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Abstract: High-pressure sodium (HPS) lighting is increasingly replaced by LED lighting in lettuce
greenhouse cultivation. In contrast to HPS lighting, LEDs do not heat radiation. Therefore, the leaf
temperature is significantly lower under LEDs. This raises the question of whether LED lighting has
a positive impact on the reduction in water consumption during lettuce production. In this paper,
we investigated this question and found that the water consumption of lettuce produced under
LEDs was significantly lower (−15%) than under HPS without loss of yield. We also found that
supplementary lighting increases the concentrations of caffeoylquinic acid, dicaffeoyltartaric acid,
dicaffeoylquinic acid and that of the total phenolic compounds in lettuce leaves by 61%, 39%, 163%
and 38%, respectively. Only the LED fixture was also efficient enough to increase the concentration
of caffeoyltartaric acid (+24%). Most of the phenolic compounds showed a very strong positive
correlation with the chlorophyll concentration in lettuce, which predominated in the leaves exposed
to the LED lighting. Based on these facts, we conclude that by optimizing the light composition, more
sustainable plant production, higher concentrations of chlorophyll and some phenolic compounds
are possible.

Keywords: LED lighting; lettuce; supplementary lighting; continuous PAR spectrum; phenolic acids;
flavonoids; chlorophyll; water use efficiency

1. Introduction

Lettuce plants are produced during winter seasons in greenhouses and in indoor
farming without natural light all year round. This is only possible through the use of
supplementary light, where carbon arc lamps were one of the first assimilation lights
developed and used at the end of the 19th century [1]. These have a bluish light spectrum
but also emit UV radiation. These type of lamps were supplemented by incandescent
filament lamps and by the first low-pressure discharge lamps at the beginning of the 20th
century [1]. Since the 1960s, HPS lamps were the number one supplementary lighting in
greenhouses due to their low acquisition costs [2], although HPS lamps emit a lot of heat
and should, therefore, not be placed too close to plants to avoid plant damage. In addition
to HPS lamps, other lamps such as fluorescent and metal halide lamps emitting white
broad light are also used as supplementary lighting to cultivate plants [1]. However, light
emitting diodes (LEDs) have become more and more important in recent years, because
they are more energy efficient and emit less heat radiation towards the plants, which means
they can be brought closer to the plants compare to HPS lighting [3]. While HPS lighting
primarily emits yellow and orange, but only a slightly bluish light (~5%) [4], LED lighting
can be constructed to match the photosynthesis action spectrum of a leaf [5], for instance
the action spectrum of lettuce leaves according to McCree [6]. In the past, many groups
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have shown that lettuce growth under LED lighting is equal or better than growth under
HPS, which is well summarized by Bantis, et al. [7].

In contrast to LEDs, HPS lightings also emit a substantial amount of heat radiation.
This part of the spectrum is absorbed by water in the leaves. As a consequence, the leaf
temperature of plants grown under HPS lighting is typically two to three degrees Celsius
warmer than under LED lighting [8]. At low and moderate air temperature, an increase
in leaf temperature is welcomed by horticulturists because it accelerates photosynthesis.
However, higher leaf temperatures also increase stomatal conductance and, consequently,
water evaporation through the leaves. One can, therefore, assume that lettuce produced
under HPS requires more water than under LEDs. The high water consumption in vegetable
production recently gained more attention because of water shortages due to increasing
temperatures [9]. A better water use efficiency is also one of the central arguments of
advocates of vertical farming and hydroponic systems [10]. However, at the moment there
is only indirect evidence that plants growing under LEDs consume less water [11,12].

Based on these data, we postulate that lettuce grown under LEDs ought to consume
less water and energy but produce a higher or equal yield compared to HPS lighting. To
confirm these assumptions, we determined the water and energy consumption and the
water use efficiency, among other things, and compared them with each other depending
on the light source. In this study, we tested the absorption spectrum caused by a new LED
fixture that we developed recently [13]. The emission spectrum of this LED fixture meets the
wavelengths from 400 to 750 nm and in certain wavelengths approximates the absorption
spectrum of chlorophylls and other photosynthetic pigments in lettuce leaves. This fixture
was used to grow lettuce plants in a greenhouse and compare lettuce head diameter
and fresh weight, number of leaves dry matter, as well as chlorophyll concentrations to
plants grown under HPS lighting supplemented to the natural light. We assume that the
chlorophyll concentration can be increased when the light composition caused by LEDs
is optimized. We monitored also the levels of phenolic acids and flavonoids since these
are common indicators of plant stress [14]. Lettuce is no exception. Heat and cold stress,
high light intensities and lack of water increase the content of phenols, while low light
conditions reduce it [15,16]. One of the most prominent group of phenolic compounds in
lettuce is caffeic acid and its derivatives [17]. Previous studies indicate that the content of
individual caffeic acid derivatives increase if nitrogen access is limited [18] and when CO2
levels increase [19]. Furthermore, we correlated the concentrations of chlorophyll with that
of phenolic compounds to answer the question of why the phenols change.

2. Materials and Methods
2.1. Overhead-Lighting

The chlorophyll absorption spectrum of acetone extracts (n = 4) were measured as
described previously [20]. Twelve ml of acetone (100%) were added to an aliquot of 0.5 g
fresh lettuce material. Afterwards, it was firstly homogenized (Ultra-Turrax T 25, Jahnke &
Kunkel, IKA-Labortechnik; Staufen, Germany) for 1 min at 14,000 rpm and then centrifuged
for 15 min (5000 rpm), where this procedure was performed twice. The supernatants were
given in a 25 mL volumetric flask and filled up with acetone (100%) to a maximum of 25 mL.
The sample extractions were measured from 300 nm to 100 nm with a spectrophotometer
(Model 690, Gamma Analysen Technik GmbH; Bremerhaven, Germany) and the absorption
spectrum can be seen in Figure 1. Based on these results, an LED fixture with an emission
spectrum that matches partially the wavelength range of the photosynthetic active radiation
(PAR) and, in certain parts, approximates the absorptions spectrum of chlorophylls and
other photosynthetic pigments in lettuce leaves was designed (Figure 1). The LED fixture
was manufactured with 14 LEDs (Roschwege GmbH, Greifenstein, Germany), which were
combined with zoom lenses (B & M Optics GmBH, Limburg, Germany). These have
a radiation angle of 60◦. The LED fixture caused an average photobiological photon
flux density (PBFD, measured from 350 to 800 nm) of 55 µmol m−2 s−1 at a distance of
1.8 m between the installed lamp and the cultivation table. In detail, the LED fixture was
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manufactured with three warm white (3000 K) and three cool white LEDs (6000 K), two
blue LEDs and two red multichip LEDs (380–840 nm), two LEDs (630 nm), three LEDs
(660 nm) and one LED (720 nm). Each LED had an output of 10 W. The LED fixture was
designed as a box shape and had the following dimensions: length = 50 cm, width = 20 cm
and depth = 15 cm. This LED fixture was compared to a HPS lamp (SON-T Agro 400,
Koninklijke Philips N.V., Amsterdam, The Netherlands), which had an output of 400 W.
The emission spectrum of the HPS lamp is also given in Figure 1, and the light intensity in
the PBFD range of the HPS lighting was the same as mentioned for the LED fixture at a
distance of 1.8 m.
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extracted with acetone.

2.2. Experimental Set-Up

Before the multi-leaf lettuce (Lactuca sativa L., cv. Descates RZ) (Rijk Zwaan, De Lier,
The Netherlands) were transferred into a 75 m2 cabin of a research Venlo-type greenhouse at
Humboldt-Universität zu Berlin, the seeds were germinated in perlite (Perligran premium,
Knauf Aquapanel GmbH, Dortmund, Germany) as substrate in a separate propagation
cabin in the same greenhouse (15 February 2019). After germination, the seedlings were
transferred to pots (d = 13 cm, v = 1 L). These were filled with a horticultural substrate
(substrate 1, Klasmann-Deilmann GmbH, Geeste, Germany). The lettuce plants were grown
in the propagation cabin and were exposed to the same growing conditions. The daytime
target temperature was 19 ◦C and the night-time target temperature was set at 17 ◦C. A
relative humidity of 60% was maintained with a fogging system, and HPS lamps were
used as an additional light system which was switched on for 15 h from 6 a.m. to 9 p.m.
The plants remained in this propagation cabin until they formed four true leaves. This
plant stage was the starting point for the lightning experiments referred to as planting
(10 March 2019). As such, the potted lettuce plants were transferred into a 75 m2 compart-
ment and placed on cultivation tables.

The experiments consisted of three treatments: natural light as control, natural light
plus HPS and natural light plus LEDs. Each light treatment was replicated three times.
Each plot had the size of 1 m2 on which 16 lettuce plants were placed. The individual plots
were each 3 m apart. The temperature set-points were the same as mentioned above. To
avoid plant damages, the ventilation was opened when the temperature increased above
23 ◦C. CO2 was not enriched. During the experiment, the temperature was never below
17 ◦C. A maximum daytime temperature of 27 ◦C was reached in April. The energy screen
was used as a standard to save energy, which was closed if the global radiation was below
2 W/m2. The plants were fertilized as needed. The substrate moisture was measured with
an analogue tensiometer (Tensiometer, Step Systems GmbH, Nürnberg, Germany). The
suction tension was set to 120 hPa. If this was exceeded in the substrate, the substrates
within the pots were fertilized to their field capacity. The nutrient solution was mixed
according to the protocol of Göhler and Molitor [21] and contained 540 mg/L Ca(NO3)2,
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850 mg/L KNO3, 128 mg/L MgSO4, 180 mg KH2PO4 and 60 mg/L Fe-Chelate (Fetrilon
Combi 1, Compo Expert, Münster). Supplementary LED and HPS lighting were switched
on every day between 6 a.m. and 9 p.m.

2.3. Energy and Water Consumption

The energy consumption caused by the LED fixture and the HPS lamp was measured
with a power consumption meter (VOLTCRAFT RT-110, Conrad Electronic SE, Hirschau,
Germany). The energy consumption was measured over the entire experimental period
and is expressed as kJ for the energy consumption per hour or MJ for the total energy
consumption regarding one LED fixture or one HPS lighting switched on for 49 days.

As described above, if a suction tension of 120 hPa in the substrate was exceeded, the
substrates within the pots were fertilized to their field capacity. The amount of nutrient
solution needed to reach this substrate state was recorded and summed up weekly to
obtain the water consumption per lettuce plant depending on different light treatments.
The water consumption is expressed as mL/plant. After harvest, water use efficiency
(WUE) was determined as the ratio between plant fresh weight and the volume of total
water consumption. The results are expressed as g fresh weight (FW)/L H2O.

2.4. Assessment of Plant Growth Characteristics

The lettuce head diameter of 30 plants per light treatment (10 per plot) was measured
weekly. The diameter of the lettuce head was obtained from the average of two measure-
ments using a folding ruler, where the cardinal direction was used as orientation for the
measurements. After 49 days, eight plants per plot were randomly selected and harvested
to determine leaf number and fresh weight. Only wilted or damaged leaves were removed.
All other leaves longer than 1 cm were counted. Afterwards, the leaves from each lettuce
head were dried in a ventilated oven at 105 ◦C for one day. The dry matter content was
calculated by the ratio of dry mass to the fresh mass and is expressed in percentages.

2.5. Optical Readings of Chlorophyll

The chlorophyll content in lettuce leaves was non-destructively measured using a
SPAD-502 plus chlorophyll meter (Minolta Camera Co., Ltd., Osaka, Japan). This device
represents a value, which is proportional to the concentration of chlorophyll in the leaf.
The description of this unit states that this value is calculated from the absorbance of a leaf
measured in the red and near-infrared wavelengths. Readings were taken on young leaves
(n = 30) from 10 plants per plot. SPAD values were recorded starting from 7 days after
planting for 5 weeks.

2.6. Chemical Analysis

49 days after planting, four plants from each plot exposed to the respective light
treatment were merged to one sample to obtain three samples per light treatment in total,
which were used for further analysis after they were freeze-dried (Christ Alpha 1–4, Christ,
Osterrode, Germany) for 5 days. Afterwards, the samples were ground to a fine powder
(MM 30, Retsch GmbH, Haan, Germany).

The extraction and determination of secondary metabolites in lettuce were performed
according to the method described by Förster, et al. [22]. In this context, phenolic acids and
flavonoids in lettuce were analyzed using HPLC (Dionex UltiMate 3000 with DAD detector,
Thermo Fisher Scientific, Waltham, MA, USA), which was equipped with a 150 × 2.1 mm
column (AcclaimPA, 3 µm, Thermo Scientific). Commercial standards of single compounds
were used as references. To correct the absorption differences between the internal standard
4-methoxycinnamic acid (1 mM, Sigma-Aldrich, Taufkirchen, Germany; RF = 1) and the
detected phenolic acids and flavonoids, the following determined response factors (RF)
were used: RF = 1.42 for caffeoyltartaric acid (Sigma-Aldrich) and dicaffeoyltartaric acid
(Sigma-Aldrich), RF = 1.58 for caffeoylquinic acid (Sigma-Aldrich) and dicaffeoylquinic acid
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(Sigma-Aldrich), RF = 2.16 for caffeoylmalic acid (PhytoLab GmbH & Co. KG, Vestenbergs-
greuth, Germany), and RF = 2.15 for quercetin-3-O-(6”-malonylglucoside) (Sigma-Aldrich).

2.7. Data Analysis

The effects of different light treatments on plant growth characteristics, as well as
on primary and secondary metabolites in lettuce plants, were evaluated using analyses
of variance (ANNOVA) with SPSS, package version 26.0. The normal distribution of the
data was proved using the Kolmogorov-Smirnov test, where the results obtained did not
oppose the evaluation by factorial ANNOVA. Significant differences were calculated using
Tukey tests at a significance level of p < 0.05. Different small letters indicate significant
differences. The standard deviation is illustrated by “±” in tables or by bars in figures.
Furthermore, the Pearson correlation coefficient (r) was calculated to measure the linear
correlation between chlorophyll and phenolic compounds at a significance level of p < 0.05.
All measured chlorophyll and phenol concentrations were taken into account as a function
of all light treatments.

3. Results
3.1. Energy and Water Savings

Under the growing conditions for the multi-leaf lettuce (Lactuca sativa L., cv. Descates
RZ), the energy consumption per hour of one HPS lighting was 1558.08 kJ, whereas one
LED fixture consumed 378.36 kJ during the same time (Table 1). Although the LED
fixture consumed less energy, the PBFD measured in a distance of 1.8 m was the same
(55 µmoL m−2 s−1). This is mainly based on the fact that LEDs are better at converting
electrical power to photosynthetic light [23]. Taking into account an experimental period
of 49 days and a light application duration of 15 h per day, the total energy consumption
of the HPS lighting was 1145.19 MJ, and that of the LED fixture was 278.10 MJ (Table 1).
From this it can be calculated that the energy saving with the new LED fixture was almost
76% compared to HPS lighting. Similar results were found when the HPS lighting was
compared with the LED intracanopy lighting towers to grow tomatoes [24] or by Katzin,
et al. [25], who calculated energy savings of up to 60% for tomato production in greenhouses
located in The Netherlands by transitioning from HPS lighting to LED lighting. In all cases,
including the present study, it must be mentioned that LEDs emit less heat than HPS lamps,
which must be compensated by the greenhouse heating system. Taking this into account,
the energy savings of LEDs can be as low as 10 to 25% [25].

Table 1. Energy and water savings considering a trial period of 49 days.

Parameters HPS Lighting LED Fixture

Number of lamps 1 1
Number of plants 16 16
Application time per day (h) 15 15
Total hours of application (h) 735 735
Energy consumption per hour (kJ) 1558.08 378.36
Total energy consumption (MJ) 1145.19 278.10
* Energy saving in comparison to HPS
lighting (%) 75.72

** Water saving in comparison to HPS
lighting (%) 15.27

* The energy savings are calculated in a direct comparison of one LED fixture to one HPS lighting. ** Water
savings are based on the mean water consumption of 48 lettuce plants grown under LED and HPS lighting.

After just 7 days after planting (DAP), lettuce plants exposed to HPS lighting con-
sumed significantly more water (70%) than plants grown under the LED fixture or under
the control (Figure 2). At the same assessment date, no differences existed between plants
grown under control conditions and LED lighting. These findings were maintained until
21 DAP. From day 21 to day 49 after planting, water consumption of plants grown under
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supplementary lighting increased significantly compared to the control plants. At the end
of the experiment, the significantly highest cumulative water consumption was under HPS
lighting (3099 mL/plant), which was significantly higher than that of plants produced un-
der the LED fixture (2626 mL/plant) (Figure 2). The lowest cumulative water consumption
was caused by natural lighting under greenhouse conditions (2293 mL/plant).
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Figure 2. Effects of supplementary lighting on cumulative water consumption of lettuce plants.
The data represents means of 48 plants per light treatment (n = 48). Different small letters indicate
significant differences calculated using Tukey tests at a significant level of p < 0.05.

It has been calculated that the water consumption per lettuce plant can be reduced by
15.27% when switching from HPS lighting to LED lighting (Table 1). The WUE caused by
the LEDs was at the same level as the control without additional lighting (Table 2). This
worsened significantly only with the HPS lighting. Improved WUE with LEDs was also
found in some other studies, but these did not compare LED with HPS lighting [11,12]. Our
plant responses are most probably based on this fact that HPS lamps emit more heat than
the new LED fixture, which can increase the soil and leaf temperature up to 1.5 ◦C, and as
a consequence, the evapotranspiration rate [13,26]. To the best of our knowledge, there are
no further comparable studies comparing the water consumption of plants depending on
LEDs and HPS lamps.

Table 2. Effects of different light treatments on plant characteristics of lettuce plants.

Plant Characteristics

Treatment
Number of

Leaves
(Leaves/Plant)

Fresh Weight
(g/Plant)

Dry Matter
(%)

WUE
(g FW/L H2O)

Control 161.25 ± 7.76 a 131.20 ± 7.08 a 4.78 ± 0.12 a 57.36 ± 1.31 a
HPS 250.42 ± 28.68 b 154.23 ± 12.37 b 5.30 ± 0.48 b 49.63 ± 3.32 b
LEDs 253.50 ± 17.24 b 160.02 ± 5.52 b 5.36 ± 0.17 b 60.83 ± 1.23 a

The data represents mean values of 24 plants per light treatment (n = 24). Different small letters suggest significant
differences calculated using Tukey tests proceeded at a significant level of p < 0.05. “±” represent the standard deviation.

3.2. Plant Growth and Yield

The lettuce head diameter of plants exposed to both additional light treatments were
significantly larger compared to the control plants at the end of the experiment (Figure 3).
A maximum difference between control and light-exposed plants of 2.1 cm was measured.
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Apart from these significant differences, no other differences were found. Regardless of
whether HPS lighting or our new LED fixture combined with natural light were used, there
was no difference in the number of leaves, fresh weight and dry matter (Table 2). Ouzounis,
Razi Parjikolaei, Fretté, Rosenqvist and Ottosen [26] had similar results and found that the
total fresh weight and dry mater of green lettuce cannot be positively affected by natural
light supplemented with blue light instead of HPS lighting. These results are in contrast to
those of other studies. Wojciechowska, et al. [27], for instance, found that a combination of
red (90%) and blue (10%) light as a supplement to solar radiation caused higher yields in
terms of lamb’s lettuce as plants grown under HPS lighting when the same light intensity
was applied. It might be possible that these plant responses were achieved because of
different lettuce cultivars or a higher light intensity (200 µmol m−2 s−1) of red and blue
wavelengths applied in comparison to our experiments (55 µmol m−2 s−1). It could also be
possible that the application period was too short, as longer tomato experiments with the
same experimental setup as described in our study resulted in a higher light use efficiency
and higher yields in favor of the LED treatment [13]. Other research groups added far-red
with an intensity of 52 µmol m−2 s−1 [28] or 26 µmol m−2 s−1 [29] to red-blue LEDs, which
increased the plant biomass production of lettuce. The far-red radiation caused by the
new LED fixture in the present study (4 µmol m−2 s−1) was not sufficient to achieve the
same effects.
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3.3. Phenolic Compounds and Chlorophyll Pigments

In almost all cases, supplementary lighting by 55 µmol m−2 s−1 increased the con-
centration of phenolic compounds in lettuce (Table 3). Compared to the natural light
treatment, LED and HPS lighting generally increased the concentration of caffeoylquinic
acid, dicaffeoyltartaric acid, dicaffeoylquinic acid and that of the total phenolic compounds
in lettuce leaves up to 61%, 39%, 163% and 38%, respectively. This could be the effect
of higher photosynthesis and mild light stress because both have a similar influence on
the accumulation of phenolic compounds [30]. Becker and Kläring [19], too, found that
increasing photosynthesis, however, through CO2 supplement results in an increase in
phenolic compounds in lettuce. In our experiment we see an increase in phenols that re-
sembles the effect observed by Pérez-López, Sgherri, Miranda-Apodaca, Micaelli, Lacuesta,
Mena-Petite, Quartacci and Muñoz-Rueda [30]. In this context, our data also indicates
that there is mostly a high correlation between the increase in chlorophyll and phenolic
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compounds (Table 4). Upregulation of chlorophyll under LED lighting seems to be driven
by the additional blue light [31]. Chen, et al. [32] also reported that a light supplement
with a higher proportion of blue and red light led to an accumulation of chlorophyll in
lettuce plants. These results can be confirmed by our results. On measurement days 14 to
35, the sequence of chlorophyll concentration was always the same: LEDs > HPS > control
(Figure 4). Ouzounis, Razi Parjikolaei, Fretté, Rosenqvist and Ottosen [26], however, found
that a higher proportion of blue light had no effect on the chlorophyll content in lettuce.
An upregulation of chlorophyll is associated with higher photosynthesis. We, therefore,
believe that the increase in phenolic compounds is a consequence of higher photosynthesis.
However, we cannot rule out that it is a result of light stress, albeit a mild one.

Table 3. Influence of different light treatments on phenolic compounds in lettuce plants.

Treatment

Phenolic Compounds Control
(µmol/g DW)

HPS
(µmol/g DW)

LEDs
(µmol/g DW)

Caffeoyltartaric acid 1.92 ± 0.04 a 2.09 ± 0.11 a 2.38 ± 0.13 b
Caffeoylquinic acid 1.14 ± 0.06 a 1.57 ± 0.16 b 1.84 ± 0.29 b
Caffeoylmalic acid 1.07 ± 0.19 a 1.06 ± 0.17 a 1.12 ± 0.05 a

Dicaffeoyltartaric acid 6.12 ± 0.32 a 8.26 ± 0.62 b 8.49 ± 0.63 b
Dicaffeoylquinic acid 0.08 ± 0.01 a 0.13 ± 0.03 ab 0.21 ± 0.11 b

Quercetin-3-O-(6”-malonylglucoside) 0.07 ± 0.01 a 0.06 ± 0.02 a 0.08 ± 0.02 a
Total phenolic compounds 10.42 ± 0.58 a 13.33 ± 0.77 b 14.41 ± 0.81 b

The data represents mean values of three samples per light treatment, each sample containing four plants (n = 3).
Different small letters indicate significant differences calculated using Tukey test at p < 0.05. “±” represent the
standard deviation.

Table 4. Correlations between chlorophyll and phenolic compounds in lettuce.

Phenolic Compounds Chlorophyll
(r)

Caffeoyltartaric acid 0.986 *
Caffeoylquinic acid 0.994 *
Caffeoylmalic acid 0.587

Dicaffeoyltartaric acid 0.914 *
Dicaffeoylquinic acid 0.989 *

Quercetin-3-O-(6”-malonylglucoside) 0.484
Total phenolic compounds 0.971 *

The Pearson correlation coefficient (r) was calculated from the mean values of chlorophyll and phenol data measured
on the last day of the experiment. Asterisks (*) indicate a significant correlation at a significance level of p < 0.05.

A direct comparison of specific phenolic compounds under HPS and LED lighting
shows that the levels are, except for caffeoyltartaric acid, the same (Table 3). This data
implies that plants under HPS and LED lighting experience the same—if any—level of
stress. Some species respond to high levels of blue light with an activation of phenylalanine
ammonia lyase, the enzyme that catalyzes the rate-limiting step in the biosynthesis of
caffeic acid. The same might be possible for lettuce exposed to our LED fixture, because a
significant increase in the concentration of caffeoyltartaric acid of 24% and 14% could be
achieved compared to the control plants and plants grown under HPS lighting, respectively
(Table 3). This was the only polyphenol that responded in this way. Ouzounis, Razi
Parjikolaei, Fretté, Rosenqvist and Ottosen [26], however, applied blue light directly to
lettuce and found no increase in caffeic acid derivatives. We, too, see no effects of the
additional blue light of the LED fixture on the most phenolic compounds. Interestingly, the
concentrations of caffeoylmalic acid and quercetin-3-O-(6”-malonylglucoside) were not
affected by supplementary lighting for which we have no explanation. To the best of our
knowledge, there are unfortunately no further studies to compare our results. Therefore,
the real reasons and significance of higher caffeoyltartaric acid levels under LED lighting
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and of unaffected phenolic compounds in lettuce plants exposed to supplementary lighting
remain to be established.
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4. Conclusions

It can be concluded that by choosing the right light composition, water consumption
can be reduced without loss of yield. Water savings of 15% were achieved by LED lighting
compared to HPS lighting. The energy savings caused by our LED fixture were as high as
expected (76%). Although the biomass could not be further increased by our LED treatment
compared to HPS lighting, our results clearly show that from a horticultural point of view,
the use of continuous PAR spectrum LEDs can be considered useful, as chlorophyll and
some phenolic compounds increase. The most common phenolic compounds showed a
very strong positive correlation with the chlorophyll concentration in lettuce. In this context,
it is well known that there is also a strong correlation between the formation of chlorophyll
and photosynthesis. Therefore, we assume that optimizing the light composition not
only increases the chlorophyll concentration and photosynthesis, but that more phenolic
compounds are synthesized as a result, since in primary metabolism a metabolic surplus of
carbon resources is made available for carbon-based phenolic compounds.

In further experiments, the new type of the LED fixture should also be used as sup-
plementary light for other crops, especially during shorter days in the winter months.
Furthermore, the question must be clarified as to why some phenolic compounds accu-
mulate differently than others. Therefore, the biosynthetic pathways should be examined
more closely. An economic consideration with regard to LEDs and HPS procurement and
their application over a longer period of time should also be taken into account.
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