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Abstract.

BACKGROUND: In red raspberries, two fruiting traits are distinguished, and classified as primocane and floricane fruiting.
Primocane cultivars represent greater economic relevance; they are adapted to warm climate zones and have an elongated
production period. However, this classification can be complicated since fruiting is affected by both environmental and genetic
factors. In ‘Heritage’, the main cultivar used in Chile, flowering is inhibited in shoots produced the first season when grown
in temperate zones with low thermal oscillation.

OBJECTIVE: This study evaluated the effect of cold temperature during shoot growth on fruiting parameters in different
genotypes.

METHODS: Plants of the cultivars ‘Autumn Bliss’, ‘Heritage’, ‘Meeker’ and ‘Tulameen’ were tested at low night temper-
atures. We evaluated these growing characteristics for each cultivar; days until to first visible floral button, number of floral
laterals and meristematic bud differentiation. We also analysed the variations associated with expression of the gene RiTFL1,
on flowering inhibition.

RESULTS: There is an effect of temperature on flowering, growth and RiTFL1 expression, mainly in cvs. ‘Heritage’ and
‘Meeker’. Flowering was enhanced in ‘Heritage’, while ‘Meeker’ exhibited an intermediate behaviour, since seasonal shoots
managed to flower with a 60-night cold treatment. In both cultivars, growth was reduced, and RiTFL1 was repressed in cold
treated plants.

CONCLUSIONS: Genotypes with intermediate behaviour require low temperatures for floral induction, which could be
associated with RITFL1 gene repression with low-temperature treatments.
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1. Introduction

In red raspberries (Rubus idaeus L.), two cultivar groups can be distinguished by their flowering and fruiting
behavior. Floricanes only flower on second-year lignified shoots and therefore present summer production.
Primocanes can flower on either lignified or seasonal shoots, resulting in both summer and autumn fruit
production [1].

Primocane cultivars have increasing economic importance because they may flower and produce fruit twice
per season, enabling extended harvest periods, increased profits and greater adaptation to temperate climates
[2]. Primocane cultivars have also allowed off-season fruit production and expanded cultivation areas [1, 3].
However, flowering in seasonal shoots (primocane) is a poorly studied trait, and breeders often find it difficult to
evaluate. A segregated population has shown gradual expression in this trait, and some genotypes show reduced
fructification in the shoot tip, while others may have fruits only in the upper part section of the seasonal shoot,
thus indicating high primocane-fruiting strength genotypes [4].

‘Heritage’ was one of the first cultivar defined as primocane. This was obtained via genetic improvements,
and the cv. was released in North America in 1969 [5]. ‘Heritage’ has been widely cultivated in several countries
because of its strong, and it is the most important cultivar in Chile to date [6]. Despite its primocane fruiting trait,
‘Heritage’ has shown higher fruiting prevalence in primocane and in climates with marked day-night temperature
oscillations. However, when taken to temperate zones with maritime influence, fruiting in seasonal stems can be
minimal and even non-existent [4].

Several studies have been conducted to evaluate the physiological aspects that determine different raspberry
fruiting traits and the influence of the environmental factors involved. Primocane and floricane fruiting behaviour,
although being genotypic traits [7, 8], have shown marked environmental influences mainly determined by the
interaction of temperature and photoperiod [1, 9, 10].

In floricane cultivars flower initiation is controlled by the interaction of short photoperiods and low temperature
[1, 9]. Trials conducted with cv. ‘Glen Ample’ was subjected to different temperature treatments showed that
temperature at 18°C, or above, inhibited floral induction despite being under short photoperiodic conditions.
However, at temperatures below 15°C, floral induction occurred regardless of photoperiod [9, 11].

In primocane cultivars, temperature and photoperiod are less influential for floral induction, which can occur
at higher temperatures and longer photoperiods. However, flowering can be stimulated in some cultivars by
subjecting the plants to low temperatures during the growth period [12, 13].

Vernalisation, the process by which low temperatures favour inception of the reproductive stage [14], is an
adaptation mechanism to temperate climates in some species which require a cold period during plant development
before being receptive to another signal for floral induction [15, 16]. In the cultivar ‘Heritage’, the need for
vernalisation in seasonal shoots may explain the differences in fruiting traits in different climatic environments.
Under temperate climate conditions of maritime influence (average temperatures of 20°C in the summer and 7°C
in the winter), flowering is scarce and is concentrated in the upper part of the shoot, while in areas with a marked
thermal amplitude (premontane zones), flowering extends to the long on primocane shoots in a higher number
of buds from the apex to down. Therefore, ‘Heritage’ has been classified as slightly primocane-fruiting, while
other recently released cultivars classified as highly primocane-fruiting are insensitive to this type of stimulus
[4].

Induction and flower development have been widely studied in model species such as Arabidopsis thaliana,
Hordeum vulgare and Triticum aestivum, and have shown that the flowering process is activated by both internal
and external plant stimuli. Gibberellin and the plant’s age are internal control factors, while photoperiod and
vernalisation are environmental stimuli that trigger the flowering process [17].

Molecularly, this process involves a complex network of highly specific genes, associated with different
metabolic pathways [18]. The genes, SUPPRESSOR OF CONSTANS 1 (SOC1), APETALA 1 (AP1) and
LEAFY (LFY), are among the most critical genetic processes that must be activated to identify the floral meristem
[19, 20].
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The leaves receive the photoperiod signal, where light stimulates genic expression of FLOWERING LOCUS T
(FT), a signal that is transferred to the meristematic apex stimulating the gene, SOC1, which is the main flowering
gene [19]. In Arabidopsis, flowering is induced by cold treatments by epigenetic silencing of FLOWERING
LOCUS C (FLC) [21]. In this species, prolonged cold treatments can reverse late flowering [20]. This response
to vernalisation has revealed specific repressor genes for each species, which can be inactivated with periods of
cold exposure, thus inducing flowering [15].

Although no detailed descriptions are available for the genes involved in raspberries, reviewing what happens
in other species of the Rosaceae family with similar reproductive behaviour is of interest. In Fragaria vesca,
flowering is induced by short days and low temperature during the autumn and after a period of winter recess,
the flowers emerge in the spring [22]. Cultivars with such trait are called short-day cultivars, and in raspberries,
floricane cultivars exhibit similar behaviour. Some strawberry cultivars, called day-neutral cultivars, feature
continuous flowering, where the repressor gene, TERMINAL FLOWER 1, is inactive [23]. This gene, which
is regulated by temperature and photoperiod, is the major flowering repressor in Rosaceae, similar to the FLC,
VRN?2 and BvFT1 genes in Arabidopsis, wheat and beets, respectively. In Fragaria vesca, FYTFLI is repressed
at low temperatures and short days. However, in long days with temperatures below 13°C, FVvTFL1 expression is
also suppressed, regardless of photoperiod [24], while at temperatures above 20°C, flowering is inhibited because
FvTFL1 mRNA is increased [16].

This study evaluated the effect of cold temperature treatments at night on floral induction and bud differentiation
in four raspberry cultivars. Additionally, RiITFL1 gene expression was evaluated in the plants subjected to cold
to determine whether RiTFL1 is involved in the vernalisation and whether the differences in expression are
related to the degree of the primocane-fruiting trait in raspberry genotypes. In the trials, we used the moderate
primocane-fruiting cultivar ‘Autumn Bliss’, the weak primocane-fruiting cultivar ‘Heritage’ [4], and the floricane
cultivars ‘Meeker’ and ‘Tulameen’.

2. Materials and methods
2.1. Plant material and experimental design

The plants were propagated from etiolated buds, obtained from roots, which were stored in a cold chamber at
2°C for three weeks, of the cultivars ‘Autumn Bliss’, ‘Heritage’, ‘Meeker’ and ‘Tulameen’, were grown under
out-door conditions, at the Catholic University of Chile, in Santiago (33° 27" S, 70° 38’ W), placed in 6.5-litre
pots, using a substrate of coconut fibre and peat (70:30 by vol.), fertilised with 1’ g Basacote/plant (6 months) slow
release-fertiliser (15% N, 8% P, 12% K plus micronutrients, Compo Expert, Germany). Fertiliser was applied
weekly via irrigation for four months, using 1’g/plant/week of Ultrasol fast-acting fertiliser (25% N, 10% P, 10%
K; SQM, Chile).

The plants were established at the beginning of November in two seasons. When the plants reached a height
of 50’cm (on December 15), night-time cold treatments were conducted during the dark hours (approximately
9 hours per the seasonal photoperiod). The plants were transferred to cold chambers at 2°C every day at dusk,
maintaining the same hours of light as under natural ambient condition. The treatment was applied for 0, 15, 30
and 60 nights. For the floricane cultivars, the 60-night treatment was only conducted during the second season
of evaluation. Details of the temperature regimes for the different treatments are given in Table 1, Table 2 and
Fig. 1.

The following flowering parameters were evaluated weekly: Number of days to the first visible flower bud,
number of floral laterals, number of flowers per plant, shoot height and total number of nodes. During the second
year of the trial, at the end of April before the winter recess, the differentiation state was also evaluated by
meristematic analysis of the undeveloped buds. This analysis was performed under a magnifying glass at 63 x
(increase), using the methodology of [25], which scores the morphological changes in the meristem during floral
development on a scale from O to 8.
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Table 1
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Temperatures recorded during the red raspberry trial evaluation period in Santiago, Chile.

Temperature Nov Dec Jan Feb Mar Apr
Control Treatment Control Treatment
Min. 14.1 13.8 8.2 20.1 16.1 17.8 18.1 10.9
Max. 23.6 24.7 24.7 26.2 25.5 26.4 249 17.3
Mean 20.3 21.7 17.9 243 21.2 22.8 21.8 145
*Evaluation period: Nov. 2014 to Apr. 2015.
Table 2
Temperatures recorded during the red raspberry trial evaluation period in Santiago, Chile.
Temperature Nov Dec Jan Feb Mar Apr
Control Treatment Control Treatment Control Treatment
Min. 16.4 17.7 15.6 18.4 12.8 20.9 14.9 16.6 9.3
Max. 23.1 25.7 232 26.3 17.5 24.8 24.8 232 17.5
Mean 19.1 222 19.0 22.7 15.6 23.1 20.4 20.1 14.5
*Evaluation period: Nov. 2015 to Apr. 2016.
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Fig. 1. Daily temperature from the beginning of the application of cold nights treatments, the period is indicated for 15 and 30 nights with
and without cold in both seasons and 60 nights with and without cold in the second season.

2.2. Molecular analysis

Molecular analysis was performed during the second evaluation season. For the RNA extraction and cDNA
synthesis, 3 samples were collected per treatment, using the first five buds from the apex downwards. Each
sample consisted of approximately 40’mg of tissue from the 5 buds. The samples were collected at the inception
of each treatment, on nights 0, 15, 30 and 60 at 11:00 AM, and the samples were immediately frozen in liquid
nitrogen and stored at —80°C. Control plants without cold treatments were grown outside the cold chambers, to
obtain samples for gene expression (three plants for each sampling time).
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The total RNA was extracted from each sample using the 3% cetyl trimethyl ammonium bromide (CTAB)
protocol [26], quantified using a NanoDrop 1000 spectrophotometer (Thermo Scientific) and visualised by
electrophoresis to ensure its integrity. The RNA was then treated with DNase (Promega) using 1.6’mg of RNA
as a template to synthesise the cDNA using Moloney murine leukaemia virus reverse transcriptase (RT-MMLYV;
Promega) and Oligo primers (dT). The total RNA from each biological replicate was used as a template for two
25-pL reaction mixtures.

To obtain the TFL1 gene sequence from the raspberries based on orthologous genes from Fragaria vesca
(JN172097.1, National Center for Biotechnology Information [NCBI]) and Fragaria x ananassa (AB822995.1,
LC017718.1, NCBI), primers were designed with the sequences, 5'-ATGGCAAGAATGTCGGAA-3" and 5'-
CTAGCGTCTTCTTGCTGC-3'. A band of approximately 500’bp was amplified by PCR from the ¢cDNA of
the cvs. ‘Heritage’ and ‘Meeker’. This band was then purified using the Wizard®SV Gel and PCR Clean-Up
System kit (Promega) to be cloned in bacteria with the Topo vector, pUC18. Three transformed colonies were
randomly selected and, using a miniprep, the plasmid was extracted with the segment of interest, which was then
sequenced.

The TFL1 sequence for Rubus idaeus (RiTFL1) was recorded in NCBI with the code MF156853. This sequence
was used to design primers for expression analysis (QRT-PCR) using the Primer3 Program. Secondary structure
and energy diagram of each primer were tested on the mFold webserver. Finally, BLAST search was performed
in NCBI to ensure specificity of each primer with the sequences 5'-ATCGGCATCCACAGGTTT-3’ and 5'-
CTCTCTGCGCATTGAAGT-3'.

For transcriptional analysis, 1 wL of cDNA was used in the SYBR Green RT-PCR, with 10 pL of Brilliant®
II SYBR® Green QPCR Master Mix (Stratagene, Agilent Technologies) and 5’M of each primer in the Mx3000
thermal cycler (Stratagene). The thermal profile used for the amplification was 95°C for 10 min, 40 cycles of
95°C for 30’sec, 60°C for 30’sec, 72°C for 30’sec, and a melting curve from 55°C to 95°C with 0.5°C increases.
Each reaction was performed with two technical replicates, and a water sample was included as the negative
control.

The Ct value (threshold cycle value) was determined for each sample. Thus, Ct values were normalised using
the Ct values of the raspberries’ histone3 (H3) gene (AF304365.1). The primers used for this gene were 5'-
GAACTGTTGCTCTCCGTG-3’ and 5'-GAAACGCAGGTCAGTCTT-3/, yielding a nonsignificant variation in
the gene expression after the treatments were applied to the plants. The normalised Ct values were used to
determine the times when the RiTFL1 gene expression changed [27].

2.3. Statistical analysis

A completely randomized experimental design was used, with four and five replicates in the first year and
second year of evaluation, respectively, with one plant as an experimental unit in both cases. For molecular
analyses, three replicates were used with one plant as an experimental unit. Analysis of variance was performed
for each parameter evaluated per genotype. The means between the genotypes according to treatment were
compared using the least significant difference (LSD) test with a significance level of p=0.05. The program
Statistic 9 [28] was used for statistical analysis.

3. Results
3.1. Flowering parameters

The evaluated parameters (Table 3) shows that low night temperature during the two seasons was improved
the flowering in the two primocane cultivars ‘Autumn Bliss’ and ‘Heritage’. For ‘Autumn Bliss’, the number of
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Table 3

Effect of low temperature at night on flowering in two primocane cultivars in two seasons.

Cultivar Length of No. of floral lateral Total number of No. of days to the first
temperature shoots flowers visible floral bud
treatment (days) 2015 2016 2015 2016 2015 2016
Autumn Bliss 0 125b 132b 853b 95.2b 503a 404 a
15 15.0a 14.0 ab 125.0a  118.0ab 40.8b 458 a
30 155a 15.6a 1253 a 142.0 a 46.8 ab 444 a
Heritage 0 12.0b 13.2b 61.0a 90.4 a 85.8a 67.0a
15 12.8 ab 132b 63.8a 89.4a 86.0a 64.6a
30 145a 150a 89.8a 114.0a 63.5b 576a

*The data are the average of four replications in first season and five replications for second season, each represented
by one plant. ‘Different letters within the columns indicate significant differences (p <0.05) according to the LSD test

(the comparison was made for each cultivar according to the treatment and was not compared between cultivars).

floral laterals and total flowers per plant were greater at 15 and 30 cold night treatment compared to the control.
In addition, the number of days until the first floral bud appeared was lower in the first season.

In ‘Heritage’, the 30-night treatment increased the number of floral laterals and total flowers per plant and
decreased the number of days until the first floral bud appeared. However, this response was not significant for
the 15-night treatment, that is, in contrast to ‘Autumn Bliss’, ‘Heritage’ required several cold nights to improve
and anticipate flowering.

For the floricane cultivars ‘Meeker’ and ‘Tulameen’, only ‘Meeker’ responded to the 60-night treatment by
flowering before the end of the season. For this treatment, ‘Meeker’ plants produced an average of 13 floral
laterals and 63.5 flowers per plant. The first visible floral bud was obtained 95 days after planting. Although
flower buds could be observed at the end of the season, flowering occurred only in the upper part of the shoot,
which is typically referred to as tip-flowering (Fig. 2).

To evaluate whether the buds below the last developed floral lateral had initiated flowere, a morphological
meristematic analysis was conducted for each treatment, using a 63 x magnifying glass. Table 4 shows the number
of non-breaking generative buds at the end of season, as well as total generative buds (number of floral laterals
plus the number of non-breaking buds) per treatment per cultivar.

In ‘Autumn Bliss’, there was no difference between the number of breaking buds for the different treatments.
But, when considering the total number of generative buds (breaking and non-breaking buds with flowers ini-
tiated), the 15- and 30-night treatments showed increased proportions generative buds, but only the 30-night
treatment showed a statistically significant difference when compared to the control (Table 4).

‘Heritage’ differed significantly in the number of non-breaking generative buds, which was greater in the 15-
and 30-night treatments compared with the control. However, only the number of floral laterals for the 30-night
treatment differed significantly from the control.

For the floricane cultivar, ‘Meeker’, all treatments initiated floral buds, but only the 60-night treatment differed
significantly from the other treatments. In addition, the 60-night-treated plants produced laterals; therefore,
considering the buds that differentiated to reproductive and floral laterals, this difference was also significant.
‘Tulameen’ only presented differentiated buds for the 60-night treatment.

Figure 3 shows schematic drawings of the plants and their bud state at the end of the growth season. In the
primocane cultivars, the floral laterals developed, but several generative buds did not break into flowering laterals,
and a proportion of the buds remained vegetative upon entering dormancy/recess.

The floricane cultivars clearly differed, where ‘Meeker’ was taller with non-breaking generative buds and
flowering occurred at the shoot tip, while ‘Tulameen’ presented fewer differentiated buds and with no open
flowers.
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Fig. 2. Cultivar ‘Meeker’ after 60-nights of cold treatment featuring flowering and fruiting before winter recess.

Table 4
Number of generative/reproductive buds at the end of the season for four raspberry cultivars with different length of cold treatment as
indicated. The first column shows the number of generative non-breaking buds and the second column presents the total number of
generative buds (breaking and non-breaking floral buds).

Length of ‘Autumn Bliss’ Heritage Meeker Tulameen
temperature ~ Non-breaking Total Non- Total Non- Total Non-breaking Total
treatment buds reproductive  breaking  reproductive  breaking  reproductive buds reproductive
(days) buds buds buds buds buds buds

0 87a 22.7b 1.0b 143b 20.7b 20.7b 0.0b

15 9.0a 23.0 ab 27a 15.7 ab 183 b 183b 0.0b

30 10.0a 26.7 a 30a 183 a 23.0b 23.0b 0.0b

60 . . . . 30.0a 38.7a 43a

*The data are the average of three replications in two seasons, each represented by one plant. ’Different letters within the columns indicate
significant differences (p <0.05) according to the LSD test.

3.2. Vegetative growth

Shoot growth in all cultivars featured a simple sigmoid curve. ‘Autumn Bliss’” and ‘Heritage’ reached nearly a
height of 2 and 2.5 m, respectively, during the first season, while during the second season, both cultivars reached
approximately 1.60 m. In general, the plants subjected to cold treatment grew slightly less than the control plants.
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Autumn Bliss

15 nights

Meeker

Control 15 nights 30 nights 60 nights Control 15 nights 30 nights 60 nights

Fig. 3. Bud state along the seasonal shoot, from the apex to the base, at the end of the growth season and beginning of winter recess for four
raspberry cultivars and different length of temperature treatments as indicated. The meristematic analysis was carried out in three plants for
each cultivar and temperature treatment.

Figure 4 shows growth curves for the primocane cultivars for the different treatments; the vertical line marks the
moment at which the first floral bud appeared at the apex. In the treatments applied in ‘Heritage’ the flowering
was anticipated and the cessation of growth in relation to the control treatment.

The floricane cultivar, ‘Meeker’, grew tallest, with individual shoots reaching more than 5 m in the first season,
and growth arrest came late in the season (Fig. 5). Plants subjected to the 60-night cold treatment were shorter and
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Fig. 4. Time course of shoot elongation growth in two primocane raspberry cultivars with different length of temperature treatment in two
seasons (Panels A and C; 2015, and B and D; 2016). The solid lines indicate time for first visible floral bud appearance + SE

flowered before entering dormancy. ‘Tulameen’ was shorter than ‘Meeker’, and the control plants were shorter
than the treated plants.

In ‘Autumn Bliss’ shoot growth in the treated plants differed significantly compared to the control for each
cultivar’s final height in the first season (Table 5), where the plants submitted to the 15- and 30-night cold
treatments were shorter, contrasting with the second season, where the control-treated plants were the shortest.
The same trend occurred for the number of nodes.

‘Heritage’ grew significantly less only in the 30-night cold treatment in the first season, while the second season
showed no differences between treatments. The number of nodes formed did not significantly differ between
seasons (Table 5).

In ‘Meeker’, cold treatment clearly affected height and numbers of nodes. For the first season, the 30-night-
treated plants were significantly shorter than those of the other treatments. This effect was not seen in the number
of nodes formed (Table 5). In the second season, only the 60-night cold-treated plants were significantly shorter.
The number of buds was significantly lower only in the 60-night treatment in the second season.

In “Tulameen’, control treatment had the shortest plants, while the 30-night cold treatment presented the tallest
plants; the 15- and 60-night cold treatments did not significantly differ, not did the number of buds (Table 5).

3.3. Analysis of the TFLI (flowering) repressor gene

Firstly, the TFL1 gene sequence was identified for the raspberry, using primers based on the gene’s orthologous
sequences in Fragaria vesca and F. ananassa. RNA samples from the ‘Heritage’ and ‘Meeker’ cultivars were
used, being 100% homologous sequences in both cases. The obtained sequence was recorded under the code
MF156853 in the NCBI database.
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Fig. 5. Time course of shoot elongation growth in two floricane cultivars according to treatment for the two evaluation seasons for ‘Meeker’

(A 2015 and B 2016) and season 2016 for ‘“Tulameen’ (C). The line indicates when the first visible floral bud appeared for the second
evaluation season in ‘Meeker’.

This sequence was compared with other TFL1 sequences in different species of the Rosaceae family, yielding
the phylogenetic tree in Fig. 6, which shows similarities mainly with the genus Fragaria.

The mRNA sequence alignments, translated to proteins, were highly homologous (91%) between the sequences
Fragaria x Ananassa, Fragaria vesca and Prunus serotina, relative to the sequence of Rubus idaeus (Fig. 7).

Figure 8 shows gene expression levels over time for the TFL1 gene sequence in Rubus idaeus for each cultivar
and treatment. In ‘Autumn Bliss’, RiTFL1 was repressed, and the cold-treated plants did not significantly differ
compared with the controls. In ‘Heritage’, the gene was expressed in the control plants, while it was repressed
in the treated plants; however, genic expression did not differ between the 15- and 30-night treatments.

Among the floricane cultivars, ‘Meeker’ presented an initial RiTFL1 expression that decreased after 60 days,
with increased gene repression in the cold-treated plants. In “Tulameen’, the RiTFL1 gene expression was only
detected in the control treatment. In the 15-, 30-, and 60-night cold-treated plants, as well as in the 30- and
60-night control plants, the gene was repressed with no significant differences.

4. Discussion

Results indicate that low nocturnal temperatures modified flowering and growth of the seasonal shoot. Low
temperatures positively affected the red raspberries, mainly by shortening the vegetative period and accelerating
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Table 5
Effect of low night temperature during the growth phase on shoot height and node number at the end of

the season in four raspberry cultivars in two years.

Cultivar Length of Shoot height (cm) No. of nodes
temperature 2014-2015 2015-2016 2014-2015 2015-2016
treatment (days)

‘Autumn Bliss’ 0 2298 a 142.2b 478 a 36.4b
15 197.0b 164.8 a 42.0Db 39.0 ab
30 194.3 b 1652 a 42.8b 39.8a

Heritage 0 2795 a 1652 a 73.8a 49.0a
15 251.8a 160.8 a 67.0a 492 a
30 186.3 b 148.0a 53.0b 440a

Meeker 0 5043 a 399.0a 948 a 86.6 a
15 413.5 ab 396.0 a 853a 852a
30 370.3b 3754 a 80.8 a 8l.6a
60 . 260.0 b . 67.6b

Tulameen 0 . 208.4 b . 60.2 a
15 . 240.0 ab . 69.4 a
30 . 260.6 a . 724 a
60 . 237.6 ab . 67.0a

*The data are the average of four replications in first season and five replications for second season, each
represented by one plant. ‘Different letters within the columns indicate significant differences (p <0.05)
according to the LSD test (the comparison was made for each cultivar according to the treatment, and was

not compared between cultivars).
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062
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M. domestica 2
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oo0e
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R. idaous
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Fig. 6. The phylogenetiv analysis of TFL1 mRNA nucleotide sequence in Rosaceae species and Arabidopsis thaliana (KX139000.1). The
abbreviations correspond to Rosa chinensis (JQO008813.1), Malus domestica (NM_001293865.1 and NM_002293958.1), Prunus serotina
(KY435487.1), Rubus idaeus (MF156853), Fragaria x ananassa (KR139757.1 and LC017718.1) and Fragaria vesca (NM_001280077.1).
Phylogenetic relationship tree constructed using Geneious program v. 9.1.4, UPGMA tree.

floral induction and differentiation [29, 30, 31]; this study the flowering was improved under cold conditions
only at night, simulating a greater thermal day-night oscillation.

Within cultivars, the onset of flowering can vary significantly from year to year and from one location to
another. In red raspberries, the cycles are controlled mainly by photoperiod and temperature [10]. ‘Heritage’
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Fig.7. The protein aligment of traduction of TFL1 mRNA nucleotide sequence in Rosaceae species. The abbreviations correspond to Fragaria
x ananassa (AMR34693.1), Fragaria vesca (NP_001267006.1), Malus domestica (NP_001280794.1), Pyrus pyrifolia (BAJ33557.1), Prunus
serotina (AQX77700.1), Rosa chinensis (JQ008813.1) and Rubus idaeus (MF156853). Protein aligment was constructed using Geneious
program v. 9.1.4.

loses its primocane-fruiting trait in temperate areas with low thermal oscillations [4]. This is consistent with
the results of the present study, since we found that this cultivar responded better to cold treatments (Table 4).
In contrast, ‘Autumn Bliss’ behaves more uniformly in terms of flowering, and while cold treatments enhanced
flowering, this effect was less marked than in ‘Heritage’.

Several authors have indicated that floricane cultivars require low temperatures for floral induction [1, 9, 10,
11, 32], while primocane cultivars can flower at relatively warm temperatures [12, 33, 34]. We found that while
‘Autumn Bliss’ and ‘Heritage’ are classified as primocane cultivars, their response to cold differed, ‘Heritage’
showing a better response to the cold treatments.

In the floricane cultivars, only ‘Meeker’ flowering was enhanced by cold, but it needed a longer exposure time
at low temperatures to achieve significant results. With the 60-night cold treatment, it behaved like a primocane
cultivar, which is similar to findings by [25], in which the cultivar ‘Lagorai’ behaved intermediately between the
primocane cultivar ‘Erika’ and the floricane cultivar ‘Tulameen’. Meristematic evaluation of the undeveloped
buds at the end of the season showed that in ‘Heritage’, ‘Meeker’ and ‘Tulameen’, cold treatment favoured bud
differentiation (Table 4).

Nocturnal cold in the middle of the growing season favours both primocane and floricane cultivars in different
flowering aspects. Low temperatures enhance flowering in red raspberries, that is, they respond to vernalisation,
as reported by [10]. This process may have quantitative cold requirements since plants responded differently
depending on the cold treatment applied to the cultivar. The different cold requirements for vernalisation may
generate the two flowering behaviours described in raspberries.

Red raspberry flowering is followed by growth arrest. In primocane cultivars, this growth arrest occurs early in
the season, while in floricane cultivars, growth cessation is associated with shorter days and lower temperatures
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Fig. 8. TFL1 gene expression in the raspberry cvs. ‘Autumn Bliss’, ‘Heritage’, ‘Meeker’ and ‘“Tulameen’. Gene expression was measured
during the shoot growth period(phase?) from the beginning of cold treatments; thus, the gene expression was evaluated at 15, 30 and 60 days
(the latter only in the floricane cultivars) with and without cold night treatments. Relative gene expression with the same letter indicates no
significant difference, with p > 0.05. £SE.

[1]. In deciduous plants, nocturnal temperatures impact growth arrest relative to day temperatures, since low
temperatures induce growth arrest under long-day conditions [35]. This dynamic could be related to the less
height of the treated plants, primocane and floricane cultivars were shorter at the end of the evaluation period
in the first season (Table 5). This effect was also observed by [13] in the ‘Autumn Bliss’ cultivar, as these
authors pointed out that low temperatures would act in two ways, affecting the time of floral induction and
shoot growth rate. However, this difference was less marked in the second season, likely due to the difference in
temperature/length of time between planting and growth arrest in the second season (Supplementary Table 1).
In the second season, the control treatments in ‘Autumn Bliss’ and ‘“Tulameen’ produced the shortest plants;
therefore, this growth arrest occurred earlier than those of the other treatments; however, this was not related to
flowering, and the 15- and 30-night cold treatments increased the number of floral laterals in ‘Autumn Bliss’
(Table 3), while in “Tulameen’, only the 60-night treatment had differentiated buds (Table 4) despite having a
late growth arrest, reflected in its greater height.

In addition to the photoperiod and temperature effects on flowering [10], an important genetic factor would
produce different responses to environmental factors. In the primocane cultivar, ‘Autumn Treasure’, high tem-
peratures prior to flowering, delayed and suppressed this process; therefore, this cultivar would require lower
temperatures for flowering. The authors related this phenomenon to the gene introgression of the species Rubus
arcticus, into this cultivar’s pedigree [33]. This is similar to that observed in ‘Heritage’ in climates with mar-
itime influence and low thermal oscillation, where the lack of cold, rather than high temperatures, suppresses
flowering. Temperature would have a dominant effect on photoperiod, and floral induction may occur within a
certain temperature range [24].
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When studying the influence of cold nights on RiTFL1 expression levels, we observed that cold inhibited
RiTFL1 in all cultivars. However, in high primocane-fruiting cultivars such as ‘Autumn Bliss’, this gene was
repressed regardless of cold treatment. In ‘Heritage’, a low primocane-fruiting cultivar, the gene was expressed
in control plants, and repressed in those subjected to the cold treatments. RiTFL repression may have favoured
early flowering in this trial, and plants developed more reproductive buds before entering recess. This agrees
with the results of [15], who demonstrated that low temperatures are necessary to suppress TFL1 in Fragaria
vesca, enabling the plants to induce flowering.

5. Conclusion

This study demonstrated that low night-time temperatures during the growth season favourably affected flow-
ering, mainly in ‘Heritage’, a cultivar with low primocane fruiting, and enabled tip flowering in seasonal shoots
of ‘Meeker’, a floricane cultivar. The behaviour, when grown in temperate climates with low day-night temper-
ature oscillation, is that shoots of these cultivars require the exposure to low temperatures during development
to repress the RiTFL1 gene, which enables floral induction, achieving flowering during the season before winter
recess. Thus, cold requirements for vernalisation of the different genotypes, could explain the various pheno-
types related to flowering, so that low temperatures reduce RiTFL1 expression in individuals with intermediate
behaviour between primocane and floricane fruiting traits. Cultivars such as ‘Autumn Bliss’ show a more uniform
flowering without being strongly affected by the environment, which allows the expansion of cultivation areas
without risking primocane flowering. Establishing genetic differences between cultivars of the same species
requires further studies to determine whether the control of seasonal shoot flowering by RiTFL1 is comple-
mented by other minor modifiers. Verifying whether the expression of this gene is the main determinant of the
degree of primocane-fruiting could enable its use as a selection marker in segregating populations, where high
primocane-fruiting individuals are sought.

Obtaining genotypes that can flower without requiring exposure to low temperatures to trigger floral induction,
is a primary selection characteristic, both to expand the cultivation areas and for off-season fruit production.
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