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Temperature control of shoot growth 
and floral initiation in apple (Malus × domestica 
Borkh.)
Ola M. Heide1, Rodmar Rivero2 and Anita Sønsteby2* 

Abstract 

Background:  The environmental control of flowering in apple (Malus × domestica Borkh.) has remained an enigma 
for generations.

Methods:  We studied growth and flowering effects of temperature under daylight phytotron conditions in 3-year old 
‘Summerred’ and ‘Discovery’ apple trees. Flowering was assessed by dissection of buds on spurs and extension shoots 
at termination of treatments and flowering performance in the subsequent spring.

Results:  Exposure to constant temperatures ranging from 12 to 27 °C for 12 weeks yielded a hyperbolic response 
curve with optimum at 18–21 °C and little or no flowering at 12 and 27 °C. A drop from high to low temperature after 
6 weeks caused growth cessation and initiation of flowering, whereas the reverse shift had the opposite effect. Shoot 
growth and leaf accumulation increased with increasing temperature, but under flower-inducing conditions, both 
levelled off and ceased towards the end of the treatment period.

Conclusions:  The results are discussed in relation to the extensive physiological and genetic literature on the subject. 
We interpret the results as two separate effects of temperature on flowering in apple. At 12 °C flowering seems to be 
limited by low temperature depression of growth and leaf production, while at 27 °C, flowering is blocked by inhibi-
tion of the floral initiation itself. Intermediate temperatures of 18–21 °C, on the other hand, seem to satisfy the require-
ments for both processes. These opposite effects of temperature have apparently confounded the understanding of 
the environmental control of flowering in apple.
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Introduction
The domesticated apple (Malus × domestica Borkh.) 
is one of the world’s most important fruit crops (FAO 
2017). In apple as in any other plant, flowering is an abso-
lute prerequisite for fruit production and therefore, stud-
ies on the control of floral initiation in apple has received 
the attention of scientists for generations (Bangerth 

2006). Gur (1985) and Hanke et al. (2007) have reviewed 
the voluminous literature on the subject.

Floral initiation is the key developmental step that 
marks the process of sexual reproduction in plants. The 
process is proceeded by flower induction, i.e. the pro-
cessing and translocation of a flower-inducing chemical 
signal that is perceived by the vegetative bud meristems 
to render them floral. The process is usually triggered 
by an environmental signal, but can also be endog-
enously controlled. Floral initiation marks the stage 
of no return when the first morphological changes are 
taking place at the shoot apical meristem (Lang 1965). 
During the following stage of flower differentiation, the 
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successive whorls of flower organs are then laid down 
at the shoot apex. Collectively, these events constitute 
the processes of flower bud formation (FBF).

Flowering is a complex process that is controlled by 
a number of internal and environmental factors (Lang 
1965). In tree crops such as apple, the process is par-
ticularly complicated for several reasons. First, most 
woody plants including apple, have a long juvenile 
phase during which they cannot be induced to flower by 
any means (Visser 1964; Zimmerman 1972). Secondly, 
the annual apple shoot must develop a critical number 
of leaves (16–20 depending on cultivar) before it may 
respond to environmental factors and undergo flo-
ral initiation (Luckwill 1975; McLoughlin and Greene 
1991). This means that flower bud formation may in 
fact be a two-step process, first a vegetative growth 
process to produce the critical number of nodes and 
secondly, the floral initiation process proper. Thirdly, 
there is a time span of more than 10  months between 
floral initiation and anthesis (blooming) in apple trees 
(Gur 1985; Verheij 1996), during which time the tree 
is going through induction and breaking of dormancy 
and fruits are developing in parallel with flower initia-
tion and differentiation. These are processes that are 
known to interfere with FBF (Fulford Fulford 1966a, 
1966b; Chan and Cain 1967). Finally, only a fraction of 
the buds of an apple tree becomes floral, and buds on 
dwarf shoots (spur buds) and buds on vigorously grow-
ing extension shoots have different seasonal timing of 
FBF (Zeller 1960; Jonkers 1979; Rivero et  al. 2017). In 
addition, because of its size, the apple tree does not 
lend itself readily for experimentation in controlled 
environments.

Environmental conditions are known to influence FBF 
in apple, but experimental results have often been incon-
sistent and highly variable (Gur 1985; Hanke et al. 2007). 
Shading (reduced light flux) has long been known to 
strongly reduce flowering in apple trees (Auchter et  al. 
1926; Paddock and Charles 1928; Jackson and Palmer 
1977; Tromp 1984). Shading to 37% of full sunlight 
reduced flowering to 44% of the control (Chain 1973), 
and reduction to 30% of full sunlight was reported as the 
threshold level for FBF in apple (Lakso 1980). In contrast, 
photoperiod does not affect FBF in apple (Hoyle 1955; 
Gorter 1955, 1965; Piringer and Downs 1959). Although 
Tromp (1984) found that FBF was better in 14 h long day 
(LD) than in 8 h short day (SD) conditions, he concluded 
that the result was due to differences in daily light inte-
gral, which was almost twice as large in LD as in the SD 
treatment. It was also demonstrated by Heide and Pre-
strud (2005) that vegetative growth cessation and dor-
mancy induction are likewise unaffected by photoperiod 
in apple, but rather controlled by low temperature.

Several studies have examined the effect of tempera-
ture on FBF in apple. Abbott et  al. (1975) found that in 
southern England, elevated spring temperature up to 
18  °C from the stage of full bloom enhanced FBF, while 
low temperature (11 °C day/7 °C night) was favourable in 
autumn (Abbott and Bull 1973). In controlled environ-
ments, Tromp (1976) found that shoot growth of ‘Cox’s 
Orange Pippin’ apple trees was reduced while FBF was 
stimulated at 17 or 19  °C compared with 24  °C when 
applied from full bloom. Raising the temperature from 
17 to 24 °C late in the experimental period also reduced 
FBF. However, although growth was similarly reduced 
by low temperature in ‘Golden Delicious’, flowering was 
unaffected in this cultivar. In a later experiment with the 
same cultivars, Tromp (1980) divided the period after 
full bloom into tree equal periods of 5–6 weeks each and 
varied the temperature between 17 and 24  °C in these 
three periods, but with no consistent effects on FBF in 
either cultivar. It should be noticed, however, that these 
experiments were primarily planned for investigation 
of other processes than FBF, and that in the first experi-
ment; fruits were present on the trees, while the trees 
were de-blossomed before experimentation in the sec-
ond experiment. In another study with ‘Cox’s Orange 
Pippin’ (Tromp 1984), it was confirmed that low tem-
perature (16/12  °C, D/N) for the first 8–9  weeks after 
bloom reduced shoot growth and enhanced FBF com-
pared with higher temperature (22/18  °C) for the same 
period. Increase or decrease in temperature after the first 
6–7 weeks had little effect on either growth or flowering. 
At a day temperature of 18  °C, shoot growth increased 
linearly with increasing night temperature ranging from 
6 °C to 30 °C, while flowering had an optimum at 18  °C 
and with a marked reduction at 30 °C night temperature. 
Later, Zhu et  al. (1997) studied the effect of three tem-
peratures (13, 20, and 27  °C) applied continuously for 
18  weeks in cv. Summerred, starting 1  week after full 
bloom, or changed after 5  weeks in the following ways: 
13 then 20  °C; 20 then 27  °C; and 27 then 13  °C. Con-
trary to earlier studies by Tromp (1976, 1980, 1984), FBF 
was in this experiment stimulated by intermediate and 
high temperature when applied for the whole season as 
well as when applied for 6 weeks from full bloom, in both 
spurs and elongation shoots. This temperature enhance-
ment of FBF was most pronounced in the 13–20  °C 
range. Lowering the temperature from 27 to 13  °C after 
5  weeks resulted in immediate growth cessation but 
markedly reduced flowering. Controlled environment 
experiments by Verheij (1996) also produced inconsistent 
and sometimes opposing effects of temperature. In cv. 
Jonagold, FBF was slightly enhanced by 13 °C compared 
with 21 and 27  °C, while the opposite effect was found 
in ‘Cox’s Orange Pippin’ at 13  °C compared with 24  °C. 
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The conclusion is therefore, that the effect of temperature 
on FBF has been highly variable and inconsistent, and in 
addition, the effect seems to vary among cultivars.

Another important question is, at what time of the 
growing season the apple shoot is receptive for induc-
tion by temperature and other environmental factors. 
The issue has been studied by applying flower-inhibit-
ing treatments such as defoliation or shading at various 
times during the growing season, assuming that inhibi-
tion should be maximal at the time when floral initiation 
takes place and no longer are reversible. Experiments of 
this kind in eastern USA indicated the period up to 61 
and 110 days after full bloom as critical with some vari-
ation between cultivars (Magness et al. 1933), while the 
period up to 42 days after bloom was found to be most 
important for cv. Winter Sunshine in England (Davies 
1959). Tromp (1976, 1980) concluded that under con-
trolled environment conditions, temperature during the 
first 4–5 weeks after full bloom appeared to be especially 
important for FBF, while Zhu et al. (1997) found that the 
period 6–7 weeks after full bloom had the greatest effect 
although temperature conditions during the entire grow-
ing season affected FBF. Dissection of buds collected in 
the field (Singh 1948; Jonkers 1979; Rivero et  al. 2017) 
revealed that in spur buds, floral initiation takes place 
6–8  weeks after full bloom, while in buds on extension 
shoots, it takes place at least 2–3 weeks later. Foster et al. 
(2003) found that broadening of the shoot apex, which 
they considered the first visible sign of floral commit-
ment, occurs between 39 and 53 days after full bloom. In 
contrast, Hanke (1981) who investigated spur buds and 
buds on elongation shoots of ‘Golden Delicious’ over a 
period of 3  years, concluded that the occurrence of the 
various ontogenetic stages was not related to the date of 
full bloom, but rather seemed to be determined by cal-
endar day. Thus, the temporal floral induction window in 
apple is not well defined, but seems to vary considerably 
between cultivars and types of buds.

It is commonly considered that there is an antagonis-
tic relationship between vegetative growth and flowering 
in apple trees (Luckwill 1970; Crabbé 1984; Forshey and 
Elfing 1989). Although it has been reported that floral 
initiation can take place before shoot growth has ceased 
(Zeller 1960; Hanke et al. 2007), it is generally accepted 
that initiation in extension shoots usually takes place 
after the cessation of shoot growth (Luckwill 1970; Hanke 
et  al. 2007). Despite the frequent antagonistic associa-
tion of growth and FBF in apple, independent control of 
the two processes has also been reported in some studies 
(e.g. Zhu et  al. 1997; Verheij 1996). Much attention has 
also been paid to the importance of the plastochron (the 
time interval between formation of successive leaves by 
the apical meristem) for the formation of flower buds in 

apple (Fulford 1965, 1966a, 1966b). It was considered that 
environmental manipulations that affect FBF do so via 
their influence on the plastochron, and that a plastochron 
of 5–7  days is optimal for FBF, whereas greater lengths 
are inhibitory. However, no underlying mechanism of 
action has been suggested and doubts have been raised 
about the validity of the plastochron theory (e.g. Luck-
will and Silva 1969; Hanke et  al. 2007). Verheij (1996) 
found that although a range of treatments affected FBF, 
the plastochron was only affected by temperature and 
defoliation. He therefore concluded that the plastochron 
is not a critical factor for the occurrence of flower bud 
formation.

With the advent of modern molecular biology, there 
has been rapid progress in the understanding of the 
genetic control of FBF in apple. Several genes have been 
identified in apple that are considered putative homologs 
to genes that regulate vegetative growth and floral tran-
sition in the annual model plant Arabidopsis thaliana 
(Hanke et al. 2007; Kotoda et al. 2010; Mimida et al. 2011; 
Flachowsky et  al. 2012). Today, more is actually known 
about the genes that are associated with FBF in apple, 
than about the environmental factors that are triggering 
the activation of these genes (Kurokura et al. 2013).

In an attempt to provide more information on the envi-
ronmental control of FBF in apple trees, we have studied 
the effects of a range of temperature conditions on three-
year-old trees of ‘Summerred’ and ‘Discovery’ grown 
under natural daylength conditions in daylight phyto-
tron compartments in the years 2016 and 2017. Based 
on earlier results reported in the literature, we expected 
to observe both direct and indirect (growth-dependent) 
effects of temperature on flower bud formation in apple 
that might shed new light on the underlying mechanisms. 
By exposing trees to the whole range of relevant tempera-
tures, we anticipated to observe both stimulatory and 
inhibitory flowering responses.

Materials and methods
Plant material and cultivation
Two-year old bare root trees of the cultivars ‘Summerred’ 
and ‘Discovery’ grafted on M4 rootstocks were purchased 
from a commercial nursery and used for experimentation 
in their third year of growth. Both cultivars are known to 
readily form lateral flower buds on extension shoots (Riv-
ero et al. 2017). After overwintering in a 2 °C cold store, 
the trees were potted in 7.5 l plastic pots in a peat based 
potting compost (Gartnerjord, LOG, Oslo, Norway) 
in late April and moved outdoors at the NIBIO experi-
mental center Apelsvoll (60° 40′ N, 10° 52′ E, 150 m asl.). 
During the last day before potting, the trees were soaked 
with their roots in water. On 1 June, when the trees had 
started flowering, the trees were moved into the natural 
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daylight phytotron at the Norwegian University of Life 
Sciences at Ås (59° 40′ N, 10° 45′ E) and distributed to 
four daylight compartments and exposed to natural day-
length conditions at temperatures as shown in Table  1. 
The results of the 2016 experiments prompted us to 
broaden the temperature range in 2017. Space limitations 
in the four available compartments limited the number 
of temperature combinations and replications that could 
be accommodated. At transfer to the phytotron, the trees 
were trimmed down to 4–5 main branches, which were 
cut back to approximately one-third of their original 
length and all flowers were removed. Temperatures in 
the phytotron were controlled to ± 1.0  °C, and a vapour 
pressure deficit of 530 Pa was maintained at all tempera-
tures. Whenever the photosynthetic photon flux (PPF) 
fell below approximately 150  µmol quanta m−2  s−1 (as 
on cloudy days), an additional 125 µmol quanta m−2 s−1 
were automatically added using Philips HPT-1 400  W 
lamps. One set of trees were also left outside at NIBIO 
Apelsvoll at ambient temperature and light conditions as 
a control for comparison with the phytotron treatments. 
Temperature conditions at Apelsvoll in the 2  years are 
shown in Fig. 1.

Throughout cultivation, the trees were watered as 
needed with a fertilizer solution with electric conduc-
tivity of 1.5 mS cm−1 and consisting of a 2:3 mixture of 
Superba Red™ (7-4-22% NPK + micronutrients) and 
Calcinit™ (15.5% N and 19% Ca), both from Yara Inter-
national (Oslo, Norway). Two broad spectrum fungi-
cides (Nordox 75 WG, Plant Food Company Inc., USA, 
and Topas 100 EC, Syngenta, UK) and one insecticide 
spraying (Calypso, Bayer Crop Science, UK) were applied 
during the first week after potting. The trees were also 
sprayed with a Thiovit elemental sulphur suspension for 
protection against mildew at start and every third week 
during experimentation. Biological control with A. cuc-
umeris was applied at start and 3–4 times during the 
experimentation against spider mites and trips. In 2017, 

after completion of the 12-week experimental treatments 
in the phytotron on 1 September, two trees of each treat-
ment were moved back to Apelsvoll where they were 
defoliated and placed directly in a 1  °C cold store. This 
ensured dormancy induction and release without affect-
ing flowering state. After overwintering at 1  °C in dark-
ness until late April, they were then returned to outdoor 
conditions where they remained until blooming and 
recording of flowering performance.

Experimental design and data collection
Each treatment consisted of five trees, which were 
treated as replicates in the statistical analyses. Shoot 
elongation growth was monitored by weekly record-
ings of the length and the number of leaves of the lead-
ing (longest) shoot of each tree during the 12-week 
experimental period. Flowering was assessed by dissec-
tion of buds sampled after completion of the 12-week 
treatments at the various temperature conditions in 
both years, and in 2017 also by recording of flowering 
performance of two trees in each treatment in the fol-
lowing spring after overwintering at 1  °C. In 2016, the 
dissections included all spur buds as well as all lateral 
buds along the entire length of five extension shoots 
(including the measured shoot) from each of the five 
trees in each treatment. The number of dissected buds 
varied between 60 and 130 per tree, depending on 
number and size of the shoots. A total of 1900 buds 
were dissected in the 2016 experiment. In 2017, all spur 
buds (0–20 per tree) on three randomly selected trees 

Table 1  Temperature treatments applied to  ‘Summerred’ 
and ‘Discovery’ apple trees in the years 2016 and 2017

Year 2016 Year 2017

12 °C constant for 12 weeks 12 °C constant for 12 weeks

15 °C constant for 12 weeks 18 °C constant for 12 weeks

18 °C constant for 12 weeks 24 °C constant for 12 weeks

21 °C constant for 12 weeks 27 °C constant for 12 weeks

12 °C for 6 w.—then 18 °C for 6 w. 12 °C for 6 w.—then 24 °C for 6 w.

15 °C for 6 w.—then 21 °C for 6 w. 18 °C for 6 w.—then 27 °C for 6 w.

18 °C for 6 w.—then 12 °C for 6 w. 24 °C for 6 w.—then 12 °C for 6 w.

21 °C for 6 w.—then 15 °C for 6 w. 27 °C for 6 w.—then 18 °C for 6 w.

Fig. 1  Average daily mean summer temperatures at the NIBIO 
experimental centre Apelsvoll for the years 2016 and 2017. The 
vertical lines denote the beginning and termination of the 12-week 
treatment period. The average mean temperatures for the period 1 
May to 1 September were 14.0 °C and 12.4 °C for the years 2016 and 
2017, respectively
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were likewise dissected in each treatment, while for 
reduction of the workload, only 5 lateral buds from the 
mid zone of each of the three longest current season 
extension shoots of the same three selected trees were 
dissected and examined (total of 15 buds per tree). The 
sampled buds were either dissected fresh or fixed and 
stored on 70% ethanol until dissection and determi-
nation of their flowering stage under a stereo micro-
scope according to the 7-stage scale of morphological 
changes used by Foster et  al. (2003) and Rivero et  al. 
(2017). Scanning electron microscopy images as pre-
sented by Rivero et al. (2017) were used for assessment 
of the floral stages (see Fig.  2). In both years, we also 
sampled and dissected 2–3 buds from each treatment 
after 6 weeks of treatment in order to get an indication 
of the early progression of flower formation. At bloom 
time in the following spring in 2018, the total number 
of flower clusters (inflorescences) and the total number 
of flowers were determined in the remaining two trees 
per treatment that was overwintered in the cold store at 
Apelsvoll. In these trees, no buds had been sampled in 
the previous autumn.

Statistical analysis
Experimental data for shoot length and leaf numbers 
after 6 weeks and flowering (dissection results and spring 
flowering) were subjected to two-way analysis of variance 
(ANOVA) by standard procedures, while Tukey’s multi-
ple comparison test was used to assess the significance of 
differences between means. All analyses were performed 
using the Minitab® Statistical Software program package 
(Release 17.1.0. Minitab. Inc., State College, PA, USA). 
All percentage values (proportion of floral buds) were 
subjected to an arc sin transformation before perfor-
mance of the ANOVA.

Results
Shoot growth and leaf accumulation
In both years, shoot growth rate generally increased with 
increasing temperature during the first 6 weeks of “free” 
growth, but usually with little increase at temperatures 
above 18 °C (Figs. 2, 3a, c). With the higher temperatures 
applied in 2017, growth increased with increasing tem-
perature up to 24  °C, with no or little further increase 
at 27  °C. Under outdoor conditions at Apelsvoll, shoot 
growth was intermediate between that at 12 °C and 15 °C 
in the phytotron in 2016, while in 2017, growth was quite 
similar to that at 12  °C in the phytotron. An ANOVA 
analysis of shoot length data after 6  weeks of growth 
revealed a highly significant effect (P < 0.001) of temper-
ature in both years. However, only the mean values for 
trees grown at 12  °C and at ambient temperatures were 
significantly different from the rest. Since shoot growth 
started to level off after 6 weeks at the higher tempera-
tures while continuing at lower temperatures, differ-
ences in final shoot length gradually diminished and final 
length was not significantly different after 12  weeks in 
the 2016 experiment (Fig. 3). However, with the extended 
temperature range used in 2017, also the final shoot 
length increased significantly (P = 0.001) with increasing 
temperature in both cultivars (Fig. 4).

Although the trees of ‘Summerred’ elongated almost 
twice as much as those of ‘Discovery’, the temperature 
effect on shoot length and leaf number was similar in 
the cultivars (no significant cultivar x temperature 
interaction). The higher outdoor temperature in 2016 
(Fig. 1) resulted in slightly greater shoot growth under 
ambient conditions in 2016 than in 2017 in the cul-
tivar ‘Discovery’ but not in ‘Summerred’. It should 
be noticed, however, that except for the 24 and 27  °C 
treatments in 2017, shoot growth usually levelled off 
or ceased completely in late July, after 6–7  weeks of 
treatment (Figs.  3, 4). Generally, this took place ear-
lier at intermediate than at constant low or high tem-
peratures. When the temperature was shifted to higher 

Fig. 2  Scanning electron microscopy images of floral stages 2 and 7 
in apple. (From Rivero et al. 2017)
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levels after 6 weeks of low temperature, growth usually 
(but not always) increased afterwards, while a shift from 
high to low temperature resulted in reduced growth 
or complete growth cessation. These growth changes 
were most marked with the larger temperature shifts 
applied in 2017. Thus, in plants grown at 24 or 27 °C for 
6 weeks and then shifted to 12 or 18 °C, respectively, an 
immediate cessation of growth took place (Fig. 4a, c).

The effect of temperature on the cumulative increase 
in leaf (node) numbers was also highly significant 
(P = 0.001) in both years and closely paralleled the 
effects of temperature on elongation growth for the first 
6–7 weeks (Figs. 3, 4b, d).

Flowering
Dissection of 2–3 randomly selected buds after 6 weeks 
of treatment revealed that transition to generative devel-
opment had started in some trees at 18 and 21 °C at this 
stage in both years, while no changes were observed at 
the other temperatures (data not shown). Dissections 
after 12  weeks of cultivation at the various constant 
temperatures revealed consistent and highly significant 
(P < 0.001) effects of temperature on floral initiation in 
both cultivars (Figs. 5, 6). In both years, no lateral buds 
on extension shoots and spurs had initiated floral primor-
dia at 12 °C in any of the cultivars, except in 2016, when 
about one-third (35%) of the spur buds of ‘Summerred’ 
had reached an early stage of FBF at this temperature. At 
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higher temperatures, the proportion of buds with floral 
primordia increased sharply to an optimum at 18–21 °C 
in both spur buds and extension shoots. At still higher 
temperatures in 2017, the proportion of generative 
buds decreased again at 24  °C, and further on to a very 
low level at 27  °C (Fig. 5). These effects were associated 
with parallel changes in the stage of floral bud develop-
ment (Fig.  6). Generally, the trees grown outdoors had 
an intermediate flowering response to those grown at 12 
and 15 °C in the phytotron (Tables 2, 3). Higher outdoor 
temperatures in 2016 than in 2017 (Fig. 1), was reflected 
in more advanced out-door flower development in 2016 
(Tables  2, 3). In both cultivars, floral initiation was less 
advanced in extension shoots than in spurs, while initia-
tion in extension shoots was consistently more advanced 
in ‘Summerred’ than in ‘Discovery’. Otherwise, the two 

cultivars responded rather similarly to the constant tem-
perature treatments.

The same trend in the temperature flowering response 
was observed in the trees that were transferred to higher 
or lower temperatures after 6 weeks. Although the results 
were somewhat variable at the lower temperature range 
tested in 2016, the results in 2017 when the wider range 
of temperatures was used, showed a marked and consist-
ent enhancement of flowering when the temperature was 
shifted from high to low temperature (Tables 2, 3). Such a 
drop in temperature, which caused an immediate growth 
cessation (Fig.  4), was consistently more conducive to 
flowering than was constant high temperature or the par-
allel shift from low to high temperature. Overall, the tem-
perature effect was more pronounced in ‘Discovery’ than 
in ‘Summerred’ in both years (Tables 2, 3).

0

5

10

15

20

25

30

35

40

45

50

N
um

be
r o

f l
ea

ve
s

b 'Summerred'

0

5

10

15

20

25

30

35

40

45

50

0 1 2 3 4 5 6 7 8 9 10 11 12

N
um

be
r o

f l
ea

ve
s

Time (weeks)

d 'Discovery'

0

10

20

30

40

50

60

70

80

90
C

um
ul

at
iv

e 
sh

oo
t l

en
gt

h 
(c

m
)

a 'Summerred'

0

10

20

30

40

50

60

70

80

90

0 1 2 3 4 5 6 7 8 9 10 11 12

C
um

ul
at

iv
e 

sh
oo

t l
en

gt
h 

(c
m

)

Time (weeks)

12 °C
18 °C
24 °C
27 °C
12→24 °C
18→27 °C
24→12 °C
27→18 °C
Ambient

c 'Discovery'

Fig. 4  Time courses of shoot elongation growth (Panels a, c), and the accumulation of leaves (Panels b, d) for the leading shoot of apple trees 
of the cultivars ‘Summerred’ and ‘Discovery’ as affected by the indicated temperature treatments under natural light conditions at Ås, Norway, in 
the year 2016. The vertical lines at 6 weeks of treatment correspond to 13 July. Each point represents the mean of 10 trees for the first 6 weeks of 
treatment, and of 5 trees for the next 6 weeks
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Fig. 5  Percentage of generative buds in spurs and extension shoots of the apple cultivars ‘Summerred’ and ‘Discovery’ as influenced by 12 weeks of 
exposure to various constant temperatures as indicated in the years 2016 and 2017. Each point represents the mean of 5 trees in 2016 and 3 trees in 
2017
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Flowering of the trees from the 2017 experiment that 
were overwintered and allowed to flower in the 2018 
season were also significantly and consistently affected 
by both constant and changing temperatures (Table  4). 

With one exception, both percentage of flowering nodes 
and the number of flowers per tree and per flower clus-
ter, mirror the results obtained by dissections performed 
at termination of the treatments in the previous autumn, 

Fig. 6  Mean floral development stages of dissected buds of spurs and extension shoots of the apple cultivars ‘Summerred’ and ‘Discovery’ as 
influenced by 12 weeks of exposure to various constant temperatures as indicated in the years 2016 and 2017. Stage 1 denotes entirely vegetative 
buds and stage 7 denotes fully differentiated primary flowers. Each point represents the mean of 5 trees in 2016 and of 3 trees in 2017
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and again flowering was very poor in the trees exposed to 
12 and 27 °C as well as ambient temperature. However, in 
both cultivars, the trees that were transferred from 24 to 
12  °C after 6 weeks did not flower as much as expected 
from the dissection results in Table  3. The presence of 
wilted flower rudiments in several buds of these trees 
indicates that this might be a result of flower abortion of 
less developed flower primordia during cold storage and/
or flower development. Except from delayed flowering in 
trees from 12  °C (and ambient temperature in ‘Discov-
ery’), time of blooming (anthesis) was not significantly 
affected by the temperature treatments in 2017. The 
total number of nodes per tree increased with increasing 
temperature all the way up to 27 °C, a response that also 
affected the number of flower clusters per tree (Table 4).

Since two trees per treatment is marginal for the statis-
tical testing of significance of effects, and since there was 

no cultivar effects and no interactions between cultivars 
and temperature treatments for most variables (Table 4), 
we also run an additional ANOVA with the results of the 
two cultivars combined (giving four replicate trees per 
treatment). The results presented in Table  5, likewise 
revealed highly significant effects of temperature on per-
centage of flowering nodes as well as number of flowers 
and flower clusters per tree. 

Discussion
The results of these experiments show consistent and 
significant effects of summer temperature on growth 
and floral initiation in the apple cultivars ‘Summered’ 
and ‘Discovery’ over 2  years. A hyperbolic temperature 
response curve for flower formation over the 12  °C to 
27  °C range was established with an optimum at 18 to 
21 °C and little or no flowering at 12 and 27 °C (Figs. 5, 

Table 2  The influence of  constant and  changing temperatures on  the  percentage of  reproductive buds and  the  mean 
floral development stage of  dissected buds of  spurs and  extension shoots of  the  apple cultivars ‘Summerred’ 
and ‘Discovery’ after completion of 12 weeks of exposure to the indicated temperatures (2016 experiment)

The data are means of all spur buds from each of the five replicate trees and of all lateral buds along the entire length of five extension shoots from each tree
a  Stage 1 denotes entirely vegetative buds, and stage 7 denotes fully differentiated primary flowers
b  For separation of means, Tukey’s multiple comparison test was performed separately for the two cultivars (lower case letters), and likewise for constant and 
changing temperatures (capital letters)

Cultivar Temperature (°C) Spurs Extension shoots

Generative buds 
(%)

Mean floral development 
stage (1–7)a

Generative buds 
(%)

Mean floral 
development 
stage (1–7)

‘Summerred’ 12 °C cont. 35.0 bb 2.3 c 0.0 d 1.0 d

15 °C cont. 100 a 6.6 b 37.4 c 2.0 c

18 °C cont. 100 a 7.0 a 63.5 a 4.4 a

21 °C cont. 100 a 7.0 a 67.2 a 4.7 a

Ambient 100 a 6.8 ab 64.6 b 3.5 b

12⟶18 °C 94.4 A 6.0 B 51.1 B 2.6 D

15⟶21 °C 92.3 A 6.8 A 66.9 A 5.0 A

18⟶12 °C 100 A 7.0 A 66.1 A 4.2 C

21⟶15 °C 100 A 7.0 A 66.5 A 4.6 B

‘Discovery’ 12 °C cont. 0.0 d 1.1 e 1.5 e 1.1 e

15 °C cont. 100 a 6.8 b 36.4 c 3.9 a

18 °C cont. 94.4 b 6.4 c 62.8 a 3.6 b

21 °C cont. 100 a 7.0 a 45.3 b 2.7 c

Ambient 75.0 c 2.7 d 28.2 d 1.7 d

12⟶18 °C 64.3 B 2.7 D 49.3 C 1.8 B

15⟶21 °C 100 A 3.7 C 53.4 A 2.2 B

18⟶12 °C 100 A 6.7 A 51.4 B 3.1 A

21⟶15 °C 85.7 AB 6.1 B 51.8 B 3.3 A

Probability level of significance by ANOVA

 Source of variation

  Cultivar (A) < 0.001 < 0.001 0.001 0.001

  Temperature (B) < 0.001 < 0.001 < 0.001 < 0.001

  A × B < 0.001 < 0.001 < 0.001 < 0.001
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6). This agrees with the results of Abbot et al. (1975), who 
found that FBF benefits from raising temperatures up to 
18 °C at full bloom and shortly afterwards, and the results 
of Zhu et al. (1997) who found that increasing tempera-
ture in the 13–20 °C range increased FBF in the cultivar 
‘Summerred’. Identical responses of trees grown at 12 °C 
in the phytotron and those grown at closely similar tem-
peratures outdoors, provide strong support for the valid-
ity of the phytotron results. The usefulness of testing the 
whole range of realistic temperatures was clearly dem-
onstrated by our two experiments, and the results may 
explain why both positive and negative temperature flow-
ering responses were obtained in many previous studies, 
depending on which part of the relevant temperature 
range that was tested (Tromp 1976, 1980, 1984; Verheij 
1996; Zhu et al. 1997).

In addition, there was also a distinct enhancement of 
flowering when the trees were transferred from high to 
low temperature after 6  weeks, compared with contin-
ued high temperatures or the opposite shift in tempera-
ture (Tables 2, 3). The effects were particularly marked in 
2017 when the wider range of temperatures was tested. 
The response to lowered temperature was associated 
with a parallel cessation of shoot growth (Fig.  4). This 
concurs with the growth cessation effect of low tem-
perature demonstrated in apple rootstocks by Heide 
and Prestrud (2005), with one important qualification: 
It seems not to be low temperature as such that causes 
the growth cessation, but rather a drop in temperature. 
Thus, when the trees were grown at constant 12 °C from 
the very beginning in spring, they maintained continu-
ous growth throughout the summer, whereas a marked 
drop in temperature resulted in growth cessation, even 

Table 3  The influence of  constant and  changing temperatures on  the  percentage of  reproductive buds and  the  mean 
floral development stage of  dissected buds of  spurs and  extension shoots of  the  apple cultivars ‘Summerred’ 
and ‘Discovery’ after completion of 12 weeks of exposure to the indicated temperatures (2017 experiment)

The data are means of all spur buds from each of three replicate trees and of 15 lateral buds from the middle part of 3 extension shoots from each tree
a  Stage 1 denotes entirely vegetative buds, and stage 7 denotes fully differentiated primary flowers
b  For separation of means, Tukey’s multiple comparison test was performed separately for the two cultivars (lower case letters), and likewise for constant and 
changing temperatures (capital letters)

Cultivar Temperature (°C) Spurs Extension shoots

Generative buds 
(%)

Mean floral development 
stage (1–7)a

Generative buds 
(%)

Mean floral 
development 
stage (1–7)

‘Summerred’ 12 °C cont. 3.7 eb 1.1 d 0.0 d 1.0 b

18 °C cont. 97.6 a 6.5 a 41.1 a 5.0 a

24° C cont. 73.6 b 4.8 b 39.6 a 4.5 a

27 °C cont. 21.0 d 1.6 cd 18.5 b 1.8 b

Ambient 48.0 c 2.3 c 4.8 c 1.3 b

12⟶24 °C 49.8 B 2.4 B 27.6 C 2.9 B

18⟶27 °C 31.3 C 1.9 B 15.0 D 3.0 B

24⟶12 °C 64.6 A 4.6 A 50.8 B 4.0 A

27⟶18 °C 66.4 A 4.6 A 62.2 A 3.7 A

‘Discovery’ 12° C cont. 3.7 c 1.1 c 0.0 c 1.0 c

18 °C cont. 100 a 5.6 a 26.5 b 2.6 a

24 °C cont. 82.7 b 4.4 b 33.1 a 1.7 b

27 °C cont. 2.3 c 1.1 c 0.0 c 1.0 c

Ambient 0.0 d 1.0 c 0.0 c 1.0 c

12⟶24 °C 0.0 C 1.0 C 0.0 B 1.0 B

18⟶27 °C 0.0 C 1.0 C 0.0 B 1.1 B

24⟶12 °C 56.6 B 3.7 B 22.7 A 2.0 A

27⟶18 °C 86.9 A 4.9 A 23.8 A 2.1 A

Probability level of significance by ANOVA

 Source of variation

  Cultivar (A) < 0.001 < 0.001 0.001 0.001

  Temperature (B) < 0.001 < 0.001 < 0.001 < 0.001

  A × B < 0.001 < 0.001 < 0.001 < 0.001
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at considerably higher temperature levels (Figs. 3, 4). This 
conclusion is also compatible with the results of Heide 
and Prestrud (2005), who raised their plants at 21 °C and 
then subsequently exposed them to varying lower tem-
peratures, which apparently was sensed by the plants as 
a temperature drop and resulted in immediate growth 
cessation.

Association of floral initiation with growth cessation 
in apple as demonstrated in the present experiments 
(Tables 2, 3; Fig. 4) concurs with the conclusions of Luck-
will (1970) and Hanke et al. (2007), and supports the sug-
gestion by Rivero et al. (2017) that a late-summer drop in 
temperature may be involved in floral initiation in apple 
under field conditions. Likewise, in warm apple produc-
tion areas, where floral initiation in apple is late (Gur 
1985), a late-season drop in temperature was reported 
to be crucial for next year’s apple crop (Zatyko 1974). 

An association of growth cessation and floral initiation is 
also well known in other woody Rosaceae species such as 
raspberry and blackberry (Heide and Sønsteby 2011), in 
which growth cessation and floral initiation occur simul-
taneously and are jointly controlled by low temperature 
and short days. Note however, that although Zhu et  al. 
(1997) also observed an immediate growth cessation 
when the temperature was dropped from 27 °C to 13 °C 
in ‘Summerred’, the effect was associated with suppres-
sion of flowering in their experiment.

Divergent connections between growth and flowering 
in apple have previously been reported in several stud-
ies (Gur 1985; Hanke et al. 2007 and references therein). 
With a few exceptions (e.g. Verheij 1996), the relation 
has generally been considered to be antagonistic. How-
ever, a more complex relationship is revealed by the 
present experiments. As concluded by Luckwill (1975), 

Table 4  Influence of  constant and  changing temperatures on  shoot structure and  flowering of  apple trees as  assessed 
by out-door performance in the subsequent spring following overwintering in a cold store at 1 °C (2017 experiment)

The data are means of two trees from each treatment
a  For non-flowering trees, number of days is set to 100
b  For separation of means, Tukey’s multiple comparison test was performed separately for the two cultivars (lower case letters), and likewise for constant and 
changing temperatures (capital letters)

Cultivar Temperature 
(°C)

Flowering 
nodes (%)

Vegetative 
nodes (%)

Non-
breaking 
nodes (%)

Nodes 
per tree

Flower 
clusters 
per tree

Flowers 
per tree

Flowers 
per cluster

Days 
to anthesis 
from Apr. 27a

‘Summerred’ 12 °C cont. 9.0 cb 82.2 a 8.8 b 158.0 b 14.3 d 41.0 c 2.9 bc 33.0 a

18 °C cont. 67.2 a 19.1 c 13.7 ab 165.0 b 111.0 b 455.0 a 4.1 a 27.0 bc

24 °C cont. 41.4 b 30.1 c 28.6 ab 395.7 a 164.0 a 491.3 a 3.0 bc 26.7 c

27 °C cont. 14.1 c 53.1 b 32.8 a 401.3 a 54.7 c 142.3 b 2.7 c 28.3 bc

Ambient 15.4 c 68.1 ab 16.5 ab 196.5 b 30.5 c 113.0 b 3.7 ab 29.5 b

12⟶24 °C 29.6 A 50.4 A 20.0 A 232.0 A 69.5 B 211.5 B 3.0 A 27.0 A

18⟶27 °C 30.7 A 45.5 AB 23.8 A 243.0 A 76.0 B 281.5 B 4.0 A 28.0 A

24⟶12 °C 30.8 A 48.7 A 20.5 A 187.5 A 58.5 B 230.5 B 4.0 A 26.5 A

27⟶18 °C 41.6 A 29.8 B 28.7 A 312.5 A 130.0 A 469.5 A 3.6 A 27.0 A

Mean 29.7 48.5 21.8 263.7 78.6 264.1 3.4 28.3

‘Discovery’ 12 °C cont. 0.5 bc 65.6 ab 33.9 c 215.5 a 1.0 c 3.0 c 1.5 c 65.0 b

18 °C cont. 37.4 a 27.7 bc 34.9 bc 265.3 a 89.0 a 331.7 a 3.7 a 28.0 a

24 °C cont. 22.2 a 22.9 c 54.9 ab 326.0 a 74.0 a 200.5 a 2.8 b 26.5 a

27 °C cont. 6.5 ab 27.1 c 66.5 a 397.0 a 26.0 b 74.5 b 2.9 b 30.5 a

Ambient 3.6 b 68.3 a 28.1 c 241.5 a 8.5 c 20.0 c 2.3 bc 37.0 a

12⟶24 °C 0.0 C 63.3 A 36.7 B 187.5 B 0.0 C 0.0 C 0.0 B > 100 A

18⟶27 °C 4.6 B 45.2 A 50.3 A 337.5 A 14.5 B 23.5 B 0.8 AB 66.0 B

24⟶12 °C 11.3 AB 48.0 A 40.6 A 341.5 A 38.5 AB 122.5 AB 3.2 A 30.5 B

27⟶18 °C 19.1 A 28.8 B 52.1 A 399.0 A 65.5 A 283.5 A 4.5 A 29.5 B

Mean 13.0 43.2 43.7 299.3 38.1 128.9 2.5 39.1

Probability level of significance by ANOVA

 Source of variation

  Cultivar (A) ns ns ns ns ns ns 0.05 0.001

  Tempera-
ture (B)

< 0.001 < 0.001 0.01 < 0.001 < 0.001 < 0.001 0.02 0.04

  A × B 0.003 ns ns ns ns ns ns ns
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the growing apple shoot must form a certain number 
of leaves before it may respond to environmental fac-
tors and initiate floral primordia. Because of the general 
temperature enhancement of leaf initiation (Figs.  3, 4b, 
d), shoot growth was promoted by increasing tempera-
ture. However, continued high temperature did not result 
in floral initiation unless the plants were subsequently 
exposed to a growth-terminating temperature drop 
(Table 3). Thus, there seems to be two different effects of 
temperature on FBF in apple, an early and indirect effect 
of high temperature enhancing growth and accumulation 
of the critical number of leaves, and a second and direct 
effect of low temperature triggering growth cessation and 
floral initiation itself. Our interpretation of the results in 
Figs. 5 and 6 is therefore, that at 12  °C and the ambient 
control treatments, FBF was limited by low temperature 
retardation of growth and leaf production, while at 27 °C; 
FBF was limited by inhibition of the floral initiation itself. 
On the other hand, the optimum temperature area of 
18–21 °C (Figs. 5, 6) seems to satisfy the requirements for 
both processes. It is likely that such a dual temperature 
effect on FBF in apple might have confounded the inter-
pretation of experimental temperature results on FBF in 
apple in the past (Gur 1985; Hanke et al. 2007 and refer-
ences therein).

In view of the marked effect of temperature on the 
rate of leaf initiation in apple, the biological relevance 
of the plastochron as a determinant of FBF in apple 
may also be questioned. Thus, Verheij (1996) found that 
although a number of factors affected FBF, only tempera-
ture and defoliation affected the plastochron. Based on 
these results, Verheij concluded that the plastochron is 
not a critical factor for FBF in apple. Thus, the reported 

plastochron effect may in fact just be an artefact appear-
ing as a consequence of temperature-enhanced rate of 
leaf accumulation.

The poor flowering performance of the apple cultivars 
at 12 °C is highly compatible with the irregular and mar-
ginal flowering performance of apple trees in the cool 
Nordic climate and the geographical limits for commer-
cial apple cultivation. (Jonkers 1979; Rivero et al. 2017). 
The results of a recent and comprehensive field inves-
tigation by Kofler et  al. (2019) also concurs with these 
results. In an earlier publication (Rivero et  al. 2017), 
we could show that, in the Northern climate, the time 
between bloom and the initiation of new floral primor-
dia is considerably shorter than at lower and warmer lati-
tudes. Therefore, we concluded that the marginal length 
of this period in cool climates, might be limiting for 
shoot maturation in apple, and hence, for timely produc-
tion of the critical number of leaves and FBF in the cool 
Nordic climate. The results of the present experiments 
are in full agreement with this suggestion. On the other 
hand, in warm climatic regions, floral initiation in apple 
is delayed (Gur 1985), and under such conditions, a late 
period of cooler temperature in September was found to 
be crucial for the production of a decent crop in the next 
year (Zatyko 1974). This concurs with the poor flowering 
we obtained at 27 °C, and the consistent flowering result-
ing from a subsequent drop in temperature (Tables 2, 3).

An important reason for the clear-cut results of the 
present experiments (Figs. 5, 6) was the extensive use of 
bud dissections for assessment of the flowering response. 
The present results demonstrate that a late season drop in 
temperature can readily trigger floral initiation (Table 3). 
It is also well established in the literature (Gur 1985; 

Table 5  Influence of  constant and  changing temperatures on  shoot structure and  flowering of  apple trees as  assessed 
by out-door performance in the subsequent spring following overwintering in a cold store at 1 °C (2017 experiment)

The data are means of four trees from each treatment
a  All values are means of four replications, with one three in each treatment. Mean values in the same column followed by different lower-case letters are significantly 
different (P ≤ 0.005) for the different temperature treatments

Temperature (℃) Flowering  
nodes (%)

Vegetative  
nodes (%)

Non-breaking 
nodes (%)

Nodes per tree Flower cluster 
per tree

Flowers  
per tree

12 °C cont. 5.6 da 75.2 a 18.8 b 181.0 c 9.0 c 25.8 b

18 °C cont. 49.3 a 24.2 d 26.4 ab 225.2 bc 97.8 ab 381.0 a

24 °C cont. 33.7 ab 27.2 d 39.1 ab 367.8 a 128.0 a 375.0 a

27 °C cont. 11.0 cd 42.7 cd 46.3 a 399.6 a 43.2 bc 115.2 b

12⟶24 °C 14.8 bcd 56.9 abc 28.3 ab 209.8 bc 34.8 bc 105.8 b

18⟶27 °C 17.6 bcd 45.3 bcd 37.0 ab 290.3 abc 45.3 bc 152.5 b

24⟶12 °C 21.1 bcd 48.4 bcd 30.6 ab 264.5 abc 48.5 bc 176.5 ab

27⟶18 °C 30.3 abc 29.3 d 40.4 ab 355.8 ab 97.8 ab 376.5 a

Ambient 9.5 cd 68.2 ab 22.3 ab 219.0 bc 19.5 c 66.5 b

Mean 21.8 46.0 32.2 280.6 59.3 199.9

P-value < 0.001 < 0.001 0.03 < 0.001 < 0.001 < 0.001
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Hanke et al. 2007), that flower bud differentiation in apple 
continues throughout late summer and autumn, and even 
into winter and spring. Therefore, large changes in flow-
ering status may take place after completion of an experi-
mental treatment, if the trees are subsequently moved 
outdoors and tested for flower performance in the fol-
lowing spring as commonly practiced (e.g. Tromp 1976, 
1984; Verheij 1996). It is therefore important that the 
flowering status be assessed by dissections immediately 
after completion of the treatments as done in the present 
experiments. Furthermore, the results of the 2017 experi-
ment showed that even when the trees were defoliated 
and moved directly into the cold store for overwintering 
and flowering in the spring, some flower bud abortion 
might also take place during winter chilling and flower 
development (Table  4). Late assessment of flowering by 
performance in the subsequent season may therefore give 
misleading information about the efficiency of the various 
floral induction treatments. It is also important that the 
trees be completely de-blossomed at start of the experi-
ments in order to avoid confounding hormonal effects of 
developing fruits (cf. Chan and Cain 1967).

During recent decades, a wealth of information has 
become available regarding environmental and genetic 
factors regulating flowering in the annual model plant 
Arabidopsis thaliana (e.g. Jaeger and Wigge 2007; Nota-
guchi et  al. 2008; Srikanth and Schmid 2011; Hanano 
and Goto 2011). In apple, two genes homologous to the 
TERMINAL FLOWER 1 (TFL1) gene in Arabidopsis 
(MdTFL1-1 and MdTFL1-2) were cloned and shown to 
function like TFL1 by maintaining the juvenile and veg-
etative state of the trees (Kotoda and Vada 2005; Kotoda 
et  al. 2010; Flachowsky et  al. 2012). The abundance of 
MdTFL1 transcripts in mature apple trees were shown 
to remain high in vegetative shoot apices during bloom-
ing in spring, to drastically decrease during the following 
period of floral initiation, and then to increase again after 
completion of FBF (Hättasch et  al. 2008; Mimida et  al. 
2011). This was interpreted to indicate that MdTFL1 acts 
to prevent precocious flowering both in spring and in 
autumn, and thus to maintain the perennial growth cycle 
of the trees (Hättasch et al. 2008; Flachowsky et al. 2012). 
On the other hand, the transcript of two ortologs of the 
floral integrator gene in Arabidopsis (MdFT1/MdFT2) 
were found to have patterns of expression that are com-
plementary to that of MdTFL1 and MdTFL2 (Kotoda 
et al. 2010). Thus, the MdFT1 transcript in apical buds of 
mature trees was upregulated from early June to late July 
at the time when transition from vegetative to reproduc-
tive development takes place, while overexpression of the 
gene resulted in precocious flowering.

Although the molecular processes involved are 
beyond the scope of the present paper, the dual 

and consistent effects of temperature demonstrated 
strongly suggest that the antagonistic action of MdFT/
MdTFL1 is somehow involved. Fast leaf production and 
suppression of flowering by high temperature (27  °C) 
would be compatible with high expression of MdTFL1 
and suppression of MdFT activation (cf. Figs.  4 and 
5). On the other hand, low temperature, or a drop in 
temperature that causes growth cessation and the floral 
initiation proper, may involve the activation of MdFT 
after formation of the critical number of leaves.

Conclusion
We highlight that the unique controlled environment 
experimental system used, which for the first time has 
given consistent and clear-cut flowering results in apple 
across cultivars and experiments, provide an excel-
lent system for exploration of the molecular processes 
involved in the environmental control of growth and 
flower initiation in apple.
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