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Abstract

Rosmarinic acid (RA), one of the most important active ingredients of lemon balm (Melissa
officinalis L.), exhibits antiviral, antibacterial, antioxidative and anticancer properties. Furthermore, it
can improve functionality in baking process. Cu acts as a cofactor of several proteins and plays a key
role in photosynthesis, respiration, lignin synthesis, response to oxidative stress and cell wall metabo-
lism, but can be toxic to plants in high concentrations. We hypothesized that abiotic stresses, as one
of the external factors inducing the defense mechanism of plants, may contribute to the production of
secondary metabolites, especially RA, in representatives of the Lamiaceae family. In current study, RA
accumulation, expression of tyrosine aminotransferase gene (TAT), contents of flavonoid and antho-
cyanin as well as antioxidant enzymes activities were investigated in 45-day-old M. officinalis seedlings
after treatment with different concentrations of Cu2* (0, 5, 10, 20, and 30 uM). Samples were collected
and analyzed after 8 and 16 hours of treatment. Lower concentrations of Cu2* positively affected RA
accumulation at both aforementioned treatment times, which is consistent with the increase in TAT
gene expression profile. Flavonoid, anthocyanin and soluble protein contents of the seedlings signifi-
cantly decreased (except at 20 and 30 uM Cu?*-treated seedlings after 8 hours). RA content and
expression of TAT gene decreased significantly at the highest concentration of Cu?* for 16 hours.
Concurrently, elevated levels of superoxide dismutase and peroxidase activities were measured in these
seedlings. Latter can indicate that lower concentrations of Cu2* cause oxidative stress. Reactive oxygen
species (ROS), which act as signal molecules, are accumulated and due to their positive effects on the
expression of TAT gene more RA is produced. In contrast, at the highest concentration of copper ions,
ROS suppressed TAT gene expression and prevented the degradation of the gene product.

Keywords: antioxidant enzyme, superoxide dismutase, catalase, peroxidase, Melissa offici-
nalis, rosmarinic acid, flavonoids, anthocyanins, tyrosine aminotransferase.

Rosmarinic acid (RA) is an ester of caffeic acid and 3,4-dihydroxyphenyl-
lactic acid, and it has been identified from lemon balm (Melissa officinalis L.) as
one of the major active phenolic compounds [1, 2]. It has shown various biological
activities such as anti-inflammatory|[3], antiviral [4], antibacterial, antioxidative
[5, 6], anticancer [7] and antiallergic activities [8]. Furthermore, RA as a potential
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enhancer can provide functional properties to bakery products [9]. RA is biosyn-
thesized through two different pathways in plants. Phenylpropanoid pathway,
which is considered as the main biosynthesis pathway, starts with activation of
phenylalanine ammonia-lyase (EC 4.3.1.24) (PAL) enzyme and uses phenylala-
nine amino acid as its substrate. The second pathway is initiated with tyrosine
aminotransferase (TAT) reaction that uses tyrosine as its substrate [1]. Previous
reports have shown that RA production can be changed in presence of carbohy-
drates [10] as well as by yeast extract, Ag™ and methyl jasmonates [11-13]. Studies
in Salvia miltiorrhiza hairy root have shown that treatment with Ag+/yeast in-
creases TAT activity and decreases PAL activity [13]. It was demonstrated expo-
sure of Phyllanthus tenellus with Cu2* increased PAL activity in the leaves [14].
Similarly, a rise in PAL activity was observed in of Camellia sinensis leaves in
presence of copper, mercury and nickel [15].

Copper, essential microelements for plant growth and development, acts
as a cofactor of several proteins such as plastocyanin (PC), Cu/Zn superoxide
dismutase (Cu/Zn SOD) [16], cytochrome ¢ oxidase [17] and plays key roles in
photosynthesis, respiration, lignin synthesis, responding to oxidative stresses and
cell wall metabolism [18]. This element, along with other microelements, is re-
sponsible for plant resistance to diseases [19]. Although copper is highly present
in nature and needed for plant growth, its high concentrations can lead to toxicity
in plants [20]. Plants exposed to heavy metal stress often encounter oxidative stress
and consequently a high production of reactive oxygen species ROS [15]. Plants
prevent damages caused by ROS through antioxidant systems consisting of both
non-enzymatic (ascorbic acid, glutathione, tocopherol, flavonoids, etc) and enzy-
matic reactions (catalase, peroxidase, superoxide dismutase, glutathione, and
ascorbate peroxidase and reductase) [21]. Phenolic compounds play important
roles in color-stabilizing mechanism [22] and defending against pathogens attacks
[23] and ultraviolet ray [24] in plants. Furthermore, they are used as indicators to
investigate stresses and scavenger of free radicals [25, 26].

We hypothesized abiotic stresses as one of external factors inducing plant
defense mechanism can promote the production of secondary metabolites and
particularly RA in Lamiaceae family. The aim was to treat lemon balm seedlings
with different copper concentrations and to measure the amount of RA and to
analyze related plant defense mechanisms such as flavonoid and anthocyanin con-
tent, and antioxidant enzymes activities. We also aimed to measure TAT gene
expression as one of important genes in RA biosynthesis pathway in M. officinalis
seedlings.

Materials and methods. F1 seeds of lemon balm (M. officinalis) were ob-
tained from Pakanbazr (Esfahan, Iran). Methanol (HPLC grade) and orthophos-
phoric acid were obtained from Merck (Germany). Water (HPLC grade) was
provided by membrane purification system. External standard of RA (CisH160Os,
MW = 360 g - mol!) and other analytical reagents materials were purchased from
Sigma (United States).

The seeds were treated with 2% sodium hypochlorite solution and rinsed
three times with sterile distilled water. These seeds were planted in MS medium
(Murashige and Skoog, 1962) with 0.8% (w/v) agar, and transferred to dark incu-
bator (relative humidity 55+5%; 28+2 °C) for two weeks. Then, plants were trans-
ferred to 16:8 hour (Light:Dark) at 302 °C. The 45-day-old seedlings were col-
lected from the medium and washed carefully with sterile distilled water and trans-
ferred to liquid MS medium. The medium was supplemented with the final Cu2*
concentrations of 0 (control), 5, 10, 20 and 30 uM by using CuSO4 - 5H20 salt.
The treatment was applied for 8 and 16 hours as recently reported [27]. Treated



seedlings were harvested and rinsed with sterile distilled water for several times to
remove the surface ions. Treated seedlings were divided into two groups: one was
dried in the shade (for three days) and used to measure the RA concentration; the
other group was rinsed, dehydrated and frozen in liquid nitrogen, and kept at
—80 °C until measuring flavonoid and anthocyanin contents, antioxidant enzymes
activity and analyzing TAT gene expression level.

RA identification and quantification was performed as recently reported
[27, 28]. In brief, 0.1 g of dried sample was ground into powder and mixed with
25 mL ethanol/water (30:70 v/v) solution, then it was sonicated for 10 min and
centrifuged at 4500 rpm for 5 min at 4 °C. The supernatant was transferred to new
collection tube and its volume was increased to 50 ml by adding sterile distilled
water. The extract solution was filtered with 0.2 uM single-use syringe filter, before
injecting into column of High Performance Liquid Chromatography (HPLC,
ZORBAX SB-C18 column, Agilent 1100 series, USA). The mobile phase con-
taining 40% solvent A (orthophosphoric acid in water, 1.0% v/v) and 60% solvent
B (orthophosphoric acid in methanol, 1.0% v/v), was run at 1.0 ml/min at room
temperature. Identification of RA was achieved by comparing retention time of
each sample with the standard, which was acquired at 330 nm.

RNX plus™ kit (Cinnagen, Iran) was used to extract total RNA as stated
by manufacturer's protocol. The quality and quantity of extracted RNA were as-
sessed by 1% agarose gel and spectrophotometer apparatus (Varian cary 50, Aus-
tralia), respectively. Finally, 200 U - ul'! M-MuLV Reverse Transcriptase (Fer-
mentas, EP0441, USA), Oligo(dT)20 Primer (Fermentas, SO131, USA), dNTP
(I mM of ecah) and 20 U RiboLock RNase Inhibitor (Thermo Fisher Scientific,
USA) were used to synthesize cDNA at 42°C for 120 min.

TAT gene primers (Forward primer: 5'-CCG CTA CTT CGA TCT TCA
TCC-3" and reverse primer: 5’-CCA TTG GAA CAA AAG GGT TCG-3") were
designed by Oligo Primer Analysis Software v. 7 (https://www.oligo.net/down-
loads.html) in reference to available mRNA sequence of Tyrosine aminotransfer-
ase gene in Melissa officinalis (Gene Bank Accession No. JN863949). TAT gene
was amplified by Tag DNA polymerase (Qiagen, Germany) with an initial dena-
turation for 4 min at 94 °C, followed by 30 cycles amplification (1 min at 94 °C,
1 min at 55 °C and 1 min at 72 °C) and a final extension at 72 °C for 10 min
using thermocycler (Eppendorf 5331 Mastercycler Gradient PCR, Germany).

To assess TAT gene expression levels in the presence of different Cu?*™
concentrations, semi-quantitative PCR method was used and comparisons were
done by using Gene Tools software (Syngene, Cambridge, UK), employing inten-
sities of the amplified bands separated on 1% agarose gel. This software can quan-
tify the fluorescence intensity from electrophoresis bands and enables the investi-
gation of gene expression levels [29].

To determine the flavonoid content, 0.1 g of fresh sample was ground into
powder in 10 ml ethyl alcohol: acetic acid (1:99, v/v) and centrifuged for 10 min
at 4000 rpm. The supernatant was slowly heated over a hot water bath for 10 min
at 80 °C. Absorbance measurement was done at wavelengths of 270, 300 and
330 nm, considering the extinction coefficient of 33,000 M-!-cm!. Flavonoid
contents were calculated cumulatively and reported in uM - g fresh weight (fw)
[30].

To measure anthocyanin content, method of Krizek et al. (1993) was ap-
plied. Briefly, 0.2 g of fresh sample was ground into powder in 3 mL acidified
(0.1% HCI) methanol and then centrifuged at 12000 rpm for 20 min at 4 °C.
Supernatant as a pigment container was stored in darkness for 24 hours. Absorb-
ance was measured at 550 nm and the extinction coefficient of 33,000 M1 - cm™!



was used to calculate anthocyanin content. Finally, anthocyanin content was re-
ported in pM - g1 fw [31].

Protein was extracted through grounding 0.5 g of fresh sample into powder
in 50 mM potassium phosphate buffer (pH 7.5) comprising 1 mM EDTA and 1%
polyvinylpyrrolidone (PVP). The mixture was centrifuged at 11000 rpm for 20 min
at 4 °C. The supernatant was used for measuring protein content and investigating
enzyme activities [32]. Total content of protein was determined from plant extrac-
tions according to the Bradford’s (1976) method by using Bovine serum albumin
(BSA) as the standard and the absorbance was measured at 595 nm [33].

To measure superoxide dismutase (SOD; EC 1.15. 1.1) activity, method
of Giannopolitis and Reis (1977) was used, which emphasizes on preventing pho-
tochemical reduction of nitro blue tetrazolium (NBT) through the enzyme's ca-
pability. One unit of the enzyme activity is defined as the amount of enzyme
required to 50% inhibition of NBT reduction into blue formazan under light con-
ditions. Reaction mixture included 13 mM methionine, 75 pM NBT, 2 uM ribo-
flavin, 50 mM potassium phosphate buffer (pH 7.8) and 0.1 mM EDTA. Finally,
absorbance was measured at 650 nm [34].

To measure catalase (CAT: EC 1.11. 1.6) activity, method of Dhinsda et
al. (1981) was used, which relies on enzyme's capability to degrade H2O2 in 1 min.
One unit of catalase enzyme is defined as the amount of enzyme, which degrades
I ml of H2O2 per minute. The reaction mixture included 15 mM H202 and 50 mM
potassium phosphate buffer (pH 7). Amount of H202 in reaction mixture after
1 min and absorption differences were measured at 240 nm and then the activity
was defined in U - mg-! protein [35].

To assay peroxidase (POD; EC 1.11. 1.7) activity, method of Plewa et al.
(1991) was applied, which concentrates on absorbance of tetraguaiacol formed by
oxidation of guaiacol which, was catalyzed by peroxidase at 470 nm in 3 min.
Reaction mixture contained 4% guaiacol, 1% H202 and 50 mM potassium phos-
phate buffer (pH 7). POD activity was measured using an extinction coefficient of
tetraguaiacol, ¢ = 26.6 mM1-cm! [36].

All experiments were done through completely random designs with 3 in-
dependent replicates. Data means were used for Duncan’s multiple range test.
Afterwards, one-way analysis of variance (ANOVA) with a significance level of
0.05 was used for analyses of data with SAS 9.1.3 (SAS Institute, Cary, NC).

Results. Treatment of lemon balm seedlings with different Cu2* concen-
trations led to different responses of RA production. RA content of experimental
samples, compared to the standard sample, was measured after 16 minutes reten-
tion time (data not shown). The maximum amount of RA reached about 36 mg/g
dry weight, in treatment with 5 pM Cu?* after 8 hours, which was 3.5 fold more
than the control (8.5 mg/g) (Fig. 1, A). Treatment with 10 pM Cu?2* resulted in
12 mg/g RA, being significantly bigger than the control. RA content of samples
treated with higher Cu2* concentration was similar to the control. The RA con-
centration was reduced after 16 hours of treatment and only 10 uM Cu?* treatment
was comparable to the results at 8 hour timepoint.

TAT gene expression was studied in a semi-quantitative method. Extracted
RNA quality was determined by 18S and 28S bands related to ribosomal RNA on
1% agarose gel, which were clearly observable for all samples, indicating high
quality of extracted RNA (Fig. 2, A). After cDNA library construction and TAT
gene amplification, the gene expression level was calculated through loading of
4 ul of each PCR product (242 bp in length) on 1% agarose gel by using Gene
Tools software (Fig. 2, B).
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3, MESD, lab tests). GelPilot 1 kb Ladder (Qiagen, Germany). Different

Treatment of seedlings with 5, 10 and 20 uM concentrations of Cu?* for

Fig. 2. RNA extracted from Cu?*-treated lemon balm seedlings (A), amplified TAT gene on agarose gel
(B), and comparing of TAT gene expression (C) in treated seedlings with different concentrations of
8 hours led to an increase in TAT gene expression level compered to control (Fig.
2, C). Similarly, the seedlings treated with 5 and 10 uM of Cu?* for 16 hours

Cu2* after 8 and 16 hours (n
showed a significant rise in the level of the expression. On the other hand, by

letters indicate significant differences at p < 0.05 according to Duncan’s Multiple Range Test.



increasing Cu?* concentration in media, expression of this gene was decreased
which was more considerable in 16 hours timepoint, while no band was observed
on the gel in 30 pM concentration of Cu?*.

Flavonoid content of the Cu2*-treated seedlings tended to decrease with
the increase of ions concentration in both treatment times (Fig. 1, B). Decrease
in the flavonoid content was comparatively bigger at 16 hours than 8 hours alt-
hough 30 uM Cu?* concentration treatment recovered flavonoid content approx-
imately up to level of 5 uM Cu?2*.

Treatment of lemon balm seedlings with different Cu?* concentrations at
the both treatment times led to a tendency to decrease in anthocyanin content
compared with control (Fig. 1, C). Decrease in anthocyanin content was more
considerable at 16 hours than 8 hours as well as in higher Cu2* concentrations.

Treatment of lemon balm seedlings with different Cu?* concentrations at
the both treatment times led to significant increase in the SOD activity and to
significant decrease in CAT activity compared to control (Table).

SOD, CAT and POD activity of treated lemon balm seedlings with various concen-
trations of Cu2* at different treatment times (n = 3, M%SD, lab tests)

Cu?* concentra- SOD, U/mg protein CAT, U/mg protein POD, U/mg protein
tion, uM 8h | 16h 8h | 16h 8h | 16h

0 38.4+7.7¢ 51.6+17.2¢ 179.74+2.32 161.9+1.82a 3.61+0.4b 3.51£0.3d
5 395.6+15.62 142.8+10.8d 89.3+1.1d 156.7+0.9° 6.2940.52 7.65+0.4b
10 277.0+19.7°  232.4+21.7¢ 157.0%1.1b 105.741.3¢ 5.87%0.12 6.1510.2¢
20 376.8+16.32  382.9425.52 86.6+1.1¢ 93.7+1.8d 5.5840.42 8.86+0.42
30 397.9+14.52  301.5%17.1° 107.310.7¢ 65.9+1.4¢ 5.81%0.12 6.99+0.40

N ot e. Different letters in each group indicate significance at p < 0.05 according to Duncan’s Multiple Range Test.

POD activity was significantly increased in Cu?*-treated seedlings propor-
tionally to Cu?* concentration increase in medium, except for 30 uM Cu?* for
16-hour treatment, where the enzyme activity was the same as the level of 5 uM
Cu2* (see Table).

Soluble protein content of the Cu?*-treated seedlings significantly de-
creased in 5 and 10 uM treatments at both timepoints. At 8-hour treatment in
presence of 20 and 30 uM Cu the protein content increased instead (Fig. 1, D).
However, longer treatment still significantly decreased the protein content com-
pared to the control.

In the present study, effects of different Cu?* concentrations were ana-
lyzed on RA accumulation, TAT gene expression as well as antioxidant system in
45-day-old M. officinalis seedlings at different timepoints. According to the results,
copper had positive effect on the RA content especially at lower doses (5 and
10 uM) whereas at higher concentrations RA content was similar to the level of
control. The maximum amount of RA was obtained in the presence of 5 uM Cu2*
after 8 hours of treatment, when RA concentration increased 3.5 times more than
the control. These observations were consistent with the TAT gene expression
profiles. On the other hand, although the maximum gene expression was seen in
the presence of 5 and 10 uM Cu?* after 16 hours of treatment, it was completely
suppressed at 30 uM Cu?*. Interestingly, in comparison with control, flavonoid
and anthocyanin contents significantly decreased when the seedlings were treated
with the different concentrations of this ion at the treatment timepoints, particu-
larly at 16-hour treatment. Since flavonoid, anthocyanin and RA are phenolic
compounds, it may be suggested that RA is produced more through tyrosine de-
rived pathway [37]. Furthermore, as recently reported by Nasiri-Bezenjani et al.
(2014), RA and TAT gene expression of lemon balm seedlings were induced by
yeast extract after 17 hours and the data revealed these two parameters had a



similar pattern. Decrease in flavonoid and anthocyanin content was also consistent
with our recent report, which showed the decrease of these metabolites when
lemon balm seedlings were treated with Fe2" concentrations [27]. Treatment of
Pinus sylvestris L. seedlings with high levels of copper or nickel showed a decline
in their phenolic compounds contents [38]. Based on this report, the decrease of
phenolic compounds content possibly is related to suppression of other genes such
as PAL, which are involved in their biosynthesis pathway or degradation of the
enzymes involved in this pathway due to high toxicity of these ions in the medium.
PAL, one of the most important enzymes in phenylpropanoids pathway [1], can
be activated under stress conditions in plants to protect the plant during the syn-
thesis of secondary metabolites such as simple phenols, anthocyanin, flavonoids,
and lignins [39]. Previous studies have shown an increase of PAL activity in the
Phyllanthus tenellus and Camellia sinensis leaves treated with copper, mercury and
nickel [14, 15].

In comparison with other abiotic stresses, heavy metals induce the syn-
thesis of heat shock proteins (HSPs), messenger molecules such as salicylic acid,
abscisic acid and jasmonates and ethylene [40]. It has been proposed that free
radicals have reciprocal roles in cells, while at higher concentrations they may
damage cell membrane, nucleic acids and proteins [41], at lower concentrations
they can act as signalling molecules [40]. Jasmonate, as a key signalling molecule,
plays an important role in signalling network adjustment, which leads to biosyn-
thesis of plant secondary metabolites [42]. The effects of these compounds on
biosynthesis of different types of secondary metabolites such as alkaloids, terpe-
noids, glycosinolates and phenylpropanoids have been clarified [43]. Rapid accu-
mulation of jasmonic acid in plant species such as Phaseolus coccineus and Ara-
bidopsis thaliana after treatment with copper was proved [44]. Increase in RA
production in exposure to some elicitors (yeast extract and methyl jasmonate) in
several plant species including Orthosiphon aristatus [45], Coleus blumei [46] and
M. officinalis [28] were reported. Yan et al. (2006) declared that increase of RA
content in Salvia miltiorrhiza after treatment with yeast extract and silver ion is
due to an accretion in activity of TAT gene. By considering the antioxidant prop-
erties of RA [47], it can be proposed that increase in RA content in Cu?*-treated
seedlings may be attributed to the induction of ROS and activation of a signaling
pathway such as internal jasmonate [48], and consequently, activation of the genes
involved in defensive system (e.g. TAT). Decrease in the level of these compounds
due to antioxidant effects is related to the activation of other antioxidant pathways
such as enzymatic pathway or degradation and inactivation of the enzymes, which
are involved in biosynthetic pathways of these compounds [49]. Interestingly,
SOD, which is the first enzyme in detoxification of ROS [50] and plays an im-
portant role in conversion of superoxide radicals to H202 and O2 [51], increased
in Cu2*-treated seedlings compared with control after 8-hours exposure. In other
words, in Cu?*-treated seedlings, concentration of POD, which participates in
removal of hydrogen peroxide inside the cell [52], was significantly increased in
this research. However, the activity of CAT, another H20O2 scavenging enzyme in
peroxisomes [53], was decreased significantly in Cu?*-treated seedlings. Thus, it
seems that lemon balm seedlings remove free radicals using expression of antiox-
idant enzymes such as SOD and POD.

Many studies showed that SOD, CAT and POD are necessary for protec-
tion of cells against side effects of ROS [50]. Miteva et al. (2005) declared that
addition of arsenic acid concentration to culture medium led to significant in-
crease in POD activity in tomato (Lycopersicon esculentum Mill.), which indicates



confrontation of POD with harmful effects of oxidative stress [54]. Moreover,
significant increases in activities of some enzymes such as peroxidase and super-
oxide dismutase were reported in red cabbage (Brassica oleracea). Aforementioned
plant used enzymatic and non-enzymatic antioxidants during heavy metal stress
[55]. Wang et al. (2004) demonstrated that treatment of Brassica Junica seedlings
with copper led to increase in the activities of SOD, POD, and decrease in CAT
activity [56] which is consistent to our current study. Decrease in CAT activity
may be due to lower affinity to combine with H202 or inhibition due to presence
of high concentrations of heavy metals such as copper [57, 58]. It is pertinent to
mention that cadmium caused CAT oxidation in pea (Pisum sativum L.) and as a
result leading to a decrease in its activity [44]. Additionally, under toxic conditions
of heavy metals, lack of a system to neutralize the by-products of oxygen radicals
resulted in production of hydroxyl radicals through Fenton and Haber-Weiss re-
actions [59]. These radicals can change enzymatic activities, gene expression, pro-
tein content and soluble sugar content as well as release calcium from cell spaces,
and also they can cause irreversible damages to plasma membrane and nucleic
acid as were reported earlier [60]. Hence, decrease in protein content in Cu2*-
treated seedlings can be attributed to accumulation of these radicals. Decrease in
protein content in wheat seedlings in presence of Cu?* was shown by Singh et al.
(2007) [61]. Furthermore, Singh et al. (2006) reported that protein content of
Pteris vittata was decreased due to oxidative stress resulted from arsenic acid and
degradation of some proteins [62]. On the other hand, elevated levels of soluble
proteins at 20 and 30 uM after 8 hours of treatment may be attributed to the
synthesis of heat shock proteins. Thereby, decrease in total flavonoid content,
anthocyanin and RA in Cu?*-treated seedlings may be attributed to inhibition of
the enzymes, which are involved in RA biosynthesis pathway or may be attributed
to degradation of these enzymes due to oxidative stress.

It can be concluded that the Cu?* ion at investigated concentrations in
this study leads to oxidative stress due to inducing the production of free radicals.
Thus, production of these radicals, specially hydrogen peroxide, directly activate
signalling pathways or induce expression of other genes involved in the pathway
through biosynthesis of certain compounds such as plant hormones [48]. Increase
in TAT gene expression level can be due to signalling roles of these radicals, which
in turn leads to synthesis of RA when the seedling are treated with low concen-
trations of Cu2*. Although the production of free radicals usually coincides with
increase of SOD and POD activities, higher concentration of free radicals leads
to degradation of some proteins or their functions or decrease in gene expression
of these proteins. This assumption is consistent with the observed decrease in total
protein content as well as activities of antioxidant enzymes and severe decrease in
TAT gene expression in the treatment with highest copper concentration. This
issue can also be due to decrease in flavonoid and anthocyanin content along with
decrease of RA production in Cu?*-treated seedlings at higher ion concentrations.
Future experiments could test the effect of copper on RA in soil systems. If copper
can increase RA content, it can be used in crop production to enhance the valor-
ization properties of lemon balm and to help bioeconomy.

To summarize, lower concentrations of Cu2* caused oxidative stress, fol-
lowed by accumulation of ROS as signals molecules, which induced RA accumu-
lation by an increase of TAT gene expression level. On contrary, at the highest
applied Cu2* concentration for 16 hours, ROS suppressed TAT gene expression
and decreased RA production, where elevated levels of superoxide dismutase and
peroxidase activities were measured in these seedlings.



I1.

12.

14.

15.

18.

19.

20.

21.

22.

REFERENCES

Petersen M., Simmonds M.S. Rosmarinic acid. Phytochemistry, 2003, 62(2): 121-125 (doi:
10.1016/s0031-9422(02)00513-7).

Dastmalchi K., Dorman H.T.D., Oinonen P.P., Darwis Y., Laakso I., Hiltunen R. Chemical
composition and in vitro antioxidative activity of a lemon balm (Melissa officinalis L.) extract.
LWT-Food Science and Technology, 2008, 41(3): 391-400 (doi: 10.1016/j.1wt.2007.03.007).
Rocha J., Eduardo-Figueira M., Barateiro A., Fernandes A., Brites D., Bronze R., Duarte C.M.,
Serra A.T., Pinto R., Freitas M., Fernandes E., Silva-Lima B., Mota-Filipe H., Sepodes B. Anti-
inflammatory effect of rosmarinic acid and an extract of Rosmarinus officinalis in rat models of
local and systemic inflammation. Basic & Clinical Pharmacology & Toxicology, 2015, 116(5): 398-
413 (doi: 10.1111/bept.12335).

Swarup V., Ghosh J., Ghosh S., Saxena A., Basu A. Antiviral and anti-inflammatory effects of
rosmarinic acid in an experimental murine model of Japanese encephalitis. Antimicrobial Agents
and Chemotherapy, 2007, 51(9): 3367-3370 (doi: 10.1128/AAC.00041-07).

Nascimento G.G.F., Locatelli J., Freitas P.C., Silva G.L. Antibacterial activity of plant extracts
and phytochemicals on antibiotic-resistant bacteria. Brazilian Journal of Microbiology, 2000, 31(4):
247-256 (doi: 10.1590/S1517-83822000000400003).

Capecka E., Mareczek A., Leja M. Antioxidant activity of fresh and dry herbs of some Lamiaceae
species. Food Chemistry, 2005, 93(2): 223-226 (doi: 10.1016/j.foodchem.2004.09.020).

Link A., Balaguer F., Goel A. Cancer chemoprevention by dietary polyphenols: promising role for
epigenetics. Biochemical Pharmacology, 2010, 80(12): 1771-1792 (doi: 10.1016/j.bcp.2010.06.036).
Sanbongi C., Takano H., Osakabe N., Sasa N., Natsume M., Yanagisawa R., Inoue K.I., Sa-
dakane K., Ichinose T., Yoshikawa T. Rosmarinic acid in perilla extract inhibits allergic inflam-
mation induced by mite allergen, in a mouse model. Clinical & Experimental Allergy, 2004, 34(6):
971-977 (doi: d10.1111/5.1365-2222.2004.01979.x).

Caleja C., Barros L., Barreira J.C.M., Ciric A., Sokovic M., Calhelha R.C., Beatriz M.,
Oliveira P.P., Ferreira I.C.F.R. Suitability of lemon balm (Melissa officinalis L.) extract rich in
rosmarinic acid as a potential enhancer of functional properties in cupcakes. Food Chemistry,
2018, 250: 67-74 (doi: 10.1016/j.foodchem.2018.01.034).

Gertlowski C., Petersen M. Influence of the carbon source on growth and rosmarinic acid pro-
duction in suspension-cultures of Coleus blumei. Plant Cell Tissue and Organ Culture, 1993, 34(2):
183-190 (doi: 10.1007/BF00036100).

Krzyzanowska J., Czubacka A., Pecio L., Przybys M., Doroszewska T., Stochmal A., Oleszek W.
The effects of jasmonic acid and methyl jasmonate on rosmarinic acid production in Mentha
piperita cell suspension cultures. Plant Cell, Tissue and Organ Culture (PCTOC), 2012, 108(1):
73-81 (doi: 10.1007/s11240-011-0014-8).

Sahu R., Gangopadhyay M., Dewanjee S. Elicitor-induced rosmarinic acid accumulation and
secondary metabolism enzyme activities in Solenostemon scutellarioides. Acta Physiologiae Planta-
rum, 2013, 35(5): 1473-1481 (doi: 10.1007/s11738-012-1188-3).

Yan Q., Shi M., Ng J., Wu J.Y. Elicitor-induced rosmarinic acid accumulation and secondary
metabolism enzyme activities in Salvia miltiorrhiza hairy roots. Plant Science, 2006, 170(4): 853-
858 (doi: 10.1016/j.plantsci.2005.12.004).

Santiago L.J.M., Louro R.P., De Oliveira D.E. Compartmentation of phenolic compounds and
phenylalanine ammonia-lyase in leaves of Phyllanthus tenellus Roxb. and their induction by copper
sulphate. Annals of Botany, 2000, 86(5): 1023-1032 (doi: 10.1006/anbo.2000.1271).

Basak M., Sharma M., Chakraborty U. Biochemical responses of Camellia sinensis (L.) O. Kuntze
to heavy metal stress. Journal of Environmental Biology, 2001, 22(1): 37-41.

Yruela 1. Copper in plants. Brazilian Journal of Plant Physiology, 2005, 17(1): 145-156 (doi:
10.1590/S1677-04202005000100012).

Marschner H. Marschner’s mineral nutrition of higher plants. P. Marschner (ed.). Academic Press,
2011.

Gaetke L.M., Chow C.K. Copper toxicity, oxidative stress, and antioxidant nutrients. 7oxicology,
2003, 189(1-2): 147-163 (doi: 10.1016/s0300-483x(03)00159-8).

Sims J.T., Johnson G.V. Micronutrient soil tests. In: Micronutrients in agriculture. J.J. Mortvedt
(ed.). SSSA Book Series, 1991 (dol: 10.2136/sssabookser4.2ed.c12).

Groppa M.D., Tomaro M.L., Benavides M.P. Polyamines and heavy metal stress: the antioxidant
behavior of spermine in cadmium- and copper-treated wheat leaves. Biometals, 2007, 20(2): 185-
195 (doi: 10.1007/s10534-006-9026-y).

Ignat 1., Volf 1., Popa V.I. A critical review of methods for characterisation of polyphenolic
compounds in fruits and vegetables. Food Chemistry, 2011, 126(4): 1821-1835 (doi:
10.1016/j.foodchem.2010.12.026).

Trouillas P., Sancho-Garcia J.C., De Freitas V., Gierschner J., Otyepka M., Dangles O. Stabi-
lizing and modulating color by copigmentation: insights from theory and experiment. Chemical
Reviews, 2016, 116(9): 4937-4982 (doi: 10.1021/acs.chemrev.5b00507).



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Lattanzio V., Lattanzio V.M., Cardinali A. Role of phenolics in the resistance mechanisms of
plants against fungal pathogens and insects. In: Phytochemistry: Advances in Research. Research
Signpost, Trivandrum, India, 2006: 23-67.

Laura A., Moreno-Escamilla J.O., Rodrigo-GarcHa J., Alvarez-Parrilla E. Phenolic compounds.
In: Postharvest physiology and biochemistry of fruits and vegetables. E. Yahia, A. Carrillo-Lopez
(eds.). Woodhead Publishing, 2019: 253-271.

Cushnie T.P., Hamilton V.E., Lamb A.J. Assessment of the antibacterial activity of selected fla-
vonoids and consideration of discrepancies between previous reports. Microbiological Research,
2003, 158(4): 281-289 (doi: 10.1078/0944-5013-00206).

Aksoy L., Kolay E., Agilonu Y., Aslan Z., Kargioglu M. Free radical scavenging activity, total
phenolic content, total antioxidant status, and total oxidant status of endemic Thermopsis turcica.
Saudi Journal of Biological Sciences, 2013, 20(3): 235-239 (doi: 10.1016/j.sjbs.2013.02.003).
Esmaeilzadeh-Salestani K., Riahi-Madvar A. Effects of iron ions on rosmarinic acid production
and antioxidant system in Melissa officinalis L. seedlings. Annual Research & Review in Biology,
2014, 4(22): 3359-3372 (doi: 10.9734/ARRB/2014/9300).

Nasiri-Bezenjani M.A., Riahi-Madvar A., Baghizadeh A., Ahmadi A.R. Rosmarinic acid produc-
tion and expression of tyrosine aminotransferase gene in Melissa officinalis seedlings in response
to yeast extract. Journal of Agricultural Science and Technology, 2014, 16(4): 921-930.

Al-Bader M.D. Estrogen receptors alpha and beta in rat placenta: detection by RT-PCR, real
time PCR and Western blotting. Reproductive Biology and Endocrinology, 2006, 4: 13 (doi:
10.1186/1477-7827-4-13).

Krizek D.T., Britz S.J., Mirecki R.M. Inhibitory effects of ambient levels of solar UV - A and
UV - B radiation on growth of cv. New Red Fire lettuce. Physiologia Plantarum, 1998, 103(1): 1-
7 (doi: 10.1034/j.1399-3054.1998.1030101.x).

Krizek D.T., Kramer G.F., Upadhyaya A., Mirecki R.M. UV - B response of cucumber seedlings
grown under metal halide and high pressure sodium/deluxe lamps. Physiologia Plantarum, 1993,
88(2): 350-358 (doi: 10.1111/5.1399-3054.1993.tb05509.x).

Sharma P., Dubey R.S. Drought induces oxidative stress and enhances the activities of antioxidant
enzymes in growing rice seedlings. Plant Growth Regulation, 2005, 46(3): 209-221 (doi:
10.1007/s10725-005-0002-2).

Bradford M.M. A rapid and sensitive method for the quantitation of microgram quantities of
protein utilizing the principle of protein-dye binding. Analytical Biochemistry, 1976, 72(1): 248-
254 (doi: 10.1006/abio.1976.9999).

Giannopolitis C.N., Ries S.K. Superoxide dismutases: I. Occurrence in higher plants. Plant Phys-
iology, 1977, 59(2): 309-314 (doi: 10.1104/pp.59.2.309).

Dhindsa R.S., Plumbdhindsa P., Thorpe T.A. Leaf senescence: correlated with increased levels
of membrane-permeability and lipid-peroxidation, and decreased levels of superoxide-dismutase
and catalase. Journal of Experimental Botany, 1981, 32(1): 93-101 (doi: 10.1093/jxb/32.1.93).
Plewa M.J., Smith S.R., Wagner E.D. Diethyldithiocarbamate suppresses the plant activation of
aromatic-amines into mutagens by inhibiting tobacco cell peroxidase. Mutation Research/Funda-
mental and Molecular Mechanisms of Mutagenesis, 1991, 247(1): 57-64 (dol: 10.1016/0027-
5107(91)90033-K).

Ru M., Wang K., Bai Z., Peng L., He S., Wang Y., Liang Z. A tyrosine aminotransferase involved
in rosmarinic acid biosynthesis in Prunella vulgaris L. Scientific Reports, 2017, 7: 4892 (doi:
10.1038/541598-017-05290-4).

Roitto M., Rautio P., Julkunen-Tiitto R., Kukkola E., Huttunen S. Changes in the concentrations
of phenolics and photosynthates in Scots pine (Pinus sylvestris L.) seedlings exposed to nickel and
copper. Environmental Pollution, 2005, 137(3): 603-609 (doi: 10.1016/j.envpol.2005.01.046).
Dixon R.A., Paiva N.L. Stress-induced phenylpropanoid metabolism. The Plant Cell, 1995, 7(7):
1085-1097 (doi: 10.1105/tpc.7.7.1085).

Romero-Puertas M.C., Corpas F.J., Rodriguez-Serrano M., Gomez M., Del Rio L.A., San-
dalio L.M. Differential expression and regulation of antioxidative enzymes by cadmium in pea
plants. Journal of Plant Physiology, 2007, 164(10): 1346-1357 (doi: 10.1016/].jplph.2006.06.018).
Lombardi L., Sebastiani L. Copper toxicity in Prunus cerasifera: growth and antioxidant
enzymes responses of in vitro grown plants. Plant Science, 2005, 168(3): 797-802 (doi:
10.1016/j.plantsci.2004.10.012).

Zhou M.L., Zhu X.M., Shao J.R., Wu Y.M., Tang Y.X. Transcriptional response of the
catharanthine biosynthesis pathway to methyl jasmonate/nitric oxide elicitation in Catharanthus
roseus hairy root culture. Applied Microbiology and Biotechnology, 2010, 88(3): 737-750 (doi:
10.1007/500253-010-2822-x).

Memelink J., Verpoorte R., Kijne J.W. ORCAnization of jasmonate-responsive gene expression
in alkaloid metabolism. Trends in Plant Science, 2001, 6(5): 212-219 (doi: 10.1016/s1360-
1385(01)01924-0).

Maksymiec W., Wianowska D., Dawidowicz A.L., Radkiewicz S., Mardarowicz M., Krupa Z. The
level of jasmonic acid in Arabidopsis thaliana and Phaseolus coccineus plants under heavy metal stress.
Journal of Plant Physiology, 2005, 162(12): 1338-1346 (doi: 10.1016/j.jplph.2005.01.013).



45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Mizukami H., Ogawa T., Ohashi H., Ellis B.E. Induction of rosmarinic acid biosynthesis in
Lithospermum erythrorhizon cell suspension cultures by yeast extract. Plant Cell Reports, 1992,
11(9): 480-483 (doi: 10.1007/BF00232695).

Szabo E., Thelen A., Petersen M. Fungal elicitor preparations and methyl jasmonate enhance
rosmarinic acid accumulation in suspension cultures of Coleus blumei. Plant Cell Reports, 1999,
18(6): 485-489 (doi: 10.1007/s002990050608).

Park S.U., Uddin M.R., Xu H., Kim Y.K., Lee S.Y. Biotechnological applications for rosmarinic
acid production in plant. African Journal of Biotechnology, 2008, 7(25): 4959-4965.
Karuppanapandian T., Moon J.C., Kim C., Manoharan K., Kim W. Reactive oxygen species in
plants: their generation, signal transduction, and scavenging mechanisms. Australian Journal of
Crop Science, 2011, 5(6): 709-725.

Achamlale S., Rezzonico B., Grignon-Dubois M. Rosmarinic acid from beach waste: isolation
and HPLC quantification in Zostera detritus from Arcachon lagoon. Food Chemistry, 2009, 113(4):
878-883 (doi: 10.1016/j.foodchem.2008.07.040).

Garnczarska M., Ratajczak L. Metabolic responses of Lemna minor to lead ions II. Induction of
antioxidant enzymes in roots. Acta Physiologiae Plantarum, 2000, 22(4): 429-432 (doi:
10.1007/s11738-000-0084-4).

Fukai T., Ushio-Fukai M. Superoxide dismutases: role in redox signaling, vascular function, and
diseases. Antioxidants & Redox Signaling, 2011, 15(6): 1583-1606 (doi: 10.1089/ars.2011.3999).
Jimenez A., Hernandez J.A., Del Rio L.A., Sevilla F. Evidence for the presence of the ascorbate-
glutathione cycle in mitochondria and peroxisomes of pea leaves. Plant Physiology, 1997, 114(1):
275-284 (doi: 10.1104/pp.114.1.275).

Khatun S., Ali M.B., Hahn E.-J., Paek K.-Y. Copper toxicity in Withania somnifera: growth and
antioxidant enzymes responses of in vitro grown plants. Environmental and Experimental Botany,
2008, 64(3): 279-285 (doi: 10.1016/j.envexpbot.2008.02.004).

Miteva E., Hristova D., Nenova V., Maneva S. Arsenic as a factor affecting virus infection in
tomato plants: changes in plant growth, peroxidase activity and chloroplast pigments. Scientia
Horticulturae, 2005, 105(3): 343-358 (doi: 10.1016/j.scienta.2005.01.026).

Posmyk M.M., Kontek R., Janas K.M. Antioxidant enzymes activity and phenolic compounds
content in red cabbage seedlings exposed to copper stress. Ecotoxicology and Environmental Safety,
2009, 72(2): 596-602 (doi: 10.1016/j.ecoenv.2008.04.024).

Wang S.H., Yang Z.M., Yang H., Lu B., Li S.Q., Lu Y.P. Copper-induced stress and antioxidative
responses in roots of Brassica juncea L. Botanical Bulletin of Academia Sinica, 2004, 45(3): 203-212.
Choudhary M., Jetley U.K., Abash Khan M., Zutshi S., Fatma T. Effect of heavy metal stress on
proline, malondialdehyde, and superoxide dismutase activity in the cyanobacterium Spirulina
platensis-S5.  Ecotoxicology —and  Environmental  Safety, 2007, 66(2): 204-209 (doi:
10.1016/j.ecoenv.2006.02.002).

Zhang B., Li X., Chen D., Wang J. Effects of 1-octyl-3-methylimidazolium bromide on the
antioxidant system of Lemna minor. Protoplasma, 2013, 250(1): 103-110 (doi: 10.1007/s00709-
012-0379-5).

Mittler R., Vanderauwera S., Gollery M., Van Breusegem F. Reactive oxygen gene network of
plants. Trends In Plant Science, 2004, 9(10): 490-498 (doi: 10.1016/j.tplants.2004.08.009).
Mishra S., Srivastava S., Tripathi R.D., Govindarajan R., Kuriakose S.V., Prasad M.N. Phyto-
chelatin synthesis and response of antioxidants during cadmium stress in Bacopa monnieri L. Plant
Physiology and Biochemistry, 2006, 44(1): 25-37 (doi: 10.1016/j.plaphy.2006.01.007).

Singh D., Nath K., Sharma Y.K. Response of wheat seed germination and seedling growth under
copper stress. Journal of Environmental Biology, 2007, 28(2 Suppl): 409-414.

Singh N., Ma L.Q., Srivastava M., Rathinasabapathi B. Metabolic adaptations to arsenic-induced
oxidative stress in Preris vittata L and Pteris ensiformis L. Plant Science, 2006, 170(2): 274-282
(doi: 10.1016/j.plantsci.2005.08.013).



	The authors declare no conflict of interests

