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Abstract. In order to assess the effects of treated wastewater (TWW) irrigation on soil, a study was
conducted in the TWW irrigated perimeter Cebala-Borj Touil, using the Vicia-micronucleus test and soil
leachates. The study was carried out in 4 sub-perimeters (Cs*, C1o*, C3” and Cio) with different secondary
effluent irrigations histories. The salinity of the soil leachates developed in two directions: (i) salinity
decreased with increasing duration of TWW irrigation for Cs" and Cyo*; (ii) salinity increased with the
longer time since the last TWW irrigation for Cs  and Cio". The heavy metal contents differed between the
studied leachates. Growth parameters and membrane integrity did not show significant differences
between the plants exposed to the leachates and controls (Co). However, the root tips treated with the
leachates showed changes in mitotic activity, induction of micronuclei and appearances of chromosomal
and nuclear abnormalities. The genotoxicity may be attributed to (i) individual effects of contaminants,
and/or (ii) synergetic or antagonist interactions of different contaminants contained in the leachates. The
micronucleus test seems to be a possible early warning system that allows the detection of soil
genotoxicity, whereas growth parameters and membrane integrity did not show any variation during the
2-day exposure period.
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Introduction

Agriculture in arid and semi-arid Mediterranean regions relies mainly on irrigation.
Since the water resources in these regions are scarce, the use of non-conventional water
like wastewater effluent for an irrigation purpose is increasing more and more. Tunisia
is a typical example for Mediterranean region with about 12 million inhabitants, a semi-
arid climate and only 4.8 billion m® of renewable water resources (less than
450 m¥/inhabitant/year). An additional constraint in the country is salinity. About 10%
of the soils and 50% of the water resources are impacted from the salinity with the
concentration of 1.5 g/l or more (Hachicha, 2007).

Thus, to fight water scarcity, Tunisia has adopted a strategy to preserve its water
sources, which includes the use of alternative water sources and the increased control of
water demand in all socioeconomic sectors. Tunisia has a long experience in using so-
called “non-conventional” water resources such as treated wastewater (TWW).
Standards for the Tunisian wastewater treatment plant effluent discharge (TN 106.02
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revised) (JORT, 2018) and reuse in agriculture (TN 106.03, under revision) (INNORPI,
1989) have been established. In these standards, salt, heavy metal, and pathogen limits
in the wastewater effluent were determined. In addition, a list of the plants that can be
irrigated using wastewater effluent was set.

Reuse of effluents in agriculture can be a reliable alternative to cope with the
irrigation water scarcity for farmers. However, long-term irrigation with non-
conventional water may result in long-term gradual changes of soil physical properties
and an accumulation of contaminants like salts and heavy metals. For the risk
assessment of contaminated soils, guidelines based on physicochemical analyses were
developed. However, this approach only covers the direct toxic effects of contaminants
on living organisms, but not the complex synergetic or antagonistic effects. Therefore,
simple physical and chemical analyses do not provide enough information about the
complex effects of pollutants on organisms. Thus, biological tests using higher plants
are necessary to test toxicity, the genotoxicity and the genome disruption. The use of
plant bioassays for testing and monitoring soil and water pollution has many
advantages: these organisms are easy to handle, do not require maintenance, have a
wide applicability and are inexpensive (Grant, 1993).

The micronucleus assay using Vicia faba is a common genotoxicity test for
environmental contaminants. It provides detailed information about abnormal cell
division, micronucleus formation and chromosomal and nuclear damages.
Chromosomal aberrations include chromosome structural aberrations (clastogenesis)
and spindle malfunction affecting the chromosome number (aneugenesis). This bioassay
has been used to assess the genotoxicity of contaminated soil, sediment, organic
material, water, and industrial effluent (Smaka-Kincl et al., 1996; Sta et al., 2012;
Renjana et al., 2013; Cotelle et al., 2015; Corréa et al., 2016). It was used for several
stress conditions such as heavy metals (Souguir et al., 2008, 2011; Yi et al., 2010), olive
mill wastewater (EI Hajjouji et al., 2007), pesticide (Sta et al., 2012) and diesel exhaust
particules (Corréa et al., 2016).

This study is part of a research program evaluating the impact of non-conventional
water application on soil properties, which resulted in many research papers of Tunisian
scientists. The most important subjects were the development of soil salinity, and the
distribution of heavy metals after irrigation with both saline water and TWW, e.g. in
Sfax, Zaouit Sousse, etc. (Klay et al., 2010; Kallel et al., 2012; Belaid et al., 2012;
Ferjani et al., 2013). Other studies focused on xenobiotic organics, polycyclic aromatic
hydrocarbons, polychlorinated biphenyles and organochlorinated pesticides in soils near
Nabeul (Mahjoub et al., 2009; Haddaoui et al., 2016). However, as of our knowledge,
this is a first study that use bioassays to assess the soil state after irrigation with
wastewater effluent. The aim of our work was the use of the Vicia-micronucleus test to
assess genotoxic effects of short and long-term irrigations with secondary effluents on
the soil of Cebala-Borj Touil, the oldest and biggest irrigated perimeter in Tunisia.

Materials and methods
Study area

The study was carried out in the Cebala-Borj Touil area (Fig. 1), the largest irrigation
area in Tunisia, with 3,200 ha of total 8,100 ha irrigated area (about 40%) with
treatment plant effluent. It is located 8 km north of Tunis with an average rainfall of
450 mm/year; the rainy season extends from October to March. The groundwater is
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very shallow and unsuitable for irrigation due to high salinity levels. The effluents were
supplied by the outflow of three wastewater treatment plants (WWTPs) of Great Tunis
(Choutrana, Cherguia and Coti¢re Nord). These plants treat almost 75% of the total
urban, domestic and industrial discharges of the City of Tunis. The WWTPs are
equipped with primary and secondary treatment units to remove organic pollution.

Cebala-Borj Touil TWW irrigated perimeter

—

4100000

4080000
1

Figure 1. Location of the Cebala-Borj Touil TWW irrigated perimeter

Effluents from these plants are discharged to the Mediterranean Sea through the
ONAS and Khelij canals. The wastewater effluent is pumped 4 km downstream of
Choutrana to a buffer reservoir located 120 meters higher than the irrigated farms. Each
year, only a small part of the water is used to irrigate the Cebala area, the rest flows
directly to the sea. Irrigation with treated wastewater started in 1989. The method used
is gravity irrigation, which causes a prolonged stagnation of water in the depressions,
especially in the areas with high groundwater level. The fields are used for winter
farming to grow cereals (wheat, barley, and hay) and fodder crops (berseem, green
barley, and vetch-hay).

The characterization of treatment plant effluent

Table 1 lists annual averages of 2010, 2015, and 2017 of pH, salinity and chemical
elements of the TWW used for irrigation and the Tunisian standard thresholds for the
reuse of secondary effluents in irrigation (NT106.03). In 2017, the TWW was
characterized by a basic pH (7.91) and an average salinity, measured by the electrical
conductivity (EC) of about 5.03 dS/m with high contents of sodium and chloride. The
content of trace elements does not exceed the values of the Tunisian standard, except for
Cr. A comparison of the different years shows an increase in salinity and metal
concentrations.

Soil sampling and extraction

The Cebala-Borj Touil perimeter is composed of many sub-perimeters with silty-
clayey soils. The fine particles (clay + silt) exceed 80% and sand is about 17%. The
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content of organic matter is very low (about 0.7%) compared to high content of total
carbonate of 41%, determined by ISO 10693.

Table 1. Characteristics of the TWW used for irrigation in the Cebala-Borj Touil irrigation
perimeter

Average Standard®
Parameter
20102 2015 2017 NT106.03
pH 8.2 7.82 7.91 6.5-8.5
EC (dS/m) 3.70 4.02 5.30 7.0
ClI- (me/l) - 20.84 39.95 56.6
S04 (me/l) - 8.86 8.72 -
HCOs (me/l) - 10.11 8 -
Na* (me/l) - 21.78 28.61 -
Ca?* (me/l) - 3.17 12.16 -
Mg?* (me/l) - 5.33 9.33 -
K* (me/l) - 0.92 1.07 -
Cd (mg/l) 0.002 0.010 0.002 0.01
Co (mg/l) 0.008 0.020 0.011 0.1
Cr (mg/l) 0.003 0.020 0.117 0.1
Cu (mg/l) 0.008 0.020 0.010 0.5
Fe (mg/l) 0.048 0.210 0.078 5.0
Mn (mg/l) 0.006 0.080 0.036 0.5
Ni (mg/l) 0.022 0.030 0.038 0.2
Pb (mg/l) 0.08 0.030 0.037 1.0
Zn (mg/l) 0.032 0.030 0.009 5.0

aTechnical report (2010-2014)
®Dahmouni et al. (2019)
“Tunisian standard for TWW reuse in irrigation (NT106.03)

For this study, 4 sub-perimeters were chosen. The parcels have different TWW
irrigation histories: The Cs* and Cio* parcels have been irrigated with TWW for 3 and
10 years, respectively. The Cs3~ and Cio™ parcels were initially meant to be irrigated with
TWW for 12 years, but the supply has stopped 3 and 10 years ago, respectively.
Irrigation was stopped for several reasons: the guidelines prohibited cultivation of
vegetables and cash crops in TWW irrigated areas and young people were not interested
any more to work in the agricultural sector. For a correct assessment of the soil TWW
effect, a non-irrigated field Co, with silty-clayey soils and without any irrigation with
secondary effluents, was selected near the studied fields. It was used to determine the
background values for pH, electric conductivity (EC), heavy metals, and genotoxicity.
Soil samples were taken in February 2017 after a rainy period (14 mm) from 0 - 40 cm
using a Dutch auger. A composite sample was obtained from three sub-samples
collected from each plot. The 6 kg mixed soil sample was air-dried and sieved at 2 mm.
The leachate was produced with deionized water with a liquid-to-soil ratio of 1:1. After
shaking with 120 rpm for 8 h, the soil solution was centrifuged with 3,500 rpm for
10 min and then the supernatant was filtered. The leachate was immediately used for the
physicochemical analysis and the plant treatments.
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Leachate analysis

pH and electric conductivity (EC) have been respectively measured with a pH-meter
Lutron pH 211-type and a conductimeter Cond./TDS, AZ 8361-type. Chloride was
measured with the silver-nitrate method and sulfate with the nephelometric method
using barium chloride. Bicarbonate was determined after titration with sulfuric acid.
Sodium and potassium were analyzed by flame emission spectroscopy (Jenway, PFP7)
and calcium and magnesium were determined with the EDTA-complexometric titration
method. Heavy metals in the leachate were analyzed by atomic absorption spectrometry
(Perkin Elmer).

V. faba treatments

V. faba seeds (Tunisian Chahbi variety) were surface sterilized with 10% sodium
hypochlorite, rinsed several times with water and placed on moistened filter paper at
25 °C for 3 - 4 days. Subsequently, the roots were exposed to the 5 soil leachates with
three replicates. After 48 h of exposure, the seedlings were rinsed a few times with
distilled water and divided into three groups: the first was used for growth
measurement; the second to determine membrane integrity and the third for the
micronucleus test.

Growth parameters

Control and treated seedlings were separated into roots and hypocotyls for the
measurement of root length, fresh and dry matters. Root length was determined by
measuring the length of the whole root after the leachate treatments. For each treatment,
the length of, at least, 10 roots were measured. Dry matter was determined after drying
the fresh parts of 27 plants in an oven at 65 °C for 2 to 3 days until constancy weight.

Assessment of the loss of integrity of the plasma membrane

The loss of the plasma membrane integrity was evaluated with three root tips by a
spectrophotometric test with Evans blue as described by Souguir et al. (2011). The first
centimeter of the roots was incubated in 0.025% Evans Blue (m/v) for 30 min, rinsed
for 15 min and squashed in a 800 pl solution of 50% MeOH (v/v) and 1% sodium
dodecyl sulphate (SDS). The root extracts were then incubated for 15 min at 50 °C. The
homogenate was centrifuged at 14,000 rpm for 15 min. The optical density of the
supernatant was determined spectrophotometrically at 600 nm. 9 roots were used to
assess the plasma membrane integrity under each treatment.

Genotoxicity assessment

The genotoxicity of the leachate was tested with the micronuclei of the meristematic
roots of V. faba. The root tips were cut, placed overnight in Carnoy’s fixation solution
containing ethanol and glacial acetic acid (3:1), and stored in the dark in 70% of ethanol
before being hydrolyzed with 1N HCI as described by Souguir et al. (2008). For each
treatment, at least 12 roots were used. The root meristematic tissues were stained with
orcein, squashed between a slide and a coverslip, and finally examined under a research
microscope (Leica DM2500) with 40 or 100 times magnification.

Three slides were prepared for each of the three replicates and a total of 9,000 cells
were observed from nine separate slides per treatment. Mitotic cells were expressed as
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the number of dividing cells in 1,000 observed cells. Micronuclei were observed in both
interphasic and mitotic cells. Only micronuclei observed in interphases were counted
and expressed in terms of micronuclei per 1,000 interphase cells.

The cells were also scored for micronuclei in dividing cells, clastogenic (bridge,
fragment and stickiness,) and aneugenic (non-disjointed and isolated chromosomes)
abnormalities. The number of each abnormality was expressed per 100 cells. The
preparations were photographed with a digital camera (Canon EOS 1100) attached to
the microscope.

Statistical analysis

The results are presented as the means =+ standard deviation (SD) obtained from three
replicates. All the treatments were compared to the leachate of the site Co. Significant
differences were determined by Tukey’s test at the 0.05% confidence level with the
SPSS software (IBM SPSS statistics, v20).

Results
Leachate characterization

pH, salinity, and ionic composition of the leachates are shown in Table 2. The pH
was basic from 7.75 to 8.19 with no difference between irrigated and non-irrigated soils
(8.04). The salinity of soils irrigated with secondary effluents was higher compared to
the 0.69 dS/m of the control soil (Co). Two trends are visible: (i) On soils with
continuous irrigation, the salinity decreased with increasing irrigation duration. The soil
with 3 years of continuous TWW irrigation showed an EC1:1 (2.03 dS/m) higher than
soils receiving TWW for 10 years (1.07 dS/m); (ii) Salinity increased in periods without
a TWW irrigation from about 3.5 dS/m on Cs™ t05.03 dS/m after 10 years on Ciq™.

Table 2. pH, salinity and ionic composition of leachates

Parameters Co Cs* Cuwo* Cs Cio
pH 8.04 £ 0.02a 8.0+0.00a | 8.19+0.00a | 8.03+0.01b | 7.75+0.03a
EC (dS/m) 0.69+0.02a | 2.03+0.00c | 1.07+0.00c | 3.50+0.01b | 5.03+0.02d

lonic composition

CI (me/l) 3.29+162a | 8.46=+0.00b | 1.88+0.81b | 9.40+0.81a |36.19+4.07c
HCO3 (me/l) 4.66+0.28b | 8.00+1.32ab [5.83+0.28bc| 5.50+0.50c | 3.00=+0.50a
SO (me/l) 7.46+0.62ab | 8.64+1.85b | 5.50+2.22b | 9.82+0.56a |25.98=+0.52¢c
Na* (me/l) 3.75+0.22a | 11.90+3.90b |5.55+0.34ab | 8.71+=0.09ab |36.30 = 5.28¢c
Ca?* (me/l) 2.66+0.28a | 4.33+2.02a | 2.33+0.28a | 3.00+0.50a |10.66+2.75b
Mg?* (me/l) 3.66+1.25ab | 2.83+1.52ab | 1.83+0.76b | 5.66+0.28a |10.33+2.02¢c
K* (me/l) 0.02+0.00a | 0.35+0.06d | 0.05+0.00d | 0.14+0.00b | 0.07 +0.01c

Co: never irrigated; Cs*: irrigated for 3 years; Cio": irrigated for 10 years; Cs™ not irrigated for 3 years
and Cyo: not irrigated for 10 years. Values are mean + SD. Different letters indicate significant
differences at P < 0.05 according to Tukey’s test

The leachates were also analyzed for trace elements (Fig. 2). For the soil Co, the Co
and Cd contents were lowest, the concentrations of Cu ranged from 0.005 to 0.009 mg/I,
for Ni and Pb from 0.000 to 0.007 mg/l, and for Cr from 0.001 to 0.014 mg/l. The Mn
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and Fe contents were highest in Co reaching 0.018 mg/l Mn and 0.5 mg/l Fe. Heavy
metal contents in irrigated soils were higher than in Co. The highest ranges of Cd,
(0.010 - 0.017 mg/l) and Fe (0.762 - 0.872 mg/l) were observed in Cio" while the
highest concentrations of Cu, Co, Pb, Ni and Cr were detected in C1o". In this soil leachate
(C10), the heavy metal contents varied between 0.010 and 0.017 mg/l for Cu, between
0.005 and 0.013 mg/l for Co, between 0.021 and 0.044 mg/l for Pb and Ni, and between
0.124 and 0.161 mg/I for Cr.
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Figure 2. Boxplots for the heavy metal compositions in soil leachates. The horizontal lines
within the boxes represent the median values. Co: soil never irrigated with the TWW; Cs" and
Cio': soils irrigated for 3 and 10 years, respectively; Cs” and Cio™: soils not irrigated for 3 and
10 years, respectively. Different letters indicate significant differences at P < 0.05 according to
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Growth parameters and membrane integrity

The V. faba growth parameters were recorded after 48 h of exposure to the leachates.
The root length measurements did not show significant differences between control and
treated plants (Table 3). Likewise, fresh and dry matter and the area of the roots were
not different from the control.

Table 3. Growth parameters of the V. faba seeds exposed to different leachates

Parameters Co Cs* Cuo* Cs Cuo
Root length (cm) 3.10+£0.60a 2.80+0.50a | 3.07+0.29a 2.70+0.50a | 3.60=+0.50a
Fresh matter (q)

Root 0.41 +0.05a 0.45 + 0.00a 0.40 + 0.04a 0.46 +0.03a | 0.42+0.05a
Hypocotyl 0.25 + 0.06a 0.20 £ 0.07a 0.23 + 0.06a 0.23+0.05a | 0.17 +0.04a
Dry matter (g)
Root 0.02 +0.00a 0.02 £ 0.00a 0.02 + 0.00a 0.03+0.00a | 0.02+0.00a
Hypocotyl 0.01 £ 0.00a 0.01+0.00a | 0.01+0.00a 0.01+0.00a | 0.01+0.00a

Co: soil never irrigated with the TWW,; Cs* and Cio™: soils irrigated for 3 and 10 years, respectively; Cs
and Cyo: soils not irrigated for 3 and 10 years, respectively. Values are means + SD. Different letters
indicate significant differences at P < 0.05 according to Tukey’s test

The leachates did not influence the plasma membrane integrity (Fig. 3), measured by
Evans blue absorption.
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Figure 3. Plasma membrane integrity as determined by the Evans blue absorption of the V. faba
root extracts while exposed to the soil leachate. Co: soil never irrigated with the TWW; Cs* and
Cio': soils irrigated for 3 and 10 years, respectively; Cs and Cio™: soils not irrigated for 3 and
10 years, respectively. Values are means = SD. Same letters indicate no significant differences
at P < 0.05 according to Tukey s test

Evans Blue Absorbance (DO/g M)

Genotoxicity assessment

Figure 4 depicts the effect of the leachates on cell division and micronucleus
induction. The response of the mitotic cycle to the leachates was different. Co cells
examined under microscope showed 37 divided cells per 1,000 counted cells. The
frequencies of the mitotic phases increased significantly in C1o" and Cs". The highest
value was observed in Cio" (53 divided cells per 1,000 counted cells). However, in
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soils receiving irrigation for 3 years (Cs") and those without TWW irrigation for
10 years (Ci0), the values dropped to less than 25 divided cells per 1,000 counted
cells in Cio-.

Concerning micronucleus formation, only cells in interphase with one micronucleus
were scored (Fig. 4). The control soil showed an induction of 30 micronuclei per 1,000
cells. The micronuclei formation in Cs*, C10" and C3” was increased by a factor of 2 to 3
compared to Co. C10” was the only treatment with a micronuclei formation similar to Co.
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Figure 4. Number of cells in mitotic phases and micronucleated cells recorded between 1,000

cells in V. faba roots under exposure to the leachates. Co: soil never irrigated with the TWW;

Cs" and Cyo": soils irrigated for 3 and 10 years, respectively; Cs” and Cyo™: soils not irrigated

for 3 and 10 years, respectively. Values are means + SD. Different letters indicate significant
differences at P < 0.05 according to Tukey’s test

Simultaneously to the micronucleus formation, more or less similar types of
aberrations were noticed as a response to the treatment with leachates (Fig. 5). The
clastogenic aberrations include chromosome bridges, fragments and stickiness. Bridges
were the most common structural aberration found in all treatments with values from
0.6 to 1.1 aberrations in 100 counted cells. Fragments were also noted in the anaphases
and the telophases (Fig. 5) and stickiness, the less common clastogenic aberrations
(0.04 - 0.37%), were only observed in the prophases and the metaphases.

Aneugenic aberrations linked to the disfunction of the mitotic spindle included
vagrant chromosomes, multipolar division and lagging chromosomes. In our study, we
presented only lagging chromosomes aberrations, enclosing non-disjointed and isolated
chromosomes (Fig. 5). The non-disjointed chromosomes frequency varied between 1
and 1.54%, while isolated chromosomes ranged between 0.7 and 1.3%.

The nuclear abnormalities like buds, lobulated nuclei, irregular shapes and pyknoses
were also observed in cells exposed to the leachate (Fig. 6).

Discussion

In order to assess the effect of irrigation with secondary effluents on soils, 4 parcels
with 4 different irrigation histories were chosen: 3 and 10 years of continuous
irrigation (C3™ and C1o", respectively) and 3 and 10 years after TWW irrigation arrest
(Cs™ and Cyo, respectively). In addition, a soil near the studied parcels never irrigated
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with TWW was used as control (Co). All analyses were based on the leachate
extracted from the surface layer of the soils. The leachate method allows the detection
of the genotoxic and/or mutagenic chemicals which are not adsorbed by the solid
particles (Cotelle et al., 2016).
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Figure 5. Abnormalltles induced in the root-meristematic zone of the V. faba while exposed to
the leachates of soils irrigated with the TWW in the Cebala-Borj Touil perimeter. Clastogenic
abnormalities include bridges, fragments and stickinesses. (a) the percentage of bridges; (a1)
the bridge in anaphase; (a.) two bridges in anaphase; (as) the bridge break; (a.) the bridge
break (1) with a chromosome fragment (2). (b) The percentage of fragments; (b1) the fragment
(1) and the isolated chromosome (2) in the anaphase; (b2-bs)- the fragment in telophase; (bs)
two fragments in the telophase. (c) The percentage of stickiness; (c1) the stickiness in prophase;
(c2) the stickiness in the beginning of the telophase; (cs) the stickiness in the metaphase. The
aneugenic abnormalities were represented by laggings. (d) The percentage of the non-disjointed
chromosomes; (di1-d2) the non-disjointed chromosomes in the anaphase, (ds) the non-disjointed
chromosome (1) and the micronucleus (2) in the telophase; (ds) the non-disjointed chromosome.
(e) The percentage of the isolated chromosomes; (e1) the isolated chromosome in anaphase; (e2)
the isolated chromosome in the telophase; (es) two isolated chromosomes in the telophase; (es)
the isolated chromosome in the telophase ending. In a, b, ¢, d, and e, values are means + SD.
Different letters indicate significant differences at P < 0.05 according to Tukey s test
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Figure 6. Nuclear abnormalities induced in the root-meristematic zone of V. faba under
exposure to the leachates of soils irrigated with the TWW in the Cebala-Borj Touil perimeter.
(a) The nucleus with a bud; (b) the nucleus with two buds; (c) the bimicronucleated cell with a

budding nucleus; (d-e) the lobulated nuclei with irregular shape; (f) the pyknosis
(magnification: 1000x)

Most Tunisian studies showed an increase of salinity after irrigation with wastewater
effluents (Klay et al., 2010; Belaid et al., 2012). The high salt content of Tunisian TWW
is also an effect of the high initial salinity of the water used for irrigation. The water
used for domestic purposes (drinking water) reached already 2.3 dS/m (1.5 g/l). The
salinity of the secondary effluent is also influenced by side effects like the treatment
plant location which may be near a salty lake and the sea or the infiltration of salty
groundwater into the sewer network (Bahri, 2002). The long-term effects of irrigation
with secondary effluents on calcisol fertility were analyzed by Belaid et al. (2012) for a
soil near Sfax. They found that the 15-year irrigation period added a significant amount
of ions and increased the soil salinity up to 4 dS/m, even after the improvement of the
TWW quality. Another investigation near Zaouit Sousse also revealed an increase of the
soil salinity during the irrigation period (Klay et al., 2010). The depth profile showed an
increase of salinity from top to the bottom (120 cm) with high levels in the deep
horizons due to the downward salt transport caused by irrigation and winter rainfall.

In the irrigated perimeter Cebala-Borj Touil, the surface layer salinity is different.
Despite the sampling after a rainy period with salt leached to the bottom of the soil, the
ECy1.1 measurements exhibited different trends between soils with continuous irrigation
and others where irrigation was stopped. Even irrigation with high salinity of TWW
(5.26 - 5.36 dS/m) decreased the ECy:1 of the leachate from 2.03 dS/m after 3 years of
TWW irrigation to 1.07 dS/m after 10 years. On the plots where TWW irrigation was
stopped 10 years ago, salinity increased to 5 dS/m. These salinity trends are probably
related to the shallow and very saline groundwater with levels of 12 and 14 dS/m (2014
- 2015) (Dahmouni et al., 2019) and an average groundwater level of less than 150 cm.
During rainfall events, it can reach the surface because of insufficient drainage. Soil
salinity may be significantly reduced after irrigation, because of leaching of salts to the
lower horizons. In our case, the TWW reuse seems to decrease the soil salinity. This
theory was supported by the second salinity tendency, which highlighted increases of
the EC after TWW irrigation was stopped.
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In addition to salt, secondary effluents can contain significant amounts of toxic
metals which can accumulate up to critical levels in the soil. The heavy metals of the
leachates were compared to the Co soil used as control. We found an increase of heavy
metals in soils under long-term irrigation with TWW compared to the non-irrigated
soil (Co). Our results also confirm the findings of Khaskhoussy et al. (2015) about the
effect of summer irrigation with TWW on Cebala soils. They found a significant
increase of Zn, Co, Cu, Cd, Pb and Ni contents in 0 - 120 cm depth after the
application of TWW. Klay et al. (2010) carried out another investigation of the
development of the total load of heavy metals after long-term irrigation with the
Sousse secondary effluent. The heavy metal contents of this effluent, used for
irrigation during 14 years, were relatively low except for Cd and Pb, which exceeded
the Tunisian guideline values (TN106.03) and therefore accumulated preferentially in
the deep horizons. The mobility of the heavy metals and their vertical distribution are
closely related to the soil physicochemical parameters such as pH and salinity and to
the quality of the irrigation water. In our study, the highest contents of Cd and Fe were
found in the leachate of the soil with the longest TWW irrigation (C10%), while the
highest contents of Cu, Co, Pb, Ni and Cr were found in the leachate of the soil where
irrigation with TWW stopped 10 years ago (C10’), and where salinity was highest. It
has been reported that increasing salinity reduces the organic complexation of the
majority of metals as an effect of the increasing competition for available sites
(Mantoura et al., 1978). This induces the solution from the solid phase and the
leaching to the groundwater. The contamination of the Cebala groundwater and
drainage water with heavy metals has been reported. Works, conducted by Dahmouni
et al. (2018) and Dahmouni (2019), showed higher levels of Cd, Cr, Co and Pb levels
compared to the TN106.02, Tunisian standard relative to the discharge of the
wastewater effluents. This standard fixes the maximal levels of Cd, Co, Ni and Pb on
0.005 mg/l, 0.01 mg/l, 0.2 mg/l and 0.1 mg/I, respectively.

In this work, the analysis of the physicochemical proprieties of the leachates was
completed by a genotoxic study with a V. faba root-micronucleus assay. This test is a
widespread and reliable technique in ecotoxicology to assess the contamination of
matrices like waters and soils (Zhang et al., 2004; Song et al., 2007; Cotelle et al., 2016;
Souguir et al., 2019). The micronucleus test can be performed with pH values ranging
between 3.5 and 9.0 for a more accurate evaluation of the chemical genotoxicity
(Dyévre et al., 2014). Up to now, no test of the TWW effect on the soil has been carried
out with this method in Tunisia. Contamination risks were only evaluated based on
physicochemical properties (Klay et al., 2010; Belaid et al., 2012). First, V. faba growth
parameters and membrane integrity were measured. Root length, weight of fresh and
dry matters of the plant organs and the Evans blue absorption did not show significant
differences between the plants exposed to leachates and the control Co. However, the
root tips showed genotoxic effects of the leachates, like changes of cell division,
micronuclei, and abnormal chromosomes and nuclei.

The mitotic activity increased significantly in the roots exposed to Cio" and Cs
compared to the control Co. Such effects were observed under a low concentration of
the NaCl by Radic et al. (2005) who found that a salt concentration of 150 mM
markedly increased the mitotic activity in the cell-root tips of Centaurea ragusina.
However, Teerarak et al. (2009) proved that all NaCl concentrations between 40 and
160 mM inhibited cell division in the root tips of Allium cepa. A decline of the mitotic
activity was also noticed especially in C1o” compared to Co, which may be attributed to
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the mitotic inhibition by contaminants in the leachate. They prevent or block the
formation of various metabolites necessary for a normal sequence of mitosis. The
reduction could also be caused by the blocking of the G2-phase in which tubulin is
required for the formation of the mitotic spindle (Mahoney et al., 2006).

The Co genotoxicity may result from the whole (antagonist/synergic) effects of
contaminants present in this soil. The TWW irrigation seems to increase the
micronucleus formation in soils with 3 and 10 years of TWW irrigation 2 to 3 times
higher than the Co soil. The highest level of micronucleus was observed after 10 years of
irrigation in soil with low salinity and high concentrations of Cd and Fe. The end of
TWW irrigation 3 years ago still maintained genotoxic character of the soil through a
high induction of micronucleus. However, the end of TWW irrigation 10 years ago did
not influence the micronucleus formation and no significant difference was found
between Co and Cio, apparently because of the low level of cells in mitotic division
which also decreased the formation of micronuclei. The Cio™ leachate had the highest
concentrations of Cu, Co, Pb, Ni and Cr. The sensitivity of the micronucleus assay to
the heavy metals is well studied and many authors reported that the micronucleus
frequency increased with increasing heavy metal concentrations and until it reaches a
maximum beyond which fewer micronuclei were formed (Godet et al., 1996; Zhi-gang
and Qiao-gu, 2009; Foltéte et al., 2012). Wang (1999) found a positive correlation
between the micronucleus frequency and Cr contents in Cr-contaminated soils. Other
positive correlations were found between the micronucleus induction and Cu, Cd, Co
and Fe concentrations in paddy soils taken from an area where electronic waste was
deposited (Jun-hui and Hang, 2009). C10” was also the leachate with the highest salinity
(5.03 dS/m). The genotoxic character of salts has been previously studied by Teerarak et
al. (2009) who showed the existence of micronucleus and chromosomal abnormalities
under NaCl treatments. Recently, the higher incidence of micronuclei and the various
types of chromosomal and nuclear aberrations were also investigated under either direct
exposure to NaCl solution or indirectly through the leachate of a salty soil in the V. faba
root tips (Souguir et al., 2017, 2018).

The slides prepared for the mitotic activity assessment and the micronucleus
formation were used to detect the chromosomal and nuclear abnormalities in the root
tips exposed to the leachates. The clastogenic aberrations included chromosome
bridges, fragments and stickiness. The bridge was the most important structural
chromosomal abnormality. It was found in all treatments and it is lethal for the cell
(Hall and Garcia, 2006). It may be induced by some clastogenic substances in the
leachates. Stickiness reflects a highly toxic and usually irreversible effect leading to cell
death (EI Ghamery et al., 2000). It is caused by DNA depolymerization, DNA
condensation and the physical adhesion of the chromosomal proteins (Osterberg et al.,
1984; Patil and Bhat, 1992). In our study, stickiness was the less abundant clastogenic
aberration with values between 0.04 and 0.37%.

In addition to the clastogenic abnormalities, the contaminants in the leachates seem
to interrupt or cause a malfunction of the spindle function, an inappropriate
chromosomal segregation when daughter cells are formed. In our study, the spindle
alteration was detected through the appearance of lagging chromosomes in the anaphase
and the telophase. Lagging chromosomes included non-disjointed and isolated
chromosomes. The daughter cells enclosing a lagging chromosome may be formed with
unequally sized or irregularly shaped nuclei during the interphase (EI Ghamery et al.,
2003).
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Nuclear abnormalities are characterized by morphological alterations in interphasic
nuclei. These alterations were observed in V. faba under treatments and considered as
nuclei carrying nuclear buds, lobulated nuclei with irregular shape and pyknosis. Cells
with nuclear buds contain nuclear bodies connected to the main nucleus by a thin
nucleoplasmic bridge (Bolognesi et al., 2013). Nuclear buds may emerge from the
elimination of exceeding genetic material derived from polyploidization (Fernandes et
al., 2007; Bolognesi et al., 2013). Irregular nuclei were also observed by Fernandes et
al. (2007), who suggested that nuclear altered morphology occurred before the nuclear
buds formation. Such nuclear alterations (irregularly shaped nuclei and nuclear buds)
were attributed to NaCl (Souguir et al., 2018), Pb, Cr and Cu ions (Liu et al., 1992,
1994; Abdel Migid et al., 2007). Pyknosis detected in cells exposed to the leachates was
an irreversible condensation of chromatin in a nucleus of dying cells (Thomas et al.,
2008).

The micronucleus test with soil leachates seems to be well suited to detect the
genotoxicity, whereas growth parameters and the membrane integrity did not show
any variation during the 2-day exposure period. A study of the sequential effects of Cd
on genotoxicity and lipoperoxidation of V. faba roots during 48 h (Souguir et al.,
2011) showed that the genotoxicity events occurred 12 h after Cd exposure and the
prior plasma membrane integrity and the lipid peroxidation. The same metal was used
in the study of Foltéte et al. (2012) who found an early genotoxicity effect of a Cd-
spiked soil, while the first signs of toxicity appeared in the V. faba after a 2- month
exposure period.

The genotoxicity detected in the Cebala leachates may be attributed to (i) the
individual effects of contaminants, and/or (ii) the effects of synergic or antagonist
interactions. Contaminants included salts, heavy metals and many other substances
contained in TWW but not identified in our study. In addition to the effects of salts and
heavy metals on cell division, micronucleus induction and chromosomal and nuclear
abnormalities, salinity strongly enhances the uptake of heavy metals by plants due to the
increasing mobility in the soil solution, even in an agricultural soil with very low
concentrations of metals. The increased mobility of heavy metals depends on the total
amount in the soil and the type of salt. It is attributed to the complexation of the salt-
derived anions with heavy metals and to the competition between salt-derived cations
with heavy metal ions for sorption sites on the solid phase (Hatje et al., 2003; Acosta et
al., 2011). Such an effect has been mainly studied with Cd. This element is one of the
most dangerous metals due to its high mobility and to the low concentration at which it
affects plants (Benavides et al., 2005; Rasheed et al., 2020).

The irrigation with TWW does not only add salts and heavy metals to soils, but
also other contaminants from both domestic and industrial discharges. The transfer of
the organic pollutants from the secondary effluents to the soils and their relative
genotoxic effects has been broadly studied (Mahjoub et al., 2009; Haddaoui et al.,
2016).

The genotoxicity observed in the root tips may also be due to the indirect effects of
contaminants through the generation of free oxygen radicals or the alteration of the
calmodulin synthesis or function (Unyayar et al., 2006; Souguir et al., 2011).
Calmodulin is specifically located in the mitotic spindle, it is involved in the movement
of chromosomes and the control of polymerization and depolymerization of
microtubules (Means and Dedman, 1980).
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Conclusion

This study investigates the effects of irrigation with TWW on cultivated soils using
the micronucleus assay. The leachates from the first soil layer (0 - 40 cm depth) have
different irrigation histories and exhibit different salinity levels, and various heavy
metals. The genotoxicity was not accompanied by changes of growth parameters or
membrane stability, which may confirm the role of the micronucleus test as a predictive
biomarker of the harmful effects of long-term irrigation with the TWW on plants.

Two lessons can be learned from this work. The first concerns the agricultural use of
TWW in semi-arid Mediterranean regions and the second relates to the use of
genotoxicity biotest. Concerning the use of TWW, continue irrigation leads, even if
standards are respected, to an increase in soil salinity and contamination by heavy
metals which varies according to the metal. This evolution depends on the management
of irrigation, whether continuous or intermittent. Despite the fact that, in our case, soil
contamination would not be serious, more effort should be given to improve the quality
of the secondary effluents at the outlet of the treatment plants and control soil and
drainage system. For the use of the biotest, it proves very useful to evaluate in a
thorough way, the risks on the crops before irrigation and during the irrigation cycles. It
thus appears to be a powerful tool for the detection of anomalies that it would be
recommended to integrate it into the control programs of the soils irrigated by TWW.
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