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Abstract

Chrysanthemum is a short-day plant, which flowers when the night length is longer. Photoperiod and temperature are two key 
environmental factors that affect time of flowering. In the current research, experiments were carried out to study the flowering 
response of two cultivars of chrysanthemum, i.e., Crimson Glory and Snowscape under four distinct photoperiods (8, 11, 14 and 17 h 
d‒1), shading levels (20, 30, 40, and 60%), and temperatures (10, 15, 20 and 25 °C). A qualitative short-day response was observed in 
all experiments. Both cultivars took minimum time to flower when grown under 8 h d‒1, however, it was significantly delayed when 
photoperiod decreased. Similarly, days taken to flowering were decreased significantly when plants were grown in 30% shade, which 
was delayed by increasing shade level (40 and 60%). Temperature also had a significant effect on the developmental phases of flower 
as above (25 °C) and below (10‒15 °C) 20 °C temperature delayed flowering time. The present study also confirms that per day rate 
of progress to flowering was higher at 8 h d‒1 photoperiod, in 30% shade level, and at 20 °C temperature. These findings revealed a 
prospect of plant scheduling of the flowering time of chrysanthemum cultivars grown in long-day photoperiod to extend their marketing 
period, as the plants remains vegetative. A steady supply of this flowering annual can also be maintained in the market by growing them 
under different shades. The quality of plants would also benefit from an ideal growing temperature of between 15-20 °C.
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in many ornamental plants. Duration of light (photoperiod) is 
measured by the biological clock (circadian rhythm) within the 
leaves (O’Neil, 1992), and in response, a stimulus is released 
towards the apex to induce flowering (McDaniel, 1996; Corbesier 
and Coupland, 2005). Light is also a critical resource for plants, 
and competition for light under shade affects their growth and 
development (Munir et al., 2004b; Alhajhoj and Munir, 2016). 
Plants are not sensitive to light throughout their juvenile and 
reproductive developmental phases (Adams et al., 2003; Munir et 

al., 2010; Baloch et al., 2013a). Plant height is also manipulated 
in an inductive and non-inductive light environment (Baloch et 

al., 2013c; Munir and Alhajhoj, 2017). 

The growth of chrysanthemum is significantly influenced by 
environmental factors, and year-round production can be achieved 
in greenhouses by manipulating these conditions (SharathKumar 
et al., 2021). Depending on the cultivar, chrysanthemum is an 
obligate short-day plant induced to flower when the photoperiod 
is 12‒13.5 hours or less (McMahon and Kelly, 1999; Higuchi et 

al., 2013). Flower opening of chrysanthemum cv. Zembla was 
delayed with an increase in photoperiod (Kumar and Singh, 2017). 
The exposure of cv. Indian Summer to 8 h d-1 photoperiod and 
low temperature hastened inflorescence bud initiation (Schwabe, 
1950). The high temperature (27‒34 °C), however, impacts on 
flowering and the quality of chrysanthemum and other cut flowers 
(Whealy et al., 1987; Karlsson et al., 1989; Pearson et al., 1993). 
Flower initiation was enhanced by 8 h d-1 photoperiod and delayed 
by extending it by an incandescent light (Kahar, 2008). Sajid et 

al. (2016) reported that chrysanthemum took minimum days to 

Introduction

The chrysanthemum genus belongs to the family Asteraceae and 
is a widely recognized ornamental plant. It is currently the second 
most popular flower traded internationally after roses. Its origin is 
in East Asia, and has great ornamental, medicinal, environmental, 
and industrial values. It is amongst the most valuable floricultural 
crops in the world and is extremely popular for its wide range 
of flower colors. It is grown for the cut flower industry and 
flowering pots nursery business. It is widely cultivated for indoor 
and outdoor beautification, fragrance, clean air, and serenity 
(Bircumshaw and Damp, 1992; Spaargaren and van Geest, 2018; 
Hadizadeh et al., 2022).

In an ambient environment, flowering plants bloom at the same 
time each year. One of the most important phases in a plant’s 
life cycle is the transition from vegetative to reproductive 
growth. This switch is activated by a range of endogenous 
signals (hormone and carbohydrate) and also environmental 
stimuli (photoperiod and temperature) that are recognized by 
the shoot apical meristem (Simpson and Dean, 2002; Thomas, 
2006; Fornara et al., 2010; Srikanth and Schmid, 2011). Plant 
flowering responds to the changing environment, particularly 
photoperiod and temperature as the season progresses. Based on 
the light requirement, plants were categorized as long-day, short-
day, and day-neutral (Thomas and Vince-Prue, 1997). The floral 
time response of long-day and short-day plants to photoperiod 
(Baloch et al., 2009b, 2010, 2011, 2012, 2013b, 2014; Munir et 

al., 2015a), light intensity (Baloch et al., 2009a; Munir et al., 
2017), and temperature (Munir et al., 2004a, 2015b) is reported 
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flower at 9 h d-1 photoperiod. Long-day and high temperatures 
significantly affect flowering in chrysanthemums (Nakano et al., 
2015). However, the summer–autumn flowering cultivars such as 

cv. Floral Yuuka bloom on both long-days and short-days, though 
it flowers earlier in the short-day environment (Sun et al., 2017). 

It is possible to determine whether the given cultivars are suitable 
for particular photo-thermal conditions by comprehending the 
variation in flowering time of chrysanthemum cultivars and their 
responses to light and temperature. The purpose of this study was 
to use photo-thermal models to assess how two chrysanthemum 
cultivars respond to various photoperiod, shade, and temperature 
regimes in terms of flowering time and flower development.

Materials and methods

Experiment 1. Effect of different photoperiods on flowering: 
Terminal rooted cuttings of chrysanthemum cvs. Crimson Glory 
and Snowscape were taken from the well-established mother 
plants and planted in 9 cm (370 mL) plastic pots. These plants 
remained in the glasshouse for two weeks at 20±2 °C to get 
established. After two weeks, plants of both cultivars were placed 
in four photoperiod-controlled chambers (1.3 × 2.9 m) sealed 
from external light source, which provided 8, 11, 14, and 17 h 
d-1 photoperiods. Ten plants of each cultivar were placed in each 
photoperiod compartment. Plants remained for 8 h (from 08:00 
to 16:00 h) in a glasshouse adjacent to the four photoperiod 
chambers where they were exposed to 8 h natural daylight at a set-
point temperature of 20±2 °C. Ventilation occurred automatically 
at 2 °C above set-point temperature. At 16:00 h each day, all plants 
on trolleys were moved into the photoperiod chambers where they 
remained until 08:00 h the following morning. Photoperiod within 
each of the chambers was extended by three 60W tungsten light 
bulbs and two 36W white fluorescent tube lights (60% tungsten 
calculated by nominal wattage) providing a light intensity of 7 
µmol m-2 s-1 (60:40) (Munir et al., 2015a). Light intensity inside 
the photoperiod chambers were measured using a quantum sensor 
(LiCor Inc., Lincoln, NE, USA) attached to a Comark 122 DC 
microvoltmeter (Comark Instruments, Norwich, Norfolk, UK). 
HOBO MX1104 Temp/RH/Light data logger (Onset Computer 
Corporation, Bourne, MA, USA) was installed inside glasshouse 
chambers to record microclimate after every 15s. 

Experiment 2. Effect of different shades on flowering: Terminal 
rooted cuttings of the two chrysanthemum cultivars were 
established as described in Experiment 1. Ten randomly selected 
established plants were placed on moveable trolleys covered from 
all sides with four shading nets (20, 30, 40, and 60% shade). All 
shading nets were green in colour (WireFence, Manchester, M19 
3DH, UK). Plants remained in the glasshouse where they were 
exposed to natural daylight at a set-point temperature of 20±2 °C. 
Shade percentage within the shading nets were measured using 
a quantum sensor attached to a Comark 122 DC microvoltmeter. 
The detail of the glasshouse setup is already given in Experiment 1.

Experiment 3. Effect of different temperatures on flowering: 
The crop husbandry was same as mentioned in Experiment 1. 
The established potted cuttings were transferred to the four 
temperature-controlled glasshouse compartments (3.7 × 7 m) 
set to provide minimum temperatures of 10, 15, 20, and 25 °C 
and automatically vent opened when the temperature reached 2 
°C above the set-point. These plants were grown under ambient 

daylight. Temperatures were recorded inside the glasshouse 
compartments using HOBO data loggers, 1.85 m above ground 
level, and recorded after every 15s. The air conditioning units 
were used to maintain 10 and 15 °C temperatures.

After potting, the plants were watered when necessary and 
compound fertilizer (5-8-11+2 NPK+Mg) was applied @ 70 g 
m‒2. Pots were gradually re-spaced to avoid mutual shading effect. 
The present study was focused on the flowering time, therefore, 
the numbers of days taken to first flower opening from emergence 
were recorded at harvest and the data were analysed using 
GenStat-11 (General Statistics Software, VSNi International Ltd., 
Hemel Hempstead, UK). The rate of progress to flowering (1/ƒ) 
per day is represented as the reciprocal of the time to flowering, 
which was analysed using the following photo-thermal model:

1/ƒ = a + bx (where a and b are constants and x is the 
environmental factor)

Independent data of each experiment were used to test the validity 
of the flowering model 1/ƒ = a + bx using environmental factor 
x as P, S, and T. For each data set, the model was solved using 
a frequentative computational procedure against running means 
of photoperiod (P), shade levels (S), and temperature (T), up to 
the day on which the product of the average daily contributions 
to flowering equaled one (determined as the days from sowing 
multiplied by the average daily progress to flowering). The 
accuracy of the predicted data was fitted against the actual data 
to validate the model (Munir et al., 2015a).

Results

Experiment 1. Effect of different photoperiods on flowering: 
The outcomes confirmed a statistically significant (P<0.05) 
difference among four photoperiods regarding flowering time 
(Fig. 1A), which was reduced when plants of chrysanthemum 
cvs. Crimson Glory and Snowscape were grown in short-day 
environment (8 h d-1) whereas it was enhanced significantly 
in long-day environment (17 h d-1). Plants grown in 8 h d-1 
photoperiod flowered after 73 (cv. Crimson Glory) and 63 (cv. 
Snowscape) days as compared to 17 h d-1 photoperiod plants, 
155 days for cv. Crimson Glory and 147 days for cv. Snowscape. 
Similarly, plants grown in 14 and 11 h d-1 photoperiod chambers 
took more time compared to the plants in 8 h d-1 photoperiod 
chamber. Rate of progress to flowering (Figure 1B) attribute was 
inversely proportional to the days to flowering that was higher 
under inductive environment (8 h d-1) and gradually decreased 
with the increase in photoperiod from 11 to 17 h d-1.

Data of rate of progress to flowering were analysed using the 
following polynomial model:
1/f  = a + bP + cP2

The best fitted model describing the effects of mean photoperiod 
(P) on the rate of progress to flowering (1/f) can be written as:

For cv. Crimson Glory:
1/f = 0.030260 (±0.003059) + [‒0.002673 (±0.000516) P + 0.000076 
(±0.000021) P2 Eq. 1
(r2 = 0.96, d.f. 39)
For cv. Snowscape: 
1/f = 0.042050 (±0.0039966) + [‒0.004316 (±0.000674) P + 0.000132 
(±0.000027) P2 Eq. 2
(r2 = 0.96, d.f. 39)
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Experiment 2. Effect of different shades on flowering: Time 
taken to flowering was significantly (P<0.05) affected by different 
shading levels (Fig. 2A). Chrysanthemum cvs. Crimson Glory 
and Snowscape as short-day plant took minimum time 65 and 52 
days to flower, respectively when grown under 30% shade, which 
was increased in 40 and 60% shades. Similarly, rate of progress to 
flowering was increased when shade levels were increased from 
lower shade level to the higher shades, i.e., the rate of progress 
to flowering was higher in 30% shade level, which decreased at 
40 and 60% shade levels (Fig. 2B).

Data of rate of progress to flowering were analysed using the 
following polynomial model:

1/f  = a + bS + cS2

The best fitted model describing the effects of mean shade levels 
(S) on the rate of progress to flowering (1/f) can be written as:

For cv. Crimson Glory:

1/f = 0.014465 (±0.002047) + 0.000041 (±0.000112) S + [‒0.000002 

(±0.000001) S2 Eq. 3
(r2 = 0.73, d.f. 39)

For cv. Snowscape: 

1/f = 0.017817 (±0.003014) + 0.000067 (±0.000165) S + [‒0.000002 
(±0.000001) S2 Eq. 4
(r2 = 0.74, d.f. 39)

Experiment 3. Effect of different temperatures on flowering: 
A curvilinear response of flowering time to temperatures was 
observed, which was significantly (P<0.05) varied in 10, 15, 20, 
and 25 °C temperature regimes (Fig. 3A). Chrysanthemum cvs. 
Crimson Glory and Snowscape took minimum time to flower (65 
and 57 days, respectively) when grown in 20 °C temperature, 
which was increased to 98 and 89 days, respectively when grown 
at 10 °C and 88 and 79 days, respectively when grown at 25 °C. 
Both high (25 °C) and low (10-15 °C) temperatures increased 
flowering time. Similarly, rate of progress to flowering was 
increased when temperature was increased linearly from 10 to 
20 °C, which was higher at 20 °C. It was decreased afterwards 

Fig. 1. Effects of different photoperiods (8, 11, 14 and 17 h d‒1) on (A) flowering time and (B) rate of progress to flowering (1/f) of 
Chrysanthemum cvs. Crimson Glory and Snowscape. Each point represents the mean of 10 replicates. Vertical bars on data points (where 
larger than the points) represent the standard error within replicates. The relationship between the actual rate of progress to flowering against 
those fitted by the photo-thermal model (1/f = a + bP + cP2) for cvs. (C) Crimson Glory and (D) Snowscape grown under 8 (□, ■), 11 (◊, 
♦), 14 (○, ●), and 17 h d‒1 (Δ, ▲) photoperiods. The solid line in (C) and (D) is the line of identity.
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at 25 °C. The lowest rate of progress to flowering was recorded 
at 10 and 25 °C (Fig. 3B).

Data of rate of progress to flowering were analysed using the 
following polynomial model:

1/f  = a + bT + cT2

The best fitted model describing the effects of mean temperature 
(T) on the rate of progress to flowering (1/f) can be written as:

For cv. Crimson Glory:

1/f = ‒0.006819 (±0.003299) + 0.002281 (±0.000406)] T + [‒0.000061 
(±0.000011) T2 Eq. 5
(r2 = 0.79, d.f. 39)

For cv. Snowscape: 

1/f = ‒0.010266 (±0.003836) + 0.002888 (±0.000472)] T + [‒0.000078 
(±0.000013) T2 Eq. 6
(r2 = 0.81, d.f. 39)

Above equations (1–6) are based on individual arithmetic 
means of respective factors, although all data were originally 
tested. The values in parenthesis show the standard errors of 
the regression coefÏcients. The outcome of the photo-thermal 
model indicated that photoperiods, shade levels, and temperature 
regimes had significant effects on the rate of progress to flowering. 
For validation of the model actual data of rate of progress to 
flowering were plotted against the predicted ones to develop a 
fitted relationship and almost all values were successfully plotted 
near the line of identity, which also showed that the photoperiods 
(Fig. 1C,D), shade levels (Fig. 2C,D), and temperatures (Fig. 
3C,D) had a significant effect on the rate of progress to flowering.

Discussion

A variety of endogenous and external stimuli influence 
flowering, which is critical for crops (Thomas and Vince-Prue, 
1997; Amasino and Michaels, 2010). At the molecular level, 

Fig. 2. Effects of different shade levels (20, 30, 40 and 60%) on (A) flowering time and (B) rate of progress to flowering (1/f) of 
Chrysanthemum cvs. Crimson Glory and Snowscape. Each point represents the mean of 10 replicates. Vertical bars on data points (where 
larger than the points) represent the standard error within replicates. The relationship between the actual rate of progress to flowering against 
those fitted by the photo-thermal model (1/f = a + bS + cS2) for cvs. (C) Crimson Glory and (D) Snowscape grown under 20 (Δ, ▲), 30 (○, 
●), 40 (◊, ♦), and 60% (□, ■) shade levels. The sold line in (C) and (D) is the line of identity.
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the timing of flowering is controlled by interactions between 
gene networks that are responsive to various endogenous 
and/or exogenous signals (Wang et al., 2011). Plants sense 
photoperiodic information to regulate developmental processes 
and anticipate environmental change (Shim and Imaizumi, 2015), 
ensuring that the transition occurs at the appropriate time. The 
appropriate time for ornamental plants to flower is a major issue 
(Jung and Müller, 2009). A technique for plant adaptation called 
photomorphogenesis enables plants to adjust to their environment. 
Light directly influences this relationship, which is controlled 
by light receptors such as phytochromes, which are sensitive to 
red light (600-700 nm), cryptocryptochromes, and phototropins, 
which are sensitive to blue light (415-455 nm). The signals sent 
by light receptors cause physiological and metabolic changes 
in many developmental pathways (Kami et al., 2010; Yu et al., 
2010; Xu et al., 2015). 

The findings from the experiments mentioned above can be 
summed up as follows: It is evident that the flowering time and 
rate of chrysanthemum (cvs. Crimson Glory and Snowscape) 
was accelerated significantly at 8 h d‒1 short-day photoperiod, 
30% shade level, and 20 °C temperature. In cv. Zembla, a 
short-day photoperiod shortened flower opening time, whereas 
a long-day photoperiod delayed flowering time from 6 to 15 
days (Kumar and Singh, 2017). When compared to short-day 
environments, long-day conditions caused the Yellow Reagan 
and White Reagan cultivars to flower 42 days later (Kazaz et al., 
2010). Higuchi et al. (2012) suggested that at least two different 
phytochrome responses were involved in the chrysanthemum’s 
flowering. According to Abrol et al. (2018), the production 
of chrysanthemum cultivated under short-day photoperiodic 
conditions does not require the application of growth regulator 
to enhance flowering time.

Fig. 3. Effects of different temperatures (10, 15, 20 and 25 °C) on (A) flowering time and (B) rate of progress to flowering (1/f) of 
Chrysanthemum cvs. Crimson Glory and Snowscape. Each point represents the mean of 10 replicates. Vertical bars on data points (where 
larger than the points) represent the standard error within replicates. The relationship between the actual rate of progress to flowering against 
those fitted by the photo-thermal model (1/f = a + bT + cT2) for cvs. (C) Crimson Glory and (D) Snowscape grown under 10 (□, ■), 15 (◊, 
♦), 20 (○, ●), and 25 °C (Δ, ▲) temperatures. The sold line in (C) and (D) is the line of identity.
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One of the most crucial environmental factors for crop physiology 
and biochemistry is light intensity (Yang et al., 2018). A certain 
light intensity is required by plants for growth; light levels that 
are too high or too low may inhibit photosynthesis (Shafiq et 

al., 2021). The light intensity can be reduced by using shading 
nets. In response to shade, plants typically lengthen stem-like 
structures like hypocotyls and leaf petioles and orienting their 
leaves higher upward (Ruberti et al., 2012). Furthermore, plants 
that were grown in shade also reduced branching (Yang et al., 
2018). In long-day plants flowering time is increased by reducing 
light intensity under shade conditions (Munir et al., 2004b; 
Munir et al., 2015a; Alhajhoj and Munir, 2016). The present 
findings indicated that flowing time and rate was higher when 
both chrysanthemum cultivars were placed under 30% shade, 
which were significantly affected under 40 and 60% shade levels. 
Strawberry flowering was delayed when plants were either kept 
in 30% red or blue photoselective shade nets (Takeda et al., 
2010). These results are in contradiction with the current study, 
which may be due to the different species or by the colour and 
composition of the net, as a conventional green colour net was 
used in the current study. Light irradiance between 16-45 W m-2 

decreased flowering time of various cultivars of chrysanthemum, 
whereas plants grown below 6 W m-2 irradiance remained 
vegetative (De Jong, 1986).

The leaf unfolding rate and time to flowering are two 
developmental processes that are significantly influenced by 
temperature. The results of present study indicated that flowering 
time significantly varied at different temperatures and 20 °C was 
found ideal temperature for both cultivars. Ploeg and Heuvelink 
(2006) reported that the optimum temperature for chrysanthemum 
flowering is between 17 and 22 °C depending on the cultivar (De 
Jong, 1984). Pearson et al. (1993) stated that the rate of progress 
to flowering of different chrysanthemum cultivars increased 
linearly with increasing light integral and effective temperature. 
Temperatures above 20 °C had minimal impact on the time of 
floral initiation, however temperatures below this resulted in a 
significant delay in floral initiation (20.5 days at 9.6 °C). The 
inflorescences developed most rapidly at 20.2 °C once they were 
initiated, but unlike the process of flower initiation, subsequent 
flower development was delayed by both warmer and cooler 
temperature regimes (Adams et al., 1998). Results reported by 
Nozaki and Fukai (2008) showed that under short-day conditions, 
two distinct high-temperature (20 and 30 °C) events take place 
in the shoot apex of spray chrysanthemums. High temperatures 
delayed flowering by slowing two processes: first, the rate of 
inflorescence development after the budding stage reduced, and 
second, the time taken to reach the bud break stage was prolonged.

In conclusion, the application of photo-thermal models o�ers a 

promising approach for optimizing chrysanthemum cultivation 

and enhancing the resilience of this economically signi�cant 

ornamental crop in response to changing environmental 

conditions. By elucidating the multifaceted relationships between 

environmental factors and �owering dynamics, this study paves 

the way for informed decision-making in chrysanthemum 

production, contributing to the sustainability and pro�tability of 

the �oricultural industry.

References

Abrol, A., S.R. Dhiman, P. Sharma and M. Sharma, 2018. Effect of growth 
regulators on potted chrysanthemum under different photoperiodic 
conditions. J. Hill Agr., 9(2): 165-170.

Adams, S.R., M. Munir, V.M. Valdés, F.A. Langton and S.D. Jackson, 
2003. Using flowering times and leaf numbers to model the phases 
of photoperiod sensitivity in Antirrhinum majus L. Ann. Bot., 92(5): 
689-696. DOI: https://doi.org/10.1093/aob/mcg194

Adams, S.R., S. Pearson and Hadley, 1998. The effect of temperature 
on inflorescence initiation and subsequent development in 
chrysanthemum cv. Snowdon (Chrysanthemum × morifolium 
Ramat.). Sci. Hortic., 77(1-2): 59–72. DOI: 10.1016/s0304-
4238(98)00163-0

Alhajhoj, M.R. and M. Munir, 2016. Growth, flowering and dry matter 
partitioning response of mid-flowering snapdragon cultivar Liberty 
White grown under different light gradients. Pak. J. Bot., 48(4): 
1481-1487.

Amasino, R.M. and S.D. Michaels, 2010. The timing of flowering. Plant 
Physiol., 154(2): 516–520. DOI: 10.1104/pp.110.161653

Baloch, J.U.D., M. Munir and F. Bibi, 2014. Effects of supplementary 
irradiance on flowering time of obligate long day ornamental annuals 
under non-inductive environment. Pak. J. Bot., 46(4): 1253-1259.

Baloch, J.U.D., M. Munir and M. Abid, 2013a. An appraisal of the use of 
reciprocal transfer experiments: Assessing the stages of photoperiod 
sensitivity in Pansy, Snapdragon, Petunia and Cosmos. Pak. J. Bot., 
45(2): 421-426.

Baloch, J.U.D., M. Munir and M. Abid, 2013b. Flowering response of 
facultative short day ornamental annuals to artificial light intensities. 
Pak. J. Bot., 45(3): 999-1004.

Baloch, J.U.D., M. Munir, M. Abid and M. Iqbal, 2011. Effects of 
different photoperiods on flowering time of qualitative long day 
ornamental annuals. Pak. J. Bot., 43(3): 1485-1490.

Baloch, J.U.D., M. Munir, M. Iqbal and M. Abid, 2012. Effects of varied 
irradiance on flowering time of facultative long day ornamental 
annuals. Pak. J. Bot., 44(1): 111-117.

Baloch, J.U.D., M. Munir, S. Shaheen and Farzana, 2013c. Manipulation 
of plant growth regulators and non-inductive plant environment to 
control plant height of facultative short day ornamental annuals. Pak. 
J. Bot., 45(5): 1589-1595.

Baloch, J.U.D., M.Q. Khan, M. Munir and M. Zubair, 2010. Effects of 
different photoperiods on flowering time of facultative short day 
ornamental annuals. J. Appl. Hortic., 12(1):  10-15.

Baloch, J.U.D., M.Q. Khan, M. Zubair and M. Munir, 2009a. Effects 
of different shade levels (light integrals) on time to flowering of 
important ornamental annuals. Inter. J. Agr. Biol., 11(2): 138-144.

Baloch, J.U.D., M.Q. Khan, M. Zubair and M. Munir, 2009b. Effects 
of different photoperiods on flowering time of facultative long day 
ornamental annuals. Inter. J. Agr. Biol., 11(3): 251-256.

Bircumshaw, D. and P. Damp, 1992. Chrysanthemums and Dahlias. 
Wisley Handbooks, Cassell Illustrated. London.

Corbesier, L. and G. Coupland, 2005. Photoperiodic flowering of 
Arabidopsis: integrating genetic and physiological approaches to 
characterization of the floral stimulus. Plant Cell Environ., 28: 54–66. 
DOI: DOI: 10.1111/j.1365-3040.2005.01283.x

De Jong, J. 1984. Genetic analysis in Chrysanthemum morifolium: 1. 
Flowering time and flower number at low and optimum temperature. 
Euphytica, 33: 455–463. DOI: 10.1007/BF00021145

De Jong, J. 1986. Adaptation of Chrysanthemum morifolium to low 
light levels. Sci. Hortic., 28(3): 263-270. DOI: 10.1016/0304-
4238(86)90008-7

Fornara, F., A. de Montaigu and G. Coupland, 2010. SnapShot: control 
of flowering in Arabidopsis. Cell, 141: e551–e552. DOI: 10.1016/j.
cell.2010.04.024

  Application of photo-thermal models to quantify flowering time and development response of chrysanthemum 235 



Journal of Applied Horticulture (www.horticultureresearch.net)

Hadizadeh, H., L. Samiei and A. Shakeri, 2022. Chrysanthemum, 
an ornamental genus with considerable medicinal value: A 
comprehensive review. South Afr. J. Bot., 144: 23-43. DOI: 10.1016/j.
sajb.2021.09.007.

Higuchi, Y., K. Sumitomo, A. Oda, H. Shimizu and T. Hisamatsu, 2012. 
Day light quality affects the night-break response in the short-day 
plant chrysanthemum, suggesting differential phytochrome-mediated 
regulation of flowering. J. Plant Physiol., 169(18): 1789-1796. DOI: 
10.1016/j.jplph.2012.07.003

Higuchi, Y., T. Narumi, A. Oda, Y. Nakano, K. Sumitomo, S. Fukai and 
T. Hisamatsu, 2013. The gated induction system of a systemic floral 
inhibitor, antiflorigen, determines obligate short-day flowering in 
chrysanthemums. Proc. Natl. Acad. Sci. U.S.A., 110(42): 17137–
17142. DOI: 10.1073/pnas.1307617110

Jung, C. and A.E. Müller, 2009. Flowering time control and applications 
in plant breeding. Trends Plant Sci., 14(10): 563–573. DOI: 
10.1016/j.tplants.2009.07.005

Kahar, S.A. 2008. Effects of photoperiod on growth and flowering of 
Chrysanthemum morifolium Ramat cv, Reagan Sunny. J. Trop. Agr. 
Food Sci., 36(2): 1–8.

Kami, C., S. Lorrain, P. Hornitschek and C. Fankhauser, 2010. Light-
regulated plant growth and development. Curr. Top. Dev. Biol., 91: 
29–66. DOI: 10.1016/S0070-2153(10)91002-8

Karlsson, M.G., R.D. Heins, J.E. Erwin and R.D. Berghage, 1989. 
Development rate during four phases of chrysanthemum growth as 
determined by preceding and prevailing temperature. J. Amer. Soc. 
Hortic. Sci., 114 (2): 234-240.

Kazaz, S., M.A. Askin, S. Kilic and N. Ersoy, 2010. Effects of day 
length and daminozide on the flowering, some quality parameters 
and chlorophyll content of Chrysanthemum morifolium Ramat. Sci. 
Res. Essays, 5(21): 3281-3288.

Kumar, S. and M. Singh, 2017. Effect of photoperiod on growth 
characteristics in Chrysanthemum morifolium Ramat. cv. Zembla 
using high pressure sodium light. Res. Crops, 18(1), 110-115.

McDaniel, C.N. 1996. Developmental physiology of floral initiation 
in Nicotiana tabacum L. J. Exp. Bot., 47: 465–475. DOI: 10.1093/
jxb/47.4.465

McMahon, M.J. and J.W. Kelly, 1999. CuSO4 filters influence flowering 
of chrysanthemum cv. Spears. Sci. Hortic., 79: 207–215. DOI: 
10.1016/S0304-4238(98)00208-8

Munir, M. and M.R. Alhajhoj, 2017. Plant height control of obligate long 
day herbaceous annuals using plant growth retardants and light. J. 
Appl. Hortic., 19(3): 241-244.

Munir, M., M. Jamil, J. Baloch and K.R. Khattak, 2004a. Growth and 
flowering of Antirrhinum majus L. under varying temperatures. Inter. 
J. Agr. Biol., 6(1): 173-178.

Munir, M., M. Jamil, J. Baloch and K.R. Khattak, 2004b. Impact of light 
intensity on flowering time and plant quality of Antirrhinum majus 

L. cultivar Chimes White. J. Zhejiang Univ. SCI., 5(4): 400-405.
Munir, M., M.R. Alhajhoj, A.A. Khakwani and J.U.D Baloch. 2015a. 

Flowering time response of Nasturtium (Tropaeolum majus L.) 
cultivar ‘Empress of India’ to photoperiod, light integral and 
temperature using photo-thermal model. Songklanakarin J. Sci. 
Technol., 37(3): 247-254.

Munir, M., P. Hadley, J. Carew, S. Adams and S. Pearson, 2017. 
Modification of photo-thermal model by accommodating light 
integrals using Antirrhinum flowering and leaf number data from 
restricted range of environmental conditions. Pak. J. Bot., 49(1): 
181-186.

Munir, M., P. Hadley, J. Carew, S. Adams, S. Pearson and B. Sudhakar, 
2015b. Effect of constant temperatures and natural daylength on 
flowering time and leaf number of Antirrhinum using photo-thermal 
model. Pak. J. Bot., 47(5): 1717-1720.

Munir, M., P., Hadley, J. Carew, M. Zubair, S. Adams, S.B. Hussain, 
J.U.D. Baloch, N. Hussain and M. Amanullah, 2010. An appraisal 
of the use of reciprocal transfer experiments based on leaf number 
and flowering time: Assessing the stages of photoperiod sensitivity 
in different cultivars of Antirrhinum majus L. Pak. J. Bot., 42(3): 
1931-1940.

Nakano, Y., Y. Higuchi, K. Sumitomo, A. Oda, T. Hisamatsu and Naro, 
2015. Delay of flowering by high temperature in chrysanthemum: 
heat-sensitive time-of-day and heat effects on CsFTL3 and CsAFT 
gene expression. J. Hortic. Sci. Biotechnol., 90(2): 143–149. DOI: 
10.1080/14620316.2015.11513165

Nozaki, K. and S. Fukai, 2008. Effects of high temperature on floral 
development and flowering in spray chrysanthemum. J. Appl. 
Hortic., 10(1): 8-14.

O’Neill, S.D. 1992. The photoperiodic control of flowering: Progress 
toward the understanding of the mechanism of induction. Photochem. 
Photobiol., 56: 789–801. DOI: 10.1111/j.1751-1097.1992.tb02235.x

Pearson, S., P. Hadley and  A.E. Wheldon, 1993. A reanalysis of the 
effects of temperature and irradiance on time to flowering in 
chrysanthemum (Dendranthema grandiflora). J. Hortic. Sci., 68(1): 
89-97. DOI: 10.1080/00221589.1993.11516332

Ruberti, I., G. Sessa, A. Ciolfi, M. Possenti, M. Carabelli and G. Morelli, 
2012. Plant adaptation to dynamically changing environment: The 
shade avoidance response. Biotechnol. Adv., 30: 1047–1058. DOI: 
10.1016/j.biotechadv.2011.08.014

Sajid, M., N.U. Amin, H. Khan, A. Rehman and I. Hussain, 2016. 
Influence of various photoperiods on enhancing the flowering time 
in chrysanthemum (Chrysanthemum morifolium). Inter. J. Biosci., 
8(2): 115–123. DOI: 10.12692/ijb/8.2.115-123

Schwabe, W.W. 1950. Factors controlling flowering of the chrysanthemum. 
J. Exp. Bot., 1(3): 329–343. DOI: 10.1093/jxb/1.3.329

Shafiq, I., S. Hussain, M.A. Raza, N. Iqbal, M.A. Asghar, A. Raza, Y-F. 
Fan, M. Mumtaz, M. Shoaib, M. Ansar, A. Manaf, W-Y. Yang and 
F. Yang, 2021. Crop photosynthetic response to light quality and 
light intensity. J. Integr. Agr., 20(1): 4-23. DOI: 10.1016/S2095-
3119(20)63227-0.

SharathKumar, M., E. Heuvelink, L.F. Marcelis and W. Van Ieperen, 
2021. Floral induction in the short-day plant chrysanthemum under 
blue and red extended long-days. Front. Plant Sci., 11: 610041. DOI: 
10.3389/fpls.2020.610041

Shim, J.S. and T. Imaizumi, 2015. Circadian clock and photoperiodic 
response in Arabidopsis: From seasonal flowering to redox 
homeostasis. Biochemistry, 54(2): 157–170. DOI: 10.1021/
bi500922q

Simpson, G.G. and C. Dean, 2002. Arabidopsis, the Rosetta stone 
of flowering time? Science, 296: 285–289. DOI: 10.1126/
science.296.5566.285

Spaargaren, J. and G. van Geest, 2018. Chrysanthemum. p. 319–348. 
In: Ornamental Crops. Handbook of Plant Breeding, Volume 11, 
J. Van Huylenbroeck, (ed.). Springer, Cham, Switzerland. DOI: 
10.1007/978-3-319-90698-0_14

Srikanth, A. and M. Schmid, 2011. Regulation of flowering time: all roads 
lead to Rome. Cell Mol. Life Sci., 68: 2013–2037. DOI: 10.1007/
s00018-011-0673-y

Sun, J., H. Wang, L. Ren, S. Chen, F. Chen and J. Jiang, 2017. CmFTL2 
is involved in the photoperiod-and sucrose-mediated control 
of flowering time in chrysanthemum. Hortic. Res., 4: 17001. 
DOI:10.1038/hortres.2017.1

Takeda, F., D.M. Glenn, A. Callahan, J. Slovin and G.W. Stutte, 
2010. Delaying flowering in short-day strawberry transplants 
with photoselective nets. Inter. J. Fruit Sci., 10(2): 134-142. DOI: 
10.1080/15538362.2010.492331

Thomas, B. 2006. Light signals and flowering. J. Exp. Bot., 57: 3387–
3393. DOI: 10.1093/jxb/erl071

 236 Application of photo-thermal models to quantify flowering time and development response of chrysanthemum  



Journal of Applied Horticulture (www.horticultureresearch.net)

Thomas, B. and D. Vince-Prue, 1997. Photoperiodism in Plants. London. 
Academic Press, UK.

Van Der Ploeg, A. and E. Heuvelink, 2006. The influence of 
temperature on growth and development of chrysanthemum 
cultivars, J. Hortic. Sci. Biotechnol., 81(2): 174-182. DOI: 
10.1080/14620316.2006.11512047

Wang, R., M.C. Albani, C. Vincent, S. Bergonzi, B.  Luan, Y. Bai, K. 
Christiane, R. Castillo, G. Coupland, 2011. Aa TFL1 confers an age-
dependent response to vernalization in perennial Arabis alpina. Plant 
Cell, 23(4): 1307–1321. DOI: 10.1105/tpc.111.083451

Whealy, C.A., T.A. Nell, J.E. Barrett and R.A. Larson, 1987. 
High temperature effects on growth and floral development of 
chrysanthemum. J. Amer. Soc. Hortic. Sci., 112: 464–468.

Xu, D., W. Gao and J. Ruan, 2015. Effects of light quality on plant growth 
and development. Plant Physiol. J., 51: 1217–1234. DOI: 10.1016/j.
heliyon.2021.e06082

Yang, F., Y. Fan, X. Wu, Y. Cheng, Q. Liu, L. Feng, J. Chen, Z. Wang, 
X. Wang and T. Yong, 2018. Auxin to gibberellin ratio as a signal for 
light intensity and quality in regulating soybean growth and matter 
partitioning. Front. Plant Sci., 9: 56. DOI: 10.3389/fpls.2018.00056

Yu, X., H. Liu, J. Klejnot and C. Lin, 2010. The cryptochrome blue 
light receptors. Arabidopsis Book, 8: e0135. DOI: 10.1199/tab.0135.

Received: May, 2023; Revised: July, 2023; Accepted: August, 2023

  Application of photo-thermal models to quantify flowering time and development response of chrysanthemum 237 


