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Abstract

LED light sources allow for variations in the spectral composition which makes it possible
to evaluate the effect of light with narrow spectral width on plants performance. The combination of
such lighting with natural lighting can significantly change the direction and intensity of metabolic
processes in plants to adapt to changing environmental conditions. In the present paper, we showed
for the first time that additional illumination with narrow-spectrum light allows the seedlings of or-
namental plants to successfully adapt to cold stress. The aim of our work was to estimate the effect
of red light (600 nm) and blue light (400 nm) from LED panels on adaptation of tagetes (7Tagetis
panula L.) cultivar Karmen, snapdragon (Antirrhinum majus nanum L.) cultivar Flora shower white
and petunias (Petunia hybrida L.) cultivar Mambo blue seedlings to spring frosts when transplanting
to open ground. These plants are often used in landscaping settlements and are exposed to low posi-
tive and zero temperatures, especially in the first days after transplanting to open ground. The exper-
iment was carried out in a greenhouse (18 °C, humidity 85%). During thirty days, one third of the
plants were additionally red lightened (RL), and one third ones were blue lightened (BL) using Fo-
cus MC2 (JCC-12) LED panels (Russia) for 12 hours after the end of daylight hours. A third of the
plants were grown under natural light only (C). After the end of the LED illumination period, a half
of the plants in each variant were placed in the chamber with 2 °C for 24 hours. The second half
plants were control without cooling. The effectiveness of lighting was assessed by the decorative state
of plants, the change in the selective permeability of membranes, the content of salicylic and abscisic
acids, the triggers of the cascade of protector reactions in the leaf tissues, and the survival of plants
transplanted to the open ground. Our experiments showed that additional lightening with blue and
red light contributes to seedling resistance to low positive temperatures. In RL- and BL-exposed
plants, the leaf turgor was quickly restored, the habitus of plants was preserved, and budding began.
In these variants, the cell membrane stabilization was noted, i.e. i.e. an increase in the outlet of po-
tassium ions was two times lower than in the control. The changes of cell membranes was estimated
by output of electrolytes from the 0.25 g leaves measured potentiometrically (ITAN, OOO SPE
Tom’analit, Russia) with an ion-selective electrode (Elit-031, OOO NIKO ANALIT, Russia). Ab-
scisic acid (ABA) and salicylic acid (SA), the important triggers and tuners of cascade responses to
abiotic stress, were determined in a single sample, at the final stage, by isocratic HPLC method
(Stayer system, ZAO Aquilon, Russia), with column PR-18 (250/4.6 mm) (Phenomenex, Inc.,
USA). ABA concentration in leaves of RL-exposed tagetes plants increased 4.4-fold and the SA
3.3-fold compared to the control, and in BL-exposed tagetes only SA content increased 1.4-fold
(p < 0.05). After cold exposure, the RL plants restored turgor, while in BL the restoration was slower
and the leaf infiltration began. Similar changes were in control. In snapdragons and petunias, blue
light also caused a 1.5-fild increase in the SA level in leaves, while red light led to insignificant
changes. After cold stress, the RL- and SS-exposed plants of these species quickly recovered, their
habitus was almost as in unaffected plants. The control plants recovered more slowly, and their deco-
rativeness was worse. The survival rate of RL plants replanted to open ground was 100 % for tagetes
and petunias, and 85-90% (p < 0.05) for snapdragons. In BL-exposed plants, these indicators were
70% (p < 0.05) for tagetes and 85-90 % (p < 0.05) for petunias. The rooting of the control plants not
exposed to RL or BL and subjected to the cold stress reached 60-70% (p < 0.05). The physiological



and biochemical changes that we identified in the leaves of the seedlings of ornamental plants suggest
that spectral light facilitates the modulation of plant metabolism and activates non-specific protective
mechanisms aimed at preserving the ionic and redox cell homeostasis. An exposure of growing seed-
lings of ornamental plants to light with narrow spectral width, in addition to natural light, can be
very effective to reduce the loss of re-planted plants from spring frosts.

Keywords: Tagetis panula L., tagetes cv. Karmen, Antirrhinum majus nanum L., snapdragon
cv. Flora shower white, Petunia hybrida L., petunias cv. Mambo blue, narrow spectral light, cold
stress, cell membranes, water soluble carbohydrates, salicylic acid, abscisic acid, ABA

Adaptation of plants to changes in the environmental temperature is
often accompanied by stress. This is a complex multi-stage process, discovering
the mechanisms of which is important for research and application.

Narrow-spectrum LED light combined with natural lighting may signifi-
cantly alter the intensity and direction of plant metabolism [1, 2]. Using LED
lamps and panels in new protected cultivation technologies becomes a trendy
orangery technology [3]. However, the physiology and biochemistry of adapta-
tion remain understudied. Light intensity, duration, and wavelength may trigger
the expression of certain genes and the synthesis of a number of new substances
affecting the generative organs of plants [4, 5]. One assumption is that the effects
of narrow-spectrum light are related to the activation of COR genes that initiate
the synthesis of cold shock proteins [6, 7]. This cascade of interrelated transfor-
mations involves multiple light-dependent responses, which causes significant
readjustments in plant metabolism, as it alters the hormonal and carbohydrate
status of cells and their membrane permeability, while also activating or inhibit-
ing some enzymes [8-10]. Improved resistance of plants to hypothermia is asso-
ciated with the suppression of oxidative stress due to binding the reactive oxygen
species (ROS) and free radicals; this binding is enabled by antioxidant enzymes
and the accumulation of low molecular weight organic antioxidants [11, 12].
When adapting to cold shocks, plants accumulate stress defensive agents, such as
amino acids, soluble sugars, sugar alcohols, and sundry metabolites.

Some believe that COR genes are activated by exposure to red (A = 660
nm) or blue (A = 400 nm) light, i.e. the regulation of COR gene expression in-
volves the phytochrome and cryptochrome light receptors [13, 14]. It is suggest-
ed that there exist primary elicitor signals of various nature; the suggestion is
backed by the data on the stabilizing effects red and blue light has on gene ex-
pression regulation under stress. Low-temperature adaptation is modeled by a
number of interrelated processes that enable plants to adjust their cellular and
metabolic homeostasis [15]. Salicylic acid (SA) and abscisic acid (ABA) are im-
portant for the functioning of such cascade mechanisms. SA is one of the me-
tabolites that initiate the expression of genes responsible for the synthesis of an-
tioxidative enzymes, which helps control the ROC, preserve the integrity of cel-
lular membranes, as well as the redox status of plant cells [16-18]. The accumu-
lation of ABA in tissues triggers an ABA signaling cascade that culminates in the
expression of COR genes, which in their turn determine the cold tolerance of
the species [19].

This paper is the first to demonstrate that exposure to narrow-spectrum
light enables the seedlings of ornamental plants to successfully adapt to cold shock.

The research objective is to find whether preliminary supplementary red or
blue lighting will affect the resistance of seedlings to short-term low positive tem-
peratures during spring frosts.

Techniques. The following plant species were selected: snapdragon (Antir-
rhinum majus nanum L.) short-stem cultivar Flora shower white; tagetes ( Tagetis
panula L.) short-stem cultivar Karmen; and petunia (Pefunia hybrida L.) cultivar
Mambo blue; all of those are popular ornamental plants used in open ground in



urban gardening. At the fifth-to-seventh leaf development stage, the plants were
planted in pots with sand, 5 plants per pot, 15 pots per group. The plants were
growing in a semi-controlled environment: the natural light was supplemented
with red light (max A = 600 nm), group 1, RL, or blue light (max A = 400 nm),
group 2, BL. The intensity for RL and BL was 2.58x1018 and 6.04x10!® pho-
tons/(m?2-s), respectively. Extra light came from Focus MC2 (JCC-12) LED
lamps (Russia). Supplementary lighting was on for 12 hours daily; the control
group (group 3, or C) comprised plants exposed to natural light only. Seedlings
were watered with distilled water daily, fed once a week with 150 ml of Knop’s
solution (0.25 mg potassium phosphate, 0.25 magnesium sulfate, 1 g calcium
nitrate, and 0.125 g potassium chloride per 1 1 of distilled water). After the sup-
plementary lighting experiment was over, half of the plants from each group
(RL, BL, and C) were placed for 24 hours in a chamber with a temperature of
2 °C; the remainders (the controls) were left non-cooled.

Samples for biochemical tests were taken on day 35 (when the experi-
ment was over) and on day 37 (after 2 days of exposure to cold shock). To de-
termine the functional status of cellular membranes, 0.3 g of leaves was placed
in a bidistillate, kept for 24 hours in a thermostat at 26 °C; the conductivity of
the eluate was measured, and the content of K+ was quantitated by potentiometry
using ion-selective electrodes (ITAN pH meter/ionometer, OOO NPP Tomanalit,
Russia; Elit-031 ion-selective electrode, OOO NIKO Analit, Russia) according to
earlier published guidelines [20].

The content of monosaccharides was found spectrophotometrically
(Specol 1300, Analytik Jega AG, Germany) in terms of picric acid [21]. The
concentration of salicylic acid (SA) and abscisic acid (ABA) was analyzed from a
single sample: 2 g of fresh leaves were extracted by ethanol (80%); the extract
was evaporated to an aqueous phase, which was divided into two parts of equal
volume. To extract SA and ABA, the extract was purified using the laboratory-
modified method [22]. At the final stage, the research team used isocratic high-
performance liquid chromatography (a Stayer isocratic chromatograph, ZAO
Aquilon, Russia) with an RP-18 (250/4.6 mm) column (Phenomenex, Inc.,
United States).

The data was processed statistically with Excel 2010 and Past v3.0 soft-
ware [23]. The means of the analyzed values (M), standard errors of the mean
(xSEM), and confidence intervals at 95% confidence level (#0sXSEM) were
calculated. The significance of differences between the groups was evaluated by
non-parametric statistic (paired Shapiro-Wilcoxon test). The inter-group differ-
ence was deemed significant at p < 0.05.

Results. Diurnal temperature swings in spring and fall often damage or
even kill plants. The temperature that was used to simulate cold shock (2 °C) is
not lethal for the plants under analysis; however, it can significantly damage
their leaves [24].

Supplementary red and blue lighting did not cause any significant habi-
tus or morphology difference in tagetes between the groups, see Figure 1, A.
Both experimental plants and controls had good leaf turgor; almost 30% began
budding. In snapdragons and petunias, supplementary red lighting caused the
aerial biomass of the plants to become 1.5 times and 2.4 times larger, while the
root biomass became 1.6 times and 1.8 times larger, respectively, see Figure 1, B.
Experimental plants did not differ from the controls in terms of flowering onset;
however, the flowering performance was 19% to 23% better in the former. In
May, when replanting the plants in open ground (at 10 to 12 °C in daytime and
2 to 5 °C in nighttime), the survival rate of RL- and BL-exposed plants varied
from 100% for tagetes and petunias to 80% for snapdragons; the survival rate of



the controls was only about 60% to 70%.

Fig. 1. Tagetes (Tagetis panula L., cultivar Karmen) (A) and snapdragon (Antirrhinum majus nanum
L., cultivar Flora shower white) (B) after 35 days of supplementary lighting for 12 hours a day: left-
to-right — controls (natural light only), red light (max A = 600 nm) and blue light (max A = 400 nm);
Focus MC2 (JCC-12) LEDs (Russia).

Physiological parameters of cold-shocked ornamental plants as a function of sup-
plementary narrow-spectrum lighting (pot experiment, 5-fold repetition)

C (control) RL BL

Indicator 1 2 1 2 1 2

abs. units | abs. units | abs. units | % | abs. units | % | abs. units | % | abs. units | %

Tagetes (Tagetis panula L.), cultivar Karmen

41.0+£1.8 45.3+2.1 27.4+1.3 67 37.3%1.7 82*  40.6t1.5 99  39.6x1.7 88*
9.8+0.4 10.8+0.5 3.7£0.2 38%  6.810.3 63* 1.6£0.1 16* 1.240.1 11*

0.48+0.02 0.65£0.04 1.07£0.10 223* 0.46£0.09 71* 0.50+0.03 104 0.25+0.02 39*

Snapdragon (Antirrhinum majus nanum L.), cultivar Flora shower white

58.7+2.4 82.41+4.1 63.1£3.5 108  74.6£3.9 91  85.2t4.1 143*  51.9%2.1 63*
10.0+0.5 16.31£0.6 7.1£0.3 71%  3.3%0.2 20%  8.5£0.4 85*  4.5%0.3 28*

2.33+£0.15 1.19+£0.13  2.57+£0.16 110* 1.17£0.11 98  3.31+0.21 142* 1.32+0.12 111*

6.46+0.42 10.20+£0.20 5.83+0.37 91 11.60+0.30 114* 6.50+£0.44 101 12.30£0.30 121*

Petunia (Petunia hybrida L.), cultivar Mambo blue

22.1+£0.7 55.312.3 24.3+1.3 110 26.3t1.2 48* 32.4%1.5 147 269+13 49*
9.210.4 14.0+0.5 5.3£0.2 58%  5.940.3 42 47103 51 4.5%0.2 32%
1.23£0.12  1.39+0.13  1.52+£0.16 124* 1.07£0.11 77* 1.4940.13 121* 0.95+0.08 68*

3.05£0.19  3.24+0.16 2.88+0.14 95 3.53+0.21 109 2.93+0.16 96 4.43+0.24 137*

Note. A is the release of electrolytes (in terms of electrical conductivity), uS; B is the potassium ion concentra-

tion, pg/ml of solution; C is the salicylic acid content, ug/g of wet substance; D is the total free monosaccharides,

ng/mg of dry substance; 1 is for day 35 (narrow-spectrum lighting experiment complete); 2 is for day 37 (after a 2-

day cold shock). The control indicators were 100%. The confidence intervals M=% (% s X SEM) did not exceed

+5% (p < 0.05). Statistical processing used a nonparametric Shapiro-Wilcoxon test (pairwise comparison of each

group against its respective control).

* Differences for pairwise comparisons (C1 u RL1, C1 u BL1; C2 u RL2, C2 u BL2) were deemed statistically

significant at p < 0.05.

gowy» Taow» Ow»

Leaf cell membrane system status is an important indicator of plant stress
tolerance. Preserving the selective permeability of plasmalemma to certain ions
and water molecules helps sustain the cellular homeostasis [25]. To preserve it, a
cell must accumulate sodium ions in its vacuole and maintain the physiological
concentration of potassium ions and a high K*/Na™ ratio in the cytoplasm [26],
i.e. the increase in the potassium ion release indicated negative changes in the
cell internals. After the supplementary lighting experiment, tagetes leaf tissues



had the selective permeability of membranes decreased in the RL group, alt-
hough the same indicator was within the control parameters for the BL group;
on the other hand, exposure to RL increased the release of electrolytes in snap-
dragons and petunias insignificantly compared to the control and significantly
compared to the BL group (p < 0.05), see Table. The release of potassium ions
dropped significantly (p < 0.05) in both experimental groups compared to the
controls, which preserved the high K*/Na* ratio in the cytoplasm of the plants
exposed to supplementary lighting.

Exposure to low positive temperatures deteriorated the membrane
semipermeability in all plants, but it was the controls that displayed maximum
deterioration. RL- and BL-exposed petunias had the best resistance to short cold
shock: their leaf tissue electrolyte release was 51% to 52% lower than in the con-
trols (p < 0.05). In tagetes, the reduction was 12% to 18%; in snapdragons, 9%
to 37% (p < 0.05). Potassium ion release was significantly (p < 0.05) lower in all
plants exposed to RL, even more so in the BL group. Notably, supplementary
narrow-spectrum lighting accelerated the post-shock recovery of plants, especial-
ly in the RL group, whereas the controls recovered more slowly, and their deco-
rativeness was worse, see Figure 2.

Fig. 2. Supplementary lightened tagetes (7Tagetis panula L., cultivar Karmen) (A) and snapdragons
(Antirrhinum majus nanum L., cultivar Flora shower white) (B) after a cold shock (day 37): left-to-
right — controls (natural light only), red light (max A = 600 nm) and blue light (max A = 400 nm);
Focus MC2 (JCC-12) LEDs (Russia).

Supplementary narrow-spectrum lighting did not affect the content of
water-soluble carbohydrates in leaf tissue, see Table. Cold shock increased the
monosaccharide content in snapdragons and petunias in both RL and BL groups
as compared to the controls; the increase in water-soluble carbohydrates (21%
for snapdragons and 37% for petunias) was most significant in the BL-exposed
plants. It is known that monosaccharides are not merely a source of energy; they
are also an important defensive agent that helps preserve cellular homeostasis
under stress [27]. In this experiment, these agents might have contributed to a
specific response that helped the plants survive hypothermic stress.



Salicylic acid is one of the signaling pathway triggers. Its role in trigger-
ing and regulating the adaptation mechanism is rather ambiguous [16]. Lack or
excess of SA might amplify the stress effect, as the SA and ABA amounts corre-
late, while the SA level is associated with initiating the cascade of defensive re-
sponses [28] which is light-dependent and acts in conjunction with other defense
mechanisms [29]. After the supplementary lighting experiment was over, the SA
content was found to have risen in all plants as compared to the controls; the
increase was the most significant in RL-exposed tagetes (223% higher than in
the controls), see Table. Apparently, such exposure altered the hormonal balance
of leaf tissue, causing plant-wide metabolism readjustments. On post-shock day
2, the SA content was lower in tagetes in both groups compared to the controls
(29% to 61% lower) as well as to the pre-shock values (2.3 times lower in RL-
exposed plants and 2.0 times lower in their BL counterparts). In snapdragons
and petunias, exposure to RL and BL did not significantly alter the SA content
compared to the controls. SA levels rose by 9% and 14% (p < 0.05) in RL-
exposed plants, and by 21% and 37% (p < 0.05) in BL-exposed plants (supple-
mentary lightened snapdragon and petunia, respectively) after cold shock.

Note that cold shock caused a quick loss of turgor in BL-exposed taget-
es whose leaf edges were damaged. In this group, plants took a long time to re-
cover and bloomed later; a third of plants did not survive, see Figure 2, A. Signs
of damage were less pronounced in control plants; these survived cold better, but
their decorativeness was worse (weak branching, small buds). RL-exposed plants
had good leaf turgor, buds opened well. Perhaps, the RL-induced changes in the
hormonal status of tagetes tissue helped trigger the defensive response cascade,
which neutralized the negative effects of cold. BL-induced changes in the hor-
mone ratio did not have any positive effects. Snapdragons (see Fig. 2, B) and
petunias recovered quickly after shock in both RL and BL groups; their turgor,
aerial biomass, and habitus were barely affected. In the control group, post-
shock recovery of snapdragons and petunias was slow; the aerial organs were
15% lighter, and the underground organs were 10% lighter; the decorativeness of
non-controls was worse than in case of supplementary lighting.

The initiation of cascade responses that form the response to abiotic
stress also involves abscisic acid [19]. This hormone was only detected in tagetes
tissue. After the supplementary lighting experiment was over, the ABA content
rose in plants exposed to RL (to 0.191%£0.02 ug/g) and dropped slightly (to
0.037+0.005 pg/g) in their BL counterparts as compared to the controls
(0.043%0.003 ng/g). The post-shock ABA content in leaf tissue was significantly
greater in the BL group compared to the baseline (0.066+0.008 pg/g), barely
changed in the controls (0.048+0.004 pg/g), and became 5 times lower (dropped
to 0.038+0.004 pg/g) in the RL group. This proves the hypothesis that the hor-
monal balance of tagetes leaves is affected by supplementary lighting, which
therefore restructures plant-wide metabolism.

Perhaps the lights of different spectra triggered different defensive mech-
anisms activation pathways. Both SA and ABA can be such triggers, and their
signaling pathways partially overlap. There emerges an information network that
contains antagonistic and synergistic links [27]. In the case of BL, salicylic acid
might have contributed to a faster transition of metabolic processes to an adap-
tive mode, whereas in RL-exposed plants, this mechanism might have been trig-
gered after an ABA release, whereby salicylic acid was not involved in the ex-
pression of defense genes.

Therefore, the combination of physiological and biochemical changes in
the leaf tissue of ornamental plants (habitus, morphology, biomass accumulation,
electrolyte release, potassium ion content, salicylic and abscisic acid content,



total of free monosaccharides (glucose and fructose) gives rise to a suggestion
that supplementary spectral lighting restructures the metabolic processes and the
activation of nonspecific defense mechanisms that preserve the ionic and redox
homeostasis of cells. This research is the first to show that supplementary narrow-
spectrum lighting helps such plants successfully adapt to cold shocks. When re-
planted in open ground (at 2 to 5 °C at night), their survival rate is 80% to
100% if exposed to supplementary lighting; cf. 60% to 70% in the controls.
Therefore, supplementing natural lighting with narrow-spectrum light from LED
panels while cultivating ornamental plants will help boost their survivability in a
drastic change of habitat when used for landscaping.
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