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ABSTRACT

The experiment was carried out in the winter and autumn of 2011 using lamb’s lettuce (Valerianella locusta
Laterr. Em Betce) as a test plant under greenhouse growing conditions. The aim of the study was to evaluate
the effect of a prolonged day with modern SSL LED (Solid State Lighting Light Emitting Diodes) technology
on photosynthetic parameters and plant yield. Two kinds of LED lamps with different spectral properties were
used. The first emitted a white light and the second a mixture of red and blue light. Measurements of chlorophyll
fluorescence and gas exchange were taken in natural and artificial light. Control plants were not treated with
additional lighting. During the day with natural light in March (winter growing), photosynthesis intensity,
stomatal conductance and transpiration of lamb’s lettuce leaves were higher than in November (autumn
growing). In the evening hours of March and November, during artificial plant lighting, similar photosynthesis
intensity was observed. This intensity was significantly higher than in the afternoon hours (by natural light) in
the autumn. The highest content of chlorophyll a, b and carotenoids was found in the treatment with red+blue
LEDs in winter growing. Supplemental lighting with red+blue LED light stimulated the high efficiency of the
photosynthetic apparatus, which was manifested by the highest Performance Index (PI). The highest weight
of the rosettes was noted in the autumn growing period in plants that were under the influence of the red+blue
supplemental lighting followed by the white LED. This could be the result of a significant stimulation of
photosynthesis during supplemental lighting with the LED lamps during this period.
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INTRODUCTION LEDs, various applications in horticulture have

Studies on the application of light-emitting diodes already been discovered (Wright 2011). As a result

(LEDs) in plant culture systems have been conducted of the high costs of these systems, most studies
for over 20 years. Following the development  were connected with small-scale horticultural
of the technology of solid-state lighting using applications such as in vitro cultures (Kurlicik

*Corresponding author.
Tel.: +48 12 662 52 08;
e-mail: r.wojciechowska@ogr.ur.krakow.pl (R. Wojciechowska). V ER S | T/\



42

LED lighting and photosynthesis of lamb’s lettuce

et al. 2008), or in chamber conditions (Heo et al.
2002). According to Morrow (2008), light output
has increased while device costs have decreased,
so LED use for large-scale horticulture might be
economically feasible.

The question of whether LEDs could be
a good source of light for the cultivation of plants,
and for their intensive growing systems, is now
atopic ofhorticulture studies concerning commercial
production (Pinho et al. 2008, Hogewoning et
al. 2010, Wright 2011). In the Netherlands, an
experiment with a greenhouse-grown cucumber
was recently conducted using red and blue LEDs
and a canopy interlighting (Trouwborst et al. 2010).
The researchers investigated leaf photosynthetic
parameters, crop production and the development
of plants. The obtained results are very promising.
Additionally, in Poland a few studies have
been conducted on the application of LEDs in
supplemental radiation in greenhouse growing
(Treder et al. 2012).

From the physiological point of view, light
with emission peak ranges of 430, 640 nm
(maxima absorption for chlorophyll a), 450, 660
nm (maxima for chlorophyll b), and 440-480 nm
(for carotenoids) is the most efficient in enhancing
photosynthesis (Taiz and Zeiger 2011). Owing
to the unique capability of spectral composition
control, LED systems are very useful in a wide
range of plant physiology experiments. Blue and
red light LEDs have often proven useful for plant
growth (Lian et al. 2002, Kim et al. 2004). Research
concerning the influence of white LED light has
also been conducted (Wang et al. 2009).

According to specialists in other countries
(Morrrow 2008, Pinho et al. 2008) and in Poland
(Grzesiak et al. 2009), most modern SSL. LED
technologies can provide high light intensities
simultaneously with low radiant heat and optimal
spectral characteristics with regulation possibilities.
These parameters enable an improvement in the
photosynthetic efficiency of plants.

The aim of the presented study was the
comparison of the photosynthetic parameters of
lamb’s lettuce as an effect of supplemental lighting
with modern SSL LED technology. White and
red+blue light emitted by LED lamps, specially
constructed for greenhouse cultivation, were used
during two growing seasons.

MATERIAL AND METHODS

The experiment was conducted in a greenhouse
of the Faculty of Horticulture of the University

of Agriculture in Krakow. Seeds of the lamb’s
lettuce (Valerianella locusta Laterr. Em Betce)
‘Noordhollandse’ cultivar were sown into peat
substrate in 12 plastic trays with 24 cells twice,
on 20 January and 5 October 2011, for winter and
autumn growing, respectively. The composition of
peat substrate was as follows (in mg dm~): N— 117,
P—-94, K — 344, Ca — 1324, Mg — 34, pH = 6.5.
No additional soil mineral fertilisation was applied.
Ten days after sowing, the supplemental lighting
was implemented.

Two SSL LED (Solid State Lighting Light
Emitting Diodes) lamps were used in the
experiment. A detailed description of the system
has been published in Elektronika (Grzesiak et al.
2011). Its designers used the most modern SSL
LED technology in 2011 to provide extra light
in the greenhouse. The spectral properties of the
lamps coded with the symbols R/W and R/R+B are
presented in Figure 1. The ratio of red and blue in
R/R+B LED lamp was 1 : 0.8. The measurements
were taken at a distance of 40 cm under the lamp
(on the plant level when photosynthetic parameters
were measured). In both cases, photosynthetic
photon flux density (PPFD) was 100 pmol m™ s™.

The plants were lighted every day from 5 p.m.
till 10 p.m. until harvest which was conducted on
10 March and 6 December 2011, respectively. The
lamps were placed at a height of 50 cm, under the
containers. The mean temperature in winter growing
was 21°C, and in autumn 17°C. The relative air
humidity was about 65% in both growing seasons.
The control plants grew in the same greenhouse
conditions but without supplemental lighting. Each
of the three treatments (control and two LEDs)
consisted of 120 plants.

After a 30-day period of supplemental lighting,
measurements of gas exchange and chlorophyll
fluorescence were taken, together with leaf
samples of fully matured leaves from the middle
part of the rosette in order to analyse the content
of assimilatory pigments. These measurements
were done on 1 March and 14 November between
1 p.m. and 2 p.m. (under natural light) and at 8 p.m.
and 9 p.m. (under artificial light). During the day,
measurements of gas exchange were performed
with daylight intensity in the scope of PAR 180-
200 umol m? s in March and 100-120 pmol m= s™!
in November. Under the R/W lamp, which emitted
white light, photosynthetic photon flux density
(PPFD) during the period of measurement was 100
umol m s, just as under the R/R+B lamp, which
emitted rose-coloured light. Measurements were
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Figure 1. Spectral distribution of the LED lamps used in this study: R/W emitted white light and R/R+B emitted
red and blue light. This characteristic was measured at a distance of 40 cm under the lamp (on the plant level when

photosynthesis parameters were measured)

done in the following ambient temperature and
CO, concentration conditions: 1 March: 25°C, 420
pumol mol™! afternoon and 16°C, 430 pmol mol! in
the evening; 14 November: 21°C, 550 umol mol™!
afternoon and 14°C, 590 umol mol in the evening.

Gas exchange measurement was determined
using a LCi portable gas exchange system
(ADC UK). The fluorescence of chlorophyll a
was estimated using a Heandy Pea fluorometer
(Hansatech Instruments Ltd. UK). Photosynthetic
pigments were determined according to Wellbourn’s
spectrophotometric method (Wellburn 1994). Gas

exchange and chlorophyll fluorescence were done
in six replications, and pigments content in three
replications. The results were subjected to an
analysis of variance and means separation using the
NIR Fisher test at p = 0.05.

RESULTS AND DISCUSSION

During the day in March (winter growing),
photosynthesis intensity, stomatal conductance of
CO, (gs) and transpiration of lamb’s lettuce leaves
were higher than in November (Tab. 1). This could
be a result of better light conditions and higher



44

LED lighting and photosynthesis of lamb’s lettuce

Table 1. Effect of supplemental LED lighting on gas exchange and chlorophyll fluorescence in lamb's lettuce leaves

measured by natural light

Growing Light A gs E Fv/Fm PI
season treatment pumol CO, m?s! mol CO, m?s’! mol HO m?s”
Control 8.093 ¢ 0.230b 2.778b 0.833a 5201 a
Winter R/W 6.932b 0.243b 4.182 ¢ 0.838 ab 5.866 a
R/R+B 7.487 be 0.272b 3.148b 0.839b 7.622b
Control 2.512a 0.037 a 0.627 a 0.837 ab 5.955a
Autumn R/W 2915a 0.053a 1.187 a 0.848 c 5.859a
R/R+B 3.273a 0.065 a 1.193a 0.850 ¢ 7.572b

“Values marked with the same letter within columns do not differ significantly at p = 0.05
Legend: A - Photosynthetic rate, gs - stomatal conductance of CO,, E - transpiration, Fv/Fm - maximum photochemical efficiency of
PSII, PI - performance index parameter, R/W — white LED lamp, R/R+B - red plus blue LED lamp

Table 2. Effect of supplemental LED lighting on gas exchange and chlorophyll fluorescence in lamb's lettuce leaves
measured by natural light (afternoon) and artificial light (evening)

Growing Time of the  Light A gs E Fv/Fm PI
season day treatment  pmol CO, m?s! mol CO, m?s! molHO m?s’!
Afternoon R/W 6.932 cd 0.243b 4.182¢ 0.838a 5.866 b
Wint Afternoon R/R+B 7.487d 0.272b 3.148b 0.839a 7.622 ¢
inter
Evening R/W 5.272b 0.055a 1.012a 0.848cd  6.673b
Evening R/R+B 5.887 bc 0.075a 1.162 a 0.84l1ab  7.583c¢
Afternoon R/W 2915a 0.053 a 1.187 a 0.848cd  5.859Db
Afternoon R/R+B 3273a 0.065 a 1.193 a 0.850cd  7.572c¢
Autumn
Evening R/W 4.857b 0.052a 0.637 a 0.850d 4.996 a
Evening R/R+B 5.693 b 0.062 a 0.827 a 0.845bc  6.269b

*See Table 1

temperatures in the greenhouse (see Material and
methods). Transpiration in November was lower
because of the lower ambient temperatures during
this season. However, in evening hours during plant
lighting (Tab. 2), similar photosynthesis and the gs
of lamb’s lettuce leaves in both growing seasons
were observed.

According to Wang et al. (2009), blue and
purple LED light stimulated stomatal conductance
in leaves of Cucumis sativus, and photosynthesis
as a consequence in comparison to other studied
LEDs. In the present experiment, the blue light
emitted by the R/R+B lamp had no significant
effect on the stomatal conductance of lamb’s
lettuce leaves. In this case, only a tendency was
observed. In autumn evening (Tab. 2) a significant
increase of photosynthesis intensity was observed
in the plants that were treated with red+blue
followed by white radiation in comparison with
afternoon measurements (during natural light). An
average increase was 70%. Because of similar light
intensity and CO, concentration during afternoon
and evening measurements in this growing season
(see Material and methods), these results showed

a very positive effect of the light emitted by LED
lamps on Valerianella locusta photosynthesis.
A clear stimulation of photosynthesis intensity
during supplemental lighting with the red+blue light
in the autumn in connection with lower temperature
requirements for this species (which prevailed in
that period), resulted in obtaining rosettes with
the highest weight (Tab. 2, Fig. 2). In this case,
the mean rosette weight was 6.12 g. These results
showed the higher effectiveness of LED lighting of
lamb's lettuce during autumn growing.

The Fv/Fm ratio is often used to indicate the
maximum quantum efficiency of Photosystem II
and is also defined as the maximum photochemical
yield of PS II in the dark-adapted state. Healthy
plant samples achieve a maximum Fv/Fm value of
0.850 (Kalaji and Guo 2008) or 0.830 according to
other researchers (Hall and Rao 1999). Decreasing
these values is widely considered as a PS Il reaction
to biotic or abiotic stress factors. The measurements
taken during the day showed that this parameter
achieved higher values in plants with red+blue
LED lighting in comparison to the control plants,
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which show a very high capacity for photochemical
quenching of energy within PS II (Tab. 1).
Interestingly, in combination with the R/R+B
lamp, the PI parameter in the lamb’s lettuce leaves
also achieved the highest values in comparison to
the other treatments, in both periods of growing
(Tabs 1 and 2). On average, these values were about
33% higher in both growing cycles than in the
other cases. According to Kalaji and Guo (2008),
PI plays a key role in sample vitality identification.
The value of this parameter is directly proportional,
among others, to the concentration of active
reaction centres or to the force of the light reactions.
This plant reaction to red and blue supplemental
lighting could have resulted in achieving a high
yield of lamb's lettuce in both growing cycles in
comparison to other treatments (Fig. 2).

g
7

The highest content of chlorophyll a, b and
carotenoids was found in the treatment with red+blue
LEDs during winter growing (Tab. 3). These and
other researchers’ results confirm that leaves under
red plus blue LEDs contain more chlorophyll and
carotenoids in comparison to other treatments
(Shin et al. 2008, Hogewoning et al. 2010). In
November, the control plants also showed a similar
content of photosynthetic pigments to those under
the red+blue lamp. However, the average weight
of the lamb’s lettuce rosette in control treatment
was at that moment three and a half times lower
as the one that was supplementary lighted with the
red+blue light (Fig. 2). The smallest amount of
photosynthetic pigments in the entire experiment
was found in the lamb’s lettuce leaves supplemented
with white LEDs in the autumn growing season.
Indeed, leaves of plants from this treatment were
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Autumn  Autumn R/W  Autumn

Control R/R+B

Figure 2. Mean weight of lamb’s lettuce rosette (g) in winter and autumn growing as an effect of supplemental lighting
with SSL LED system (R/W — white LED lamp, R/R+B — red plus blue LED lamp)

Table 3. Photosynthetic pigment content (mg g-1 fresh weight) in lamb’s lettuce as an effect of supplemental lighting
with LED lamps (R/W — white LED lamp, R/R+B — red plus blue LED lamp)

Sci:;‘;ilng {;ieg:i;lent Chlorophyll a Chlorophyll b Chlorophyll a + b Carotenoids
Control 1.088 ¢’ 0.275b 1.363 ¢ 0.260 ¢

Winter R/W 1.151 ¢ 0.301 be 1.453 ¢ 0.268 cd
R/R+B 1.244d 0.333 ¢ 1.577d 0.282d
Control 0.730 b 0.200 a 0.929b 0.152b

Autumn R/W 0.608 a 0.168 a 0.777 a 0.123 a
R/R+B 0.728 b 0.192 a 0.920 b 0.154b

*Values marked with the same letter within columns do not differ significantly at p = 0.05
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clearly lighter than in the other ones. It is a very
interesting observation, taking into consideration
the various preferences of consumers for green
vegetables. Moreover, in this case, the mean weight
of the lamb’s lettuce rosette (5.48 g) was over twice
as high as the control (2.48 g).

CONCLUSIONS

1. A clear stimulation of the lamb’s lettuce
photosynthesis intensity during supplemental
lighting with LED R/R+B (red+blue) and R/W
(white) lamps was observed in the evening hours
of the autumn growing cycle, in comparison to
photosynthesis by natural light.

2. The value of the Performance Index parameter
(PI) in the lamb’s lettuce leaves was the highest
under the influence of the red+blue LED lamps
in each growing season.

3. The highest average weight of lamb's lettuce
rosettes was observed in the treatment
supplemented with LED R/R+B followed by
R/W lamps in autumn, which indicates the
higher effectiveness of supplementary lighting
of plants during this period.
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WPLYW DOSWIETLANIA SWIATELEM LED
NA WYBRANE PARAMETRY FOTOSYNTEZY
VALERIANELLA LOCUSTA LATERR. EM
BETCE W DWOCH TERMINACH UPRAWY

Streszczenie: Eksperyment przeprowadzono w
sezonie zimowym i jesiennym 2011 roku z uzyciem
roszponki jako rosliny testowej. Celem badan byto
okreslenie wptywu doswietlania uzupelniajacego
(przedhuzajacego dzien) z uzyciem najnowszej
technologii SSL LED (Solid State Lighting Light
Emitting Diodes) na wybrane parametry fotosyntezy
oraz plonowanie ro$lin. Zastosowano dwa rodzaje
lamp LED o zrdéznicowanych wlasciwosciach
spektralnych. Jedna lampa emitowala $wiatlo
biate, druga czerwone i niebieskie. Pomiary
fluorescencji  chlorofilu 1 wymiany gazowej
wykonywano zaré6wno w $wietle naturalnym, jak
i sztucznym. Rosliny kontrolne nie traktowano
dodatkowym doswietlaniem. W czasie dnia, przy

swietle naturalnym w marcu (uprawa zimowa),
intensywnos¢ fotosyntezy, przewodnosc¢ szparkowa
i transpiracja lisci roszponki byly wigksze niz
w listopadzie (uprawa jesienna). W godzinach
wieczornych, podczas sztucznego doswietlania
ro§lin, zarbwno w marcu jak i listopadzie
obserwowano zblizong intensywnos¢ fotosyntezy.
Intensywno$¢ ta byta istotnie wigksza od oznaczonej
w godzinach potudniowych (przy naturalnym
swietle) jesienig. Najwyzszg zawarto$¢ chlorofilu
a, b i karotenoidow wykazano w kombinacji ze
swiatlem LED czerwonym i niebieskim w zimowym
sezonie uprawy. Uzupetniajace do§wietlanie roslin
$wiattem czerwonym i niebieskim wptyneto takze
na uzyskanie najwyzszej warto$ci wskaznika
witalnosci (PI) w lisciach, co wskazuje na bardzo
wysoka wydajno$¢ aparatu fotosyntetycznego
w ro$linach tego obiektu. Najwigkszg $rednig mase
rozety notowano w uprawie jesiennej w obiekcie
z doswietlaniem $wiatlem czerwonym i niebieskim,
a nastgpnie bialym. Moglo to wynikaé z istotnej
stymulacji fotosyntezy pod wplywem do§wietlania
uzupetniajacego lampami LED w tym sezonie.
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