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Abstract

Background The climatic changes crossing the world menace the green life through limitation of water availability.
The goal of this study was to determine whether Moringa oleifera Lam. trees cultivated under Tunisian arid climate,
retain their tolerance ability to tolerate accentuated environmental stress factors such as drought and salinity. For this
reason, the seeds of M. oleifera tree planted in Bouhedma Park (Tunisian arid area), were collected, germinated, and
grown in the research area at the National Institute of Research in Rural Engineering, Waters and Forests (INRGREF) of
Tunis (Tunisia). The three years aged trees were exposed to four water-holding capacities (25, 50, 75, and 100%) for 60
days to realise this work.

Results Growth change was traduced by the reduction of several biometric parameters and fluorescence (Fv/Fm)
under severe water restriction (25 and 50%). Whereas roots presented miraculous development in length face to
the decrease of water availability (25 and 50%) in their rhizospheres. The sensitivity to drought-induced membrane
damage (Malondialdehyde (MDA) content) and reactive oxygen species (ROS) liberation (hydrogen peroxide (H,0,)
content) was highly correlated with ROS antiradical scavenging (ferric reducing antioxidant power (FRAP) and (2,
2'-diphenyl-1-picrylhydrazyle (DPPH)), phenolic components and osmolytes accumulation. The drought stress
tolerance of M. oleifera trees was associated with a dramatic stimulation of superoxide dismutase (SOD), catalase
(CAT), glutathione reductase (GR), ascorbate peroxidase (APX), and glutathione peroxidase (GPX) activities.

Conclusion Based on the several strategies adopted, integrated M. oleifera can grow under drought stress as
accentuated adverse environmental condition imposed by climate change.
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Introduction

The climatic changes sweeping the world and menace
the green life requires urgent attention and the preven-
tion of many disasters, such as the heightened hazard of
limited water availability [1]. This horrifying truth that
global droughts are increasing over the different regions
of world, is driving researchers to focus on finding practi-
cal and effective solutions to overcome the intense prob-
lematic. In fact, water unavailability is the main limiting
factor of plants growth and a total disruption of the sev-
eral physiological processes causing early senescence and
development reduction [2]. As consequence, the hazard
effects on field crops largely affected food security [3].

Moringa, together with its 13 species, is one of the most
well-known plants studied in science. However, Moringa
oleifera Lam. is the most studied species, owing to its sig-
nificant benefits. For the first time, it is crucial to empha-
sise Moringa’s extraordinary ability to endure drought
stress [4]. In addition, Ashutosh et al. [5] in their pub-
lished update study explain several significant features
of this species in detail. Thanks to its safety property for
human consumption, the Moringa tree could be consid-
ered as promising natural ingredient food product aim-
ing to improve the overall nutritional characteristics [6].
Moringa oleifera known as the miracle tree or tree of life,
the main representative of the order Moringa, it belongs
to family Moringaceae and it is also commonly known
as horseradish tree or drum stick. Moringa has both
medicinal and nutritional values and uses with essential
minerals, amino acids and vitamins [7]. Especially, leaves
were largely used because of their high tenor of proteins,
essential amino acids, dietary fibres, vitamins, and min-
erals, while being low in fat, sugars, and total starch pro-
tein and total dietary fibre amounts [8].

Moringa is referenced for its diverse therapeutic prop-
erties, for example antipyretic, antipathy to diabetes,
calming, anticancer and antiulcer [9]. Seeds oils, which
are rich in bioactive compounds, were used as anti-
inflammatory, nephroprotective, antioxidant, anti-dia-
betic, anti-cancer, and anti-obesity [10]. In the agronomic
sector, Moringa can be used as biofertilizer reducing the
costs of chemical fertilizer application and save the envi-
ronment. Several studies realised by Yap et al. [11], Yas-
een and Takacs-Hajos [12], Chuene et al. [13] showed
that Moringa used as fertilizer, improve crops productiv-
ity of Foeniculum vulgare, Mill, Solanum lycopersicum,
Silybum marianum, and Lactuca sativa under normal
and stress conditions.

Face to the environmental horrible problem, many
plant species tolerate drought stress and survive under
limited water availability. Moringa is one of the mirac-
ulous plants that incorporate several ecophysiologi-
cal mechanisms to persist face this abiotic stress factor
[14, 15]. Under stress conditions, plants present several
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strategies to overcome the negative induced effect pro-
duced through production of large range of chemicals
[16]. Secondary metabolites were generated to support
the internal changes caused by stress factors. More pre-
cisely, they play an antioxidant role through hydrogen
donation from phenolic groups to quenching of free radi-
cals [17]. Drought stress which becoming more erratic,
caused significant changes in nutritional quality and bio-
chemical compounds such as phenolic acids [18].

Alternatively, in stressed plants, the build-up of
appropriate organic solutes (betaines, soluble sugar,
proline, and organic acids) is observed to preserve cel-
lular homeostasis, shield enzymes, and scavenge reac-
tive oxygen species [19]. Reactive oxygen species (ROS)
generation is mainly attributed to the negative effect of
stress conditions. To endure this oxidative damage and
to improve their antioxidant potential, plants cells modu-
late several enzymatic responses. Antioxidant enzymes
(superoxide dismutase (SOD), catalase (CAT), Ascor-
bate peroxidase (APX) and glutathione reductase (GR)
peroxidase (POD) were stimulated under abiotic stress
such as, salinity and drought. In fact, numerous studies
[15, 20] showed a positive correlation between abiotic
stress factors, bioactive molecules accumulation such
as polyphenols and the enzymatic antioxidant activities
enhancement in Moringa oleifera in order to mitigate the
unfavourable conditions of growth.

To address the lack of water availability effects, this
study was conducted to: (1) assess the morphophysiologi-
cal parameters, growth responses, secondary metabo-
lites, osmoregulators, and enzymatic and non-enzymatic
antioxidant changes in Moringa oleifera trees. (2) Use
various multivariate analysis approaches to verify and
validate the relationships between morphophysiological
parameters and biochemical responses.

Materials and methods

Plant material and growth conditions

Moringa oleifera Lam. seeds collected from Bouhedma
National Park (Tunisian center, east) in 2018, were cul-
tivated in the research area at the National Institute of
Research in Rural Engineering, Waters and Forests (INR-
GREF) of Tunis (Tunisia) (latitude: 36° 50" North, longi-
tude: 10° 14’ East, altitude: 3 m). The resulting three years
old trees were transferred to pots filled with 9 kg of soil
(mixture of sand and loamy soil (1/4)). The experiment
was conducted for 60 days (July-August 2021) in a com-
pletely randomized design with different field capacities
(25, 50, 75, and 100%) and three replicates. The weather
in July and August 2021 in the experimental location
was characterized, respectively by an average of 28 and
29 °C, in the early morning, 34 and 36 °C at midday, and
41 and 45 °C at the end of the day. The temperature was
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recorded at 41 and 45 °C in July and August, respectively
(https://www.historique-meteo.net).

Growth parameters
The height of the plant, diameter of the principal stem,
and leaves parameters (Fresh weight, dry weight, area,
length, width, and perimeter) were determined at t,
(3 years aged trees), t; (after 15 days), t, (after 30 days),
t; (after 45 days) and t, (after 60 days), in plants grown
under different drought stress conditions. The differ-
ent leaf parameters were measured using a planimeter
(model CI-202, USA). At the end of the experimental
period, five separate plants subjected to the different field
capacities were used to determine leaves, stems, and
roots’ fresh weight, dry weight, length, diameter, and
fluorescence measurements. Dry weight was determined
following drying in an oven at 60 °C for 72 h.

Relative growth rate (RGR, mg. g~'. d™!) was deter-
mined following equation:

(lnw4 — lnw())/(z‘4 - t())

w, and ¢, are the shoot weight and time at the beginning
of the experiment, and w, and t, were shoot weight and
time at the end of the experiment, respectively.

Net assimilation rate, (NAR, g. m~2 d™') was calculated
following the following equation:

(w4 — w())/dt * (lnLA4 — lnLA())/(LA4 — LA())

w, and w, are the dry weight of biomass; dt per unit time;
LA, and LA, are the total leaf area and t; and t, are the
time at the beginning and the end of the experiment,
respectively.

Relative leaf area expansion rate, (RGRA, mm~2d~!)
was determined following the equation:

(l’I”LLA_;l — lnLA())/(t4 — t[))

LA, and LA, are the total leaves area; t;, and t, are the
time at the beginning and the end of the experiment,
respectively.

The relative growth rate of the principal stem in height
(RGRh, cm. cm™.d™") was calculated according to the fol-
lowing formula:

(lnh4 — lnh()/t4 — t())

hyand h, are the stem height; t, and t, are the time at the
beginning and end of the experiment, respectively.
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Determination of relative chlorophyll content and
fluorescence measurements

The relative chlorophyll concentration (SPAD) was evalu-
ated at the end of treatments using the chlorophyll meter
(model SPAD-502, Minolta, Japan). The measure of the
maximum quantum efficiency of PSII photochemistry
(Fv/Fm) was assessed in the same leaves after 30 min. of
dark adaptation, using modulated chlorophyll fluorom-
eter (OS1p, Opti-Sciences Inc, Hudson, USA).

Determination of MDA and H,0, contents

The lipid peroxidation level of foliar tissues was deter-
mined as MDA (Malondialdehyde). To do, concentra-
tion of thiobarbituric acid-reacting substances (TBARS)
was measured spectrophotometrically at 535 nm, as
described by Alia et al. [21].

The content of hydrogen peroxide (H,0O,) in leaves was
determined based on the modified method of Patterson
et al. [22]. Colorimetric method (A=508) was used to
determine H,O, content, using H,O, as a standard.

Antioxidant activity: FRAP (ferric reducing antioxidant
power) and DPPH (2, 2'- diphenyl-1- picrylhydrazyle)
radical-scavenging activity assays

Hinneburg [23] method was used to realise FRAP test.
Leaves extracts were incubated (At 50 °C for 30 min)
in presence of phosphate buffered saline PBS and K;Fe
(CN),. After that, Trichloric acid (10% TCA) and FeCL,
(0.1%) were added, respectively in which the reduction of
ferric ion (Fe**)-ligand complex to the brightly blue fer-
rous (Fe>*) complex by antioxidants in an acidic solution.
30 min. later, optical density was determined at 700 nm.
Results were expressed in mmol ascorbic acid equivalent
per gram of dry extract (mmol AAE/g).

DPPH anti-radical activity was carried out according to
Parejo et al. [24] proceed. Each foliar extract (at different
concentrations) was incubated with DPPH reactive for
30 min. To determine DPPH reduction, the absorbance
of the DPPH solution as well as samples were measured
at 517 nm. These optical densities were used for determi-
nation of sample concentration needed to neutralize 50%
of radicals (ICy).

Total phenolic, total flavonoids, and condensed tannins
contents quantification
Extraction of secondary metabolites was realised by
maceration (methanol, 70%) for 48 h. After filtration on
Whatman paper No.1, the filtrates obtained were evapo-
rated at using a rotary evaporator at 60 °C. The residues
of this filtrate were dried in an oven for 48 h at 45 °C to
obtain the extracts dry.

Total phenolic content was measured using the Folin—
Ciocalteu method described by Li et al. [25]. Total phe-
nolic content was expressed as gallic acid mg. g~ ! dry
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weight (mg GAE.g™!). Flavonoid content was carried out
according to the method of Dehpeur et al. [26]. Contents
were expressed in mg quercetin equivalent per gram of
dry weight (mg Qu. g™ !). Total condensed tannins were
estimated according to Ba et al. [27]. Contents were
expressed in mg catechol equivalent/g dry weight (mg
CAT.g™%).

Proline and soluble sugars contents determination

Proline analysis was performed according to the protocol
described by Bates [28] and expressed as pmol. g~* DW.
Each extract was added to glacial acetic acid and Nin-
hydrin reagent. The mixture was placed in water bath at
100 °C for 30 min. After that, toluene was added, and the
absorbance was determined spectrophotometrically at
520 nm.

Total soluble sugars were fixed according to Dubois et
al. [29] method. Contents were estimated by Anthrone
reagent and defined as pmol. g~' DW. The mixture was
placed in water bath (100 °C) for 10 min. The absorbance
was spectrophotometrically measured at 630 nm.

Antioxidant enzymatic extraction and assays

Enzyme extractions were carried out at 4 °C. The fresh
plant tissues were powdered in liquid nitrogen and
extracted at a ratio of 1:3 (w/v) fresh weight. Protein con-
tent was determined by Bradford’s method [30] using
bovine serum albumin (BSA) as the standard. SOD;
superoxide dismutase (EC: 1.15.1.1) activity was deter-
mined by the photochemical method according to Beyer
and Fridovich [31] (1987). Catalase (CAT; EC: 1.11.1.6)
activity assay was recorded following the method of Cak-
mak [32]. Ascorbate peroxidase (APX; EC: 1.11.1.11)
activity was measured according to Nakao and Asada [33]
by monitoring the rate of ascorbate oxidation at 290 nm
(E=2.8 mM~! cm™}). Glutathione reductase (GR; EC:
1.6.4.2) activity was determined by monitoring the GSH-
dependent oxidation of NADPH at 340 nm according to
Rao et al. [34]. Peroxidase (GPX; EC: 1.11.1.9) activity
was measured by the increase in absorbance at 470 nm
caused by guaiacol oxidation according to Decleire et al.
[35].

Statistical analysis

All data were subjected to one way ANOVA analysis
based on Tukey’s HSD test (IBM SPSS Statistics 23) to
determine the significant differences between means
of treatments at a probability level of 0.05. All data
were evaluated for normality using Shapiro-Wilk at the
0.05 level prior to statistical analysis, and if needed, the
data were transformed. A randomised complete block
design with three replications was used to gather the
data. Every parameter under study was given its mean
(+standard deviation). For the graphical representation
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of morpho-physiological characteristics, the JMP® ver.
17.2.0 cell plot was employed (SAS Institute Inc., Cary,
NC, USA, 2022-2023). Principal Component Analy-
sis (PCA) was used to examine the contribution of the
combination of morpho-physiological, biochemical, and
metabolic characteristics to better summarize the data
and comprehend the conclusions. For additional analy-
sis, components with an Eigen value larger than one were
retained. Scatter plot matrix with heatmap correlation
circles of 29 quantitative traits were calculated. The simi-
larity matrix was produced by employing the hierarchical
co-clustering (dendrogram) utilizing the ward method
and a heatmap based on all the data. These studies were
performed with JMP® version 17.2.0.

Results and discussion

Morpho-physiological traits

Abiotic stresses such as drought, affect negatively every
growth stage of many crops by reducing leaf produc-
tion, photosynthesis, and yield [36]. Cell plot results of 15
quantitative morpho-physiological traits showed tremen-
dous variations of M. oleifera trees under different field
capacity regimes (Fig. 1). An analogous trend in the root
length of Moringa plants was noted. Under the extreme
field capacity (25% FC), all the quantitative traits showed
the lowest values, which marked in green, in different tis-
sues (stem, root and leaves) except root length parameter
which recorded the highest value (remarked as red). Also,
under 50% FC, all M. oleifera parameters showed inter-
mediate color and values except stem fresh weight and
root length parameters obtain had values near maximum
and remarked as faint red color. In the contrast, under
75 and 100% showed the highest values of all parameters
which marked with red color and root length (remarked
with green) showed the contrary value of the tested
parameters of 25% FC as illustrated in Fig. (1).

On the other hand, data showed a reduction of the
shoot and roots’ fresh and dry weights (Supplemen-
tary Fig. 1), principal stem height, and diameter under
accentuating situation of water stress (25% FC). In con-
trast, a dramatic enhancement of root length was noted
in trees submitted to 25% FC (Supplementary Fig. 1G).
The impact of water unavailability on M. oleifera growth
and development was reflected by other morphologi-
cal parameter changes. When low water availability was
applied in a culture medium (25%), the shorter plant
height and less stem diameter were recorded (Supple-
mentary Fig. 1E and F).

This regression of height and diameter was the results
of cells elongation, turgor, and volume reduction as
described by Heng et al. [37] and Ximeng et al. [38].
More that, slower organs growth under stress condition
is a strategy adopted to acclimate to the stress conditions
[38]. In contrast, when the water amount was very limited
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Principal Stem Root
Stem dry wt
stem height diameter fresh wt
13.94
b 1254 0 152 2450
S~ 1324 1230 4782
b 1395 13.08 53.18
i 1465 13.87 58.55
s 1536 1465 63.92
- 160.6 15.43 69.29
- 165.8 16.00 7284
e 1709 16.58 76.38
o 176.0 17.15 79.93
s 181.1 17.73 8348
186.2 1830 87.03
Root length Leaves Leaves Foliar area
2183 fresh wt dry wt 90.6 I
23.06 797 I 2.700 100.2
2429 1010 2.894 109.7
2552 1223 3.088 1193
2676 1435 3.282 1289
2799 1648 3476 1384
30,09 1861 3670 1482
3219 20,05 3822 1580
3430 2148 3974 167.8
36.40 2292 4126 1776
3850 2435 4278 187.4
2579 4430
Leaf width Leaf Chlorophyll Fv/Fm
8.16 perimeter content 0.7768 l
8.77 1425 [l 1063 = 0.7843
937 1821 [ 13.17 0.7917
9.98 2217 15.71 0.7992
1059 2612 1825 0.8066
11.20 300.8 2078 0.8141
11.60 3404 2332 08196
12.00 3679 2477 0.8251
12.40 3953 26.23 0.8306
12.80 4228 2768 08361
13.20 4503 2913 0.8416
4778 3059

Fig. 1 Cell plot of 15 morpho-physiological traits of stem, root, leaf parameters, relative chlorophyll content and fluorescence measurements (Fv/Fm
efficiency) of Moringa oleifera trees submitted to different field capacities (25, 50, 75, and 100%). Red color assumes the highest value, while the green

color assumes the lowest ones

(25% FC), roots are longer compared to those in control
plants (Supplementary Fig. 1G). This responsible absorp-
tion water organ showed a more developed expansion
and proliferation attributed to the necessity to search and
acquisition of water in the soil under low osmotic pres-
sure. Also, the morphological and traits changes of roots,
explain the Moringa tree orientation to a more water and
nutrients conservative strategy.

Far, no senescence symptoms were observed in all our
trees subjected to the experimental protocol. For this rea-
son, we have measured the maximum quantum efficiency
of PSII (Fv/Fm) in Moringa leaves at the end of the exper-
iment period. We found that this parameter was reduced
by water lack (Supplementary Fig. 1H). In fact, PSII

efficiency was under regulation of the quantum yield (Fv/
Fm) to predicts plant development under various envi-
ronmental conditions [39]. It is true that the decrease of
PSII efficiency caused by abiotic stress resulted in photo-
inhibition and cause photodamage [14, 40]. However, in
another way, the diminution of Fv/Fm is another benefit
response presented by plants to minimize photosynthetic
activity under stress factor [39].

Crop plants exhibit a variety of drought stress adap-
tation and acclimatization mechanisms, ranging from
ostensibly straightforward physiological or morphologi-
cal characteristics that function as critical stress toler-
ance [41]. To encompass, we can suggest that the origin
of tolerance capacity to water stress of M. oleifera, is
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identified by the maintenance of clear photosynthetic
assimilation at the level of the leaves, monitoring height
of shoot part, and enhancement of roots elongation.

Growth response

Several key indices were determined as an aid to under-
standing the growth response of M. oleifera trees face to
the different water-holding capacities applied during the
experiment period. In the beginning, relative growth rate
(RGR) was determined, because it is useful for analyz-
ing whole plant response to the abiotic stress factor fixed
in this study (Fig. 2). Under severe water unavailability
(25% FC), RGR is in order of 0.016 mg. g~'d™!, which
showed 70% decline compared with the positive con-
trol (100%) (Supplementary Fig. 2A, E). Secondly, these
results showed that the relative leaf expansion (RGRA)
(Fig. 2B, E) was considerably reduced, especially in plants
subjected to water restriction (25% FC) by —71.78%.
This may explain, first, the drop in net biomass gains
which presents the result of the assimilation of CO, by
the leaves minus the respiratory loss by the whole plant.
Indeed, the net CO, assimilation rate (NAR) was found
to be reduced by (0.01 and 0.004 g~ . d™') which repre-
sented the declining percentage of 62.7 and 83.2, respec-
tively when the plants were grown at field capacities of
50 and 25% (Fig. 2C, E). For further evidence, it was also
found that the relative growth rate in height (RGRh)

0.016

0.012

RGR

0.008

0.004
0.016

0.012

RGRA

0.008

0.004

0.012

0.01

RGRH

0.008

0.006
0.025
0.02
0.015
0.01 S
0.005

NAR

25% 50%
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of the principal stem was inhibited by 51.33% from
0.004 mm~*. d=! (control condition) to 0.002 mm~L. d~!
under severe drought conditions (25% FC) (Fig. 2D, E).
The link between growth modifications and interior leaf
biological (cell division and expansion) and physiologi-
cal (photosynthesis) processes under conditions of water
deprivation can help us to understand these findings.
Numerous authors have correctly pointed out that leaves
primarily regulate a plant’s ability to withstand drought
[38].

To confirm this previous suggestion, leaf dimensions,
which are the major driving variables for photosynthetic
machinery and whole-plant growth, were followed and
measured for 60 days of applied drought stress. Table 1
demonstrated that there was a non-significant difference
in the various leaf measurements between 75% and 100%
FC at P<0.05 level. Whereas, compared to the control
condition, a 25% FC provoked a net reduction of these
parameters at the four times (t;, t,, t; and t,) set for tak-
ing the measurements. We found that, after 60 days
(ty), extreme field capacity (25% FC) induced reduction
of leaf fresh (-47.07%) and dry weights (-37.34%), area
(-53.4%), length (-67.34%), width (-43.93%), and perim-
eter (-51.77%). These leaves’ morphological adjustments
generated by the water constraint condition, resulted in
growth performance and adaptability to this stress factor
[37, 39, 40]. The limitation in leaves expansion resulting

L ——
—
-~
e P
——
P
75% 100%

Field capacity

Fig. 2 Scatter plot matrix of variation in the cumulative average of final growth rates (%): Relative growth rate (RGR mg. g~ '.d™"), Relative leaf area ex-
pansion rate, (RGRA mm~2.d~"), Relative growth rate of the principal stem in height (RGRh, cm. cm™".d™") and Net assimilation rate, (NAR g. m~2.d™") of M.

oleifera trees submitted to different field capacities (25, 50, 75 and 100%)
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Table 1 Kinetic measurements of leaf growth parameters and chlorophyll content of Moringa oleifera trees submitted to different

water potentials

Parameter Treatment (Field capacity %) Experiment time course
to t, t, t; t,
Leaf fresh 25% 2007+0084*  211+001° 2.178+0.137° 2.180+0.11¢ 1.901+0.012°
weight (g) 50% 2007+0084*  233+0014° 2.504+0.134° 2.808+0.18° 2911+0030°
75% 200740084  3015+0030°  3202+0207° 3300+025° 3.538+0.110°
100% 2007+0084*  3002+0020°  3.197+0.255° 3.3300.28+2 3.592+0271°
Leaf dry 25% 0.152+0010*°  0.170+0051¢  0.185+001¢ 0.193+0014 0.203+0.01¢
weight (9) 50% 0.152+0010*  0.192+0.07° 0.198+0.01¢ 0.207 +0.013¢ 0.274+0.014°
75% 0.152+0010*°  0284+0013°  0301+0024° 0325+001P 0.335+0.025°
100% 015240010  0261+0022°  0267+0021° 0301+0027%  0324+003°
Leaf water content  25% 12380+1.022  12.170+0.98° 10.301+1.02¢ 9.499+0.08° 7.525+0.63¢
(997 'DW) 50% 12380+1.02° 12281+100°  11.235+1.00° 10.643+1.18° 9.990+0.85°
75% 12.380+1.02° 12391155 12.508+0.98 12.50+0.96° 12.501+1.00°
100% 1238041022 123891+ .03° 12490+1.100°  12.495+1.03 12495+1.3°
Leaf area 25% 14078848327  13895+1222°  133617+10.1°  128878+9.84°  116.959+9.06°
(cm?) 50% 140.788+832°  148397+9.64°  156.024+13.1°  161.097+966°  193.965+10.7°
75% 140.788+832% 200072413007 241600+1906° 24586+1023°  250.302+18.3°
100% 140.788+832%  199318+106%  240727+12.6%  24679+1564°  251+114°
Leaf length (cm) 25% 26439+1.13%  24.958+2.140°  50.362+271° 50.038+3.21° 51.303+4.58°
50% 26439+1.13%  32503+3010°  55342+35° 77.749+655° 108.334+7.62°
75% 26439+1.13% 3750043000  86.000+0.82° 104.77 £8.76° 159+ 1308
100% 26439+1.13%  37405+2700° 85712466 106072+871°  157.076+12.2°
Leaf width 25% 9969+0570* 101151050  10257+0.852¢  12.029+0.97° 1462+13¢
(cm) 50% 9969+0570*°  10375+0970°  12.362+1° 15.538+1.23° 19.105+1.36°
75% 0969+0570°  12725+1110°  15.887+109° 21.04+122° 26.781+1.08
100% 9.969+0.570° 12708+1020°  174+107° 20.258+1.05 260754137
Leaf perimeter 25% 25202+181%  32964+297°  303045+254° 2501944172  264.791+145°¢
(cm) 50% 25202+181%  357.792+30.10° 380421+2630° 33549+2217° 368201+20°
75% 25202+18.100° 375.187+2730° 467.918+2210% 51000+33.080% 54578+23.71°
100% 25202+18.100° 37408+25.100° 468018+36.2°  508947+255°  549.106+28.6°
Chlorophyll 25% 20645+1.84*  20682+0990° 20.126+1640°  16.130+0.990°  10.633+0.88°
content 50% 20645+1.84°  22330+£1050° 23.806+1410° 23288+1060° 22.061+1.06°
(nmol.g™"FW) 75% 20645+1.84°  23188+9650° 2577+2030°  30.020+1400°  30.000+2.81°
100% 206454184  23666+10960° 25252+1200% 30141428107  30.586+2.07°

One way ANOVA represented by means + (deviation of three measurements). Different superscript letters showed statistically significant values (according to
Tukey's HSD test) at P<0.05. tis the time, t, (3 years aged trees), t, (after 15 days), t, (after 30 days), t; (after 45 days) and t, (after 60 days)

in stomatal closure is an adaptative tolerance mechanism
included in photosynthetic machinery protection under
such environmental condition.

Antioxidant activity, membrane lipid peroxidation,
secondary metabolites and osmolytes contents

The ability of antioxidants to scavenge free radicals is
measured by the 2,2 diphenyl-b picrylhydrazyl (DPPH)
radical scavenging activity assay [42]. It was revealed that
FRAP and DPPH assays are often used to evaluate the
ability of the extract to scavenge free radicals produced
because of the induced-oxidative stress biological dam-
age [15]. The compound’s ability to stop b-carotene from
oxidising was determined by Chitiyo et al. [43] using the
b-carotene-linoleic acid model system, which demon-
strated a higher antioxidant capacity in M. oleifera (75%

FWC) under mild stress. Our agreed data showed that
the highest total antioxidant activity (FRAP and DPPH)
and radical scavenging activity corresponding to the low-
est ICy, value was marked in leaves extract derived from
plants grown under the reduced capacity field (25% FC)
(Table 2). Furthermore, these same plants demonstrated
the greatest ability to scavenge ROS. The variability
observed in the relationship between polyphenolic com-
pounds and antioxidant capacities as indicated by the
different antioxidant measurements may be attributed to
the fact that biological activity is influenced by the ele-
vated concentration of total secondary metabolites (phe-
nolic compounds) [44].

More than that, a positive relationship was observed
between the FRAP and DPPH activities increase, and
MDA and H,0O, accumulation at the different water
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Table 2 Antioxidant activities (enzymatic and non-enzymatic), membrane lipid peroxidation, secondary metabolites and osmolytes
contents of M. oleifera submitted to different field capacity regimes
Biochemical parameter

Treatments (Field capacity%)

25% 50% 75% 100%
MDA 375.236+39.681° 232366+ 15.642° 116.200+£9.63 97.023+8.05 9
(nmol.g~' DW)

H,0, 53.746+451° 32.560+2.145° 18.127+146¢ 19.163+1.08
(nmol.g™" FW)

FRAP 87.440+7.91° 55240+357° 26.010+2.03¢ 24.740+1.07 <@
(mmol AAE/100 g)

DPPH 4.820+0.025¢ 8690+0.63 ¢ 12.570+1.01° 13.070+0.913%
(ug/mb)

Total phenols 64.180+0.5182 38.120+1.38° 11.970+0.11 ¢ 9.340+0.084 ¢
(mg eqAG.g~ 'DW)

Flavonoids 23451+0.1192 9.911+0.0746° 4556+0.048 € 371040031 ¢
(mg eq Qu.g™'DW)

Tannins 2.554+0.133° 1.155+0013° 0.750+0.907 0.838+0.087 9
(mg eq catch. g~ 'DW)

Proline 17.472+1.07 13.153+0.857 P 1079140932 ¢ 8669+061 ¢
(umol. g~ 'DW)

Soluble sugar 16.241+0.843 2 12.573+1.05° 10.156+0.974 8125+06511
(umol. g’1 DW)

One way ANOVA represented by means * (deviation of three measurements) showing different statistically significant superscript letters (according to Tukey’s HSD
test) at P<0.05. Malondialdehyde (MDA); hydrogen peroxide (H,0,); Total antioxidant activity FRAP (ferric reducing antioxidant power); DPPH (2, 2"- diphenyl-1-

picrylhydrazyle) radical-scavenging activity

holding capacities. Increasing drought stress levels car-
ries the antioxidative potential for chain-breaking inhi-
bition of lipid peroxidation scavenging as previously
suggested by Nasraoui et al. [45] and Abdul Waheb et al.
[19]. On the other hand, the high antioxidant capacity
detected may be attributed to the cooperative effects of
antioxidant activity (DPPH) and high total phenolic, fla-
vonoids, and tannins contents (Table 2).

According to McMahon et al. [46], condensed tannins
are a product of flavonoid polymers. Popovic et al. [47]
found that drought-induced slightly greater amounts of
condensed tannins were found in poplar trees. Moreover,
transgenic poplar lines with high condensed tannin con-
tent showed decreased levels of hydrogen peroxide, pho-
tosystem II damage, and leaf death [48]. This makes sense
since it demonstrates a clear link between high tannin
content and antioxidant capacity.

Furthermore, phenolic compounds contents of edible
plants may be considered an inducement of their anti-
oxidant capacity as showed by several researchers [13,
15-17], phenolics compounds have been shown to act as
a photoprotector by blocking the stimulation of chloro-
phyll under conditions of moisture stress by decreasing
light absorption [49]. The second harvest of Moringa ole-
ifera under extreme stress had the highest concentrations
of total phenolic compounds (35% FWC) and proantho-
cyanidins (50%) for flavonoids [43].

Osmotic stress and the other different abiotic stress fac-
tors (salinity, metallic) induce the synthesis and accumu-
lation of osmoregulator molecules such as proline amino

acid and soluble sugar [50]. It is largely demonstrated
that proline participates in reinforcement of the antioxi-
dant system scavenging induced ROS accumulation [19].
According to our data, Chitiyo et al. [43] found that in
drought stressed Moringa proline and soluble sugar con-
tents increased with the severity of moisture stress in all
plant parts (root, stem and leaf), with the leaves under
severe stress (35% FWC) recording the highest concen-
tration. A strong correlation of these compounds’ accu-
mulation and higher radical scavenging activity against
FRAP and DPPH radical were detected confirming their
role in antioxidant defense potential of Moringa [15,
51]. This corroborates the results of the present inves-
tigation, which demonstrated a positive correlation
between antioxidant activity, secondary metabolites and
osmolytes amounts. In addition to having the highest
concentrations of condensed tannins and total phenolic
compounds which are known to rise with an elevation in
phenolic concentration in the severely stressed (25% FC)
plants also showed the highest proline and soluble sugar
tenors ferric reducing capability. This suggests that M.
oleifera’s antioxidant properties are enhanced by mois-
ture stress. By raising the amounts of antioxidant sub-
stances such as total phenols, and flavonoids, drought
stress improved the therapeutic potentials of Moringa. In
fact, free radicals can be chelated by total phenolics and
flavonoids before they damage cells [52]. Briefly, M. ole-
ifera drought tolerance is achieved through metabolite
pattern alteration, which ensures good cellular activities.
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Antioxidant enzyme activity

The crucial role in the reduction of reactive oxygen spe-
cies generation and resistance to oxidative damage by
activation of a defensive antioxidant system in stressed
plants is largely confirmed in other studies [44, 50]. The
stimulation of antioxidant enzymes (SOD and CAT)
to react more strongly to freshwater deficiency stress
was triggered by the first water deficit cycle in control
stressed plants. These findings suggest that these plants
are best protected in the peroxisome, where CAT breaks
down H,0, produced by photorespiration [53].
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Accordingly, our results (Fig. 3A-E) demonstrated that
superoxide dismutase (SOD), catalase (CAT), ascorbate
peroxidase (APX), glutathione reductase (GR), and glu-
tathione peroxidase (GPX) activities were significantly
stimulated. These increases were 76.15%, 66.74%, 43.26%,
79.30 and 22.2%, respectively in Moringa leaves stressed
with 25% FC (Fig. 3F). Similar activations by stresses fac-
tors such as drought and salinity were demonstrated in
other several studies [15, 51]. However, the astounding
equilibrium between ROS production and antioxida-
tive enzyme system activation reduces the detrimental
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Fig. 3 Relative (A, B, C, D, E) and percentage (F) changes of antioxidant enzyme activity: superoxide dismutase (SOD), catalase (CAT), ascorbate peroxi-
dase (APX), glutathione reductase (GR), and glutathione peroxidase (GPX) activities in M. oleifera leaves submitted to different field capacities (25, 50 and
75%) compared to control condition (100%). Data represented as mean with error bars having different significant letters according to Tukey's HSD test
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effects of oxidative stress and increases the powerful ROS
detoxifying capacity of the Moringa tree. This biochemi-
cal approach is an important tool for resisting, defending,
and surviving in hard climate circumstances, such as abi-
otic stress.

Inter-correlation among all data of M. oleifera trees under
different field capacity regimes: multivariate analysis
Multivariate analysis approaches can be utilized to inves-
tigate correlations, categorization, and parameter predic-
tion within complicated data sets since the results are
more realistic, meaningful, and accurate [54].

Hierarchical co-clustering with heatmap

Multivariate analysis based on hierarchical co-cluster
analysis using Ward’s method was performed to identify
the distribution of the M. oleifera trees due to differences
in morpho-physiological, biochemical and all combined
data under different field capacities (25, 50, 75, and 100%)
into two distinct clusters as represented in Fig. 4. Cor-
relograms were based on the correlation coefficients of
morphological and/or metabolic measurements. The red
color indicated the positive correlation between mea-
surements, whereas the blue color assumed the negative
one.

In the presence of outlying observations in the dataset,
the resilient hierarchical co-cluster (RHCOC) strategy
generates a significantly lower clustering error rate than
standard hierarchical clustering algorithms [55].

As shown in Fig. 4A, the hierarchical co-cluster den-
drogram based on morpho-physiological parameters
differences is divided into two clusters. The first clus-
ter had M. oleifera trees under 25 and 50% FC and the
second one is included M. oleifera trees under 75 and
100% FC. Under 75 and 100% FC, red positive correla-
tion was found between all parameters except root length
parameter (remarked as blue). Low water availability was
favourable for the growth of Moringa plants. The plants
displayed reduced height when they were fully capable
of retaining water. In fact, reduced osmotic pressure
during stressful situations, which causes root prolifera-
tion in quest of water and nutrients, may be the cause of
the increase in root length at 70 and 40% water holding
capacity [14].

At the same trend, the hierarchical co-cluster dendro-
gram based on biochemical and metabolic parameters
differences is divided into two clusters. The first cluster
had M. oleifera trees under 25% FC and the second one is
divided into two sub-clusters. The sub-cluster I included
M. oleifera trees under 75 and 100% FC and the other one
contained 50% FC. Under 75 and 100% FC, DPPH is neg-
atively correlated (remarked blue) with all other param-
eters (remarked as red) as illustrated in Fig. 4).
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A two-way co-cluster matrix using hierarchical co-
clustering dendrogram and heatmap; row clusters were
obtained at field capacity level, whereas the column clus-
ter were recorded at trait or marker of all combined data
of M. oleifera trees submitted to different field capacities
(Fig. 4C). The co- cluster was consisted of 4 rows (treat-
ments) and 29 column clusters (traits). At the row clus-
tering (FC level), it is divided to two clusters. The first
cluster had M. oleifera trees under 25% FC and the sec-
ond one is classified into subclusters I and II. The sub-
cluster I had M. oleifera trees under 50% FC and the
other subcluster II included M. oleifera trees under 75
and 100% FC. At the column clustering (parameters), it
is divided into two major clusters. The first cluster had
the following parameters: root length, H,0,, CAT, APX,
MDA, phenols, FRAP, proline, sugars, SOD, GR, flavo-
noids, and tannins. On the other hand, the second cluster
had stem, root, leaf fresh and dry weight, stem diameter
and height, leaf length, width, foliar area, chlorophyll
content, Fv/Fm and DPPH. Sun et al. [56] reported pro-
gressive drought stress generally caused an elevated in
activity of SOD, POD, CAT, and APX enzymes that coor-
dinate ROS concentration.

Scatter plot matrix with correlations circles

Scatter plot matrix with heatmap correlation circles of
29 quantitative traits (morphological, physiological, and
metabolic measurements) of M. oleifera trees submit-
ted to different field capacities (25, 50, 75, and 100%).
The scatter plot matrix showed the density ellipses in
each individual scatter plot and the red circles contain
about 95% of the data as represented in (Fig. 5). Red color
assumed the positive correlation, blue colour assumed
the negative correlation, while the size of circles indi-
cated the significance. In this investigation, root length
was negatively correlated with all morpho-physiological
parameters, but it was positively correlated to all bio-
chemical and metabolic parameters except DPPH. Highly
positive correlation was detected among root length,
MDA, H,0,, phenols and FRAP.

On contrary, DPPH was positively correlated to all
morpho-physiological parameters except root length
and was negatively correlated with all biochemical to
FRAP, MDA and phenols. In the same trend, MDA was
strongly positive correlated with H,O,, proline, phenols
and FRAP. Also, Fv/Fm showed the maximum positive
correlation to chlorophyll content, and it also correlated
positively with all leaf parameters. The adaptive response
of Moringa to drought stress caused by strong accumula-
tion by endogenous proline and an increase in the total
polyphenol and radical scavenging activity. A strong cor-
relation of these compounds’ accumulation and higher
radical scavenging activity against FRAP and DPPH
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Fv/Fm

Chlorophyll content

Fig. 4 Multivariate analysis based on hierarchical dendrogram and heatmap correlation between (A) morpho-physiological parameters, (B) biochemi-
cal parameters and enzymatic and non-enzymatic antioxidants, (C) Two-way clustering using hierarchical co-clustering dendrogram and heatmap; row
clusters were obtained at field capacity level, whereas the column cluster were recorded at trait or marker of all combined data of morpho-physiological,
biochemical parameters and enzymatic and non-enzymatic antioxidants) of M. oleifera trees submitted to different field capacities (25, 50, 75 and 100%).
Correlation levels are colored by red for positive correlation and blue for negative one

radical were detected confirming their role in antioxidant
defense potential of Moringa [15, 51].

Concerning the enzymatic antioxidants, all enzymes
were positively correlated with each other. CAT was
highly positive correlate to APX and H,O, in the pres-
ent study. Plants that are tolerant to drought may display

modifications in their cellular metabolism as a defense
against oxidative damage. The principal enzymes that
eliminate H,0, from leaves are SOD, CAT and APX.
While both CAT and APX enzymes work together, APX
is more probable to bind to H,O, than CAT does. The
moderate stressed plants displayed elevated enzymes
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-

Fig. 5 Scatter plot matrix with heatmap correlation circles of all combined data (morphological, physiological, and metabolic measurements) of M.
oleifera trees submitted to different field capacities (25, 50, 75 and 100%). Red color indicates positive correlation, blue colour indicates the negative cor-

relation, while the size of circles indicates the significance (see scale at the above right corner)
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activities (SOD, CAT, and APX) at the first maximum
stress; only the SOD activity persisted as elevated at the
second maximum stress. Peroxisomes and chloroplasts,
the primary sites of action of APX, may have provided
enhanced protection because of this treatment [53].

Principal component analysis (PCA) biplot

Principal component analysis (PCA) is used to ana-
lyze and deconstruct large, complex datasets. The only
PCAs deemed significant were those with eigenvalues
larger than one. The item diversity was analyzed in terms
of quality features using the PCA technique, and the
objects were grouped based on the similarity hierarchy
[57]. PCA-biplot is one of the most efficient multivariate
techniques for evaluating trait interaction and genotypic
performance, and it is widely used to investigate trait
association in various agricultural plants [58].

In a PCA scatter plot, M. oleifera trees submitted to
different field capacities (25, 50, 75, and 100%) described
by the first 2 PCs per cluster. The first component PC1
was recorded as 96% and the second component PC2 as
2.94% of the total variation. The studied treated M. oleif-
era trees were also grouped into three clusters: cluster I
(green group) had treated M. oleifera trees subjected to
75 and 100% FC, cluster II (blue group) had M. oleifera
trees subjected to 25% FC and cluster III (red group) had
M. oleifera trees subjected to 50% FC which were distinct
and well supported as illustrated in Fig. 6A.

In the system of the two first components, length of
vector and cosine of angle were used for discrimination
of treated M. oleifera trees. The small angle between
these vectors: stem dry weight, foliar area, root dry
weight, leaves fresh weight, stem fresh weight, Fv/Fm
proves a significant strong positive correlation between
these traits and were found as the most effective param-
eters in differentiation between M. oleifera trees under
75 and 100% FC. On the other hand, flavonoids, tannins,
sugars, CAT, SOD, GR were found as the most effective
parameters in differentiation between M. oleifera trees
under 25% FC. Flavonoids and tannins had an acute angle
which indicated highly positive correlation to each other.
In the same manner, GR with SOD and GPX and proline
with phenolic compounds Fig. 6 B. The multivariate anal-
ysis confirmed the correlation data reported before.

Previous studies have successfully evaluated drought
tolerance indicators for wheat [59] and cotton [60]
by combining principal component analysis and/or
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regression analysis. Also, Wang et al. [61] examined 12
physiological indicators related to wheat drought tol-
erance, including photosynthetic characteristics (Pn,
Gs, Fv/Fm, qP, NPQ, and gN), SOD activity, and MDA
content, as well as osmoregulatory substances (Pro, SS,
HXXKs, and GLC), were selected to further screen physi-
ological key indicators to evaluate drought tolerance in
wheat. In maize, Balbaa et al. [62] used discriminative
analyses such as PCA to support their methodology as
an unambiguous differential approach, indicating that
chlorophyll content and transpiration rate traits were sig-
nificant on maize inbred line performance under stress
conditions, while other remained traits were most dis-
criminatory under normal conditions.

Conclusion

Water stress is on the rise these days due to changes in
the global climate, which is a major issue that is det-
rimental to plant cover. Moringa oleifera trees demon-
strated the ability to tolerate this type of abiotic stress,
responding in a number of ways that were responsive
to the water-deficit state. To withstand the conditions
of drought stress, root morphological modifications
compensated the limitation of tree shoot develop-
ment. First and foremost, it is important to emphasise
that M. oleifera’s ability to adjust to the water unavail-
ability conditions (25, 50, 75 and 100% field capacities,
it was subjected to was evidenced by its regression of
growth, the dimensions of its aerial organs and the
elongation of its roots. Furthermore, we have found
important connections between the activation of the
defence antioxidant system (superoxide dismutase
(SOD), catalase (CAT), glutathione reductase (GR),
ascorbate peroxidase (APX) and glutathione peroxi-
dase (GPX) enzymes), hyper-accumulation of second-
ary metabolites (phenolic compounds, total flavonoids
and condensed tannins) and osmoregulators (proline
and soluble sugars), and osmotic stress brought on by
a lack of water. A powerful antioxidant radical scav-
enger (FRAP and DPPH) that was enhanced by short-
age water was another important component of stress
adversity adoption. Furthermore, M. oleifera shows
potential as an ecological solution for agroforestry sys-
tems, particularly in dry locations where water scar-
city is an issue. Further research can explore the ability
of different Moringa parts to stimulate plant growth
under varied water stress scenarios.
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Fig. 6 Principal component analysis (PCA), (A) the PCA scatter plot, and (B) biplot illustrating the distribution of different field capacity regimes on M.
oleifera trees, on PC1 and PC2 components based on the analysis of all combined data (morphological, physiological, and metabolic measurements). Blue,
red and green dashed rings showed three different clusters. The dots were M. oleifera trees under different regimes of FC, and the vectors (red arrows)
were parameters. The abbreviations were previously mentioned in the earlier figures
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