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Abstract

Moluccella laevis L. (Lamiaceae) is an annual ornamental plant, naturally occurring in the areas of Western and Central
Asia (Irano-Turanian area). It is a popular ornamental species, but its phytochemical profile remains poorly studied. This
study presents the first report on in vitro cultures of M. laevis. The influence of two types of illumination and plant growth
regulators (PGRs) supplementation on the morphogenetic response and the content of phenolic compounds were examined.
Shoots were cultured on Murashige and Skoog (MS) solid basal medium. White light or photosynthetic active radiation
(PAR) as well as three concentrations of 6-benzylaminopurine (BA) 2, 3 or 4 uM and one of the three auxins: 1-naphthale-
neacetic acid (NAA), indole-3-acetic acid (IAA) or 4-amino-3,5,6-trichloropicolinic acid (picloram—PIC) at concentration
of 0.5 uM were used for shoot proliferation. The highest number of axillary shoots per explant (3.4) was obtained for shoots
grown on MS medium supplemented with 3-uM BA and 0.5-pM NAA under PAR light. However, the effect of PGRs treat-
ment on shoot growth and development was stronger than the influence of light. The phytochemical analysis using Ultra-
Performance Liquid Chromatography—Mass Spectrometry allowed identification of four hydroxycinnamic acids (caffeic,
ferulic, rosmarinic, chlorogenic) and two cyanidin glycosides (cyanidin 3-O-galactoside, and cyanidin 3-O-malonylglucoside)
in shoot clusters and callus tissue.

Keywords Irish bells - Shoot cultures - Phenolic acids - Light emitting diodes

Introduction

Moluccella laevis L. (Lamiaceae), also known as Irish bells,
is an annual ornamental plant with green leafy calyces
resembling goblets that surround the inconspicuous, fragrant
white two-lipped corolla inside (Fardous et al. 2013). It is
widespread throughout the world as garden and cut flower.
So far, there have been no reports on culturing this species
under controlled in vitro conditions. Among many tools
used in classical biotechnology for plant multiplication, the
various types of illumination and plant growth regulators
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(PGRs) are most commonly used. Light regime and cul-
ture media supplementation with PGRs influence growth,
development and metabolism of plants (Batista et al. 2018).
Optimizing of culture conditions may significantly increase
the productivity of biomass and organ regeneration as well
as the metabolic efficacy (Ogita et al. 2015; Espinosa-Leal
et al. 2018; Isah et al. 2018; Matsura et al. 2018).
Therefore, in the present study, we examined the influ-
ence of exogenous phytohormones (BA, NAA, IAA and
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PIC, see “Materials and methods”) and two light spectra
ranges: 400700 nm (white, W) and mix of 430 nm, 460 nm,
610 nm, 630 nm, 660 nm, 730 nm (photosynthetically active
radiation, PAR) on the growth and proliferation of M. laevis
shoots as well as on secondary metabolite accumulation in
tissue and organ cultures. The phytochemical analysis was
performed using LC/MS technique.

Materials and methods
Plant material

Seeds of M. laevis derived from the certified collection of
Botanical Garden of Medicinal Plants in Wroclaw, Poland
(17°04' 27" E, 51° 07’ 03" N, altitude 117 m a.s.l.) (under
approval of the Ministry of Environment, Republic of
Poland, Decision No. DOPogiz-4210-26-6024-/05/k1), were
used to obtain cultures. Firstly, the seeds were surface steri-
lized for 10 min using 5% sodium hypochlorite (NaOCl),
contained in a commercial preparation (bleach) ACE®, and
ethanol 96%, rinsed three times in autoclaved distilled water,
and sawn in Petri dishes on basal MS (Murashige and Skoog
1962) medium with 6 g/L plant tissue culture grade agar
(Biocorp, Poland).

Shoot multiplication

Nodes (3—5 mm long) containing two axillary buds, derived
from 4-week-old aseptically growing seedlings, were used as
explants for shoot multiplication. Explants were excised and
transferred into 500-mL-volume culture jars (WECK Run-
drand-glass 60, J. Weck & Co, Germany) containing 100 ml
of shoot proliferation MS medium (two explants per one jar).
The agar-solidified medium (6 g/L) was supplemented with
plant growth regulators (PGRs): 6-benzylaminopurine (BA)
at a concentration of 2, 3 or 4 uM and one of the three aux-
ins: 1-naphthaleneacetic acid (NAA), indole-3-acetic acid
(IAA) or 4-amino-3,5,6-trichloropicolinic acid (picloram,
PIC) which were added at a concentration of 0.5 pM. PGRs-
free medium (MSO0) was used as control. After 21 days of
shoot culture, percentage of formation of axillary shoots
(longer than 3 mm), buds (shorter than 3 mm) and their
mean number per explant, the mean length (cm) of single
axillary shoot, and the diameter of callus tissue (cm) formed
at the basal part of shoots were determined.

Culture conditions

Shoot cultures were maintained in growth chamber at
25+0.5 °C, 40% of humidity under white (W: 400-700 nm,
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8000-10,000 K) or Photosynthetically Active Radia-
tion (PAR, blue; 430 nm 5%, 460 nm 10%; red, 610 nm
10%, 630 nm 35%, 660 nm 35%, 730 nm 5%) LED lamps
(Commled Solutions, Gliwice, Poland) at a photon flux den-
sity of 180 uM m~2 s~! and 16/8-h (light/dark) photoperiod.
The intensity of light was measured with a portable Light-
Meter HD 2302.0 equipped with LP 471 PAR and LP471
UVA detectors (DeltaOhm, Padova, Italy).

Chlorophyll content

Chlorophyll a and b contents (mg/g FW) were measured in
proliferated shoots cultured on MS agar medium supple-
mented with BA (2, 3, 4 uM) and NAA (0.5 uM) using the
Arnon method (1949). Briefly, 0.2 g of previously frozen
plant material was weighed, triturated in a mortar—with
the addition of calcium carbonate, sand and 3 mL of ethyl
alcohol. When a homogeneous mixture was obtained, it was
poured into a centrifuge tube. The extract was centrifuged
at 4000 rpm (max. acceleration 3280 X g) for 25 min. The
supernatant was poured into a clean tube and diluted four or
eight times. The extracts from callus tissue were not diluted.
The absorbance of the samples (against ethyl alcohol as a
control) was measured by taking three measurements for
each of them. The results were substituted for the chloro-
phyll a, b:

Chlorophyll a = [(13.7 X A665) — (5.76 X A649)]
X [V : (1000 X W)] x 4 [mClag™! fresh weight],
Chlorophyll b = [(25.8 X A645) — (7.6 X A665)]
X [V : (1000 x W)] x 4 [mgClbg™" fresh weight|,

A 645/649/665 is the absorbance value measured at a
given wavelength; V is the total volume of the extract (cm3);
W is the sample weight (g).

Phytochemical analysis

Reagents and standards

Acetonitrile, formic acid, methanol, standards of caffeic, and
ferulic acids were purchased from Sigma-Aldrich (Stein-
heim, Germany); chlorogenic acid standard was from ICN
Biomedicals (Costa Mesa, CA, USA); and rosmarinic acid
standard was from Carl Roth (Karlsruhe, Germany).

Extraction of phenolic compounds

100 mg of lyophilized and ground plant material was
weighed out and extracted with 2.5 mL of 100% methanol
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acidified with 0.1% formic acid in water (4:1 v/v). The
solution was placed in an ultrasonic bath for 15 min, then
filtered with a cotton filter and syringe and filtered into
a clean tube. The remaining pellet was re-flooded with
2.5 mL of 100% methanol acidified with 0.1% formic acid
solution and all operations were repeated. The filtered
extracts were combined and store at —18 °C until analysis
was performed (for no longer than 3 days).

UPLC-LC-MS analysis

The analysis method was based on our previous paper
(Zieliriska et al. 2016). Composition of polyphenols in
methanolic extracts was analyzed using an ACQUITY
Ultra Performance LC system equipped with a photodi-
ode array detector with a binary solvent manager (Waters
Corporation, Milford, MA) and a G2 Q-TOF micro-mass
spectrometer (Waters, Manchester, UK) equipped with an
electrospray ionization (ESI) source operating in nega-
tive mode. Separation of individual polyphenols was
carried out using a UPLC BEH C18 column (1.7 pm,
2.1 x 100 mm, Waters Corporation, Milford, MA) at 30 °C.
The samples (10 pL) were injected, and the elution was
completed in 15 min with a sequence of linear gradients
and isocratic flow rates of 0.45 mL min~'. The mobile
phase consisted of solvent A (0.1% formic acid in water,
v/v) and solvent B (0.1% formic acid in acetonitrile). The
program began with isocratic elution with 99% solvent
A and 1% solvent B (0 — 1 min), and then a linear gradi-
ent was used for 12 min, lowering solvent A to 0% and
increasing solvent B to 100%; from 12.5 to 13.5 min, the
gradient returned to the initial composition (99% A, 1%
B), and then it was held constant to re-equilibrate the col-
umn. The analysis was carried out using full-scan, data-
dependent MS scanning from m/z 100 to 2500. The opti-
mized MS conditions were as follows: capillary voltage
of 2500 V, cone voltage of 30 V, source temperature of
100 °C, desolvation temperature of 300 °C, and desolva-
tion gas (nitrogen) flow rate of 300 L/h. Collision-induced
fragmentation experiments were performed using argon as
the collision gas, with voltage ramping cycles from 0.3 to
2 V. Characterization of the single components was car-
ried out via the retention time and the accurate molecular
masses. Each compound was optimized to its estimated
molecular mass in the negative mode, before and after
fragmentation. The data obtained from UPLC—-MS were
entered into the MassLynx 4.0 ChromaLynx Application
Manager software. Based on these data, the software is
able to scan different samples for the characterized sub-
stances. The retention times and UV and mass spectra were
compared to those of the authentic standards. Chlorogenic,

caffeic, ferulic and rosmarinic acids were quantified with
their own standards using detection at 320 nm.

Statistical analysis

Data presented in the paper are means + standard error (SE)
of three series of experiments in three subsequent subcul-
tures (6—8 explants/passage/type of culture medium) for
shoot cultures and 2 series of experiments per three sam-
ples (n=16) for phytochemical analyses. The statistical analy-
sis was carried out using the STATISTICA 13.1 program
(StatSoft, 2016). Analysis of variance (ANOVA) and post
hoc test of reasonable significant difference (Tukey test)
were used to determine statistically significant differences
in morphological traits of shoots, as well as in metabolite
contents. Differences in pigment contents between samples
were analyzed using a non-parametric Kruskal-Wallis test.
The significance level in both tests were p < 0.05.

Results
Shoot cultures

Shoots of M. laevis showed the outbreak of lateral buds gen-
erated during the growth of cultured shoots under in vitro
conditions on media containing PGRs. The effect of light
regime was not statistically significant in terms of shoot for-
mation. Plant growth regulators had a much greater impact
on the formation of new shoots and the general condition of
plants (Table 1).

All explants developed axillary shoots on MS medium
supplemented with 2-pM BA and 0.5-pM NAA under both
light spectra, but the initial mean number of axillary shoots
gradually decreased along with the age of culture. The mor-
phogenetic response of the shoots cultured on MS with 3 pM
BA and NAA (0.5 pM) differed between white light and
PAR; under the white light, a progressive degeneration of
shoots occurred during the subculturing. The percentage of
shoots developing new axillary buds and the mean num-
ber of shoots were also lower under white light (Table 1,
Fig. 1c). Under PAR and on medium with BA (3 uM) and
NAA (0.5 uM), the highest number of axillary shoots (3.4)
was obtained and it was the highest number in this study
(Table 1).

The increase of BA concentration to 4 puM resulted
not only in fast response in axillary shoots induction but
also in faster senescence that was more pronounced under
white light. Replacing NAA with IAA resulted in similar
trend with respect to morphogenetic response to BA and
illumination with mostly insignificant quantitative differ-
ences between these two auxins. On the other hand, new
shoots developed on media with IAA, instead of NAA, had

@ Springer



Acta Physiologiae Plantarum (2020) 42:72

72 Page4of 10

j00ys urew jo 11ed [eseq oy} Je pado[oAap anssn SNJ[ed YL

159) ARNL, Ul GO'0S d e JUIYIP AJ[EONISTIE]S JOU I8 QUI] B UIYIIM JO)9] SWes oY) Yiim paudis sanfe “(wnipawt 921-syYDJ—OSIN) S F Son[ea ueow se passaidxa arom ejeq

00 ¥ €0

0529

900 F €1

€0 F
a€€T

SL'81

000 *+ 000

000 ¥
4000

110 + 110

Y9'LI

900 ¥ 160

0009

00 F LSO

£L°¢€6

$0°0 F LT'T

670 F 95T

0009

€00 F2L0

€T0F
@ 08T

£E'€6

€00 F €9C

000§

00 ¥ 160

$0°0 F LO'T

L10 F ,¢€€1

6'CS

€0°0 F ¥S°0

070 F
5 08'T

78'8¢

€00 F €0'1

LTO F,¢€1

§T9¢

€00 F 950

€T0 F
2 €81

0s

00 ¥ 96°0

TIo F . T8¢

SL'89

€00 F 1L°0

070 F
@ 69T

001

900 F ¥I'T

SL'89

SO0 F 280

910 F
400

00°SL

SO0 F90°1

00°SL

€0°0 F $8°0

001

€00 F IT°1

YTO F o LI°E

8S°0L

€00 F 90

€ro F
8T

LT'v6

00 F 8¢'1

000 F 5,001

88'8¢

00 F 1¥0

€ro ¥
2qEET

£E'e8

$00 ¥ T'1

010 F,6I'1

89

€0°0 F SL0

€0 F.97°¢

€00 F 8I'1

170 F,L0C

£e'e8

€0°0 F 0L0

10 F L0€

16

(W)

onssn

sny[es jo
Iopwelq

sjuejdxe
/spnq
Kreqixe
Jo Ioquinu
UBQIA
spnq
Suruioy
syuepdxo
0%
(wo)
jooys
Kreyixe
9[3urs jo
ISuS[ UL
sjuejdxe
/s100Us
Kxeyixe
Jo Ioquinu
UBIAl
$100$
Suruoy
sjuejdxe
0%

advd

qvd

qvd

Jqvd

qvd

qdvd

qvd

SoVVvI

S0 VVN

A4

S0 VVN

SOVVI

S0 VVN

yvd

evd

cvd

Imno Jo sAep ¢ I91Je suoneurwn([I Yvd pue (A\) 931 J9pUn WnIpaw S U0 PI[nd S14am]

‘W Jo uonjewrioy jJooys S[dnnur uo (M) SYOJ Jo 1095d | 3|qeL

pringer

Qs



Acta Physiologiae Plantarum (2020) 42:72

Page50f10 72

Fig.1 M. laevis shoot cultures on PGRs-free medium (MSO0) under
PAR light after 21 days of culture (a), after 12 weeks of culture with
sub-culturing (b); and after 21 days of culture on MS medium supple-
mented with: BA3 NAAOQ.5 (uM) under white light (c), BA3 NAAO.5

different leaf morphology. The leaf blades in the case of [AA
were longer and narrower, and new shoots were thinner and
smaller than those on NAA.

Shoots on BA and picloram (0.5 pM) were morpho-
logically abnormal. Explants did not develop axillary
shoots, only buds with no leaves (Table 2, Fig. 1g). Nodal
segments cultured on media with addition of lower con-
centration of BA (2 pM) and PIC also formed callus at

(uM) under PAR light (d), BA4 NAAO.5 (uM) under white (e), BA4
NAAO.5 (uM) under PAR light (f), BA2 PIC0.5 (uM) under PAR
light (g); Scale bar: 1 cm

their base, but the callus was not green, as in case of other
media variants, but intensely purple colored (Fig. 1g).
Shoots cultured under PAR on most of media types
except MSO0, developed callus tissue at the basal part of
explants (Table 1). The callus was light green, soft with
no signs of organogenesis (Fig. 1f).

Table 2 Effect of BA (2, 3, 4 uM) and PIC (0.5 uM) on morphogenetic response and phenolic acids content (mg/100 g DW) in shoots of M. lae-
vis cultured on agar MS medium under white (W) and PAR illuminations after 21 days of culture

Trial BA2 BA 3 BA 4
PAR W PAR W PAR w

% of explants forming shoots 0 0 0 0 0 0
% of explants forming buds 55.00 61.11 61.11 76.47 43.75 44.44
Mean number of buds 1.18* + 0.12 1.09* + 0.09 1.09* + 0.09 1.31* + 0.13 1.00* + 0 1.00* + 0
Diameter of callus [cm] 2.23 + 0.07 1.67 + 0.10 1.63 + 0.05 1.39 + 0.08 1.50 + 0.20 1.37 + 0.06
Chlorogenic acid 0.80* + 0.007 0.57° + 0.003 0.49* + 0.015  0.23° + 0.009 0.37°¢ + 0.009  0.25°

+ 0.004
Caffeic acid 12.10° + 0.006  14.12% + 0.009  2.45° + 0.01 1.60° + 0.008 0.68¢ + 0.009 3.17¢

+ 0.050
Ferulic acid 0.81* + 0.006 0.20° + 0.004 0.75* + 0.006 0.10° + 0.005 0.54* + 0.008 0.08°

+ 0.005
Rosmarinic acid 0.23* + 0.006 0.16" + 0.007 0.06° + 0.006 0.09% + 0.008  0.04° + 0.006 0.06°

+ 0.008

Data were expressed as mean values + SE. Values signed with the same letter within a line are not statistically different at p <0.05 in Tukey test
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Table 3 The content of chlorophyll a, b and a/b in shoots (mg/g FW
+ SE) grown on media supplemented with different concentrations
of BA (2, 3, or 4 uM) and NAA (0.5 uM) under two illuminations
spectra: W white light, PAR photosynthetically active radiation, MSO
control PGRs-free medium

Treatment Chlorophyll a* Chlorophyll b* alb ratio
MSO W 0.61* + 0.0005 0.12¢ + 0.0006 5.08
MSO0 PAR 1.69¢ + 0.0009 0.19¢ + 0.0004 8.89
BA2W 0.68% + 0.0004 0.09* + 0.0002 7.55
BA 2 PAR 0.36*4 + 0.0005 0.02° + 0.0006 18
BA3W 0.49* + 0.0003 0.06® + 0.0003 8.16
BA3PAR  0.60°° + 6.35-10°  0.08 + 0.0002 7.5
BA4W 0.54*° + 0.0005 0.059*® + 0.0005  9.15
BA 4 PAR 0.14% +9.93.10°  0.02° + 0.0002 7

*Means with the same letter within each column are not statistically
different at p <0.05 by the Kruskal-Wallis test

Table4 List of compounds detected in M. laevis shoot culture
and their retention times (Rt), absorption maxima (DAD A,,), m/z
[M —H] in negative mode

Compound Amax (m)  [M—H] R? (min)
“mlz
Chlorogenic acid 325 353.069 4.12
Caffeic acid 325 179.034 6.54
Ferulic acid 325 193.050 10.35
Rosmarinic acid 327 359.013 14.35
Cyanidin 3-O-galactoside 528 449.104 4.12
Cyanidin 3-O-malonylglucoside 528 535.106 5.32

Chlorophyll content

The highest concentration of chlorophyll a (1.69 mg/g
FW) and b (0.19 mg/g FW) was in shoot culture grown on
medium without PGRs under PAR (Table 3). The chloro-
phyll contents were higher under white LED illumination
than PAR, with the exception of medium with 3-pM BA and
0.5-uM NAA (Table 3).

Chlorophyll content was also determined in callus tissue
that developed at the basal part of shoots (data not shown).
The callus accumulated significantly lower amounts of chlo-
rophylls compared to the values in shoots. The content of
chlorophyll a under white light was between 0.003 mg/g
FW on MS without PGRs and 0.059 mg/g FW in callus
cultured on MS medium with 3-pM BA and NAA. Chloro-
phyll b was between 0.021 mg/g FW and 0.019 mg/g FW,
respectively. Moreover, the chlorophyll content in callus
was higher under PAR light conditions than white light
(data not shown).

@ Springer

Phytochemical analyses

LC-MS profiling was used for identification of the com-
pounds presented in methanolic extracts from shoot cul-
tures and callus tissue of M. laevis grown in vitro under
two lights spectra. The analysis showed the presence of two
simple hydroxycinnamic acids (caffeic acid, ferulic acid),
two conjugated caffeic acid derivatives (chlorogenic acid
and rosmarinic acid) in shoots, and additionally in callus
tissue two tentatively identified cyanidin glycosides (cyani-
din 3-0O-galactoside, and cyanidin 3-O-malonylglucoside)
(Table 4). The assignment of cyanidin 3-O-galactoside
(ideain) was based on the characteristic loss of a fragment
of m/z 448.107 and m/z 179.063 attributed to deprotonated
molecule of galactose. Identification of cyanidin 3-O-malo-
nylglucoside was based on the characteristic loss of a frag-
ment of m/z 535 and m/z 448.107 attributed to deprotonated
molecule of cyanidin, and m/z 287 attributed to deproto-
nated molecule of malonylglucoside in negative mode (for
the quantitative results, see Table 4).

Discussion

Shoot cultures of M. laevis were established using several
combinations of exogenous auxins and cytokinins in the
culture media (Fig. la—g, Tables 1 and 2). Different PGRs
type and concentrations, as well as the spectrum of LED
illuminations (white or PAR), demonstrated diverse response
of the explants in terms of the outbreak of preformed buds,
physiological condition reflected by differences in chloro-
phyll (a, b, and a/b ratio) and phenolic compounds contents.

The most effective concentration of BA for axillary shoot
development was 3 pM. Shoots cultured on media with this
concentration of BA developed leaves with normal morphol-
ogy. The effect was stronger under PAR. BA at 2 pM weakly
stimulated shoot growth; whereas, the increase to 4 pM BA
resulted in degeneration of the shoots. However, no statisti-
cally significant differences regardless the light spectrum
were noticed between shoots on media with 4 pM BA and
NAA or IAA (Fig. le) and 2 pM BA and NAA.

For in vitro cultures of Physalis peruviana (Guney et al.
2016), Fragaria X ananassa (Sorvari et al. 1993), and Vitis
vinifera (Jaskani et al. 2008) significantly higher concentra-
tions of BA (5, 8, and 12 pM) were used yielding higher
shoot length, especially in combination with NAA and IBA
at 0.5 pM and 1 pM. On the other hand, higher levels of
cytokinins are not beneficial for some other plant species.
For example, in Ocimum basilicum shoot cultures the opti-
mal growth was observed on media with 2 pM BA, while
higher concentrations of the cytokinin significantly limited
the micropropagation of explants of the species (Saha et al.
2010). In in vitro cultured shoots of Plantago media, the
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BA concentration of 2.0 uM in medium was optimal for
both shoot development and content of phenolic metabolites
(Budzianowska et al. 2019).

In our study, shoots cultured on medium without PGRs
(MS0) under PAR, showed low morphogenetic ability. None
of the explants produced buds nor callus tissue at the basal
part of shoots, and only 17% of the explants developed single
axillary shoots after 21 days of culture (Table 1, Fig. 1a).
Interestingly, some shoots, which grew under PAR for
12 weeks on MSO started to develop flowers (Fig. 1b). Simi-
lar phenomenon was earlier observed for pRi-transformed
plantlets of Centaurium erythraea after 12 weeks of growth
on MS medium without PGRs (Piatczak et al. 2007). More-
over, M. laevis shoots cultured on MSO under white light
grew more vigorously than those under PAR. Conversely,
the increased growth and survival of shoots was observed
under PAR illumination in Brassica napus, Lactuca sativa,
Raphanus sativus, and Spinacia oleracea (Ling et al. 2013;
Shin et al. 2008; Yorio et al. 2001).

In axillary shoots on media supplemented with PGRs,
the chlorophyll content was significantly lower than in
shoots on MS0O medium (Table 3). This trend differs from
many other species. For example, chickpea explants grow-
ing on PGR-containing media produced more chlorophyll
than on PGR-free media. Kinetin (10 ppm) was the most
stimulating, followed by 2,4,5-trichlorophenoxyacetic acid
(5 ppm), 2,3,5-triiodobenzoic acid (25 ppm), and gibberellic
acid (25 ppm) (Singh and Jain 1981). A stimulating effect
of auxin NAA on chlorophyll production was also observed
in Vigna mungo (Jeyakumar et al. 2008) and in maize by
Rashad and Hussien (2014), who suggested the compensa-
tive effect of gibberellic acid (100 mg/L) against chlorophyll
degradation in leaves caused by the irrigation of saline water.

The contrasting response of chlorophyll a/b ratio to both
light spectra depending on the BA concentration indicates
a modulating effect of cytokinins on the photosynthetic/pri-
mary metabolism. Here, the higher a/b ratio was under PAR
at lower (2 uM) and under white light at higher (3 or 4 uM)
concentration of BA.

The interplay of chlorophyll biosynthesis and phytohor-
mone flux are key in the light-regulated processes that are
involved in the nutrient and metabolites allocation. Recent
studies on the components that integrate light and hormone
signaling pathways, indicated the involvement of transcrip-
tion regulators such as elongated hypocotyl 5 protein, phy-
tochrome-interacting factors (PIFs), ethylene insensitive
three and DELLA proteins (characterized by motif: aspar-
tate—glutamate—leucine—leucine—alanine or D-E-L-L-A
in the single-letter amino acid code). Some of these com-
ponents connect light signals to the signaling pathways of
endogenous phytohormones, including ethylene, gibberellins
and cytokinins (Liu et al. 2017). They have been recognized
as integrators. According to these studies, to optimize the

greening process, ethylene insensitive three directly acti-
vates the gene expression of light-dependent protochloro-
phyllide-reducing enzymes (PORA/PORB) and represses
protochlorophyllide accumulation. The latter reaction is
possible through activating phytochrome-interacting factors
transcription; while, phytochrome B and constitutively pho-
tomorphogenic 1 (COP1), recognized as a central repressor
of seedling photomorphogenesis, regulate mainly the lev-
els of ethylene insensitive three. Moreover, phytochrome-
interacting factors are crucial in the integration of light and
gibberellin signals; while, the transcription activity of PIFs
is sequestered by the repressors of gibberellins (DELLA pro-
teins). Auxin and cytokinin regulate the elongated hypocotyl
five protein stability and coordinate signals involved in root
greening; whereas, ethylene, jasmonates and strigolactones
regulate the nuclear localization of COP1, a possible new
integrator (Liu et al. 2017).

In earlier studies of Kitajima and Hogan (2003), the
adjustment of the chlorophyll a—b ratio was probably an
integral response related to the adaptation of the tested
plants to high illumination and low nitrogen availability.
The experiments were undertaken for seedlings of tropical
woody plants that develop in limited light conditions and
need to grow expansively in a short time to effectively use
the incoming light. In this case, the initial nitrogen resources
consumed for the needs of the young organism are essential.
High light intensity often leads to the photosytem II damage
in leaves observed in plants with low nitrogen resources.
Based on the premise that chlorophyll a/b ratio may indi-
cate the nitrogen allocation in leaves, the results of Kitajima
and Hogan (2003) showed that the chlorophyll a/b ratio was
negatively correlated with leaf nitrogen in the presence of
sun light. In shade, the chlorophyll a/b ratio was uniformly
low, regardless of nitrogen content. This was explained by
the phenomenon of increased nitrogen investment to pho-
tosystem II, compared to Rubisco and photosystem II light
harvesting complex, in high light environment and reduced
availability of this element. However, examples of earlier
studies on species from different environments showed that
this is not general rule and that this type of research should
consider individual ecological habitats (Kitajima and Hogan
2003).

The positive effect of PAR on the chlorophyll synthesis
was observed in many previously published studies (Shin
et al. 2008; Nhut et al. 2003). In turn, Kamiya et al. (1981)
demonstrated the negative effect of red light on the chloro-
phyll precursors; whereas, blue light significantly increased
chlorophyll synthesis. In our studies, chlorophyll content
in callus tissue was much lower (data not shown) than in
shoots, especially under white light conditions. The results
were not surprising, as similar effect was earlier observed
for example in Vicia faba cultures (Césniené et al. 2003).
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