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Abstract—Water-deficit stress is one of the major global challenges in plant production. Biostimulants can
help to reduce the harmful impacts of water deficit and improve the growth of the medicinal and aromatic
plant species. This study is aimed to examine the role of pluramin metabolic activator and Pseudomonas flu-
orescens PF-135 on the performance, physiological properties and secondary metabolites of lemon balm
(Melissa officinalis L.) under water-deficit stress condition. For this purpose, plants were subjected to water-
deficit stress, followed by foliar application of pluramin and P. fluorescens PF-135 inoculation as biostimu-
lants. The induced stress resulted in a remarkable reduction in a number of plant characteristics including
total dry matter, chlorophyll content, and relative water content (RWC). After foliar application of pluramin
and inoculation with P. fluorescens PF-135, a significant improvement in these characteristics was observed.
Foliar application of pluramin and P. fluorescens PF-135 inoculation resulted in higher tolerance to the water-
deficit stress condition due to the increase in RWC, antioxidant enzyme activity, and reduction in malondi-
aldehyde and hydrogen peroxide contents. Furthermore, water-deficit stress resulted in higher caffeic acid,
rosmarinic acid, essential oil content, proline, and total sugar contents, and the use of pluramin and P. fluo-
rescens PF-135 inoculation showed a reduction in these compounds contents. After the continuous applica-
tion of pluramin and P. fluorescens PF-135, plants initiated defense strategies against water-deficit stress con-
dition in most of lemon balm samples, which indicted the interaction of pluramin and P. fluorescens PF-135

under water-deficit stress.
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INTRODUCTION

Lemon balm (Melissa officinalis 1.) is a perennial
herb from the Lamiaceae family. As one of the most
important and popular medicinal plant, lemon balm
has attracted the attention of the researchers especially
due to its valuable essential oils (EOs). The aerial parts
of this plant (i.e. leaves and flowers) have been used
from ancient time until the now as traditional medi-
cines as well as food flavoring herb [1].

Diverse biological processes by soil microorgan-
isms, in particular the bacteria, can alter the nutrients
of the soil and thus affecting the plant growth. Plant
growth-promoting rhizobacteria is a famous example
in this regard which can directly enhance plant growth
and performance. The enhanced dissolution of low-
soluble nutrients such as phosphorus, generation of
1-aminocyclopropane-1-carboxylic acid deaminase,
and plant growth hormones (e.g. auxin), nitrogen fix-

ation, and production of siderophore are among the
major mechanisms in improvement of plant growth
and performance by plant growth-promoting rhizo-
bacteria [2]. It is also very well known that inoculation
with soil microorganisms can increase the plant resis-
tance against abiotic stresses such as drought [3]. Sev-
eral studies have shown that plant growth-promoting
rhizobacteria can protect the plants against the detri-
mental impacts of environmental stresses [4]

Recently, the extensive application of mineral fer-
tilizers has resulted in serious human health concerns.
These concerns can be remarkably resolved by substi-
tuting the mineral fertilizers with the growth inducers
or the actuating factor [5]. Environmental risks com-
bined with serious concerns on the sustainability of the
current agriculture systems have led to a rising ten-
dency toward using natural products (including amino
acids) to regulate plant growth and biosynthesis.
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Amino acids have exhibited direct and indirect influ-
ences on the physiological activities involved in plant
growth. Similar to polyamines, pluramin metabolic
activator can also serve as a metabolism stimulant and
affect various metabolic processes such as photosyn-
thesis, enzyme activities, meiosis, cell differentiation,
gene expression, cell signalling, membrane rigidity,
and ionic channel regulation [6]. Pluramin can also
act as a secondary messenger promoting the plants'
resistance against unsuitable environmental condi-
tions [6]. Pluramin has been recommended for plants
exposed to over-irrigation or drought as well as abiotic
stresses.

As one of the major abiotic stresses, water defi-
ciency will restrict the crops production, particularly
in arid and semi-arid regions with irregular precipita-
tion patterns. Plants respond to water deficiency by
altering their cellular metabolism and defense mecha-
nisms. Drought stress alters the phospholipid content
of the root through enhancing the phosphatidylcho-
line level and at the same tome declining the phospha-
tidylethanolamine which result in incremented elec-
trolyte leakage from the membrane [7].

Production of the secondary metabolites in the
medicinal plants is mainly controlled by the plant’s
genetic traits. Environmental factors such as stresses
may influence the quality and quantity of EOs in the
medicinal plants. Under the stress condition, the syn-
thesis of these products in medicinal plants will be
drastically enhanced. Elevated EOs have been reported
under drought stress in various plants such as worm-
wood, chamomile, lavender, mint, sage, thymus and
eucalyptus. This issue has highlighted the possible role
of EOs in mechanisms involved in the drought-resis-
tance through decremented transpiration [8].

Medicinal plants play a significant role in public
health. Water-deficit stress can drastically affect the
medicinal plant’s growth and performance and change
its bioactive components. Furthermore, the plant
metabolic activators and plant growth-promoting rhi-
zobacteria can decrease the harmful impacts of envi-
ronmental stresses. Therefore, the current research is
mainly aimed to investigate the effect of water defi-
ciency on growth and performance of lemon balm and
also to determine the changes in some phytochemical
composition of this plant upon spraying pluramin or
Pseudomonas fluorescens PF-135 inoculation.

MATERIALS AND METHODS

Plant material. Lemon balm (Melisa officinalis L.)
seeds were purchased from Research Institute of For-
ests and Rangelands, Karaj, Iran. Seeds were surface
disinfected with sodium hypochlorite, washed three
times with distilled water and put on filter paper
(Whatman no. 1) in Petri dishes for initiating seed ger-
mination. Before the experiment, the viability of seeds
was tested which was 97% on average. Then, ten uni-
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form seeds were sown in plastic pots of 10kg capacity
of soil (25 cm in length and 30 cm in diameter). The
seedlings were thinned later and only four plants were
maintained after emergence in each pot. They were
kept under light/dark cycle conditions of 16/8 h at
25°C and 75% relative humidity placed in a green-
house. Soil analysis showed that the soil texture was
loam (EC 1.04 dSm™!; pH 7.1; nitrogen 0.07%; phos-
phorus 10.2 ppm; potassium 126 ppm).

A factorial experiment in a randomized complete
block design with three replications was performed.
Factors were inoculation (i.e. inoculation with Pseu-
domonas fluorescens PF-135 strain and non-inocula-
tion), pluramin metabolic activator and irrigation
regimes. For inoculation P. fluorescens PF-135 was
isolated from the Wheat (cultivar ‘Azar2’) rhizosphere
which had significant plant growth promotion attri-
butes such as production of indol-3-acetic acid and
1-aminocyclopropane-1-carboxylate deaminase activ-
ity [9]. The bacteria were stored in 0.1 M magnesium
sulphate (MgSO,-7H,0) solution at 4°C. Plant growth
promoting activities of this strain has been identified.
Different concentration of pluramin metabolic activa-
tor (0, 1 and 2.5 g/L water) that the concentration
range of pluramin was selected according to Proteo
International S.r.l. firm for industrial crops, (pur-
chased from Proteco Company, Italy). The irrigation
regimes included well-watered 80% and watering up to
50% of soil available water, representing non-stress
and water-deficit stress treatments, respectively. From
pre-flowering until the early stage of flowering (when
50% of the plants entered this phase), water-deficit
stress applied to the experimental pots. Non-stressed
pots were regularly irrigated on a normal basis through
the entire experimental period.

Crop evapotranspiration was employed for assess-
ing the irrigation requirements and planning. The total
evapotranspiration requirements, crop coefficients for
initial, development, and the middle stage of lemon
balm were measured as 710, 0.68, 0.93, and 1.19 mm,
respectively.

The soil moisture content was daily monitored by
TRIME-TDR (PMS-714, Lutron, Taiwan) in which a
15-cm probe was employed for volumetric measure-
ment of the soil moisture. The obtained data were
confirmed using gravimetric moisture through the fol-
lowing equation:

®V%:@G})S/PW7 (1)

where, O5 and ©y, are the gravimetric water content
and volumetric soil moisture, respectively. Py shows
the water density and Pg represents the soil density.
The required water was supplied according to the
available water.

Soil moisture at the filed capacity and wilting
points were measured as 22.1 and 7.9%, respectively.
The pressure plate apparatus was also applied to deter-
mine the soil water retention curve.
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Pluramin is a powdery compound of amino acids
which is rapidly absorbed and is recommended for the
time when the plant is experiencing or under the stress
conditions. Pluramin metabolic activator contains
14% total nitrogen, 13.8% organic nitrogen, 0.2%
ammonium nitrogen, 92% organic materials and 90%
total amino acid, therefore, it is a metabolic active
ingredient [10]. The pluramin powder was dissolved in
distilled water and sprayed manually at sunset for three
consecutive days on the bushes until the solution started
to leak from the leaves. This treatment was done
through foliar spray, before initiation of water stress and
flowering stage for three weeks. The control pots (not
pluramin treated) were sprayed only with distilled water
in away similar to the pluramin treated ones.

Harvesting was carried out when 50% of the plants
entered flowering phase (110 days after planting). The
aerial parts of the plants were shade dried and then
weighed, for measuring the dry weight of shoots and
for essential oil extraction a part of the shoots was set
aside. The other portions of samples were frozen in
liquid nitrogen and were kept at —80°C (Deep freezer,
88FD-4-95-A, Iran) for further measurement of the
physiological parameters.

Relative water content (RWC). Using fully devel-
oped young leaf, RWC was determined. They were
rapidly sealed into clear plastic bags and immediately
after transferring to the laboratory the fresh weight
(FW) of samples were recorded. Then, they were sub-
merged in double distilled water within the covered
Petri dish for 6 h at room temperature and the turgid
weight (TW) was recorded. The leaf samples were oven
dried at 70°C for 48 h and then the dry weight (DW)
was determined. Ultimately, using the following for-
mula, RWC was calculated:

RWC (%) = (FW — DW)/(TW — DW)x100. (2)

Plastid pigment measurements. Shoot fresh tissue
samples (0.1 g each sample) were grounded in 5 mL of
acetone (80%; v/v) in order to extract photosynthetic
pigments (i.e. chlorophyll a, b and carotenoids). The
samples absorbance was measured at 645, 663, and
470 nm in a T80" UV—Vis spectrophotometer (PG
Instrument Ltd., United Kingdom) [11].

Determination of total soluble sugar. A 0.1 g of dry
shoot was stored in 10 mL of alcohol for 1 hin an incu-
bator. Then, the extract was poured into a 25 mL vol-
umetric flask and the remainder was re-extracted. By
adding alcohol, the final volume was reached to
25 mL. 1 mL aliquot was transmitted to a thick-walled
test tube and 1 mL of 5% phenol was added to it and
mixed. Then 5 mL of analytical grade sulphuric acid
was added to it and thoroughly mixed by vertical agita-
tion (using a glass rod). The test tube was cooled in the
air for an exothermic reaction. Absorbance was
recorded at 485 nm on T80 UV—Vis spectrophotom-
eter (PG Instrument). Using a glucose solution, the
corresponding concentration was determined against
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a standard curve. The amount of sugar was expressed
as mg/g dry weight [12].

Determination of hydrogen peroxide (H,0,) con-
tent. In order to determine H,O, content in the shoot
of lemon balm plants, 0.1 g fresh tissues were homog-
enized using 5 mL of 0.1% w/v trichloroacetic acid and
centrifuged (12000 g for 15 min). Then, the superna-
tant (0.5 mL) was added to 0.5 mL of potassium phos-
phate buffer (10 mM, pH 7.0) and 1 mL of potassium
iodide (1 M). The upper phase was aliquoted to read
its absorbance at 390 nm. H,0O, was used for plotting
the calibration curve in order to calculate H,O, con-
centration [13]. Based on the standard curve, the H,O,
content was expressed as umol/g fresh weight.

Assessment of malondialdehyde (MDA) content.
Shoot fresh tissues (0.1 g each) were crushed and
blended in 5 mL of trichloroacetic acid solution (0.1%
w/v) and centrifuged (12000 g for 15 min). 2 mL of the
supernatant was added to 2 mL of the thiobarbituric
acid (0.6% w/v). The mixture incubated for 30 min, at
95°C; the samples were then cooled down on the ice
and were centrifuged (4000 g for 20 min). The absor-
bance of the supernatant was measured at 532 nm. The
amount of MDA calculated based on Heath and
Packer [14]. The MDA content was calculated using an
extinction coefficient 155 mM~!' cm~! and expressed in
units of nmol/g fresh weight.

Determination of proline content. In order to deter-
mine the amount of proline free amino acid content in
the shoot, 0.1 g of fresh tissues was homogenized with
10 mL of 3% aqueous sulfosalicylic acid and briefly
centrifuged. 2 mL of the supernatant was blended with
acid ninhydrin and glacial acetic acid (2 mL of each).
The mixture in the test tube was kept in a water bath
for 1 h at 100°C. The reaction mixture was extracted
with toluene (4 mL). The absorbance of the mixture was
determined at 520 nm after being cooled down to the
room temperature. The standard calibration curve was
plotted using appropriate proline concentrations [15].
Finally, based on the standard curve, proline content
was calculated in umol/g fresh weight.

Antioxidant enzymes assay. To estimate the antiox-
idant enzyme activities, the crude enzyme extract was
utilized. Fresh leaf samples (0.5 g) were homogenized
in 3 mL of 50 mM potassium phosphate buffer,
pH 7.8, with 1 mM Na,S,05 and 1% (w/w) polyvin-
ylpyrrolidone, adding 1 mM ascorbate in the case of
ascorbate peroxidase (APX) assay. The mixture was
centrifuged at 15000 g at 4°C for 20 min.

Superoxide dismutase (SOD) activity was deter-
mined spectrophotometrically based on measuring its
capacity to inhibit the photochemical reduction of
nitro-blue tetrazolium according to Beauchamp and
Fridovich [16]. The reaction mixture included 50 mM
phosphate buffer (pH 7.8), 13 mM methionine,
0.1 mM EDTA, 2 uM riboflavin and 75 uM NBT and
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the required amount of enzyme extract. The solution
absorbance was then measured at 560 nm.

To measure peroxidase (POX) activity, the Upad-
hyaya et al. [17] method was used. The reaction mix-
ture included 2.5 mL of 50 mM potassium phosphate
buffer (pH 6.1), 1 mL of guaiacol (1%), 1 mL of H,0O,
(1%) and the required amount of enzyme extract. The
increment in absorbance was recorded at 420 nm
spectrophotometrically.

For catalase (CAT) activity assay, the procedure
introduced by Upadhyaya et al. [17], was used. The
reaction mixture involved 25 mM sodium phosphate
buffer (pH 7.0), 10 mM H,0, and the required
amount of enzyme extract. The reduction in absor-
bance due to the reduction of extinction of H,O,

(extinction coefficient 39.4 mM~! cm~!) was recorded
at 240 nm.

To estimate APX activity, the method of Nakano
and Asada [18] was applied after the reduction in A290
(extinction coefficient 2.8 mM~! cm™!) for 1 min in
1 mL of a reaction mixture with 100 mM potassium
phosphate buffer (pH 7.0), 2 mM H,0,, 0.5 mM
ascorbate and the required amount of enzyme extract.
To initiate the reaction, the crud enzyme extract was
added to the reaction mixture. For the low non-enzy-
matic reduction of ascorbate by H,0, corrections
were performed.

Essential oil content. Plant aerial parts were shade-
dried for a week. In order to extract their EOs, the
dried samples were hydro-distilled in Clevenger appa-
ratus for 3 h. The achieved aqueous EO was dehy-
drated by sodium sulfate. Then EO content was calcu-
lated based on its volume to the dry weight of the plant
sample (w/w, %).

Caffeic and rosmarinic acid content. The extraction
of phenolic acids was carried out according to the
method described by Hazrati et al. [19] with some
modification. When the leaf samples were ground,
0.5 g of leaf powder was weighed and 10 mL of metha-
nol was added and the mixture was put in the Ultra-
sonic Device (Powersonic 405, Hwashing Technol-
ogy, South Korea) for 40 minutes. Then the samples
were filtered, and centrifuged for 2 min in 3000 rpm.
Finally, the solution was kept in the dark small con-
tainer at 4°C until the HPLC analysis.

A waters liquid chromatography apparatus consist-
ing of a Separations Module €2695 and a Dual A
Absorbance Detector 2487 (Waters, United States) were
used for the HPLC analysis. The injection was done
using Auto-sampler injector equipped with a 100 uL
loop. Data acquisition and integration were performed
with Millennium32 software. The chromatographic
assay was performed on a 15 cm X 4.6 mm with pre-
column, Eurospher 100-5 C; analytical column pro-
vided by waters (sunfire) reversed phase matrix (3.5 pim)
(Waters, USA). The elution was carried out in a gradi-
ent system with methanol as the organic phase (sol-

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 68

MOHAMMADI et al.

vent A) and distilled water (solvent B) with the flow-
rate of 0.5 mL/min. Peaks were monitored at 327 nm
wavelength, and identified based on the retention time
and spike method. Finally, the standard external
method was applied to quantify the studied phenolic
acids. Standard samples were purchased from Sigma-
Aldrich, United States (powder, 98% purity). Injec-
tion volume was 20 uLL and the temperature was main-
tained at 25°C [20].

Statistical Analysis. The obtained data were inves-
tigated by analysis of variance by SAS statistical soft-
ware. Means were compared using Duncan’s Multiple
Range Test at 0.01 probability level (P < 0.01).

RESULTS
Total Dry Matter

Total dry matter was affected by the interactions
between irrigation regime and pluramin application
(Tables 1, 2). Total dry matter increased by pluramin
application in both irrigation regimes. Moreover, the
maximum dry matter was observed at 2.5 g/L plu-
ramin (12.50 g/plant), while the lowest value (4.34 g
plant~!) was recorded when no pluramin was applied
under water-deficit stress. The dry matter of lemon
balm showed a reduction under water-deficit stress
condition. The observed decrease in dry matter of plu-
ramin foliar treated plants was less than other treat-
ments which may be due to the stimulatory effects of
pluramin treatment (Table 3). The amount of total dry
matter increased from 8.51 g/plant in non-inoculated
samples to 9.31 g/plant in inoculated ones (Table 4).

Relative Water Content

Analysis of variance revealed two-way interactions
between irrigation regime and Pseudomonas fluo-
rescens PF-135 inoculation, irrigation regime and plu-
ramin, and pluramin and P. fluorescens PF-135 inocu-
lation which all those remarkably influenced the RWC
(Table 1). Water deficiency significantly reduced
RWC of the plants. However, the lower RWC was
recorded in plants treated with P. fluorescens PF-135
inoculation and pluramin foliar application which
was due to its stimulatory impacts on RWC under both
water irrigation and normal condition (Tables 3, 5).
Pluramin-treated plants exhibited higher RWC
under water deficient situation (86.81%). The highest
RWC (91.02%) was observed in sample treated by
P. fluorescens PF-135 and pluramin foliar application
(2.5 g/L) (Table 6).

Pigments Content

Irrigation regimes, P. fluorescens PF-135, and plu-
ramin significantly affected leaf chlorophyll content
(Table 1). The maximum (3.10 mg/g fr wt) and mini-
mum (2.11 mg/g fr wt) total chlorophyll contents were
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Table 1. Analysis of variance (ANOVA) for studied traits in non-inoculated and inoculated lemon balm plants with P. flu-
orescens PF-135 and pluramin foliar spray under water-deficit stress

Mean squares

Source
of variation df | total dry RWC chlorophyll| chlorophyll| total | carotenoid| H,0, MDA | proline
(5.0.V) matter a b chlorophyll| content content | content | content
Block 2 3.405%* | 4.858"™| 0.063* 0.0148™| 0.141* 0.054** | 0.115* 0.192* |332.460**
Factor a (Irrigation

. 1 [187.051%** |483.414**| 2.117** 0.6215%*|  5.040%* | 0.598** | 22.452%* | 22.499** |826.083**
regimes)

Factor b (Inoculated
with P. fluorescens PF-135)

Factor ¢
(Pluramin application)

1 5.664%%1247.538**| 0.382** | 0.0148™| 0.550**| 0.054* 7.073%*% | 1.979%*% [692.655%*

2 | 19.320%*%|236.642** 0.224** |  0.0625**| 0.480**| 0.096** | 2.753** | 1.095** |324.005**

Interactiona X b 1 0.007™ | 66.314%*| 0.117** 0.0568* | 0.331*%* | 0.068** | 1.809** | 1.040** | 3.848™
Interactiona X ¢ 2 2.130%* | 11.176* 0.006™ 0.0078™| 0.003" | 0.003™ | 0.625** | 0.403** | 14.418"
Interactionb x ¢ 2 0.025™ | 26.820** 0.044* 0.0004™| 0.039" | 0.010™ | 0.846™*| 0.152* | 58.818"
Interactiona X b X ¢ 2 0.024™ | 5.432™| 0.024™ 0.0117" | 0.022™ | 0.013" | 0.396** | 0.112™ | 13.345"
Error 22 0.281 2.204 0.011 0.0076 0.026 0.007 0.027 0.035 21.450

* ** Significantly different at the 5 and 1% probability level, respectively, ns—non-significant.

Table 2. Analysis of variance (ANOVA) for studied traits in non-inoculated and inoculated lemon balm plants with P. flu-
orescens PF-135 and pluramin foliar spray under water-deficit stress

Mean squares
Source of variation

df o : —
(S.0.V) total sugar | essential oil POX activity| CAT activity| APX activity SOD caffnc rosmarinic
content content activity acid acid
Block 2| 0.008m 0.021* 0.0004™ | 0.725™ 0.134* 17.2297 0.005%* 0.008*
feagci;ﬁ;:)("”ga“o“ 1| 0.509%* 3.572%+ 0.880** | 141.808** | 29.976** [10229.974** |  6.027** | 293.939**
Factor b (Inoculated
with P, fluorescens 1| 0.237%* 1.850%* 0.621%% | 28.855% | 4.101** [7736.375%* 0.012%* | 67.267%*
PF-135)
Factore (Pluramin 1 | jggun | jo3ws 0.048%% | 39.222%* L176%% | 654.941%* | 0.382%* | 279.958%*
application)
Interaction a X b 1| 0.490% | 0.094* | 0.081% | 38.461% 1.492%* [4032.250%* |  0.064** | 11.029%*
Interaction a X ¢ 2| 0.042+ | 0.008™ 0.006™ 3.492%+ 0.159* 35.596" 0.667%* | 150.154%*
Interaction b X ¢ 2| 0.022% 0.0017 0.029%* 3.568%% | 0.119™ | 109.247* 1.448% 3.916%+
Interactiona xbxc | 2 | 0.046% | 0.008" 0.0004™ | 0.866™ 0.077% | 41.756" 0.665%* 2.331%*
Error 2| 0.006 0.005 0.004 0.462 0.035 23.312 0.0002 0.001

* ** Significantly different at the 5 and 1% probability level, respectively, ns—non-significant.

Table 3. Mean comparison of total dry matter, RWC and MDA content in irrigation regimes and pluramin (g/L) foliar spray

Well-watered Water-deficit stress
0 1.5 2.5 0 L5 2.5
Total dry matter, g/plant 10.29 +0.24°| 11.19 + 0.30°| 12.10 £ 0.392| 4.76 +0.25¢| 7.20 + 0.384| 7.94 +0.334
RWC, % 85.29 + 1.19° | 89.55 + 0.67°| 92.20 £ 0.472 | 76.04 + 2.95°| 82.19 + 1.58¢| 86.81 * 1.11¢
MDA content, nmol/g fr wt 0.52+0.079| 0.44£0.069] 0.28 +0.034| 2.49+0.312| 1.98+0.16°| 1.52+0.16°

Values with the same lower case letters in a row within subspanner heading are not significantly different at P < 0.05.
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Table 4. Main effect of irrigation regimes, P. fluorescens PF-135 inoculation and pluramin on proline, total dry matter, Chl b
and total, carotenoid and essential oil content in lemon balm plant

Proline, |Total dry matter, | Chlorophyll b, Total Essential oil | Carotenoid,
Treatments chlorophyll,
umol/g fr wt g/plant mg/g fr wt me/e fr wt content, % | mg/g fr wt
Irrigation ‘Well-watered 17.37 + 1.38b
regimes
‘Water-deficit 26.95 + 2.592
stress
P. fluorescens | Non-inoculated | 26.54 + 2.542| 8.51 + 0.61°
PF-135
Inoculated 17.77 £ 1.62° | 9.30 + 0.64°
Plurramin, 0 17.54 + 1.772 1.54 £0.04° | 2.51 £0.12° | 3.35 £ 0.11° | 0.61 + 0.05¢
g/L
1.5 21.15 £ 2.49° 1.56 £0.04° | 2.70 £ 0.13° | 3.42 £ 0.12° [ 0.64 + 0.04°
25 27.79 + 3.47° 1.67 £ 0.05% | 2.91 £0.14* | 3.53 £0.122 | 0.78 £ 0.05?

Values with the same lower case letters in a row within subspanner heading are not significantly different at P < 0.05.

Table 5. Mean comparison of photosynthetic pigments, essential oil content, RWC and MDA content in non-inoculated
and inoculated lemon balm plants with P. fluorescens PF-135 under water-deficit stress

Inoculated
with P. fluorescens PF-135

RWC, %

Chlorophyll a content,

mg/g fr wt

Chlorophyll 4 content,

mg/g fr wt

Total chlorophyll content,

mg/g fr wt

Carotenoid content,

mg/g fr wt

MDA content,
nmol/g fr wt

Essential oil content, %

Non-inoculated
with P, fluorescens PF-135

well-watered water-deficit stress
87.74 + 1.28° 77.70 + 2.26¢

1.31 £0.022 0.71 £ 0.05°

1.74 + 0.022 1.40 + 0.04°

3.05 £0.042 2.11 £ 0.10°¢

0.81 £0.022 0.46 £ 0.05¢

0.47 £0.06° 2.40 £0.212

2.84 +0.044 3.58 £ 0.03°

well-watered water deficit stress

90.27 £ 0.912 85.66 + 0.98°
1.40 £ 0.07% 1.03 +0.05°
1.70 £ 0.03* 1.52 +£0.02°
3.10 £0.09? 2.55+0.07°
0.80 £ 0.042 0.63 £0.04°
0.35 £ 0.03° 1.59 +0.10°
3.40 £0.02° 3.93+£0.04°

Values with the same lower case letters in a row within subspanner heading are not significantly different at P < 0.05.

Table 6. Mean comparison of chlorophyll 2, RWC and MDA content in non-inoculated and inoculated lemon balm plants
with P. fluorescens PF-135 and pluramin (g/L) foliar spray

Non-inoculated Inoculated
with P. fluorescens PF-135 with P. fluorescens PF-135
0 1.5 2.5 0 1.5 2.5
RWC, % 76.34 £ 3.089 | 83.83 £ 2.30° | 87.99 + 1.60° | 84.98 £1.29¢ | 87.90 + 1.17° | 91.01 £ 0.922
Chlorophyll a content, 1 g5 4 156 | 1024013 | 1.0740.13° | 1.001 +0.06° | 1.26+0.11* | 1.38 % 0.10°
mg/g fr wt
MDA content, 1.86 £ 0.57* | 1.40+0.40° | 1.04+0.33| 1.14+0.31%| 1.01+0.29%| 0.75+ 0.24¢
nmol/g fr wt
Values with the same lower case letters in a row within subspanner heading are not significantly different at P < 0.05.
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observed in lemon balms inoculated under sufficient
irrigation and non-inoculated ones under water-defi-
cit stress conditions (Table 5). Moreover, higher chlo-
rophyll b (21%) and total chlorophyll contents (14%)
were recorded in samples that received 2.5 g/L foliar
pluramin (Table 4). P. fluorescens PF-135-inoculated
samples exhibited elevated chlorophyll content com-
paring to water-deficit stress and normal conditions
(Table 5). In general, P. fluorescens PF-135 inocula-
tion enhanced chlorophyll a, b, and total chlorophyll
content under water deficiency as compared to the
control treatment (in any case of irrigation regimes).
Chlorophyll a content was significantly higher where
both P. fluorescens PF-135 and pluramin were used.
Maximum chlorophyll a (1.39 mg/g fr wt) was detected
in plants treated with P. fluorescens PF-135 inoculation
and pluramin foliar application together (2.5 g/L)
(Table 6).

Irrigation regimes and P. fluorescens PF-135 inoc-
ulation had a significant effect on carotenoid contents
(Table 1). Carotenoid content was reduced as a result of
water deficiency. Furthermore, P. fluorescens PF-135
inoculation declined the carotenoid content in a way that
the maximum carotenoid amount (0.81 mg/g fr wt)
was recorded in well-irrigated plants (inoculated or
non-inoculated), while lowest carotenoid content
(0.46 mg/g fr wt) was observed in plants grown under
water deficiency condition with no P. fluorescens
PF-135 inoculation (Table 5). A significant difference
in carotenoid content was observed in the case of plu-
ramin foliar application since the highest amount
(0.78 mg/g fr wt) was recorded when 2.5 g/L pluramin
was used (Table 4). Pluramin foliar application in dif-
ferent concentrations enhanced the photosynthetic
pigments of lemon balm (Table 4).

Calffeic Acid and Rosmarinic Acid

Typical HPLC chromatograms of phenolic acid
peaks recorded at 327 nm are shown in Fig. 1. A signif-
icant three-way interaction was observed among irri-
gation regime, P. fluorescens PF-135 inoculation, and
pluramin concerning caffeic and rosmarinic acid con-
tent (Table 2). Water deficiency had different impacts
on caffeic and rosmarinic acids which was dependent
on the P. fluorescens PF-135 inoculation and pluramin
metabolic activator (Table 7). Elevated levels of caffeic
and rosmarinic acid were observed under drought
stress as compared to the normal conditions. In plu-
ramin foliar and P. fluorescens PF-135 inoculation
treatments, caffeic and rosmarinic acid content were
incremented under both irrigation plans. Maximum
rosmarinic acid content (31.36 mg/g dry wt) was
recorded under drought stress in the samples treated
by the P. fluorescens PF-135 inoculation and plu-
ramin foliar application (2.5 g/L); while the well-irri-
gated samples with no other treatment exhibited the low-
est content of these components (10.49 mg/g dry wt). In
the case of caffeic acid, the highest level (5.04 mg/g
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Fig. 1. HPLC chromatogram of rosmarinic acid and caf-
feic acid in the extract of lemon balm plant.

dry wt) was observed under water deficiency in sam-
ples treated by P. fluorescens PF-135 inoculation but
no pluramin foliar application. Even lower caffeic and
rosmarinic acid contents were detected in well-irri-
gated control samples (Table 7). In general, higher
caffeic and rosmarinic acid contents were observed
under water deficit condition as compared with well-
irrigated lemon balm which were inoculated by P, flu-
orescens PF-135 and received pluramin foliar applica-
tion (Table 7).

Essential Oil Content

The ANOVA results for comparison of EO content
among the treatments are listed in Table 2. P. fluo-
rescens PF-135 inoculation, water-deficit stress, and
their interaction significantly affected EO content.
Enhanced content of EO was observed in response to
more severe water deficiency. P. fluorescens PF-135
inoculation also increased the EO content, and the
highest EO content (3.93%) was recorded under the
drought stress in inoculated samples; while the lowest
EO contents (2.85%) were found in samples grown
under the normal condition without inoculation
(Table 5). The EO content was also remarkably
affected by pluramin foliar application (Table 2). The
maximum EO content was observed at 2.5 g/L of plu-
ramin foliar application (3.54%) (Table 4).

Hydrogen Peroxide (H,0,) Content

A significant three-way interaction was found
among irrigation regime, P. fluorescens PF-135 inocula-
tion, and pluramin concerning H,O, content (Table 1).
Under well-irrigation condition, the lower H,O, con-
tents were observed in the inoculated samples that
received pluramin foliar application. Even lower H,0,
content was recorded in those samples received both
pluramin and P fluorescens PF-135 inoculation
together. H,O, content showed an increasing trend
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Table 7. Mean comparison of physiological and phytochemical traits in non-inoculated and inoculated lemon balm plants

MOHAMMADI et al.

with P, fluorescens PF-135 and pluramin foliar spray under water-deficit stress

Irrigation . Inoculated Plurami.n H,0, content, Total sugar Cafeic acid, Ro'smarinic
regimes with P. fluorescens | concentration, wmol /e fi wt content, mg/g me/g dry wt acid, mg/g
PF-135 g/L dry wt dry wt

Well-watered | Non-inoculated 0 1.68°£0.04 | 115494001 | 3.588+0.01 | 10.49%+0.04

ggf‘ésf luorescens 1.5 1297+ 0.06 | 11580 £0.01 | 326001 | 12.67"+0.02

2.5 1.01% +£0.04 | 11.62°¢ £ 0.01 3.49"+£0.04 | 13.588+0.03

Inoculated 0 1.05% +0.11 11.514 £ 0.01 3.96° £ 0.01 12.36' + 0.01

‘l‘jg]_‘lg"sf luorescens 15 0.898" £0.15 | 115194002 | 3.25+0.04 | 13.877+0.02

2.5 0.70"+0.05 | 115194 0.03 | 3.49"+0.01 | 15399+ 0.04

Water-deficit | Non-inoculated 0 46174012 | 115494003 | 3.75£0.01 | 1162 +0.02
stress githllfsf luorescens 1.5 31001 | 11590 £0.06 | 4.89°+0.01 | 13.58 +0.03

2.5 23454019 |11.62€940.05 | 4.40°+0.02 | 25.36°+0.02

Inoculated 0 2294003 | 1.74°+0.03 | 5034008 | 15.11°+0.01

giFﬂ_llg"Sf luorescens 1.5 19894010 | 11.98°+0.14 | 43394001 | 15.61¢+0.02

2.5 1779 £0.08 | 12.237+0.03 | 3.53"%0.02 | 31.36* +0.01

* Means followed by the same letter(s) in each column are not significantly different based on Duncan’s Multiple Range Test (n = 3).

under water deficiency, however, pluramin foliar
application and P. fluorescens PF-135 inoculation
reduced H,0, content. The maximum H,0, content
(4.613 umol/g fr wt) was detected in non-treated sam-
ples grown under water deficiency; while the lowest
H,0, content (0.707 umol/g fr wt) was observed in plu-
ramin-treated (2.5 g/L) and P. fluorescens PF-135-
inoculated samples under proper irrigation (Table 7).
Co-application of P. fluorescens PF-135 and foliar plu-
ramin resulted in lower H,0O, accumulation as com-
pared with their individual application. In general,
water deficiency dramatically increased the H,0O, con-
tent during the plant growth. Water deficiency also
resulted in significant enhancement of H,O, content,
indicating the extent of its oxidative damage in plants.

Malondialdehyde Content

MDA content can be considered as a measure of
lipid peroxidation. Under normal irrigation, P. fluo-
rescens PF-135 and pluramin treatments, the MDA
contents were declined. This reduction was especially
intensified when the pluramin and P, fluorescens PF-135
were applied together (Tables 5, 6). In this case, P. flu-
orescens PF-135 was more effective than pluramin.
Minimum MDA (0.75 nmol/g fr wt) content was
detected in pluramin-treated samples which were
inoculated with P, fluorescens PF-135 (Table 6). Foliar
application of pluramin declined MDA accumulation
under both irrigation regimes (Table 3). Besides, plu-
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ramin and P. fluorescens PF-135 also decremented the
MDA amount (Table 6).

Proline Content

Irrigation, P. fluorescens PF-135, and pluramin
significantly affected proline content of the samples
(Table 1). Lemon balms grown under water defi-
ciency contained more proline as compared with
those planted in normal situations (Table 4). The co-
application of P. fluorescens PF-135 and pluramin
dramatically raised the proline content, which can be
attributed to PGPR-induced regulation of the
osmotic balance and conservation of the bioenerget-
ics of the cells. In addition, pluramin foliar applica-
tion significantly increased the proline content. The
highest proline content (27.79 umol/g fr wt) was
recorded in plants which received 2.5 g/L pluramin
(Table 4).

Total Sugar Content

Total sugar content was under the influence of
three-way interactive effects of irrigation, P. fluo-
rescens PF-135, and pluramin (Table 2). According to
Table 7, the highest total sugar content (12.23 mg/g
dry wt) was recorded in samples grown under water
deficiency which were treated by P. fluorescens PF-135
incubation and foliar application of pluramin. Total
sugar content also increased upon enhancing the
exogenous application of pluramin concentration
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Fig. 2. Antioxidant enzyme activity in lemon balm plants inoculated and un-inoculated with P. fluorescens subjected to water-
deficit stress. (/) No water stress; (2) water stress; (a) catalase; (b) peroxidase; (c) ascorbate peroxidase; (d) superoxide dismutase.

under both irrigation regimes. Co-application of plu-
ramin and P. fluorescens PF-135 led to an increase the
total soluble sugars of the samples as compared with
their controls.

Antioxidant Enzyme Activity

This study aimed to examine different antioxidative
responses of lemon balm to water deficiency and exog-
enous application of pluramin with or without P. fluo-
rescens PF-135 inoculation. To this end, catalase
(CAT), peroxidase (POX), superoxide dismutase
(SOD), and ascorbate peroxidase (APX) activities of
the samples subjected to water deficiency and P. fluo-
rescens PF-135 and pluramin treatments were assessed.
A statistically significant difference was detected in
antioxidant enzymes behaviours under different irri-
gation regimes. POX, CAT, APX, and SOD exhibited
similar trends when the plant exposed to water defi-
ciency. Antioxidant activities enhanced significantly
under water-deficit stress condition (Figs. 2—4). Upon
P. fluorescens PF-135 inoculation, POX, CAT, APX,
and SOD activities increased when plants encountered
water deficiency (42, 37, 34, and 69%, respectively)
(Fig. 2). Moreover P. fluorescens PF-135 inoculation
enhanced antioxidants activities in both irrigation
regimes. The maximum POX, CAT, APX and SOD

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY Vol. 68

activities were observed under water deficit condition
in the P. fluorescens PF-135 inoculated samples (1.05,
19.20, 3.70 and 82.24 U/mg protein, respectively)
(Fig. 2). Furthermore, pluramin application (regard-
less of the irrigation condition) resulted in an increase
in both CAT and APX activities. The highest CAT and
APX activities were observed in 2.5 g/L pluramin
treatment under water-deficit stress (17.55 and
0.92 U/mg protein, respectively) (Fig. 3).

DISCUSSION

The pluramin metabolic activator can positively
affect plant’s growth by enhancing its amino acid con-
tent which will act as a source of energy and carbon
under sugar-scarce conditions. Pluramin releases
organic acid and ammonia which are the building
blocks of amino acids. Organic acids will then enter
the Krebs cycle where they breakdown and release
energy through respiration. On the other hand, amino
acids offer a source of nitrogen, which can be more
rapidly stored by the cells compared to inorganic
nitrogen [6]. Amino acids are drastically involved in
crop assimilation and protein metabolism which is
vital for the formation of new cells; thus, they can
enhance the dry matter yield. Furthermore, foliar
application of amino acid has a positive influence on
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the chlorophyll content and its constituents [6] which
can positively influence the chemical composition
and dry matter.

P. fluorescens PF-135 inoculation also positively
influences plant’s growth and dry matter. By coloniz-
ing the endo-rhizosphere/rhizosphere of plants, these
useful plant growth-promoting rhizobacteria can
enhance plant growth through various mechanisms [2].
One of these mechanisms is stimulating plants’ growth
and yield through declining their ethylene production.
Amino Cyclopropane-1-Carboxylate acid (ACC) is
an ethylene forerunner that can be converted to eth-
ylene through ACC-oxidase enzyme activity. ACC-
deaminase enzyme bacteria employ ACC as the only
source of nitrogen [21]. A decline in ethylene pro-
duction and hence prevention from its accumulation
at water-deficit stress can negatively affect the
growth, yield, and the plant defence mechanism [4].
Numerous studies have shown that plant growth-
promoting rhizobacteria inoculation can promote
plant growth and development under water defi-
ciency [21]. This study suggests the beneficial role of
P. fluorescens PF-135 in the plants grown under both
designed irrigation regimes demonstrated by elevated
dry weight of the samples.

RWC is a useful measure to assess physiological
traits of plants. Elevated RWC content results in lower
stomata resistance and CO, accessibility. Pluramin
application promotes plant development as it supplies
water by absorbing water molecules from the soil that
can be released depending on the plants need. RWC is
a suitable physiological indicator reflecting the
strength of water-deficit stress. In this research, the
highest dry matter was observed in samples with the
maximum RWC. The RWC of drought-exposed sam-
ples was alleviated upon P. fluorescens PF-135 inocu-
lation and exogenous pluramin treatment implying
that these metabolic activators may help the plant to
maintain its water stability despite the water defi-
ciency. Such increase in RWC due to pluramin and
P. fluorescens PF-135 treatment could be assigned to
the enhanced water absorption. It is reported that
PGPR inoculation also enhanced biomass, RWC, and
water potential in drought-stressed Mentha pulegium [2]
and Zea mays [3], through incrementing their proline
content.

The dual inoculation led into a significant increase
in total chlorophyll, chlorophyll @, and b content.
Chlorophyll plays a decisive role in photosynthesis,
thus can be regarded as a measure of water tolerance.
The PGPR can elevate the photosynthetic pigments
through increasing the stomatal conductance, photo-
synthetic potential, and water and ions absorption.
These findings are consistent with the study by Levy
and Krikun [22] who found that plant growth-pro-
moting rhizobacteria can stimulate photosynthesis
pigments and photosynthesis rate of several aromatic
and medicinal species.
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Pluramin can delay the chlorophyll loss thus
increasing the light capture efficiency and conse-
quently improve the net photosynthetic rate. Such
increase in chlorophyll contents after pluramin foliar
application could be related to higher levels of amino
acids in the treated plants which can raise the chloro-
phyll content and increase the different growing charac-
teristics. Moreover, this improving impact of pluramin
can increase the thylakoid membrane rigidity [6]. Plu-
ramin metabolic activator can bind to the charged
phospholipid head groups of the membrane and affect
the stability and permeability of the membrane. The
pluramin contains substantial amount of auxins, cyto-
kinins, and nitrogen, which can increase the chloro-
phyll content in the leaves [9].

Rosmarinic and caffeic acid are the 3,4-dihydroxy
phenyl lactic acid esters abundant in the Lamiaceae.
These phenolic acid compounds can help plants to
preserve their water balance under water deficiencies.
The increase in rosmarinic acid is assigned to the
expression of the rosmarinic acid synthase gene in
the in vitro lemon balm cultures. Such increase in
rosmarinic acid contents in response to water defi-
ciency has been previously reported in Thymus vul-
garis L. plants [23].

Chickpea inoculation by plant growth-promoting
rhizobacteria also resulted in enhanced phenolic com-
pounds contents (including caffeic, tannic, chloro-
genic, gallic, and cinnamic acids) [24]. del Rosario
Cappellari et al. [25] showed that plant growth-pro-
moting rhizobacteria inoculation can increase the
total phenolic content in 7agetes minuta. Application
of biotic elicitors has been considered as one of the
approaches to enhance the content of major second-
ary metabolites in medicinal species. Plant growth-
promoting rhizobacteria-generated molecules have a
decisive role in the secondary metabolite formation
pathways [24]. These compounds help to protect
plants against various abiotic stresses. The results
showed that pluramin and P, fluorescens PF-135 treat-
ment increased the draught-resistance in lemon balm
through production of phenolic compounds.

Elevated EO content under water deficiency may be
associated to higher contents of terpenes as a result of
poor carbon distribution for the growth process that
leads to a trade-off between growth and resistance. The
EO content showed a high dependency on the
P. fluorescens PF-135 in both irrigation regimes. This
can be attributed to the number of glandular hairs in the
plants. Scanning electron microscopy description of
leaves revealed an enhancement in glandular hairs in
samples inoculated with P. fluorescens PF-135. These
results are in line with the report of Copetta et al. [26]
who stated that plant growth-promoting rhizobacteria
inoculation of Ocium basilicum L. by Gigaspora margar-
ita, Glomus mosseae, and Gigaspora rosea increased
the number of glandular hairs in its leaves. Zolfaghari
et al. [27] also documented an increase in the EO con-
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tent in two Mentha species (piperita and arvensis) after
plant growth-promoting rhizobacteria inoculation.
They concluded that the increase in the EO content is
related to the modifications in plant secondary metab-
olism and the number of glands per leaf. Such increase
in the EO content can be also assigned to plant
growth-promoting rhizobacteria inoculation. More-
over, according to Copetta et al. [26], the generation of
terpenoids and constituents of EOs with fungicidal fea-
tures can be a response to fungi colonization which
increase the concentration of these metabolites in plant
growth-promoting rhizobacteria-treated samples. del
Rosario Cappellari et al. [25] reported an improvement
in the biosynthesis of the main EO components after
plant growth-promoting rhizobacteria inoculation (up
to 70%) in Tagetes minuta. An enhanced EO content
was also reported due to the use of amino acids as they
are involved in signalling stress responses and second-
ary metabolism in aromatic plants [6].

The enzyme activities have been shown to improve
the membrane lipid peroxidation as well as its injury,
hence enhancing the water-resistance in lemon balm
samples. The P. fluorescens PF-135 and pluramin
treatments promoted the plant development and yield
while declined its stress vulnerability. Furthermore,
amino acids play a key role in glyoxylate formation
pathways. Glyoxylate is capable of decreasing H,O,
content and hence it can reduce lipid peroxidation [6].
Proline, also plays a pivotal role in plants development
under drought stress through osmoregulation and bio-
energetics of the cells and promote the plants' drought-
resistance by maintaining turgor through osmotic
adjustment in stressed plants [2].

MDA content exhibited an increasing trend with
abiotic stress which can be regarded as an index of lipid
peroxidation or injury to organelle and plasma lemma
membranes. MDA can be a considered as a sign of
stress-induced damages. MDA increased in drought
treatments implying the influence of water deficiency
on the plant membranes. Higher MDA contents is an
indication of decreased antioxidant enzyme resistance
as well as an increased lipid peroxidation. The results
showed that pluramin promoted the activity of antioxi-
dant enzymes and decreased the oxidative stress. Plu-
ramin evidently regulated the plant’s response to water
deficiency [28]. Reduced MDA content in drought-
stressed bio-fertilizer-inoculated samples is in line with
the reports linking the declined lipid peroxidation to
proper stress-resistance mechanisms of the plant [28].
Also, pluramin foliar spraying and P. fluorescens PF-135
inoculation relatively enhanced the proline content
while decreased the MDA level in the water-deficient
samples. This could be related to the membrane protec-
tion against the free radicals suggesting that proline
responds to hydroxyl radicals by producing on-toxic
hydroxyl proline.

Plants can accumulate sugar and proline to modu-
late cell’s damage as a result of low water potential.
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Sugar accumulation in drought stress helps the plant
to maintain its membrane stability, protect the mem-
brane fusion, and sustain the proteins function. These
outcomes are in coincide with a report by Pirlak and
Kose [29] that showed plant growth-promoting rhizo-
bacteria enhanced the total sugar content.

Enzymatic antioxidants such as POD, CAT, SOD,
and APX play a pivotal role in plant resistance against
reactive oxygen species accumulation. Our results
showed that pluramin treatment and P. fluorescens
PF-135 inoculation significantly elevated the enzy-
matic antioxidant activities of the samples (Fig. 4).
Furthermore, while P. fluorescens PF-135 can provide
various defence mechanisms against water deficiency
(e.g., by promoting plant growth), it could also change
the plants gene expression and reduce the chance of
exposure to these stresses [7]. For instance, different
P. fluorescens PF-135 have been investigated to
enhance the CAT, SOD and GPX activities to detoxify
the reactive oxygen species. P. fluorescens PF-135 also
increases the activity of reactive oxygen species-scav-
enging enzymes (e.g. APX and CAT) helping the plant
to balance the adverse impacts of reactive oxygen spe-
cies during water deficiency. In the present study, foliar
application of pluramin resulted in a substantial incre-
ment in POD, POX, and CAT activities (Figs 2—4).
Foliar application of spermidine also increased the
activity of antioxidant enzymes in cucumber seedlings
to modulate the temperature stress [30]. Enhanced
antioxidant defense in pluramin-treated samples
improved the cell membrane stability. Water defi-
ciency signalling develops adaptive responses and a
remarkable improvement in the activities of both non-
enzymatic and enzymatic antioxidants.

To conclude, this study is the first report that ana-
lysed the effects of exogenous application of metabolic
activator combined with P. fluorescens PF-135 inocu-
lation on the drought-stressed medicinal and aromatic
plants. The results indicated a positive impact of syn-
thetic pluramin, alone or in combination with P, fluo-
rescens PF-135, in lemon balm under water deficiency
condition. Water deficit-stress elevated the MDA and
H,0, contents. The exogenous pluramin and P. fluo-
rescens PF-135 inoculation treatment alleviated water
stress-induced damages by declining the oxidants con-
tent. On the other hand, pluramin and P. fluorescens
PF-135 inoculation increased the contents of soluble
sugars, proline, caffeic acid, rosmarinic acid and EO
content, as well as enzyme activities. The observed
benefits of P. fluorescens PF-135 and metabolic activa-
tor in this study may offer a wide range of potentials to
use them in agronomy (especially under stress condi-
tion). They may also contribute to resolving the cli-
mate change, drought, and food production issues.
Moreover, further information on pathways involved in
pluramin and P, fluorescens PF-135 induced changes in
plants can be helpful to deal with inevitable water
shortage problem in many parts of the world. Eluci-
dating the involved mechanisms and pathways can
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greatly contribute to develop water deficiency toler-
ance in lemon balm as well as other crops.
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