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Abstract

Strawberry propagation relies predominantly on asexual reproduction via runner plants,
making runners a critical organ for cultivation. Runners develop from axillary buds under
specific environmental conditions. While long-day photoperiods and higher temperatures
are key factors for inducing runner formation in most strawberry varieties, certain ever-
bearing cultivars exhibit enhanced runner formation even under short-day conditions.
Gibberellin (GA) is indispensable for runner bud outgrowth, with cytokinin and auxin
synergistically regulating runner outgrowth. Genetically, GA biosynthesis genes strongly
influence runner formation. Transcription factors such as LAM, SOC1, and HAN have
recently been identified as key regulators. However, the genetic control of runner formation
in strawberries, especially for cultivated octoploid strawberry cultivars, is not yet fully
elucidated. This review synthesizes current knowledge on the environmental and genetic
regulation of strawberry runner induction, providing a theoretical foundation for artificial
control of runner formation.

Keywords: auxin; axillary bud; cytokinin; gibberellin; light conditions; tissue sugar
level; temperature

1. Introduction

Stolons are stems that grow horizontally along the ground surface. They consist of
two elongated internodes with a dormant bud at the middle node. A daughter plant and
the next stolon segment develop from the second node. This linear growth pattern results
in daughter plants spaced along the stolon, creating the appearance that they are “running
away” from the mother plant. Hence, stolons are also called runners [1]. Runners are
important organs for asexual reproduction in plants; indeed, many species propagate using
the daughter plants (transplants) produced on runners, including strawberry (Fragaria
spp.) [2], potato (Solanum demissum) [3], white clover (Trifolium repens) [4], bermudagrass
(Cynodon dactylon) [5], and licorice (Glycyrrhiza glabra) [6].

Strawberry is an herbaceous perennial crop in the Rosaceae family. It is one of the most
popular fruit crops around the world for its beautiful appearance, flavor, and health benefits.
In 2023, global strawberry cultivation covered 591,295 hectares, with a yield of 14,700,937 tons
(FAOSTAT, https:/ /www.fao.org/faostat/en/#data, accessed on 22 March 2025). As a result
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of this popularity, both cultivation area and production continue to increase steadily, driving
extremely high demand for strawberry transplants. Consequently, strawberry propagation
has attracted significant research interest. Strawberries can be propagated either sexually via
seeds or asexually via runner plants [7-9]. Asexual propagation is typically preferred because
seed germination rates are very low [10] and because cultivated strawberries are highly
heterozygous, leading to character separation in seed-propagated offspring [11]. Therefore,
commercial production relies on runner propagation to maintain clonal fidelity and desired
maternal traits [12]. It should be noted that the number of runners produced by strawberries
varies by cultivar [13-18], typically yielding fewer than 50 daughter plants per mother plant
annually. This limitation necessitates substantial land resources for transplant production.
Thus, understanding the regulatory mechanisms of runner formation is critical for efficiently
producing high-quality transplants within limited land areas.

The strawberry plant features a highly compressed main stem (primary crown) with
short internodes [19]. Each node bears a single trifoliate leaf and an axillary bud (AXB)
at the petiole-stem junction (Figure 1). The AXBs at the axils of leaves may remain dor-
mant or develop new shoots. There are two kinds of axillary shoots in strawberry plants:
runners and branch crowns (flowering shoot) [20]. AXB fate determination shapes plant
architecture and occurs through two developmental phases: initiation and subsequent
outgrowth [21]. However, AXB initiation remains incompletely understood, particularly
in rosaceous crops [22]. Nevertheless, it is clear that AXB initiation and outgrowth are
regulated temporally and spatially [23]. Generally, the outgrowth of the AXB depends on
its location on the primary crown, with the uppermost AXB having the highest priority for
development into a runner or a branch crown [24]. Furthermore, evidence from both wild
and cultivated strawberries indicates that the development of AXBs into either runners or
branch crowns is a genetically distinct and mutually exclusive process. The predominance
of one developmental pathway over the other is intricately regulated by genetic and envi-
ronmental factors [25]. In light of this, this review analyzes these regulatory mechanisms to
advance understanding of runner formation in strawberry.

Floral meristem

Dormant bud

Branch crown

& &

Figure 1. A diagram of the primary crown of a strawberry plant. The primary shoot is composed of

Daughter plant

leaves, with axillary meristem at each axils of leaves and is terminated by a floral meristem. Along
the primary crown, the axillary meristem can develop into either branch crowns or runners or stay
dormant. Daughter plants are new plants that grow on runners.

2. Environmental Control of Runner Formation

2.1. Light
2.1.1. Photoperiod

Strawberries can be broadly categorized into two types based on their photoperi-
odic response: seasonal flowering strawberries, which are also called June-bearing or
once-season flowering plants, and everbearing strawberries, also referred to as perpetual
flowering, remontant, repeat flowering, or day-neutral plants in different reports [26-28].



Agronomy 2025, 15, 2235

30f17

In strawberries, runner development is closely associated with flowering. In most cases,
even the same environmental signal may elicit contrasting effects on runner formation and
flowering. For example, seasonal flowering strawberries produce runners during longer
days (LD), which is why these strawberries are usually propagated in summer (Table 1).
Researchers have found that when seasonal flowering strawberry plants were transferred
from LD to short-day (SD) conditions, the development of new runners ceased after nine
weeks. Similarly, when strawberry plants were exposed to SD conditions for the same
brief period, runner formation was reset when the plants were re-exposed to LD condi-
tions [29]. Moreover, LD was also found to inhibit flowering and induce runner formation
in wild-type seasonal flowering strawberries (Fragaria vesca) [30,31]. Previous research
proved that photoperiods between 16 h and 22 h were beneficial for runner formation in
the strawberry cultivars ‘Sulhyang’ and ‘Maehyang’, and the number of runners induced
was positively correlated with the duration of photoperiod [32]. In contrast, as everbearing
genotypes are characterized by persistent flowering and fruiting, they are responsible for
poor runner formation compared with seasonal flowering genotypes [33]. Interestingly,
runner formation was enhanced by SD over the same intermediate-to-high temperature
range in some everbearing cultivars, such as Hawaii-4 [25,34]. Moreover, some everbearing
strawberry cultivars did not show any significant differences in runner induction under LD
and SD conditions [35]. Thus, the effect of photoperiod on runner induction in everbearing
strawberries is much more complicated.

2.1.2. Light Intensity

High light intensity generally promotes runner formation and daughter plant growth.
Specifically, more runners were produced by mother plants when provided with suit-
able high light intensity during the day, and increasing the light intensity of supple-
mental light for extending the photoperiod also promoted the number of runners pro-
duced in air-conditioned glasshouses [36]. In a closed transplant production system us-
ing fluorescent light, the strawberry cultivar “Albion” produced more daughter plants
under 280 umol-m~2-s~! photosynthetic photon flux density (PPFD) than under 140 or
220 umol-m~2-s~! PPFD, which resulted in a daily productivity of about 0.27 daughter
plants per plant, and the growth of daughter plants was improved by increasing the light
intensity during strawberry propagation [37]. Similarly, Wu et al. compared the effects
of different light intensities on daughter plant propagation of the “Toyonoka’ strawberry
cultivar under fluorescent light and found that high light intensity (110-122 pmol-m~2-s~1)
promoted runner formation and daughter plant growth compared with lower light inten-
sity (50-55 umol-m~2-s~1) [38]. Recent research has found that the number of runners
and runner plants produced by ‘Benihoppe” mother plants increased by 38.9% and 33.7%,
respectively, when the daily light integral increased from 8.6 to 11.5 mol-m~2-d ~; it should
be noted that the optimal daily light integral for the propagation of this strawberry cultivar
ranges from 11.5 to 17.3 mol-m2-d~! [39]. Furthermore, increasing the light intensity
received by mother plants rather than that received by runner plants was more effective in
enhancing the growth of runner plants [40]. Thus, the efficiency of strawberry propaga-
tion in a controlled environment condition may be improved by increasing only the light
intensity received by mother plants.

2.1.3. Light Quality

The light quality supplied to strawberry directly influences photosynthesis [41], which
is tightly correlated with runner formation. Studies have indicated that blue and far-red
spectra of light delayed flowering and stimulated runner development [42,43]. Addition-
ally, recent research has also shown that interrupting supplemental night blue light at
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20 umol-m~2-s~! PPFD for 4 h under SD conditions significantly increased the number of
runners and daughter plants [44], indicating that low-intensity blue light has the ability
to stimulate AXBs to develop into runners. Moreover, different qualities of high-intensity
night interruption light (70 pumol-m 2.5~ ! PPFD), including blue, red, green, white, and
far-red spectra of light, significantly increased the number of runners and daughter plants
induced per plant compared with those exposed to SD conditions; furthermore, among
these spectra of light, red light seems to play a better role in the vegetative growth of
strawberry runner plants compared with other light spectra [32]. Thus, a big percentage of
red light was used for strawberry propagation; for instance, a combination of 30% blue and
70% red light by PPFD induced the greatest number of runners and daughter plants per
mother plant for the strawberry cultivar “Toyonoka’ [38].

2.2. Temperature

Besides light, temperature is another crucial environmental factor. Higher temperature
is critical for runner induction in different types of strawberries, and high-temperature-
induced runner formation is independent of photoperiod to some extent [45], except for
some runnerless everbearing genotypes of Fragaria vesca (woodland strawberry) [30]. In
most cases, air temperatures above 18 °C stimulate runner formation, while the ideal
temperature for runner induction varies by strawberry cultivars [46].

Recent research showed that chilling (0-5 °C) and cold (below 0 °C) storage increased
runner production in both seasonal flowering and everbearing strawberries [47]. Specifi-
cally, runner induction was promoted when the chilling period was more than 1000 h in
several everbearing cultivars [48,49]. Similarly, longer cold storage also improved runner
production in several seasonal flowering strawberry cultivars [50,51]. Recently, research
has also found an interaction between the length of cold storage and the LD photoperiod
for runner formation [34,52]. For instance, strawberry exposure to prolonged photoperiods
and longer cold storage duration improves runner production, especially in several ever-
bearing cultivars [48]. However, chilling and cold storage are not used for runner induction,
because this kind of low temperature may decrease the quality and quantity of daughter
plants [53].

Table 1. Effect of light conditions and temperature on runner formation in strawberry plants.

No. Variety Cultivar Light Condition Temperature Optimal Treatment Reference
Fragaria X ananassa 8,12, or 16 h photoperiod at 27/13°C,25/15°C, or ° 4
! June-bearing Seolhyang 300 umol- m~2. 51 PPFD 23/17°C (day/night) 16h+25/15°C [54]
Photoperiod from 12 to 22 h with
Fragaria X ananassa Sulhyang, 250 umol-m~2 -s~! PPFD; 4 h NI o . 20 h photoperiod and red LED
2 June-bearing Maehyang light provided by red, blue, 25/15°C (day/night) light [32]
green, white, or far-red LED light
. . 0,700, 1000, 1500 and
3 Fngarm b>< ananassa I\Stﬁuak'ar}, Natural ﬁay lengt}éor 16h 2000 h of More than 1000 h chilling [52]
verbearing ekoruju photoperio chilling (<5°C)
Plants grown under 10h SDin a
Fragaria x ananassa . glasshouse for 0, 14 or 28 d, then o . 5
4 June-bearing Tochiotome under 13 h LD for 49,35 and 21 d, 23/17 °C (day/night) 13hLDfor49d [55]
respectively,
. 100% red light, 70% red light + o . o
5 Pm]ggrr:g_gegfﬂ"ssa Toyonoka 30%blue light, 70%red light +  25/20 °C (day/night) 70% fld higzh;: 30% [38]
8 20% blue light + 10% green light uells
Saga, Sonata, Nobel o
. ’ ’ 4 . Temperature over 21 °C in SD
6 Fragaria x ananassa Florence, Rumba, 10hSDor20h LD 9,15,21,0r27°C and over 15 °C in LD [56]
Malwina
) White LEDs, white and red
7 Fragaria x ananassa Akihime LEDs, red and blue LEDs, and 25/20°C (day/night) White LEDs 157]

June-bearing

red, blue and
green LEDs
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Table 1. Cont.
No. Variety Cultivar Light Condition Temperature Optimal Treatment Reference
8 EFl'Hybr.‘d' Delizzimo 10hSDor20h LD 12,19, 0r 26 °C 10hSD +26°C [34,58]
verbearing o ) )
9 Fragaria vesca O“gf\rl‘grlv‘i‘égil;’srs in 10hSD or24h LD 9,15,0r21°C 24h LD +21°C [45]
; . Preforcing at 15 °C for Chandler: preforcing at
Earliglow, Seneca, Preforcing8h SD for 0,1, 2,4 5 S p g
10 Fragaria  ananassa Jewel, Chandler weeks, then transfer to 0,1,2,4weeks, then 15°C+8h fpr 4 Weeks, other [59]
Cavendish 16h transfer to cultivars: no
20°C preforcing treatment

. Nature temperature for ~ Very few runners produced, and

1 Fragaria x ananassa Albion 10215—%&%%1??8'254 2,{“13’ photoperiod expt.; 24 no significant difference in 1601
Everbearing and 1:1) e °C/18°C (day/night) runner production between
) for light quality expt. photoperiods and light qualities
Fragaria x ananassa . 2 or 4 weeks NI light for

12 Everbearing Capri 30 min-h-1 at 10 W-m-2 Nature temperature No NI treatment [61]

Honecye D) 14172093 76 o Honeoye: 26°C -+ 16h LD; RH30:
13 Fragaria x ananassa riute 9hSDor16h LD T Sgen T 26 and 29 °C + 16 h LD; Tribute: [62]

(day-neutral), RH 30 29°C 53°C 416 h LD
(day-neutral)
Fragaria x ananassa . 6,160r26°Cfor5and  21°C+20h preconditioning for y

14 verbearing Favori 10hSDor20hLD 10 weeks 10 weeks [34]

Note: NI, night interruption; SD, short day; LD, long day.

2.3. Inorganic Nutrients

Nutrient management is fundamental to strawberry development, as strawberries are
highly sensitive to fertilizers, particularly those grown in hydroponic systems. Researchers
found that macroelements, including nitrogen (N), phosphorus (P), and potassium (K),
are crucial for runner formation. In the strawberry ‘Enrai’, applying N, P,Os, and K,O
(15-15-15) at 100 mg per pot yielded the greatest number of runners compared with 0 mg
or 50 mg per pot [63]. Recent studies further confirm that N is the most critical nutrient for
runner production, as runner numbers under N deficiency were significantly lower than
under deficiencies of other elements [64]. Among microelements, zinc-treated strawberries
produced more runners than iron-treated plants, with the highest runner count observed in
plants treated with 0.4% FeSO,4 combined with 0.4% ZnSOy [65]. This enhancement may be
attributed to zinc’s beneficial role in stimulating meristematic activity [66].

2.4. Regulation Network Behind Environment

The antagonism between runner formation and flowering represents a classic example
of developmental trade-offs in plants, fundamentally driven by the competition for lim-
ited resources [67]. This trade-off is strategically managed through a centralized genetic
regulatory network that interprets environmental cues to direct energy allocation towards
either vegetative propagation (runners) or sexual reproduction (flowers and fruits). From
an evolutionary perspective, this plasticity in developmental fate allows strawberry species
to adapt to diverse and fluctuating environments [25]. In favorable conditions with long
days and warm temperatures (typically indicative of a long growing season), the plant
invests in vegetative expansion via runners to colonize space and generate new clonal
individuals. Conversely, the onset of short days and cooler temperatures (often signaling
the end of the growing season) triggers a shift towards reproductive investment, ensur-
ing seed set and genetic diversity before senescence. The complex interplay observed in
everbearing genotypes, which balance both processes, may reflect an adaptive strategy to
exploit unpredictable or extended growing periods.

At the molecular level, this trade-off is orchestrated by a key genetic pathway. Figure 2
integrates environmental control of both processes in seasonal flowering strawberries.
Under LD conditions, the CONSTANS (CO) homolog activates FLOWERING LOCUS
T1 (FT1) in leaves, leading to upregulation of SUPPRESSOR OF OVEREXPRESSION
OF CONSTANSI1 (SOC1) in the shoot apex [31,67,68]. Subsequently, SOCI upregulates
TERMINAL FLOWER1 (TFL1), which inhibits flowering by downregulating key floral genes
FT3 and APETALA1 (AP1), while promoting runner formation. Regarding light quality,
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blue, red, and far-red light regulate runner formation by affecting CO and CONSTITUTIVE
PHOTOMORPHOGENIC 1 (COP1) expression. COP1 mediates CO degradation, reducing
its abundance. Blue and far-red light suppress this degradation via cryptochrome 2 (cry2)
and phytochrome A (phyA), respectively. Red light entrains a circadian oscillator driving
CO transcription but also destabilizes CO protein through phyB to maintain the level of
CO [69]. Temperature primarily regulates runner formation through TFL1 expression: high
temperature promotes it, while low temperature suppresses it indirectly [70,71], though
the exact pathway remains unknown. Additionally, the reduced runner phenotype in
everbearing strawberries results from a TFL1 frameshift mutation that produces a non-
functional protein incapable of promoting runner formation even under LD and high-
temperature conditions [72].

Photoperiod
LD SD

\ / — cryz <€— Blue
COE—COP1 | nhed o Farred

1’ N circadian «<— phyB <€—Red
FT1

SOC1

Temperature

High ﬂéX\ J

_ATFLI

Low j;--.;x J_

\API/FT3

N

Flowering — Runnering

Figure 2. Current model for controlling runner formation by light and temperature in seasonal
strawberries. Arrows indicate activation, while bars indicate repression, and “X” means unidentified
regulators. The gene encoding strong floral repressor TFL1, which promotes runner formation, is
regulated by ambient temperature through unknown mechanisms. And TFL1 is also regulated by
photoperiodic signals (LD and SD) mediated by CO via FT1 and SOCL1. Blue, red, and far-red light
also affect runner formation through CO.

3. Hormonal Control of Runner Formation
3.1. Gibberellic Acids (GAs)

GAs significantly increased the number of runners in both wild and cultivated
strawberries [73-75], whereas prohexadione-calcium, a GA biosynthesis inhibitor, sup-
presses runner formation [30,76,77]. The crucial role of GAs in runner formation was
later genetically validated. Tenreira et al. identified a 9-bp deletion in the active site of
FveGA20ox (a GA biosynthesis gene), causing runnerless phenotypes in woodland straw-
berry [20]. This mutation occurs in all natural runnerless woodland strawberries, and
exogenous application of bioactive GA restores runner production in these plants. In
contrast, some studies report that exogenous GAj reduces runner numbers in cultivated
strawberries (Table 2) [78,79]. This suggests GA concentrations must remain within an
optimal range for runner formation, as both excessive and insufficient levels inhibit the
process. This discrepancy may be explained by the fact that cultivated strawberries are com-
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plex allo-octoploids, and polyploid plants typically produce higher hormone levels than
diploid counterparts [80,81]. Consequently, nearly all cultivated strawberries can produce
runners, but exogenous GAj3 may disrupt this hormonal equilibrium, thereby reducing
runner numbers.

3.2. Cytokinins and Auxins

Cytokinin and auxin coordinate the regulation of dormancy and outgrowth of axillary
buds (AXBs) in strawberries [82]. Cytokinins are primarily synthesized in roots and
exported, while auxin is mainly produced in terminal buds and transported basipetally [83].
A high cytokinin-to-auxin ratio in AXBs triggers bud growth. Studies reveal elevated auxin
activity in dormant buds versus high cytokinin activity in non-dormant buds. Decapitation
and pharmacological experiments demonstrate that both reduced auxin accumulation and
exogenous cytokinin application initiate bud growth [82]. However, whether the AXBs will
develop into branch crowns or runners after cytokinine application is uncertain. It may
be determined simultaneously by the environment in which the plants live. For instance,
benzyl adenine (BA) and thidiazuron (TDZ) are the most commonly used cytokinin for
runner induction in strawberries (Table 2) [14,84]. Researchers found that application of
BA at 50 mg-L~! increased runner formation in strawberries under a condition of LD
and moderate temperatures [84-86], while exogenous applications of TDZ induced more
branch crowns than runners during winter time when the temperature was low with SD
condition [87], These results indicate cytokinins combined with high temperature and/or
LD conditions promote runner development from AXBs.

3.3. Other Plant Growth Regulators

Plant growth regulators like strigolactones (SLs) and abscisic acid (ABA) also regulate
runner formation. Similar to auxin, SLs effectively inhibit branching [88]. Research shows
auxin moves basipetally along stems, suppressing AXB (axillary bud) outgrowth and
branch crown development partly by promoting SL biosynthesis [89,90]. Recent studies
demonstrate that spraying the SL analog rac-GR24 on strawberry crowns inhibits runner
sprouting (Table 2) [91]. This suppression likely occurs via inhibition of cytokinin signaling
and enhancement of ABA pathways (Figure 3). Early research confirmed that exogenous
ABA inhibits runner formation in strawberries [92]. ABA was proposed to be a general
inhibitor of AXB outgrowth [93]. This action is often BRANCHED1 (BRC1) dependent
on multiple species [94,95]. Among these species, ABA is induced by the transcriptional
regulator BRC1, which is expressed in AXBs and axillary branches and then prevents bud
outgrowth [96].

Table 2. Effect of hormones on runner formation in strawberry plants.

No. Cultivar Hormone Concentration Runner Development Reference
1 Pa]{iro, GA and BA 300 and 12.00 ppm, Inhibited runner production [14]
Queen Eliza, Paros respectively
2 Seolhyang BA and IBA 50 mg-L~! Increased runner production [87]
3 Seolhyang TDZ 50 mg-L~! Increased runner production [87]
4 Seolhyang TDZ and IBA 50 mg-L~! Increased runner production [87]
5 Seolhyang TDZ and TAA 50 mg-L~! Increased runner production [87]
6 Korona GA3 5000 mg-L*1 Increased runner production [30]
7 Ruegen GA;3 50, 75, 100 mg-L’l Increased runner production [97]
8 Maehyang 6-BA 900 or 1500 mg-L~! Increased runner production [98]
9 Maehyang, Sulhyang BA 100 mg-L~! Increased runner production [86]
10 Maehyang, Sulhyang Chlormequat chloride 100 mg-L~1 No effect [86]
11 Cardinal Paclobutrazol 75, 150, 300, 600, or Inhibited runner production [99]
1200 mg-L~! P
12 Benihoppe Strigolactones 5,10, or 20 umol- L1 Inhibited runner production [91]
13 Superfection ABA 50 ppm Inhibited runner production [92]
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Shoot apex
IAA

1 1 ~> SL}____)ABAsignaling
A GA200x4
[

l BRC1  GA
CK signaling l
A ~

CK Bud outgrowth to runner

I

Figure 3. The putative mechanism diagram for strawberry runner formation affected by hormones
and sugar. Arrows indicate activation, and bars indicate repression. CK: cytokinin; IAA: indole-3-
acetic acid; SL: strigolactones; ABA: abscisic acid; GA: gibberellin. IPTs: isopentenyltransferase, key
gene for cytokinin synthesis; GA200x4: key gene for gibberellin synthesis; BRC1: BRANCHEDI, key
hub gene that is involved in the control of branching.

3.4. Sugar

Sugar content positively correlates with the number of runners and daughter
plants [80], indicating the essential role of sugars in strawberry runner formation. Re-
search demonstrates that glucose is a key sugar regulating this process [91,100]. AXB
outgrowth is controlled by sugar metabolic and signaling pathways in multiple species,
including rose (Rosa hybrida L.) [101], grasses [102], and Chrysanthemum Morifolium [103].
This process consistently interacts with hormonal signaling networks [104]. For instance,
sucrose induced AXB outgrowth via the auxin transport pathway in chrysanthemum [103].
Another study suggests that sugar-mediated suppression of auxin-induced strigolactone
pathways promotes bud outgrowth independent of cytokinin in rose and pea [105]. How-
ever, sucrose promoted AXB outgrowth through enhancing the accumulation of cytokinin in
potato (Solanum tuberosumy) [106]. These findings reveal complex sugar-hormone signaling
networks likely regulating strawberry runner formation, warranting further investigation.

4. Genetic Control of Runner Formation

Fragaria species are classified by ploidy levels ranging from diploid (2x) to decaploid
(10x). Most cultivated strawberries are octoploid (Fragaria x ananassa), originating from
hybridization between the octoploid subspecies F. chiloensis and F. virginiana [107]. Cytolog-
ical and genomic studies indicate that at least two diploid progenitors from the Fragaria
species (F. vesca and F. iinumae) contributed to the octoploid genomes of both F. virginiana
and F. chiloensis. Within F. ananassa, the F. vesca-derived subgenome demonstrates higher
gene retention and expression dominance, establishing it as the primary genomic contribu-
tor [108]. Consequently, F. vesca serves as an emerging model system for studying runner
development [26,109,110]. Nevertheless, research indicates that the genetic regulation of
runner formation differs somewhat between woodland and cultivated strawberries.
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4.1. Runner Formation in Woodland Strawberry

The diploid woodland strawberry has different natural accessions with or with-
out runners. For instance, ‘Yellow Wonder’, ‘Alpine’, and ‘Ruegen’ do not develop
runners [111-113], whereas ‘Hawaii 4’, ‘Snovit’, and ‘Norrlandssmultron’ produce run-
ners [114,115]. The difference in runner formation between runner-forming and runnerless
strawberries was first found to be caused by a natural mutation in the GA biosynthesis gene
FveGA20o0x4 [20]. Meanwhile, the GA signal suppressor gene FueRGA1 negatively regulates
runner formation in diploid woodland strawberry [116,117]. The studies that served as the
basis for the illustration in Figure 4 highlight the important role of GA in runner formation
in strawberries. However, GA primarily promotes AXB outgrowth rather than bud initia-
tion [118]. A gene named Loss of Axillary Meristems (LAM) has recently been found to act
sequentially with GA from bud initiation to runner outgrowth in woodland strawberry.
Genetic studies indicated that lam is epistatic to suppressor of runnerless (srl, a mutant of
FueRGA1) during runner formation. As LAM and FueRGA1 play sequential roles in runner
formation, they may not interact directly with each other [21]. Moreover, LAM encodes a
GRAS transcription factor in the LATERAL SUPPRESSOR (LAS) subfamily, which is a hub
gene in the gene regulatory network [119]. In Arabidopsis, LAS directly interacts with the
GA pathway and binds to the promoter of a GA deactivation enzyme GA20x4, leading to a
low-GA content region in the leaf axil [118]. Thus, it can be speculated that a low level of GA
is required during bud initiation in strawberry, a phenomenon identified in grapevine [120].
The CUP-SHAPED COTYLEDON? (CUC2) directly binds to the promoter of LAS in Ara-
bidopsis [121]. Since the fvecuc2a mutant has a phenotype similar to that of the lam mutant
in F. vesca [21,122], CUC may also be an upstream gene of LAM in F. vesca. By referring
to the initiation and outgrowth of axillary buds in other plants [123], Figure 4 proposes a
hypothetical model for runner formation control in woodland strawberry. The expression
level of gene SHOOTMERISTEMLESS (STM) reflects axillary meristem activity. STM is reg-
ulated by CUC genes and additionally modulated by LAS via REVOLUTA (REV). Following
meristem activation, cytokinins promote increased WUSCHEL (WUS) expression to initiate
meristem development. WUS then directly activates the stem cell marker CLAVATA3 (CLV3),
establishing the axillary meristem. Notably, this developmental model requires further
experimental validation.

4.2. Runner Formation in Cultivated Strawberry

The genetic control of runner formation in cultivated strawberries is highly complex
due to the large number of chromosomes (2n = 8X = 56). Several studies indicate runner
production follows quantitative inheritance governed by numerous quantitative trait loci
(QTLs). Gaston et al. [7,124] found that a single major QTL named Perpetual Flowering
and Runnering (FaPFRU) negatively regulates runner formation in cultivated perpetual
flowering strawberries, and FaPFRU was further identified in a 2.85 Mb region on chro-
mosome 4A in all subgenomes belonging to chromosome 4 [125]. Interestingly, QTLs on
the diploid chromosome 4 were also associated with the number of runners in F. vesca,
with an overlapping QTL in chromosome 4 for flowering time [108], indicating this QTL
on chromosome 4 may be the same QTL as PFRU in cultivated strawberry. Recently, new
DNA markers were developed to narrow the PFRU candidate region [126]. In contrast,
Hossain et al. [33] identified seven QTLs, named qRU-5D, qRU-3D1, qRU-1D2, qRU-4D,
qRU-4C, qRU-5C and qRU-2D2, responsible for runner formation in octoploid strawberries.
These QTLs were not orthologous to FaPFRU, suggesting that the genetic control of runner
formation in octoploid strawberries is complex.
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Figure 4. Hypothetical model of runner formation in woodland strawberry. Arrows indicate ac-
tivation, and bars indicate repression. Gibberellin (GA) significantly promotes axillary meristem
(AM) outgrowth but may inhibit AM initiation. CK: cytokinin; LAS: LATERAL SUPPRESSOR; LAM:
Loss of Axillary Meristems; REV: REVOLUTA; CUC: CUP-SHAPED-COTYLRDON; STM: SHOOT
MERISTEMLESS; ARR1: Arabidopsis response regulatorl; WUS:WUSCHEL; CLV3: CLAVATA3; FT1:
FLOWERING LOCUS T1; SOC1: SUPPRESSOR OF OVEREXPRESSION OF CONSTANSI.

A recent study revealed that the gene HANABA TARANU (FaHAN) encodes a GATA
transcription factor that increases the number of runners in cultivated strawberry [127]. It
also suppresses the expression of BRC1, which plays a key role in inhibiting AXB outgrowth.
Furthermore, it influences the expression level of the master regulator of the meristematic
identity gene FaSTM. FaHAN also activates several genes involved in GA biosynthesis and
cytokinin signaling pathways to promote runner outgrowth. Further assays indicated that
FaHAN could be directly activated by FaNAC2, revealing a FaNAC2-FaHAN pathway
in the control of AXB initiation and outgrowth for runner formation in cultivated straw-
berry. Nevertheless, a great deal of work is still needed to reveal the genetic mechanism
underlying runner formation in strawberries.

5. An Integrated Conceptual Framework for Runner Formation

The complex regulation of strawberry runner formation involves a multi-layered net-
work in which environmental signals, hormonal pathways, and genetic programs interact
synergistically. When strawberry plants are exposed to environmental stimuli, such as
LD conditions, high light intensity, red and blue light spectra, and elevated temperatures,
they are transduced into developmental responses through a core genetic module, com-
prising CO-FT1-SOC1, which acts as a major integrator. The key downstream regulatory
node is TFL1, whose expression is promoted by SOC1 under inductive conditions. In
diploid strawberries, GA levels increase through the elevated expression of biosynthesis
gene FveGA20ox4, which is stimulated by SOC1, thereby promoting runner formation.
In octoploid strawberries, the GATA transcription factor FaAHAN serves as a critical pos-
itive regulator, likely acting upstream by repressing the branching inhibitor BRC1 and
activating genes involved in GA and cytokinin pathways. Additionally, cytokinin facil-
itates bud release from dormancy, whereas auxin, SLs, and ABA suppress runner for-
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mation. Sugar availability provides essential metabolic energy and signaling input that
interact closely with hormonal pathways to facilitate runner formation. This integrated
framework underscores that runner formation is not a linear pathway but a complex web
of interactions.

6. Future Prospects

Although the influence of environmental cues and hormonal regulators on strawberry
runner formation has been studied for decades, the practical application of these findings
remains limited. Fortunately, the convergence of this knowledge with artificial intelligence
now offers transformative potential. By integrating historical and real-time phenotypic data
with environmental /hormonal parameters, Al-powered developmental prediction models
can forecast runner initiation dynamics and optimize propagation timelines. These systems
enable intelligent decision-making, including automatically adjusting light regimes, nutrient
solutions, or hormone treatments based on predicted developmental stages and propagation
targets. Indeed, there have been some studies on the formation of strawberry runners in
smart plant factories, and most of these studies have focused on LED lights [128,129]. Further
refinement of the optimal photoperiod, light intensity, and light quality ratios for the formation
of runners in different strawberry varieties will help Al to more accurately regulate the
formation of strawberry runners. This Al-driven approach addresses labor shortages and
aligns with smart agriculture trends, mitigating propagation risks while maximizing efficiency
and yield consistency in strawberry nurseries.

Despite progress, the core molecular mechanisms orchestrating strawberry runner
formation remain largely elusive, particularly the specific signaling pathways, gene reg-
ulatory networks, and cell-type-specific events driving axillary bud fate determination
towards runners. Unraveling this complexity is a fundamental challenge. However, the
emergence of advanced single-cell and spatial omics technologies presents a transformative
opportunity. For instance, Roszak et al. deeply characterized the developmental trajectory
of Arabidopsis protophloem, which occurs in as few as 19 cells [130]. Applying these
techniques to strawberry crown and axillary meristem tissues can delineate the distinct
molecular profiles of cell populations involved in runner initiation and outgrowth under
varying conditions. This cell-resolution approach offers a powerful new strategy to pin-
point key regulatory genes, hormone signaling hubs, and cellular interactions critical for
runner formation, thereby providing unprecedented mechanistic insights and novel targets
for molecular breeding or biotechnological intervention.
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