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Artificial chilling for floral induction in strawberries

Suplementacao artificial de frio para inducao floral em
morangueiro

Luiz Vitor Barbosa de Oliveira'™; Laura Souza Santos'; Heder Asdrubal
Montanez Valencia®; Juliano Tadeu Vilela de Resende?

Highlights

Vernalization increased productivity, improved physiology, and enhanced fruit quality.
There was genotypic variation in response to vernalization.
Vernalization reduces the need to import seedlings and lowers production costs.

Abstract

Strawberry cultivation holds significant socioeconomic importance throughout the world, particularly
because it is largely family based. Recently, strawberry production has faced constraints, as the main
cultivars grown globally require a certain number of chilling hours for floral induction; thus, growers in
tropical and subtropical areas are required to import nursery plants that provide these conditions. This
importation has significantly increased the cost of strawberry production. The chilling requirement
can be supplemented artificially via growth chambers. This study evaluated the production, post-
harvest, and physiological aspects of three strawberry cultivars (Albion, Monterey, and San Andreas)
subjected to different vernalization periods (10, 20, or 30 days). The research was conducted in a low
tunnel system, where agronomic parameters (the number of commercial and non-commercial fruit, the
total fruit weight, and the commercial fruit weight), fruit quality (titratable acidity, vitamin C, reducing
sugars, anthocyanins, phenolic compounds, total soluble solids, and the titratable acidity to total soluble
solids ratio), and physiological parameters (stomatal conductance, net photosynthesis, transpiration
rate, internal cellular carbon, and total chlorophyll) were evaluated. The results revealed a genotype
x environment interaction, with the cultivars responding variably depending on the duration of cold
exposure. Vernalization in a controlled environment during seedling formation generally promoted gains
in productive yield and physiological performance, and slight improvements in fruit quality. In conclusion,
vernalization in a cold chamber offers benefits that can help reduce the importation of seedlings and
thus lower costs for farmers and increase their profitability.
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Resumo

O morangueiro apresenta grande importancia socioeconémica no mundo, principalmente por ser
de base familiar. Ultimamente, a produ¢do de morangos tem passado por restricdes, tendo em vista
que as principais cultivares plantadas no mundo sao exigentes em horas de frio para inducéao floral,
necessitando de importagcdes de viveiros que proporcionam essas condi¢des. Essa importacao
de mudas tem onerado significativamente a producdo de morangos. Assim, entendemos que a
suplementacao da necessidade de frio pode ocorrer de forma artificial, em cédmaras de crescimento.
Dessa forma, a pesquisa avaliou aspectos de producao, de pds-colheita e fisiolégicos de cultivares
de morangueiro submetidas a diferentes periodos de vernalizacdo (10, 20 e 30 dias). Os tratamentos
consistiram em trés cultivares de morangueiro de dia neutro (Albion, Monterey e San Andreas) aos trés
periodos de vernalizagdo. A pesquisa foi realizada em sistema de tunel baixo em que foram avaliados
pardmetros agrondmicos (niumero de frutos comerciais e ndo comerciais, massa de frutos totais, massa
de frutos comerciais), qualidade de frutos (acidez titulavel, vitamina C, acucares redutores, antocianinas,
compostos fendlicos, solidos solUveis totais e a relagcdo acidez titulavel/sélidos sollveis totais), e
parémetros fisiolégicos (conduténcia estomatica, fotossintese liquida, taxa transpiratéria, carbono
interno celular) e clorofilas totais. Mediante resultados obtidos, observou-se que houve interacao
genotipo vs ambiente em que as cultivares responderam de forma variada em funcdo do tempo de
exposicao ao frio. De forma geral, o fornecimento de horas de frio artificial, durante a formacao das
mudas promoveu ganhos para rendimento produtivo, fisiolégico e discreto ganho na qualidade de
frutos. Com base no disposto acima, pode-se afirmar que a técnica de fornecimento de frio em camara
fria traz beneficios que podem contribuir para reduzir a importacdo de mudas, onerando menos o
agricultor e proporcionando maior lucratividade.

Palavras-chave: Fragaria x ananassa. Adaptabilidade. Inducao floral. Periodos de frio. Mudas nacionais.

Introduction

The availability of strawberry
(Fragaria x ananassa Duch.) cultivars can
be limited by several factors, particularly
agro-environmental adaptation and types
of cultivars (Lépez-Aranda et al., 2011).
Strawberry cultivars are highly sensitive to
various environmental conditions, making
it difficult to establish a clear geographic
boundary to separate agroclimatic areas.
Strawberry plants are temperate-climate
species that require the accumulation of
chilling hours for floral induction. Typically,
in temperate climates, the accumulation of
cold is sufficient for strawberries to produce
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fruit without any supplementation; however,
in warmer climates, strawberry plants do
not naturally accumulate enough chilling
hours (R. C. Costa et al,, 2014). As a result,
producers buy seedlings from nurseries that
fulfill the cold requirement (chilling hours)
(Dieletal.,2017; J. T. V. Resende et al., 20203;
Wrege et al., 2007).

The number of chilling hours between
2.0 and 7.2°C that is required for floral
induction varies among cultivars (Ronque,
1998). In general, cultivars grown in tropical
and subtropical regions come from breeding
programs developed in countries with
a temperate climate, such as the United
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States, Italy, and Spain (Zeist & Resende,
2019). As a result, these plants have a higher
chilling requirement for flowering and fruit
production. For floral induction to occur, the
temperature and photoperiod must remain
favorable for a sufficient duration, referred to
as the inductive cycle. Studies have shown
that the minimum number of short-day cycles
needed to induce flowering in octoploid
cultivars mainly ranges from 7 to 14 days,
but it can sometimes be as long as 23 days
(Guttridge, 1985). However, there are limited
data available for day-neutral (everbearing)
cultivars.

In tropical and subtropical areas, the
production of seedlings of high physiological
quality is constrained due to the lack of
suitable climatic conditions. Consequently,
strawberry producers seeking high yields
are forced to rely on imported seedlings
from temperate regions. This approach not
only increases production expenses but
also brings phytosanitary hazards (Moreira
et al., 2022). Producing seedlings within the
country of cultivation is the most effective
strategy to lower costs and to minimize
phytosanitary risks (Cocco et al., 2020). The
use of climate-controlled chambers can
serve as an alternative to produce these
high-quality seedlings that enable high
crop yields in the country of cultivation.
This technique is based on the acquisition
or acceleration of flowering ability through
cooling (vernalization) (Chouard, 1960;
Taiz et al., 2017). Research has shown that
vernalization can supplement insufficient
chiling to promote floral induction in
strawberry plants (Martins & Polo, 2009;
Oliveira & Scivittaro, 2009), especially in
tropical and subtropical climates, where the
chilling requirements are not met (Oviedo
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et al., 2020). Brandao et al. (1989) examined
the impact of vernalization at 10°C for 10, 15,
and 20 days on the photoperiod-sensitive
strawberry cultivar AGF-80 strawberry
cultivar. They found that vernalization had a
significant effect and noted that extending
the vernalization period led to the earlier
development of differentiated floral buds,
visible buds, and open flowers.

The chilling requirement variesamong
strawberry cultivars, ranging from 100 to
700 h at 2-7.2°C (L. E. C. Antunes & Peres,
2013; Darnell et al., 2003; Lavin & Maureira,
2019). Understanding how cultivars respond
physiologically to vernalization can assist
farmersin selectingthe mostsuitable cultivar,
to ensure that cultivation is cost-effective
and that the financial yield is maximized.
Thus, this study determined the optimal
vernalization period in a climate chamber for
the primary everbearing strawberry cultivars
cultivated in tropical and subtropical regions
throughout the world: Albion, Monterey, and
San Andreas. The optimal vernalization period
was selected based on productivity, stolon
emission, and photosynthetic parameters.

Materials and Methods

Experimental site

The experiments were carried out at
the State University of Londrina, in the State
of Parana (23°19'42"S, 51°12'11"W, altitude
594 m) and in a commercial farming area
(23°10'48"S, 51°13'23"W, altitude 543 m).
Based on the Koppen climate classification,
the region is characterized by the Cfa climate
type, featuring hot and rainy summers, with
average annual precipitation of 1600 mm.
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Seedling production and vernalization

The  experiments  utilized the
everbearing cultivars Monterey, Albion, and
San Andreas, developed by the University
of California (United States) (Shaw & Larson,
2009). The Monterey cultivar demonstrates
strong genetic performance in floral
differentiation, leading to higher yields while
preservingthe fruit's quality traits. It produces
fruit with a good soluble solids content, a
uniform flat-conical shape, and a large size
(averaging 32.4 g fruit™). The Albion cultivar
has a more open plant structure, which
simplifies harvesting. It offers consistent
production with fewer peaks and superior
flavor compared with other day-neutral
varieties. The San Andreas cultivar is well
suited to the central and southern coasts
of California. It produces red fruit, slightly
heavier than the Albion and Aromas cultivars
but darker than the Diamante cultivar. The
fruits are large and elongated, with a mean
weight of 31.6 g. They exhibit firmness and
flavor similar to the Albion cultivar, with darker
and redder flesh. In addition, their production
timing and pattern are comparable to the
Albion cultivar (Lucchi et al., 2011; Shaw &
Larson, 2009).

The strawberry seedlings utilized
in the study were grown in a greenhouse
under controlled conditions, with a mean
temperature of 27 + 3°C, relative humidity of
75% + 5%, and a 14:10-h photoperiod. The
seedlings were propagated from stolons
and rooted in 64-cell polystyrene trays filled
with the commercial substrate Carolina
Soil®. Production of the seedlings took place
between August and October 2022. Four
trays of each cultivar were prepared for each
vernalization period.
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Following the rooting process, the
seedlings were subjected to phytosanitary
measures, including the preventive
application of mancozeb for fungal control
(Unizeb Gold®, applied at a dose of 2 kg
ha™") and abamectin (Abamex, applied at
a dose of 30 mL ha') to manage mites
and aphids. Afterward, the seedlings were
transferred to a growth chamber equipped
with an environmental control system, set
to maintain a relative humidity of 85% =+
5%, a temperature range of 2-7.2°C, and a
16:8-h photoperiod (adapted from Oliveira
et al., 2009). Irrigation was provided via a
drip system, and the trays were placed on
benches over a layer of washed sand.

The plants were exposed to three
different vernalization periods (10, 20, and
30 days). The transfer of the seedlings to a
phytotron-type growth chamber occurred
on November 1 (for the 30-day vernalization
treatment), November 10 (for the 20-day
vernalization treatment), and November
20 (for the 10-day vernalization treatment).
The control group, which did not undergo
vernalization, was kept in the greenhouse
until the date of transplantation.

Throughout the vernalization
process, phytosanitary measures for fungal
disease control were implemented every 10
days, with the initial application occurring at
the beginning of the cold treatment phase.
Fungicides containing mancozeb, such as
Unizeb Gold®, were applied at a dose of 2
kg ha'. To manage pests, especially the
two-spotted spider mite, abamectin-based
products such as Abamex® were applied
weekly ata dose of 50 mL ha™. The chemicals
were applied using an electric backpack
sprayer (Lynus brand, 18-L capacity) fitted
with a fan-type nozzle and a flow rate of
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757 mL min™. Following the completion of
the vernalization period, the seedlings were
acclimatized in the greenhouse for 3 days
before transplanting (at a temperature of 27
+ 3°C and relative humidity of 75% + 5%).

Field experiment

The soil at the experimental site is
classified as Eutroferric Red Latosol (Bhering,
2020). The soil was prepared by plowing and
harrowing and adjusted based on chemical
analysis, with dolomitic limestone applied
at a dose of 1,200 kg ha™'. Raised beds
were formed using a bed shaper, measuring
1.20 m in width and 0.25 m in height, with
limestone incorporated during the process.
Base fertilization was performed according
to soil chemical analysis, using NPK fertilizer
(formulation 04-14-08) at a dose of 1,300 kg
ha™'. After transplanting at a spacing of 0.30 x
0.30 m, the seedlings were heavilyirrigated to
ensure successful establishment. Thirty days
after transplanting, the beds were covered
with double-faced mulch (25-pum thick) and
enclosed with a 120-um plastic tunnel. Drip
tubes with holes spaced 0.10 cm apart
were used for irrigation; according to the
manufacturer, they provide an approximate
flowrate of 1.5L h".

The experiment was carried out using
a randomized block design with split plots,
with nine plants per plot and four replications,
resulting in a total of 12 treatments. The
treatments included three everbearing
strawberry cultivars (Albion, Monterey, and
San Andreas), three vernalization periods
(10, 20, or 30 days), and a control treatment
where the cultivars were not subjected to
vernalization.
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The plants were provided mineral
nutrition via fertigation, with the frequency
adjusted according to the electrical
conductivity of the drainage. During the
vegetative phase, the electrical conductivity
of the tank was maintained at 0.8-1.2 mS
cm™, and during the production phase, it
was maintained at 1.4-1.6 mS cm™. The
composition of the nutrient solution varied
according to the plant's developmental
stage. Pests and diseases were controlled
using biological and natural products such
as neem oil (1.5 L ha™") and sulfur (2 kg ha™).
When necessary, chemical insecticides or
fungicides were applied, such as Pirate® and
Amstar Top®, at a dose of 50 and 300 mL ha™,
respectively.

Measurement of gas exchange and net
photosynthesis

The physiological parameters were
analyzed using an Infrared Gas Analyzer
(IRGA) (model LCpro-SD, ADC Bioscientific,
UK). The parameters assessed were stomatal
conductance (Gs), the net photosynthetic
rate (A), the leaf transpiration rate (E), and the
intercellular CO, concentration (Ci).

Physiological measurements were
taken four times throughout the experiment:
before transplanting the seedlings, 30
days after transplanting (vegetative stage),
60 days after transplanting (onset of the
reproductive stage), and 90 days after
transplanting (during the peak reproductive
stage). The measurements were performed
between 8:00 and 10:00 AM on sunny days
with no cloud cover. From every plot, three
plants were selected randomly for analysis,
focusing on the apical leaflet of the youngest
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fully expanded trifoliate leaf. The final value
was determined by calculating the weighted
mean of the four measurements.

Yield and biometric characteristics

Harvests were conducted twice a
week over 6 months. For assessment, the
fruit was weighed using a semi-analytical
balance (AUW220D, Shimadzu, Philippines)
and categorized with the aid of a digital caliper
into non-commercial (< 35 mm and 8 g) and
commercial (> 35 mm and 8 g) (PBMH & PIMo,
2009). From this classification, the following
parameters were obtained: the total number
of fruit (TNF), the number of commercial fruit
(NCF), and the number of non-commercial
fruit (NNCF). Furthermore, the total fruit
weight (TFW, g plant™), commercial fruit
weight (CFW, g plant™), average fruit weight
(AFW, g fruit™), non-commercial fruit weight
(NCFW, g plant™), and average weight of
commercial fruit (AWCF) were calculated.

Weekly counts were conducted to
record the number of stolons produced and
the number of trifoliate leaves per plant in
each plot, continuing until the onset of the
reproductive stage.

Physicochemical analyses

The physicochemical analyses were
carried out in the post-harvest laboratory
at the State University of Londrina. For each
harvest, two pieces of commercially mature
fruit were collected from each plot during
the first three months (May, June, and July),
representing the peak production phase. The
fruitwas packedin plastic containers, labeled,
and stored in a freezer for subsequent
chemical analysis.
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The internal and external color of the
fruit was determined using a colorimeter
(Minolta CR-410, USA) with illuminant C as
the reference standard. Each piece of fruit
was cut transversely, and four measurement
points were recorded, encompassing
both the inner and outer regions. These
measurements were performed on the
fruit harvested and reserved for chemical
analysis. The results are expressed in the LCh
color system, where L represents lightness
(0-100, from or darker to lighter colors); C
indicates chroma (0-60, from less saturated
to more saturated colors), and h denotes the
hue angle (0°-360°, where 0° is red, 90° is
yellow, 180°is green, and 270° is blue).

Flesh firmness was assessed on
one piece of commercially ripe fruit per
harvest from each plot. Measurements were
conducted at two points equidistant from
the fruit's center using a digital penetrometer
(DD-200, Instrutherm, Brazil) equipped with a
6-mmtip. The mean firmness across harvests
was calculated, and the results were reported
in Newtons (N).

The fruit stored during the harvest
period was thawed, processed in a blender,
and homogenized to prepare aliquots for
further analysis. The soluble solids content
was measured using 2-3 drops of juice
extracted from the homogenized sample.
Analyses were conducted in triplicate
using a benchtop refractometer (MA871,
Milwaukee Instruments, USA), and the
results are reported in °Brix. Titratable acidity
(g of citric acid per 100 g) was determined
using the titrimetric method. A 10-mL juice
sample was titrated with 0.1 N NaOH, using
phenolphthalein as the acid-base indicator.
This procedure was conducted according
to the methodology outlined by the Adolfo
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Lutz Institute [ALI] (2008). The ratio of
soluble solids to titratable acidity was also
calculated.

Phenolic compounds were quantified
using the Folin—Ciocalteu method. It relies on
redox reactions between the Folin Ciocalteu
reagent and phenolic compounds, resulting
in the formation of blue molybdenum
and tungsten oxides. The development
of these oxides was measured with a
spectrophotometer (Genesys 10S UV-VIS,
Thermo Scientific) at a wavelength of 765
nm.

Vitamin C (mg 100 g7') was
determined using the Tillmans method,
which is based on the reduction of the dye
sodium 2,6-dichlorophenolindophenol by an
acidic solution of vitamin C (ascorbic acid).
This determination was carried out following
the method of the ALI (2008).

Reducing sugars were quantified
based on the 3,5-dinitrosalicylic acid
method, as described by Miller (1959). This
procedure involves the reaction of the acid
in an alkaline medium, converting it into
3-amino-5-nitrosalicylic acid through the
action of reducing sugars. The mixture was
incubated in a water bath at 100 °C for 10
min, and then the absorbance at 570 nm was
read using a spectrophotometer (Genesys
10S UV-VIS, Thermo Scientific).

The total anthocyanin content was
quantified based on the spectrophotometric
method proposed by Association of Official
Analytical Chemists [AOAC] (1995), with
modifications. The absorbance at 535 nm
was read with a spectrophotometer, and
the results are expressed as milligrams
pelargonidin-3-glucoside per 100 g.
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Statistical analyses

The data were subjected to tests for
normality and homogeneity of variances.
When the assumptions were met, they were
analyzed using joint analysis of variance (P <
0.05). When significant, the treatment means
were compared using Tukey's test (P < 0.05).
The data related to the vernalization periods
were subjected to regression analysis, and
the significance was assessed using the
t-test (P < 0.05). All data were analyzed using
the Sisvar software (Ferreira, 2016).

Results and Discussions

Gas exchange and net photosynthesis

Higher photosynthetic activity
generally leads to greater plant growth
and development, resulting in increased
productivity and economic gains. Evaluation
of the effects of vernalization periods on
everbearing strawberry cultivars revealed
significant interaction effects on gas
exchange and photosynthetic activity.
The cultivars responded differently when
exposed to varying vernalization periods.
Vernalization stimulates the apical meristem,
triggering hormonal responses that activate
genes related to chemical and physical traits,
such as the development of reproductive
structures (McDaniel, 1994; Verdial et al.,
20009).

When subjected to 10 and 20 days
of vernalization, the Albion and Monterey
cultivars exhibited the highest Ci in the
substomal chamber. This parameter
decreased as the duration of cold exposure
increased (Figure 1a), likely because of the
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enhanced production of abscisic acid, which
promotes stomatal closure. For the San
Andreas cultivar, Ci showed a slight increase

®Albion y=-0.09x2 + 3.142x + 345,87 R*=0.51
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after 20 days of vernalization, but this cultivar
consistently displayed the lowest Ci values
among the three tested cultivars.
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Figure 1. The changes in the physiological parameters measured before transplanting
the seedlings and after exposure to different vernalization periods: (a) the intercellular CO,
concentration (- Ci); (b) the transpiration rate (E; (c) stomatal conductance (Gs); and (d) the

photosynthetic rate (A).

For each figure, points with the same letter do not differ significantly according to Tukey's test
(p > 0.05). The asterisks indicate the significance of the regression: * p < 0.05 and ** p < 0.01.
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The Monterey cultivar exhibited a
higher E when subjected to 10 and 20 days
of vernalization, but it decreased after 30
days of vernalization (Figure 1b). This result
explains the reduction in Ci at 30 days of
vernalization because on average, for every
600 water molecules transpired, one CO,
molecule diffuses into the plant. The Albion
and San Andreas cultivars presented a lower
E compared with the Monterey cultivar, but it
remained stable as the vernalization period
increased.

The Albion and Monterey cultivars
showed an increase in Gs, particularly after
10 and 20 days of vernalization (Figure 1c).
These findings confirm the relationship
between E, Ci, and Gs. Higher Gs results
in higher E and, consequently, higher Ci in
the plant. The San Andreas cultivar showed
the lowest Gs, with a slight increase as the
vernalization period was extended.

It is important to note that the lower
Ci in the substomatal chamber is due to
reduced stomatal conductance, which limits
transpiration and, as a result, CO, uptake.
Stomata are highly responsive to changes
in environmental conditions (Barbosa et
al.,, 2018). The reduction in gas exchange
observed in the plants subjected to longer
cold exposure (denoted by lower Ci, E, and
Gs) may have been caused by a marked
increase in abscisic acid, a hormone known
to induce stomatal closure (Pridgeon &
Hetherington, 2021; Qu et al., 2019; Ye et al.,
2017; T. Y. Zhang et al., 2017). On the other
hand, when present in lower concentrations,
abscisic acid maintains a balance with
other hormones and regulates the activity
of stomatal gas exchange (Taiz et al., 2017).
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This accounts for the improved Ci, E, and
Gs values seen in the Monterey and Albion
cultivars during intermediate vernalization
periods (10 and 20 days).

Vernalization had a positive impact
on A of the cultivars. The Monterey cultivar
exhibited the highest A, especially after 10
and 20 days of vernalization. The Albion
cultivar reached its maximum photosynthetic
potential after 10 days of vernalization, while
San Andreas reached its peak after 10 and
20 days (Figure 1d). All cultivars showed a
decline in photosynthetic efficiency when
exposed to longer periods of cold. The
elevated A is likely associated with the
low E, indicating that the plant focuses on
optimizing photosynthesis while conserving
water (Montilletetal., 2021; Roux & Leonhardt,
2018). The limited diffusion of CO, into the
cells reduced the amount of carbon available
for the Calvin cycle, leading to a decrease in
net photosynthesis.

Gas exchange parameters in plants
are interconnected, as higher Gs enhances
gas exchange efficiency, enabling the
release of water molecules (transpiration)
and the uptake of CO, molecules. This
results in greater CO, accumulation in the
substomatal chamber, promoting higher
photosynthetic activity (Kluge etal., 2015; Taiz
etal.,, 2017) and, ultimately, better productive
performance (Kamperidou & Vasilakakis,
2006). More efficient gas exchange directly
affects the amount of CO, a plant can fix and
convert into glyceraldehyde per unit of time
in the Calvin cycle. Under ideal conditions,
increased gas exchange and internal cellular
carbon can lead to various benefits for the
plants.
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Number of stolons and trifoliate leaves

Stolons are important for the
vegetative propagation of strawberry plants,
but in commercial cultivation, they act as
strong sinks that can compromise fruit
production. In strawberry plants, the growth
and development of leaves, flowers, and
runners depend on the interactions between
temperature, photoperiod, and thermal
amplitude (Husaini & Xu, 2016). The results
revealed significant cultivar x vernalization
periodinteractions for the number of trifoliate
leaves and runners emitted. The Albion and
San Andreas cultivars were not influenced
by the duration of vernalization, with no
significant adjustment of the regression
equation, maintaining low stolon emission
regardless of the cold exposure duration
(Figure 2a). When subjected to longer
vernalization (20 and 30 days), the Monterey
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cultivar produced more stolons, which
partly explains the decline in agronomic
parameters related to fruit production under
these conditions. Verdial et al. (2009) and L.
D. A. Resende et al. (1999) reported that in
photoperiod-sensitive (short-day) cultivars
exposed to vernalization, there is greater
early stolon emission within the first 15 days
after transplanting, and it remains stable until
60 days. They also noted that cultivars varied
in their runner emission, with the Campinas
cultivar producing stolons regardless of
vernalization, indicating that this cultivar has
a low chilling requirement. Guevara-Matus
et al. (2023) found that the Albion, Festival,
and Oso Grande cultivars, subjected to four
vernalization treatments (0, 250, 500,and 750
h of cold at 6°C), generated a higher number
of stolons when vernalized, a result that is
generally unexpected under such conditions.
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Figure 2. The (a) number of stolons and (b) trifoliate leaves as a function of different vernalization

periods.

For each figure, points with the same letter do not differ significantly according to Tukey's test
(p > 0.05). The asterisks indicate the significance of the regression: * p < 0.05 and ** p < 0.01.
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The Albion and San Andreas cultivars
showed a higher number of trifoliate leaves
emitted when subjected to 10 and 20 days
of vernalization (Figure 2b). In contrast, the
Monterey cultivar produced the highest
number of trifoliate leaves when the plants
were not vernalized, with a decrease as the
cold exposure time increased. We observed
an antagonistic relationship between runner
emission and the number of trifoliate leaves,
particularly in the Monterey cultivar. These
results can be explained by the source-sink
balance within the plant

Diel et al. (2017) found that the
Albion cultivar requires a larger accumulated
thermal sum for the production of trifoliate
leaves on the main crown, whereas the
Camarosa cultivar requires a smaller thermal
sum. The Albion cultivar also demonstrated
a slower leaf emission rate compared with
other cultivars (Mendonca et al., 2012),
aligning with our research results. A. F. Costa
et al. (2015) reported differences in the
phyllochron, with non-vernalized seedlings
needing 93.30°C day leaf' and vernalized
seedlings requiring 117.80°C day leaf'. A
reduction in the leaf emission rate leads
to a longer phyllochron, indicating that
plants likely need a higher thermal sum for
leaf production (Rosa et al., 2011). The fact
that Monterey cultivar showed increased
runner emission when not vernalized which
is consistent with the findings reported by
Rosa et al. (2011) suggests it has a lower
thermal sum requirement for floral induction.
This outcome supports our hypothesis that
the Monterey cultivar requires fewer chilling
hours for floral induction.

The source-sink relationship can be
adjusted by either enhancing or reducing
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the strength of the source (the crop's
photosynthetic rate) or the sink (the demand
for assimilates). The appearance of flowers,
fruits, and budding structures such as stolons
disrupts the balance of vegetative growth
(leaves and stolons) in strawberry plants,
changing the distribution of photoassimilates
among vegetative organs (Dal Picio et al.,
2013; Y. C. Zhang et al., 2009). Plant growth
modulation is regulated by the balanced
interplay of various plant hormones, which
work together to either promote or inhibit
development throughout the growth cycle.
Runner production in strawberry plants
is linked to the auxin-cytokinin balance.
Extended cold exposure stimulates cytokinin
production, creating an imbalance with
auxin, which encourages stolon growth and
reduces the production of trifoliate leaves
from the plant crown (Kerbauy, 2017).

Yield parameters

The Monterey cultivar exhibited the
highest fruit production per plant (based
on TFW), irrespective of the vernalization
period (Figure 3a). The optimal yields were
observed when plants underwent 20 days of
vernalization. For the San Andreas cultivar,
fruit production increased linearly, with
the highest yield achieved after 30 days of
vernalization. In contrast, the Albion cultivar
showed a decline in fruit production after
30 days of vernalization, suggesting that
this cultivar requires a shorter vernalization
time for floral induction. The fruit yields
recorded in this study are consistent with
those documented in the literature for both
vernalized and non-vernalized cultivars (L. E.
C. Antunes et al., 2010; Oviedo et al., 2020).
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Figure 3. The effect of different vernalization periods on yield parameters: (a) total fruit weight
(TFW); (b) commercial fruit weight (CFW); (c) total non-commercial fruit weight (NCFW); (d) total
number of fruit (TNF); (e) number of commercial fruit (NCF); (f) number of non-commercial fruit
(NNCF); (g) average weight of commercial fruit (AWCF).
For each figure, points with the same letter do not differ significantly according to Tukey's test
(p > 0.05). The asterisks indicate the significance of the regression: * p < 0.05 and ** p < 0.01
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The Monterey cultivar subjected to 20
days of vernalization presented the highest
CFW (Figure 3b). The Albion and San Andreas
cultivars presented their highest CFW after
10 and 30 days of vernalization, respectively.
For the San Andreas cultivar, the equation
adjustment followed a linear trend, indicating
that the production of commercial fruit
could further increase when vernalization is
extended.

NNCF was highest for the San Andreas
and Monterey cultivars (Figure 3c), although
this variable was not significantly influenced
by the vernalization period, especially for the
Monterey cultivar. Extending vernalization to
30 days decreased NNCF in the Albion cultivar
but increased this variable in the San Andreas
cultivar.

Environmental shifts, such as exposure
to low temperatures, induce hormonal
changes that regulate genes potentially
involved in cell division, influencing fruit
growth in ways that differ depending on the
genotype. Groppo etal.(1997) studied multiple
strawberry cultivars and observed that the
timing of fruit production and ripening varies
across cultivars. Therefore, this behavior is a
physiological trait unique to each cultivar.

TNF was higher in the Monterey and
San Andreas cultivars (Figure 3d) across
all vernalization periods compared with the
Albion cultivar. For the Monterey and San
Andreas cultivars, the highest TNF occurred
after 20 days of vernalization, with a slight
reduction when this period was extended
to 30 days. The Albion cultivar maintained a
stable TNF up to 20 days of vernalization, with
a decrease observed at 30 days.

The Monterey and San Andreas
cultivars also achieved the highest NCF
(Figure 3e), specifically after 10 and 20 days
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of vernalization, respectively. Oliveira and
Scivittaro(2009)reported thatvernalization for
21 daysincreased strawberry fruit production.
Exposure to 30 days of vernalization reduced
NCF for all cultivars.

NNCF increased with the vernalization
period for the Monterey and San Andreas
cultivars (Figure 3f), with a linear equation
adjustment for the San Andreas cultivar. Our
results align with those obtained by Ledesma
and Kawabata (2016), who observed that
vernalized strawberry plants showed an
increase in the number of fruit produced
per plant, albeit of medium and small sizes.
Verdial et al. (2009) reported that vernalized
plants of the Campinas, Cartuno, and Oso
Grande cultivars produced a large NNCF with
low average weight, even though seedling
vernalization increased the percentage of
flowering and fruiting in the plants.

The Monterey cultivar subjected to
20 days of vernalization had the highest CFW
(Figure 3g). The San Andreas cultivar did not
show a significant equation adjustment for
this variable, indicating that vernalization
did not influence AWCF. The Albion cultivar
showed an increase in AWCF at 10 days of
vernalization, with a gradual reduction after 20
and 30 days of vernalization.

The results for the production
components (TFW, CFW, MFNC, TNF,
NCF, NNCF, and AWCF) revealed that the
cultivars respond differently depending on
the vernalization period, showing a marked
genotype x environment interaction. The
cold requirement for floral induction in the
Albion, San Andreas, and Monterey cultivars
ranges from 250 to 450 h (Shaw & Larson,
2009), but the response to this accumulation
is conditioned by interactions with the
environment. Ledesma and Kawabata (2016)
reported different responses from certain
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cultivars to cold exposure; they only reported
an increase in fruit weight and size due to
vernalization in one of the four evaluated
cultivars. This result highlights the genotype
x environment interaction, and such studies
are necessary for cultivar selection and, more
importantly, to determine the number of cold
hours required for floral induction.

Albion was the least productive
cultivar and showed the lowest response to
vernalization, demonstrating a lower cold
requirement for flowering. This finding is
consistent with the studies by Diel et al. (2017)
and Reekie et al. (2003) when evaluating
the Albion cultivar under artificial cold
supplementation. San Andreas was the most
cold-demanding cultivar of the three, showing
the best production when exposed to longer
vernalization periods. Monterey was the
most productive cultivar and responded best
to vernalization. Intermediate vernalization
periods (10 or 20 days) were the most suitable
to achieve higher total and commercial fruit
productivity, with a greater AWCF, the factor
most preferred by consumers.

The results also demonstrated that
exposure to cold for more than 20 days does
notbring productive benefitstothese cultivars,
especially for the variables MCF and AWCEF. In
this regard, there are discrepancies regarding
the effectiveness of the vernalization of
plants before field transplanting. Several
researchers obtained higher yields when the
seedlings were vernalized in cold chambers
(Bish et al., 2002; Li et al., 2021), while others
found that natural vernalization in nurseries
is more effective in increasing productivity
(Cantliffe et al., 2007). However, the response
varies due to the interaction between the
cultivar and the number of chilling hours,
regardless of how the plants are exposed
to cold. It is clear that the accumulation of
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chilling hours is essential for the physiological
processes of strawberry plant flowering and
fruit production. Furthermore, flower initiation
varies by cultivar but generally increases as
the temperature decreases and, for some
varieties, depends on a specific number of
chilling hours (Hernandez-Martinez et al.,
2023; Verdial et al., 2009).

Considering the agronomic
parameters together, it can be inferred that
the Monterey cultivar is superior for most
of the evaluated traits compared with the
others, especially when subjected to 20 days
of vernalization. The San Andreas cultivar
responded linearly for some traits, highlighting
the need to extend the cold exposure period
to reachits maximum potential. This extension
could have a positive effect, considering that
NNCF and AWCF increased after 30 days of
vernalization.

Fruit color characteristics

Figure 4 shows the internal and
external luminosity, chroma, and hue angle of
the strawberries produced by the plants. The
equations for the external fruit luminosity of
the cultivars subjected to vernalization were
not significantly adjusted (Figure 4a), although
30 days of vernalization reduced luminosity in
the fruit produced by the Albion and Monterey
cultivars, but not the fruit produced by the
San Andreas cultivar. Internal fruit luminosity
was affected by both the cultivar and the
vernalization period. The Albion cultivar
subjected to vernalization produced fruit
with the highest internal luminosity (i.e., the
lightest fruit) (Figure 4b). After 10 days of
vernalization, the Monterey cultivar produced
fruit with higher luminosity, whereas, after 30
days of vernalization, the San Andreas cultivar
produced fruit with the highest luminosity.
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The fruit produced by the Albion cultivar
showed a decrease in internal luminosity
as the vernalization period increased, while
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the fruit produced by the San Andreas
cultivar exhibited increased luminosity as the
vernalization period increased.
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Figure 4. The effects of different vernalization periods on the color parameters of strawberries:
(a) external lightness; (b) internal lightness; (c) external chroma; (d) internal chroma; (e) external

hue angle; and (f) internal hue angle.

For each figure, points with the same letter do not differ significantly according to Tukey's test
(p > 0.05). The asterisks indicate the significance of the regression: * p < 0.05 and ** p < 0.01.
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For the external chroma of the fruit
(Figure 4c), only the regression equation
for the fruit produced by the San Andreas
cultivar showed a significant adjustment,
with longer vernalization periods increasing
this parameter. The fruit produced by
Albion and Monterey cultivars displayed no
significant changes in chroma as a result of
the vernalization periods. For the internal
chroma of the fruit (Figure 4d), there was
minimal variation among the cultivars up
to 20 days of vernalization. After 30 days
of vernalization, the fruit produced by the
San Andreas cultivar showed an increase
in internal chroma, while the fruit produced
by the Albion cultivar showed a decrease.
Internal chroma remained stable for the fruit
produced by the Monterey cultivar, even
after 30 days of vernalization.

There was not a significant equation
adjustment for the external and internal hue
angle (Figure 4e and f, respectively) of the
fruit produced by the cultivars relative to the
vernalization period. The fruit produced by
the Monterey cultivar subjected to 30 days
of vernalization showed the best external
hue angle. The fruit produced by the San
Andreas cultivar exhibited the lowest hue
angle, irrespective of the vernalization
period. There was minimal variation in the
hue angle of the fruit produced by the Albion
and Monterey cultivars at the different
vernalization periods, but this parameter was
superior compared with the fruit produced
by the San Andreas cultivar.

Chitarra and  Chitarra  (2005)
suggested that vernalization slightly
interferes with the color parameters of
cultivated strawberries. This is an important
consideration due to the importance of
these parameters for consumer acceptance
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at the time of purchase. Our findings indicate
that vernalization has some effect on the
expression of genes related to strawberry
color characteristics. Genes involved in the
anthocyanin biosynthetic pathway and other
color-related compounds may be regulated
during vernalization (Aharoni et al., 2001;
Castillejo et al., 2020; Cocco, 2014; Cocco
et al., 2020; Medina-Puche et al., 2014). It is
important to emphasize that vernalization
is not an isolated or static process and
can impact the plant's reaction to later
environmental conditions, such as light and
temperature, during fruit growth and ripening.
These factors can affect the development
and stability of the pigments that determine
color (Jaakola, 2013).

Physicochemical and antioxidant
characteristics
The chemical and nutritional

properties of strawberries are crucial for
consumer appeal. These properties can vary
depending on environmental factors (light,
temperature, irrigation, and fertilization), the
ripening process, the cultivation system, and
the genetic makeup of the cultivars (Coelho,
2016).

The primary sugars glucose and
fructose play a key role in sweetness and,
together with organic acids, influence the
flavor and aroma of the fruits (Ma et al.,
2015). These monosaccharides can undergo
oxidation in the presence of oxidizing
agents in alkaline solutions, earning them
the classification of reducing sugars (R. D.
N. Silva et al., 2003). There were significant
adjustments to the regression equations
regarding the reducing sugar content in the
fruit produced by all cultivars relative to the
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vernalization periods (Figure 5a). The fruit  concentration as a result of vernalization.
producedbythe Monterey cultivarhadalower Many fruit and plant traits are influenced by
reducing sugar content when not subjected the accumulation of cold hours, largely due to
to vernalization, but this concentration hormonal synthesis and balance. Therefore,
increased as the vernalization period the sugar content in the fruit was likely
increased. In contrast, the fruit produced determined during vernalization, accounting
by the San Andreas and Albion cultivars  for the observed results.

showed a decrease in the reducing sugar
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Figure 5. The effects of different vernalization periods on the physiochemical and antioxidant
characteristics of strawberries: (a) reducing sugars; (b) soluble solids; (c) titratable acidity; (d)
ratio; (e) vitamin C; (f) phenolic compounds; (g) anthocyanins; and (h) firmness.

For each figure, points with the same letter do not differ significantly according to Tukey's test
(p > 0.05). The asterisks indicate the significance of the regression: * p < 0.05 and ** p < 0.01.

The soluble solids content was higher
in the fruit produced by cultivars exposed to
vernalization for 10 or 20 days, particularly
the Monterey and San Andreas cultivars,
likely due to a favorable hormonal balance
that modulates the expression of genes
associated with this trait. The soluble solids
contentwas stableinthe fruitproduced bythe
Albion cultivar up to 10 days of vernalization,
with a significant reduction after 20 and 30
days. This reduction also occurred in the fruit
produced by the San Andreas and Monterey
cultivars (Figure 5b). Oviedo et al. (2020)
did not find significant changes in soluble
solids when comparing vernalized and non-
vernalized strawberry genotypes. However,
they observed a significant effect on
titratable acidity, with vernalized genotypes
showing higher values.

Titratable acidity reflects the total
acid content in fruit. It is high during the initial
stages of fruit development and declines as
the fruit ripens (Rahman et al., 2016). In fresh
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strawberries, titratable acidity can vary from
0.52% (Cecatto et al.,, 2013) to 1.51% (M. C.
Antunes et al., 2014). In this study, titratable
acidity was estimated by measuring the
citric acid content per 100 grams of fruit
pulp. Figure 5c¢ highlights a strong cultivar x
vernalization period interaction on titratable
acidity. There was lower titratable acidity in
fruit produced by the vernalized Monterey
cultivar,whereasthefruitproducedbythe San
Andreas cultivar showed a gradual increase
in titratable acidity with vernalization. The
regression equation for the titratable acidity
in the fruit produced by the Albion cultivar
did not exhibit a significant adjustment,
suggesting that vernalization had no impact
on its titratable acidity.

The total soluble solids to titratable
acidity ratio showed variations based on
the cultivar and vernalization period (Figure
5d). The fruit produced by the Albion cultivar
maintained a stable ratio, showing no
significant influence from the vernalization
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period. The fruit produced by the Monterey
cultivar had the highest ratio, especially when
the plants were exposed to 10 or 20 days of
vernalization. In contrast, the fruit of the San
Andreas cultivar showed a decline in the ratio
as the vernalization period was extended.

Oviedo et al. (2018) reported that
sugar levels, soluble solids, total acidity, and
the ratio of total soluble solids to titratable
acidity are influenced by the vernalization
period and cultivar. Scott et al. (2021) stated
that the sugar, acid, and volatile compound
contents in strawberries decrease as
temperature rises, with increased respiration
during warm nights and faster fruit
development in warm days and nights being
the contributing factors (Menzel, 2022).

Only the regression equation for
the fruit produced by the Monterey cultivar
demonstrated a significant adjustment for
the vitamin C content (Figure 5e), with the
highest content recorded after 10 days of
vernalization. The vitamin C content was
also highest in the fruit produced by the San
Andreas cultivar, even though the regression
equation was not significantly adjusted.
Interestingly, the Albion cultivar yielded fruit
with a higher vitamin C content when the
plants were not vernalized and when exposed
to the maximum cold period (30 days), likely
as a result of hormonal responses.

Phenolic compounds exhibit
important antioxidant properties (H. Zhang &
Tsao, 2016). The fruit produced by the Albion
cultivar exposed to vernalization for 20 days
had the highest phenolic compound content.
The fruit produced by the Monterey cultivar
had a high phenolic compound content that
remained stable regardless of the length
of vernalization. On the other hand, when
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the San Andreas cultivar was exposed to
vernalization for periods, the fruit had a
reduced phenolic compound content.

In strawberries, pelargonidin
3-glucoside is the most abundant
anthocyanin, making up 90% of the total
anthocyanins (Barth et al., 2020; Ruiz et al.,
2019). The Albion and Monterey cultivars
that were not vernalized produced fruit with
the highest anthocyanin concentrations
(Figure 5g). These results suggest that
vernalization can decrease the anthocyanin
content. The San Andreas cultivar yielded
fruit with lower pigment levels compared with
the Monterey and Albion fruit. Consistently,
previous studies found that low temperatures
negatively impact the accumulation of
anthocyanins and vitamin C but positively
affect soluble sugars, while the flavonol and
total phenolic compound contents remain
unchanged (Barth etal., 2020; J. T.V.Resende
et al., 2020b).

Pulp firmness (Figure 5h) is regarded
as one of the most critical attributes
assessed in strawberries, as it enhances
handling and transportation conditions while
preserving organoleptic qualities for an
extended period, therebyincreasing the shelf
life and marketability (Nasrin et al., 2017). The
San Andreas cultivar yielded strawberries
that progressively lost their firmness as the
vernalization period was extended. On the
other hand, the Albion and Monterey cultivars
produced strawberries that were firmer when
the plants underwent vernalization for up
to 20 days. Fruit firmness is a key attribute
that impacts the quality and consumer
appeal of the product, and it is influenced
by vernalization. The reallocation of plant
resources to flower and fruit development
can alter fruit texture over the production
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cycle. Hormones such as gibberellins are
crucial for fruit development and can be
regulated by vernalization. This hormonal
control can influence fruit formation and
firmness (J. F. Silva et al., 2014).

Conclusions

The positive effects of vernalization
on strawberry seedlings were most
noticeable for the physiological, biometric,
and production-related characteristics,
whereas the physicochemical properties
showed only slight changes. The cultivars
exhibited varying responses to cold
exposure, demonstrating a pronounced
genotype x environment interaction. The
Monterey cultivar achieved the best results
in terms of productivity and physiological
parameters at intermediate vernalization
periods, with an exposure duration of 10 to
20 days. In contrast, the San Andreas cultivar
required longer vernalization periods to yield
positive outcomes, while Albion was the least
responsive to changes in the vernalization
period.
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