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In the current study, we investigated the impact of inoculation with a selected indigenous arbuscular
mycorrhizal fungi (AMF) complex on the growth and physiology of carob plants at increasing levels of
watering (25, 50, 75 and 100% field capacity). The following growth and stress parameters were moni-
tored in carob seedlings after 6 months of growth and 2 months of applied drought stress: fresh and
dry weight, root and shoot lengths, leaf surface area, relative water content, stomatal conductance and
membrane stability. Chlorophyll a and b, total soluble sugars, proline and protein contents were also
determined along with the activities of stress enzymes: Catalase, Peroxidase and Superoxide dismutase.
The obtained results indicate that inoculation with the indigenous AMF complex has a positive impact on
the plant’s growth as all the assessed parameters were significantly improved in the mycorrhizal plants.
Additionally, our results show that mycorrhization contributes to the minimization of the impact of
drought stress on the carob plants and allows a better adaptation to dry conditions.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Mediterranean region is one of the most vulnerable to glo-
bal warming with a drought frequency that has been dangerously
increasing for the last 30 to 40 years (Mariotti, 2010). Ten of the
driest winter seasons in this region were recorded in the last
twenty years (Hoerling, 2012) leading to an increased water short-
age and a bigger threat on the local ecosystems and agriculture
which utilizes the vast majority of the water supply in the region
(Espere, 2006). This trend is expected to exacerbate in the next
few decades (Giorgi, 2006) which, combined with the increasing
prevalence of low fertility degraded soils in the region, is bound
to have catastrophic consequences on the local plant cover (Séré
et al., 2008). The carob (Ceratonia siliqua), a leguminous of the spe-
cies Caesalpinaceae sub-family, is an important component of
Mediterranean ecosystems and one of few plants able to thrive
in the marginal calcareous soils that are prevalent in the region,
it also tolerates the semi-arid to arid climate conditions (Battle
and Tous, 1997). Whether it is pods, pulp or seeds, carob trees have
a multitude of ancient and newly developed uses in the food and
agricultural industries (Parrado et al., 2008) in addition to numer-
ous promising pharmaceutical and cosmetic applications
(Guardiola et al., 2018; Papakonstantinou et al., 2018). The carob
has thus become an important candidate in agriculture as an addi-
tional candidate for diversification (Janick and Paull, 2008) but also
for use in the restoration of soils and as a natural barrier to deser-
tification (Manaut et al., 2015). The success of the carob in these
harsh environments is in part due to its symbiotic relationship
with arbuscular mycorrhizal (AM) fungi. This symbiotic association
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is the most common type of symbiosis among vascular plants
(Simon et al., 1993), 80% of them are able to form these types of
relationships. By mobilizing minerals and nutrients in root systems
(Smith and Read, 2008), improving the quality of the soil and min-
imizing the effects of various stresses on the plant host (Bompadre
et al., 2014; Auge et al., 2014; Wu et al., 2017). AMF symbiosis
greatly contribute to the maintenance and sustainability of soil-
plants systems (Van der Hejden et al., 2006), in various climates
and environmental conditions. This protective role of AMF symbio-
sis becomes vital in the environments most vulnerable to the
effects of abiotic stresses (Bothe et al., 2010; Chitarra et al., 2016;
Wu et al., 2017). As ecosystems worldwide are increasingly endan-
gered by environmental change, new strategies that rely on AMF
are being developed to alleviate the negative consequences associ-
ated with these changes (Barea et al., 2011). These strategies aim to
improve the growth and stress tolerance of the plant host as well
as re-establish the indigenous structural, chemical and biological
properties of the surrounding soils through the use of native myc-
orrhizal potential (Manaut et al., 2015; Fakhech et al., 2019). The
carob tree has been shown to withstand harsh climactic and geo-
graphic conditions (Correia et al., 2010; Ozturk et al., 2010) and
its high dependence on its AM fungal partners has also been estab-
lished (Ouahmane et al., 2012). In fact, inoculation with different
commercial AM fungi has been shown to improve the carob’s tol-
erance to drought stress by reinforcing its stress-coping mecha-
nisms, particularly its water relations, photosynthetic ability and
the management of oxidative stress (Essahibi et al., 2018). In this
study, we investigated the effects of inoculation with an indige-
nous mycorrhizal complex on carob seedlings’ response to various
levels of drought stress (25%, 50%, 75% and 100% Field Capacity).
Specifically, we analysed the fresh and dry biomass, root and shoot
lengths, membrane stability, stomatal conductance, relative water
content, chlorophyll a and b, total soluble sugars, protein and pro-
line content and the activities of three major oxidative stress
enzymes: Catalase, Peroxidase and Superoxide Dismutase.
2. Materials and methods

2.1. Experimental design, field sampling and inoculum production

2.1.1. Mycorrhizal spores origin and isolation
The source soil for the mycorrhizal fungi was collected in the

region of Marrakesh, Morocco where the carob tree is indigenous.
Sampling was conducted at depths varying between 10 and 40 cm.
2.1.2. Inoculum preparation
The endomycorrhizal inoculum was produced using Maize (Zea

mays L.) as an endophytic plant. The Maize seeds were disinfected
and germinated in pots containing the disinfected soil. Maize
plantlet were then inoculated with a suspension of sterilized myc-
orrhizal spores mixture formerly extracted using the wet sieving
method (Ouahmane, 2007) then allowed to grow for a period of
3 months. The roots colonized by the mycorrhizal fungi complex
were used as fresh mycorrhizal inoculum; they were rinsed three
times with sterile distilled water and cut into 1 cm fragments.
2.1.3. Carob seed origin and preparation
Carob pods were collected from a single carob tree in the region

of Marrakesh, Morocco. The seeds were surface sterilized with 10%
bleach solution then placed in 97% sulfuric acid solution for 20 min
(Gunes et al., 2013). After being thoroughly rinsed they were
soaked in water for 48 h, placed in Petri dishes containing wet cot-
ton and allowed to germinate. The seeds were considered to be
germinated after the radicle has exceeded a length of 5 mm.
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2.1.4. Inoculation and planting
Germinated seeds were placed in 2 g of fresh mycorrhizal root

fragments then planted in pots containing 2 kg of sterilized soil
50% soil/50% sand (v/v). The pots were then placed in a glasshouse
at the national institute for agricultural research in Marrakesh,
Morocco at temperatures varying between 22 and 38 �C, 50–60%
humidity and a photoperiod of about 16 h light/8 h dark. They
were watered daily for an initial period of growth of 24 weeks at
100% field capacity (FC). Drought stress was introduced over four
weeks at 25%, 50%, 75% and 100% FC, then maintained for 8 weeks.
The plants fell into 2 categories: Mycorrhizal (AMF) and non myc-
orrhizal (NM).

2.2. Physiological and mycorrhization parameters

At the end of the water stress cycle, the plants were harvested,
the roots and shoots were weighed separately to determine their
fresh and dry weights, the shoot and root dry weights were mea-
sured after placing the fresh plant materials in an oven for 48 h
at 80 �C. Shoot heights and root lengths were measured. Leaf sur-
face area was determined using image analysis software imagej
(NIH). Mycorrhization parameters were determined through
microscopic observation of colorized fresh carob root fragments
using the method developed by Phillips and Hayman (1970). After
washing and de-colorization in 10% KOH at 90 �C for 2 h, the roots
were placed in a 7.5% hydrogen peroxide solution for 5 min then
treated with 1% HCl for 5 min. A 0.5% trypan blue stain (1:1:1
water, glycerol and lactic acid) was used as a coloring agent at
90 �C for 15 min. Mycorrhization parameters were determined
according to the method of Trouvelot et al., (1986).

2.3. Relative water content

Relative water content (RWC) was determined using the for-
mula developed by Talaat and Shawky (2014). RWC = 100 � [(FW-
DW)/(TW-DW)] in which FW, DW and TW represent Fresh weight,
dry weight and turgid weight respectively. The turgid weight (TW)
was determined after placing the leaves, fully submerged, in water
in the dark for 24 h at 4 �C.

2.4. Membrane stability

Membrane stability was determined according to the method
developed by Shanahan et al., (1990), a conducto-metric technique
which assesses membrane damage by measuring electrolyte leak-
age. 100 mm2 leaf fragments were rinsed then placed in test tubes
containing 10 mL of distilled water and placed in test tube shaker
racks for 24 h, the initial conductivity C1 is then measured. Final
conductivity C2 was measured after autoclaving the samples for
10 min at 0.1 MPa and cooling them down to room temperature
(25 �C). The membrane stability index is then calculated based
on the formula: MSI = [1 � (C1/C2)]*100.

2.5. Stomatal conductance

Stomatal conductance was measured at a temperature of 25 �C
using a leaf porometer (Model SC-1, Decagon devices).

2.6. Total Chlorophyll

Fresh leaf material (50 mg) was ground in 3 mL of 90% acetone
solution then centrifuged at 100 rpm for 10 min. After 2 h incuba-
tion in the dark, optical density (OD) was read at 663 and 645 nm
and chlorophyll a, chlorophyll b and total chlorophyll contents
were calculated according to Arnon (1949) and Raimbault et al.,
(2004).
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2.7. Proline content

Leaf material (400 mg) were homogenized in 5 mL of 95% Etha-
nol and rinsed three times using 70% Ethanol. For each sample,
5 mL of the combined supernatant were recovered and 2 mL of
chloroform were added along with 3 mL of water. The samples
were then allowed to incubate for 12 h (Nguyen and Paquin,
1971). A 0.2 to 1 mL aliquot of the superior phase was then added
to a ninhydrin solution and glacial acetic acid and placed in a
100 �C water bath for 45 min. After cooling, 2 mL of toluene were
added and the samples were allowed to rest for 30 min. Optical
density (OD) of the superior phase was then read at 520 nm and
a standard curve was used to determine proline concentration
(Singh et al., 1973, modified).

2.8. Total Soluble sugars (TSS)

Total soluble sugar content was determined according to
Dubois et al. (1956, modified). 100 mg of fresh plant matter were
ground in 4 mL of 80% ethanol then centrifuged at 4000 rpm for
10 min. 2.5 mL of 5% phenol and 2.5 mL of 97% sulfuric acid were
added to 0.5 mL of the supernatant, the mixture was homogenized
then allowed to rest for 5 min. Optical density was measured at
485 nm and a glucose standard curve was used to determine TSS
content.

2.9. Protein content and oxidative enzyme activity

The protein extract was obtained by grinding and homogeniz-
ing 100 mg of leaves sample in 0.1 mL of 50 mM potassium phos-
phate buffer (pH 7.5), 1% pvpp (polyvinylpolypyrrolidone) and
0.1 mM EDTA. The resulting mixture was centrifuged for 20 min
at 4 �C (12,500g) and the supernatant was used for protein content
enzymatic activity determination.

Total proteins were determined using the method of Bradford
(1976). 100 ml of diH2O were added to 100 ml of the protein extract
and 2 mL of Bradford’s reagent. The samples were then incubated
for 5 min and the optical density (OD) was read at 595 nm. Protein
content was determined using a serum bovine albumin standard
curve. Catalase (CAT) activity was determined in the protein
extract by determining the rate of disappearance of the 15 mM
hydrogen peroxide. The reaction mixture contained 940 ml of
50 mM phosphate buffer (7.0 pH), 40 ml of hydrogen peroxide
and 40 ml of the protein extract. The change in OD was determined
by spectrophotometry at 240 nm for 3 min (e = 39.4 mM cm�1)
(Hwang et al., 1999). Guaiacol-peroxidase (G-POD) activity was
also determined in the protein extract by following the change in
OD for 5 min at 470 nm (e = 26.6 mM cm�1). The reaction mixture
contained 2290 ll of 60 mM phosphate buffer (6.8pH), 100 ll of
18 mM guaiacol and 40 ll of the enzyme extract with the addition
of 100 ll of 20 mM hydrogen peroxide to initiate the reaction
(Hwang et al., 1999). Superoxide dismutase (SOD) activity was
determined by measuring the reduction of Nitroblue tetrazolium
according to the method of Beyer and Fridovich (1987). The reac-
tion mixture contained 2550 ll of 100 mM phosphate buffer (pH
7.8), 75 ll 55 mM methionine, 300 ll 0.75 mM nitro blue tetra-
zolium (NBT) and 50 ll of the enzyme extract, 60 ll of 0.1 mM
riboflavin were added and the mixture was subsequently incu-
bated under 2 fluorescent lamps (20 W) for 15 min at 25 �C. The
OD was read at 560 nm. An enzymatic unit was defined as the
amount necessary to inhibit the reduction of the NBT by 50%.

2.10. Statistical analysis

Statistical analysis was conducted using two-way ANOVA on
statistical analysis software SPSS 20 (IBM) with AMF inoculation
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(AMF) and field capacity (FC) as first and second factors respec-
tively. The significance of the differences and among treatments
and factor interactions was calculated at 5% whereas mean com-
parisons were determined using Tukey’s post-hoc test (P � 0.05).
A minimum of three repetitions was used for all the analyzed
parameters.
3. Results

3.1. Physiological and mycorrhization parameters

Both shoot and root fresh weights were significantly improved
by the presence of the mycorrhizal complex particularly at high
levels of water stress (25% FC). The shoot fresh weight of the myc-
orrhizal plants was 33% greater than the non-mycorrhizal plants at
25% FC and 51% greater at 50% FC. The beneficial effect of the myc-
orrhizal complex was also observed in the absence of drought
stress at 75% and 100% FC. At 75% FC, the shoot and root fresh
weight were improved by 61% and 30% respectively (Table 1).
Overall, both the AMF treatment and the water regime had a signif-
icant impact on the fresh weight. The shoot and root dry weights
were also significantly impacted by the presence of the mycor-
rhizal complex at all levels of stress. At 25% and 50% field capacity,
shoot dry weight nearly doubled in the presence of the mycorrhizal
complex indicating a positive effect, the root dry weight was also
improved by the AMF inoculation at all stress levels (Table 1).
However, the combined effect of the water regime and the mycor-
rhizal inoculation was less significant. Shoot heights and leaf sur-
face areas were significantly negatively impacted by the
imposition of drought stress; both these parameters were
improved by the AMF inoculation (Tables 1 and 2). Drought stress
caused a slight increase in root lengths which were also improved
by the presence of the mycorrhizal complex (Table 1). Mycorrhiza-
tion frequency determination indicated a successful colonization of
the carob roots by the mycorrhizal complex (Fig. 1).

3.2. Relative water content, stomatal conductance and membrane
stability

The relative water content (RWC) was heavily impacted by the
presence of the mycorrhizal complex, although no significant dif-
ferences were observed between non-mycorrhizal and inoculated
plantlings in the absence of stress (75% and 100% FC), the relative
water content was improved going from 88.21% to 94.41% at the
highest level of water stress (25% FC) (Table 2). Stomatal conduc-
tance was significantly decreased in all water-stressed plants com-
pared to the well-watered plants, this effect was alleviated in the
mycorrhizal plants which had stomatal conductance values that
are comparable with their non-stressed counterparts (Table 2). A
similar effect was observed with membrane stability which main-
tained relatively high values in the non-stressed plants regardless
of their mycorrhization status. In the stressed plants, mycorrhiza-
tion allowed the maintenance of a higher membrane stability
index in the AMF plants whereas significant decreases were noted
in the non-mycorrhizal water stressed plants (Table 2).

3.3. Chlorophyll a and b content

Chlorophyll a and b and total chlorophyll contents were
severely impacted by drought stress in absence of the mycorrhizal
complex. Expectedly, no significant differences were observed
between the non-mycorrhizal (NM) and inoculated (AMF) carob
seedlings in the absence of drought stress (75% and 100% FC), how-
ever, drought stress did cause a significant decline in Chl a, Chl b
and total chlorophyll in the non-mycorrhizal seedlings (25% and



Table 1
Root length (RL), Shoot height (SH), Shoot fresh weight (SFW), Root fresh weight (RFW), Shoot dry weight (SDW), Root dry weight (RDW) and Relative water content (RWC) in
non-mycorrhizal (NM) and inoculated (AMF) carob seedlings. Mean values ± SE in the same column followed by the same lower case letters are not significantly different at
P � 0.05 by Tukey test. * P � 0.05; ** P � 0.01; *** P � 0.001.

Water regime (% FC) AMF inoculation RL (cm) SH (cm) SFW (g) RFW (g) SDW (g) RDW (g)

100% NM 44 ± 0.58 d 6 ± 0.10 bc 1.02 ± 0.01c 0.76 ± 0.02 bc 0.62 ± 0.01 de 0.31 ± 0.01b

AMF 63.67 ± 0.67 a 9.57 ± 0.09 a 2.13 ± 0.26 a 1.17 ± 0.05 a 1.49 ± 0.13 a 0.69 ± 0.06 a

75% NM 43.33 ± 0.67 d 5.7 ± 0.06 cd 1.04 ± 0.03c 0.68 ± 0.02 bcd 0.64 ± 0.01 de 0.27 ± 0.01b

AMF 64.67 ± 0.33 a 9.1 ± 0.12 a 1.96 ± 0.15 a 0.92 ± 0.1 ab 1.26 ± 0.05 ab 0.64 ± 0.01 a

50% NM 48.33 ± 0.88c 5.2 ± 0.06 de 1.07 ± 0.09c 0.54 ± 0.03 cd 0.58 ± 0.01 de 0.18 ± 0.01b

AMF 54.67 ± 0.88b 6.43 ± 0.24b 1.81 ± 0.02 ab 0.93 ± 0.04 ab 1.05 ± 0.03 bc 0.65 ± 0.06 a

25% NM 50.33 ± 0.88c 4.93 ± 0.09 e 0.9 ± 0.04c 0.44 ± 0.02 d 0.48 ± 0.03 e 0.16 ± 0.01b

AMF 52.67 ± 0.88 bc 6.13 ± 0.12 bc 1.26 ± 0.06 bc 1.053 ± 0.02 a 0.86 ± 0.08 cd 0.58 ± 0.03 a

AMF inoculatin (AMF) 555.02*** 750.23*** 93.27** 109.97*** 192.09*** 310.61***
Field Capacity (FC) 7.03** 171.50*** 7.18*** 7.19** 15.62*** 5.92**
Fc � AMF 81.23*** 58.33*** 3.81* 3.71* 6.11** 0.89 ns

Table 2
Relative water content (RWC), Stomatal conductance (SC), leaf surface area (LSA) and Membrane stability (MS) in non-mycorrhizal (NM) and inoculated (AMF) carob plantlings.
Mean values ± SE in the same column followed by the same lower case letters are not significantly different at P � 0.05 by Tukey test. * P � 0.05; ** P � 0.01; *** P � 0.001.

Water regime (% FC) AMF Inoculation RWC (%) SC (mmol/m2S) LSA (cm2) MS (%)

100% NM 94.73 ± 0.34b 137.18 ± 0.91c 6.13 ± 0.03 d 85.33 ± 0.07b

AMF 96.51 ± 0.09 a 182.63 ± 0.62 a 10.17 ± 0.03 a 85.83 ± 0.18b

75% NM 94.78 ± 0.06b 133.04 ± 1.28 cd 5.83 ± 0.03 d 83.4 ± 0.12c

AMF 95.9 ± 0.18 ab 180.28 ± 0.99 a 10.0 ± 0.06 a 86.67 ± 0.09 a

50% NM 90.06 ± 0.20c 119.24 ± 0.99 e 5.17 ± 0.03 e 61.8 ± 0.23 e

AMF 94.34 ± 0.43b 153.44 ± 0.69b 8.5 ± 0.12b 83.03 ± 0.12c

25% NM 88.21 ± 0.63c 99.72 ± 0.84f 4.7 ± 0.06f 54.1 ± 0.12f

AMF 94.41 ± 0.32b 131.12 ± 0.34 d 7.6 ± 0.12c 80.3 ± 0.12 d

AMF inoculation (AMF) 201.41*** 4106.82*** 5514.38*** 18577.13***
Field Capacity (FC) 85.94*** 1113.74*** 372.34*** 9600.30***
FCx AMF 24.714*** 41.32*** 37.75*** 4656.90***

Fig. 1. Mycorrhization frequency of the inoculated seedlings at different water
regimes: 100%, 75%, 50% and 25% field capacity (FC).

I. Jadrane, Mohamed Najib Al feddy, H. Dounas et al. Saudi Journal of Biological Sciences 28 (2021) 825–832
50% FC) (Table 3). On the other hand, with values of 0.243 mg/g
FW, 0.807 mg/g FW and 1.05 mg/g FW at 25% FC for Chl a, Chl b
and total chlorophyll respectively (Table 3), the AMF inoculated
plants had chlorophyll levels comparable to those observed in
the absence of stress. These values correspond to a 92%, 38% and
49% increase compared to the non-mycorrhizal plantlings. These
results indicate that inoculation with the mycorrhizal complex
greatly diminishes the negative impact of drought stress on photo-
synthetic activity and chlorophyll content specifically. In fact, in
the presence of the complex at low field capacity, chlorophyll con-
tents were similar to those observed in the well- watered seedlings
at 75% and 100% field capacity. The specific and combined effects of
both drought stress and mycorrhization were all highly significant
(Table 3).
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3.4. Proline, total soluble sugars and protein content

In the presence of drought stress, proline accumulation was sig-
nificantly attenuated by the mycorrhizal complexe inoculation
with a 23% and 19% decrease in proline content at 25% and 50%
FC respectively compared to the NM plants (Fig. 2a). In the absence
of drought stress, a slight difference in leaf proline content was
observed between the inoculated and non-mycorrhizal carob
plants at 75% FC, however, no significant differences were noted
at 100% FC (Fig. 2a). Total soluble sugar (TSS) accumulation was
also more significant in the stressed plants compared to the non-
stressed plants (Fig. 2b), similarly to what was observed with pro-
line contents, this effect was even more pronounced in the mycor-
rhizal plants. On the other hand protein content varied greatly
between the inoculated and non-mycorrhizal plants in the pres-
ence and absence of drought stress. In the absence of mycorrhizal
complex, protein content decreased as the level of drought stress
imposed on the carob plantlings was increased with values going
from 2.9 mg/g DM at 100% to 1.34 mg/g DM at the highest stress
level (25% FC) (Fig. 2c). The mycorrhizal inoculation allowed the
treated plants to maintain a significantly higher protein content
at all levels of stress, 3.54 mg/g DM at 100% FC and 1.54 mg/g
DM and 25% FC (Fig. 2c).

3.5. Antioxidant enzymes activity

Catalase (CAT) activity increased remarkably in the water
stressed plants (25 and 50% FC) compared to the non-stressed
(75% and 100% FC) plants, this activity was further increased in
the presence of the AM complex indicating a stronger response
to the ROS resulting from water stress. No significant differences
in CAT activity were recorded between the mycorrhizal and non-



Table 3
Leaf chlorophyll a (Chl a), chlorophyll b (Chl b) and total chlorophyll (Chl a + b) content in non-mycorrhizal (NM) and inoculated (AMF) carob plantlings. Mean values ± SE in the
same column followed by the same lower case letters are not significantly different at P � 0.05 by Tukey test. * P � 0.05; ** P � 0.01; *** P � 0.001.

Water regime (% FC) AMF Inoculation Chl a (mg/g FW) Chl b (mg/g FW) Chl a + b (mg/g FW)

100% NM 0.22 ± 0.00c 0.89 ± 0.000b 1.11 ± 0.00 ab

AMF 0.25 ± 0.00 a 0.88 ± 0.00b 1.13 ± 0.00 a

75% NM 0.19 ± 0.00 d 0.91 ± 0.00 a 1.10 ± 0.00b

AMF 0.23 ± 0.00 bc 0.88 ± 0.00b 1.12 ± 0.00 ab

50% NM 0.16 ± 0.00 e 0.66 ± 0.00 e 0.82 ± 0.00 e

AMF 0.25 ± 0.00 a 0.83 ± 0.00c 1.08 ± 0.01c

25% NM 0.09 ± 0.00f 0.55 ± 0.00f 0.64 ± 0.01f

AMF 0.24 ± 0.00 ab 0.81 ± 0.00 d 1.05 ± 0.01 d

AMF Inoculation (AMF) 1504.17*** 1682.00*** 3024.60***
Field Capacity (FC) 203.28*** 2080.33*** 1739.80***
FCx AMF 201.94*** 838.99*** 917.93***

Fig. 2. Leaf proline (2a), total soluble sugars content (2b) and protein content (2c)
in carob seedlings non-inoculated (NM) or inoculated with the native mycorrhizal
complex (AMF) at 100%, 75%, 50% and 25% field capacity (FC) regimes.

Fig. 3. Leaf catalase (3a), guaiacol peroxidase (3b) and superoxide dismutase (3c)
activities in carob seedlings, non-inoculated (NM) and inoculated with the native
mycorrhizal complex (AMF) at 100%, 75%, 50% and 25% field capacity regimes.
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mycorrhizal carob plants when the water stress was not applied
(75% and 100% FC) (Fig. 3a). Similarly, peroxidase (G-POD) activity
drastically increased in the stressed plants, particularly at the high-
est stress level (25% FC) where AM inoculation led to a more pro-
nounced enzymatic response compared to the NM plants. In the
absence of drought stress (75% and 100% FC), no significant differ-
ences were recorded between control plants and those inoculated
with the AM complex (Fig. 3b). The changes recorded in superoxide
dismutase (SOD) activity in response to water stress were similar
to those observed in catalase and guaiacol-peroxidase. SOD activity
increased significantly in the stressed plants (25% and 50% FC)
compared to the well-watered ones (75% and 100%) (Fig. 3c). In
the absence of water stress (75% and 100% FC) AM plants had a
slightly lower, though non-significantly, SOD activity than NM
plants. However, at the highest stress level (25% FC), SOD activity
nearly doubled in the AM plants compared to the NM plants, a sim-
ilar but less marked effect was observed in the mildly stressed (50%
FC) carob plants (Fig. 3c).

4. Discussion

Water deficit is one of the biggest challenges currently facing
humankind, the effects of the resulting drought stress, even inter-
mittent, can be very damaging ecologically and agriculturally.
More than 50% of all crop production worldwide is subject to
drought stress (Grant, 2012; Naeem et al., 2013) and drastic
decreases in yield have been recorded at different growth stages
in multiple plant species (Martínez et al., 2007). In legumes, the
second important food source for human populations around the
world after cereals (Kudapa et al., 2013), drought stress has been
shown to negatively impact biomass, pod and seed numbers as
well as their overall quality and yield (Hasanuzzaman et al.,
2013; Pagano, 2014). Most plant species rely on three major mech-
anisms for drought tolerance, escape, avoidance or resistance
(Rapparini & Penuelas, 2014). The carob (Ceratonia siliqua) which
is an important member of the leguminous family and a staple of
the Mediterranean flora, has been shown to adapt to drought stress
through drought avoidance (Correia et al., 2001). Like many legu-
minous plants, the carob is able to form symbiotic associations
with arbuscular mycorrhizal fungi which have been shown to sup-
port plant processes and alleviate many of the consequences of
drought stress (Ouahmane et al., 2012; Chitarra et al., 2016;
Ruiz-Lozano et al., 2016; Quiroga et al., 2017). In this study, inoc-
ulation with selected AMF complex greatly improved biomass pro-
duction in the carob seedlings in both the presence and absence of
drought stress. The expected decrease in plant wet and dry bio-
mass as well as the shoot heights and leaf surface area caused by
the introduction of drought stress, mild and severe, was signifi-
cantly alleviated by AMF inoculation. A similar effect was recorded
in a different study where AMF inoculation with single mycorrhizal
species, Rhizophagus fasciculatus, Funneliformis mosseae and Rhi-
zophagus intraradices led to an improved plant growth and biomass
production (Essahibi et al., 2018) in the presence of drought stress.
Loss of turgor pressure is an important consequence of drought
stress and is responsible, along with the limited cell division, for
the reduction in plant growth making the maintenance of high rel-
ative water content in the plant an important factor in the plant’s
ability to withstand drought stress. In this study, RWC was
improved in the AMF plants as a response to mild and severe
drought stress (50% and 25% FC) compared to the NM plants
whereas no significant differences were recorded in the non-
stressed plants indicating a direct implication of the mycorrhizal
complex in maintaining a high RWC in the plant. The maintenance
of cell turgor and water relations within the plant in response to
830
water deficit is also greatly dependent on the management of
osmotically active molecules and ions within the plant cell
(Farooq et al., 2009). Specifically, the accumulation of such com-
pounds lowers the osmotic potential in the cell, causing water to
move into the cell and increase cell turgor. Proline is an important
osmo-protectant and its accumulation is known to occur as a result
of drought stress in a variety of species contributing greatly to the
induction of drought tolerance (Yamada et al., 2005). In this study,
drought stress caused an increase of proline and total soluble sug-
ars content in the carob plants consistent with that observed in
other carob studies (Essahibi et al., 2018), AMF inoculation led to
a significant decrease in proline and sugar accumulation in the
treated plants compared to NM carob plants suggesting an
increased tolerance to drought stress (Tang et al., 2009). A similar
protective effect of AMF inoculation was observed at the cell mem-
brane level with the maintenance of a relatively high membrane
stability index. The production of reactive oxygen species (ROS)
is another important consequence of drought stress, the accumula-
tion of these ROS can be highly damaging to numerous essential
molecules such as nucleic acids, proteins and photosynthetic pig-
ments (Ruiz-Lozano, 2003; Kavas et al., 2013; Fouad et al., 2014).
Numerous studies have linked ROS accumulation from oxidative
stress to protein denaturation and an overall decrease in protein
contents (Schwanz et al., 1996; Sgherri and Navari-Izzo, 1995;
Yordanova, 2004). In this study, drought stress caused a significant
decrease in protein content in the carob plants, however, inocula-
tion with the mycorrhizal complex significantly improved protein
content and attenuated the negative effects of the oxidative stress
caused by water deficit. In fact, protein content was significantly
improved in the mycorrhizal plants compared to the NM plants
in both the absence and presence of drought stress. A drop in
Chlorophyll a and b content as a result of drought stress has also
been recorded in a number of species (Mafakheri et al., 2011). A
similar decrease was recorded in our study when drought stress
was applied to NM plants. On the other hand, in the presence of
AMF complex, Chlorophyll a and b content was significantly
increased indicating an improvedmaintenance of the plants photo-
synthetic ability. This improvement in chlorophyll content through
mycorrhizal inoculation was reported in a number of studies in
response to oxidative stress (Zuccarini, 2007; Beltrano and
Ronco, 2008). In order to counteract the various negative effects
of oxidative stress and the resulting reactive oxygen species dam-
age, plants have evolved various complex defense processes
involving the action of antioxidant molecules. These molecules
can be enzymatic or non-enzymatic and participate in ROS scav-
enging pathways such as the water-water and the ascorbate glul-
tothione cycles in chloroplasts, mitochondria and other cellular
compartments (Zagorchev et al., 2013). Antioxidant enzymes such
as CAT, G-POD and SOD play an important role in the defense pro-
cesses against oxidative stress and their increased activity has been
shown to improve tolerance to induced stress (Chen et al., 2010;
Fikret et al., 2013). Superoxide dismutase catalyses the dismuta-
tion of ROS to hydrogen peroxide and molecular oxygen
(Giannopolitis and Ries, 1977) whereas Catalase (CAT) and G-
POD act by scavenging hydrogen peroxide and converting it to
water and molecular oxygen (Shao et al., 2008). Inoculation with
AMF was shown to improve the activity of SOD, CAT and G-POD
in response to drought stress in carob (Essahibi et al., 2018) and
other plant species (Benhiba et al., 2015; Tyagi et al., 2017). In this
study, we recorded a similar significant increase in CAT, G-POD and
SOD activities in response to drought stress; inoculation with the
mycorrhizal complex further improved this activity and therefore
allowed the plant to develop a stronger antioxidant response to
the oxidative damage caused by water deficit.
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5. Conclusion

The results of this study support the drought avoidance mech-
anisms observed in Ceratonia siliqua and other plant species in
response to water deficit. The response is based on the mainte-
nance of high water content and the improvement of antioxidant
enzyme activities against damaging reactive oxygen species
(ROS) in the plant cells. Our study also showed that inoculation
with the AMF complex greatly contributes to the carob’s ability
to withstand the negative effects of oxidative stress resulting due
to water deficit by the up-regulation of oxidative stress enzymes
and the attenuation of the effects of the biochemical processes that
result from drought stress. Inoculation with a native mycorrhizal
complex thus constitutes a potentially efficient eco-engineering
method for treatment of nursery-grown carob seedlings prior to
their transplantation into areas affected by drought stress.
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