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Abstract The aim of the present study was to evaluate the
phytotoxicity of olive mill wastewater (OMW) after being treat-
ed by the white-rot fungus Coriolopsis gallica. For this, the
effect of irrigation with treated OMW (TOMW) and untreated
OMW (UOMW) on tomato plants (Lycopersicon esculentum)
for 3 weeks was studied. The control plants were irrigated with
distilled water. Agronomic tests were performed in pot experi-
ments in a greenhouse using the randomized complete block
(RCB) experimental design. The relative leaf height (RLH), as
a morphological parameter, and the content of total phenols in
the roots and total chlorophyll [Cha+ Chb] and reducing sugars
in the leaves, as physiological parameters, were selected as re-
sponses of the experimental design. The results obtained showed
that [Cha+ Chb] in the leaves of tomato growth under TOMW
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was enhanced by 36.3 and 19.4 % compared to the plant growth
under UOMW and to the controls, respectively. Also, reducing
sugar concentrations were closed to those of the control plants,
ranging from 0.424 to 0.678 g/L for the different dilutions tested.
However, the plants irrigated with UOMW showed lower re-
ducing sugar concentrations ranging from 0.042 to 0.297g/L.
The optimum RLH (0.537) was observed in the plants irrigated
with TOMW diluted at (1:4), this value being higher than that
observed in the controls (0.438). Our study proved that the irri-
gation with TOMW significantly improved tomato growth and
photosynthesis activity over those irrigated with UOMW.
Optimization of TOMW as a fertilizer was obtained for a dilu-
tion of 1:4. From the obtained results, it can be concluded that
OMW treated by C. gallica holds potential to be used as a
fertilizer for tomato plants.

Keywords Olive mill wastewater - Fungal treatment -
Phytotoxicity - Fertilizer

Introduction

Olive mill wastewater (OMW) represents one of the most con-
taminating effluents produced by the agro-food industries
(Cardinali et al. 2010). At present, a low cost-effective practice
of OMW management is its land spreading for both disposal and
fertirrigation purposes (Mekki et al. 2006; Hanifi and El
Hadrami 2009). OMW is rich in water, organic matter, nitrogen,
phosphorous, potassium, and magnesium which are favorable
for agricultural soils. In this perspective, several studies have
found positive effects of OMW on soil fertility (Komilis et al.
2005; Ouzounidou et al. 2010; Nair et al. 2014). However, neg-
ative effects on physicochemical soil properties (Buchmann
et al. 2015), accumulation of salts, reduced water infiltration
(Chartzoulakis 2016), and phytotoxic effects on seed
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germination and plant growth (Saadi et al. 2013; Massoudinejad
et al. 2014) are limiting constrains for the application of OMW
to soil. The high content in recalcitrant phenolic compounds
(PCs) is responsible for the phytotoxic and microbial growth
inhibition effects of the OMW. Indeed, PCs exhibit phytotoxic
properties and may cause alterations in the N cycle and soil
microbial activity as well as contamination of surface and
groundwater (Asfi et al. 2012; Justino et al. 2009).

Earlier studies on plant response to OMW were typically
limited to seed germination and plant growth (Casa et al.
2003; Mekki et al. 2006). Recently, morphological and physi-
ological plant responses of OMW application to soil irrigation
have been investigated (Asfi et al. 2012). Thus, the effects of
OMW on seed germination, shoot and root elongation, biomass
production, nutrient uptake and translocation, ascorbic acid
content, polyphenols, photosynthetic pigments, and photosyn-
thetic performance of spinach to understand the mechanisms of
phytotoxicity were reported by Ouzounidou et al. (2012).

Certain studies have proposed the treatment of OMW prior
to its land disposal (Barbera et al. 2014) in order to reduce its
environmental impact, paying special attention to the reduc-
tion of its phenolic content by the development of efficient
treatment technologies. Mekki et al. (2013) indicated that
OMW treated (TOMW) by white-rot fungi had a significant
fertilizing potential that could be advantageously used in
agronomy. Nevertheless, an evaluation of the phytotoxicity
of TOMW is needed to assess treatment efficacy and to pro-
mote its use in agriculture healthily.

Biological OMW treatment techniques have been consid-
ered as alternative environmentally friendly methods, easy to
control, and with low impact on ecosystems. Thus, the treat-
ment of OMW with ligninolytic fungi and their phenol-
oxidizing enzymes has been the subject of many studies in
the last decades (Dias et al. 2004; Duarte et al. 2014).

In previous studies, Daassi et al. (2014a) reported that fungal
treatment of OMW with Coriolopsis gallica, a white-rot fungus
able to discolor and significantly dephenolize several types of
phenolic compounds, reduced its phytotoxicity on radish
(Raphanus sativus) seeds. This strain showed a flawless ability
for OMW decontamination. Therefore, the present work was
undertaken to evaluate the phytotoxicity of OMW, previously
treated by C. gallica, and the impact of its application on the
irrigation of tomato plants (Lycopersicon esculentum) through
the study of certain physiological parameters.

Material and methods
Microorganism
The fungus C. gallica (KJ 412304), previously isolated from

decaying wood in the vicinity of Bousalem, Northwest
Tunisia, was selected to perform the present study for its

ability to dephenolize and discolor OMW (Daassi et al.
2014a,b). The strain was maintained on 2 % mal extract agar
(MEA) Petri plates at 4 °C and subcultured every 2 months.

OMW samples

OMW was obtained from an olive oil production plant in
Sfax, Tunisia, which uses a traditional discontinuous process
for the extraction of olive oil. The samples were stored at
—20 °C until analysis.

Biological treatment of OMW

The strain was first precultivated for 2 days and then the ho-
mogenized mycelium was transferred to the liquid medium at
2 % (v/v) level for the OMW treatment.

Fungal inocula (plugs of 6 mm in diameter) were obtained
from 7-day-old mycelia grown on MEA medium (30 g/L, pH
5.5). The plugs were transferred into 250-mL Erlenmeyer
flasks containing 50 mL of liquid OMW medium (30 % v/v)
(Daassi et al., 2014). The OMW medium contained (g/L):
(NHy),SO4, 6; KH,PO,, 1; MgSO4—7H,0, 0.5; KCI, 0.5;
trace element solution, 1 mL. The trace element solution com-
position (g/L) was as follows: B4O,;Na,—10H,0, 0.1; CuSO4—
5H,0, 0.01; FeSO4~7H,0, 0.05; MnSO-7H,0; 0.01;
ZHSO4*7H20, 007, (NH4)6MO7024‘4H20, 0.01.

Physicochemical analyses

Total phenolic compounds (TPCs) in the UOMW and TOMW
were estimated by the Folin-Ciocalteau’s reagent using gallic
acid as a standard (Box 1983). The ion compositions of OMW
were measured in a chemically digested sample by atomic
absorption spectrometry, and the chemical oxygen demand
(COD) was determined according to APHA (1995) standard
methods. Reducing sugars (RS) were determined using the
method of Miller (1959). The electronic conductivity (EC)
and the hydrogen potential (pH) were measured with a con-
ductivity meter (Jenway mod. 4200) and a pH meter (Hanna
instruments mod. pH 211), respectively.

TPCs in UOMW and TOMW by C. gallica culture extract
were examined by reversed-phase high performance liquid
chromatography (RP-HPLC) using an Agilent 1100 series
chromatograph. Compounds were separated on a Macherey-
Nagel C-18 column (EC 250/4 mm Nucleosil” 100-5 pm)
40 °C. The flow rate was 0.750 mL/min. The mobile phase
used was 0.05 % acetic acid in water/acetonitrile (90/10, v/v)
(solvent A) versus acetonitrile (solvent B) for a total running
time of 51 min, with the following gradient: solvent B (10 %)
for 5 min, then increased to 80 % over 15 min, maintained at
80 % for 20 min, and increased to 100 % in 1 min until
completion of the analysis. Compounds were detected using
a DAD-UV/VIS detector at 320 nm.
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Tomato growth conditions

The seeds of tomato (L. esculentum) were sown on 15 March
2014 in alveolus plates filled with peat for 3 weeks. At the end
of March, the seedlings were transferred into pots containing
500 g of peat and transplanted to a greenhouse (three plants
per pot). Twelve days after transplanting, the pots were fertil-
ized with 10 mL of full-strength fertilizer solution and after-
ward treated weekly with 10 mL of OMW. The treatment of
the plants with OMW was performed 3 days after the
fertigation and the irrigation with water was performed four
times per week. The fertilizer solution consisted of 34.94 g of
potassium nitrate (K,O: 46 % and N: 13 %), 14.19 g of am-
monium nitrate (N: 33.5 %), 4.2 mL of phosphoric acid (1.6—
53 %), and 20.833 g of magnesium sulfate (12 %) (Reymov et
al. 2002).

The cultivated peat soil is an insoluble and hygroscopic
product. It is characterized by solid aspect, black color, cation
exchange capacity (70 meq/100g), pH of 4.2, and contains
(weight/g dry weight): moisture (72 to 74 %), proteins
(7.5 %), fat matter (1.5 %), fiber (28 %), and organic matter
(85 %).

Experimental device RCB

A complete randomized experimental design with three
blocks and three replicates was applied in this study (Table
in supplementary materials). The UOMW was initially diluted
to 30 %. TOMW and UOMW were diluted in distilled water
(v/v) at different proportions (1:2; 1:4; 1:8, and 1:12). The pH
of TOMW and UOMW was adjusted to 7.0 to avoid any
change related to their acidity.

Collection of samples

At the end of tomato cultivation, the plants were uprooted
from the pots using a fine jet of water, washed thoroughly
with running deionized water and blot dried. Different parts
of the plant were separated manually (leaves, stem, roots), cut
into small pieces, and dried in an oven at 100 °C for 24 h.

RLF estimation

Five plants were selected at the end of tomato cultivation. The
length (L) of all leaves was measured with a simple ruler. Plant
height and the insertion height of the petiole from each leaf
was also obtained to calculate the relative leaf height by the
equation

RLH = LH/PH
where RLH is the relative leaf height, LH is the leaf height

(cm), that is, the distance between the soil surface and the node

@ Springer

corresponding to the leaf, and PH is the plant height (cm)
(Blanco and Folegatti, 2003).

Photosynthetic pigment analysis

For the determination of chlorophyll a and chlorophyll b, the
method of MacKinney (1941) was used. Ten milligrams of
fresh plant material (sheet without midrib) was cut into small
pieces, ground in 2 mL of acetone (80 %), and then centri-
fuged for 10 min at 14,000 rpm at 4 °C. The supernatant was
recovered, 2 mL of acetone (80 %) was added, and the pellet
was centrifuged again at 4 °C (10 min, 14,000 rpm). The
absorbance of the supernatant was measured at 645 and
663 nm (Lichtenthaler and Buschmann 2001; Ouzounidou et
al. 2006). Data were expressed as milligrams per gram of fresh
weight (FW) of tomato.

Extraction of PCs from tomato roots

Five grams of homogenized roots were extracted with 50 mL
of acetone in a conical flask under stirring (600 rpm) for 1 h at
room temperature (22 °C). The root extracts were then filtered.
The extraction process was done in triplicate.

Five grams of the dried samples were placed in the filter
cartridge of a classical Soxhlet apparatus and extracted with
170 mL of acetone for 2 h. Extracts were cooled to room
temperature. The extraction process was performed in tripli-
cate (Tomsone and Kruma 2013).

Determination of TPC

The total phenolic content (TPC) in root extracts was deter-
mined by the Folin-Ciocalteu method (Singleton et al. 1999).
Calibration curves were performed with gallic acid.
Absorption was determined at a wavelength of 725 nm with
a spectrophotometer (Shimadzu UV-1700, Tokyo, Japan).
Data were expressed in milligram equivalents of gallic acid
per gram of fresh tomato material.

Reducing sugars analysis in tomato leaves

Tomato leaves were cut into small pieces, weighed, placed
separately in 10-mL glass vials containing 80 % (v/v) ethanol,
and then heated at 60 °C for 30 min. The extract was then
filtered and diluted with 80 % (v/v) ethanol up to 20 mL (Khan
et al. 2000). The filtrate was diluted tenfold with 80 % (v/v)
ethanol. Reducing sugars were determined by the 3,5-
dinitrosalicylic acid (DNS) method (Miller 1959). One milli-
liter of the leave extract was added to 1 mL of DNS, shaken in
vortex, boiled for 5 min, and cooled to room temperature on
an ice bath. The optical density of the samples was measured
at 540 nm with a spectrophotometer (Shimadzu UV-1700,
Tokyo, Japan).
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Statistical analysis

Design expert, Statistica® 7.0 Stat Soft was used for the ex-
perimental designs and statistical analysis of the experimental
data.

Results and discussion
Physicochemical properties of the OMW

The chemical properties of the UOMW and TOMW greatly
differed from each other for several of the measured parame-
ters (Table 1). As expected, UOMW was an acidic effluent
(pH=5.4) with a high phenolic content (3.5 g/L) and high
chemical oxygen demand (COD =26 g/L), showing the toxic
properties of this material. In addition, the data presented in
Table 1 showed that UOMW was rich in sodium (0.532 g/L).
This high concentration of salt could cause a nutrient imbal-
ance and saline stress altering plant growth. Tomato growth is
reduced under the influence of salt stress (Maggio et al. 2010).
Fortunately, some characteristics of OMW are favorable for
agriculture since this effluent is rich in organic matter, P, K,
and Mg.

On the other hand, TOMW had a pH of 6.3 and its content
in phenolics was lower than 0.5 g/L.. Accordingly, Daassi et al.
(2014b) recently demonstrated the significant abatement of
polyphenols in quantity and quality of OMW after being treat-
ed by C. gallica culture using high performance liquid chro-
matography coupled to electrospray time-of-flight mass spec-
trometry (HPLC-ESI-TOF-MS) analysis (Chromatogram in
supplementary materials).

Table 1  Physicochemical characteristics of untreated olive mill
wastewater (UOMW) and treated olive mill wastewater (TOMW).

parameters UOMW 30 % TOMW*

pH (25 °C) 54+02 6.3£0.11
Electrical conductivity (mS\cm) (25 °C) 5.7+£0.07 12.1+£04
Chemical oxygen demand COD (g\L) 26+1.8 2.1+0.2
Biological oxygen demand BODs (g/L) 82+1.3 1.3+£0.03
COD/BODs 3.17£0.17 1.6+£0.14
Nitrogen (g/L) 0.75+0.01 1.96+0.06
Potassium (K) (g/L) 03+0.052 1.205+0.4
Calcium (Ca) (g/L) 03+0.002  1.269+0.05
Sodium (Na) (g/L) 0.532+0.03 0.166+0.02
Magnesium (Mg) (mg/L) 175+1.4 439.55+£2.2
Iron (Fe) (mg/L) 0.14+£0.002  1.342+0.45
Total phenolic compounds (TPC) 35+0.13 0.322+0.16

(g of gallic acid/L)
Reducing sugars (RS) (g/L) 3.6+04 54+0.08

#Mean values+SD (n=3)

Assessment of the OMW phytotoxicity
Qualitative parameters

The appearance of leaves reflects the health state of plants.
Leaves with green color, without necrosis or discoloration
indicate good photosynthesis process and the distribution of
the nutriment throughout the plant (Shah et al. 2011). During
the irrigation of tomato cultures with TOMW and UOMW, the
pigmentation and morphology of the leaves were observed
(Figs. 1 and 2). In Fig. 1, the difference of color in tomato
leaves before and after the irrigation with TOMW is shown. It
was observed that the irrigation promoted leaf pigmentation of
tomato plants compared to those before irrigation as well as to
the controls (irrigated with water) (Fig. 2). These results are in
accordance with those reported by Mekki et al. (2006), who
mentioned that the irrigation of various plant species (tomato,
chickpeas, beans, wheat, and barley) with OMW previously
treated with Phanarochaete chrysosporium did not cause any
adverse effect on the morphology of the tested plants.

Though, the appearance of leaves is insufficient to assess
the impact of OMW on tomato. Hence, a quantitative morpho-
logical parameter (relative leaf height) and physiological pa-
rameters such as photosynthetic pigment (chlorophyll a and
chlorophyll b) and reducing sugars in tomato leaves and phe-
nolic content in the roots were studied.

Quantitative parameters
Statistical analysis

The experiments of tomato irrigation with OMW were applied
using a complete randomized experimental design with three
blocks and three replicates using the Statistica” 7.0 Stat Soft
program to estimate the coefficients of the model. A total of 45
runs with different combinations of fungal treatment (A) and
dilutions (B) were designed (Table 2). The responses, measured
after 3 weeks of irrigation, were named as R1, R2, R3, and R4
and corresponded to RLF, the concentration of TPCs in the
roots and (Cha+Chb) and RS in the leaves, respectively.

The experimental results were analyzed by standard ANOVA
(Table 3). The adjusted sum of squares values (R”) were 86, 90,
87, and 87 % for R1, R2, R3, and R4, respectively. At the same
time, a relatively low value of the coefficient of variation
(CVRl =9.7 %, CVR2 =11.27 %, CVR3 =8.56 %,
CVRr4=17.59 %) indicated a better accuracy and reliability of
the experiments.

Graphical interpretation
The impact of irrigation using UOMW and TOMW on tomato

plants for a period of 3 weeks was assessed. The tested re-
sponses were R1, R2, R3, and R4.

@ Springer
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Fig. 1 Morphology and color of
tomato leaves / before and 2 after
irrigation with TOMW

Response R1: RLH

From the data in Fig. 3, it can be observed that tomato growth
was enhanced under the irrigation with TOMW. Thus, the
maximum height was 31.27 cm which is higher than that of
the controls (27.38 cm) (data not showed). The optimum RLH
(0.537) was observed in plants irrigated with TOMW diluted
at 1:4, this value being higher than those irrigated with
UOMW (0.282) and even than the controls (0.438). This
proves the fertilizing effect of TOMW on tomato plants. The
above results are supported by the findings of Mekki et al.
(2013) who reported an improvement in plant growth and a
similar or even better dry productivity of plants irrigated with
TOMW than of plants irrigated with water.

Response R2: Phenols
The data presented in Fig. 4 revealed that the irrigation of

tomato plants with UOMW presented a high phenolic content
in the roots (from 413 to 722 mg gallic acid/L) compared to

(1) (2

the plants irrigated with TOMW (from 283 to 590 mg gallic
acid/L) and to controls (265 mg gallic acid/L). Such results
could be based on the high initial load of TPC in UOMW.
Similar findings were observed by Martin et al. (2002) who
emphasized that during OMW spread, plant roots could ab-
sorb OMW phenols. In addition, as the results showed, the
dilution of OMW was found essential to reduce the initial
organic load and the phenolic content in tomato roots associ-
ated to the phytotoxicity properties (Sayadi and Ellouz 1995;
Paraskeva and Diamadopoulos 2006).

Furthermore, the amount of phenols in control pots can be
explained by the basal level of phenolic load in vegetable
materials. In fact, phenolic compounds are ubiquitous in
plants and are involved in the features of woods and barks,
plant defense, flower color, and flavor properties. Recently,
the phenolic compounds from plants have aroused consider-
able interest due to their antioxidant properties (Cheynier,
2012).

According to Fig. 4, it has been found that the content of
total phenols gradually decreased with dilution in both

Fig. 2 Morphology of tomato leaves irrigated with / water (control), 2 UOMW, and 3 TOMW

@ Springer
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Table 2 Experimental conditions in the randomized complete block g
(RCB) design and the corresponding experimental responses S
. ;an 0 I~ 00 — [~ %
Run Block  Fungal treatment Dilution R1 R2 R3 R4 n o~ - " 5S3238¢%
1 Block I UOMW 0.125  0.282 483 0.169 62.64 — o«
2 Block 1 Control 0.25 0438 265 0.678 140.55 ~ = 2
3 Block I TOMW 0.25 0.4838 398 0.554 178.36
4 Block 1 Control 0.125 0438 265 0.678 140.55 o o2 =)
— Q
5  Block 1 Control 0.5 0438 265 0.678 140.55 “ =
—_— <
6  Blockl TOMW 0 0.348 590 0.551 102.32 - =~ 00 B Y =
= 289z | 2
7 Block ] TOMW 0.0833 0.512 283 0.678 107.94 S = RS AR I =
8 Block 1 TOMW 0.5 0.393 414 0.593 171.83 ?
9 Block 1 UOMW 0.5 0.206 546 0.169 135.62 ° § $ &
10 Block I Control 0 0438 265 0.678 140.55 E | @ g
11 Block 1 TOMW 0.125 0.537 351 0.424 121.19 2O = = E
Q
12 Block 1 UOMW 0 0.219 722 0.297 104.94 kS|
=
13 Block 1 Control 0.0833 0.438 265 0.678 140.55 % %
14  Block 1 UOMW 0.125 0.282 483 0.169 62.64 < E £s812 &b
[=4 SSscS oSS %
15 Block 1 UOMW 0.0833 0337 413 0.042 107.44 - &
16 Block2 UOMW 0.25 0311 513 0.254 135.29 o o o g
828 e o nd ~ | B
17 Block 2 Control 0.125 0438 265 0.678 140.55 o | = § AT 2= dR ™ =
18 Block 2 TOMW 025 0488 398 0554 17836 2l Eaiiaiainiiia S B
19 Block2 TOMW 0.125  0.537 351 0424 121.19 - - §
20 Block2 Control 0.0833  0.438 265 0.678 140.55 9| s dgp% _BEEgg8 | 3
S =2 ) | e
21 Block 2 Control 0 0438 265 0.678 14055 o amaEoiEesssss E
22 Block2 UOMW 0 0219 722 0297 104.94 E) et =
& SoocSo ©
23  Block2 UOMW 0.125  0.282 483 0.169 62.64 g Do hm *
-l al vy S~
24 Block2 Control 0.5 0438 265 0.678 140.55 S|z | 22358 =
25 Block 2 Control 0.125 0.438 265 0.678 140.55 '§-
26 Block2 TOMW 0 0.348 590 0.551 102.32 5 g %
27 Block2 UOMW 0.5 0.206 546 0.169 135.62 § g Q;
28 Block2 TOMW 0.5 0.393 414 0.593 171.83 E"B g
BEH | «aT85-F 2
29 Block2 TOMW 0.0833 0.512 283 0.678 107.94 g
30 Block2 UOMW 0.0833 0337 413 0.042 107.44 - §
31 Block3 TOMW 0.125 0.537 351 0.424 121.19 E %
32 Block3 UOMW 025 0311 513 0254 13529 3 832382 =
~ SaS3S3Sa “;
33  Block 3 Control 0.5 0.438 265 0.678 140.55 &
34 Block 3 Control 0.125 0438 265 0.678 140.55 = — ‘5 =
—_ oo { <]
35 Block3 TOMW 0.0833 0512 283 0.678 107.94 < 9|l FTeaSag : o
> =4 N eneeneen — e < g °
36 Block3 TOMW 0.5 0.393 414 0.593 171.83 % o 2 %
o~ [
37 Block 3 Control 0.0833 0438 265 0.678 14055 < Nl o2 T g2
T) W O 0 Q) =3 kol
38 Block3 UOMW 0 0.219 722 0.297 104.94 3 % g <3 Eﬁ Ol:\. ;E» § g b= E
39  Block3 UOMW 0.5 0206 546 0.169 135.62 5l g s 82
o o
40 Block3 UOMW 0.125 0282 483 0.169 6264 = | & - et e o S %
5| B Soococoo 5 < X
41 Block 3 Control 0 0438 265 0.678 140.55 .z | £ Lhdddd E R w8
42  Block3 TOMW 0 0.348 590 0.551 102.32 2| Al 2| caalaT f@ 2 5 8
=1 o B2 o=
43 Block 3 UOMW 0.0833 0337 413 0.042 107.44 T!: § g S ?g; E)
e T g X
44 Block 3 Control 0.25 0.438 265 0.678 140.55 é ,5 ‘§ § > ;«50 2
A = = Q
45  Block 3 TOMW 0.25 0.488 398 0.554 178.36 5 £ S 5 87 8
7| 5 AR REE
‘8 = ® B & 8 & 8 g
R1: the relative leaf height, R2: the concentration of phenols in the roots, S =& 2z » B2 o 8 5 8
R3: the concentration of chlorophyll (a+b) in the leaves, R4: the concen- % % g g -'é —g 53 & > % 2 7% E = § ‘5
tration of the reducing sugars in the leaves. gl 3 2835l 3EunS | R I2D
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Fig 3 Response R1, relative leaf
height (RLH) in function of
OMW treatment (factor A) at
different dilutions (factor B)
054

0.455

037

RLH

B Dilutions

UOMW and TOMW. This observation is in agreement with
the results found by Asfi et al. (2012), who reported that the
exposure to OMW dilutions of 1:20 and 1:10 resulted in
overaccumulation of total polyphenols in spinach roots plants.
A similar behavior was observed by El Hadrami et al. (2004)
who found that crude and undiluted OMW was lethal when
applied to crops of maize (Zea mays L.) chickpea (Cicer
arietinum L.), tomato, and wheat.

Fig. 4 Response R2,
concentration of phenols in
function of OMW treatment
(factor A) at different dilutions
(factor B)

730

6125

495

R2: [Phenols] mg gallic acid/L

3775

260

B Dilutions
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Control+water

A OMW Treatment

Response R3: Cha+ Chb

The results of the variations of chlorophyll a+b contents in
tomato leaves, obtained by using different combinations of
OMW treatments and dilutions, are summarized in Fig. 5. It is
worth mentioning that the total amount of chlorophyll a and b in
leaves of tomato growth under TOMW was enhanced by 36.3
and 19.4 % compared to the plants grown under UOMW and to

TOMW

uTtoMw

- A OMW Treatment

0 Control +water
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Fig. 5 Response R3,

concentration of chlorophyll a+b 180
in function of OMW treatment

(factor A) at different dilutions

factor B
(factor B) -

120

90

R3: [Cha+Chb] mg/g

B Dilutions

the controls, respectively. Furthermore, the maximum pigmen-
tation observed in tomato irrigated with TOMW was about
171.84 and 174.36 mg/g at a dilution of 1/2 and 1/4, respective-
ly. These concentrations were significantly higher than those
obtained with UOMW (135.62 and 135.29 mg/g at the dilutions
of 1/2 and 1/4, respectively) and those of the control
(140.55 mg/g). According to Ouzounidou et al. (2010), the loss
of chlorophyll content in tomato leaves irrigated with UOMW
may be attributed to the interference of the polyphenols present
in OMW in the formation of chlorophyll. Several researches
attribute OMW toxicity to their phenolic compounds specially
p-coumaric acid and ferulic acid which present phytotoxic ef-
fects toward plants (Yang et al., 2004). Besides, the increase
observed in leaf pigmentation of tomato irrigated with TOMW
can be related to the low content of total phenolics in TOMW
(0.322 g/L) and its nutrient fertilizing contents such as nitrogen
(1.96 g/L), potassium (1.205 g/L), magnesium (439.55 mg/L),
and calcium (1.269 g/L). Hence, the OMW biochemical prop-
erties determined a significant variation in the photosynthesis
activity of plants as showed by the chlorophyll a and b concen-
trations. These findings are in accordance with those found by
Lopez-Piieiro et al. (2007), who reported that the composition
of TOMW, containing organic carbon, total nitrogen, and
available potassium, enriched poor soils and increased crop
yields. Also, Asfi et al. (2012) and Ouzounidou et al. (2008)
emphasized that spinach and pea plants grown under raw and
diluted OMW revealed nutrient deficiency symptoms, since the
uptake and translocation of calcium, iron, magnesium, and po-
tassium were impeded.

The good development of tomato irrigated with TOMW
was probably related to the presence of certain organic acids
(e.g., humic and fulvic acids) resulted from the association of
OMW biodegradation products that provide humification

Control + water

] =

TOMW

A OMW Treatment

processes. As pointed out by Daassi et al. (2014a,b), the cat-
alytic efficiency of laccases was the one responsible for OMW
biodegradation and the association of elements (probably or-
ganic acids) for the humification process. Some studies
(Komilis et al. 2005, Mekki et al. 2006) found that the irriga-
tion with TOMW caused significant shifts in the structure and
function of microbial communities which in turn influenced
soil fertility.

Response R4: Reducing sugars

Sugars are synthesized in the non-photochemical reactions of
photosynthesis. To evaluate the effect of OMW application on
the photosynthesis activity of plants, reducing sugar concen-
trations in leaves of tomato plants were estimated (Fig. 6).

For plants irrigated with TOMW, reducing sugar concen-
trations were comparable to those of the controls, ranging
from 0.424 to 0.678 g/L at different dilutions. However, for
OMW non-treated plants, reducing sugar concentrations were
lower, ranging from 0.042 to 0.297 g/L. The drop in reducing
sugar levels in plants irrigated with UOMW can be explained
by an inhibition of the biosynthesis of reducing sugars as a
result of their high concentrations of phenolic compounds
(Ouzounidou et al. 2010).

The positive effects of the TOMW fertirrigation seemed
evident, provided the photosynthetic activity of tomato can
be further efficiently used for humification purposes in
agriculture.

Optimization of fertilizing treated OMW

An optimization process was carried out to apply TOMW as
an organic fertilizer for tomato growth using the Design-
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Fig. 6 Response R4,
concentration of reducing sugars 068
in function of OMW treatment
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Expert version 7.0 (STAT-EASE Inc., Minneapolis, USA)
software.

The statistical study showed that the application of TOMW
revealed a fertilizer value of tomato plants by improving their
total chlorophyll contents (a+b) and reducing sugars in the
leaves. However, the results obtained under the effect of treat-
ed OMW showed fluctuations for certain dilutions.

The optimization was based on the following three objec-
tives: the minimization of the phenolic compounds in roots

00833
uTOMW

Control + water

A: OMW Treatment

and the maximization of the total chlorophyll (a+b) content
and the reducing sugar content in tomato leaves (Table 4).
The analysis of the statistical data (Table 4) showed that the
best condition for OMW application as a fertilizer was the
growth of tomato under treated OMW at the dilution of 1:4.
This condition led to a minimum value of phenolic content in
roots (398 mg gallic acid/L) and maximum values in total
chlorophylls (a+b) and reducing sugars (0.554 and
178.3626 mg/g, respectively) in leaves. Therefore, at least

Table 4 Optimization

Constraints

OMW Treatment
Dilutions

RLH

[Phenols]

[Reducing sugars
[Cha+ Chb

Number OMW treatment
1 TOMW
2 Control
3 Control
4 Control
5 Control
6 TOMW
7 TOMW
8 TOMW
9 Control
10 TOMW
11 UOMW

Goal Upper limit Lower limit

Is in range Control + water Treated

Is in range 0 0.5

Maximize 0.206 0.537

Minimize 265 722

Maximize 0.042 0.678

Maximize 62.6446 178.3626

Dilution [Phenols] [Reducing sugars] [Cha+ Chb] RLH
0.25 398 0.554 178.362 0.488
0 265 0.678 140.551 0.438
0.0833 265 0.678 140.551 0.438
0.125 265 0.678 140.551 0.438
0.25 265 0.678 140.551 0.438
0.0833 283 0.678 107.940 0.512
0.5 414 0.593 171.839 0.393
0.125 351 0.424 121.195 0.537
0.5 332.655 0,554 138.943 0.381
0 590 0,551 102.327 0.348
0.0833 413 0,042 107.448 0.337
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regarding the monitored parameters, we can assert that OMW,
especially treated by the C. gallica strain, may be utilized as
organic amendment in agriculture under controlled conditions
at a suitable dilution.

Conclusions

Based on statistical analysis of morphological and physiolog-
ical parameters, tomato plants were reported to tolerate C.
gallica treated-OMW (TOMW) irrigation diluted at 1:4. The
test of TOMW application impacts as an organic fertilizer
showed positive effects on tomato growth. Thus, the applica-
tion of OMW, mainly after removal of its phenolic compo-
nents, may be suggested as a good strategy for effective man-
agement of OMW.
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