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bstract

We have studied the changes in the physiology and nutritional quality of Lycopersicon esculentum exposed to olive mill wastewater (OMW)
ith regard to cultivation in sand and soil. Tomato plant performance decreased with increasing concentration of OMW to both substrates. Root
as more sensitive to OMW than the upper parts of the plants, grown either in sand or in soil for 10 days and 3 months, respectively, probably
ue to the direct OMW toxicity on roots as compared to other parts. Significant restriction on uptake and translocation of nutrients (K, Na, Fe,
a and Mg) under OMW application was found. The decrease in the photochemical efficiency of PSII photochemistry in the light adapted state

−
nd the big decrease in photochemical quenching, indicate that OMW resulted in diminished reoxidation of QA and started to inactivate the
eaction centers of PSII. The OMW supply on soil and sand, resulted in leaf water stress and lesser water use efficiency. Plants treated with high
MW concentration, produced fewer but bigger tomatoes as compared to plants treated with lower OMW concentration. Generally, fruit yield and
utritional value was inhibited under OMW application.

2008 Elsevier B.V. All rights reserved.
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. Introduction

There is a growing public concern about the environmental
mpact of industrial development and population expansion in
ecent decades [1]. The continuous inputs of wastes on agri-
ultural land have, caused imbalance in ecosystems. The olive
il production of Mediterranean countries represents ca. 98%
f the entire worldwide production [2]. The industrial olive
il sector generates large quantities of solid and liquid wastes

nd by-products in these countries during a short period of
ime (November–February). Around 30 million m3 of olive mill
astewater (OMW) are produced annually in the Mediterranean

Abbreviations: E, transpiration rate; F ′
v/F

′
m, photochemical efficiency of

SII photochemistry in the light adapted state; gs, stomatal conductance; OMW,
live oil mill wastewater; Pn, assimilation rate; qN, non-photochemical quench-
ng coefficient; qP, photochemical quenching coefficient; WUE, water use
fficiency.
∗ Corresponding author. Tel.: +30 2102845940; fax: +30 2102840740.

E-mail address: geouz@nagref.gr (G. Ouzounidou).
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rea, causing environmental concern [3]. The disposal and treat-
ent of this liquid waste, are the main problems of the olive

il industry because of its high organic load and content of
hytotoxic and antibacterial phenolic substances, which resist
iological degradation [4]. OMW has also a high potassium
oncentration and notable levels of nitrogen, phosphorus, cal-
ium, magnesium and iron, important factors in soil fertility.
arious authors have demonstrated that the controlled spread-

ng of OMW on cultivated fields does not induce phytotoxic
ffects on tree and crop species [5]. However, other authors
ave observed negative effects on plants and soil properties
hen OMW is used directly as an organic fertiliser [3,6]. In

act, it is shown that phenolic components were responsible for
he phytotoxicity of OMW. The toxic effect on higher plants is
specially severe during germination and seedling development
3,7]. It is of paramount importance to evaluate the ecotoxi-

ological risks associated with the release of this waste in the
nvironment.

Much research has been focused on the OMW effect on ger-
inability of several vegetables [3,8,9], but little information

mailto:geouz@nagref.gr
dx.doi.org/10.1016/j.jhazmat.2008.01.100
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Table 1
Physicochemical properties of raw OMW used as nutrient solution

Parameters Three-phase OMW

pH 4.8 ± 0.2
Total proteins (g l−1) 2.6 ± 0.75
COD (mg l−1) 36800 ± 170
TOC (mg l−1) 26600 ± 670
Total phosphorus (mg l−1) 9.51 ± 1.2
Total phenols (mg l−1) 27.5 ± 3.5
Potassium as K2O (mg l−1) 3840 ± 310
Total nitrogen (mg l−1) 370 ± 58
Tannins (g l−1) 2.2 ± 0.8
Total suspended solids (TSS, %) 1.1 ± 0.5
Fatty acids (%)
Myristic acid (C 14:0) 2.82
Palmitic acid (C 16:0) 10.75
Palmitoleic acid (C 16:1) 0.84
Stearic acid (C 18:0) 3.10
Oleic acid (C 18:1) 69.70
Linoleic acid (C 18:2) 9.40
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s given on the OMW effect on the whole stages of plant devel-
pment.

The photosynthetic reactions, both electrons transport as well
s CO2 assimilation are of primary interest in the context of the
oxic effects of various stressors on plants. The fluorescence
ield of chlorophyll a, is dependent on the micro-environment
n the thylakoid, therefore indicating structural or organiza-
ional changes of the chloroplast membranes and elucidating
he physiological and biochemical bases for changes in the abil-
ty of leaves to assimilate CO2 [10,11,12]. Early changes of
arious tissue characteristics in vegetables have been identified,
ncluding respiration, vitamin C and chlorophyll content [13],
hich are considered sensitive indicators of changes in tissue

ondition after harvest. Living cells of harvested plant prod-
cts respire continuously, utilizing stored reserves and oxygen
rom the surrounding environment, and releasing carbon dioxide
14]. Respiration rate is one of the most important indicators of
enescence in fruit, as are weight loss, pigment content, firmness
15].

Tomato (Lycopersicon esculentum Mill.) is one of the
ost important vegetables worldwide because of its high con-

umption, year around availability and its large content of
ealth-related components. Furthermore, it is an important sup-
lier of nutrients such as folate, potassium, vitamins A and C,
avonoids and carotenoids [16]. In the present study, cherry

omato was chosen as a model plant to monitor the effects of
arious OMW dilutions because it is often grown in the same
reas where olive is widespread.

Two separate experiments were made in order to (a) inves-
igate the differential phytotoxic effects of OMW applied in
ifferent growth substrates (sand and soil) and to (b) detect the
MW toxic symptoms on yield and physiology of tomato.

. Materials and methods

.1. Plant material and growth conditions

Experiments were conducted on OMW obtained from a three-
hase olive mill plant located near the city of Kalamata, Southern
reece. The samples were stored in big PVC vessels tightly

losed at 4 ◦C before use. Their characteristics summarized
n Table 1. The cultivated soil exhibited the following char-
cteristics: pH 7.2, water holding capacity (%) 85, electrical
onductivity (mS cm−1) 4.23, organic matter (%) 12.0, C.E.C.
mequiv. 100 g−1) 30.4, total salt content (%) 0.28, exchangeable
a (mequiv. 100 g−1) 0.56.
The seeds of L. esculentum, cv. Principe Borghese were sown

n sterilized sand and left for 10 days germination. Then the
eedlings were transferred either into cultivated soil filled pots
r into sterilized sand filled pots (one plant per pot). The pots (5 l
ach) were daily irrigated with full strength Hoagland nutrient
olution [17]. A total of 30 pots (15 pots for soil experiments and
5 pots for sand experiments) were placed in a randomized block

esigned in a growth chamber programmed for 16 h photoperiod
ith photosynthetic photon flux density of 500 �mol m−2 s−1 at
lant level, temperature 21/19 ◦C day/night and relative humid-
ty 65/75%. One-month-old plants cultivated either in soil or in

c
t
1
2

rachidic acid (C 20:0) 0.49
inolenic acid (18:3) 1.6

alues are the mean of three measurements ± S.E.

and were subjected to OMW treatments. Three types of solu-
ions were used: control-Hoagland, 1:20 OMW dilution and 1:10
MW dilution adjusted to a pH 5.2 ± 0.1.
Soil experiments lasted for 3 months and were terminated

hen all plants had fruits, while sand experiments lasted for
nly 10 days due to intense lethal symptoms.

.2. Metal accumulation

Plants were uprooted from the pots with the help of fine jet
f water, causing minimum damage to the roots, were washed
horoughly with running deionized water, and were blot dried.
ifferent parts of the plant were separated manually, cut in small
ieces and oven dried (100 ◦C for 24 h). The contents of K, Na,
e, Ca and Mg were determined by atomic absorption spec-

rophotometry after wet-digesting in 4:1 (v/v) HNO3–HClO4
18].

.3. Photosynthetic pigments analysis

Chlorophylls (a + b) and total carotenoids (x + c) of the
oungest fully expanded leaf, were quantitatively measured in
he same 100% acetone extract by spectrophotometry using the
e-determined extinction coefficients [10,12].

.4. Gas exchange–chlorophyll fluorescence measurements

Leaf gas exchange measurements were coupled with mea-
urements of chlorophyll fluorescence using an open gas
xchange portable system (LI-6400; LI-COR, Inc., Lincoln, NE)
ith an integrated fluorescence chamber head (LI-6400-40 leaf
hamber fluorometer; LI-COR, Inc.) [19]. Measurements on
he youngest mature leaves were conducted between 9:00 and
2:00 h. Leaf temperature inside the cuvette maintained between
5 and 27 ◦C and cuvette relative humidity was about 60%.
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he CO2 concentration at the reference infrared gas analyzer
IRGA) was maintained at 400 �mol mol−1 by means of a 12 g
O2 cylinder and the 6400-01 CO2 injector, with the airflow

ate through the chamber maintained at 400 �mol s−1. Leaf gas
xchange measurements were calculated by the LI-6400 oper-
ting software, according to the method of von Caemmerer and
arquhar [20].

In vivo chlorophyll fluorescence was measured on the upper
urface of the fully expanded younger leaves after they were
eft for 30 min to dark adaptation, at room temperature. Differ-
nt values were selected in order to determine any structural
nd functional changes of the photosynthetic apparatus under
MW dilutions: the Fv/Fm (maximal photochemical efficiency
f PSII photochemistry in the dark adapted state), the F ′

v/F
′
m

photochemical efficiency of PSII photochemistry in the light
dapted state), qP (photochemical quenching) and qN (non-
hotochemical quenching) [17].

.5. Respiration rate measurements

A sample of three fruits was used to measure respiration. Gas
xchange measurements (CO2) were made on individual fruits
n glass jars. These jars were placed at 20 ◦C. One millilitre of the
as sample was removed using a special syringe, after the jars
ad been closed for 1 h, and injected into a gas-chromatograph
erkinElmer 8700 with a thermal conductivity (TC) detector.
ll results are expressed as mg CO2 kg−1 h−1.

.6. Chemical analysis
The ascorbic acid content of tomato fruits was estimated
y macerating the fruit sample mechanically with a stabilis-
ng agent (5% metaphosphoric acid) and titrating the filtered

s
t
d
m

able 2
ffect of three OMW dilutions on root, shoot and leaf characteristics (n = 12, ±S.E.
and (2)

orphological parameters OMW dilutions

Control (0)

oot biomass (g FW)
1 42.2 ± 2.2a
2 4.5 ± 0.5a

hoot biomass (g FW)
1 426.5 ± 19.2a
2 6.6 ± 0.9a

oot length (cm)
1 45.0 ± 2.1a
2 18.4 ± 1.4a

hoot length (cm)
1 124.0 ± 12.0a
2 30.1 ± 3.5a

eaf area (LA, cm2)
1 30.3 ± 2.2a
2 17.0 ± 1.5a

eans followed by a different letter within a row are significantly different at p < 0.0
ous Materials 158 (2008) 523–530 525

xtract with 2,6-dichlorophenolindophenol. An automatic digi-
al refractometer of the firm Index Instruments UK, type GPR
2-70, was used to determine the Soluble Solids of the fruit
amples. Results were expressed as Brix at 20 ◦C. Glucose and
ructose were determined with an HP 1100 Series High Perfor-
ance Liquid Chromatograph refractive index detector (RID)

sing a reverse phase column 250 mm × 4 mm of Lichrosphere
H2 bonded to microparticulate silica of 5 �m diameter main-

ained at 37 ◦C. Injection of 20 �l of sample solution into a
obile solvent of H2O/AcCN: 25:75 (v/v) with a flow rate

f 1.1 ml min−1 gave the optimum result [21]. Cellulose was
etermined by the enzymatic method of Englyst FIBERZYM
it.

.7. Statistical analysis

Soil and sand experiments were set up in a randomized
esign with five replications each. One-way analysis of variance
ANOVA) and Duncan’s multiple comparison test were per-
ormed to compare means at significance level p = 0.05. Sample
ariability is given as the standard error of the mean values.

. Results

.1. Plant growth performance

Non-treated tomato plants showed the best vegetative growth
hen compared to all other treatments. Plant biomass was more

ffected than plant height during all OMW dilutions, in both

and and cultivated soil substrate (Table 2). The strongest reduc-
ion was found for the treatments with the lowest rate of OMW
ilution (1:10). Plants grown on sterilized sand, expressed a
ore significant inhibition of their mass and length, by over

) of Lycopersicon esculentum plants grown in cultivated soil (1) and sterilized

1:20 1:10

34.6 ± 1.3b 16.57 ± 2.3c
2.6 ± 0.3ab 1.5 ± 0.6b

332.5 ± 16.0b 258.5 ± 24.3c
3.2 ± 0.5b 2.2 ± 0.4b

38.0 ± 1.6b 31.1 ± 1.8c
11.6 ± 2.3b 9.6 ± 1.5b

116.0 ± 10.4a 103.0 ± 5.8b
17.1 ± 2.3b 13.5 ± 1.9b

23.4 ± 1.3b 19.3 ± 0.9c
9.4 ± 1.1b 5.0 ± 0.6c

5 according to Duncan’s multiple comparison test.
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Table 3
Accumulation of K, Na, Fe, Ca and Mg (�g g−1 DW) in different parts of L. esculentum grown on different dilutions of OMW

OMW dilutions Metal accumulation (�g g−1 DW)

K Na Fe Ca Mg

Control
Shoot

1 20500 ± 400a 4838 ± 310a 123 ± 4.5a 37050 ± 705a 8175 ± 189a
2 26200 ± 560a 4475 ± 290a 132 ± 6a 36000 ± 670a 6250 ± 210a

Root
1 24300 ± 370a 2700 ± 190a 300 ± 8a 38150 ± 660a 6050 ± 220a
2 17100 ± 328a 2425 ± 86a 230 ± 16a 19700 ± 450a 3400 ± 170a

1:20
Shoot

1 18325 ± 185b 3538 ± 240b 90 ± 9b 25425 ± 410b 7775 ± 90b
2 22000 ± 150b 2875 ± 310b 83 ± 11b 25150 ± 536b 4250 ± 236b

Root
1 17225 ± 220b 1875 ± 68b 249 ± 7b 30525 ± 430b 5638 ± 160b
2 15550 ± 256b 1600 ± 146b 188 ± 13b 15100 ± 270b 2300 ± 280b

1:10
Shoot

1 17725 ± 87c 2300 ± 100c 84 ± 6b 25200 ± 380b 6400 ± 85c
2 21050 ± 129c 2025 ± 94c 52 ± 9c 19850 ± 230b 2750 ± 195c

Root
1 15150 ± 115c 1825 ± 57b 206 ± 12c 17250 ± 620c 3350 ± 96c
2 10050 ± 213c 1056 ± 85c 161 ± 11c 10750 ± 310c 1300 ± 165c

A soil,
a pariso
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leaves progressively decreased with the decreasing OMW
dilution in both substrates (Table 4). Plants grown on sterilized
sand, revealed higher loss of the photosynthetic pigments (by
more than 50% and 80%, respectively of the control in 1:10

Table 4
Effect of three OMW dilutions on photosynthetic pigments (mg g−1 FW)
and water use efficiency (Pn/E, �mol CO2m−2 s−1/mmolH2O m−2 s−1), of the
leaves of L. esculentum plants grown in cultivated soil (1) and sterilized sand
(2)

Parameters OMW dilutions

Control 1:20 1:10

Total chlorophyll
1 3.74 ± 0.10a 2.22 ± 0.08b 1.86 ± 0.03c
2 2.70 ± 0.05a 1.80 ± 0.12b 1.30 ± 0.06c

Carotenoid
1 1.20 ± 0.11a 0.76 ± 0.08b 0.58 ± 0.03c
2 1.94 ± 0.07a 1.40 ± 0.04b 0.30 ± 0.05c

WUE
ll the values are means of three replicates ± S.E, (1) plants grown in cultivated
row are significantly different at p < 0.05 according to Duncan’s multiple com

5% for root and shoot mass and about 50% for root and shoot
ength, as compared to the control, than plants grown on cul-
ivated soil (Table 2, p < 0.05). Furthermore, a more severe
ecrease (70% as compared to the control) of leaf area of
lants grown on sand and under lower OMW dilution (1:10)
as revealed, in comparison to those grown on cultivated soil

Table 2, p < 0.05).

.2. Metal accumulation

Increasing ratio of OMW caused a progressive decrease in the
ccumulation of metals (K, Na, Fe, Ca, Mg) in roots and shoots
f tomato. Generally, plants grown on sterilized sand, lost higher
mount of metals in comparison to the plants grown on cultivated
oil substrate (Table 3). Moreover, the roots lost more metals than
he shoots, at the two cultivation substrates, but the magnitude
iffered among the metals. Under 10 d application of 1:10 OMW
ilution, the roots of tomato grown on sand lost more than half
f Na and Mg concentration (p < 0.05), while, the shoots lost
ore than half of Na, Fe and Mg concentration (p < 0.05), as

ompared to the respective controls (Table 3). On exposure to the
igher OMW concentration for 3 months, significant decreases

f all the tested metals were found in plants grown on cultivated
oil. More precisely, Ca accumulation in roots was significantly
educed by 55% of the control (p < 0.05), while Na content in
omato shoots dramatically decreased by more than 50% of the
ontrol (Table 3, p < 0.05).

A
l
m

(2) plants grown in sterilized sand. Means followed by a different letter within
n test.

.3. Leaf pigment concentration

Total chlorophyll and carotenoid concentrations of tomato
1 4.30 ± 0.2a 2.68 ± 0.1b 2.13 ± 0.8c
2 3.21 ± 0.4a 1.85 ± 0.3b 1.21 ± 0.3c

ll the values are means of three replicates ± S.E, means followed by a different
etter within a row are significantly different at p < 0.05 according to Duncan’s
ultiple comparison test.
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Fig. 1. Changes of the assimilation (Pn, �mol CO2 m−2 s−1), transpiration (E,
mmol H2O m−2 s−1) rate and stomatal conductance (gs, mmol H2O m−2 s−1) of
the youngest fully expanded tomato leaf after 3 months and 10 days exposure
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Fig. 2. Changes of the F ′
v/F

′
m (photochemical efficiency of PSII photo-

chemistry in the light adapted state), qP (photochemical quenching) and qN

(non-photochemical quenching) of the youngest fully expanded tomato leaf
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o OMW dilutions on soil (A) and sand (B), respectively. Data are means of
hree replications. Means with different letter in the same parameter for each
reatment differ significantly (p < 0.05).

ilution) than plants grown on cultivated soil (Table 4, p < 0.05).
remarkable chlorosis of the old leaves was also observed on

MW-treated plants grown on sand.

.4. Photosynthesis and fluorescence response

CO2 fixation rates, transpiration, stomatal conductance and
hlorophyll fluorescence parameters were measured on attached
eaves under 1:20 and 1:10 OMW dilutions of plants grown
ither on soil or on sand. The rate of CO2 assimilation of
lants grown on soil was significantly decreased under both
he OMW dilutions, showing the maximum reduction of 83%
p < 0.05) at 1:10 dilution (Fig. 1A). No significant changes were
bserved on transpiration and stomatal conductance under both
he OMW dilutions (Fig. 1A). However, the two OMW dilu-
ions induced a large drop of WUE, which reached its minimum
alues under 1:10 OMW dilution (about 50% and 40% of the
ontrol plants grown on soil and sand, respectively, Table 4,
< 0.05). Plants grown on sterilized sand revealed more severe

eductions of gas exchange parameters at both OMW dilutions,
ompared to plants grown on soil. More precisely, the exposure
o 1:10 OMW dilution resulted in significant (p < 0.05) decrease

n CO2 assimilation, transpiration and stomatal conductance by
3%, 56% and 91% of the control, respectively, (Fig. 1B). The
hotochemical efficiency of PSII photochemistry (F ′

v/F
′
m) of

omato leaves affected less than the photochemical (qP) and non-

s
3
p
l

fter 3 months and 10 days exposure to OMW dilutions on soil (A) and sand (B),
espectively. Data are means of three replications. Means with different letter in
he same parameter for each treatment differ significantly (p < 0.05).

hotochemical quenching (qN) under both the OMW dilutions
nd under the two growth substrates (Fig. 2A and B). Significant
ecreases of qP under 1:20 (by 46% of control) and 1:10 (by over
0% control) OMW dilutions were observed, for plants grown
n cultivated soil (Fig. 2A, p < 0.05). Growth on sand substrate
esulted in more severe suppress of qP in both OMW dilutions,
y 28% and 51% of the control, respectively (Fig. 2B, p < 0.05).
n contrast, qN was significantly (p < 0.05) enhanced on expo-
ure to OMW dilutions, showing an increase by 57% and 26%
f their respective controls, for plants grown on soil and sand
ubstrate (Fig. 2A and B).

.5. Yield, quality and respiration of tomato fruit

From the two experiments, only in the first one, that took
lace on cultivated soil, the plants achieved mature fruits. Fruit
roduction significantly decreased by 43% of the control, under
:10 OMW dilution. The size of the mature fruits also displayed
evere loss, that was more pronounced under 1:20 OMW dilu-
ion (by 40% of the control) (Table 5, p < 0.05). Exposure of
lants to OMW dilutions, for 3 months promoted decreases in

oluble sugars (glucose and fructose) and soluble solids by 48%,
2% and 20% of control, respectively in 1:10 dilution (Table 5,
< 0.05). No significant alterations were found for total cellu-

ose of tomato fruit. A dramatic drop in ascorbic acid content,
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Table 5
Effect of three OMW dilutions on fruit yield, size of mature fruits as well as on some quality characteristics and respiration rate of the fruits of L. esculentum grown
on cultivated soil (n = 3, ±S.E.)

Parameters Control (0) 1:20 1:10

Yield (number pot−1) 14a 12b 8c
Fruit size (mm) 32 ± 1.9a 19 ± 2.2b 26 ± 1.8c
Glucose (%, FW) 3.36 ± 0.23a 2.78 ± 0.14b 2.03 ± 0.20c
Fructose (%, FW) 2.59 ± 0.12a 2.70 ± 0.20a 1.76 ± 0.16b
Soluble solids (%, FW) 6.0 ± 0.17a 5.5 ± 0.15b 4.8 ± 0.17c
Ascorbic acid (mg 100g−1) 16.7 ± 0.68a 4.2 ± 0.27b 3.9 ± 0.31b
Cellulose (%, FW) 3.2 ± 0.10a 3.3 ± 0.14ab 3.5 ± 0.16b
R

M < 0.0
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espiration (mg CO2 kg−1 h−1) 120 ± 2.5a

eans followed by a different letter within a row are significantly different at p

ven under the higher dilution (1:20) by 75% of the control,
as also detected. On the contrary, the CO2 production which

xpresses the respiration rate of the fruit (mg CO2 kg−1 h−1),
as approximately 50% higher than that of the control under
:10 OMW dilution (Table 5, p < 0.05).

. Discussion

OMW phytotoxicity is a complex matter, since more than
ne compound can be responsible for it and possible negative
ynergism could be forecasted. Phenolic and fatty acids are the
ain responsible compounds, considering OMW as an environ-
entally hazardous material [2]. According to Komilis et al.

9], dilution was found to be the principal pre-treatment tech-
ique affecting OMW phytotoxicity among all pre-treatment
echniques tested, however, water supply in most of the olive
il producing countries is a big and increasing problem and this
echnique is not applicable. Other methods based on chemical
nd biological treatments able to remove toxic substances by
he OMW have been suggested [22–24]. In our study, we used
wo dilutions of OMW, in order to determine and explain OMW
oxicity in the physiology and quality of tomato. Plant perfor-

ance decreased with increasing concentration of OMW, to both
rowth substrates. Similar results were obtained by Kistner et
l. [25] in hydroponically grown tomatoes under various OMW
oncentrations. The application of 50% OMW in maize, wheat
nd chickpea resulted in a severe reduction of plant height, while
ermination percentages were also reduced [8]. Our present
esearch showed that root was more sensitive to OMW than the
pper parts of tomato plant grown either in sand or in soil. The
eason may be that root face OMW toxicity directly, while the
oxicity to other parts is indirect. The highly significant reduc-
ion of the growth observed, suggests the susceptibility of tomato
o components as phenolics and fatty acids of OMW. These
ffects might be due to the lipophilicity of phenolic and fatty
cids compounds which could alter the accessibility of nutrients
nside the biological membranes as suggested by El-Hadrami et
l. [8] and Kistner et al. [25]. The analysis of our data showed
hat tomato plants grown in sand, lost higher concentrations

f metals than those grown in the soil under OMW dilutions,
hile roots suffered much more than shoots from nutrient defi-

iency. An explanation of these results may be found most likely
n a general structure alteration of membranes and modifica-

p
I
s
d

146 ± 3.1b 178 ± 2.9c

5 according to Duncan’s multiple comparison test.

ion of their metabolic functions, including membrane efficiency
nd stability, during OMW application, as it also happens dur-
ng other stressors [26]. The nitrogen supplied with the OMW
as “organic” and not completely available for the plants. This

ould easily explain poor plant growth, reduction of chloro-
hyll content and low photosynthetic activity. In addition, by
pplying OMW with such high organic matter, we can antici-
ate oxygen deficiency in the rhizosphere resulting in growth
nhibition.

Lesser inhibition of growth and also greater tomato produc-
ivity after long-term exposure to OMW in the soil, as compared
o short-term experiments in the sterilized sand was observed. It
eems likely that the high organic matter in combination with the
icro-organisms present in the soil are able to detoxify OMW.
he inhibitory effects of OMW might be modified by chemi-
al and biological processes, influencing their fate in the soil.
n fact, it is evident that soil has the potential to reduce the
henolic load of OMW as reported in several studies [5,27].
his soil capability is ascribable both to its biotic components

microbial cells, free enzymes or associated to the organic or
rgano-mineral component in soil) and to its abiotic constituents
3].

The significant loss of chlorophyll content in the OMW-
reated plants, may be attributed to the interference of the toxic
ubstances present in OMW in the formation of chlorophyll. The
eduction of tomato photosynthesis observed was in good corre-
ation with the chlorophyll reduction. Moreover, the decrease
n photosynthesis can be related to the significant decrease
bserved in leaf Fe concentration [28]. In addition, carotenoids,
hich are a part of photosynthetic pigment, were more sensi-

ive to OMW application. Thus, they were not able to protect
hlorophylls under the stress conditions. Our results are similar
ith those found by El-Hadrami et al. [8] for some crops treated
ith OMW and quite different to Singh et al. [29] who found an

ncrease of chlorophylls and carotenoids under tannery sludge
pplications in sunflower.

The insufficiently utilized assimilatory force by Calvin cycle
lowed down due to OMW stress, may enhance proton gradient
ormed in chloroplasts and increase non-photochemical dissi-

ation of light energy and decrease photochemical efficiency.
n parallel, the reduced chlorophyll content is one of the rea-
ons for the decreased photosynthetic efficiency [18]. The slight
ecrease in Fv/Fm (data not shown) and the big decrease in qP,
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ndicate that OMW diminished reoxidation of QA
− and started

o inactivate the RC of PSII. In addition, the severe increase in
N, might be due to the dissociation of light-harvesting complex
rom PSII core [30].

It is worth noting that OMW application on sand and on soil,
isplayed different effects on photosynthetic parameters. Con-
erning OMW supply on soil, it seems that OMW preferentially
nhibits the assimilation rate and the WUE, rather than the tran-
piration and stomata closure. On the contrary, OMW supply on
he sand caused a complete closure of stomata with concomi-
ant negative effects on assimilation and transpiration rates. This
ould be a result of leaf water stress a fact that is confirmed by
he high proline concentration in leaves of tomato (unpublished
ata). The modification of gs by OMW may be also related to
n alteration in the K+/Ca2+ ratio in the guard cells, or with
he alteration in the abscisic acid concentration, which controls
tomatal movement [31].

The duration of OMW application on sand experiments was
oo short (10 days) in order to study the generative perfor-

ance of the crop. However, long-term OMW application on
oil experiments, caused reduction on fruit yield measured either
s number of fruit per pot or fruit size as a consequence of flower
bortion during OMW application. It is noticeable that despite
he reduced number of tomatoes under 1:10 OMW dilution, the
ruit size was bigger than that under 1:20 OMW dilution. Gen-
rally, plants treated with high OMW concentration, produced
ewer but bigger tomatoes, as compared to plants treated with
ower OMW concentration. In parallel, not only the yield but
lso the quality characteristics of tomatoes have been changed
nder OMW application. The reduced sugars and the soluble
olids, which have been correlated with sweetness [32], and
he fruitiness, which has been correlated with reducing sugars,
articularly glucose, were suppressed significantly at the lower
MW dilution. Several studies report the allelopathic effects of
henolic compounds of OMW on higher plants and it has been
uggested that such effects arise from alterations of water uptake,
r of the metabolism of auxins and/or other phytohormones
3,7,33,34].

Based to our findings we can conclude that there is dif-
erentiation of OMW phytotoxicity depending on the type of
he growth substrate of the plants. The toxic symptoms were

ore serious in plants grown in the sand than those grown in
he cultivated soil, since lethal symptoms were observed after
0 days. In fact, the higher the organic matter, the lower the
MW toxicity. Despite the OMW toxicity in tomato grown

n soil, fruit production was achieved. However, retardation
n fruit maturity and yield was observed. The fruits were of
educed quality and nutritional value (ascorbic acid and brix).
evertheless, the use of diluted OMW for fertilization/irrigation
urposes at least in the case of tomato cultivation is not recom-
ended.
Our future studies will focus in the utilization of detoxi-

ed OMW in order to determine possible supply of OMW for

lant fertilization. Moreover, the combination between the use
f pre-treated OMW to eliminate harmful effects and soils with
ifferent characteristics should be addressed to design and plan
he most suitable strategy of OMW utilization.

[
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