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ABSTRACT

The study aims to determine the optimal dose of olive mill wastewater (OMW) for maximum mycorrhization and
to assess the biomass, physiological, and biochemical tolerance of mycorrhizal olive plants to stress induced by this
wastewater. The study involved injecting Rhizophagus irregularis into young olive trees (Olea europaea L.) under
greenhouse conditions. At rates of 100, 150, and 200 m3/ha, OMW is applied to the soil surrounding each olive
tree. For comparison, a non-inoculated group was added as a control. Dry matter, mycorrhization rate, leaf relative
water content (RWC), foliar nutrients (N, P, and K), and a number of physiological and biochemical parameters
were among the variables that were assessed. When arbuscular mycorrhizal fungi and olive mill wastewater were
combined at a rate of 100 m*/ha, the results showed significant increases in dry matter (22.5%), Leaf relative water
content (16.32%), potassium levels (38.46%), stomatal conductance (30.4%), and photosynthesis compared to the
control. However, high olive mill wastewater doses (150 and 200 m*ha) caused water stress: Compared to non-
mycorrhizal plants (NM), the decrease in mycorrhizal plants (M) was less pronounced. Leaf relative water content
dropped by 14.9% and 21.27% in mycorrhizal plants and by 22.22% and 28.88% in non-mycorrhizal plants. Under
these high doses of Olive mill wastewater, the mycorrhization rate dropped significantly by as much as 30% and
45% respectively. All OMW treatments increased proline and sugar content as stress responses. Consequently,
our study reveals that the optimal application of 100 m3/ha of OMW, combined with Rhizophagus irregularis,
enhances the growth and performance physiology of young olive plants while increasing mycorrhization rates,
stomatal conductance, and photosynthetic efficiency. This synergy between OMW and AMF also promotes better
plant resilience to water stress by activating biochemical mechanisms such as increased proline and sugar levels.
Additionally, AMF mitigates the negative effects of high OMW doses, highlighting its crucial role in managing the
risks associated with wastewater application.
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OMW are produced worldwide, while 580,000 m?
are produced in Morocco (Chatzistathis and al.,
2017). This effluent’s high concentration of or-
ganic matter and polyphenolic chemicals qualify

INTRODUCTION

The continuous three-phase method of ex-
tracting olive oil generates a significant volume

of liquid waste known as olive mill wastewater
(OMW). This by-product is created in the course
of making olive oil. Roughly 30 million m*® of
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it as hazardous waste (Hamimed et al., 2022).
Despite its negative effects on the environment,
there is a chance to recycle OMW highlights as
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an inexpensive biofertilizer because of their large
volume and richness in organic matter and impor-
tant soil nutrients like nitrogen (N), phosphorus
(P), potassium (K), and magnesium (Mg) (Chaari
et al., 2015; Magdich et al., 2016; Dakhli and
Maalej, 2017). Furthermore, Mediterranean na-
tions dealing with water scarcity and soil deterio-
ration might use this effluent as an irrigation sup-
ply (Belagziz et al., 2016; Ahmali et al., 2020).
This suggests that OMW can be an effective tool
for optimizing nutrient management in crops, pro-
moting better growth and yield. The application of
50 and 100 m?® ha™! of olive mill effluent does not
seem to provide any problems for environmental
pollution, according to other authors (Mechri et
al., 2011). In 60 days after treatment, the phenolic
compounds from OMWs break down, unless an
excessive amount (300 m3/ha) is applied, which
is not advised for plant nutrition (Sahraoui et al.,
2012). In addition, OMW has been demonstrated
to boost the growth and output of vital crops like
wheat, olive trees, tomatoes, strawberries, cucum-
bers, and peppers (Tubeileh and Abdeen, 2017;
Khalil et al., 2021). In order to restore soil fertil-
ity and preserve water, recycling organic wastes
like OMW can be a helpful tactic (Barbera et al.,
2013; Tubeileh and Abdeen, 2017). Furthermore,
beneficial microbes such as arbuscular mycorrhi-
zal fungi (AMF) may be able to help plants with-
stand high concentrations of olive mill effluent by
improving their physiological function. Lahbouki
et al. (2021) and Anli et al. (2022) have provided
evidence of the significance of AMF for plant
growth, demonstrating how these associations
enhance nutrient uptake and increase tolerance to
environmental stress, leading to increased growth
and yields. Furthermore, through increasing vital
nutrient levels, AMF has been demonstrated in
several studies to increase soil and plant produc-
tivity (Djouhou et al. 2019; Ben-Laouane et al.
2020). If properly regulated and with the right ap-
plication rates, the agricultural use of OMW with
AMF presents a great option for valorizing these
effluents. However, reluctance to use this technol-
ogy has been brought on by worries about pos-
sible phytotoxic effects on crops. This study was
carried out in a greenhouse to comprehensively
analyze the influence of effluent application on
plant and soil health in order to resolve these is-
sues, which frequently result from divergent opin-
ions on OMW use in agriculture. Clear statistics
and useful recommendations for the ethical and
advantageous use of OMW in agriculture are the

main objectives. In this regard, we will investigate
how OMW and mycorrhizal fungi interact to affect
photosynthesis and root absorption in young olive
plants (Olea europaea L., Moroccan picholine).

MATERIALS AND METHODS

OMW and AMF materials

Source and characterization of OMW and soil used

During the 2018-2019 olive harvest, OMW
samples from an olive oil mill (three-phase
system, Moroccan Picholine variety) in El At-
taouia, Marrakech-Safi, Morocco, underwent
30 days of natural pretreatment in the storage
basin. The Physicochemical properties of OMW
are: pH: 5.04, EC: 19 mS/cm at 20°C, COD: 85
g/L, DBOS: 31.25 g/L, residual oil: 0.31, total
phenols: 3.95 g of caffeic acid/L, N 0.39 g/L, P
0.58 g/L, K 5.55 g/L. The pH was measured us-
ing a HANNA HI 2209 pH meter. The electrical
conductivity (EC) was determined with a HAN-
NA EC 215 conductivity meter. The residual oil
(RO) in the OMW dry matter was determined
by hexane at a temperature of 40—60 °C using
a Soxhlet apparatus. The COD was determined
by the closed reflux dichromate colorimetric
method. The BODS5 (AFNOR T90-103) was
determined using a BOD meter. The phenolic
compounds, expressed as caffeic acid equiva-
lents, were determined by the Folin-Ciocalteu
reagent method (Macheix, 1990). Kjeldahl N
and total P, according to Afnor methods (1983).
Potassium (K) was measured using the JEN-
WAY PFP7, a flame photometer.

Soil samples of each treatment were collected
at 10 to 30 cm from the Community Nursery on
the Essaouira road, 10 km from Marrakech. The
physicochemical characteristics of the soil at this
site are as follows: pH: 8.72, EC (uS em™: 330,
OM %: 0.42, TOC %: 0.24 and Soil water reten-
tion capacity (SWRC) % : 20.05, N: 146 mg/kg
(DM), P: 55 mg/kg (DM), K:155 mg/kg (DM).
The pH and electrical conductivity (EC) were
measured in a 1:2 (w:v) solution. Total organic
carbon and organic matter were determined using
the Anne titrimetric method (Nelson and Som-
mers, 1996). Available P was determined as de-
scribed by Olsen et al. 1965. Available potassium
(K) was mesured as described byKnudsen, 1982.
Soil water retention capacity (SWRC) was deter-
mined as indicated by Klute, 1986.

357



Ecological Engineering & Environmental Technology 2024, 25(12), 356—370

Origin of the AMF

An exogenous strain of AMF (Rhizoglomus
irregulare, DAOM 197198) was used in our ex-
periment, supplied by the Plant Biotechnology In-
stitute of Montreal (Canada). The inoculum was
enriched with propagules by co-culturing with
Zea mays L. as the host plant under controlled
conditions in a greenhouse. Maize roots contain-
ing hyphae, vesicles, and spores were harvested,
cut into small pieces, and used as inoculum. Olive
seedlings were inoculated by adding 5 g of inocu-
lum (roots and substrate containing spores) to the
root system of the olive seedlings.

Plant material and experimental design

Between 2018 and 2019, the study was car-
ried out at the Faculty of Sciences Semlalia in
Marrakech, Morocco. A semi-controlled green-
house was utilized to house potted one-year-old
olive trees (Olea europaea L., Moroccan Pi-
choline variety) in March 2018. A mixture of
tourbe/sable/silty clay in a 1:1:2 (v/v/v) ratio
was placed in each pot, containing about 4 kg of
sterilized soil. Five grams of rhizophagus irreg-
ularis inoculum were inserted under the roots of
half of the twenty plants. On March 15, 2019,
three different doses of olive mill wastewater
(100, 150, and 200 m*/ha) were applied to 40
plants of uniform size, half of which are mycor-
rhized with AMF. Weekly manual irrigation us-
ing a watering can was done, supplying 25% of
the SWRC (soil water retention capacity).

The OMW were mixed, filtered, and then
manually sprayed into the soil of each pot using a
sprayer. There have been tests conducted on three
different OMW doses: S100 (100 m3/ha), S150
(150 m*/ha), and S200 (200 m*/ha). Since we dis-
cussed the doses in m3/ha, the OMWs amounts are
determined based on the surface of the pot rather
than its volume. For each pot, the corresponding
additions were 700 ml, 1050 ml, and 1400 ml of
OMW. Treatments were compared to a well wa-
ter-irrigated control, with 5 repetitions per dose.
Weekly schedules for irrigation were established.

Productivity and mycorrhization assessments

Dry weight

Five at hazard chosen plants were brought into
the lab for measurements of their aboveground
and belowground sections after the experiment.

358

The dry weight of the aboveground components
(leaves, branch, shoots and stem) was measured
after drying at 70 °C for 72 hours.

For the belowground portion, roots were di-
vided into structural roots (diameter > 2 mm)
and absorbing roots (diameter < 2 mm). The dry
weight was also calculated after drying.

Analysis of foliar material

The analysis of foliar material was done
on oven-dried leaves. In order to determine
the levels of nitrogen (N), phosphorus (P),
and potassium (K), a 1 g sample was broken
down in a diacid mixture containing H,SO, and
HNO, (4:1). Nitrogen (N) was measured using
the Kjeldahl method, potassium (K) by atomic
emission spectrophotometry (JENWAY PFP7),
and phosphorus (P) using a UV spectrophotom-
eter JENWAY 6405).

Mycorrhization assessments

At the end of the trial, roots from five seed-
lings per treatment were collected. One group
received OMW at doses of 100, 150, and 200
m3/ha, while the other was a control. Less than
0.5 mm small roots were cleaned and preserved
in 70% ethanol. One-centimeter root fragments
were prepared using the procedure outlined by
Philips and Hayman (1970): they were water-
washed, treated with 10% KOH at 90°C, and
stained with 1.8% trypan blue in lactophenol for
an hour at 90°C. Five root fragments from each
treatment are mounted and crushed between
slide and coverslip in glycerol and observed un-
der a light microscope to estimate the percent-
age of colonization. Using the following formu-
la, the colonization percentage was determined
as the ratio of colonized points to total points:

Mycorrhization (%) = TNPN/MPC x100 (1)

where: TNPN — total number of points noted, MPC
—mycorrhized point count

Physiological parameters

Leave relative water content (RWC)

RWC was measured using the third leaf from
the top of each plant, with five replicates per
treatment. Fresh weight (Fw) was recorded im-
mediately after detachment by placing the leaves
in distilled water in pre-weighed sealed tubes.
After 48 hours in low light, turgid weight (Tw)
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was measured. The leaves were then oven-dried
at 80°C for 48 hours to obtain their dry weight
(Dw). RWC was determined in this way:

LRWC % = [(Fw-Dw)/(Tw-Dw)] x 100  (2)

Stomatal conductance (gs)

At 28°C and roughly 60% relative humidity,
stomatal conductance was measured using a leaf
porometer (model LP1989, Decagon Device, Ver-
sion 2012, Inc., Washington, USA). Measurements
of conductance are given in mmol H O m™-s™".

Chlorophyll fluorescence parameters

Chlorophyll fluorescence parameters (Fv/
Fm and Fv/F0O; where FO is initial fluorescence,
Fm is maximum fluorescence, and Fv = Fm —
FO, representing variable fluorescence) were
measured approximately every 40 days (spe-
cifically on day 0, as well as on days 40, 80,
and 120, the final day of the experiment) using
a portable fluorometer (Opti-sciences OSI 30p).
Leaves were preconditioned in the dark for 20
minutes prior to measurement.

Biochemical parameters

Proline content and soluble sugars content

Proline content was measured using the meth-
od outlined by Khedr et al. (2003), while total solu-
ble sugars were quantified using the phenol-sulfu-
ric acid method described by DuBois et al. (1965).

Statistical analysis

Two plant categories, mycorrhized (M) plants
and non-mycorrhized (NM) plants, each with five
replicates and four treatments, were used in the
experiment. (100, 150, and 200 m* OMW/ha for
control (Sc). The data were subjected to analy-
sis of variance (ANOVA) and Tukey’s test using
SPSS 26, with a significance level of p < 0.05.

RESULTS AND DISCUSSION

Characterization of the OMW used

The OMW used are characterized by an acidic
pH (5.04), relatively low electrical conductivity (19
mS cm™). This effluent is characterized by aver-
age BODS5 and COD values, reaching 31.25 g/L
and 85 g/L, respectively. These OMW are rich in
minerals (0.39 g I"! for NTK, 0.58 g-1"! for PT, and
5.55 g'I'! for K). They have a relatively low poly-
phenol content (3.95 g-17') and residual oil content
(0.31%). These results indicate that the OMW used
have lower values compared to fresh OMW, as they
were taken from storage basins (30 days of reten-
tion) after the oil extraction process. Phenolic com-
pounds degrade during storage, leading to reduced
concentrations, which explains these findings. The
low residual oil content is due to the centrifugation
process the OMW undergo at the end of olive oil
extraction. The BODS and COD values are within
the lower limits of the ranges reported in the litera-
ture for OMW obtained in an oil press similar to
the one used in this experiment: Proietti and Na-
sini (2004) indicate a range of 50-180 g/l for COD
and 14-90 g/l for BODS; finally, Khatib et al., 2009
reported values of 98 g/l for COD and 45 g/ for
BODS. The low values we found are due to the
storage of OMW that can be considered an effective
pre-treatment method. The pollutant load, assessed
through COD, BOD, or total phenols, is moderate
to low. In this context, the analyzed OMW showed
a BOD/COD ratio higher than 0.33, indicating that
the effluent is potentially easily biodegradable (Ra-
jib et al., 2016). Therefore, the OMW used pose no
phytotoxic risk, as they have undergone prior treat-
ment in the storage basin

Effects of OMW application on soil pH, EC, OM
and SRWC

All amended soils (S100, S150, S200) showed
a slightly alkaline pH (8.01-7.70) after 120 days,

Table 1. Soil properties of the control and OMW-amended samples after 120 days of OMW agronomic
application. Values are presented as the mean = standard deviation

Control (Sc) Agronomic application of OMW (m3ha)
Parameters
Sc+ SD S100 £ SD S150 £ SD S200 + SD
pH 8.01+0.5 7.89+£0.25 7.78 £0.25 7.70 £0.25
EC (uS cm™) 430 £ 1.05 645,65 +4.45 782,43 + 3.55 938,73 + 3.45
OM (%) 0.28 £ 0.05 1.21 £ 0.05 1.58 + 0.05 1.98 + 0.05
TOC (%) 0.162 £ 0.01 0.701 £ 0.01 0.916 + 0.01 1.148 + 0.01
SRWC (%) 25.95+0.12 28.55+0.42 30.65 £ 0.55 34.45+0.52
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similar to the control soil (Table 1). A significant
increase in soil electrical conductivity (EC) was ob-
served with all higher doses and longer incubation
times. For instance, EC rose from 430 uS cm™ in
the control soil to 938,73 uS-cm™! in soil S200 after
120 days of incubation (Table 1). Organic matter
rose from 0.28 % in the control soil to 1.98 % with
200 m*-ha™! of OMW after four months (Table 1).
As shown in Table 1, the soil water retention capac-
ity (SWRC) increased with the amount of OMW
applied (from 25% (Control) to 30 (at 200m*/ha).
Despite the high acidity of OMW (pH = 5.04),
its application only slightly reduced the soil’s ini-
tial pH. Chaari et al., 2015 and Chartzoulakis et al.,
2010 also observed no significant pH changes with
increasing OMW doses. This is due to the soil’s
buffering capacity, which neutralizes OMW acid-
ity by converting carbonates in the sur-face hori-
zon into bicarbonates. A significant increase in soil
electrical conductivity (EC) was observed with all
higher doses and longer incubation times. This in-
crease reflects the higher salt concentration in the
soil solution (Sierra et al., 2007). These findings
align with Mekki et al. (2013), who reported that
OMW application increased soil EC proportionally
with the OMW quantity. Similarly, Di Bene et al.,
2013 found that OMW application led to higher

soil salinity due to the salts present in OMW, with
the highest dose nearly doubling soil salinity. Kok-
kora et al. (2015) also observed a gradual increase
in EC with increasing amounts of treated OMW.
The applica-tion of OMW, rich in organic matter
expressed by COD (85 g-L!), increased soil organ-
ic matter significantly compared to the control soil
(Sc), consistent with previous studies. This increase
also improved soil structure due to interactions be-
tween organic molecules and soil components (Me-
chri et al., 2011; Abichou et al., 2014). Soils treated
with OMW retained more water compared to the
control. This improvement in soil water retention
ca-pacity (SWRC) is likely due to the lipid com-
pounds in OMW, which create a mulch layer that
reduces water evaporation from the soil (Abichou
et al., 2014; Ben Rouina et al., 2014).

Biomass productivity

Effects of OMW on the dry matter that the plant
accumulates and synthesizes

Both the hypogeous and epigeous portions
of the plant treated with S100 had the highest dry
matter content (Table 2), with a more significant
increase in the absorbing roots. Figure 1 shows
that both mycorrhizal and non-mycorrhizal plants

Table 2. At the end of the trial, the dry matter (g) accumulated in epigeous and hypogeous portions of the young
olive plant (Olea europaea L.) mycorrhized and non-mycorrhized under various treatments was measured.

. . Hypogeous portion
Epigeous portion
Treatment Structural root Absorbent root
M NM NM M NM
Sc 230.70b 220.70b 21.3bc 19.51b 15.26b 13.75b
S100 290.54a 280.54a 14.86a 14.68a 40.78a 32.46a
S150 210.15¢ 195.15¢ 19.80b 19.85b 20.23c 12.68c
S200 194.73d 184.73d 13.77c 14.33c 16.52d 10.59d
a EM ENM
b
350 +
2310 1 .
Q
g dc dc
£ 270 s
- f &
S 230 - {
190 T T T
Sc S100 S150 S200

Figure 1. Dry matter content in young olive plant (Olea europea L.) in different treatments (Control (Sc), S100,
S150 and S200) at the end of the trial. Values represent mean Standard Error (SE). Different letters represent
significant difference at P < 0.05
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grown in soils treated with S100 had significantly
higher dry biomass productivity compared to con-
trols, with a greater increase in M plants. In con-
trast, plants treated with S150 and S200 showed
a marked reduction in shoot and root productiv-
ity compared to controls. Indeed, after 120 days
of incubation, the biomass productivity of young
olive plants can be measured in terms of dry mat-
ter produced, which indicates the efficiency of the
plant. In comparison to the control (254 g and 267
g), this parameter increased significantly in the
S100 treatment (327 g and 346 g for non-mycor-
rhizal and mycorrhizal plants, respectively) (Fig.
1). Comparing the S150 and S200 treatments to
the control, a decrease of 10% and 17%, respec-
tively, was seen (Fig. 1).

These results can be attributed to the relative-
ly high chloride content in the applied olive mill
wastewater (OMW), which leads to high electri-
cal conductivity at elevated doses. This can cause
phytotoxic and nutritional disturbances in plant-
soil interactions. Consequently, the application of
OMW at high doses appears to negatively impact
the biomass productivity of Olea europaea L.
plants

Effect of OMW on foliar nutrient absorption

Table 3 showed a constant nitrogen content in
the leaves, with no significant change in phospho-
rus. Potassium levels increased with the S100 ap-
plication, reaching 1.57% dry matter for non-my-
corrhizal plants and 1.66% for mycorrhizal plants.

In this experiment, leaf nitrogen levels were
sufficient for growth, ranging from 1.1% to 2%
dry matter (Magdich et al., 2015). The agronom-
ic application of OMW did not yield significant
differences between plants treated with various
OMW doses and the control plants. Chartzoulakis
et al. (2010) found that a high OMW dose (252
m?® ha™) did not affect nitrogen concentration in
leaves after two years of application. In contrast,

Lopez-Escudero et al. (2007) reported an increase
in leaf nitrogen content with raw OMW applica-
tion, linking it to nitrogen availability in the soil
solution. All phosphorus concentrations were
within the normal to excess range (0.07-0.14%
dry matter) (Panagiotopoulos et al., 2001), with
no deficiencies observed. Magdich et al. (2015)
also found no significant impact on phosphorus
levels from the three OMW doses (50, 100, and
200 m?® ha™') tested over two campaigns. Leaf po-
tassium (K) concentrations varied but remained
above 0.7% dry matter, optimal for olive growth
(Panagiotopoulos et al., 2001). Statistical analy-
sis showed significant differences in K levels be-
tween the control group and those treated with
100 m? ha! of OMW (p < 0.05), but not with 50
m?* ha ! of OMW. In the olive grove, applying 100
m? ha™' of OMW could influence leaf potassium
nutrition after 120 days, due to the increased K
content in the soil, thereby enhancing its absorp-
tion by the plants (Magdich et al., 2013).

OMW effects on AMF colonization in the olive
tree roots

Figure 2 shows that the mycorrhization rate is
influenced by the doses of olive mill wastewater.
Indeed, under the S100 dose, the mycorrhization
rate remains similar to that of the control. This indi-
cates that the 100 m*ha dose promotes root mycor-
rhization in a way comparable to the control. How-
ever, beyond this dose (i.e., S150 and S200), the
mycorrhization rate significantly decreased, with a
reduction of up to 30% and 45%, respectively.

Ben Rouina et al. (2014) and Meddich et al.
(2018) corroborate these findings, demonstrating
that adding olive mill wastewater to soils at high
doses (100 m3/ha) enhances fungal dominance.
The high concentration of phenolic compounds
in OMW (Table 1), which are recognized for their
antimicrobial and phytotoxic qualities, may be

Table 3. Effect of OMW application on the leaf contents of nitrogen, phosphorus, and potassium in young olive
plants non-mycorrhizal and mycorrhizal grown in pots after 120 days of incubation. Different letters indicate

significant differences at P < 0.05.

N (%) P (%) K (%)
Treatment
M NM NM M NM
Sc 1.57b 1.52a 0.12¢c 0.098c 1.19¢ 0.97b
S100 1.55a 1.48a 0.17a 0.15a 1.66a 1.57a
S150 1.54c 1.50b 0.19b 0.13b 1.35b 1.05b
S200 1.61c 1.55b 0.15¢ 0.11c 1.21¢c 1.13c
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Figure 2. Mycorrhization (%) of young olive plant roots by AMF, grown in pots after 120 days of incubation,
under three OMW treatments (S100, S150 and S200) and treatment with well water (Control: Sc). Different
letters indicate significant differences at P < 0.05.

the cause of the decrease in AMF colonization in
olive roots. The findings align with the findings of
(Isidori et al., 2005; Martin et al., 2002), who sim-
ilarly noted a decline in mycorrhization rates as a
result of the olive mill wastewater’s high pheno-
lic content at 200 m*/ha. These results also align
with Ben Rouina et al. (2014), who noted a high
presence of microorganisms at 100 and 200 m*/ha
doses, linked to the nutrients required for fungi
and bacteria to demineralize organic matter. Ad-
ditionally, they noticed a decrease in polyphenols
at 200 m*/ha as a result of significant microbial
colonization of the soil.

In addition, in control plants (Sc), AMF colo-
nized only the tips of root fragments, not pene-
trating the central cylinder (Fig. 3A) Conversely,

Arbuscule

Intercellular mycelial hyphae

- - -

in roots treated with S100, AMF colonized even
the central cylinder (Fig. 3B).

Changes in physiological parameters

Relative water content of leaves

Olive mill wastewater and mycorrhization in-
fluenced the relative water content of the leaves
(Fig. 4). At the S100 dose, RWC increased sig-
nificantly compared with the control, whose rate
of increase was 16.32% and 4.76% for mycorrhi-
zal plants and non-mycorrhizal respectively. The
lowest RWC values were recorded only under
high OMW doses (S150 and S200). Compared to
non-mycorrhizal plants, the decrease in mycor-
rhizal plants was less pronounced. Relative leaf

Figure 3. Microscopic observation of root fragments of young olive plants (Olea europea L.) inoculated with
AMF: (A): untreated with OMW (control): Intercellular mycelial hyphae (Septate hyphae) which colonizes only
the surface of the roots Gx 400; (B): Treated with OMW (100 m* ha' OMW): Intracellular mycelial hyphae
which colonizes the central cylinder Gx100.
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Figure 4. Changes of leaf relative water content after 120 days of incubation for mycorrhizal and non-
mycorrhizal olive trees exposed to three OMW treatments (S100, S150 and S200) and control; different letters
indicate significant differences at P < 0.05

water content dropped by 14.9% and 21.27% in
mycorrhizal plants and by 22.22% and 28.88% in
non-mycorrhizal plants for the high doses (S150
and S200). Which shows that mycorrhization al-
lows olive plants to better withstand high doses
of concentrated OMW by reducing water stress.
These results are consistent with what Barros
et al. (2018) and Aganchich et al. (2022) suggest,
namely that mycorrhizal associations improve
plant hydration levels by increasing the relative
water content of the leaves. The more pronounced
reduction in RWC observed in non-mycorrhizal
plants could be attributed to the high salinity of
olive mill wastewater, as reflected by its elevated
electrical conductivity (Table 1). In fact, this olive
mill wastewater contains a high concentration of
dissolved salts, which can create an osmotic ef-
fect that makes water less accessible to the roots,
thereby complicating water absorption. The pres-
ence of heavy metals in OMW can exacerbate this

reduction. This decrease in stomatal conductance
(Gs) is due to the fact that the application of high-
concentration olive mill wastewater (OMW) to
the soil caused leaf water stress and lower water
use efficiency (Gullo et al., 2010).

Stomatal conductance (gs)

Figure 5(a, b) illustrates how both OMW
and mycorrhization affected stomatal conduc-
tance (gs). Stomatal conductance (gs) was greater
in mycorrhizal plants under the various OMW
treatments than in non-mycorrhizal plants. At 40
days into the experiment, stomatal conductance
(gs) underwent no significant changes under any
of the treatments (Fig. 5(a,b). The stomatal con-
ductance increased significantly, gradually, and
proportionately with the increase in olive oil
mill wastewater starting on day 80 of the experi-
ment. When comparing the S100 dose to the other
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Figure 5. Stomatal conductance of young mycorrhizal olive plants (a) and non-mycorrhizal plants (b) treated
with three OMW concentrations (S100, S150, S200) and a control (Sc). (c) Stomatal conductance at the end of
the experiment (120 days) for mycorrhizal and non-mycorrhizal plants under the same treatments. Values are
means + SE from three replicates. Different letters indicate significant differences at P < 0.05.
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treatments, stomatal conductance showed a sig-
nificant increase from the 80th day to the 120th
day of the trial.

The control plants had the lowest stomatal
conductance values (Fig. 5-¢). When compared to
the other treatments, the S100 treatment greatly in-
creased gs (Fig. 5-¢). The treated plants displayed
higher gs than the control plants in every OMW
treatment. In fact, the stomatal conductance of
mycorrhized plants increased to 125 mmol H20
m2-s' at 100 m*ha, a 30.4 % improvement over
the control, from 87 mmol H20 m™2-s™! (control).
In contrast, stomatal conductance in plants that
were not mycorrhized increased by only 17.47%
when compared to the control. Nevertheless, this
parameter was only marginally greater than in the
control at higher doses (S150 and S200).

High potassium levels in the leaves are prob-
ably the cause of the increase in stomatal con-
ductance (Table 3). This confirms the findings
of (Gullo, 2010), who discovered that stomatal
conductance (Gs) was significantly increased
by elevated K content at 50 and 100 m3/ha. K,
which frequently accounts for up to 60% of the
dry weight of leaves, is necessary for stomatal
movement because it regulates opening and clos-
ing through variations in solute concentration.

This is consistent with research by Anli et al.
(2022), which showed that plants treated with 40
and 80 m*/ha of OMW had significantly higher
photosynthetic quantum yield and stomatal con-
ductance than the control groups. Furthermore,
Boutaj et al. (2020) proposed a connection be-
tween the elevated CO, and the improved pho-
tosynthetic characteristics and stomatal conduc-
tance seen in plants irrigated with OMW. Our
findings concur with those of Ouledali et al.
(2019), who discovered that under OMW stress,
mycorrhizal olive plants exhibited less disruption
of stomatal function than non-inoculated plants.
Similarly, compared to non-mycorrhized plants,
mycorrhized plants showed a 30% increase in
stomatal conductance, according to Anli et al.
(2022). In addition, they saw that, in comparison
to the controls, OMW treatments (40 and 80 m?/
ha) raised stomatal conductance and pigment lev-
els. Moreover, Boutaj et al. (2020) connected in-
creased photosynthetic activity and better stoma-
tal conductance in plants receiving OMW irriga-
tion. When olive plants are facing a water deficit,
AMF inoculation increases both transpiration and
stomatal conductance (Wu et al., 2017; Ouledali
etal., 2019). This suggests that AMF can improve
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the plant’s water status and increase net photosyn-
thesis because more stomatal conductance allows
more CO2 to diffuse into the mesophyll (Boldt
et al., 2011). Zhu et al. (2018) also found that,
in wheat leaves subjected to abiotic stress, arbus-
cular mycorrhizal symbiosis can modify stomatal
morphology, impacting density, guard cell size,
and pore size. This can improve stomatal conduc-
tance and water relations. Liu et al. (2018) dis-
covered that under all circumstances, there was a
strong correlation (0.81) between photosynthetic
rate and stomatal conductance in potato plants.

Variation of chlorophyll fluorescence parameters

In young olive plants (Olea europaea L.),
that were either mycorrhizal or non-mycorrhi-
zal in relation to different concentrations of
olive mill wastewater (S100, S150, and S200),
the temporal variation of chlorophyll fluores-
cence parameters, specifically Fv/Fm and Fv/
FO, is shown in Figure 6a (a,b), b (c,d). The
variations in these fluorescence parameters
were quite small over the course of the experi-
ment. Notably, the final values recorded on the
120th day and the intermediate values seen on
the 40th and 80th days for all OMW treatments
did not drop below 0.8 for Fv/Fm and 3 for Fv/
FO (Fig. 6a (a,b), b (c,d)).

However, when exposed to higher concentra-
tions of OMW (S150 and S200), both mycorrhi-
zal and non-mycorrhizal olive plants showed a
noticeable decline in these ratios beginning on the
80th day. In comparison to the values recorded on
days 0 and 40, this decline was especially notice-
able (Fig. 6a (a,b), b (c,d)).

The most noteworthy finding was that the leaves
of non-mycorrhizal plants treated with the highest
concentration of OMW (S200) had the lowest Fv/
Fm ratio on day 120. This implies that elevated
OMW concentrations have a negative impact on
chlorophyll fluorescence, especially in olive plants
that are not mycorrhizal. This emphasizes the sig-
nificance of mycorrhizal associations in reducing
stress responses to elevated OMW concentrations.

Following 120 days of treatment, the changes
in chlorophyll fluorescence signals were assessed
at different OMW doses, as illustrated in Figure 6
c (e). As compared to the control, the S100 treat-
ment resulted in a noticeably higher PSII quan-
tum yield (Fv/Fm). The Fv/Fm value for this par-
ticular dose was at an optimal level of about 0.85,
indicating that Olea europaea’s photosynthetic
process is operating effectively.
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Figure 6. The changes over time in chlorophyll fluorescence parameters Fv/Fm (a (a, b)) and Fv/FO (b (c, d))
were examined in young olive plants (Olea europaea L.), comparing non-mycorrhizal (NM) and mycorrhizal
(M) plants under OMW treatment. ¢: Effect of OMW on chlorophyll fluorescence (Fv/Fm) (e) and PSII reaction
center activity (Fv/F0)) (f) of young olive plants (Olea europea L.) after 120 days of incubation. Values are
means * SE of four replicates. Different letters indicate significant differences at P < 0.05

According to findings from other studies,
plants with a healthy photosynthetic process usu-
ally have a Fv/Fm value in the range of 0.80 to
0.86 (Mechri et al., 2011). When S150 and S200
were applied agronomically, PSII’s photochemi-
cal efficiency (Fv/Fm) decreased, as evidenced
by chlorophyll fluorescence. The decrease in Fv/
Fm may be explained by an increase in protective
non-radiative energy dissipation, which is con-
nected to either the degradation of PSII centers or
a controlled decline in photochemical activity and
the rate of photosynthesis (Magdich et al., 2016;
Tijani et al., 2019).

Furthermore, Figure 6 ¢ (f) demonstrates that
the PSII reaction center’s activity (Fv/FO) fol-
lows a similar pattern to Fv/Fm, with the plant
under more stress from the S200 treatment than
from the S150 treatment. Increased stress is prob-
ably related to disruptions in the photosynthetic

system, like damage to the donor side of the PSII
thylakoid structure or problems with electron
transport (Magdich et al., 2015, 2016; Jawahir et
al., 2019; Tijani et al., 2019).

This supports the results of other research-
ers who found that applying 200 m>* OMW ha™!
inhibited photosynthesis (Ayoub et al., 2014).
This indicates changes in PSII photochemistry
because the activity of the PSII reaction center
(Fv/F0) appears to be more sensitive to OMW-
induced stress than Fv/Fm. Damage to the thy-
lakoid structure, which hinders electron transport
in photosynthesis, may be one reason for the de-
cline in net photosynthesis. This is indicated by
the decline in the variable fluorescence to initial
fluorescence ratio (Fv/F0). As a unique physi-
ological process, photosynthetic activity affects
the cell’s overall metabolism. An increase in elec-
tron transport through PSII and an increase in the
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light-harvesting complex structure’s capacity are
linked to any molecular improvements in photo-
synthesis (Mohawesh et al., 2019).

Changes biochemical parameters

Contents of proline and soluble sugars

Mycorrhization and high doses of OMWW
in particular had an impact on the changes in leaf
proline content (Figure 7a). The proline content in
both groups of plants (mycorrhizal and non-my-
corrhizal) only showed a significant increase be-
yond the 100m*/ha dose. Indeed, the proline con-
tent showed a significant increase at S200, rising
from 1.4 to 2.23 mmole proline/g dw for mycorrhi-
zal plants and from 1.27 to 1.9 mmole proline/g dw
for non-mycorrhizal plants. Proline accumulation
was consistently higher in plants treated with S200
compared to control throughout the experiment,
with 1.6-fold increase seen in mycorrhized plants
and 1.5-fold increase in non-mycorrhized plants.
Proline accumulation was significantly higher in
mycorrhizal plants under S200 treatment com-
pared to non-mycorrhizal plants.

Similarly, mycorrhization and all OMW treat-
ments had an impact on the evolution of the solu-
ble sugar concentration in leaves (Fig. 7b). Figure
4b shows that there were significant differences
(P < 0.05) between the mycorrhization treatments
and all other treatments. When olive plants were
irrigated with well water (Sc) versus those treated
with varying concentrations of OMW, the concen-
tration of soluble sugars in the plants varied sig-
nificantly (P < 0.05). The soluble sugar content
increases noticeably with increasing OMW dose.
Not only did mycorrhization improve the synthesis
and accumulation of soluble sugars under the dif-
ferent OMW treatments (S100, S150, and S200),
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but it also did so in the well-water-irrigated control
plants. The S200 treatment led to a higher sugar
accumulation in both mycorrhizal and non-mycor-
rhizal plant groups than the well water treatment
did. To be more precise, plants receiving the S200
treatment accumulated 1.5 times as much sugar as
those receiving the S150 treatment.

The plant benefits from AMF because it helps
it produce more proline and sugars to withstand the
stress that high concentrations of olive mill waste-
water cause. The high concentration of organic
compounds and carbohydrates in OMW (Jawaher
et al., 2019) likely contributes to the increase in
proline and soluble sugars. These compounds also
have a positive impact on leaf composition and soil
quality. Our results are consistent with Jawaher et
al., 2019, who reported a similar trend in total sol-
uble sugars with varying OMW doses. Moreover,
a variety of physiological growth and development
processes may be involved in a plant’s capacity to
withstand harmful effects.

Our research suggests that Olea europaea L.’s
ability to produce protective solutes like proline
and soluble sugars is the main factor enabling it to
withstand high concentrations of OMW (150 and
200 m3-ha™) (Tajini et al., 2019). When heavy
metals from OMW build up in the vegetative
tissues of plants, these solutes help lessen their
harmful effects (Tajini et al., 2019; Mekki et al.,
2019). Plant osmotic potential has been found to
be primarily influenced by total soluble sugars
(Zelalem et al., 2015).

In order to cope with environmental stress,
plants use a variety of sugar-based strategies
(Zelalem et al., 2015; Tajini et al., 2019). Proline
and sugars are thought to have multiple impor-
tant roles in plant stress tolerance, according to
Zelalem et al. (2015) and Tajini et al. (2019). It
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Figure 7. Evolution the proline (a) and soluble sugar content (b) after 120 days of incubation for mycorrhizal
(M) and non-mycorrhizal (NM) olive trees exposed to three OMW treatments (S100, S150 and S200) and
control (Sc). Different letters indicate significant differences at P < 0.05.

366



Ecological Engineering & Environmental Technology 2024, 25(12), 356-370

scavenges hydroxyl radicals, assists in protecting
macromolecules during dehydration, and medi-
ates osmotic adjustment. Proline and total soluble
sugars are therefore employed as markers of stress
in important vegetative organs. In response to dif-
ferent environmental stresses, these compounds
are typically released and stored in the cells of
these organs; they tend to accumulate more in the
aerial parts of the plant than in the underground
parts (Mekki et al., 2018; Tajini et al., 2019).

CONCLUSIONS

In conclusion, the study achieved its primary
goal of determining the optimal dose of olive mill
wastewater that maximizes mycorrhization while
enhancing the physiological and biochemical
tolerance of young olive plants. The S100 dose
(100 m*ha of OMW) emerged as the optimal
point where the biomass productivity and pho-
tosynthetic activity were maximized, while also
promoting the health of arbuscular mycorrhizal
fungi. Beyond this dose, OMW began to nega-
tively impact the symbiotic relationship, high-
lighting the critical need for careful management
of wastewater application. This study uncovered
that the combination of OMW and AMF not only
improves nutrient uptake and foliar nutrition but
also significantly boosts the plants’ tolerance to
environmental stress. Mycorrhized olive seed-
lings demonstrated greater resilience to OMW-
induced stress than non-mycorrhized seedlings,
which had not been previously reported in ear-
lier studies. A novel finding of this research is the
increased chlorophyll fluorescence and stomatal
conductance at the S100 dose, which improves
photosynthesis. While previous studies explored
the effects of OMW or AMF separately, this study
is one of the first to clearly demonstrate their
synergistic role in enhancing photosynthesis and
stress resilience in olive plants. The study also
confirmed that at higher OMW concentrations
(150-200 m?/ha), olive plants become stressed,
but they respond by producing biochemical com-
pounds such as proline and sugars. These com-
pounds help the plant adapt to stress and develop
more absorbent roots. This physiological adapta-
tion had not been well-documented in response to
OMW stress, making it a valuable contribution to
understanding plant resilience mechanisms. The
study filled an important knowledge gap by iden-
tifying the precise OMW dose (100 m*/ha) where

the benefits of mycorrhization and wastewater
integration are maximized without detrimental
effects. Prior research focused on either the nega-
tive impacts of OMW or the positive effects of
AMEF in isolation, but this study demonstrated
how integrating both approaches can strike a bal-
ance between enhancing plant growth and avoid-
ing stress-induced damage. This research opens
up the prospect of using OMW, a waste byprod-
uct, in agricultural practices to enhance sustain-
able olive farming while mitigating environmen-
tal pollution. The combination of AMF and mod-
erate OMW doses can improve plant resilience,
reduce the need for synthetic fertilizers, and pro-
mote sustainable waste management. Addition-
ally, future research can explore the long-term
effects of these findings on olive oil production
quality and further refine the dose-response rela-
tionship between OMW and mycorrhization for
broader agricultural applications.
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