i@ Journal of Ecological Engineering

Received: 2024.03.20
Accepted: 2024.04.26
Published: 2024.05.06

Journal of Ecological Engineering 2024, 25(6), 180-193

https://doi.org/10.12911/22998993/186940
ISSN 2299-8993, License CC-BY 4.0

Physiological and Biochemical Responses of Maize (Zea mays L.) to the
Application of Re-Treated Urban Wastewater Using Wood Waste Biochar

Radouane Soujoud", Nadia Lamsaadi?, Mohammed Bouhadi?,
Ahmed El Moukhtari®, Malika Ourribane'

! Data Science for Sustainable Earth Laboratory (Data4Earth), Faculty of Sciences and Technics, Sultan Moulay
Slimane University, 23000 Beni Mellal, Morocco

2 Laboratory of Biotechnology and Sustainable Development of Natural Resources, Polydisciplinary Faculty,
Sultan Moulay Slimane University, 23000 Beni Mellal, Morocco

3 Laboratory of Ecology and Environment, Faculty of Sciences Ben M’sik, Hassan Il University of Casablanca,
7955 Sidi Othman, Casablanca, Morocco

* Corresponding author’s e-mail: radouane.soujoud@gmail.com

ABSTRACT

The present work aimed to evaluate the effect of re-treated urban wastewater using wood biochar on the develop-
ment of maize (Zea mays L.) plants. Maize seeds were sown in plastic pots, containing agronomic soil, and watered
with treated wastewater (TWW) before and after re-treatment with wood waste biochar. Before re-treatment, results
indicated that the application of TWW at 75% significantly enhanced the maize growth, in terms of plant height,
shoot fresh (SFW) and dry (SDW) weight compared to control (natural water). In turn, the application of TWW
at 100% showed the opposite effects. In fact, the total chlorophyll content and relative water content (RWC) were
significantly decreased by 20% and 4%, respectively, compared to control plants. Furthermore, TWW at 100%
significantly (p < 0.05) induced an accumulation of oxidative stress markers (MDA, H,O,). The non-enzymatic anti-
oxidant process (total polyphenols and flavonoids) and the enzymatic antioxidant activity (CAT and APX) were also
interestingly increased. The obtained negative correlation between maize growth and the accumulation of oxidative
stress markers could explain the showed reduction in maize growth under 100% TWW. However, this effect seems
to be alleviated in maize plants when they were watered with TWW re-treated with biochar, indeed, a significant im-
provement was marked in plant height, SFW, SDW, total chlorophyll content and RWC by 44%, 106%, 176%, 38%
and 12%, respectively, compared to maize under 100% TWW. The finding suggests that the use of TWW diluted or
re-treated by wood biochar could be a relevant approach to valorize TWW in agricultural purposes.
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INTRODUCTION

The World Bank predicted that the treated
wastewater (TWW) volume increased from 666
million m* in 2014 to 900 million m?® in 2020
[Ortega-Pozo et al., 2022]. Within the fast-
growing population worldwide, the demand for
freshwater (FW) should increase, in parallel
the quantity of wastewater has increased and
the use of wastewater resources has also grown
significantly during the past few decades. Thus,
there is a need to think together within all sci-
entific disciplines to manage the overproduced
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TWW, to preserve the FW and to confront the
global water crisis, where two-thirds of man-
kind will face water scarcity by 2025 [Ungure-
anu et al., 2020].

In this context, TWW as an alternative
source of water, has become a typical practice
worldwide including arid and semi-arid coun-
tries which can help reduce high-FW usage for
agricultural purposes that consumes more than
70% of FW [El Moussaoui et al., 2019]. Further-
more, TWW can reduce the need for chemical
fertilizer, for example, 100% of the phosphorus
and potassium needs for maize crops would be
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met by the reuse of treated urban wastewater in
nations like Saudi Arabia, Brazil, and Poland,
according to Chojnacka et al. [2020]. Howev-
er, if not treated properly, wastewater has been
proven to have negative impacts on soil, ground-
water, plants and their consumers [Chaoua et al.,
2019; Ungureanu et al., 2020]. Recently, Mer-
bouh et al., [2022] proved that the organic pol-
lution in urban wastewater effluent was the main
cause of the pollution in a natural river (Oued
Nfifikh, Morocco).

For this purpose, because of its adsorption
properties, biochar has been proposed as an eco-
friendly strategy for wastewater treatment. Bio-
char can be used in a simple design as a natural
potential filter to remove organic and inorganic
pollutants including total suspended solids from
various types of wastewaters, like municipal and
industrial types [Hu et al., 2022; Xiang et al.,
2020]. Even for highly salty wastewater, forestry
wood biochar was effective in removing numer-
ous potentially toxic elements [Sun et al. 2019].
The forestry wood is the most material used to
produce biochar, through thermochemical con-
version in a zero- or low-oxygen environment
[Braghiroli et al., 2018; Xia et al., 2020].

In this perspective, the present work aimed
to evaluate the effect of TWW re-treated with
wood waste biochar on the growth of maize
(Zea mays L.) plants and their oxidative stress
responses. In fact, the highest vulnerability of
maize crops to the water stress, which was not-
ed recently in Morocco, left their production

decreased by 70% in 2022 compared to 2018,
according to the Food and Agriculture Organiza-
tion [FAOSTAT, 2023].

MATERIALS AND METHODS

Water sampling, analysis and re-treatment

The treated urban wastewater used in this
study was collected from the outlet of a local
wastewater treatment plant in Beni Mellal city,
Morocco, which is discharged directly into the
wild (32°21'36" N 6°24'19" W; 462 m of altitude;
Day River) (Fig. 1).

Before and after re-treatment, a composite
sample of this TWW was filtered through a sieve
of @ 5 mm and analyzed immediately to deter-
mine electrical conductivity (EC), pH, tempera-
ture, dissolved oxygen, and total dissolved solids
by a calibrated multiparameter (AZ80031). Then,
the samples were stored at 4 °C to serve all physi-
cochemical analyses, in terms of total suspended
solids, chemical oxygen demand, biological oxy-
gen demand, total Kjeldahl nitrogen as well as the
content of orthophosphates and chloride, accord-
ing to standard guidelines of American Public
Health Association [APHA, 2017] and Rodier et
al. [2009] (Table 1).

The biochar application was made as follows:
The homogeneous powder of wood waste biochar
was filtered through 0.5 mm sieve and used di-
rectly to re-treat TWW (1/1000; w/v) for 24 h in
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Table 1. Physico-chemical characteristics of natural water (NW), treated wastewater (TWW) and TWW after re-
treatment (TWW-r). Data are means of three replicates + standard errors

Physico-chemical NW TWW TWW-r GMLD
parameters

Temperature (°C) 19.54 +2.97 15.23+0.74 20.91+1.05 30.00
pH 7.56 +0.23 8.02+0.10 8.00 £0.23 5.50-9.50
EC (uscm™) at 20 °C 621.89 + 10.49 1587.44 + 10.98 1574.44 +7.47 2700.00
TDS (ppm) 314.33+5.49 807.11 £ 31.00 749.56 + 38.08 -
DO (mg L") 5.34 +£0.24 456 +0.24 3.53+0.57 -
Cl(mg L") nd 136.08 + 2.37 127.80 £ 2.05 -
TSS (mg L") nd 76.81 £ 3.81 48.27 +2.08 100.00
COD (mg O, L") nd 512.53 + 26.08 144.48 + 34.95 500.00
BOD, (mg O, L") nd 138.33 £ 19.65 41.33£6.84 100.00
TKN (mg L) nd 196.00 £ 16.17 149.33 £ 16.83 40.00
PO,* (mg g™) nd 5.78 £0.23 542 +0.15 -
BOD,/COD nd 0.27 £ 0.05 0.33+0.12 -

Note: BOD, — biological oxygen demand in a 5-day; Cl" — chloride; COD — chemical oxygen demand; DO —
dissolved oxygen; EC — electrical conductivity; GMLD — the general maximum limits for the discharge into surface
water or groundwater in Morocco (Moroccan standards 2018); nd — not determined; pH — the potential of hydrogen;
PO,* — orthophosphates; TDS — total dissolved solids; TKN — total Kjeldhal nitrogen; TSS — total suspended solids.

dark at 25 °C under shaking (300 rpm), finally,
the homogenate was filtered by a filter paper [El
Mrabet et al., 2020; Huggins et al., 2016], then
used for maize irrigation.

Experimental design

The seeds of maize (Zea mays L. var. Mas
78.T; 100 seeds = 28.66 g) used in this experiment
were obtained from a commercial supplier in Beni
Mellal city, Morocco. Indeed, the uniform and
healthy seeds were first disinfected on the surface
by immersion in 0.5% of sodium hypochlorite for
30 min, rinsed several times with distilled water
(DW) and then soaked in DW for 8 h. Disinfected
maize seeds were then sown in plastic pots (18
cm/12 cm; diameter/height), containing 2 kg of
clayey agricultural soil collected from an agricul-
tural field from the same study area (Fig. 1), with
the following characteristics: pH 7.23 £+ 0.1 and
EC at20°C 89.28 +7.49 us cm! tested in 1/5 ratio
(w/v) [Kim et al., 2016], A PHSJ-3F pH meter and
a DDS-12DW Benchtop conductivity meter were
used to measure the pH and EC, respectively.

One week after seedlings emergence, five uni-
form seedlings were maintained in each pot. Pots
were then divided into four treatments as pre-
sented in Table 2: i) plants watered with natural
water (NW) (TO; control), ii) plants watered with
75% of TWW (T1), iii) plants watered with 100%
TWW (T2) and iv) plants watered with TWW
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re-treated with wood biochar (T3). A prelimi-
nary experiment using different TWW concentra-
tions showed that 100% TWW had a toxic effect
while 75% TWW had the best effect in improving
maize (Zea mays L.) plant growth. Consequently,
75% and 100% TWW were chosen as benefic and
toxic concentrations, respectively.

Natural water (NW) was used as control and
for TWW dilutions. This NW was obtained from a
local spring called Ain Asserdoune and classified
as drinkable according to Barakat et al. [2018].
The pot experiments were performed from the 4%
April to the 5™ May 2022 at the Polydisciplinary
Faculty of Beni Mellal, Morocco (32° 20" 22"N,
6° 21" 39"W, 503 m of altitude) using a random-
ized design, with three replicates per treatment
under natural environmental conditions (ambient
climate of spring). The climate is a Mediterranean
climate characterized by temperate winter (0—4
°C in January), hot and dry summer (up to 40
°C in August), with an average annual rainfall of

Table 2. Composition of irrigation water

Treatments NW (%) TWW (%) TWW-r (%)
TO 100 0 0
T1 25 75 0
T2 0 100 0
T3 0 0 100

Note: NW —natural water; TWW — treated wastewater;
TWW-r, TWW - after re-treatment with wood biochar.
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350—400 mm and a temperature of 18 °C [Bara-
kat et al., 2018]. The irrigation was carried out
regularly to maintain soil water content at 80%
of field capacity. Treatments were applied for 4
weeks, then some agro-physiological, biochemi-
cal and enzymatic parameters were assessed.

Determination of plant growth

After 4 weeks of treatments, the plant height
was measured using a ruler graduated to centi-
meters and millimeters. Thereafter, the plants
were carefully detached from the pots. Then, the
shoot parts were separated from the harvested
plants to determine their fresh weight (SFW).
Regarding the shoot dry weight (SDW), it was
measured after drying the shoot parts at 85 °C in
an oven for 48 h.

Determination of relative
water content (RWCQ)

RWC was measured according to EI Moukh-
tari et al. [2021]. Around 100 mg of fresh leaf was
sliced into small pieces measuring 10 mm diam-
eter and weighed to determine their fresh weight
(FW). Pieces were then floated in distilled water
for 6 h and their turgid weight (7W) was mea-
sured. The dry weight (DW) of the pieces was
determined after drying them in an oven (70 °C
for 24 h). Finally, RWC was calculated as follow:
_ (Fw-Dw)

RWC(%) = (TW—-DW)

x 100 (1)

Determination of photosynthetic
pigment content

Photosynthetic pigments were extracted fol-
lowing the method of El Moukhtari et al. [2023]
which was adopted from Arnon [1949]. Firstly, 50
mg of fresh leaf tissue was ground at 4 °C in 1 mL
of acetone (92%; v/v), and centrifuged at 10 000
rpm for 10 min at 4 °C. The resulting supernatant
was recovered and the volume was made up to 2 mL
using 80% acetone. Then, by using a UV-VIS ab-
sorption spectrophotometry (DLAB, SP-UV1000,
China), the optical density (OD) was determined at
663 nm, 645 nm and 480 nm against 80% acetone
as a blank. The content of total chlorophyll (Chl)
and carotenoid (Car) were calculated by the for-
mula given by D’souza and Devaraj [2013]:

Total Chl (mgg™1) = 5
[(20.2 X ODgas) + (8.02 X 0Dggs)] X (V71000 x we) (2)

Car (mgg™1) = ODygq +
(0.14 X ODggs — 0.638 X 0Dgqs) X (V/1000 x Wt) (3)

where: V' —volume (2 mL); Wt — weight (50 mg).

Determination of oxidative stress markers

Malondialdehyde content (MDA) in maize
leaf was evaluated following the Thiobarbituric
acid (TBA) method [Heath and Packer 1968].
Briefly, 100 mg of FW of leaves was mixed in
1.5 mL of Trichloroacetic acid (TCA) (5%). The
mixture was centrifuged at 12 000 rpm for 15 min
at 4 °C, and then 0.5 mL of the resulting superna-
tant was added to 1.5 mL TBA prepared in TCA
(20%). The homogenate was incubated at 95 °C
for 25 min and after cooling down the OD was
measured at 532 nm and 600 nm. MDA content
was calculated using its extinction coefficient of
155 mM! cm™ and expressed as nmol g! FW.

The hydrogen peroxide (H,0,) content was
determined according to Hossain et al. [2010].
Around 500 mg of fresh leaf matter was ground at
4 °C using 5 mL of 50 mM sodium phosphate buf-
fer (pH 7.8). The resulting homogenate was then
centrifuged at 12 000 rpm for 5 min at4 °C and to 3
mL of the resulted supernatant, 1 mL of 0.1% TiCl,
(prepared in 20% H,SO,) was added. After 10 min
of incubation at room temperature, the absorbance
was measured at 410 nm and the concentration of
H,O, was calculated using a standard curve pre-
pared using different concentration of commercial
H,0, and expressed as pmol mg™' FW.

Regarding the electrolyte leakage (EL) determi-
nation, the maize leaves were washed 3 times with
deionized water, and then divided into small pieces
and placed in closed test tubes containing 10 mL of
deionized water. The tubes were then shaken for 24
h at 25 °C in the dark to liberate all the electrolytes
in the solution, and the first electrical conductivity
(EC)) was measured. Then, these tubes were placed
in autoclave at 121 °C for 20 min to measure the sec-
ond EC (EC,) at 25 °C [Ghoulam et al. 2002]. EL
was calculated by the following formula:

ECy

EL(%) = (E—CZ) x 100 )

Determination of non-enzymatic
antioxidant activities

To determine the non-enzymatic antioxidant
activity, 100 mg of FW of leaves was mixed in 1
mL of methanol (80%) at 4 °C using mortar and
pestle. Then, the mixture was centrifuged at 12

183



Journal of Ecological Engineering 2024, 25(6), 180-193

000xg at 4 °C for 20 min and the supernatant was
recovered and used to determine the content of
total polyphenols and flavonoids [El Moukhtari
et al. 2022]. The total polyphenols were measured
according to the Folin-Ciocalteu method [Single-
ton and Rossi 1965]. Indeed, 250 pL of FC re-
agent was added to 50 pL of the obtained super-
natant and the volume was adjusted to 5 mL with
distilled water. After incubation for 3 min at room
temperature, the volume was adjusted to 6.5 mL
with Na,CO, (20%) and the mixture was incubat-
ed at the dark for 1 h at room temperature. Then,
at 725 nm, OD was read and the total polyphenols
content was calculated and expressed as mg gallic
acid equivalents g' FW.

The flavonoids content was determined by the
method of Chang et al. [2002], where, 100 puL of the
resulted supernatant was added to 300 pL of metha-
nol (95%), 20 pL of 10% aluminum chloride (AICP),
20 pL of potassium acetate (1 M) and 560 pL of dis-
tilled water. After 30 min of incubation at room tem-
perature, the flavonoid content was determined after
measuring the OD at 415 nm and referring to a stan-
dard curve prepared from different concentrations of
quercetin. The amount of flavonoid was represented
as mg quercetin g ' FW.

Determination of enzymatic
antioxidant activities

For enzyme extraction, 0.5 g of fresh leaf was
ground in 5 mL of sodium phosphate buffer (pH
7.8). The extract was centrifuged at 12 000 rpm for
10 min at 4 °C and the resulting supernatant was
recovered as well as used for determination of the
catalase (CAT) and ascorbate peroxidase (APX)
activities. CAT (CAT, EC 1.11.1.6) was assessed
according to Ramzan et al. [2021] with slight
modifications. In fact, to 50 pL of the enzymatic
extract, 500 puL of 0.1 M of potassium phosphate
buffer (pH 6.5), 250 pL of distilled water and 200
uL of H O, (75 mM) were added. The decrease in
OD was monitored at 240 nm for 2 min at 25 °C.
CAT activity was calculated using the extinction
coefficient of H O, of 36 mM" cm™ and expressed
as enzymatic unit (EU) min"' mg™' protein.

For ascorbate peroxidase (APX, EC
1.11.1.11), the method of Nakano and Asada
[1987] was adopted. The reaction mixture of 2
mL contains 50 mM potassium phosphate buffer
(pH 7.0), 0.5 mM ascorbate, 0.1 mM H,0O,, 0.1
mM EDTA and 0.1 mL of the enzymatic extract.
The APX activity was expressed as EU min' g
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protein. The Bradford [1976] method was adopt-
ed to determine the protein content in the enzy-
matic extract of maize plant.

Statistical analysis

The results shown represent means =+ standard
errors (SE) of three replicates. Data were statisti-
cally analyzed using IBM SPSS software (version
26.0), where the test of one-way analysis of variance
(ANOVA I) was applied. The means of the obtained
data were compared by using a post-hoc Tukey’s
HSD test at p < 0.05. In addition, principal compo-
nent analysis (PCA) was carried out by the XLSTAT
software version 2018 (Addinsoft, Paris, France).

RESULTS

Plant growth responses

The effects of treated wastewater (TWW) be-
fore and after re-treatment with wood biochar on
plant growth, in terms of plant height, shoot fresh
and dry weight are summarized in Figure 2. The
results indicated that the fertilization of maize
plants with 75% of TWW (T1) induced a slight
increase in plant height, as compared to control
plants (TO). However, when these plants were
watered with 100% of TWW (T2), plant height
were significantly (p < 0.05) reduced by 9%, as
compared to those watered with TO. Interestingly,
when TWW was re-treated with wood biochar
(T3), their application had a significant effect on
plant height. Indeed, T3 increased plant height by
31% relative to TO and by 44% relative to plants
watered with T2. Additionally, the presented re-
sults revealed that T1 has no significant (p < 0.05)
effect on either shoot fresh (SFW) or dry (SDW)
weight when compared to TO. In contrast, T2
proved the worse effect that reached 4% and 32%
of decreasing for SFW and SDW, respectively,
than TO. However, T3 induced a significant (p
< 0.05) increase in both SFW and SDW reached
106% and 176%, respectively, relative to T2.

Photosynthetic parametrs and water nutrition

Total chlorophyll (Chl) was slightly increased
in the maize plants irrigated with 75% TWW (T1)
with an increment rate of 2% relative to control
plants (TO) (Table 3). However, the substitution
of natural water with 100% TWW (T2) decreased
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Figure 2. Effect of irrigation with TWW before and after re-treatment with wood biochar on plant
height (PH), shoot fresh (SFW) and dry (SDW) weight and phenotype (b) of maize plants. Values are
means of three replicates = standard errors and the different letters show a significant difference at p <

0.05. TO, control; T1, TWW at 75%; T2, TWW at 100%; T3, TWW re-treated with wood biochar

significantly (p < 0.05) total Chl by 20%. In con-
trast, re-treating TWW with wood biochar (T3)
retracted the negative effect of T2 on maize
plants and significantly increased total Chl with
an increment rate of 38%. However, a significant
increase in carotenoid content (Table 3) was re-
corded for the maize plants watered with T2 than
all other treatments (1.3-fold higher than TO0). Re-
garding leaf water status, the results presented in
Table 3 showed that the leaf relative water con-
tent (RWC) was significantly decreased from 83
to 79% when TO was substitute by T2 for maize
irrigation. However, this water status increased
considerably by 4% and 10% in maize under T1
and T3, respectively, than those under T2.

Oxidative stress indicators

The oxidative stress response of the maize ir-
rigated with TWW before and after re-treatment

are presented in Figure 3. Indeed, the malondial-
dehyde (MDA) content increased in maize under
75% TWW (T1) than control (TO0), and reached
significantly (p < 0.05) their maximum value
(7.98 nmol g' FW) under 100% TWW (T2) (Fig.
3a). However, when TWW was re-treated with
wood biochar (T3), an interesting positive effect
was observed regarding MDA content. Where,
MDA content in maize plants irrigated with T3
was 0.51-fold lower than the plants irrigated with
T2. For hydrogen peroxide (H,O,) content, values
were elevated significantly (p < 0.05) by 65% in
the maize plants irrigated with T2, relative to con-
trol plants (Fig. 3b). In contrast, the maize plants
irrigated with T3 showed a significant decrease
in H,O, contents (22%) as compared to those
watered with T2. Similarly, for electrolyte leak-
age (EL) (Fig. 3c), irrigating maize plants with
T1 increased this parameter, and the increase was
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Table 3. Effects of irrigation with treated wastewater (TWW) before and after re-treatment with wood biochar
on total chlorophyll, carotenoids content and relative water content of maize plants. Results are means of three

replicates + standard errors and the different and small letters show a significant difference at p < 0.05

Total chlorophyll Carotenoids Relative water content
Treatments
(mg g FW) (Mg g’ FW) (%)
TO 0.77 £ 0.032° 11.16 £ 0.41° 82.74 + 2.00%
T1 0.79 + 0.05%° 10.98 + 0.66° 82.62 + 1.77%
T2 0.62 £ 0.06° 14.63 £+ 0.40° 79.09 + 1.84°
T3 0.85 +0.05° 11.12 £ 0.97° 88.53 + 0.022

Note: TO, control; T1, TWW at 75%; T2, TWW at 100%; T3, TWW re-treated with wood biochar.
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Figure 3. Effect of irrigation with treated wastewater (TWW) before and after re-treatment
with wood biochar on malondialdehyde (MDA) (a), hydrogen peroxide (H,0,) contents (b) and
electrolyte leakage (EL) (c) in maize plants. Values are means of three replicates + standard
errors and the different and small letters show a significant difference at p < 0.05. TO, control;
T1, TWW at 75%; T2, TWW at 100%; T3, TWW re-treated with wood biochar

more accented (p < 0.05) when plants were ir-
rigated with T2. Indeed, as compared to control
plants, the increase in EL was 12% and 33%, re-
spectively, for the plants watered with T1 and T2.
However, when TWW was re-treated with wood
biochar (T3) an enhancement in membrane integ-
rity, reflected by lower EL (12%), was observed
compared to the plants irrigated with T2.

Antioxidants response

The results depicted in Table 4 revealed
that the contents of non-enzymatic antioxidant
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molecules, in terms of total polyphenols and fla-
vonoids, were significantly (p < 0.05) higher in
the maize plants watered with 75% TWW (T1)
and the increase was much higher when the maize
plants were irrigated with 100% TWW (T2) rela-
tive to control plants (TO0). Indeed, total polyphe-
nols and flavonoids in the maize plants irrigated
with T2 was 1.64 and 1.21-fold higher, respec-
tively, compared to their control plants. How-
ever, as expected, both total polyphenols and
flavonoids were decreased in the maize plants
when irrigated with TWW re-treated with wood
biochar (T3). Consequently, relative to T2, total



Journal of Ecological Engineering 2024, 25(6), 180-193

Table 4. Effect of irrigation with treated wastewater (TWW) before and after re-treatment with wood biochar
on total polyphenols, flavonoids contents, catalase (CAT) and ascorbate peroxidase (APX) activities in maize
plants. Values are means of three replicates + standard errors and the different and small letters show a significant
difference at p < 0.05

Non-enzymatic antioxidant content Enzymatic antioxidant activity
Treatments Total polyphenols (mg Flavonoids (mg CAT activity (EU min™* APX activity (EU min”'
GAg' FW) quercetin g FW) mg™' protein) mg' protein)
TO 184.64 £ 5.76° 16.07 + 0.99°° 4.35+1.16% 43.65 +9.922
T1 223.73 + 16.96% 17.65 + 0.26% 4.54 +£0.19% 4515 +4.322
T2 302.76 + 40.392 19.37 £0.722 6.98 + 0.99° 69.90 + 9.582
T3 248.01 + 3.61%° 14.32 £ 0.22° 2.45+0.70° 47.62 + 6.30°

Note: EU — enzymatic unit; GA — gallic acid; TO — control; T — TWW at 75%; T2 — TWW at 100%; T3 - TWW

re-treated with wood biochar.

Table 5. Result of one-way ANOVA test for
independent variables including naturel water, 75%
treated wastewater (TWW), 100% TWW, and TWW
re-treated with wood biochar

Parameters dF F P-value
PH 3 28.733 0.000***
SFW 3 52.757 0.000***
SDW 3 5.030 0.030*
Total Chl 3 3.759 0.060"
Car 3 7.436 0.011*
RWC 3 5.798 0.021*
MDA 3 8.270 0.008**
EL 3 15.478 0.001**
H,0, 3 4.749 0.035*
ponTp°ht:'nols 3 4.974 0.031*
Flavonoids 3 11.651 0.003**
CAT 3 4.815 0.034*
APX 3 2.444 0.139"

Note: dF, degree of freedom; EL — electrolyte leakage;
F — fischer; H,O, — hydrogen peroxide; MDA —
malonyldialdehyde; PH — plant height; RWC, —relative
water content; SDW — shoot dry weight; SFW, — shoot
fresh weight; Total Chl — total chlorophyll; ns —not
significant; *significant at 0.05; **significant at 0.01;
**significant at 0.001.

polyphenol and flavonoid contents was 0.82 and
0.74-fold lower, respectively.

Regarding enzymatic antioxidant system (Ta-
ble 4), catalase (CAT) and ascorbate peroxidase
(APX) activities were significantly (p < 0.05) in-
creased under T1 and the increase was more obvi-
ous under T2. Indeed, the CAT and APX activi-
ties of maize plants were increased from 4.35 and
43.65 EU min'! mg! protein under natural water
to 6.98 and 69.90 EU min' mg"' protein under
T2, respectively, reflecting an increment rate of

60%, for both antioxidant enzymes. In contrast,
the CAT and APX activities were significantly
decreased in the maize plants treated with T3. In
fact, under T3, the activity of CAT and APX of
maize plants decreased by 65% and 32%, respec-
tively, compared to plants treated with T2.

Principal component analysis (PCA)
and Pearson’s correlation matrix

PCA analyses were conducted to obtain fur-
ther explanation about the possible correlations
between the measured parameters and to know
the behavior of maize plants in response to the
applied treatments (Fig. 4). The results proved
that the variability percent was very high (F1 and
F2:73.46%). Thus, the 100% TWW (T2) showed
a highly positive correlation with the oxidative
stress markers, including MDA, H,0, and EL and
the antioxidant system defense, like the content
of total polyphenols and flavonoids and the ac-
tivity of CAT and APX. This clearly explains the
growth reduction in terms of PH, SFW and SDW
under this treatment. However, when TWW was
re-treated with wood biochar (T3) a significant
improvement in maize plants growth was record-
ed, as evidenced by the highly significant positive
correlation observed between T3 and physiologi-
cal parameters including PH, SFW, SDW, RWC
and total chlorophyll.

DISCUSSION

The results of this study recorded that the ir-
rigation of maize plants with concentered TWW
(100%, T2) had inimical effect on maize growth.
Indeed, as confirmed by the obtained significant
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Figure 4. Principal components analysis (PCA) between assessed parameters in maize (Zea mays L.)
plants irrigated with treated wastewater (TWW) before and after re-treatment with wood biochar for 4
weeks. APX — ascorbate peroxidase activity; Car — carotenoids; CAT — catalase activity; EL — electrolyte
leakage; H,O, — hydrogen peroxide; MDA — malonyldialdehyde; PH — plant height; RWC — relative
water content; SDW — shoot dry weight; SFW — shoot fresh weight; Total Chl — total chlorophyll;

TO — control; T1 — TWW at 75%; T2 — TWW at 100%; T3 — TWW re-treated with wood biochar

negative correlations as presented in Figure 4,
the most evaluated parameters, especially the pa-
rameters related to plant growth, water statue and
photosynthesis, were significantly decreased in
irrigated plant with 100% of TWW. This reaction
of maize under T2 may due to the excess nutrients
or the presence of toxically elements (salt ions,
heavy metals...) dissolved in this type of water,
which can at some limit cause remarkable dam-
age to the plants [Bouhadi et al., 2023; Pedrero
et al., 2018]. Furthermore, this toxic effect re-
mained below the tolerance limit of maize when
irrigated with diluted TWW (TWW at 75%; T1),
with minimal oxidative response (Fig. 4). This
improvement by T1 was in agreement with the
results of Mousavi and Shahsavari [2014], where
irrigation of maize with TWW for 3 times against
1 time by natural water gives the best yields for
plant height, diameter and grain production (kg
ha') related to those irrigated only with natural
water or 100% TWW. In the same line, Khalid et
al. [2023] noted that the wastewater dilution by
freshwaters can reduce the pollutants level and
therefore their toxic effects. On the other hand, it
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should also be noted that the TWW reprocessed
by biochar (T3) showed the best response for
maize growth, with a negative correlation (Fig.
4) with reactive oxygen species (ROS) produc-
tion (H,0,, EL and MDA) and oxidative response
(enzymatic and non-enzymatic). This means that
the TWW re-treated with wood waste biochar
give a good quality water (T3), with little toxic
compounds, and that was reflected by the consid-
erable reduction in pollution parameters, such as
TSS, BOD,, COD, CI, NTK and PO * (Table 1).

The negative impact of T2 by decreasing
maize plant growth, was supported by the re-
sults of Mahmood et al. [2013], who reported
that the growth of Zea mays plants watered with
bio-treated textile wastewater was 35% and 16%
lower than control for plumule and radicle, re-
spectively, after 7 days of sowing. In contrast, for
alfalfa growth, the results of Elfanssi et al. [2018]
showed that the irrigation with wastewater (raw
and bio-treated) had a positive effect in three
crop seasons. As a physiological response, maize
growth was positively correlated (Fig. 4) with
the total chlorophyll content and relative water
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content (RWC). That was similar to Elfanssi et al.
[2018] and El Moukhtari et al. [2021] for alfalfa
plants, furthermore, the opposite effect was linked
to the salinity of applied water. In the same line,
in the conducted work, the increasing of maize
growth, chlorophyll content and RWC watered by
T3 was correlated with salinity reduction in this
type of water reflected by TDS, CI- and EC reduc-
tion (Table 1). It was also noted that the maize wa-
tered with T3 showed larger and greener leaves,
especially than T2. Overall, TWW with high level
of salinity and sodicity would decrease agricul-
tural output and provide a serious environmental
risk in terms of soil salinization [Chaganti et al.,
2020]. Water quality can be reflected by the be-
havior of maize plant in terms of oxidative stress
markers (Fig. 3). In fact, as reported by Rekik et
al. [2017], urban wastewater treated by activated
sludge process with a permissible level of heavy
metals has an adverse effect in germination and
development of alfalfa, sorghum, and fescue at
early growth stage (15 day). For example, all
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Total polyphenols
Flavonoids
CAT
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PH
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Total chl
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species under the effect of this water, registered
a decreasing in shoot length, leaf fresh and dry
weight, authors also found that plants showed an
oxidative stress response, in terms of increasing
of free radicals H,O, and MDA. Similarly, the
obtained results showed that the maize plants irri-
gated with T2 had very high levels of MDA, H,O,
and EL compared to TO, T1 and those irrigated
with T3 (Fig. 3). Indeed, abiotic stresses includ-
ing salinity, can impact negatively plant growth,
resulting in reducing of FW and seedling lengths,
in parallel of MDA, H,O, and EL increasing, al-
though in short-time growth. That was proven by
El Moukhtari et al. [2021], Fricke et al. [2006]
and Lamsaadi et al. [2022a, b] for alfalfa, barley
and fenugreek plants, respectively. As antioxidant
response (Table 4), enzymatic activity (CAT and
APX) increased significantly in the maize irri-
gated with 100% TWW (T2) than that irrigated
with natural water (T0), diluted TWW (T1) and
re-treated TWW (T3). As previously proven by
Demidchik, [2017], the enzymatic antioxidant
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Figure 5. Pearson’s correlation matrix between tested parameters in 4 weeks olds plants of maize (Zea mays L.)
irrigated with treated wastewater (TWW) before and after re-treatment with wood biochar. Positive
and negative correlations are shown in red and blue, respectively, and intensity of color is proportional
to correlation coefficient. APX, ascorbate peroxidase activity; Car, carotenoids; CAT, catalase activity;
EL, electrolyte leakage; H,O,, hydrogen peroxide; MDA, malonyldialdehyde; PH, plant height; RWC,
relative water content; SDW, shoot dry weight; SEW, shoot fresh weight; Total Chl, total chlorophyll
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system play an important role to suppressing the
ROS production and maintain the electron trans-
port chain and K* flux. This was evident in the
conducted study, as indicated by the significant
positive correlation between CAT and MDA (r =
0.65; Fig. 5) and H,O, (r = 0.62; Fig. 5), and be-
tween APX and MDA (r = 0.59; Fig. 5) and H,O,
(r=0.63; Fig. 5). For non-enzymatic response, the
same response was registered, where the maize
irrigated with T2 accumulated more polyphe-
nols and flavonoids than that irrigated with TO,
T1 and T3. As it is known, the case in which the
plant product more of phenolic acids (polyphe-
nols and flavonoids) is when it was under stress-
ful environments [Sharma et al., 2019]. Even for
early growth stage, antioxidants (both enzymatic
and non-enzymatic) are crucial for plant defense
against various abiotic stresses (high/low temper-
atures, drought, salt, heavy metals...) [Samec et
al., 2021; Taibi et al., 2016].

In accordance with this finding, marked by
TWW quality improvement by wood waste bio-
char, several studies proved that biochar has the
ability to eliminate by adsorbing process, many
toxic products in water, which may be encoun-
tered in T2 [Enaime et al., 2020; Xiang et al.,
2020]. Moreover, biochar as a physical process
in cleaning up TWW, was used in the case that
many pollutants are usually resistant to chemical
and biological degradation during conventional
treatment processes. In this study, the wood
waste biochar was used to re-treat the treated
urban wastewater, previously treated by trick-
ling filter and classified as non-biodegradable
(BOD/COD < 0.3) [Abdalla and Hammanm,
2014]. As a result, quality and biodegradability
improvement (BOD_/COD > 0.3) (Table 1) after
biochar application, make the maize plants irri-
gated by T3 take the positive part of this water
(Nitrogen, phosphorus and potassium) without
or with a minimal soluble/insoluble contaminant
compounds. In fact, the combination of treat-
ment process is practically in the field of waste-
water treatment to obtain a TWW safe and reus-
able [Braghiroli et al., 2018].

CONCLUSIONS

It can be concluded that the random use of
TWW at 100% in the discharge area is not rec-
ommended and can harm the environment and
public health. Likewise, the obtained findings
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strongly recommend that diluted TWW at 75%
and TWW re-treated with wood biochar could be
a promising way to irrigate maize under the re-
cent environmental changes marked by the water
stress, especially in the Mediterranean area, in-
cluding Morocco. In fact, the irrigation of maize
plants with TWW in diluted form or re-treated
using the physical adsorption by wood waste bio-
char, has shown a positive effect on maize plant
growth, photosynthesis pigment, in parallel to a
significant reduction in oxidative stress indica-
tors, like MDA and H,O,. The latter were posi-
tively correlated with a significant stabilization of
the activity of both enzymatic and non-enzymatic
antioxidant systems. According to the re-treated
TWW analysis, the beneficial effect of irrigation
with re-treated TWW could be explained by the
biodegradability improvement. Indeed, biochar
has a high capacity to adsorb several toxic com-
pounds dissolved or not in water, such as, ion salt,
heavy metals, hydrocarbons, pesticides, and other
toxic products. Moreover, the obtained findings
encourage the authors to conduct further stud-
ies, in order to determine the effect of wastewater
re-treated with biochar in the medium and long
term, for a healthy valorization in the agricultural
sector. Additionally, since the TWW contains an
important level of nutritive elements, the use of
TWW at reasonable concentration or after their
re-treatment by biochar, could be a promising
technique to reduce the chemical fertilizer input.
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