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Abstract: The growing interest in using everbearing (EB) strawberry cultivars to extend the cultiva-
tion period has faced some challenges. These include poor runner production due to its perpetual
flowering nature; irregular flowering behavior and extended periods of high temperature have
caused floral inhibition and reduced yield. As flowering is an interplay between temperature and
photoperiod, it is important to investigate the effects of this interaction on the cultivation. Therefore,
this study used meristem dissection as a tool to study the effect of temperature and photoperiod on
meristem development. Tray plants of two EB strawberry cultivars ‘Florentina’ and ‘Favori’ were
grown at 20 ◦C, 25 ◦C, and 30 ◦C under short day (SD) conditions, and subsequently at 20 ◦C under
long day (LD) conditions. The meristem development was analysed every 6 weeks for a 15-week
period in SD and for 14 weeks in LD conditions using meristem dissection. The plants showed
similar flowering patterns to previously studied everbearing cultivars, which was qualitative LD
plants at high temperatures and quantitative LD plants at lower temperatures. Our results show
that meristem dissection can be used to determine the temperature and photoperiodic effect on
meristem development, and for the occurrence of cropping peaks, and can therefore be used to decide
the environmental input and to evaluate yield potential.

Keywords: cultivars; flowering; flower mapping; Fragaria × ananassa Duch.; meristem development;
photoperiod; temperature

1. Introduction

Strawberry is an economically important crop, with European production estimated
to be 1.7 million tons annually, accounting for 20% of the world strawberry production [1].
Despite the short summers, strawberry is also an important fruit in the Nordic countries.
Due to the cold climate, seasonally flowering (SF) cultivars are favored in open fields,
and this results in a short cultivation period [2,3]. Different techniques are used to extend
the growing season to meet the increasing demands. This is conventionally done through
environmental manipulation, using forcing and protecting systems, such as greenhouses
and tunnels [3–7].

Strawberries grown in controlled systems are protected against damage caused by
weather conditions (e.g., rain and hail), and other benefits include a better environmental
control of optimal growing temperature and light intensity, which improves plant and fruit
quality and thus has an increased yield [8]. However, this only enhances the cultivation by
a few weeks. The growing period can be further extended using everbearing (EB) cultivars
that have several crop flushes throughout the cultivation period [3,6,9]. In such systems,
cold stored tray plants with already initiated flowers are preferred as a starting material to
program the production [10,11].
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The key to early fruit production is the control of flowering and hence there is a
lot of published research focused on the factors that affect vegetative and generative
reproduction [12,13]. It is well known that the interaction between temperature and
photoperiod affect flowering, and the threshold is cultivar dependent [10,14].

SF cultivars are classified as facultative short day (SD) plants [15,16]; however, vari-
ations between cultivars have been reported [10,13,17]. At low temperatures of ≤10 ◦C,
SF strawberries flower irrespectively of photoperiod, and at high temperatures above
approximately 24 ◦C, flowering is inhibited [5,12,18]. At intermediate temperatures, be-
tween 18–20 ◦C, SD is needed for flower induction [18,19], with a critical photoperiod of
14–15 h [14,19]. EB cultivars are qualitative long day plants (LD) at high temperatures and
quantitative LD plants at intermediate temperatures; while at low temperatures (<15 ◦C)
they are photoperiodically insensitive [12,13,20].

The strawberry meristem may remain dormant or differentiate into either a leaf
rosette, known as a branch crown, or a runner [18,21]. Branch crowns provide a platform
for inflorescences, while a runner is a vegetative elongated shoot with a terminal daughter
plant that can be used for clonal propagation. As a meristem can differentiate into a single
structure only, both structures are inversely proportional and compete for resources [22].

The development of the meristem has been observed and systematically evaluated un-
der both light and electron microscopes [23–26], classified as plant architectural studies or,
as commercially known, flower mapping [27]. Flower mapping (FM) describes the position
and developmental stage of each meristem on a plant through dissection [28]. These stages
are described based on the formation of floral structures on the meristems and various
studies have compiled different stages [23–25,28–33], with the most extensive description
of different developmental stages presented in the general Biologische Bundesanstalt,
Bundessortenamt und CHemische (BBCH) scale [34], which expands from germination to
senescence. The change in the stages over time is in response to a stimulus, so FM can also
give a better understanding of the plants’ responses to environmental factors [27].

Temperature directly influences the length of the growing season, and therefore fluc-
tuations in the climate would result in irregular flowering patterns [35]. When tunnel
temperatures increase unexpectedly, high temperatures may affect flower and fruit quality
as well as quantity [13,36–39]. Although the effect of high temperature on the devel-
opment of reproductive and vegetative structures in EB cultivars have been previously
reported [13,38,40,41], in most of these studies the plants were moved after treatment in
control climate rooms optimal for growth. Furthermore, there are only a few studies on crop-
ping flushes [7,42,43], as well as limited information on how EB cultivars perform under
tunnel conditions in Nordic regions [3], especially with increasing summer temperatures.

This study was conducted to investigate the effects of temperature on meristematic
fate, and subsequently, to estimate the development of the next flush in two everbearing
strawberry cultivars. The experiment was also designed to evaluate flower mapping as
a tool to study and estimate meristematic developmental stages, leading to flowering
in everbearing cultivars. The results from this work can therefore be used to improve
production by selecting plants based on their behavior and meristematic development.

2. Materials and Methods

Two experiments were conducted in natural ambient SD and LD, separately, in green-
house chambers at the Swedish University of Agricultural Sciences in Alnarp (55.7◦ N, 13.1◦ E).
The SD experiment assessed the favorable temperature for flowering, while the LD
experiment evaluated the differences between the cultivars at optimum temperatures
and photoperiods.

2.1. Plant Material

Cold tray plants (class A+) of two everbearing strawberry cultivars ‘Florentina’ and
‘Favori’ were received from Van den Elzen Plants, the Netherlands, on 18 December 2019,
and kept in cold storage at 4 ◦C for a week upon arrival. The first flower mapping was done
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when the plants were potted, to record the stage of the meristems of the stating material at
the start of the experiments (W0). The two cultivars were chosen based on their flowering
and yield performance in a pilot study tested in a tunnel system.

2.2. Experimental Design

The experiment set-ups are summarized in Table 1, showing the temperature treat-
ments in SD (Expt. 1) and LD (Expt. 2). The duration of the SD experiment was 15 weeks,
from December to April, while the duration of the LD experiment was 14 weeks, from
April to July. Plants of same size and origin were used in both experiments after planting
for Expt. 1, the remaining plants were kept in cold store at 4 ◦C for 4 months until the start
of Expt. 2, in April 2020. In both experiments, growth parameters such as plant height,
number of leaves, and runners were recorded.

Table 1. Experimental set up with the two everbearing strawberry cultivars ‘Florentina’and ‘Favori’,
conducted in a greenhouse at Alnarp, Sweden, under ambient short day (SD), long day (LD) and
temperatures conditions as indicated.

SD LD

Temperature (day/night) 20/17 ◦C, 25/24 ◦C and 30/27
◦C 20/20 ◦C

Day length 7–10 h 16–18 h
Duration 15 weeks 14 weeks

Substrate Peat (WeibullHorto- Sweden)

Fertilization
Kristalon superba Red (NPK 12-5-30; EC = 1.3 mS/cm) and

Calcinit (15% N, 14.4% NO3
−, 1.1% Al, 19% Ca; EC = 1.1

mS/cm)

Plants per pot 4 plants per 11 L pot
Number of replicates 12 pots per cultivar per temperature treatment

2.2.1. Experiment 1—SD Experiment

The plants were grown in peat-based soil (Weibull Horto, Hammenhög, Sweden),
under an average of 8.5 h ambient SD, increasing from 7 to 10 h photoperiod from start
to end of the experiment at three day/night temperatures (Table 1) in three separate
greenhouse chambers, with natural and artificial light. Temperature fluctuations were kept
within ±2.0 ◦C and the average humidity level was up to 75%. In addition to the natural
daylight, plants were supplemented with 200 µmol·m−2·s–1 photosynthetic photon flux
density (PPFD) from high pressured sodium lamps (HPS Philips GreenPower 400 W,
Philips, Eindhoven, The Netherlands), which provided continuous light for 7 h, from
09:00 a.m. to 16:00 p.m. throughout experiment 1, in addition to the natural daylight. A
central computer in the greenhouse controlled both the light and ventilation. Four plants
were potted in 11 L pots in December 2019 and were shifted to their respective treatment
rooms on the same day. The remaining plants were kept in the cold room (4 ◦C) to be
used in Expt. 2. The plants were watered (100 mL/pot) daily and visually inspected. The
watering was further adapted to the different needs of individual plants through visual
inspection, and therefore the plants in the 30 ◦C treatment was given additional water
when the substrate dried.

The plants were fertilized with a nutrient mixture of Kristalon superba red (YaraTera
kristalon Super Red; NPK 12-5-30 with S and micro; EC = 1.3 mS/cm) and Calcinit (YaraTera
Calcinit; total N 15.5%, N 14.4%, Ammoniacal N 1.1%, CaO 19%; EC = 1.1 mS/cm). Super
Red was administered twice a week with an amount of 1

2 dl per pot, while 1
2 dl per pot

of Calcinit was administered once a week. Furthermore, yellow sticky PE traps (Horiver,
Koppert B.V., Mechelen, Belgium) were used for the control of insects and Swirski Ulti-
Mites (Koppert B.V., Mechelen, Belgium) for the control of thrips.
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2.2.2. Experiment 2—LD Experiment

Expt. 2 in LD was set up like Expt. 1 (Table 1), except for a few modifications as
follows. The plants were grown at 20 ◦C under an average of 17.5 h of ambient LD,
increasing from 16 to 18 h over the period of the experiment, in a greenhouse chamber.
The average day/night temperature was 22/17 ◦C. Apart from natural light, HPS (400 W)
lamps provided 200 µmol·m−2·s–1 PPFD supplement light for 16 h, from 05:00 a.m. to
21:00 p.m. Four plants from the same starting material as for Expt. 1 were potted in 11 L
pots on 22 April 2020, and were moved to the 20 ◦C chamber on the same day. The plants
were watered (100 mL/ pot) twice a day for the first two weeks and once a day thereafter.
Fertilizer and plant protection methods used was similar to Expt. 1.

2.3. Data Collection
2.3.1. Morphological Changes

Plant development (plant height, number of leaves, and runners) was recorded in 0, 5,
8, 10, 12, and 14 weeks after potting for Expt. 1, and 0, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, and
14 weeks for Expt. 2. The last fully developed leaf was marked weekly using a permanent
marker. Runners and dead leaves were removed and the fate of the meristem at the axil of
the dead leaf was recorded twice a week. Plant height (cm) was measured for each plant
in each treatment, and the measurements were taken from the top of the rooting system
to the most evenly formed canopy. The first measurement was recorded when the plants
were potted and denoted as week 0 and continued for 14 weeks.

Every two days, new fully open flowers were recorded and removed, and the total
number of flowers was calculated from these data for the whole experimental period for
Expt. 1. For Expt. 2, half of the plants per cultivar were used to record the fruit yield, while
the flowers of the other half were counted and removed to avoid repeated counting.

A flowering flush was categorized using data from plants grown at 30 ◦C, when
the percentage of plants producing new flowers remained constant for two weeks.
The following week was considered as the start of a new flush.

2.3.2. Flower Mapping and Meristem Scoring

FM was conducted three times during each experiment. The first FM was at week
0, to observe the state of the plants at planting, and the next two FMs were 2.5 weeks
after the plants stopped flowering, 6 and 12 weeks after potting, respectively, for both
experiments. On the final day of the experiment (week 15 for Expt. 1 and week 14 for
Expt. 2), all the remaining plants were dissected, weighted, and the fate of the meristem
was visually recorded (without the use of a microscope) as either vegetative (<S5) or
generative (>S5).

Flowering was evaluated by dissecting seven randomly selected plants from each
treatment for each cultivar and the development of the meristem was recorded per leaf axil
(AXM). The scoring was done under a stereo optical light microscope (Olympus VMT 4F)
based on a simplified scale [23–25,28–33], as shown in Table 2.

Towards the end of the experiment, the strawberry architecture was complex and
most of the meristems observed in plants ‘Favori’ cv. were reproductive or had formed
fully open flowers (S9), while plants ‘Florentina’ cv. were still actively producing new
leaves (Figure 1B) and therefore had fewer meristems at advanced stages and the older
meristems were at a stage that was visually distinguishable. Hence, after 14 weeks,
the remaining plants were dissected, and all meristems were scored as either reproductive
(>S6) or vegetative (S3 or runner) to get an estimate of the number of meristems and their
developmental stage per plant per cultivar in each treatment. This was done by visual
observation without the microscope; hence stages from 6 (S6) were observable. Dead buds
were excluded from the experiment.
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Table 2. Description of floral developmental stages (S3 to S9) for strawberry plants assessed under a
stereo light microscope. Stages below S4 were regarded as vegetative, while stages from 4 to 9 were
regarded as reproductive.

Meristem Stages Phenotypic Identification

S3

All development below S4.

S4

Cup-shaped, sepal initiation, flat carpel with stamens
shorter than the carpel.

S5

Stamen taller than a slightly dome-shaped carpel.

S6

Colourless/white stamen taller than a fully defined
dome-shaped carpel.

S7

Pistil starting to differentiate into individual stigma, yellow
stamen and small petals starting to form.

S8

Fully formed flower with differentiated pistil, yellow
stamen and white petals.

S9

Horticulturae 2021, 7, x FOR PEER REVIEW 5 of 25 
 

 

Table 2. Description of floral developmental stages (S3 to S9) for strawberry plants assessed under 

a stereo light microscope. Stages below S4 were regarded as vegetative, while stages from 4 to 9 

were regarded as reproductive. 

 

 

 

Meristem Stages Phenotypic Identification 

S3  

 

All development below S4. 

S4 

 

Cup-shaped, sepal initiation, flat carpel with stamens 

shorter than the carpel. 

S5 

 

Stamen taller than a slightly dome-shaped carpel. 

S6 

 

Colourless/white stamen taller than a fully defined dome-

shaped carpel. 

S7 

 

Pistil starting to differentiate into individual stigma, yellow 

stamen and small petals starting to form. 

S8 

 

Fully formed flower with differentiated pistil, yellow sta-

men and white petals. 

S9 

 
Open flower 

Open flower

The anatomical changes below S4 were not distinguishable with the resolution of a
stereo microscope, and thus anything below this stage was recorded as S3 and was counted
as vegetative.



Horticulturae 2021, 7, 484 6 of 24

Figure 1. Average plant height in cm (A); average number of leaves (B), starting at W0; and number
of runners (C), starting at W8 for strawberry plants of cvs. ‘Florentina’ (N = 30–32) and ‘Favori’ (N =
20–34) during 14 weeks at ambient natural short day at 20 ◦C, 25 ◦C, and 30 ◦C (Expt. 1).

2.3.3. Biomass and Dry Weight

At the end of both experiments, after harvesting the fruits, the shoot system and
the root system of the plants was separated at the start of the root system and weighted
separately to determine the shoot and root fresh weight, respectively. The plants were then
dried in an oven (Nonolab AB, Stockholm, Sweden) at 90 ◦C for 3–4 days and weighted to
retrieve the dry weight. The dry matter (DM, %) was calculated by the following formula,
where DW is dry weight and FW represents fresh weight: DM = DW/FW × 100.

2.3.4. Statistical Analysis

All statistical analyses were performed in R 1.3.959 (RStudio Core Team 2020).
The statistical differences in the height and number of leaves between the temperature
treatment were separated using general linear mixed regression and analysis of variance
(ANOVA) at a 95% confidence interval. To compare the differences between treatments
and cultivars, the data were further subjected to Tukey’s post-hoc tests at p ≤ 0.05.

3. Results
3.1. Plant Growth and Development at Different Temperature Treatments under SD

Plant height and number of leaves increased steadily throughout the experimental
period (Figure 1A,B). Initially, the plants grew faster, at higher temperatures. Over time,
the plant growth rate (plant height over time) for both cultivars decreased
(Figure 1) and the difference between the growth rate became less significant (Figure A1 in
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Appendix A). At higher temperatures, the growing steadily decreased compared to
the growth at lower temperatures.

The different temperature treatments had a similar effect on both cultivars. For both
cultivars, the plants at 30 ◦C grew faster than at 20 and 25 ◦C (Figure 1). However, after
week 5, the plants at 25 ◦C grew taller than at 30 ◦C. This was observed for both cultivars,
although a little later in ‘Favori’ (week 8) than in ‘Florentina’. On average, ‘Favori’ had
taller plants throughout the 14 weeks treatment period.

For both cultivars, the plants at 20 ◦C were the shortest and produced the lowest
number of leaves (Figure 1). The differences were statistically significant (p < 0.05) within
the temperature treatments, except after week 12 at 25 ◦C and 30 ◦C for ‘Favori’ and 30 ◦C
for ‘Florentina’ (Tables A1 and A2 in Appendix A). Both cultivars produced more leaves
at higher temperatures. Initially, ‘Favori’ produced slightly more leaves until week 5,
where the average number of leaves across the temperature treatments within each cultivar
differed statistically (Table A2 in Appendix A). At the end of the experiment, ‘Florentina’
had more leaves than ‘Favori’. When the temperature treatments within the cultivars
was compared, it was observed that the average increase in plant height and number of
leaves was significantly different at p = 0.05 (Tables A1 and A2 in Appendix A). Both
cultivars produced only a few runners and the production started about 8 weeks from
the start of the treatments. Runner production was significantly lower at 20 ◦C, and there
was no statistical difference in runner production between 25 ◦C and 30 ◦C (Table 3 in
Appendix A, p = 0.05).

3.1.1. Meristem Development, Flowering and Fruit Production

At week 0, for both cultivars, there were more reproductive (≥S4) than vegetative
meristems (stage S3, Figure 2). ‘Favori’ had more buds that were developmentally more
advanced than in ‘Florentina’. The average number of meristems at each developmental
stage was different between the cultivars, although not statistically significant (Figure 2).

Figure 2. Boxplot of number of meristems at each developmental stage (S3–S8) in ‘Florentina’ and ‘Favori’ strawberry plants
at start of experiment (W0), N = 7, where any bud below S4 was pooled as vegetative and categorized as S3. The p-value is
adjusted using pairwise Kruskal−Wallis test.
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In ‘Florentina’, at all three temperature treatments, it was observed that there was a
significant increase in the number of vegetative meristems (S3, Figure 3). At 20 ◦C, there
was also a significant increase in the number of flowers (S9) between W0 and W6, while
at 25 ◦C, the increase in S9 started later at W12, and at 30 ◦C; there was no statistically
significant difference in the number of flowers observed during any of the three flower
mapping dates. At all three temperatures, the number of vegetative meristems increased
at later sampling dates. A Holm−Sidak post-hoc test showed that the difference was
significant for all three sampling periods (Figure 3). The results also show that at 25 ◦C,
there was a significant difference in the number of meristems at S6 between W0 and W12.
Although, at 20 ◦C, there were more meristems at advanced stages during the later stages
of the experiment, these differences were not statistically significant.

Figure 3. Average number of meristems observed per temperature treatment at each of the flower mapping occasions in
‘Florentina’, where W0 = week 0, W6 = week 6, and W12 = week 12 after start of treatment, at 20 ◦C, 25 ◦C, and 30 ◦C, N = 7.
The different letters above the boxplots in each box denote differences among means between the flower mapping occasions
per temperature treatment, and similar lowercase letters indicate non-significant difference by the Holm−Sidak post-hoc
test at 5% of error probability (p < 0.05).

In ‘Favori’, for both 20 ◦C and 25 ◦C, there was an increase in the average number
of meristems identified as vegetative (S3) between W0 and W6, but not at W12 (Figure 4).
However, at 30 ◦C, there was a significant increase in the average number of vegetative
meristems even at W12. It was, however, interesting to note that there was no increase in
number of open flowers (S9) at 20 ◦C. At 25 ◦C and 30 ◦C, there were statistically more
meristems at S9 after W6, but there was no statistically significant increase seen after that
time point.
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Figure 4. Average number of meristems observed per temperature treatment at each of the flower mapping occasions for
‘Favori’, where W0 = week 0, W6 = week 6, and W12 = week 12 after start of treatment, at 20 ◦C 25 ◦C, and 30 ◦C, N = 7. The
different letters above the boxplots in each box denote differences among means between the flower mapping occasions per
temperature treatment and similar lowercase letters indicate non-significant difference by the Holm−Sidak post-hoc at 5%
of error probability (p < 0.05).

At the end of the treatment (15 weeks), all the remaining plants were dissected and
the meristem at each leaf axil was scored (Figure 5). The results show that ‘Florentina’
had significantly more vegetative (S3) than generative (>S5) meristems at all tempera-
tures, while ‘Favori’ had significantly more generative than vegetative meristems at 20 ◦C
and 30 ◦C.

The cumulative percentage of flowering plants recorded as date of anthesis are shown
in Figure 6A. The data were reset at week 6 and week 12 and were later compared to
the flower mapping data to follow the development of the meristems after flower mapping.

The graphs (Figure 6A) show that ‘Favori’ started flowering later than ‘Florentina’ at
both 20 ◦C and 25 ◦C. However, after 6 weeks, ‘Favori’ had produced more open flowers
compared to ‘Florentina’. This held true for all treatments except for 20 ◦C, where both
cultivars performed similarly. After week 12, the same trend was still observed, except at
30 ◦C, where fewer ‘Favori’ flowered compared to ‘Florentina’.

The difference between the flushes was compared using pairwise comparison and
Holm−Sidak method for multiple comparison (Figure 6B). In ‘Florentina’, at 20 ◦C and
30 ◦C, the three flushes were not significantly different from each other. This pattern was
observed also in ‘Favori’, but at 30 ◦C only. The post hoc Tukey’s test showed that there
was no significant difference between the cultivars during each flush.
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Figure 5. Differences in the status of the meristem at the end of 15 weeks of temperature treatments for each cultivar
Statistically significant differences between the vegetative and generative stages were calculated by ANOVA and are
indicated by asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

After 15 weeks, the percentage of buds that developed into flowers, those that further
developed into fruits, as well as buds that did not develop into a fully formed flower, was
calculated (Figure 7). The average number of buds that differentiated into flowers and
fruits differed between the temperature treatments, which was statistically significant for
both cultivars (Table 4 in Appendix A).

The results show that most fruits collected (47.0%) from ‘Florentina’ were from plants
at 20 ◦C while the lowest number of fruits were collected at 30 ◦C (9.8%, Figure 7). In
‘Favori’, 16.3% and 16.8% of the pollinated flowers differentiated into fruits at 25 ◦C and
30 ◦C, respectively. However, at 20 ◦C only 8.6% of the pollinated flowers turned into fruits.
Furthermore, the number of meristems that differentiated into flowers was highest at 20 ◦C
when compared to 25 and 30 ◦C for both ‘Florentina’ (61.4%) and ‘Favori’ (36.0%).

The number of buds, flowers, and fruits were compared between the treatments and
the results showed that in ‘Florentina’, the meristematic traits at 20 ◦C differed signifi-
cantly when compared to 25 and 30 ◦C (Table A5 in Appendix A). Moreover, in ‘Favori’,
the number of flowers differed at 20 ◦C only, while the other two traits were similar,
irrespective of treatment.
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Figure 6. Cumulative number of flowering plants (%), recorded at anthesis, at each flush during the three temperature treat-
ments for ‘Florentina’ and ‘Favori’ (A). The data was divided into three flushes, where flush 1 = W0–W6, flush 2 = W7–W12,
and flush 3 = W13–W15, correlating with the flower mapping data. The number of plants that flushed were compared for
each cultivar at each temperature treatment using pairwise comparison and letters were calculated using Tukey’s post-hoc
method for multiple comparison. Similar letters indicate no significance at p = 0.05 (B).

3.1.2. Percentage Dry Matter

The biomass data showed that there was no significant difference in the biomass
retrieved between the different temperature treatments. However, ‘Florentina’ had a signifi-
cantly higher biomass than ‘Favori’ at 20 ◦C and 25 ◦C (Figure A1 in
Appendix A). ‘Favori’ at 25 ◦C had the highest shoot biomass by percentage of plant
weight, while ‘Florentina’ at 30 ◦C had the lowest (Figure A1 in Appendix A).
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Figure 7. The percentages of meristems that differentiated into flowers and fruits for plants of the strawberry cultivars
‘Florentina’ and ‘Favori’ treated at three temperatures (20 ◦C, 25 ◦C, and 30 ◦C). The buds that were below S9 (fully
differentiated flower) were compiled as “Buds”.

The results show that there was no significant difference (Table A6 in Appendix A) in
the biomass between the shoots and the roots for ‘Favori’ for any of the treatments. For
‘Florentina’, the biomass for both the shoots and roots at 20 ◦C was similar to the other
temperature treatments, while at 30 ◦C there was a significant increase in root biomass
compared to 25 ◦C (Figure A1 in Appendix A).

3.2. Plant Growth and Development at Optimal Temperature in LD

To compare the effect of photoperiod on plant growth and development for both
cultivars, plants were grown under ambient LD (16–18 h) at 20 ◦C for 14 weeks. In
LD, it was observed that for both cultivars, the average height and the total number of
leaves was lower than in SD (Figure 8). Although both cultivars performed similar in
growth development, the difference was statistically significant between the cultivars
(Tables A7 and A8 in Appendix A).
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Figure 8. Average plant height (A) and total number of leaves (B) for ‘Florentina’ and ‘Favori’ strawberry plants grown at
ambient long day at 20 ◦C for 14 weeks (N = 29–32).

3.2.1. Meristem Development, Flowering, and Fruit Production in LD

Seven randomly selected plants were dissected at the start (W0), at 6 (W6) and
12 weeks (W12) of treatment, and the developmental stages of the meristems were scored to
observe the progress, and also estimate the next flowering flush (Figure 9). Tukey’s post hoc
test showed that there were no statistically significant differences between the cultivars at
any stage, except at S9. At W12, there was a significant increase in the number of meristems
developed into S9 for both cultivars, and ‘Favori’ had significantly more meristems at S9
than ‘Florentina’.

At the end of the experiment (W14), the remaining plants were dissected, and the
number of meristems were scored without a microscope, similar to Figure 5 in SD, and it
was found that in LD, 95% of the meristems of each cultivar were generative.

In LD, both cultivars flowered continuously from the beginning of the experiment
(W0). However, ‘Florentina’ flowered statistically faster than ‘Favori’ (Figure 10A). The
percentage of plants that flowered per week was similar for both cultivars. Although
the dataset was reset at weeks 6 and 12 to correlate with the flower mapping, there is no
dip seen in the graph, since all the plants were flowering continuously. However, at the
end of the 14 weeks, ‘Favori’ had more flowers than ‘Florentina’ (Figure 10B, Table A9 in
Appendix A).
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Figure 9. Boxplots of the meristem development stages (S3–S9) at three timepoints (W0, W6, and
W12) for plants of the strawberry cultivar ‘Florentina’ and ‘Favori’ grown in a greenhouse at ambient
long photoperiod at 20 ◦C for 14 weeks, where N = 7. Pairwise comparison between the week, where
the different letters above the boxplots represent statistical differences, while similar letters indicate
no significant difference between cultivars by the Tukey test at 5% of error probability (p < 0.05).

Figure 10. Cumulative number of plants that flowered (%) (A), cumulative number of flowers per
plant (B), cumulative number of fruits collected (C), and average weight of the total number of fruits
collected on the given week with the error bars representing the standard error (D) over the course
of 14 weeks at 20 ◦C under LD condition for ‘Florentina’ and ‘Favori’.
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Plants had ripe fruits about 10 weeks after planting, and these were harvested until
the end of the experiment (week 14). Overall, ‘Favori’ had the highest number of fruits and
also produced heavier fruits than ‘Florentina’.

At the end of the experiment, all the meristems were compiled with the number of
flowers and fruits. Although the cultivars behaved similarly under LD (Figure 10A,B),
the difference between the cultivar was significant (Figures 10D and 11; Table A9 in
the Appendix A), where ‘Florentina’ produced more flowers while a higher number of
fruits were collected from ‘Favori’ (Figure 10D).

Figure 11. Percentage of meristems that differentiated into flowers and fruits for plants of the strawberry cultivars
‘Florentina’ and ‘Favori’ after 14 weeks at 20 ◦C under LD conditions. The buds that were below S9 (fully differentiated
flower) were compiled as buds.

3.2.2. Percentage Dry Matter under LD

The accumulated biomass, although higher in ‘Florentina’, did not vary significantly
between the cultivars in LD at 20 ◦C (Figure A2 in Appendix A, p > 0.05).

4. Discussion

Flower development in strawberry is an interplay between temperature and pho-
toperiod [10,13,44]. Here, the flowering potential of two everbearing strawberry cultivars,
‘Florentina’ and ‘Favori’, were analyzed by meristem dissection. The experiments were
conducted in a greenhouse at ambient SD and LD, to mimic the natural growing condi-
tions of a tunnel under three temperature treatments in SD, followed by an experiment
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exploring the optimal temperature in LD. We followed the meristem development over
time to monitor the effect of environmental stimulus on plant development and to estimate
the quality of the next flush [45].

4.1. Flower Mapping as a Tool to Dissect the Effect of Temperature and Photoperiod on Meristem
Development in Two Cultivars

At week 0 in the SD experiment, there were no open flowers in either cultivar. How-
ever, some meristems were at an advanced generative stage (>S6), indicating that the plants
were already induced before arriving at Alnarp. This was proven when plants exposed to
30 ◦C flowered within a week of planting, while those at 25 ◦C and 20 ◦C delayed flowering
by one and two weeks, respectively (Figure 6A). This observation is consistent with previ-
ous knowledge of temperature effect on everbearing cultivars, where high temperature
induces early flowering [42].

In both the SD and LD experiments at week 0, the average number of meristems
at each developmental stage in the two cultivars were not significantly different
(Figures 2 and 9), signifying that the plants would behave similarly within the treatments,
irrespective of photoperiod and temperature (Figures 6A and 11A). A higher percentage
of ‘Florentina’ plants flowered earlier than ‘Favori’, showing that ‘Florentina’ is an earlier
flowering cultivar compared to ‘Favori’. ‘Favori’, on the contrary, started flowering later
and the first flush was very weak, producing less flowers. However, this behavior probably
conserves energy for the next flush and it was observed in the biomass distribution in
both cultivars (Figure A1 in Appendix A). At the end of the experiment, ‘Favori’ was more
generative and had a higher shoot/root ratio than ‘Florentina’, which was more vegetative.
(Figures 5 and 9). Previously Nishizawa et al. (1998) used 14C to show the allocation of
biomass during the growing period in the SF cultivars. They found that the root biomass
is accumulated during acclimatation and is mobilized to the shoot during inflorescence
growth. Fernandez et al. (2001) did a more detailed study with three SF cultivars and
saw a similar pattern where root biomass reduced in favor for the shoot biomass during
flowering [46,47].

Throughout the SD treatment, from W0 to W12, there was a significant increase in
the number of meristems that were vegetative (S3) in both cultivars at all temperature
treatments (Figures 3 and 4). This increase could be due to the production of new leaves
over the 14 weeks treatment and thus, new leaf axils, producing more flowering sites with
a vegetative meristem, that, in the future, would differentiate into a generative bud and
form the next flush [13,42]. Additionally, the increase in the ambient day length by April
stimulated an increase in the number of meristems in generative stages [13,19]. These
results support the findings from other studies [13,19], that the critical temperature is
cultivar dependent. This was also seen in the SD experiment, where ‘Favori’ (Figure 4), had
a significantly higher number of flowers (S9) at week 12 for plants grown at 25 ◦C and 30 ◦C,
while the same was true for ‘Florentina’ plants in 20 ◦C and 25 ◦C. Moreover, after 15 weeks
in SD, ‘Favori’, but not ‘Florentina’, had significantly more generative than vegetative
meristems (Figure 5). One reason for this could be that this was an effect of late blooming
in ‘Favori’, and that the flowering continued into week 15. Another reason could be that
the flowers in ‘Florentina’ had already formed a berry and were accounted for in Figure
7. The difference could also be due to the different method of classification of meristem
at week 15 (Figure 5), where only meristems that were visible without a microscope were
scored as reproductive and therefore the S4 and S5 stages (Table 2) could easily have been
overlooked and, hence was underrepresenting the generative meristems in the data.

Furthermore, in the LD experiment by week 12 (Figure 9), both cultivars had signifi-
cantly more open flowers (S9), and by the end of the experiment (week 14), both cultivars
had significantly higher numbers of generative than vegetative meristems. This is sup-
ported by previous studies, where EB produced more flowers in LD than in
SD [13,20]. However, a more frequent flower mapping approach, to follow the fate of
the meristems across a wider range of temporal changes, would help deduce precise
conclusions [24–27,30,44]. In addition, complex phenological modelling, such as done by
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Labadie et al. (2019), would be required to help dissect these changes, reasoning and their
effects on the overall yield [43].

4.2. The Use of Flower Mapping to Analyse Temperature and Photoperiod Effect on Flower Flushes

Dividing the data made it easier to investigate how the flushes differed between
each treatment and between the cultivars. From our data, we see a narrow first flush
that quickly flattens off, which was a result of the previous season induction prior to
chilling of the tray plants [13,19,42]. The second and third flush showed an increasing
percentage of flowering plants (Figure 6A). The results in Figure 6B illustrate that although
the EB cultivar flowers continuously, prolonged high temperatures (25 and 30 ◦C) reduce
the number of plants that flower in SD. With increased exposure to high temperatures
such as 25 and 30 ◦C, significantly less plants flowered in flush 3 as compared to flush 1
and 2. This is in accordance with previous research [13,20]. Rivero et al. (2021) recently
showed that increased exposure for 10 or more weeks to high 26 ◦C in SD caused a semi-
dormant state in EB cultivars, including ‘Favori’ [13]. Whereas, in this study, increased
exposure to 20 ◦C statistically increased the percentage of flowering plants in ‘Favori’
(Figure 6B and Table 4 in Appendix A).

Moreover, in the LD experiment both cultivars flowered continuously at 20 ◦C,
whereas later (Figure 10A), ‘Favori’ eventually had a higher number of flowers
(Figure 10B). This has also been reported earlier by Sønsteby and Heide (2007) [20], who
showed that at high temperatures, EB are qualitative LD plants, and quantitative LD
plants at lower temperatures, indicating that the effect of photoperiod is chanced with
the temperature, as also seen in our study. Furthermore, in the LD experiment, the cultivars
did not show any significant difference between the average number of meristems at each
developmental stage, except S9, where ‘Favori’ had more flowers than ‘Florentina’. This is
again supported by other reports [13,19,20,28].

However, a more detailed study by using more temperature points under both pho-
toperiods, is required to give a better understanding. This knowledge about the delicate
balance between the photoperiod and temperature, can be used to improve the conditions to
favor for plants with generative meristems and manipulate the flowering potential [13,42].

4.3. Temperature and Photoperiod Effect Plant Growth and Development

This study illustrates the importance of temperature on plant growth and devel-
opment; as shown by the difference in growth rate, measured through height (Figure
1A and Table A1 in Appendix A) and number of leaves (Figure 1B and Table A2 in
Appendix A). Not unexpectedly, the plants at 20 ◦C were overall shorter, growing more
slowly with fewer number of leaves and significantly less runners (Table 3 in Appendix
A) as compared to the two other temperature treatments. Runners in both cultivars were
formed after 8 weeks (Figure 1C) of SD treatment, irrespective of the temperature. This is
consistent with earlier research, where the runner capacity of EB has been shown to be low
and cultivar dependent [13,44].

In SD, plants at 30 ◦C for both cultivars, and at 25 ◦C for ‘Favori’, showed a less
significant increase in height during the weeks 12 and 14 in SD (Table A1 in
Appendix A). While in LD at 20 ◦C, the growth rate decreased slowly after week 8 (Table A7
in Appendix A). One of the reasons for this could be that the plants at lower temperature
were investing more energy in flowering than in growth [13,42]. We also noticed that in
SD, both cultivars at 30 ◦C were outperformed in height and number of leaves by plants at
25 ◦C. Moreover, when comparing the growth in the two photoperiods, it was observed
that plants in the LD experiment were taller than those in the SD at 20 ◦C. Rivero et al.
(2021) found that ‘Favori’ grown at 26 ◦C for 10 weeks, assumed a dormancy-like appear-
ance even in LD, and, therefore, that our plants at 30 ◦C became shorter than those treated
at 25 ◦C, could mean that this difference may have been induced by high temperature [13].
These findings are important indicators in strawberry production, where high temperature
in the tunnel can reduce the flowering potential [38,39].
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4.4. Temperature and Photoperiod Effect on Fruits

In SD, ‘Florentina’ produced the highest number of fruits at 20 ◦C, while ‘Favori’ at
30 ◦C. The difference is mainly due to the early flowering of ‘Florentina’ which led to
early fruiting, while ‘Favori’ bloomed later and was still producing fruits at the end of
the experiment. Studies have shown that increasing temperature affects not only the fruit
quality, but also reduces the yield in the next crop peak [48]. Previous studies have also
shown that high temperatures result in delayed flowering and a lower percentage of
plants that produce flowers [37,40]. Although not clearly understood, several reasons for
this phenomenon have been proposed, such as inhibition of floral initiation, abortion of
embryos pre and post anthesis, pollen viability and performance, and pistil malformation
and malfunction [35,37,38,49]. Although, in LD at 20 ◦C, both cultivars preformed similarly
(Figures 8 and 10A); however, a higher percentage of meristems in ‘Favori’ produced a
significantly heavier total yield than ‘Florentina’. A more detailed study with several
temperature treatments, and also increasing the frequency of meristem dissection, is
necessary to get a broader view of the optimal condition for a flower flush. Moreover, a
further inspection of the size and weight of the berries could shed more light on the quality
of the yield in SD as was done by previous researchers [37,39]. Moreover, a larger dataset,
extensive phenotyping, modelling, and molecular studies would be needed to form any
conclusive theories.

5. Conclusions

This study explored the effect of temperature and photoperiod treatments on the growth
and development of two EB strawberry cultivars; but, unlike other studies, where the plants
have been moved to LD conditions post-treatment, the plants here received 14-weeks of
continuous treatment. This gives new insight into the behavior of plants to extended
periods of specific temperatures (20, 25, and 30 ◦C) in SD, and also the behavior of plants at
optimum temperature (20 ◦C) in LD. In these experiments, we used a qualitative method
to show how periodical observation of the meristems could help to estimate the length of
the next flower flush and, more importantly, show that while the developmental stages
may be similar at the start of the experiment, the environmental cues, such as temperature
and photoperiod, manipulate the overall outcome and also the length of the flowering
period. The findings in this paper are informative for breeders and berry producers who
wish to manipulate the size of the plants and also the occurrence of the flower flushes.
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Appendix A

Table A1. Mixed effects linear regression model for height measurements taken during W0, W5, W8,
W10, W12, and W14 for the three temperature treatments, 20, 25, and 30 ◦C in SD for ‘Florentina’ and
‘Favori’, respectively. Sidak pairwise comparison shows that similar alphabet indicates no significant
difference between weeks. The values marked in red show consecutive non-significant difference.

Week Temperature (◦C) Florentina Favori

0 20 7.25a 8.24a
5 20 8.40b 10.95b
8 20 10.54c 11.78c
10 20 12.32d 13.63d
12 20 13.36e 15.34e
14 20 14.76f 16.63f

0 25 7.47a 9.95a
5 25 14.38b 12.47b
8 25 17.20c 15.49c
10 25 19.87d 19.74d
12 25 21.59e 21.91e
14 25 22.37f 22.59e

0 30 9.88a 9.51a
5 30 13.78b 13.92b
8 30 14.74c 14.70c
10 30 15.49d 16.51d
12 30 17.14e 17.68e
14 30 17.60e 17.96e

Table A2. Mixed effects linear regression model for the total number of leaf measurements taken
during W0, W5, W8, W10, W12, and W14 for the three temperature treatments, 20, 25, and 30 ◦C
in SD for ‘Florentina’ and ‘Favori’. Sidak pairwise comparison shows that similar alphabet in-
dicates no significant difference between weeks. The values marked in red show consecutive
non-significant difference.

Week Cultivar Temperature
(◦C) Florentina Favori

0 Florentina 20 1.32a 1.18a
5 Florentina 20 2.94b 3.05b
8 Florentina 20 3.58c 4.18c
10 Florentina 20 4.39d 5.51d
12 Florentina 20 5.58e 6.76e
14 Florentina 20 6.59f 8.17f

0 Florentina 25 1.60a 2.50a
5 Florentina 25 3.85b 4.72b
8 Florentina 25 5.13c 6.21c
10 Florentina 25 6.63d 8.34d
12 Florentina 25 8.17e 9.22e
14 Florentina 25 9.55f 10.21f

0 Florentina 30 1.95a 2.33a
5 Florentina 30 1.63a 4.53b
8 Florentina 30 4.81b 5.89c
10 Florentina 30 6.12c 8.08d
12 Florentina 30 9.31d 9.30e
14 Florentina 30 10.63e 9.77f
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Table 3. Pairwise comparison using least square means for plant height, number of leaves and runners between the
temperature treatments for the cultivars ‘Florentina’ and ‘Favori’. The p-value was adjusted using the Tukey-pairwise
correction method (p = 0.05).

Florentina (N = 30–32)

Plant height (cm) No. of leaves No. of runners

Temperature (◦C) 25–20 30–20 25–30 25–20 30–20 25–30 25–20 30–20 25–30
p-value <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.90

Favori (N = 20–34)

Plant height (cm) No. of leaves No. of runners

Temperature (◦C) 25–20 30–20 25–30 25–20 30–20 25–30 25–20 30–20 25–30
p-value <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.91

Table 4. Pairwise comparison of the least squared means of the meristematic development between
the temperature treatments in SD for ‘Florentina’ and ‘Favori’. The least square means followed
by the same lowercase letter did not differ statistically by the Tukey test at 5% of error probability
(p < 0.05).

Temperature (◦C) Meristem Florentina Favori

20 Buds 1.34a 4.39a
25 Buds 6.90b 4.39a
30 Buds 7.65b 4.47a

20 Flowers 2.86b 9.79b
25 Flowers 0.91a 7.60a
30 Flowers 1.84ab 7.63a

20 Fruits 3.75b 2.51a
25 Fruits 1.52a 2.41a
30 Fruits 1.07a 1.32a

Figure A1. Pairwise comparison of the percentage biomass (%) using least means followed by the same lowercase letter
between the cultivars indicate no statistical difference by the Tukey test at 5% of error probability (p < 0.05) (A). Biomass
contribution from the shoot and root after between the two strawberry cultivars, ‘Florentina’ and ‘Favori’ after 14 weeks of
temperature treatment at 20 ◦C, 25 ◦C, and 30 ◦C in SD (B).
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Table A5. Pairwise comparison using Tukey’s post-hoc test between the temperature treatments in
SD for “Florentina’ and ‘Favori’. Similar letters denote non significance between the temperature
treatments at p = 0.05. The least square means followed by the same lowercase letter did not differ
statistically by the Tukey test at 5% of error probability (p < 0.05).

Cultivar Part Temperature
(◦C) Emmean Group

Florentina Shoot 20 62.8 ab
Florentina Shoot 25 65.2 b
Florentina Shoot 30 59 a

Florentina Root 20 37.2 ab
Florentina Root 25 34.8 a
Florentina Root 30 41 b

Favori Shoot 20 71.2 a
Favori Shoot 25 72.7 a
Favori Shoot 30 69.6 a

Favori Root 20 28.8 a
Favori Root 25 27.3 a
Favori Root 30 30.4 a

Table A6. Mixed effects linear regression model for the LD treatment within the cultivars ‘Florentina’
and ‘Favori’, respectively, for the plant height and total number of leaf measurements taken during
the 14 weeks under the LD treatment (N = 29–32). The least square means followed by the same
lowercase letter did not differ statistically by the Tukey test at 5% of error probability (p < 0.05).

Height Leaves

Week Florentina Favori Florentina Favori

0 5.64 a 5.99 a 0.00 a 0.00 a
2 8.67 b 10.15 b 0.75 b 1.35 b
3 10.03 c 12.63 c 1.07 b 1.82 bc
4 10.29 c 13.37 cd 1.97 c 2.33 c
5 11.12 d 13.96 d 2.80 d 3.48 d
6 12.07 e 14.90 e 4.12 e 4.12 e
7 14.03 f 15.74 f 4.95 f 4.45 ef
8 14.58 fg 16.28 fg 5.75 g 4.85 fg
9 14.77 fg 16.46 fgh 6.29 gh 5.39 gh
10 15.01 gh 16.98 ghi 6.75 h 5.90 hi
11 14.99 gh 17.20 hi 7.61 i 6.24 ij
12 15.36 gh 17.50 ij 7.91 i 6.73 j
13 15.64 hi 18.16 jk 8.56 j 6.75 j
14 16.40 i 18.91 k 8.79 j 7.73 k

Table A7. Tukey’s pairwise comparison of least squared means for multiple comparison between
the cultivars ‘Florentina’ and ‘Favori’ for plant height (cm) and number of leaves over the course of
the 14 weeks treatment period.

Florentina–Favori Estimate SE p-Value

Height −2.115 0.005129 <0.0001
Leaves 0.44 0.00341 <0.0001
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Table A8. Pairwise comparison for number of flowers over the 14-week in LD treatment at 20 ◦C
between cultivars, ‘Florentina’ and ‘Favori’.

Week Estimate SE t.ratio p-Value

0 0.324 0.682 0.474 0.6354
2 2.42 0.682 3.548 0.0004
3 1.496 0.682 2.193 0.0288
4 0.311 0.699 0.444 0.657
5 −0.176 0.682 −0.258 0.7966
6 −0.676 0.682 −0.991 0.322
7 −1.453 0.682 −2.13 0.0336
8 −0.826 0.682 −1.211 0.2264
9 −0.854 0.682 −1.252 0.2113

10 −2.124 0.682 −3.113 0.002
11 −2.954 0.682 −4.33 <0.0001
12 −2.327 0.682 −3.411 0.0007
13 −1.66 0.682 −2.433 0.0153
14 −1.779 0.682 −2.607 0.0094

Table A9. Pairwise comparison of ‘Florentina’ and ‘Favori’ for the differentiation of meristem into
flowers and fruits in LD at 20 ◦C.

Meristem Contrast Estimate p-Value

Buds Florentina—Favori −3.49 0.177
Flowers Florentina—Favori −9.87 <0.001
Fruits Florentina—Favori −7.6 0.003

Figure A2. Accumulated biomass (%) (A) and percentage distribution of dry matter in the shoots and roots (B) of
the strawberry cvs. ‘Florentina’ and ‘Favori’ grown for 14 weeks under ambient LD condition in a greenhouse at 20 ◦C.
The p-value for the ANOVA analysis is stated at the bottom of the panel.
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