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A B S T R A C T   

The present paper aimed to evaluate the effects of LME (Moringa oleifera leaf extract) in modifying growth, 
ornamental value and several physiological and chemical parameters of petunia (Petunia hybrida E.Vilm.) ‘GO! 
Tunia® Neon Pink’. Three level of water deficit were considered: control (100% of WCC, Water Container Ca-
pacity = 100% CC), 60% and 40% of WCC; for each level treatments with LME were also considered. Water 
deficit reduced growth parameters compared with full irrigation and LME application promoted almost all the 
growth parameters in both control and stressed conditions. The behavior in growth parameters is correlated with 
a decrease in photosynthesis activity and plant water status. Deficit irrigation reduced the Relative Water 
Content (RWC) without differences linked to LME application. The chlorophyll content was unchanged for effect 
of water deficit and enhanced by LME treatment. The capacity to accumulate protective compounds (Proline, 
MDA) allowed plant to reduce the negative effects of water stress; LME treatment is not always able to increase 
these compounds in more stressed plants. LME application increased GPX and SOD activities in plants grown 
under drought stress, and this facilitated the ROS scavenging and maintenance of plant growth under stress. Total 
phenol compounds (TPC) showed significant differences in relation to the water deficit treatments, but not to 
biostimulants; the interaction effect was significant. Total soluble sugars in the leaf tissues were significantly 
affected only by deficit irrigation treatments. Drought stress also affected the production of endogenous level of 
hormones and amino acid. The highest content for almost all free amino acids was observed in the most stressed 
treatment (40% CC and 40% CC + LME). The response of petunia plants to water deficit was related to its ability 
to decrease aerial growth and to modify leaf gas exchange, increasing secondary osmolytes and enzyme activity 
to contrast the ROS activity.   

1. Introduction 

Global climate change and the associated unfavorable abiotic stress 
conditions, such as drought, salinity, heavy metals, and extreme tem-
peratures, greatly affect plant growth and development. In the Medi-
terranean regions, water deficit is one of the main problems for 
ornamental plant use, and global changes will predictably amplify the 
present issues, especially in urban areas (Fahad et al., 2017; WWAP, 
2014). 

The application of deficit irrigation strategies in floriculture can 
make a significant contribution to the conservation of irrigation water 

(Sánchez-Blanco et al., 2019). In the near future, global warming will 
increase the frequency and severity of drought (Lin and Raza, 2019). 
Therefore, in a changing climate, the study of the main physiological 
limits to productivity in drought conditions will be crucial to improve 
yield stability. Since the increased frequency of drought negatively af-
fects plant growth and development (Lobell and Gourdji, 2012), 
analyzing the effects of water deficit on plants is important to hypoth-
esize the influence that future climate change will have on growth of a 
particular plant species (Farooq et al., 2009). It is important to under-
stand the physiological and biochemical responses of different plant 
species to moderate and severe water stress in order to identify the 
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threshold of stress levels (Yadollahi et al., 2011) and the controlled 
application of the water may be used in potted plants also to improve 
quality (Cameron et al., 2006). 

Over the last decades, many studies have reported morphological, 
physiological and biochemical changes in plant responses to water 
deficit (Tribulato et al., 2019; Chaves et al., 2003). In particular, plant 
response may involve metabolic pathways such as photosynthesis, sugar 
synthesis, tricarboxylic acid cycle, glycolysis and hormone synthesis 
(Guo et al., 2018). The reduced moisture availability induces negative 
changes in photosynthetic pigments, damages the photosynthetic ma-
chinery (Fu and Huang, 2001), and the thylakoid membranes (Anjum 
et al., 2011). The reduction of chlorophyll contents under drought 
conditions has also been reported (Din et al., 2011). Exposure of plants 
to drought stresses initially causes oxidative damage by the formation of 
ROS. In order to cope with the oxidative stress, plants usually rely on the 
antioxidant defense, which can be either enzymatic or non-enzymatic. 
Enzymatic defense is usually considered as the most effective (Farooq 
et al., 2009). Major enzymes involved in this system are SOD, GR, POD, 
and CAT (Farooq et al., 2009). Beside these enzymes, certain carotenoids 
and glutathione can also play part in the antioxidant system as 
non-enzymatic components. 

Among hormone production in stress abiotic conditions, abscisic acid 
(ABA) is the primary chemical signal for drought, increasing in con-
centration and inducing stomatal closure to minimize water loss. ABA 
also alters the expression of a multitude of drought stress-related genes 
(Bray, 2004). Furthermore, plants subjected to water deficit may reduce 
flowering production, bring forward, or delay flowering and shorten the 
same (Álvarez et al., 2013). This should be borne in mind in the case of 
ornamental plants because the most decorative elements in this kind of 
plant are usually flowers. 

However, the severity of drought stress is also a critical factor that 
determines plant response; plant responses to drought stress that are 
generally evident under mild and/or moderate water stress may be ab-
sent under severe stress (Watkinson et al., 2003). In petunia plants, 
physiological and molecular responses demonstrated differences in 
plants in relation to varying severity of drought stress. Plants at θ < 0.40 
m3⋅m–3 displayed an increase in leaf ABA concentrations; however, no 
significant changes in the relative expression of ABA 
biosynthesis-related genes were observed in plants under severe drought 
stress (Kim et al., 2012). In geranium moderate deficit irrigation reduced 
the consumption of water, while maintaining the good overall quality of 
plants. However, when SDI was applied, a reduction in the number of 
flowers per plant was observed (Sánchez-Blanco et al., 2009). 

To counteract abiotic stress, in recent years, the use of biostimulant 
products represents a valid technological innovation and has been pro-
posed as an agronomic tool with great potential for the sustainable 
development of plant production (Bulgari et al., 2019). Natural bio-
stimulants as eco-friendly materials include any elements applied to 
plants with the aim of enhancing nutritional efficiency, abiotic stress 
tolerance and/or crop quality traits (Trivedi et al., 2018). These sub-
stances are arousing great interest in sustainable agriculture because 
their applications activate various physiological processes that improve 
the efficiency in the use of nutrients, stimulate plant growth, and allow 
the reduction of fertilizer consumption (Kunicki et al., 2010; Bulgari 
et al., 2015). 

In this context, Moringa oleifera Lam. has been identified as a po-
tential font of bioactive compounds for the preparation of biostimulants. 
Leaf extracts of M. oleifera applied to seeds and/or as a foliar spray, both 
under normal and stressful conditions, can positively modify growth and 
production by modifying metabolic processes (Howladar et al., 2014; 
Rady et al., 2013). Most biostimulants increase the content of photo-
synthetic pigments (chlorophyll and carotenoids) and decrease the 
content of polyphenols and antioxidant radicals (Godlewska et al., 
2019). Biostimulants can promote the growth of ornamental plants (e.g., 
Zinnia elegans and Petunia hybrida) (Bayona-Morcillo et al., 2020) during 
production (Saini et al., 2019) and improve yield performance under 

abiotic stress (Lin and Jones, 2022). Moringa leaf extract has been used 
extensively to reduce the effects of biotic and abiotic stress (Abd 
El-Mageed et al., 2017). Despite being a species of tropical origin, 
specimens of the species are present as ornamental plants in Sicily, so it 
is possible to have fresh leaves (Romano et al., 2022). 

Among the summer flowering bedding plants, petunia (Petunia 
hybrida E.Vilm.) is one of the most popular, a species widely appreciated 
for its long profusion of brightly colored flowers and good adaptability 
to the conditions of the Mediterranean summer. It belongs to the Sol-
anaceae family and it is native to South America and in particular to 
Brazil, Argentina, Uruguay, Paraguay and Bolivia (Kulcheski et al., 
2006). 

For these reasons, this study hypothesized that LME application may 
enhance the petunia growth, biomass, and blooming, directly linked to 
ornamental value of the plants. In addition, the potential effects of LME 
on several physiological and chemical parameters, i.e., photosynthetic 
pigments, total phenol contents, antioxidant activity were also evalu-
ated to understand the action mechanisms adopted by plants to reduce 
the effects of different water deficit levels. 

2. Materials and methods 

2.1. Experimental design 

The trial was established in a cold greenhouse in Catania (southern 
Italy, 37◦31́N 15◦04́E; 20 m a.s.l.) on Petunia hybrida. E.Vilm. Petunia 
‘GO!Tunia® Neon Pink’ rooted cuttings were transplanted into Ø 14 cm 
pots (one plant per pot) at the age of two true leaf, filled with peat and 
perlite substrate (2/1, v/v), and fertilized with 2 g L− 1 of Osmocote Plus 
(14/13/13, N, P, K + microelements). 

Plants were grouped into three repetitions of six plants per treatment 
(108 plants in total) and irrigated every two days. Six treatments were 
considered: control (100% CC), in which the substrate moisture was 
maintained close to container capacity and irrigated at 100% of WCC 
(Water Container Capacity); Control +LME (100% CC+LME), irrigated 
at 100% of WCC plus treatments with leaf moringa extract; irrigated at 
60% of WCC (60% CC); irrigated at 60% of WCC plus treatments with 
leaf moringa extract (60% CC + LME); irrigated at 40% of WCC (40% 
CC); irrigated at 40% of WCC plus treatments with leaf moringa extract 
(40% CC + LME). Water loss was determined by weighing the pots every 
two days using an electronic weighing device (capacity 3.4 kg and res-
olution of 0.01 g, Orma, model BCE4200), and was calculated from the 
difference in weights (weight after irrigation, when drainage stopped, 
and weight before irrigating again). Two pots from each replication 
were measured. The amount of water manually added to each pot was 

Fig. 1. Trend of evapotranspiration (mL day− 1) and average temperature ( ◦C) 
during the experimental period. 
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1.7, 1.02, 0.5 L for 100% CC, 60% CC, and 40% CC respectively (Fig. 1). 
The electrical conductivity of the water was 0.85 dS m− 1. The trial 
started on 10 February 2022 and the growing period of the experiment 
lasted 35 days. 

2.2. Meteorological data 

The mean air temperature, relative humidity and global radiation 
were recorded on a data logger CR1000 (Campbell Scientific Ltd., 
Loughborough, UK) during the experimental periods. Mean tempera-
tures ranged between 10 and 22 ◦C (Fig. 1). The relative humidity (RH) 
ranged between 32 and 96%. 

2.3. Preparation of moringa oleifera extract 

The M. oleifera leaf extract (LME) was prepared according to 
Toscano et al. (2021). The leaves of M. oleifera were shade-dried, and 
then finely grounded with a mill. The powder was mixed in distilled 
water (50 g in 200 mL). The blend was maintained for 48 h at 25 ◦C and 
then was filtered through filter paper Whatman No 1 and diluted in 
water 1:30, v/v (Zulfiqar et al., 2020). Tween 20 (0.05%) was used as a 
wetting agent. 

The LME extract was analyzed, and its chemical constituents have 
been reported in Toscano et al. (2021). 

2.4. Growth parameter measurement 

At the end of the experiment, the substrate was removed from the 
roots, and six plants per treatment (three for each repetition) were 
divided in stems, leaves, flowers, and roots in order to measure the 
biometric parameters. After recording the fresh biomass (FW), the dry 
biomass (DW) was determined after drying the biomass at 70 ◦C to 
constant weight. The specific leaf area (SLA) was determined as the ratio 
of the leaf area to the leaf dry biomass. The total leaf number and leaf 
area were measured by leaf area meter (Delta-T Devices Ltd, Cambridge, 
UK). 

2.5. Physiological parameters: Gas exchange, chlorophyll a fluorescence, 
and relative water content 

For the measurement of gas exchange a CO2/H2O infrared gas 
analyzer (LCi, ADC Bioscientific Ltd., Hoddesdon, UK) was used. The 
measurements were effectuated at the end of the experiment in six plants 
per treatment (two plants for each repetition and three leaves per plant). 
Net photosynthetic rate (AN= µmol CO2 m− 2 s− 1), stomatal conductance 
(gs= mol m− 2 s− 1), evapotranspiration (E= mmol m− 2 s− 1), and Water 
Use Efficiency (WUE= µmol CO2 m− 2 s− 1/mmol H2O) were registered. 

At the same time, the chlorophyll a fluorescence was measured by a 
modulated chlorophyll fluorimeter OS1-FL (Opti-Sciences Corporation, 
Tyngsboro, MA). Each leaf was dark-adapted for 15 min using cuvette 
clips (Opti-Sciences Corporation, Tyngsboro, MA). The chlorophyll 
fluorescence was expressed as the Fv/Fm ratio, which indicates the 
maximal quantum yield of PSII photochemistry, where F0= the mini-
mum fluorescence, Fm = the maximal fluorescence of the dark-adapted 
state, and Fv = the variable fluorescence. 

The relative water content (RWC) was determined by removing 30 
discs of 10 mm in diameter from expanded leaves, and the fresh weights 
(FW) were obtained. The discs were immersed in distilled water for 24 h 
until reaching the turgid weight (TW). Subsequently, the discs were 
placed at 75 ◦C for 24 h to obtain the dry weights (DW). The RWC was 
calculated by the formula: RWC% = (FW − DW/TW − DW) * 100 

2.6. Photosynthetic pigments 

Chlorophyll and carotenoids content were measured based on the 
method described by Lichtenthaler et al. (1987). Leaf pigments (100 mg) 
were extracted by 99% methanol and incubated in the dark for 24 h at 
4 ◦C. Quantification was performed by spectrophotometry (UV-1900i 
UV–VIS Spectrophotometer, 230 V, Shimadzu, Tokyo, Japan) and 
samples were read at 665.2 nm, 652.4 nm, and 470 nm. The amount of 
pigment contents was performed using the following formula: 

Chla= 16.75A665.2− 9.16A652.4  

Chlb= 34.09A652.4− 15.28A665.2  

Carotenoids=(1000A470− 1.63Chla− 104.96Chlb)/221  

2.7. Estimation of proline content 

Ahmad et al. (2008) protocol was used for proline quantification 
using L-proline as the standard. Fresh leaves (1 g) were ground in ni-
trogen liquid. The samples were homogenized in 5 mL of 3% aqueous 
sulfosalicylic acid and centrifuged for 15 min at 14,000 g (Neya 10R, 
REMI, Mumbai, India). After centrifugation, the homogenate (2 mL) was 
added to the same volume of acetic acid and ninhydrin, blended and 
incubated (100 ◦C for 1 h). Then, the reaction was stopped in an ice bath, 
and the supernatant was extracted with 4 mL of toluene. The absorbance 
of the supernatant was recorded at 525 nm (UV-1900i UV–VIS Spec-
trophotometer, 230 V, Shimadzu, Tokyo, Japan). 

2.8. Estimation of MDA content 

Malondialdehyde (MDA) content was used according to Li et al. 
(2010). Leaf samples (0.5 g) was homogenized in 5 mL of 0.1% tri-
chloroacetic acid (TCA) (w/v), and the homogenate was centrifuged at 
5000 g for 10 min. The supernatant (2 mL) was mixed with the same 
quantity of 0.67% thiobarbituric acid. The reaction mixture was heated 
at 95 ◦C for 30 min and then centrifuged at 5000 g for 10 min. The MDA 
content was measured using the following formula: C (μmol/L) = 6.45 
× (A532 − A600) − 0.56 × A450. 

2.9. Antioxidant enzymes 

Enzyme extract was prepared by 0.5 g of leaf homogenized in 4 mL of 
extraction buffer contain 50 mM potassium phosphate, 1 mM EDTA, 1% 
polyvinylpyrrolidone (w/v) (PVP), 1 mM dithiothreitol (DTT), and 1 
mM phenylmethylsulfonyl (PMSF). The homogenate was centrifuged at 
15,000 g for 30 min at 4 ◦C. The supernatant was collected and used to 
determine the catalase (CAT), glutathione peroxidase (GPX), and su-
peroxide dismutase (SOD). The catalase activity was determined ac-
cording to Aguilera et al. (2002); the reaction buffer contained 50 mM of 
potassium phosphate buffer (pH 7) and 150 μL of H2O2. The reaction was 
started with the addition of 20 μL of the extract and the decrease was 
registered at 240 nm for 2 min. The CAT activity was expressed as units 
of mg− 1 protein. The glutathione peroxidase activity (GPX) was deter-
mined by Ruley et al. (2004) protocol. Enzyme extract and 17 mM H2O2 
at the same quantity was homogenised with 2% guaiacol. Activity was 
measured by the increase in absorbance at 510 nm for 3 min. The ac-
tivity of GPX was expressed as units of mg− 1 protein. The superoxide 
dismutase activity (SOD) was measured by Giannopolitis and Ries 
(1977) protocol. The SOD activity was read at 560 nm. One unit of SOD 
was defined as the amount of enzyme added by 50% inhibition of NBT. 
The unit of SOD was expressed as units of mg− 1 protein. All samples 
were read using a spectrophotometer (UV-1900i UV–VIS 
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Spectrophotometer, 230 V, Shimadzu, Tokyo, Japan). The protein con-
tent was determined by Bradford’s method (1976). 

2.10. Total phenol content (TPC) and sugars 

Total phenolic content (TPC) was determined using Folin-Ciocalteu 
reagent. One g of fresh leaf sample was extracted with 10 mL of 50% 
acetone and incubated for 15 h at 20 ◦C. 

One hundred microliters of extract were mixed to 0.5 mL of Folin- 
Ciocalteu reagent, 6 mL of distilled water and 1.5 mL of Na2CO3 
(20%). After 120 min at Room Temperature, absorbance was measured 
at 765 nm. The TPC was expressed as gallic acid equivalent (mg g− 1). 

Total sugars were measured by Yemm and Willis protocol (1954). 
Fresh leaves (1 g) were ground in nitrogen liquid and were extracted in 
3 mL of distilled water; the samples were centrifuged at 3000xg for 15 
min at room temperature (RT). Then, 1 mL of extract was mixed with 5 
mL of anthrone solution (0.2 g in 100 mL of H2SO4), cooled in ice for 5 
min and then mixed thoroughly. The samples were heated at 95 ◦C for 5 
min and then cooled on ice. The absorbance was measured at 620 nm. 
The content of total soluble sugar was calculated using glucose as the 
standard. 

2.11. Hormonal determination 

The qualitative and quantitative analysis of phytohormones was 
carried out according to Gómez-Bellot et al. (2021). Briefly, 0.1 g of 
fresh leaves from 6 samples per treatment (2 samples per replicate) were 
crushed in a mortar with liquid nitrogen and stored at − 80 ◦C. Then, 
they were vortexed with 0.5 mL 80% methanol/water (v/v) and incu-
bated at 4 ◦C during 30 min and finally centrifuged at 15,000 rpm (20, 
627 × g), at 4 ◦C for 15 min. The supernatant was kept in ice and then it 
was further extracted with 0.5 mL 80% methanol/water (v/v) after being 
incubated and centrifuged under the same conditions described above. 
Finally, both supernatants from the two previous extractions were 
passed through Chromafix C18 solid phase extraction cartridge 
(Macherey Nagel, Düren, Germany) (previously activated with 3 mL 
80% methanol/water (v/v). The eluted sample was concentrated to 
dryness by the use of a rotary vacuum evaporator during approximately 
3 h (Speedvac, Thermo, Waltham, MA, USA). Then, the dry residue was 
re-suspended with 200 µL de 20% metanol/water (v/v), sonicated for 8 
min and filtrated through 0.45 µm polyethersulfone filter (Millipore) 
and finally quantificated by ultra-performance liquid chromatography 
(UPLC) coupled with a tandem quadrupole mass spectrometer 
(qMS/MS) equipped with an electrospray interface (ESI). 

The separation of plant hormones was developed in accordance with 
Müller and Munné-Bosch (2011). Briefly, the UPLC system consisted of 
an Aquity UPLC™ System (Waters, Milford, MA USA) quaternary pump 
equipped with an autosampler. For the analysis of the extracts, a 
HALO™ C18 (Advanced Materials Technology, Inc., Wilmington, USA) 
column (2.1 × 75 mm, 2.7 µm) was used. Gradient elution was done 
with water and 0.05% glacial acetic acid (solvent A) and acetonitrile 
with 0.05% glacial acetic acid (solvent B) at a constant flow rate of 0.6 
ml min− 1. The gradient profile was applied as follow: (t (min),% A): (0, 
99), (2.20, 0), (2.40, 0), (2.60, 99), (3, 99). MS and MS/MS experiments 
were performed on an API 3000 triple quadrupole mass spectrometer 
(PE Sciex, Concord, Ont., Canada). Analyses were performed using 
Turbo Ionspray source in negative ion mode. Temperature was 400 ◦C, 
nebulizer gas (N2) 10 (arbitrary units), curtain gas (N2) 12 (arbitrary 
units), collision gas (N2) 4 (arbitrary units) and the capillary voltage was 
− 3.5 kV. The mass spectrometer was operated in multiple reaction mode 
(MRM) due to their high selectivity using precursor-to-product ion 
transitions because many compounds could present the same nominal 
molecular mass or peaks can overlap. 

2.12. Aminoacid determination 

A homogeneous (50 mg) sample was weighed into sample tube 
containing 10 mL of 0.1% (v/v) formic acid in water:methanol (80:20) 
(v/v). The mixture was shaken with vortex for 5 min, then immediately 
centrifuged at 4 ◦C at 4000 rpm for 15 min. The supernatant was passed 
through 0.2 µm PTFE membrane filter and 1 µL of sample was injected to 
UPLC–MS/MS (Nimbalkar et al., 2012). 

The UPLC–MS/MS instrument consisted of a Waters (Milford, MA, 
USA) Acquity Ultra Performance LC with a Waters binary system man-
ager coupled to a Waters Xevo TQ-S triple quadrupole mass spectrom-
eter equipped with electro spray ionization (ESI) probe. Separation was 
achieved using C18 column (Acquity UPLC BEH C18 100 mm 2.1 mm, 
1.7 lm particle size) according to Kıvrak et al. (2014). A 1 μL injection 
volume was used. The solvent system consisted of 0.5% aqueous formic 
acid (A) and methanol/water (50:50, v/v) containing 0.5% formic acid 
(B). The ESI source was used in positive mode by multiple reaction 
monitoring (MRM) mode with the following conditions: The ion source 
capillary voltage was 0.8 kV; cone voltage was 20 V, desolvation tem-
perature was 400 C, pressure of nebulizer gas was 7 bar. The collision 
gas was argon. The cone voltage varied from 17 to 27 V, depending on 
amino acid investigated. Data analysis and quantitation were executed 
using the Waters MassLynx and TargetLynx software. 

2.13. Statistical analysis 

The trial was tested in a randomized complete design with three 
replicates per treatment. The results were analysed by one way and two- 
way ANOVA by CoStat version 6.311 (CoHortSoftware, Monterey, CA, 
USA). Interaction effects were calculated using Tukey’s test at a 5% level 
of significance. The principal component loading plot and scores of PCA 
were performed using Minitab 16, LLC. 

3. Results 

3.1. Evapotranspiration 

Fig. 1 shows the trend of evapotranspiration (L day− 1) in the 100% 
CC treatment during the experimental period. The amount of water 
manually added to each pot was 1.74, 1.04, and 0.70 L, respectively, for 
100% CC, 60% CC and 40% CC. The trend of evapotranspiration 
appeared to be directly related to the temperatures reached and varied 
between 56 and 161 mL d− 1. 

3.2. Biomass and leaf area 

The growth of petunia was significantly modified by treatments 
(Table 1). 

The total dry biomass was influenced by water (p < 0.001) and 
biostimulant (p < 0.01) treatments, but not their interaction (p >0.05) 
(Table 1). The shoot dry biomass showed significant differences in all 
treatments (Table 1). The sprayed with moringa leaf extract (T) 
increased this parameter in different irrigation conditions, as observed 
when we compare 100% CC with 100% CC+LME and 40% CC with 40% 
CC+LME with an increase by 29% and 26% respectively (Fig. 2A). 

The root-to-shoot ratio was influenced by biostimulant (p < 0.01) 
and showed an effect of interaction (p < 0.01) (Table 1). The root-to- 
shoot ratio, in fact, increased in petunia plants grown under full irri-
gation conditions (100% CC) (Fig. 2B). Leaf number was significantly 
reduced under 40% CC (by 40%) compared with the 100% CC (p <
0.001) (Table 1); the treatment with moringa had alleviated the effect of 
drought stress in 40% CC+LME, increasing the leaf number by 23% 
compared to 40% CC (Fig. 2C). The total leaf area showed an increase for 
the effect of biostimulant treatment. In 100% CC +LME and in 40% CC 
+LME was observed an increase by 23% and 14% respectively (Fig. 2D). 
The SLA was affected only by water treatments (p < 0.01). 
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Table 1 
Mean effects of water stress treatments and biostimulant treatment (LME) on total and shoot biomass, root/shoot ratio (R/S), leaf number, total and unit leaf area of 
potted petunia plants during the growing period. Plants were irrigated every two days. Three water stress treatments were considered: irrigated at 100% CC,; irrigated 
at 60% CC, and irrigated at 40% CC. The plants were sprayed every 10 days after transplant with moringa leaf extract (LME), and the control plants were sprayed with 
distilled water.  

Water treatments Biostimulant 
treatment 

Total biomass (g 
plant− 1) 

Shoot biomass (g 
plant− 1) 

R/S ratio 
(g− 1) 

Leaf number (n. 
plant− 1) 

Total leaf 
area 
(cm2 

plant− 1) 

Flower number (n. 
plant− 1) 

SLA (cm2 

plant− 1) 

100% CC  5.25±0.34a 4.13±0.36a 0.29 
±0.04a 

160.58±10.30a 358.30 
±27.03a 

16.20±0.82a 163.99 
±7.66a 

60% CC  4.02±0.11b 3.31±0.08b 0.22 
±0.01a 

138.51±3.17b 207.47 
±3.44b 

18.75±0.40a 128.54 
±3.43b 

40% CC  2.71±0.27c 2.24±.0.25c 0.22 
±0.02a 

114.67±6.15c 217.61 
±7.55b 

10.85±1.20b 148.80 
±7.11ab           

C 3.62±0.37b 2.85±0.28b 0.27 
±0.03a 

127.17±6.79b 241.49 
±16.47b 

13.00±0.85b 151.80 
±14.13a  

LME 4.37±0.42a 3.61±0.35a 0.21 
±0.01b 

148.67±8.79a 280.77 
±33.91a 

16.33±0.96a 142.42 
±5.39a          

Significance         
Water treatments 

(W)  
*** *** ns *** *** ** ** 

Biostimulant 
Treatments (T)  

** *** ** *** *** ** ns 

W x T  ns *** ** *** ** ns ns 

Values are means for the main effects of water treatments (W) and biostimulant treatment (T). 
The statistical analysis was two-way ANOVA; ns not significant; 
* significant at p < 0.05; 

** significant at p <0.01; 
*** significant at p < 0.001. The values in the same column followed by the same letter are not significantly different at p < 0.05 (Tukey’s test). 

Fig. 2. Interactions between water treatments and biostimulant treatment in petunia plants: epigeous dry biomass (A), root/shoot ratio (R/S) (B), leaf number (C) 
and total leaf area (D). The vertical bars indicate mean ± S.E. (n = 3). Columns denoted with the same letters are not significantly different, as determined by Tukey’s 
test (p < 0.05). 
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The flower number was influenced by water (p < 0.01) and bio-
stimulant (p < 0.01) treatments, but not their interaction (p >0.05) 
(Table 1). The flower number showed significant differences in 40% CC 
compared to the other treatments (Table 1). The flower numbers showed 
an increase for the effect of biostimulant treatment (p< 0.01) with an 
increase by 25% (Table 1). No significant effects of interaction were 
observed. 

The SLA showed significant differences by effect of water deficit 
treatments (W, p < 0.01). 

3.3. Plant physiological measurements 

Net photosynthesis (AN) was significantly affected by water stress 
and interaction of W x T (Fig. 3a). Under severe drought stress condi-
tions (40% CC), AN reduced considerably (by 22%) compared to control 
(100% CC) plants. The 60% CC+LME showed the same value compared 
to the 60% CC (Fig. 3A). The gs was significantly affected by water stress 
and showed an interaction with biostimulant treatment; in fact, a higher 
value was observed for 100% CC+LME with an increase by 10%. The 
lowest values were observed in both 40% CC and 40% CC+LME 
compared to control plants with a reduction by 50% (Fig. 3B). 

No significant effects of water, biostimulant treatment, and their 
interaction were observed for E (Fig. 3C). 

The WUE showed a significant increase in 60% CC+LME, 40% CC, 
and 40% CC+LME compared to the rest of the treatments (Fig. 3D). 

The minimum fluorescence and the maximum fluorescence did not 
show any significant differences (Table 2). The maximum quantum ef-
ficiency of PSII (Fv/Fm) showed a significant change in response to 
drought stress. In 40% CC water deficit treatment, the value of Fv/Fm 
reached the lowest value (0.78) at the end of the experiment (Table 2). 

The RWC varied with the drought stress treatments, but not with 
biostimulant treatment and their interaction. The maximum value was 
observed for the 100% CC (75.8%) and the minimum in the severe water 
treatment (53.5% in the 40% CC) (Table 2). 

3.4. Chlorophyll and carotenoid content 

The Chl and carotenoid content exhibited a different pattern in 
relation to water and biostimulant treatment (Table 3). 

No effect of drought stress treatments was observed on Chl a (p >
0.05), whereas, Chl a content increased for the effect of LME treatment 
(p <0.05). Significant effects of water and biostimulant treatment were 
observed on Chl b content (W, p< 0.05; T, p< 0.001). As a result, total 
Chl content followed the same pattern as Chl a (Table 3). The interactive 
effect of water × treatment was not significant for all chlorophyll pa-
rameters (p> 0.05). 

Carotenoids were accumulated in a larger amount in 100% CC and 
60% CC (0.13 mg g− 1 FW, 0.12 mg g− 1 respectively). Carotenoid content 
increased for the effect of LME treatment (p< 0.05). No interaction (W x 
T) was observed for this parameter (p > 0.05) (Table 3). 

Fig. 3. Interactions between water treatments and biostimulant treatment in petunia plants: net photosynthesis (AN) (A), leaf conductance (gs) (B), transpiration rate 
(E) (C), and water use efficiency (WUE) (D). Plants were irrigated every two days. Three water stress treatments were considered: irrigated at 100% CC (100% CC), 
irrigated at 60% CC (60% CC), and irrigated at 40% CC (40% CC). The plants were sprayed every 10 days after transplant with moringa leaf extract (LME), and the 
control plants were sprayed with distilled water until dripping. Mean are values ± standard error (S.E) (n = 6). Different letters indicate significant differences among 
the treatments as determined by Tukey’s test (p < 0.05). 
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The chlorophyll a/b ratio showed that biostimulant treatment pro-
vided the highest value (p< 0.05). The relationship between total 
chlorophyll and carotenoids expressed as a ratio showed a significant 
difference by water stress (p< 0.001) and biostimulant treatments (p<
0.001) but not their interaction (Table 3). 

3.5. Proline content and MDA content 

The amount of leaf proline content was affected by drought stress 
treatments, biostimulant treatment, and their interaction (p < 0.001). In 
fact, the lowest amount of proline (~11 nmol g− 1 FW) was observed in 
control plants (100% CC and 100% CC + LME); an increase in 60% CC 
(~24 nmol g− 1 FW) and 60% CC +LME (~34 nmol − 1 FW) was observed. 
The highest quantity in 40% CC control plants (~108 nmol g− 1 FW) and 
40% CC + LME (~56 nmol g− 1 FW) was founded (Fig. 4a). 

At the end of the experiment, the MDA content increased in the 60% 
CC and 40% CC compared with the control plants (Fig. 4b). In particular, 
the highest value was observed for 40% CC plants (~18 nmol g− 1 FW). 
The LME biostimulant application decreased lipid peroxidation (MDA) 

of petunia under severe water treatments (40% CC+LME), reducing the 
value at 15 nmol g− 1 FW respect to 40% CC. 

3.7. Enzyme activity and protein content 

Biostimulant treatment decreased the GPX activity in 100% CC plus 
LME (100% CC + LME) (by 20%, Fig. 5A) while no significant differ-
ences were observed in the other water treatments. The CAT activity was 
influenced only by biostimulant treatments; in 60% CC +LME a reduc-
tion compared to 60% CC was observed (Fig. 5B). Protein content was 
significantly affected by water stress, biostimulant treatments, and their 
interaction (Fig. 5D). An increase was observed in relation to the water 
stress conditions. Under moderate and severe water stress (60% CC and 
40% CC) LME limited the increase. 

3.8. Total phenol compound (TPC) and sugars 

The TPC showed significant differences in relation to the drought 
stress treatments (p < 0.001). The biostimulant treatment did not exert 

Table 2 
Effects of water stress treatments and biostimulant treatment (LME) on minimum fluorescence (F0), maximum fluorescence (Fm), chlorophyll a fluorescence (Fv/Fm), 
and Relative Water Content (RWC) of petunia potted plants. Plants were irrigated every two days. Three water treatments were considered: irrigated at 100% of 
container capacity (100% CC), irrigated at 60% CC, and irrigated at 40% CC. The plants were sprayed every 10 days after transplant with moringa leaf extract (LME), 
and the control plants control were sprayed with distilled water.  

Water treatments Biostimulant treatment F0 Fm Fv/Fm RWC 

100% CC  311.3 ± 34.5a 1672.5 ± 27.4a 0.81±0.0a 75.8 ± 1.5a 
60% CC  319.3 ± 58.1a 1662.3 ± 50.3a 0.80±0.0a 56.9 ± 1.4b 
40% CC  337.3 ± 29.7a 1687.5 ± 21.8a 0.78±0.0b 53.5 ± 0.4b        

C 318.6 ± 9.0a 1637.6 ± 31.7a 0.80±0.0a 58.2 ± 1.6a  
LME 326.8 ± 6.3a 1710.7 ± 31.0a 0.80±0.0a 58.1 ± 2.0a       

Significance      
Water treatments (W)  ns ns ** *** 
Biostimulant Treatments (T)  ns ns ns ns 
W x T  ns ns ns ns 

Values are means for main effects of water treatments (W) and biostimulant treatment (T). 
The statistical analysis was two-way ANOVA;ns not significant; 

** significant at p <0.01; 
*** significant at p <0.001. The values in the same column followed by the same letter are not significantly different at p < 0.05 (Tukey’s test). 

Table 3 
Effects of water stress treatments and biostimulant treatment (LME) on Chla, Chlb, Chla+b, Car, a/b ratio, and Car/Chla+b on petunia potted plants. Plants were 
irrigated every two days. Three water treatments were considered: irrigated at 100% of container capacity (100% CC), irrigated at 60% CC, and irrigated at 40% CC. 
The plants were sprayed every 10 days after transplant with moringa leaf extract (LME), and the control plants were sprayed with distilled water.  

Water treatments Biostimulant 
treatment 

Chla (µg mg− 1 

FW) 
Chlb (µg mg− 1 

FW) 
Chla+b (µg mg− 1 

FW) 
Car (µg mg− 1 

FW) 
Chla/Chlb (µg mg− 1 

FW) 
Car/ 
Chla+b 

100% CC  0.61±0.06a 0.28±0.05b 0.89±0.10a 0.13±0.01a 2.30±0.20a 0.16 
±0.02a 

60% CC  0.66±0.03a 0.33±0.04ab 0.99±0.07a 0.12±0.01a 2.07±0.18ab 0.12 
±0.01b 

40% CC  0.61±0.03a 0.38±.0.06a 1.00±0.08a 0.08±0.01b 1.79±0.25b 0.08 
±0.02c          

C 0.57±0.02b 0.23±0.02b 0.80±0.03b 0.12±0.01a 2.47±0.11a 0.16 
±0.01a  

LME 0.68±0.03a 0.43±0.03a 1.11±0.05a 0.10±0.01b 3.37±0.11b 0.09 
±0.01b         

Significance        
Water treatments (W)  ns * ns ** * *** 
Biostimulant Treatments 

(T)  
* *** *** * *** *** 

W x T  ns ns ns ns ns ns 

Values are means for main effects of water treatments (W) and biostimulant treatment (T). 
The statistical analysis was two-way ANOVA; ns not significant; 

* significant at p < 0.05; 
** significant at p <0.01; 
*** significant at p < 0.001. The values in the same column followed by the same letter are not significantly different at p <0.05 (Tukey’s test). 
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any effect on this parameter (T, p > 0.05), while the interactive effect 
with the treatment (W x T, p < 0.001) was significant (Fig. 6A). The 
value was significantly increased in the 100% CC + LME (by 23%) 
compared to 100% CC plants whereas the treatment with LME affected 
the TPC in more severe water treatments with a reduction by 30% 
(Fig. 6A). 

Total soluble sugars in the leaf tissues were significantly affected 
only by drought treatments (p < 0.001). In particular, the values were 
significantly increased in the 60% CC (by 41%) and 40% CC (31%) 
compared to control plants (100% CC) (Fig. 6B). 

3.8.1. Hormones and aminoacids 
Several hormones were identified in leaves of petunia: indoleacetic 

acid (IAA), jasmonic acid (JA), abscisic acid (ABA), salicylic acid (SA) 
(Fig. 7), gibberellic (GA3) (data not show) and indolebutyric acid (IA) 
(data not show). 

Some of them (IAA and JA) were modified by the water treatments 
but not by biostimulant treatment (T, p > 0.05), and their interaction (W 
x T, p > 0.05). A higher IAA concentration was observed in 60% CC 
compared with those irrigated with 100% CC (Fig. 7A). The jasmonic 
acid showed an increase as the water deficit progressed, with an increase 
by 51% and 71% respectively for 60% CC and 40% CC (Fig. 7B). 

The ABA content showed significant differences in relation to the 
drought stress treatments (W, p < 0.05) and biostimulant treatment (T, p 
< 0.001), while the interactive effect with the treatment was not 

significantly (W x T, p > 0.05) (Fig. 7C). Under water deficit treatments, 
the ABA content of petunia reached its highest value (10.6 ng− 1 g) in the 
60% CC and in 40% CC (9.2 ng− 1 g). 

The SA content showed significant differences in relation to the 
water deficit treatments (W, p < 0.05), biostimulant treatment (T, p <
0.001), and their interaction (W x T, p < 0.001) (Fig. 7D). The highest 
value (47.6 ng g− 1) was found in 100% CC and in 60% CC compared 
with the other treatments (Fig. 7D). 

There was a significant increase in the free amino acid contents in 
petunia leaves as water deficit increased (Table 4). The highest content 
for almost all free amino acids was observed in the most stressed 
treatment (40% CC and 40% CC + LME). 

3.9. Analysis of PCA 

PC1 and PC2 accounted for 48.6% and 12.6% of the variance, 
respectively (Fig. 8). Physiological (AN, gs, RWC, E, Fv/Fm) and 
morphological (EB, TB, SLA, R/S, LA, LN) parameters and TPC were key 
factors with negative scores in PC1. By contrast, WUE, F0, Fm, enzyme 
activity, MDA, Pro, Chl a, b and total, ABA, JA, IA, and II, and all amino 
acids except the valine content were key factors with positive scores. All 
morphological and physiological parameters, CAT and TPC, Chl content, 
IA, GA3, and amino acids (Ala-Arg, Asp, Glu-acid, Gly, Iso, Leu, Lys, 
Phen, Serm, Thre, and Meth) were positive scores with PC2. The other 
parameters were negative scores with PC2. The treatments of the 
petunia plants under drought stress and well-watered conditions were 
completely separated (Fig. 9). This pattern could be explained by 
different physiological and biochemical reactions between the drought 
stress, alone and in combination with LME, and control plants. 

4. Discussion 

Water deficit often affects bedding plants in urban areas and in 
particular in the Mediterranean area causing negative effects in partic-
ular on the esthetic value (Álvarez et al., 2013). It is therefore needed to 
individuate species that are capable to tolerate water scarcity without 
losing their ornamental values (Chyliński et al., 2007). To carry out the 
selection of drought-resistant plants, an evaluation of the physiological 
and biochemical response appears to be an efficient approach (Rafi 
et al., 2019). To describe the tolerance of plants to drought stress the 
growth reduction in stress conditions in interaction with physiological 
and biochemical parameters has been used (Toscano et al., 2016). 

In relation to the possible role of different biostimulants to improve 
abiotic stress have been investigated different plant species. Our 
experiment determined the irrigation level thresholds for petunia plants 
to attain satisfying growth and visual quality. The results showed that 
the plants grow up to 40% CC, however treated with the biostimulant, 
showed good resistance to water stress by activating various physio-
logical and biochemical mechanisms. The drought water stress reduced 
growth parameters compared with full irrigation and the moringa foliar 
application promoted the growth parameters in both control and water 
deficit conditions. LME as a natural and eco-friendly biostimulant has 
been useful to improve the growth and productivity characteristics of 
numerous species grown in normal conditions (Rehman et al., 2015; 
Ashraf et al., 2016; Elzaawely et al., 2016; Nasir et al., 2016) and even 
with saline and drought stress conditions (Rady et al., 2013; Yasmeen 
et al., 2013a; Howladar 2014; Hanaf, 2017). Moringa extracts are 
considered a suitable alternative source of inorganic fertilizers due to 
their high content of micro and macro mineral nutrients, protein, and 
essential amino acids, which supplement the nutritional requirements of 
crops (Yasmeen et al., 2013b). In our results, a significant reduction of 
epigeous dry matter, number and total leaf area was observed with the 
increase of water deficit treatments, indicating that water stress 
inhibited plant growth. The biggest reduction was observed in 40% CC, 
but the biostimulant mitigated the effect of water stress with an increase 
in these parameters. This increase can be attributed to plant hormones 

Fig. 4. Effects of water treatments and biostimulant treatment on proline 
content (Pro) (A) and MDA content (B) of petunia plants at the end of the 
experimental period. Plants were irrigated every two days. Three water stress 
treatments were considered: irrigated at 100% CC (100% CC), irrigated at 60% 
CC (60% CC), and irrigated at 40% CC (40% CC). The plants were sprayed every 
10 days after transplant with moringa leaf extract (LME), and the control plants 
were sprayed with distilled water until dripping. Mean are values ± standard 
error (S.E) (n = 3). Different letters indicate significant differences among the 
treatments as determined by Tukey’s test (p < 0.05). 
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contained in the Moringa leaf extract, which stimulate every stage of 
plant growth and development. The leaves of moringa are rich source of 
cytokinin, antioxidants, K, Ca and micronutrients, which have a plant 
growth promoting capabilities and regularly applied as exogenous plant 
growth enhancers (Abdalla, 2013). This behavior was observed by 

Zeljkovićet al. (2021); these authors showed that in the case of annual 
ornamental seedlings, the weight of the above-ground parts can also be 
increased by using biostimulants. 

The irrigation treatments in our study had a significant effect on the 
aerial biomass accumulation, but no significant effects on root biomass, 

Fig. 5. Effects of water treatments and biostimulant treatment on Glutatione peroxidase (GPX) (A), Catalase (CAT) (B), Superoxide dismutase (SOD) (C), and Protein 
content (D) of petunia plants at the end of the experimental period. Plants were irrigated every two days. Three water stress treatments were considered: irrigated at 
100% CC (100% CC), irrigated at 60% CC (60% CC), and irrigated at 40% CC (40% CC). The plants were sprayed every 10 days after transplant with moringa leaf 
extract (LME), and the control plants were sprayed with distilled water until dripping. Mean are values ± standard error (S.E) (n = 3). Different letters indicate 
significant differences among the treatments as determined by Tukey’s test (p < 0.05). 

Fig. 6. Effects of water treatments and biostimulant treatment on leaf total phenol compound (TPC) (A) and total sugars (B) of petunia plants at the end of the 
experimental period. Plants were irrigated every two days. Three water stress treatments were considered: irrigated at 100% CC (100% CC), irrigated at 60% CC 
(60% CC), and irrigated at 40% CC (40% CC). The plants were sprayed every 10 days after transplant with moringa leaf extract (LME), and the control plants were 
sprayed with distilled water until dripping. Mean are values ± standard error (S.E) (n = 3). Different letters indicate significant differences among the treatments as 
determined by Tukey’s test. 
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indicating that shoots and roots respond differently to water stress 
(Sánchez-Blanco et al., 2009). More plant species increase their root 
biomass to enhance water uptake (Jaramillo et al., 2013) and hence 
maintain the plant water status and guarantee photosynthesis in water 
stress conditions. In the nursery stage of bedding plant cultivation, this 
response may not be possible because both root growth and available 
water are limited due to the small substrate volume. 

We observed a significant increase in leaf area due to LME applica-
tion in the most stressed plants, which is in accordance with the reports 
of Alì et al. (2018), using a commercial extract of the brown algal 
(Ascophyllum nodosum). High plant growth, and therefore a greater leaf 
area development in the more stressed plants, might be due to 
growth-promoting hormones in LME, which may have the potential to 
trigger a higher plant growth rate. Drought stress reduced plant growth 
and was correlated with a decrease in photosynthesis activity and plant 
water status (Da Silva et al., 2022). A gradual reduction in gas exchange 
was found in our study following water stress treatments, which had 
been described in some studies on ornamental plants (Niu and Rodriguez 
2009; Álvarez and Sánchez-Blanco 2013). The results of the current 
study showed that water stress treatments lead to a reduction of net 
photosynthesis, but the moringa application increased the activity in the 
treatment of 60% CC. Our results suggest that LME could stimulate the 
plant performance by keeping open stomata, maintaining photosyn-
thesis, source-sink relations (growth), and thus protecting from possible 
photoinhibition/photooxidation effects. The gs values were also reduced 
by water stress; it suggested the adaptive and efficient control of 

transpiration and represents a mechanism to cope the drought stress, 
especially during high transpiration periods, by limiting water loss, as 
has been observed in other species (Hessini et al., 2008; Álvarez and 
Sánchez-Blanco 2013). Moreover, high water use efficiency (WUE, μmol 
CO2 mol− 1 H2O), which is defined as the relation of biomass production 
to water consumption, is an effective index to describe the stability 
between photosynthetic activity and water consumption due to either 
environmental acclimation or genetic adaptation (Valdecantos et al., 
2011). In our study, water stress affects WUE. This finding indicates that 
petunia plants could efficiently use water resources under moderate and 
severe drought stress conditions. WUE improvement is mainly due to the 
accumulation of dry matter through less water consumption thanks to 
the stomate closure and low transpiration. 

Under water stress conditions, RWC is one of the most reliable tools 
for predicting the physiological traits of plants (Chaturvedi et al., 2019). 
RWC indicates plant water status, which is considered one of the most 
meaningful indices of dehydration tolerance (Antonić et al., 2016). Our 
results show that deficit irrigation reduces RWC, but LME application 
has not improved it under stress conditions. This is probably due to that 
LME increased the osmoprotectant concentrations (i.e., total soluble 
sugars and proline), which ultimately helps in maintaining better water 
balance in the plants. Moreover, the results showed that there is a 
negative and significant correlation between RWC and proline accu-
mulation (r=− 0.80). Decreasing RWC under stress conditions leads to 
the accumulation of ABA and reactive oxygen species (ROS) that may act 
as signaling molecules in root tissue. Accumulation of ABA under water 

Fig. 7. Effects of water treatments and biostimulant treatment on indoleacetic (IAA) (A), jasmonic (JA) (B), abscisic (ABA) (C), and salicylic acid (SA) (D) of petunia 
plants at the end of the experimental period. Plants were irrigated every two days. Three water stress treatments were considered: irrigated at 100% CC (100% CC), 
irrigated at 60% CC (60% CC), and irrigated at 40% CC (40% CC). The plants were sprayed every 10 days after transplant with moringa leaf extract (LME), and the 
control plants were sprayed with distilled water until dripping. Mean are values ± standard error (S.E) (n = 4). Different letters indicate significant differences among 
the treatments as determined by Tukey’s test. 
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stress conditions stimulates the production of proline synthesizing en-
zymes (Pál et al., 2018), therefore, the RWC reduction can be considered 
the first-factor stimulating proline synthesis. 

In our study the chlorophyll content under water stress was un-
changed; this is according to Rosales-Serna et al. (2004) whose reported 
that the maintenance of high chlorophyll content might be a physio-
logical adaptation mechanism of plants under drought stress (Rosa-
les-Serna et al., 2004). Application of LME is reported to enhance the 
chlorophyll content. The LME components may be acted also to induce 
more biosynthesis of leaf photosynthetic pigments due to its richness 
content of mineral nutrients and phytohormones, increasing chlorophyll 
content (Desoky et al., 2018). 

One of the principal objectives of this experiment was to know 
individually the modifications in the accumulation of specific com-
pounds in relation to water stress and the biostimulant application to 
improve drought tolerance. Increases in drought tolerance have been 
correlated with the capacity to accumulate protective compounds, 
including amino acids and carbohydrates (Oraee and A. Tehranifar, 
2020). During water stress conditions, the accumulation of some mol-
ecules supports plant growth. Proline plays many other functions, as 
‘osmoprotectant,’ directly stabilizing proteins, membranes and other 
subcellular structures, scavenging free radicals, or balancing the cell 
redox status under stress conditions (Toscano et al., 2016). Proline 
content has a significant and remarkably increase under drought stress 
conditions. With the intensification of water stress (40% CC), the proline 
content showed a further increase compared to the plants under mod-
erate (60% CC) and non-stress conditions (100% CC). The application of 
LME reduced the proline accumulation in severe water stress treatments 
(40% CC). Nevertheless, the application of LME declines levels of proline 
in severe drought stress treatment. Thus, as indicated by our results, a 
positive turgor pressure and water balance may be maintained by LME. 
Furthermore, the ability of plants to overcome lower water potential is 
supported by the increase of Pro, because as an osmolyte, it has the 
particularity of additional water uptake buffering the instantaneous ef-
fect of the shortage of water (Manivannan et al., 2007). 

MDA is the final product of membrane lipid peroxidation and acts as 
the damage signal of cell membrane (Toscano et al., 2016). Under the 
effect of irrigation treatments (60% CC and 40% CC) MDA content 
increased sharply compared to the control plants (100% CC). Treatment 
with LME extract significantly reduced MDA level in leaves 40% CC 
plants when compared to drought stressed plants. Moringa olifera extract 
contains a substantial level of calcium which can inhibiting injurious 
and leakage of membrane as well as stabilizing membrane structure 
under adverse drought stress conditions (Hanafy, 2017). During drought 
stress conditions, NADP will become limited in the acceptance of the 
electrons and so cause the overproduction of ROS. Similar results were 
observed in Amaranthus tricolor L. (Sarker and Oba, 2018), Gossypium 
herbaceum L. (Deeba et al., 2012), Adonis amurensis Regel & Radde and 
A. pseudoamurensis W.T.Wang (Gao et al., 2020). When plants were 
under stress, the overproduction of ROS and free radicals can cause 
membrane lipid peroxidation, which leads to cell damage or death (Gao 
et al., 2020). In particular, this was observed in water stress conditions, 
with an increase in oxidative damage in plants due to the production and 
accumulation of reactive oxygen species (ROS) (Toscano et al., 2016). 
To overcome this condition, different studies have shown that 
drought-tolerant plants have strong scavenging systems that help them 
maintain low levels of ROS and prevent membrane lipid peroxidation 
during stress (Faize et al., 2011). CAT, SOD, POD and APX are important 
antioxidant enzymes in the plant scavenging system; among them, SOD 
converts O2

− into H2O2 and O2, and CAT and GPX scavenge H2O2 into 
H2O (Reddy et al., 2004). In our study, biostimulant application 
increased GPX and SOD activities in plants grown under severe water 
deficit, and this facilitated the ROS scavenging and maintenance of plant 
growth under stress. Enhancing antioxidant defense systems in response 
to LME application, therefore, enhanced scavenged ROS, and thus 
improved membrane stability which in turn increased tolerance to high Ta
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drought stress conditions. Among these indicators, SOD plays a crucial 
role and it is regarded as the first line of defense scavenging active ox-
ygen free radicals (Lu et al., 2020). 

Drought stress also affects the production of endogenous level of 
hormones, like Abscisic acid (ABA), Jasmonic acid (JA), Ethylene (Eth), 
Gibberellins (GA), Auxins (Aux), Salicylic acid (SA) and Cytokinins (CK) 
(Ullah et al., 2018). These phytohormones have an important function in 

regulating plant growth development and responses to drought stress 
conditions. 

ABA synthesis is one of the fastest responses of plants to drought 
stress causing stomatal closure. In addition, SA is involved in the regu-
lation of drought responses, enhanced antioxidant enzymatic activities 
together with other physio-biochemical traits (Liu et al., 2022). In our 
experiment, endogenous ABA and JA levels in stressed plants increased 

Fig. 8. Principal component analysis (PC1 vs PC2) of petunia plants subjected to water stress treatments: loading plot and distribution of parameters in the 
consensus space. 

Fig. 9. Principal component analysis (PCA) showing the separation of treatments for the petunia plants by the score plot.  
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compared to control plants. The active derivative of jasmonic acid, also 
known as jasmonates, has an important role in controlling the response 
to various biotic and abiotic stresses (Ullah et al., 2018). JA enhance 
drought tolerance by different procedures, including the closing of sto-
mata, root development and scavenging of ROS. 

As a mechanism of adaptation to abiotic stresses, plants synthetize a 
series of secondary metabolites, in particular the phenolic compounds, 
and specifically flavonoids (Di Ferdinando et al., 2014). 

Different studies presented that plants would accumulate flavonoids 
and phenols with increasing of abiotic stress and in particular under 
drought, such as Chrysanthemum morifolium Ramat (Hodaei et al., 2018), 
Capsicum species (Okunlola et al., 2017), and Achillea species (Gharibi 
et al., 2016). High levels of these compounds in plants under drought 
stress mean that the plants adapt to the drought environment (Liu et al., 
2011). In accordance with this, the petunia plants had high levels of TPC 
under moderate and severe water deficit, but not in severe deficit irri-
gation treated with LME. This explains that the species adapts to water 
deficit by scavenging ROS by TPC, showing the highest values in bio-
stimulant treatment. Furthermore, results also showed that LME signif-
icantly enhanced total phenols content in 100% CC+LME and 60% 
CC+LME and this may be due to the high phenol content in LME, which 
might influence the endogenous content of total phenols in petunia 
plants. This could be also attributed to the minerals, β-carotene, and 
vitamins content of moringa leaves that could have increased phenol 
metabolism in plants (Abdalla et al., 2013). 

Organic osmolytes, such as soluble sugars, accumulate in plants in 
response to abiotic stress (Hsu et al., 2003). This was observed in our 
study, while the accumulation of total soluble sugars in the leaf 
increased significantly under water stress conditions. Increasing the 
activity of the sucrose-phosphatase enzyme, which has a crucial role in 
the metabolism of starch and sucrose, would result in a higher amount of 
sucrose (Cheikh and Brenner, 1992). The sugar accumulation acts as 
osmolytes to keep proteins, cell turgor and membrane stability from 
damage (Kaplan and Guy, 2004). 

5. Conclusions 

The response of petunia plants to water deficit was related to its 
ability to decrease aerial growth and to modify leaf gas exchange, 
increasing secondary osmolytes and enzyme activity to contrast the ROS 
activity. The plants grown under moderate water deficit are able to 
maintain a final biomass similar to plants grown under well irrigated 
conditions. Water stress did not reduce chlorophyll contents but led to 
decreased chlorophyll a/b. Furthermore, this species has shown to 
improve its water use efficiency along mild to severe stress, in particular 
when treated with LME. Leaf moringa application improved drought 
resistance of the plants, and in particular reduced the water deficit ef-
fects modifying the growth parameters, proline and MDA content and 
enzyme activity. Therefore, the use of petunia plants treated with leaf 
moringa extract in gardening or urban projects can be an option in areas 
where environmental conditions are unfavorable and lack of water is the 
main limiting factor. 
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Chyliński, W.K., Łukaszewska, A.J., Kutnik, K., 2007. Drought response of two bedding 
plants. Acta Physiol. Plant. 29 (5), 399–406. https://doi.org/10.1007/s11738-007- 
0073-y. 

da Silva, T.I., Dias, M.G., de Araújo, N.O., de Sousa Santos, M.N., Ribeiro, W.S., dos 
Santos Filho, F.B., Dias, T.J., Barbosa, J.G., Grossi, J.A.S., 2022. Spermine reduces 
the harmful effects of drought stress in Tropaeolum majus. Sci. Hortic. 304, 111339 
https://doi.org/10.1016/j.scienta.2022.11133. 

Deeba, F., Pandey, A.K., Ranjan, S., Mishra, A., Singh, R., Sharma, Y.K., Shirke, P.A., 
Pandey, V., 2012. Physiological and proteomic responses of cotton (Gossypium 
herbaceum L.) to drought stress. Plant Physiol. Biochem. 53, 6–18. https://doi.org/ 
10.1016/j.plaphy.2012.01.002. 

Desoky, E.S.M., Merwad, A.R.M., Rady, M.M., 2018. Natural biostimulants improve 
saline soil characteristics and salt stressed-sorghum performance. Commun Soil Sci 
Plant Anal 49 (8), 967–983. https://doi.org/10.1080/00103624.2018.1448861. 

Di Ferdinando, M., Brunetti, C., Agati, G., Tattini, M., 2014. Multiple functions of 
polyphenols in plants inhabiting unfavorable Mediterranean areas. Environ. Exp. 
Bot. 103, 107–116. https://doi.org/10.1016/j.envexpbot.2013.09.012. 

Din, J., Khan, S.U., Ali, I., Gurmani, A.R., 2011. Physiological and agronomic response of 
canola varieties to drought stress. J. Anim. Plant Sci. 21 (1), 78–82. 

Elzaawely, A.A., Ahmed, M.E., Maswada, H.F., Xuan, T.D., 2016. Enhancing growth, 
yield, biochemical, and hormonal contents of snap bean (Phaseolus vulgaris L.) 
sprayed with moringa leaf extract. Arch. Agron. Soil Sci. 1–13. https://doi.org/ 
10.1080/03650340.2016.1234042. 

Fahad, S., Bajwa, A.A., Nazir, U., Anjum, S.A., Farooq, A., Zohaib, A., Sadia, S., 
Nasim, W., Adkins, S., Saud, S., Ihsan, M.Z., Alharby, H., Wu, C., Wang, D., 
Huang, J., 2017. Crop production under drought and heat stress: plant responses and 
management options. Front. Plant Sci. 8, 1147. https://doi.org/10.3389/ 
fpls.2017.01147. 

Faize, M., Burgos, L., Faize, L., Piqueras, A., Nicolas, E., Barba-Espin, G., Hernandez, J.A., 
2011. Involvement of cytosolic ascorbate peroxidase and Cu/Zn-superoxide 
dismutase for improved tolerance against drought stress. J. Exp. Bot. 62 (8), 
2599–2613. https://doi.org/10.1093/jxb/erq432. 

Farooq, M., Wahid, A., Kobayashi, N., Fujita, D., Basra, S.M.A., Lichtfouse, E., 
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Gómez-Bellot, M.J., Lorente, B., Ortuño, M.F., Medina, S., Gil-Izquierdo, Á., Bañón, S., 
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