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Red light promotes compact growth of sunflowers
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2001). Hence, there is a high demand for data on morpho-
logical effects of different light regimes. 

In this paper we provide data on the morphology of 
Helianthus annuus grown under various light regimes. To 
limit the influence of solar radiation, these experiments 
were conducted between September and December 2012 
and 2013. Sunflowers were chosen because they are a com-
mon model for ornamental plants. Light regimes included 
conventional lamps as well as prototype and commercial 
LEDs with spectra that consisted of various ratios of red, 
blue and far-red light. In contrast to other studies that em-
ployed predetermined ratios of red:blue and red:far-red 
light, we measured the number of photons within prede-
fined wavebands of each lamp’s spectrum and tested the 
correlation of each of these wavebands, and ratios of them, 
with height, fresh weight and compactness. The aim of this 
study was to use regression analysis to identify wavebands 
which correlate with compactness of the model plant Heli-
anthus annuus.

Materials and methods

Experimental conditions and plant materials
Sunflowers (Helianthus annuus) of the varieties ‘Pacino 

Gold’ and ‘Pacino Cola’ were raised from seeds in pots. Once 
hypocotyls were fully developed plants were randomly 
separated into groups of 24 plants each. All experiments 
were conducted in glass cabins which were integrated into 
a greenhouse located on the campus of the University of 
Applied Sciences in Freising, latitude 48°24’6”N and longi-
tude 11°43’53”E. The cabins were used because they fur-
ther limit the influence of solar radiation and stabilise the 
climate. The greenhouse was built according to the German 

Significance of this study
What is already known on this subject?
• It has been shown previously that the ratio of blue to 

red and red to far-red light affects hypocotyl length. 
Much less is known about the effect of different light 
regimes on biomass distribution, a factor which af-
fects the compactness of plants.

What are the new findings?
• Our data show that the percentage of red light corre-

lates with the ratio of weight/height of sunflowers. 
Therefore, sunflowers grown under red light appear 
more compact. 

What is the expected impact on horticulture?
• Chemical growth inhibitors are controversial. Hence 

new methods to promote compact growth are de-
sired. Using red lighting to keep plants compact can 
be an interesting alternative.

  Summary 
Light quality affects plant morphology. Hence, 

light quality is an important factor in the cultivation 
of ornamental plants. The recent advances in LED 
technology allow producers to adjust light quality 
to manipulate plant growth. For growers of orna-
mental plants the primary aim regarding plant mor-
phology is to keep plants short and compact with at-
tractive flowers. However, data on the effect of light 
quality on plant morphology are still sparse. This 
study provides data on the effect of different LED 
light regimes on height and fresh weight of shoot and 
flower, leaf area and compactness of the model plant 
Helianthus annuus. Regression analysis of these data 
shows that red light promotes compact growth. 
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Introduction
Light emitting diodes (LEDs) are becoming increas-

ingly interesting as an alternative light source in horticul-
tural production (Morrow, 2008). LEDs have been used as 
a source of photosynthetic active radiation (PAR) to grow 
vegetables (Stutte et al., 2009), crops (Goins et al., 1997; 
Massa et al., 2010) and seedlings (Johkan et al., 2010). 
There is also an increasing interest in the use LEDs for in 
vitro plant production (Dutta Gupta and Jatothu, 2013).

Light not only provides energy for photosynthesis but 
also regulates plant morphology through photoreceptors. 
The latter aspect of light is of particular interest to growers 
of ornamental plants who desire plants of a regular shape 
and compact appearance. Currently compact growth is 
achieved by pruning and application of growth retardants. 
However, these techniques are either labour intensive or 
controversial. Alternative methods are restricted irriga-
tion and fertilization (Morel, 2001). Promoting compact 
growth with light is a novel and attractive technique. In the 
literature several light regimes were linked to plant height 
(Bergstrand and Schüssler, 2012). A low ratio of red:far-red 
light causes sunflower plants to grow tall (Kurepin et al., 
2007a). Likewise, end-of-day lighting with a low ratio of 
red:far-red increases height of Chrysanthemum (Lund et 
al., 2007) and poinsettia (Islam et al., 2014). End-of-day 
lighting with blue light increased stem elongation of Pelar-
gonium, Petunia and sunflowers (Bergstrand et al., 2014). 
A high ratio of blue to red light has been shown to produce 
compact plants (Oyaert et al., 1999; Islam et al., 2012). 
However, data are still sparse and there is no generally 
accepted lighting strategy to produce high quality orna-
mental plants. Moreover, morphological response can vary 
with respect to species and variety (Dougher and Bugbee, 



V o l u m e  8 0  |  I s s u e  2  |  A p r i l  2 0 1 5 57

norm for greenhouses (DIN 11536) with a north-south ori-
entation. The covering material of the greenhouse was a 
single layer of glass with an average transmission of 66% 
(lux and PAR). The cabins are covered with glass. Inside the 
cabins 33% of the outside solar radiation was measured. 
Light, temperature and humidity were regulated with a 
greenhouse computer system (system INT800/KWS, Kri-
wan, Forchtenberg, Germany). Solar radiation was mea-
sured outside the greenhouse with a luxmeter (Kriwan, 
Forchtenberg, Germany) and converted to W m-2 accord-
ing to McCree (1971). Each group was equipped with one 
of the following lamps: High Pressure Sodium (HPS) lamp 
(Philips, Eindhoven, The Netherlands), metal halide lamp 
(MH) (Philips, Eindhoven, The Netherlands) and LEDs 
from Valoya Oy (Helsinki, Finland), prototype LEDs from 
Optogan (St. Petersburg, Russian Federation) and adjust-
able prototype LEDs from Osram Opto Semiconductors 
(Regensburg, Germany). Number and height of lamps and 
LEDs were adjusted to guarantee a supplementary illumi-
nation of 60 μmol m-2 s-1 for 22 h per day (from 1 am to 11 
pm). Curtains were used to separate light regimes. Lights 
were switched off when solar radiation exceeded 120 W 
m-2 and switched on below 60 W m-2. Temperature in the 
greenhouse was set to 18°C. Plants were watered and fer-
tilized (Ferty©, Planta, Regenstauf, Germany) on a regular 
base. To reduce the influence of genetic variability of the 
seed material on plant height, plant growth was inhibited 
with 50 mL 1% (w/v) Daminozide one month after start of 
cultivation. 

Measurements
Spectra were recorded with a Jaz spectrometer (Ocean 

Optics, Dunedin, USA). PAR was measured with a quantum 
sensor (LI-190SA, LI-COR Bioscience, Lincoln, NE, USA). 
The wavebands were defined as 420–480 nm blue, 620–
680 nm red, 700–750 nm far-red (Sellaro et al., 2010). Per-
centages of photons in the range of blue, red and far-red are 
summarized in Table 1. Other wavelengths were not con-
sidered in this study. After 86 (2012) and 56 (2013) days 
fresh weight, height, number of leaves, flower weight and 
diameter of the 10 plants in the center of group of 24 were 
recorded. Compactness of plants was calculated by divid-
ing fresh weight by plant height At this time all plants had 
at least one flower bud (begin of anthesis) but not all had 
open flowers. Total leaf area was obtained by scanning (LI-

3100C, LI-COR Bioscience, Lincoln, NE, USA). To measure 
the rate of photosynthesis new plants were grown during 
September to December 2014 with the light regimes 1 and 
9. Culturing conditions were as described above. Rate of 
photosynthesis was measured over a period of two days 
with a phytomonitor provided by Prof. Schmidt, Humboldt 
University, Berlin, Germany (Schmidt, 1996).

Statistics
Minitab (Version 16, Minitab, London, UK) and Excel 

were used to calculate statistical tests. Normality was 
tested using the Kolmogorov-Smirnov test. Homosce-
dasticity was tested with Levene’s test. Significance of 
means were tested using Kruskal-Wallis-test and post-
hoc Tukey’s-test (α=0.05). Spectra of lamps were divided 
into the wavebands blue, red and far-red light. These per-
centages were used to calculate regression analysis of 
wavelength and ratios of wavelength versus height, fresh 
weight, compactness, fresh weight and diameter of flower 
and leaf area. Significance of correlation coefficients (R2) 
were tested with Student’s t-test (α=0.05).

Results
During the month of September to December 2012 and 

2013 the daily light integral at the University of Applied 
Sciences in Weihenstephan decreased from an average of 
6.2 to 1.5 mol m-2 (Figure 1). Thus, the outdoor PAR (400–
700 nm) drop from an average of 137 to 52 µmol m-2 s-1 in 
2012 and from 130 to 60 µmol m-2 s-1 in 2013 (Table 2). In 
the growth chambers which are integrated into the green-
house the PAR was on average a third of the outdoor PAR. 
On a third of the days during the time of the experiment in 
2013 the solar radiation exceeded the 120 W m-2 and the 
lighting was switched off for an average of 8 hours. During 
the cultivation period the temperature was constantly at 
18°C or above. During September, on a few days a higher 
temperature with a maximum of 25°C was measured. In 
the beginning of September the spectral distribution in per 
cent under each lamp was measured on two consecutive 
days at 12 o’clock when the solar background radiation was 
at its peak. The data shows that under the LEDs emitting 
red light (light regime 1, Table 1) 2% blue and 2% far-red 
are present (Table 1). Similarly 2% red and 2% far-red light 
were measured under the LED emitting blue light (light re-
gime 9, Table 1). In contrast to light regimes 1 to 8, blue 
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Table 1. Light regimes and spectral composition. Spectra were recorded in the greenhouse on two consecutive days at 
12 o’clock at the beginning of the experiment and percentage of photons of each waveband was calculated. Wavebands 
are 420–480 nm, blue (B), 620–680 nm, red (R), and 700–750 nm, far-red (FR). HPS, high pressure sodium lamp. Pfr/P, 
estimated phytochrome equilibrium calculated according to Smith (1982).

Light 
regime

Light 
source

Provider and 
spectrum

Percentage of photons per waveband Ratio 
R:FR

Ratio 
B/R Pfr/PBlue Red Far-red

1 LED Osram 2 86 2 1 0.0 0.54
2 LED Optogan 6 57 35 0.2 0.1 0.16
3 HPS Philips 7 30 12 0.6 0.2 0.43
4 LED Valoya G2 12 53 25 0.5 0.2 0.40
5 LED Valoya AP673 13 40 19 0.7 0.3 0.48
6 MH Philips 14 16 7 2.0 0.9 0.62
7 LED Valoya AP67 14 35 9 1.6 0.4 0.60
8 LED Valoya NS2 18 25 4 4.5 0.7 0.69
9 LED Osram 87 2 2 43.5 43.5 > 0.8
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light (light regime 9) produced sunflowers of a distinct 
shape and morphology (Figure 2). These plants were open. 
Leaves were small, had a high inclination (above the hori-
zontal line) and leaf margins bend towards the adaxial side. 
As shown in Table 3, sunflowers grown with blue light had 
significantly less fresh weight, were less compact and had 
a smaller total leaf area. This data was consistent through-
out the 2012 and 2013 experiments. Plants grown with red 
light (light regime 1, Table 1) were small, had a high fresh 
weight and were significantly more compact compared to 
plants grown with blue light. Sunflowers exposed to red 
light showed a higher rate of photosynthesis compared to 
plants exposed to blue (2.4±0.5 µmol m-2 s-1 versus 0.7±0.2 
µmol m-2 s-1, respectively). In contrast to sunflowers grown 
with blue light those grown with red light had a very low 
leaf inclination. Leaf total area was comparable to other 
light regimes with the exception of light regimes 6, 8 and 
9. Plants grown with mixtures of blue, red and far-red 
light (light regimes 2 to 8) showed significant difference 
in height and fresh weight. Plants grown with light regime 
3, 4 and 5 were significantly taller compared to the other 
light regimes. Light regimes 6 and 8 produced small plants 
with less fresh weight. Statistical analysis showed, how-
ever, that there is no correlation of percentage of red, blue, 
far-red light or ratios of blue:red and red:far-red with plant 
height and fresh weight. 

A regression analysis conducted with data obtained dur-
ing the growing period revealed that plant height cor-
relates with the ratio of red:far-red light (R2=0.87, data not 
shown). Towards the beginning of anthesis, however, plant 
height levelled and the correlation was no longer signifi-
cant. Comparison of data obtained during 2012 and 2013 
showed that trends in plant height are consistent while 
data on fresh weight vary. 

 

 
 
 
Figure 1. Daily light integral (mean ± standard deviation) in Weihenstephan during the months of September to 
December 2012 () and 2013 ().  
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Figure 1. Daily light integral 
(mean ± standard deviation) 
in Weihenstephan during the 
months of September to De-
cember 2012 (♦) and 2013 
(). 

Table 2. Hours of daylight and outdoor PAR during the time 
of the experiments in 2012 and 2013. PAR was calculated 
from daily light integrals measured in Weihenstephan 
during the months of September to December of 2012 and 
2013 and the corresponding hours of daylight. Values of 
PAR are the daily mean ± standard deviation. 

Month Daylight (h) 
PAR (µmol m-2 s-1)

2012 2013
September 12.6 137 ± 70 130 ± 67
October 10.9 86 ± 60 89 ± 49
November    9.4 62 ± 42 48 ± 37
December    8.5 52 ± 23 60 ± 27 

 

 
 
Figure 2. Morphology of sunflowers grown with red (A, treatment 1, Table 1) and blue (B, treatment 9, Table 1) 
LEDs. Plants grown with blue light are less compact, have increased leaf inclinations and adaxially bend leaf 
margins. Photos were taken prior to anthesis (60 µmol m-2 s-1, 22 h day-1). Plants grown with red light are compact.  
  

BA 

Figure 2. Morphology of sunflowers grown with 
red (A, treatment 1, Table 1) and blue (B, treatment 
9, Table 1) LEDs. Plants grown with blue light are 
less compact, have increased leaf inclinations and 
adaxially bend leaf margins. Photos were taken 
prior to anthesis (60 µmol m-2 s-1, 22 h day-1). Plants 
grown with red light are compact. 
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Figure 3. Compactness increases with percentage of red light. Data from 2012 (A) and 2013 (B) show correlation 
coefficients of R2 = 0.96, p=0.004, linear fit (A) and R2 = 0.88, P<0.05, logarithmic fit (B). Error bars represent 
standard deviation.  
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Table 3. Height, fresh weight, compactness and total leaf area of sunflowers grown during winter 2012 and 2013 under 
different light regimes varying in their average percentage of photons of blue, red and far-red light. Statistical analysis 
revealed significant differences in height (P<0.001), fresh weight (P<0.001), compactness (P=0.002), number of leaves 
(p<0.01) and leaf area (P<0.001) (Kruskal-Wallis test, n=10, α=0.05). Values labelled with different letter are significantly 
different (post-hoc Tukey’s test, α=0.05). 

Light regime
Height 
(cm)

Fresh weight 
(g)

Compactness 
(g/cm)

Leaf area 
(cm2)

Number of 
leaves

2013 2012 2013 2012 2013 2012 2013 2013
1 44.5  cd 61.1 d 67.1 abc 127.4  a 1.51  a 2.10  a 1174  ab 27 a
2 47.7  bcd 61.9 d 68.4 abc 97.5    c 1.43  a 1.57  b 1268  ab 23 ab
3 57.5  a 75.5 ab 72.2 abc 107.5  bc 1.28  ab 1.42  bc 1215  ab 23 ab
4 57.6  a 78.0  ab 1.35  a 1156  ab 21 b
5 56.8  a 73.8 abc 85.1  a 115.2  ab 1.50  a 1.56  b 1487  a 23 ab
6 48.1  bcd 60.8  bc 1.26  ab 1066  bc 23 ab
7 51.3  ab 74.2  abc 1.45  a 1230  ab 24 ab
8 42.5  d 57.6 cd 1.35  a 998   bc 22 b
9 43.7  cd 69.6 c 39.8 d 78.0    d 0.91  b 1.14  d 713    c 21 b

Figure 3. Compactness increases with percentage of red light. Data from 2012 (A) and 2013 (B) show correlation coefficients 
of R2=0.96, p=0.004, linear fit (A) and R2=0.88, P<0.05, logarithmic fit (B). Error bars represent standard deviation. 
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Regression analysis showed that in 
2012 and 2013 compactness significantly 
correlated with the percentage of red light 
(2012: R2=0.96, linear fit, 2013: R2=0.88, 
P<0.05, logarithmic fit, Figure 3). 

In 2013 we found that taller plants 
produce heavier flowers (Table 3). Flower 
weight also correlated with far-red light 
(R2=0.78, logarithmic fit, data not shown). 
However, standard deviation of flower 
weight was too high for data to be signifi-
cant. Furthermore, there was no significant 
correlation of red, blue and far-red light, the 
ratio of blue:red and red:far-red with num-
ber of flowering plants, flower diameter or 
weight.

Discussion
This study was conducted to provide 

data on the effect of various light regimes, 
including commercial and prototype LED 
system, on plant morphology and to iden-
tify wavebands that correlate with com-
pactness. In order to do so, we have used a 
variety of different lamps and divided their 
spectra into wavebands. This allows us to test the correla-
tion of distinct wavebands and combinations thereof with 
morphological data.

Plants grown with blue light showed an abnormal  
morphology. These plants have the lowest weight, leaf area 
and compactness, too. Mortensen and Strømme (1987) 
reported similar findings in respect to height and weight 
with tomato and chrysanthemum. The morphology de-
scribed in our paper was obtained by long-term treatment 
of sunflowers with blue light. It was shown that leaf anat-
omy of soya bean and lettuce treated with blue light for a 
short and long time are different in regards of cell size and 
number (Dougher and Bugbee, 2004). The morphology of 
sunflowers illuminated for a short time, for instance to pro-
mote flowering, thus can be very different. 

All other light regimes produced plants with a morphol-
ogy which is characteristic for the species. The statistical 
analysis showed that the light regime has a significant ef-
fect on height and weight. However, we could not find any 
significant correlation between wavebands or waveband 
ratios and plant height. This is in contrast to previous 
studies showing that red light in combination with blue or 
far-red light has a significant effect on plant height. Some 
of these studies employed sunflowers, too (Kurepin et al., 
2007a). This excludes that differences in data are due to the 
genetic differences of species. Recently it has been shown 
that the stem elongating effect of far-red light on sunflow-
ers varies with light intensity (Kurepin et al., 2007b) and 
temperature (Kurepin et al., 2011): At 15°C there is no dif-
ference in height of sunflowers grown with red:far-red ra-
tios of 0.3, 0.6, 0.9 and 1.2. With increasing temperature the 
effect of the ratio of red:far-red light increases. Significant 
differences in plant height were detected at temperature 
above 20°C. The temperature in our experiment was most 
of the time below 20°C. We therefore speculate that differ-
ences in cultural conditions, that is primarily temperature, 
but also light intensity and day length, account for these 
conflicting data. 

Our data show however, that there is a clear correlation 
of red light with compactness. This data is significant and 

reproducible. In statistics the correlation coefficient R2 in-
dicates the percentage of variation that is explained by the 
data. Hence, the R2 of this analysis shows that 96% (2012) 
and 88% (2013), respectively, of the variance of compact-
ness can be explained by the influence of red light. Thus, 
the effect of differences in culturing (that are temperature, 
humidity and position in the greenhouse) as well as genet-
ics and other wavebands accounts for 4% and 12%, respec-
tively. This data shows that red light is the major factor 
affecting compactness. Furthermore, this data shows that 
red light affects compactness independently of the amount 
of far-red light. Therefore, we can exclude that this effect is 
mediated by the photoreceptor phytochrome, which regu-
lates plant height in response to the ratio of red to far-red 
light. It was shown that, similar to the ratio of red:far-red 
light, blue light promotes Shade Avoidance Syndrome 
in Arabidopsis thaliana through the cryptochrome cry1  
(Keller et al., 2011). The Shade Avoidance Syndrome is 
characterized by increased leaf inclinations and stem elon-
gation (Keuskamp et al., 2012). Sunflowers grown with 
supplementary blue light show this phenotype (Figure 
2). Thus, the effect of red light on compactness might be  
partially due to the lack of blue light. However, to our 
knowledge there is no receptor that regulates plant weight. 
The two major biochemical pathways affecting biomass 
production in plants are photosynthesis and respiration. 
Respiration is higher with blue light (Kowallik, 1982). 
Photosynthesis under blue light was lower than under red 
light. In accordance with Bergstrand et al. (2014) plants 
exposed to red light thus accumulated more biomass. The 
combination of reduced height and high biomass gives 
these plants a compact appearance. In the light of a de-
creasing costumer acceptance of growth retardants pro-
moting compact growth with red light is an interesting 
alternative. Red light can be generated with LEDs, which 
can be integrated into the greenhouse lighting. Red LEDs 
emit the highest levels of PAR per Watt and are comparably 
cheap. Thus, an additional lighting based on red LEDs can 
serve two purposes, to promote photosynthesis and to in-
crease compactness. 

Table 4. Fresh weight and diameter of flowers and number of flowering 
plants grown during winter 2012 and 2013 under light regimes 1 to 9. 
Statistical analysis revealed the following significant differences in data 
from 2012: Fresh weight (P<0.001) and diameter (P<0.001) (Kruskal-Wallis 
test, n=10, P=0.05). In 2013, only fresh weight differs significantly (P=0.03, 
Kruskal-Wallis test, n=10, α=0.05). Values labelled with different letter are 
significantly different (post-hoc Tukey’s test, P=0.05). 

Light 
regime

Number of 
flowering plants

Fresh weight of 
flowers (g)

Diameter of flower 
(cm)

2013 2012 2013 2012 2013 2012
1 8 8 14 ab 28 b 10 15 b
2 5 9 24 ab 46 b 8  15 b
3 8 10 22 ab 68 a 11  18 a
4 7 27 a 11  
5 4 10 22 ab 79 a 6  18 a
6 5 24 ab 7  
7 5 21 ab 8  
8 6 18 ab 8  
9 6 9 16 b 27 b 8  13 b
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