consumption and pro-
mote horticultural applications. With the grad-
ual increase in demand of balcony gardening,
there is a great market potential for ornamen-
tal flower and edible-fruit horticultural plants,
particularly in the current pandemic situation,
where the opportunity for people to walk
freely outdoors is greatly reduced. Therefore,
a novel direction for future breeding is to de-
velop new horticultural germplasms with or-
namental flowers and edible fruit, especially
in perennial herbaceous plants such as straw-
berries. In our study, a new strawberry germ-
plasm, G23, was established successfully over
years of breeding. The G23 strawberry has pink
flowers and white fruit, which is contrary to the
traditional understanding that strawberries al-
most exclusively produce white flowers and red
fruit, and—to a certain extent—it has shown
potential market appeal.

Through a series of selections and im-
provements, the flower color of G23 is stable
in pink, the fruit surface is white to slightly
pink, and the red seeds are embedded in the
fruit surface. According to our observations,
G23 has high environmental adaptability;
high resistance to Fusarium wilt (Fusarium
oxysporum), anthracnose (Colletotrichum spp.),
and Tetranychus urticae Koch, when compared
with other main varieties or red-flowered
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Table 2. Fruit quality of G23 and its parents.

Seed color and Fruit transverse Soluble solids Firmness
Material Peel color Flesh color attachment status diam (cm) Fruit wt (g) Fruit shape content (%) (kg/cm?)
Pink Panda Red Red Red and surface 0.82 £ 0.02 4.85 +£0.03 Globose 45+03 0.30 = 0.01
Hatsukoi White White Red and surface 221 £0.06 13.64 £ 0.10 Conical 105+ 04 0.52 +0.02
G23 White White Red and embedded 1.83 + 0.04 10.21 £ 0.06 Conical 7.0£0.2 0.38 + 0.03

strawberry, which means it can produce flowers
and fruit continuously; and displays a high or-
namental value. In addition, the fruit of G23
has a similar aroma to commercial strawberry,
with a pleasant sour—sweet flavor. G23 ramets
present a high survival rate for transplanting
and display strong adaptability in conditions of
open-field, potting, or plastic tunnel cultivation.
Suitable for most strawberry growers, this new
strawberry germplasm has ornamental flowers
and edible fruit.

Creation of a new strawberry germplasm
via distant hybridization requires the joint
effort of horticultural breeders worldwide.
Strawberry plants have rich resources with di-
versified ploidy variations worldwide. There is
strawberry germplasm with different ploidy,
fruit aroma, fruit color, phenotype, and other
characteristics. China is known as an impor-
tant location in global horticulture, with the
largest number of native wild strawberry spe-
cies in the world (Lei et al. 2006). Currently,
14 of the known wild strawberry (Fragaria)
species are native to China (Qiao et al. 2016,
2021; Sun et al. 2021). However, wild straw-
berry germplasm innovation and utilization
status require further improvement. At pre-
sent, only one interspecific hybrid cultivar,
Tokun, has been commercialized success-
fully, by Japanese strawberry breeders. The
breeders used the diploid wild strawberry
(Fragaria nilgerrensis Schlecht.) and hybrid-
ized it with octoploid cultivated strawberry
(Fragaria *ananassa Duch.) to create “Tokun’
(Noguchi 2011; Ruan et al. 2020). This pro-
cess involved initially obtaining pentaploid in-
terspecific hybrids, then using colchicine to
double the chromosome sets, which resulted
in decaploid materials that were subsequently
and continuously improved and bred selec-
tively over a couple of years to obtain the
Tokun cultivar. ‘Tokun’ inherited a unique
peach aroma and white fruit color from the
diploid wild strawberry (F. nilgerrensis). A
few studies have used other wild strawberry
germplasm, such as crossing the diploid straw-
berry Fragaria viridis Duch., which has a
melon flavor and high resistance to biotic and
abiotic stresses, with the cultivated strawberry
(Shi et al. 2016, 2017; Su et al. 2018). In addi-
tion, the fruit of the European wild germplasm
of hexaploid wild strawberry Fragaria mo-
schata Duch. has a unique musky aroma, and
the plant has a strong tolerance to stress and a
robust plant morphology. Breeders have exerted
considerable efforts into the applications of
breeding this germplasm resource (Davalos-
Gonzalez et al. 2022; Horvath et al. 2011; Marta
et al. 2004; Olbricht et al. 2021); however, fur-
ther improvements are required for commercial-
ization. Additional studies on hybridization can
be conducted on other related species.
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The first use of the purple-flowered Poten-
tilla palustris (L.) Scop. crossed with the culti-
vated strawberry to create the red-flowered
strawberry is a good example. The yellow-
flowered Duchesnea, which is widely distrib-
uted in China, is similar to strawberry pheno-
typically and has a strong adaptability to
various environmental conditions. This is a
close genus germplasm and may potentially
develop colorful-flowered strawberry varieties
(Marta et al. 2004). We speculate that a further
possibility is the raspberry (such as Rubus dia-
nchuanensis sp. nov., native to China), which
belongs to the Rosaceae family and, similar to
the strawberry, is an aggregate-fruit type. To
ascertain whether it can be used successfully
to crossbreed with the strawberry will require
further study and experimentation. The crea-
tion of new strawberry germplasms necessi-
tates a global effort involving horticultural
breeders to diversify strawberry germplasm re-
sources to offer colorful, diverse options for
people to admire and consume worldwide.
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