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chloroplast level (e.g., higher Chl a/Chl b ratio), increas-
ing the photosynthetic performance under the LED spec-
trum. Differently than expected, stomatal conductance was 
comparable for water-deficit and control plants in both light 
conditions during the stress and recovery phases, indicating 
only minor adjustments at the stomatal level. Our results 
highlight the potential of the target-use of light quality to 
induce structural and functional acclimations improving 
plant performance under stress situations.
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Abbreviations
A	� Absorbance
c	� Control
das	� Days after sowing
D	� Diameter
CFL	� Compact fluorescence lamps
Chl	� Chlorophyll
DM	� Dry mass
ETR	� Electron transport rate
F	� Fluorescence yield
Fm	� Maximum chlorophyll fluorescence of a dark 

adapted leaf
Fm´	� Maximum chlorophyll fluorescence in the light 

adapted state
F0	� Ground fluorescence of a dark adapted leaf
Fv	� Variable chlorophyll a fluorescence level from a 

dark adapted leaf (Fv = Fm − F0)
FM	� Fresh mass
Gs	� Stomatal conductance
LED	� Light-emitting diode
NPQ	� Non-photochemical quenching
PAR	� Photosynthetic active radiation

Abstract  We investigated the influence of light quality 
on the vulnerability of pepper plants to water deficit. For 
this purpose plants were cultivated either under compact 
fluorescence lamps (CFL) or light-emitting diodes (LED) 
providing similar photon fluence rates (95 µmol m−2  s−1) 
but distinct light quality. CFL emit a wide-band spectrum 
with dominant peaks in the green and red spectral region, 
whereas LEDs offer narrow band spectra with dominant 
peaks at blue (445  nm) and red (665  nm) regions. After 
one-week acclimation to light conditions plants were 
exposed to water deficit by withholding irrigation; this 
period was followed by a one-week regeneration period and 
a second water deficit cycle. In general, plants grown under 
CFL suffered more from water deficit than plants grown 
under LED modules, as indicated by the impairment of the 
photosynthetic efficiency of PSII, resulting in less biomass 
accumulation compared to respective control plants. As 
affected by water shortage, plants grown under CFL had a 
stronger decrease in the electron transport rate (ETR) and 
more pronounced increase in heat dissipation (NPQ). The 
higher amount of blue light suppressed plant growth and 
biomass formation, and consequently reduced the water 
demand of plants grown under LEDs. Moreover, pepper 
plants exposed to high blue light underwent adjustments at 
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PSI	� Photosystem I
PSII	� Photosystem II
ROS	� Reactive oxygen species
wd	� Water deficit
Vol	� Volume

Introduction

Light quality strongly influences biochemical and physi-
ological processes, impacting morphology, growth and 
development of plants. In the last decades, a significant 
number of publications provided precise information on the 
effect of light quality on plant growth, morphogenesis and 
photosynthetic responses (Abidi et  al. 2012; Brown et  al. 
1995; Hogewoning et al. 2010a, b; Murakami et al. 2014; 
Muraoka et  al. 2002; Schuerger et  al. 1997; Terfa et  al. 
2013). In controlled (climate chamber) and semi-controlled 
(greenhouse) environments, compact fluorescence lamps 
(CFL) and high pressure sodium lamps are commonly used 
to provide photosynthetic active radiation (PAR) to the 
plants. The spectrum of these artificial lighting systems is 
often characterized by comparatively wide-band peaks con-
taining small amounts of blue and high amounts of green 
and red light. Nowadays, light-emitting diodes (LED) pro-
viding narrow peaks (some nanometers) with high repro-
ducibility and spectral resolution enable to design optimal 
species-specific light supply and precise investigation of 
spectral-dependent plant responses (Massa et  al. 2008). 
Currently, most LED systems used for horticultural pro-
duction in greenhouses (e.g., interlighting modules) pro-
vide mainly red and blue light. Red and blue light, as 
compared to green light, are the most efficiently absorbed 
wavelengths by photosynthetic pigments, and provide 
most energy for photosynthesis (Massa et  al. 2008). Nev-
ertheless, under strong white light conditions, green light 
might drive leaf photosynthesis even more efficiently than 
red light (Terashima et al. 2009). Differently, blue light in 
excess might initiate a chloroplast avoidance response as 
well as a decrease in mesophyll conductance resulting in 
a decrease of the photosynthetic efficiency (Loreto et  al. 
2009; Wada 2013).

Specific morphological and physiological acclimations 
to different light might support plants coping with abiotic 
stress factors. Recently, we demonstrated that light quality, 
particularly the amount of blue light, affects the vulnerabil-
ity of pepper plants to UV stress (Hoffmann et  al. 2015). 
Other authors suggest that light induced acclimations 
might also affect drought vulnerability. Among others, light 
quality mediates stomatal aperture and affects transpira-
tion (Chen et al. 2012; Zeiger and Field 1982). As shown 
in cucumber leaves, both leaf hydraulic and stomatal con-
ductance were lower in plants cultivated in the absence of 

blue light while the osmotic-induced water deficit caused 
a stronger decrease of net photosynthesis in plants grown 
under monochromatic red light (Savvides et  al. 2012). In 
this scope, Savvides and colleagues suggest damages of the 
photosynthetic apparatus, which only occurred under the 
monochromatic red light.

Apart from the light mediated stomatal aperture, adjust-
ments at sub-cellular level might determine the vulnerabil-
ity to drought. In case of slow dehydration, the acclimation 
avoids the activation of cyclic pathways and preserves the 
pH gradients even under drought (Bürling et  al. 2014). 
Nevertheless, chloroplasts are a major site of damage when 
plants are exposed to severe stress (Walters 2005). Particu-
larly the photosystem II (PSII) is known to be sensitive to 
abiotic stresses and might constrain photosynthesis in such 
situations (Björkman and Powles 1984; Havaux 1992; Mur-
chie and Lawson 2013). In plants that suffer from drought, 
maximum photosynthesis is reached at a lower photon 
fluence rate than in plants under well-watered conditions 
(Lawlor and Cornic 2002). This can lead to an imbalance 
between energy harvesting and the capacity of energy uti-
lization, particularly under high light conditions. Lower 
capacity of energy utilization results in higher dissipation 
of the absorbed energy and lower conversion into photo-
chemistry (Demmig-Adams and Adams 2003). Specific 
light-induced adjustments in the composition and function 
of the photosynthetic apparatus might increase the capacity 
of energy utilization and thus determine the vulnerability to 
drought. In general terms, it is assumed that plants grown 
under high light/blue light conditions have a wider accli-
mation capacity being less susceptible to the exposition to 
stress factors (Lichtenthaler 1996). This is due to structural 
changes of chloroplasts that can also be triggered by blue 
light and are usually observed in sun-exposed or high-light 
leaves (Buschmann et al. 1978; Lichtenthaler et al. 2013). 
Typical characteristics of these so called “sun-type chlo-
roplasts” are enhanced phenylquinone contents and higher 
Chl a/Chl b ratios that improve the photosynthetic perfor-
mance (Lichtenthaler 1984). In general, leaves acclimated 
to high light can afford a higher Chl a/Chl b ratio as there is 
less need for light harvesting.

Apart from the processes described above at the stomata 
and chloroplast level, light induced morphological acclima-
tions can affect the vulnerability to drought. In many plant 
species, a large aerial biomass (commonly with high con-
tents of water) and a big transpiring surface is related to 
high water loss to the environment. Under high light condi-
tions, plants are usually shorter and exhibit a smaller leaf 
area to reduce transpiration and to improve their drought 
resistance (Lichtenthaler 1996). In a similar sense, light 
quality might strongly affect plant morphology. In this 
context the ratios blue:green and red:far red are of cen-
tral importance; blue light has been reported to promote 
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a compact growth habit, whereas green and far red light 
enhance stem elongation (Sellaro et al. 2010; Zhang et al. 
2011).

In general, there is a considerable lack of informa-
tion concerning the interaction between light quality and 
the physiological and morphological responses of plants 
to water deficit. A more precise knowledge of such inter-
actions would open new prospects for the target-oriented 
use of light to prepare or ‘prime’ plants for future stresses. 
Practical examples include the acclimatization of vegeta-
ble plantlets prior to their planting in the field, and poten-
tially, the preparation of ornamental plants to better support 
the often adverse conditions at selling-points and at the 
customers home. Facing this situation and the promising 
perspectives, our main objective was to assess the effects 
of light quality and water deficit, as well as the impact of 
their interaction, on photosynthetic performance and plant 
growth.

The above described effects of light on plant physiology 
and morphology led us to hypothesize that specific light-
mediated acclimations at plant and leaf levels reduce the 
vulnerability of pepper plants to water deficit. Due to the 
wide transpiring leaf surface and high stomatal conduct-
ance, pepper has high water requirements, and is therefore 
a good model plant for drought stress experiments (Alvino 
et al. 1994; Doorenbos and Kassam 1986). The sensitivity 
of pepper to water deficit is demonstrated in a large num-
ber of publications dealing with physiological responses as 
well as plant growth and biomass production (Delfine et al. 
2001; De Pascale et al. 2003; González-Dugo et al. 2007; 
Ferrara et al. 2011; Kulkarni and Phalke 2009; Sezen et al. 
2006; Smittle et  al. 1994; Sziderics et  al. 2010). In addi-
tion, findings demonstrate the sensitivity of pepper plants 
to light quality, including light- induced alterations in plant 

growth, dry matter partitioning and anatomical features 
of leaves and stems (Brown et  al. 1995; Schuerger et  al. 
1997). In the present study, pepper plants were cultivated 
either under a wide-band light spectrum provided by CFL, 
or under LEDs offering narrow band spectra with dominant 
peaks at 445 and 665  nm. Chlorophyll fluorescence was 
used as a reliable technique to determine modifications in 
PSII photochemistry (Chaerle and Van der Straeten 2000, 
2001; Flexas et  al. 1999; Lichtenthaler and Miehé 1997; 
Maxwell and Johnson 2000; Sarijeva et al. 2007). Stoma-
tal conductance was assessed with a portable gas exchange 
equipment. Plant biomass as well as the leaf contents of 
chlorophyll a + b (Chl a + b) and proline served as indica-
tive parameters to evaluate the impact of light quality and 
water deficit.

Materials and methods

Plant material, growth conditions and experimental setup

The experiment was conducted in a custom-built climate 
chamber. Pepper (Capsicum annuum L., ’Ziegenhorn 
Bello’, Austrosaat AG, Graz, Austria) seeds were sown in 
trays filled with a mixture of peat (60 %), sand (20 %) and 
perlite (20 %) and allocated under white compact fluores-
cence lamps (CFL) with main peaks at 435 nm, 545 nm and 
612 nm, respectively (Fig. 1) (MASTER PL-L 4P, Philips, 
Amsterdam, Netherlands). The photosynthetic photon flu-
ence rate of CFL was set to 95 µmol m−2 s−1 whereby 14 % 
of the light energy was provided by blue, 40 % by green 
and 46  % by red light. Three weeks after seed sowing, 
plantlets were transplanted into pots (11 cm, ES round 8°, 
Goettinger, Lamprecht-Verpackungen GmbH, Göttingen, 
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Fig. 1   Light spectrum of the compact fluorescence lamps (CFL, left) and the light-emitting diodes (LED, right). Measurements were done with 
the spectroradiometer FieldSpec®3 (ASD Inc., USA)
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Germany), each filled with 250  g of the above described 
peat-sand-perlite mixture, and cultivated under the same 
environmental conditions for three more weeks. Next, 
half of the plants were kept under CFL while the remain-
ing plants were allocated under LED modules (a prototype 
optimized for our research purposes; Ushio Lighting Inc., 
Tokyo, Japan). The LED-modules are characterized by a 
2:1 combination of red and blue LEDs with single peaks 
respectively at 665 and 445  nm (Fig.  1). The photosyn-
thetic photon fluence rate of the LED modules was also 
set to 95 ± 5 µmol m−2 s−1 whereby 36 % of the energy 
was provided by blue light and 64 % by red light. The light 
spectra were recorded at plant height with a high-resolution 
spectroradiometer (FieldSpec®3, ASD Inc., Boulder, USA). 
Plants were cultivated under a photoperiod of 12  h, with 
day/night temperature of 21/20 °C and relative humidity of 
82 %.

One week after the plants were assigned to the respec-
tive lighting systems (CFL or LED) the water supply treat-
ments were initiated. After the substrate was saturated with 
a modified Hoagland nutrient solution (pH 6.2) drought 
stress was induced by withholding water for 7  days [53–
59 days after sowing (das)], followed by a recovery period 
(60–66 das) and a second cycle of water deficit (67–73 
das). Water loss (evaporation  +  transpiration) was deter-
mined gravimetrically throughout the experiment. Control 
plants were irrigated daily throughout the experiment with 
the nutrient solution. The experimental treatments were 
identified as follows:

–– CFL_c = Compact fluorescence lamps, control
–– CFL_wd = Compact fluorescence lamps, water deficit
–– LED_c = Light-emitting diodes, control
–– LED_wd = Light-emitting diodes, water deficit

Growth parameters

Stem length was measured from the cotyledon to the 
youngest branching point. Measurements were done at least 
twice a week throughout the experiment. At the end of each 
experimental phase (59, 66, 73 das) fresh mass (FM) of 
leaves and stems was determined separately using a preci-
sion scale (BP210S, Sartorius, Göttingen, Germany) while 
leaf area was measured with a leaf area meter (LI-3100, 
LI-COR, Lincoln, Nebraska, USA). Stems and leaves were 
then frozen at −25  °C, lyophilized (Gamma 1–16 LSC; 
Christ, Osterode am Harz, Germany) and weighed again in 
order to quantify their respective dry mass (DM).

Stomatal conductance

Stomatal conductance (Gs) was recorded weekly with a 
portable infrared gas analyzer (CIRAS-1, PP Systems, 

Amesbury, USA) equipped with a standard 2.5  cm2 leaf 
cuvette (PLC B, PP Systems, Amesbury, USA). Measure-
ments were carried out under the CFL adopting standard-
ized settings: CO2 concentration 350 ± 5 ppm, photon flu-
ence rate 100  ±  5  µmol  m−2 s−1 PAR, a boundary layer 
resistance (Rb) of 0.27 m2 s mol−1 and a leaf chamber air 
flow rate of 200 ml min−1.

Chlorophyll fluorescence

Chlorophyll fluorescence was recorded weekly using an 
imaging pulse-amplitude-modulated fluorometer (Imag-
ing PAM, Heinz-Walz GmbH, Effeltrich, Germany). Fluo-
rescence images (640 × 480 pixels) were taken by a black 
and white CCD camera on fully expanded leaves at the 
third leaf level. To standardize measuring conditions and to 
make sure that all PSII reaction centers are open when the 
maximal photochemical quenching is determined, plants 
were dark-adapted for 30 min prior to the evaluations (see 
review of Maxwell and Johnson 2000). After recording the 
ground fluorescence (F0), a light saturation pulse was given 
to determine the maximum fluorescence yield (Fm). The 
yield of variable chlorophyll fluorescence (Fv) was calcu-
lated as Fm – F0 and the maximal PSII quantum yield was 
calculated as Fv/Fm. After the first saturation pulse actinic 
light was switched on and saturation pulses were applied 
at 20 s intervals in order to determine the maximum chlo-
rophyll fluorescence in the light adapted state (Fm′). The 
electron transport rate (ETR) was calculated according 
to Björkman and Demmig (1987) and Krall and Edwards 
(1992) as: (Fm′–F)/Fm′) ×  PAR ×  0.5 (fraction of excita-
tion energy distributed to PSII)  ×  0.84 (leaf absorbance 
coefficient). Hereby, F describes the (nearly) steady state 
fluorescence signal of an illuminated leaf, assessed imme-
diately prior to the application of a saturation pulse. Non-
photochemical quenching (NPQ) which indicates the heat 
dissipation of excitation energy in the antenna system was 
calculated as: (Fm − Fm′)/Fm′. For each image captured by 
the CCD camera four areas of interest were selected and 
averaged.

Biochemical indicators

Proline concentration

Proline concentration in the samples was determined col-
orimetrically according to the method described by Bates 
et al. (1973) and Dolatabadian et al. (2008), slightly modi-
fied by us. Briefly, 3 ml sulfosalicylic acid (3 % w/v) was 
added to 0.1 g dried and ground leaf material, and the mix-
ture was homogenized and centrifuged at 4,000  rpm for 
15 min (Varifuge 3.0R, Heraeus Sepatech GmbH, Hanau, 
Germany). Next, 0.2 ml of the supernatant were added to 
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1.8 ml sulfosalicylic acid, 2 ml glacial acetic acid and 2 ml 
ninhydrine acid and incubated in a hot water bath (100 °C) 
for 1 h. After cooling to 20 °C, 4 ml toluene was added and 
mixed. The absorbance of the supernatant was measured at 
520 nm with a UV-spectrophotometer (Lambda 35 UV/VIS 
Spectrophotometer, PerkinElmer, Waltham, USA). Proline 
concentrations were calculated from a standard curve.

Chlorophyll concentration

Chlorophyll concentration was determined colorimetri-
cally after methanolic extraction, according to the method 
as described elsewhere (Holden 1976; Strobl and Türk 
1990). For the extraction 5  ml methanol was added to 
0.05 g dry and ground leaf material, mixed and centrifuged 
at 4,000  rpm for 15  min (Varifuge 3.0R, Heraeus Sepat-
ech GmbH, Hanau, Germany). The supernatant was then 
decanted into 50 ml flasks. The pellet was extracted three 
more times until the extract was colourless. The collected 
supernatants were filled up with methanol to a defined 
volume (50  ml). Thereafter the absorbencies (A) were 
measured with a UV/VIS spectrophotometer (Lambda 35, 
Perkin-Elmer, Waltham, USA) at 650 nm and 665 nm. The 
following equations were used to calculate the concentra-
tions of chlorophyll a (Chl a), chlorophyll b (Chl b) and 
total chlorophyll (Chl a + b):

Statistics

Statistical analyses were performed by one-way analysis 
of variance (Anova, P  ≤  0.05) using SPSS statistic soft-
ware (PASW statistics version 20.0, SPSS Inc., Chicago, 
USA). As PostHoc analysis, Duncan´s multiple range test 
(P ≤  0.05) was used to determine differences among the 
four treatments. The impact of light quality and water sup-
ply as well as the interaction between the two factors was 
determined by a two-factor analysis of variance (P ≤ 0.05).

Results

Growth parameters

Light quality significantly affected stem length from 63 das 
until the end of the experiment. Thus, differences in stem 

Chl a = [(16.5 × A665) − (8.3 × A650)]

× Vol / DM of sample material

Chl b = [(33.8 × A650)−(12.5 × A665)]

× Vol / DM of sample material

Chl a + b = [(25.5 × A650) + (4 × A665)]

× Vol / DM of sample material

length between the control plants (CFL_c, LED_c) were 
evident during the regeneration period (59–67 das), and 
became progressively bigger in the course of the experi-
ment (Fig. 2), with highest values for CFL_c plants. This 
trend was confirmed by the FM and DM of the stems 
(Table S1). These parameters were also affected by light 
quality, with pronounced stem growth in plants cultivated 
under CFL. Water availability significantly affected stem 
length after 57 das. Drought stress limited plant elonga-
tion (Fig. 2), stem FM and stem DM (Table S1) in plants 
of both light treatments; nevertheless the effect was more 
pronounced in plants grown under CFL, as also indicated 
by the statistical interaction of light quality and water avail-
ability at the end of the experiment.

While leaf area was not significantly influenced by light 
quality (Table 1), drought stress limited expansion of leaf 
area similarly in plants of both light treatments. However, 
light quality had a significant impact on leaf DM, whereas 
the drought-induced limitation of leaf FM and DM for-
mation was more pronounced under CFL. In addition, the 
percent dry matter, indicated by (DM × 100)/FM (Table 1) 
and the ratio leaf DM/stem DM (Table S1), were also influ-
enced by light quality (P ≤ 0.02).

Biochemical indicators

Water deficit induced the synthesis and accumulation of 
proline in plants grown under CFL and LEDs as shown 
at the end of the water deficit periods. Thereby, drought-
exposed plants grown under CFL had significantly higher 
proline concentration than those grown under LEDs 
(Fig.  3), although the statistics didn´t show a significant 
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impact of light quality. During recovery, proline content 
decreased to that found in controls.

Light quality (CFL, LED) did not affect the total chlo-
rophyll contents. In contrast, a significant impact of water 

supply was determined after rewatering (66 das), showing 
significantly lower contents of Chl a + b in plants of the 
water deficit treatments (Table  2). Light quality signifi-
cantly changed the Chl a/Chl b ratio, that was higher in 
plants cultivated under the LED light.

Stomatal conductance (Gs) and maximal photochemical 
efficiency (Fv/Fm)

Five days after assignment to the lighting systems (CFL or 
LED) plants grown under CFL had significantly lower Gs 
than plants cultivated under the LEDs (Fig. 4). At this point 
Gs were significantly affected by the different light treat-
ments (P ≤ 0.01). Exposure to water deficit decreased Gs 
in plants of both light treatments at 57 das; from this time 
until the end of the experiment the previously determined 
difference between plants of the two control treatments 
(CFL_c, LED_c) could not be observed anymore. Dur-
ing rewatering, plants previously exposed to water deficit 
(CFL_wd, LED_wd) reached the same stomatal conduct-
ance as the respective control groups. In the second drought 
cycle Gs decreased stronger in plants grown under CFL. 
While during the first drought cycle only water supply 
affected Gs, during the second drought cycle light quality 
(p ≤  0.05) and water supply (P ≤  0.01) affected the sto-
matal conductance. An interaction of both factors was not 
observed.

Table 1   Influence of light quality (CFL, LED) and water supply (c control, wd water deficit) on growth parameters of pepper plants after the 1st 
drought period (59 das), after regeneration (66 das) and at the end of the 2nd drought period (73 das)

Mean ± SE (n ≥ 8) followed by the same letters do not differ significantly according to the Duncan test (P ≤ 0.05)

Treatment 59 Das 66 Das 73 Das

Total leaf area  
(cm2)

(plant DM × 100)/
plant FM

Total leaf area  
(cm2)

(plant DM × 100)/
plant FM

Total leaf area  
(cm2)

(plant DM × 100)/
plant FM

CFL_c 402.8 ± 26.7b 8.52 ± 0.14a 569.8 ± 11.0b 8.66 ± 0.21b 665.1 ± 8.70b 8.46 ± 0.10a

CFL_wd 277.1 ± 9.5a 12.93 ± 0.70c 489.9 ± 20.7a 8.32 ± 0.13a,b 352.3 ± 17.2a 16.05 ± 1.01c

LED_c 402.5 ± 19.0b 8.22 ± 0.07a 543.1 ± 10.3b 8.06 ± 0.18a 625.1 ± 25.0b 7.82 ± 0.07a

LED_wd 302.2 ± 7.5a 10.69 ± 0.32b 466.0 ± 13.0a 8.04 ± 0.19a 388.0 ± 28.2a 12.73 ± 1.27b
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Table 2   Influence of light quality (CFL, LED) and water supply (c control, wd water deficit) on the concentration of Chl a + b, and the Chl a/
Chl b ratio at the end of the 1st drought period (59 das), regeneration (66 das), and the 2nd drought period (73 das)

Mean ± SE (n ≥ 8) followed by the same letters do not differ significantly according to the Duncan test (P ≤ 0.05)

n.s. no significant differences according to ANOVA (P ≤ 0.05)

Treatment 59 Das 66 Das 73 Das

Chl a + b (mg g DM−1) Chl a/Chl b Chl a + b (mg g DM−1) Chl a/Chl b Chl a + b (mg g DM−1) Chl a/Chl b

CFL_c 19.88 ± 0.58 n.s. 3.07 ± 0.02a 21.47 ± 0.38c 3.03 ± 0.03a 20.90 ± 0.44 n.s. 3.06 ± 0.02 n.s.

CFL_wd 20.06 ± 0.22 3.05 ± 0.03a 20.08 ± 0.34a,b 3.02 ± 0.03a 20.47 ± 0.43 3.07 ± 0.02

LED_c 20.34 ± 0.57 3.13 ± 0.02b 20.72 ± 0.38b,c 3.16 ± 0.04b 20.46 ± 0.38 3.14 ± 0.03

LED_wd 20.23 ± 0.41 3.17 ± 0.02b 19.15 ± 0.54a 3.20 ± 0.04b 20.21 ± 0.40 3.15 ± 0.04
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The maximum photochemical efficiency, Fv/Fm, was not 
affected by light quality whereas water deficit significantly 
lowered Fv/Fm in plants of both light treatments (Fig.  4). 
At the end of the first drought period plants grown under 
LEDs were more affected by water deficit. In contrast, 
plants grown under fluorescence lamps showed a stronger 
decrease in Fv/Fm during the second drought cycle.

Electron transport rate (ETR) and non‑photochemical 
quenching (NPQ)

After 1 week of acclimation (52 das) a significant impact of 
light treatments on ETR induction was evident (Fig. 5). At 
the start and end of the time-resolved measurements, ETR 
values were similar; however, the light treatments induced 
distinct curve patterns. In particular, plants grown under 
LEDs had significantly lower ETR from 100 to 180 s after 
kinetic induction. Five days after the first drought stress 
induction (57 das) ETR in the timeframe of 200–320  s 
was strongly impaired in plants that were cultivated under 
the CFL. At this point, ETR was significantly affected by 
light quality and water availability, although an interaction 
was not observed. Rewatering of plants (63 das) raised the 
ETR in plants that had been exposed to the stress, irrespec-
tive of light treatments. At the end of the second drought 
stress period (72 das) ETR was significantly lower in water 
deficit plants whereby plants grown under CFL were more 
affected. Here, ETR was affected by light quality and water 
availability and also an interaction of both factors was 
observed shortly after the first illumination.

Similarly, the non-photochemical quenching, NPQ, 
revealed a significant impact of light quality before 
induction of water deficit (Fig.  6, 52 das) and during the 

first drought cycle. As shown in the kinetic curves, NPQ 
reached its maximum earlier in plants grown under CFL as 
compared to plants grown under LEDs. However, 57 das 
drought-exposed plants had a stronger increase of NPQ as 
compared to the well-watered plants (160–320 s), particu-
larly for those grown under CFL. An interaction of light 
quality and water availability could not be observed at 57 
das. During rewatering (63 das) NPQ of drought-stressed 
plants approached the level of the respective control plants. 
However, the higher values at 80–100 s in CFL_wd plants 
indicate that a complete recovery was not reached and also 
the statistics showed a significant impact of light quality 
and water availability. At the end of the second drought 
stress period, NPQ increased similarly in water deficit 
plants of both light treatments. Although the statistics no 
longer indicate an effect of light quality on thermal energy 
dissipation, it is conspicuous that NPQ was higher in plants 
grown under the CFL.

Discussion

In this paper we aimed to exploit the impact of light qual-
ity, provided either by compact fluorescent lamps or light 
emitting diodes, on the response of pepper plants to water 
deficit. In this context, we hypothesized that specific light-
mediated acclimations at plant and leaf levels decrease the 
vulnerability of pepper plants to drought.

Contribution of growth parameters

Water loss of plants to the environment strongly depends 
on their biomass and the transpiring surface area, the later 
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influencing the response of plants to a temporary water 
deficit. As we show here, the overall plant growth (stem 
length, FM, DM) was constrained in plants cultivated 
under the LED illumination, whereas the leaf/stem DM 
ratio increased, both typical adaptations to a blue enriched 
light spectrum (Brown et  al.1995; Schuerger et  al. 1997). 
Contrary to our expectations, light quality had no impact 
on total leaf area, which otherwise might have had a 
strong impact on transpiration. However, similar results 
were found by Xiaoying et al. (2012) who investigated the 
impact of different LED irradiations on growth characteris-
tics of cherry tomato plants. Although we assume that the 
described modifications in plant growth influenced the sus-
ceptibility to drought, their real contribution cannot be esti-
mated properly. By considering the parameters of total leaf 
area (Table 1), plant height (Fig. 2) and total plant FM and 

DM (Fig. S1), we note that there was no significant differ-
ence between control plants (CFL_c and LED_c) and water 
deficit plants (CFL_wd and LED_wd). Significant differ-
ences became apparent only during the regeneration and 
the second drought cycle.

Contribution of physiological acclimations

Light quality mediates stomatal aperture and thus affects 
transpiration rate. In particular, stomatal movements are 
strongly regulated by blue/UV-A light absorbing photo-
tropins and cryptochromes (Chen et al. 2012). During the 
period of light acclimation (Fig. 4), a higher amount of blue 
light in the LED spectrum significantly triggered stoma-
tal opening and the statistics also confirmed the impact of 
light quality during the second drought cycle. Nevertheless, 
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in the course of the experiment Gs of plants grown under 
LEDs approached the values measured in plants grown 
under CFL. Thus, besides the photosynthetic relevance 
of stomatal conductance, as it regulates transpiration and 
affects gas exchange, other processes must have signifi-
cantly influenced the photosynthetic performance. Working 
with osmotic stress, Savvides et al. (2012) report a stronger 
decrease of net photosynthesis in plants grown under mon-
ochromatic red light than in a blue light containing light 
spectrum, although stomatal conductance was not affected.

The degree to which plants are affected by environmental 
stresses strongly depends on their acclimation and recov-
ery potentials, which are both influenced by the growth 
conditions (Ziska et  al. 1992). Due to specific changes 
in the composition (e.g., increased Chl a/Chl b ratio) and 
structure of chloroplasts, it is assumed that plants grown 
under high light or blue light have a larger acclimation 

potential, enhancing their tolerance against various stresses 
(Lichtenthaler 1996). The increase in the Chl a/Chl b ratio 
is characteristic for sun-type chloroplasts that possess more 
electron transport chains on chlorophyll basis (Buschmann 
et  al. 1978; Lichtenthaler 1984). As expected, the higher 
amount of blue light in the LED spectrum enhanced the Chl 
a/Chl b ratio, improving the photosynthetic performance 
during drought. Moreover, the relative amounts of PSII and 
PSI might have been changed, affecting the photosynthetic 
performance (Chow et al. 1990). In general terms, optimiza-
tion of electron transport in the thylakoid membrane might 
be reached by adjustment of PSII/PSI stoichiometry to the 
prevailing light conditions through changes in the relative 
amounts of photosystems, as well as through accumula-
tion of Chl a and/or Chl b (Anderson et  al. 1995; Dietzel 
et al. 2008). In our study, Fv/Fm and the steady state values 
of ETR and NPQ were not affected by the different light 
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treatments. Similarly, measurements of CO2 exchange con-
firmed these trends (data not shown). Although light curves 
would have provided precise information on the full photo-
synthetic potential (Ralph and Gademann 2005), our main 
objective was to analyze the photosynthetic performance 
of our experimental plants under similar light intensities as 
those used for cultivation. The kinetic curves of ETR and 
NPQ do reveal pronounced differences between the experi-
mental groups. The faster induction of NPQ observed in 
CFL-grown plants (Fig.  6) may indicate a higher demand 
for energy dissipation shortly after first illumination. These 
plants were more affected by water deficits with more 
decreased ETR (Fig.  5) and increased NPQ (Fig.  6) than 
those grown under LEDs. This suggests a large imbalance 
between energy harvesting and the capacity for photosyn-
thetic energy utilization in drought-stressed plants grown 
under CFL. A faster increase of ETR demonstrates that the 
photosynthetic induction is faster, indicating that the rate to 
which electrons are transported away from PSII, a process 
associated with stomatal opening and light-induced acti-
vation of enzymes, reaches the steady state more quickly 
(Maxwell and Johnson 2000). Analogous to that, a faster 
decrease of NPQ indicates that light use becomes more effi-
cient as less energy is converted into heat and is therefore 
potentially available for the photochemical process. In this 
context, long-term dark relaxation curves might provide 
additional information on the different factors (high energy 
quenching, state transition and photoinhibition) that contrib-
uted to NPQ and should be considered for further exami-
nation (Quick and Stitt 1989; Walters and Horton 1991). 
In the course of the experiment, ETR and NPQ proved to 
be more sensitive to water deficit than Fv/Fm. Amongst oth-
ers, Chaves (1991), Epron and Dreyer (1991) and Havaux 
(1992) highlighted that even a strong desiccation had only 
a marginal effect on Fv/Fm, demonstrating a remarkable 
resistance of the photosynthetic apparatus to dehydration. 
In contrast to that, Flexas et al. (1999) confirmed that ETR 
depends significantly on soil–water availability. Discrepan-
cies among the cited studies might be related to the different 
plant species, the nature of dehydration and the measuring 
conditions. Finally, we conclude that differences in light 
spectral composition, particularly the amount of blue light, 
caused structural and functional acclimations at plant, leaf 
and cellular levels. While the morphological acclimations 
contributed to different water requirements, the photosyn-
thetic acclimations, which were affected by the composi-
tion of chloroplasts, reduced the susceptibility to short-term 
water deficit. In contrast, stomatal conductance only had 
minor effects. Additional, species-specific research on the 
impact of light compositions on plant growth, stomatal 
behavior and photosynthesis might contribute for higher 
efficiency of plant production under greenhouse conditions 
and plant factories.
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