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Abstract: Managing olive mill wastewater (OMW) is a major environmental problem. We followed
two methods for OMW bioremediation: one with the white-rot fungus Pleurotus ostreatus alone and
one with the fungus plus the microalga Chlorella vulgaris. To evaluate the potential use of both final
products as soil amendments, in a pot experiment, we applied treated OMW to soil cultivated with
Lactuca sativa, and we studied their short-term effects on the soil nematode community in terms of
trophic and functional structure, metabolic footprint, genera composition, and interaction networks.
We also applied non-treated OMW and simply water (control). The addition of non-treated OMW
significantly reduced the abundance of all nematodes, and the network of interactions was the most
fragmented and the least robust against future disturbance. The effect on trophic group abundances
was similar but less pronounced when OMW was previously detoxified either by the fungus alone
or by its combination with the alga. In the latter case, the phytoparasites were suppressed but
the bacterivorous nematodes were not affected. However, the most cohesive and robust nematode
network was formed in the soil that received the fungal-treated OMW. None of our OMW applications
significantly changed community composition, none improved the already degraded status of the
soil food web—which is attributed to the sandy texture of our soil—and none affected the growth of
lettuce plants, perhaps because of the short duration of the experiment (30 days). Thus, our future
research will aim to estimate the long-term impact of OMW.

Keywords: soil food web; free-living nematodes; feeding groups; metabolic footprint; nematode
indices; microbially treated wastes; network analysis; Pleurotus ostreatus; Chlorella vulgaris

1. Introduction

Even though olive oil production is one of the most successful and profitable industries
in the Mediterranean [1], managing olive mill wastewater (OMW), i.e., the liquid effluent
generated from the olive oil production process, is a major environmental problem. Among
the OMW’s main characteristics are the high organic content, high suspended solids
content, extremely high biological (BOD) and chemical oxygen demand (COD), low pH,
high salinity, and high concentrations of total phenols, carbohydrates, polysaccharides, fatty
acids, polyalcohols, pectins, and tannins [2,3]. Polluting compounds of OMW, especially
the resistant polymeric phenols [4], have been reported as responsible for stress on soil
biota [5], phytotoxic effects [6], and groundwater pollution [7]. Furthermore, disposal
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of OMW induces soil salinization [8], water repellency [9], immobilization of available
nitrogen (N) [10], and changes in soil water and solute infiltration rates [11].

However, OMW’s application could be beneficial either as a biofertilizer, particularly
in degraded agricultural soils or even as a botanical against plant pathogens [12]. Among
the most effective strategies for OMW degradation and detoxification is the biological treat-
ment of OMW with various microorganisms such as fungi, bacteria, and algae [13,14]. For
example, white-rot fungi are capable of degrading organic compounds with complex struc-
tures [15]. Especially species of the genus Pleurotus have been used for the bioremediation of
OMW by reducing the phenolic load and leading to the decolorization of the effluent [16–20].
Apart from fungi, algae have been proposed for use in sewage treatment [21] and can remove
phenols from wastewater [22].

In the work presented here, we followed two methods for OMW bioremediation:
one where OMW was treated with fungi and one where OMW was treated by a fungus
plus algae combination. The two methods were compared on the basis of the physico-
chemical characteristics of the final product, and then both treated OMWs were used as
soil amendments in pots with lettuce seedlings. To examine the potential use of these
products as soil amendments, we focused on the community of soil nematodes. Since soil
nematodes occur at multiple levels of the soil food web, the study of their community, both
in terms of trophic types and life strategies, gives a better insight into the functionality of
the food web when compared to other soil biota [23,24]. Due to their important role in
significant soil processes, such as the decomposition of organic materials, nutrient cycling,
and nitrogen mineralization, their community has been used as a bioindicator of soil quality
in a plethora of studies. As far as we know, there is a lack of information regarding the
responses of soil nematodes to the application of OMWs, especially the microbially treated
ones. The few relevant studies examine mainly the ability of OMW to suppress pathogenic
nematodes [12,25].

This study aimed to investigate (1) the efficacy of the white-rot fungus Pleurotus
ostreatus alone and in combination with the microalga Chlorella vulgaris in detoxifying
OMW and (2) the short-term effects of these pre-treated OMWs on the soil nematode
community by analyzing its trophic and functional structure, the metabolic footprint, as
well as its composition in terms of nematode genera. We also employed network analysis
techniques to evaluate changes in the web of interactions among nematode genera. For this
purpose, we mapped the nematode communities in different treatments as networks, where
the nodes represent nematode genera, while the ties connecting these nodes represent the
joint occurrence of genera in samples. Moreover, we analyzed the structure of nematode
networks by estimating certain metrics provided by the mathematical graph theory for the
assessment of network connectedness or the structural importance of certain nodes/genera.

For the needs of our experiment, we used nutrient-poor sandy soil collected from an
agricultural field. Generally, sandy soils are considered marginal; they exhibit low values of
soil organic matter and clay, poor water-holding capacity, and an inability to store nutrients,
while also being structureless [26]. However, as land resources are under pressure, these
poor-quality soils have gained increasing interest, especially in the Mediterranean region,
where most soils are of low fertility due to erosion and extensive agriculture.

2. Materials and Methods
2.1. Preparation of Treatments
2.1.1. Initial Preparation of Olive Mill Wastewaters

Fresh OMW was collected from a three-phase olive mill in the Peloponnese. The
OMW was centrifuged at 4000 rpm, 16 ◦C for 30 min and were subsequently filtered via
vacuum-assisted filtration through filter paper to remove any suspended solids and ensure
the uniformity of the material. This procedure is in accordance with the current Greek
legislation [27] regarding the waste’s pretreatment before its disposal. After filtration, the
OMW was centrifuged again at 8000 rpm, 10 ◦C for 30 min, and the supernatant was
removed. The OMW was maintained at −20 ◦C, until its use.
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2.1.2. Selection of Fungal Strains

We tested seven fungal strains: three strains of Pleurotus ostreatus (Jacq. ex Fr.)
P. Kumm., two strains of Pleurotus pulmonarius (Fr.) Quel., and two strains of Gano-
derma applanatum (Pers.) Pat. deposited at the Hellenic Agricultural Organization—
Dimitra/ITAP/Laboratory of Edible Fungi culture collection with the accession numbers
AMRL 133, 147, 151-5, 182, 183, 340, and 341. All strains were routinely preserved on potato
dextrose agar (PDA). The fungal strains were assessed for their potential to grow in the
presence of OMW. Each strain was cultivated in Petri dishes containing 25% (v/v) OMW in
23 g L−1 agar [20,28]. After inoculation, the cultures were incubated in the dark at 25 ◦C
and examined for fungal growth. The fungal strains P. ostreatus AMRL 133, P. ostreatus
AMRL 147, and P. pulmonarius AMRL 182 showed higher growth based on the diameter of
growing mycelia and were selected for further investigation.

In order to further select the best fungal strain for OMW detoxification, 1 cm of the
PDA agar cultures of the three selected fungal strains was transferred with a sterilized
cutter into a 250 mL Erlenmeyer flask containing 100 mL of the basal medium (g L−1):
glucose, 30; yeast extract, 3; KH2PO4, 1; MgSO4, 0.5; CaCO3, 2; and NaNO3, 0.25. After
ten days of incubation in a rotary shaker at 150 rpm and 25 ◦C, 5 mL of culture was
transferred into a new flask containing the basal medium supplemented with 10% OMW.
Before heat sterilization at 121 ◦C for 20 min, the initial pH of the medium was adjusted to
6.0 with the addition of 1 M NaOH. At certain time intervals, samples were withdrawn
and centrifuged (5000 rpm, 5 min), and the supernatant was tested for OMW discoloration
and determination of glucose consumption and total phenol removal. Fungal biomass was
separated from the culture medium by centrifugation at 4000× g for 10 min, freeze-dried,
and weighed.

The total phenolic removal, decolorization, and glucose consumption were evaluated
over time (Supplementary Figure S1). Out of the three fungal strains, P. ostreatus AMRL 133
was chosen as the most suitable for OMW detoxification. After 14 days, the total phenolic
reduction for this strain was 82.62%, while the degree of decolorization reached 84.26%;
the fungal biomass reached values of 20 g/L, whereas the total sugar concentration was
12 g/L.

2.1.3. Chlorella vulgaris

Chlorella vulgaris is a single-celled green alga with a high growth rate that was selected
for our experiment because it has been effectively utilized for treating wastewater and
biofuel production [29]. C. vulgaris was preserved in Bold Basal Medium (BBM) containing
the following chemicals (g L−1): NaNO3, 0.228; K2HPO4·3H2O, 0.175; MgSO4·7H2O,
0.075; CaCl2·2H2O, 0.025; KH2PO4, 0.175; NaCl, 0.025; and 12 mL trace element solution.
Trace elements (1 L) include Na2EDTA· 2H2O, 0.830 g; FeCl3·6H2O, 97 mg; MnCl2·4H2O,
41 mg; ZnCl2 4 mg; Na2MoO4·2H2O, 4.5 mg; and CoCl2·6H2O, 2 mg. Microalgae cultures
were grown in 250 mL Erlenmeyer flasks with BBM on a light incubator under constant
illumination at 35 µmole × m−2 × s−1, using cool/warm white LED light in a ratio 1:1,
constant agitation at 110 rpm, and in a temperature of 23 ± 1 ◦C.

2.1.4. OMW Fermentation by Pleurotus ostreatus AMRL 133 and Chlorella vulgaris
in Bioreactors

Two stirred tank bioreactors (3.5 L, Ralph Bioengineering) were charged with the basal
medium (described in Section 2.1.2), and the OMW was diluted at 10% v/v in the medium.
We selected the above dilution for OMW since high concentrations of phenols in OMW
might induce toxicity and could lead to growth inhibition of microalgae [30]. Pleurotus
strain’s liquid culture (5% v/v) was used alone as inoculum for the first bioreactor and
combined with C. vulgaris (5% v/v) for the second one. The final volume in the bioreactors
was 2 L. The agitation rate was 200 rpm, and aeration was 1 vvm. The initial pH was 6. The
addition of antifoam was required only in the bioreactor inoculated with fungal culture on
the second day after inoculation. Samples were collected at specific time intervals. After
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centrifugation, the samples’ supernatant was used to evaluate total phenols and glucose
consumption to check the fermentation process. After 14 days, total bioreactor content was
collected. The biomass was separated by centrifugation at 5000× g for 10 min, freeze-dried,
and weighed, while the supernatant was stored at −20 ◦C.

2.2. Pot Experiment

To set up the pot experiment, we collected soil samples from a previously cultivated
field in the Redestos region, located in the eastern part of Thessaloniki, Greece (40.521◦ N,
23.043◦ E). Lactuca sativa seeds were placed in a seed container that was filled with sieved
soil (2 mm mesh size). They grew for 45 days in outdoor conditions. When they reached
the four leaves stage, lettuce plants were transplanted into 0.5 L pots (one plant per
pot) containing non-sterilized sieved soil. Afterward, 80 mL of each treated material
(non-treated OMW diluted at 10% v/v, OMW treated with Pleurotus strain alone, and
OMW treated with both Pleurotus strain and C. vulgaris) were added into the soil. The
amount of applied material was selected to prevent its flow outside the pot. Control
soils without OMW were also prepared by adding distilled water instead of OMW. The
physicochemical characteristics of treated OMW after the bioreactor process are presented
in Table 1, together with those of non-treated OMW. We should note that the pH of non-
treated OMW was adjusted from 5.4 (raw OMW) to 6 using CaO, in order to be at the same
value as treated OMW.

Table 1. Physicochemical properties of olive mill wastewaters.

Parameter Non-Treated OMW OMW Treated with
P. ostreatus

OMW Treated with
P. ostreatus + C. vulgaris

pH 6.00 ± 0.00 6.00 ± 0.01 6.00 ± 0.02
Electrical conductivity, mS/cm 12.25 ± 0.03 3.74 ± 0.04 4.57 ± 0.02

Total sugars (g/L) 3.405 ± 0.05 0.62 ± 0.03 0.65 ± 0.01
Total phenol content (TPC), g/L 1.278 ± 0.04 0.31 ± 0.02 0.52 ± 0.04

C-organic (%) 33.26 ± 0.06 33.24 ± 0.02 32.70 ± 0.02
Total N (%) 0.82 ± 0.01 0.86 ± 0.01 0.83 ± 0.03

C/N 40.56 ± 0.03 38.65 ± 0.02 39.39 ± 0.01

The pots were arranged in a completely randomized design with five replicates per
treatment. The experiment was conducted outdoors under natural light and temperature
conditions with an average of 16 ◦C during November 2019. The pots were weighted daily
to calculate water loss and watered regularly throughout the experiment to keep moisture
content at 10% w/w, which imposes no limitation on plant growth [31]. No fertilizers were
added to the pots. A destructive sampling was conducted 30 days after the application
of treatments to test their short-term effect on plant growth and soil nematodes. Lactuca
sativa is usually harvested 30 days after transplantation, while the short lifespan of soil
nematodes allows the study of their response to treatments after this time period. The
soil was collected from the rhizosphere of the plants by shaking the soil attached to the
roots after the plants’ extraction and was stored at 4 ◦C before processing. The total plant
biomass was estimated after oven-drying (48 h at 70 ◦C) the plant shoots and roots. Table 2
presents the soil’s physicochemical properties before and after treatments. The soil was
characterized as sandy, with low organic carbon and nitrogen content. After the end of the
experiment, pH values showed a tendency to decrease in OMW treatments in relation to
the control, while those of soil organic carbon tended to increase. Total nitrogen remained
approximately stable.
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Table 2. Properties of the soil used in the experiment before and after treatments, estimated from
n = 5 soil samples.

Soil after Treatments

Properties Soil before
Treatments Control Non-Treated

OMW

OMW Treated with
P. ostreatus AMRL 133 +

C. vulgaris

OMW Treated with
P. ostreatus AMRL 133

pH 7.3 ± 0.01 7.680 ± 0.01 7.330 ± 0.01 7.553 ± 0.01 7.420 ±0.01
C-organic (%) 1.69 ± 0.04 1.827 ± 0.02 2.066 ± 0.01 2.049 ± 0.01 2.051 ± 0.03

Total N (%) 0.14 ± 0. 01 0.13 ± 0.00 0.14 ± 0.04 0.13 ± 0.00 0.14 ± 0.03
C/N 12.07 ± 0.02 14.05 14.76 15.76 14.65

Slit (%) 23 ± 0.02
Clay (%) 12 ± 0.01
Sand (%) 65 ± 0.04

2.3. Estimation of OMW and Soil Physicochemical Properties

The pH and electrical conductivity (mS/cm) were estimated using a Crison GLP 21
pH meter and a Hanna HI-8733 conductivity meter, respectively. Soil pH was measured in
a 1:1 aqueous suspension of soil and water. The dinitrosalicylic acid (DNSA) method was
used to assess glucose consumption [32]. Total phenolic content was determined with the
Folin–Ciocalteu method [33]. Phenol concentration was expressed in mg/mL of caffeic acid
equivalents using the appropriate calibration curve. Absorbance was measured at 725 nm.
OMW discoloration was assayed spectrophotometrically by measuring the absorbance
of inoculated and non-inoculated OMW samples at 395 nm [34]. OMW’s organic carbon
content was determined by heating the sample at 550 ◦C for 4 h, while soil organic carbon
was estimated at 375 for 16 h [35]. The Kjeldahl method was performed for nitrogen
determination. Soil texture was estimated by the Bouyoucos method [36], and soil water
content was determined gravimetrically at 105 ◦C according to ISO 11456 [37].

2.4. Nematode Extraction, Identification, and Estimation of Nematode Functional Indices

Nematodes were extracted from 150 mL of each soil sample. The soil was gently
mixed by hand, and soil aggregates were broken up. For extraction, we used the modi-
fied Cobb’s sieving and decanting method described by S’Jacob and van Bezooijen [38],
according to which a cotton wool filter is used in the last step. After counting the total
abundance of nematodes under the stereoscope, we heat-killed them and fixed them with
4% formaldehyde. Subsequently, approximately 100 randomly selected nematodes were
identified to genus level under the microscope, using the identification key of Bongers [39],
based on their morphological characteristics, such as the stomodeum, reproductive organs,
and tail. Nematode taxa were assigned to trophic groups according to Yeates et al. [40],
classified along the colonization–persistence gradient (c–p values) following Bongers [41]
and Bongers and Bongers [42], and assigned to functional guilds (portions of particular
trophic groups exhibiting the same c–p value) according to Ferris et al. [43] and Bongers
and Bongers [42].

The nematode functional indices that we estimated reflect different attributes of the
nematode community. The maturity index (MI) for the free-living nematodes and the
plant parasitic index (PPI) for the plant-feeding nematodes were calculated according to
Bongers [41]. The maturity index (MI) reflects the level of disturbance, with lower values
indicating more disturbed soil [40,44]. PPI is a maturity index for plant feeding taxa. The
enrichment index (EI), the channel index (CI), and the structure index (SI), which indicate
the functional structure of the food web, were calculated according to the weighted faunal
analysis proposed by Ferris et al. [43]. The EI indicates soil enrichment with organic
material, mirroring the increases in enrichment opportunists, which respond rapidly to
increases in food. The CI indicates the degree of fungal participation in the decomposition
pathway, while the SI is an indicator of nematodes with high longevity, body size, and
disruption sensitivity. The SI shows whether the soil ecosystem is structured with more
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trophic links or degraded with fewer trophic links [43]. The metabolic footprint (MF) was
calculated according to Ferris [45], using the automated calculation system for nematode-
based biological monitoring (NINJA) [46]; it is an index of carbon utilization by nematodes
and corresponds to the sum of the lifetime amount of carbon gained, partitioned into
growth, egg production, and respiration.

2.5. Data Analysis
2.5.1. Statistical Analysis

In order to evaluate the effect of treatments on the trophic and functional structure
of the nematode community, the abundances of nematode trophic groups, as well as the
values of nematode functional indices and metabolic footprint were analyzed by one-way
ANOVA using treatment as an independent variable. Data were first examined to assess
compliance with the ANOVA assumptions (normality, homogeneity of variance, etc.). Then,
a least square differences (LSD) test was further performed for significant effects. Kruskal–
Wallis was used in the case where the prerequisites of normality were not met even after
transformations. All procedures were carried out using STATISTICA (StatSoft Inc., Tulsa,
OK, USA, 2001).

2.5.2. Network Analysis

Network analysis aims to represent and quantify structures, borrowing metrics from
graph theory, a field of mathematics analyzing the patterns of relations among nodes [47].
In the present study, nodes stand for nematode genera, while the ties connecting these
nodes represent the joint occurrence of genera in samples.

The abundance data of the nematode genera were used to construct community
matrices on the basis of their joint occurrence. The probability of joint occurrence was
calculated according to the niche overlap index of MacArthur and Levins [48]:

M =
∑n

1 pik pjk

∑n
1 p2

ik

where n is the number of samples, pik and pjk are the proportional abundances of genera i
and j in the sample k, respectively. Thus, Mij estimates the extent to which the niche space of
genus i overlaps that of genus j. Since the effect of genus i on genus j did not have the same
magnitude compared to the effect of j on i, the community matrix was not symmetrical. For
all the networks, the estimated threshold values above which the relations would not be
considered negligible were up to 20% of the community’s maximum value, which was used
as a general rule [49]. Thus, if the Mij value was below 20% of the community’s maximum,
the effect of genus i on genus j was considered negligible, and the corresponding entry in
the matrix was set to zero.

The network map represents how the associative spatial relationships are formed.
Community matrices were constructed separately for the nematode communities of each
treatment and were further analyzed and visualized with UCINET 6 [50]. We estimated
variables referring to cohesion for each network, such as density, compactness, and frag-
mentation. Density accounts for the total strength of relations divided by the number of
possible ties. It assesses the extent of the connectedness of a network [51,52] or indicates
the probability of two nodes being directly connected. UCINET used the binary version of
the network to estimate compactness. From the centralization metrics, we evaluated the
degree of centralization that accounts for the importance of a node within the network [53].
For each node, the degree is calculated as the sum of the values of its ties expressed as a
percentage. Network centralization is the sum of node centralities. A few dominant nodes
characterize highly centralized networks, which are vulnerable to fragmentation if these
nodes are damaged.

Finally, we assessed modularity and the small-world index (SW). Modularity was
evaluated according to the Girvan–Newman algorithm. The value of modularity > 0.4
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shows that the network consists of discrete factions; the number of links between the
members of each faction is higher than the number of links between the members of the
different factions. Further, the small-world index (SW) estimated the shortest path (L) and
clustering coefficient (CL) calculated from experimental data (Lreal and CLreal, respectively)
and a set of 999 simulated random networks with the same number of ties and density (Lrand
and Clrand, respectively). It was estimated as follows: SW = (Clreal/Clrand)/(Lreal/Lrand). If
SW > 1, the actual network was considered small-world [54].

3. Results
3.1. Trophic and Functional Structure of the Soil Nematode Community

The abundance of the nematode trophic groups in different treatments is presented
in Figure 1. No omnivorous genera were recorded. The addition of non-treated OMW
to soil significantly reduced the abundance of all trophic groups. More specifically, the
abundance of bacterial feeders was decreased by 55.9%, while fungivores, plant parasites,
and non-parasitic showed a decline of around 70%. Predators’ reduction reached 66.9%.
The addition of OMW treated with P. ostreatus AMRL 133 reduced the nematode abundance
of all trophic groups compared to the control, apart from predators. Especially regarding
fungal feeders and non-parasitic plant feeders, this decline was similar to that observed
after the application of non-treated OMW. The combined treatment effect was significant
only in the case of fungivores and plant parasites. Regarding the latter, the reduction in
plant parasite abundance in the combined treatment was similar to the one recorded in the
P. ostreatus AMRL133-treated pots.
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after application of treatments. Different letters (a, b, and c) indicate statistically significant differences
between treatments revealed by one-way ANOVA and LSD test. (**, p < 0.01; ***, p < 0.001).

The response of nematode indices to treatments is depicted in Figure 2. The maturity
index (MI) was higher in all OMW treatments compared to the control, but did not vary
among them. All OMW treatments resulted in lower values of the enrichment index (EI)
and the metabolic footprint, but the result was more pronounced in the case of non-treated
OMW. The highest values of the structure index were recorded in samples with P. ostreatus
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AMRL 133-treated OMW. The other treatments did not differ significantly concerning the
SI values.
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differences between treatments revealed by one-way ANOVA and Fisher’s LSD test. Kruskal–Wallis
was used in the case of CI (**, p < 0.01; ***, p < 0.001).

3.2. Community Composition

The composition of the nematode community under different treatments is given
in the form of rank abundance graphs (Figure 3). Twenty-three nematode genera were
recorded in our study. Ten genera were bacterial feeders, three were fungal feeders, three
were plant-parasitic, three were non-parasitic plant feeders, and four were predators.

The highest number of nematode genera was recorded in soil samples where fungus-
treated OMW was applied (22 genera). Changes in community composition did not relate to
the abundant genera, since the cp-2 bacterivores Acrobeloides, Chiloplacus, Eucephalobus, the
cp-3 phytoparasites Tylenchorhynchus and Pratylenchus, and the cp-2 fungivore Aphelenchus
were the most abundant in all treatments. The phytoparasite Tylenchorhynchus was the
dominant genus everywhere. However, the abundance of Tylenchorhynchus was lowest in
the non-treated OMW soil samples, followed by OMW fungus-treated soil samples and
OMW fungus–algae-treated ones. In the control pots, the abundance of Tylenchorhynchus
was the highest.
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plant feeders; and red: predators).

3.3. Nematode Networks

Nematode community networks in soils subjected to different treatments are shown
in Figure 4, while data further describing the networks’ attributes are given in Table 3. As
regards network architecture in control samples (Figure 4a), the nematode genera (nodes)
are classified into two main factions (red and pink nodes). In these factions, there are
more links between their nodes than between the nodes belonging to the same faction,
as it seems by the modularity value that is below 0.4. In the first faction, there are two
fungivore (Filenchus and Aphelenchus) and one plant-parasitic (Tylenchorhynchus) nematodes
that exhibit the higher average in-degree centrality (many other genera influenced them).
On the other hand, the bacterivorous genera Chiloplacus and Heterocephalobus showed the
highest number of links in the second faction.

In soils that received non-treated OMW (Figure 4b), the network consists of three
nematode factions: one larger faction and two smaller ones. In the main faction, the
bacterivore Acrobeloides, the fungivore Aphelenchus, and the plant-parasitic Pratylenchus had
the higher number of links. In soils receiving jointly treated OMW (Figure 4c), the network
consists of four factions: one primary and three smaller ones. The genera Tylenchorhynchus,
Aphelenchus, Filenchus, and Eucephalobus exhibited higher in-degree centrality in the main
group. Finally, in soils where the fungus-treated OMW was applied, the network consists of
one main group and three smaller ones (Figure 4d). In this main group, the genera mainly
influenced by others are Tylenchorhynchus, Ditylenchus, and Aphelenchus.
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Regarding the architectural attributes of the networks, the network of the control
samples is the most coherent; it had the highest density and compactness and the lowest
fragmentation values. It also exhibited the lowest degree of centralization, meaning that
the strength of interactions is more equally shared between nodes than in the rest of the
networks. Further, this network revealed the lowest values of the small-world index. In all
networks, the SW values were > 1, indicating small-world properties. The values of the
architectural attributes reported in networks with non-treated OMW were different from the
control (highest fragmentation, lowest density, and average distance). By contrast, networks
from the soils where the treated OMW was applied exhibited intermediate characteristics.
Comparing the networks of nematodes in soils with fungus-treated and jointly treated
OMW, that with the fungus was the most coherent (less fragmented), with the lowest SW
index and the highest degree centralization (unequal sharing of strength among nodes).
In all networks, modularity was less than 0.4, indicating a non-modular architecture. For
more information about the network metrics used herein, see Supplementary Table S1.

Table 3. Properties of nematode networks in different treatments.

Metrics Control OMW P. ostreatus AMRL 133 + C.vulgaris P. ostreatus AMRL 133

No. of ties 120 91 105 106
Degree centralization 0.390 0.442 0.461 0.580

Density 0.237 0.180 0.208 0.209
Fragmentation 0.431 0.725 0.626 0.587

Average distance 1.771 1.410 1.640 1.756
Compactness 0.386 0.224 0.278 0.294

Small-worldness 3.175 7.130 4.893 4.094
Modularity 0.086 0.090 0.101 0.193
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Figure 4. The network of interactions between nematode genera under different treatments: (a) con-
trol, (b) OMW, (c) P. ostreatus AMRL 133 + C. vulgaris, and (d) P. ostreatus AMRL 133. Nodes of
different colors correspond to different factions. The higher the size of a node the higher its degree
centrality value. Red-colored ties represent links between nodes of different factions, while blue-
colored ties represent links between nodes of the same faction. Arrows indicate the direction of
the relationship.

3.4. Growth of Lettuce Plants

The effects of treatments on the total dry biomass of the lettuce plants are shown
in Figure 5. Above- and below-ground dry biomass are indicated by different patterns.
In all cases, the root dry biomass represents almost one-third of the total and half of the
above-ground biomass. Regarding the total biomass, ANOVA revealed no statistically
significant differences between treatments. When ANOVA was performed separately on
values of above- and below-ground biomass, the same results were obtained.
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4. Discussion

In a pot experiment, we used olive mill wastewaters as soil amendments in pots sown
with lettuce and studied their effect on the soil nematode community. Four series of pots
were set up: one where no OMW was used (control), one with non-treated OMW, and two
where OMW had undergone a procedure for detoxification by micro-organisms. More
specifically, we used the fungus P. ostreatus AMRL 133 (selection out of seven fungal strains)
and a combination of the selected fungus with the alga C. vulgaris.

Although OMW is considered a toxic substrate for many microorganisms, the fun-
gus P. ostreatus AMRL 133 and the alga C. vulgaris grew on these effluents, reducing the
phenolic content in bioreactor cultures. A greater reduction in the phenolic content was
achieved when treating OMW with the fungus only than with the combination of both
agents. The reduced efficiency of phenol removal in the combined treatment could be due
to the significant inhibitory effects of OMW phenols on algae, since light enhances the
autoxidation processes and, consequently, the toxicity of simple phenols [55].

4.1. Nematode Community

The application of non-treated OMW reduced the abundance of all nematodes and
their activity as shown by the reduction in their metabolic footprint. OMW contains
high-molecular-weight substances, such as tannins or phenolic compounds [2], that are
suggested to be responsible for nematode suppression [12,56]. Specifically, bioassays of
Meloidogynejavanica on tomato plants demonstrated the presence of nematicidal substances
in olive mill wastewaters [25]. Moreover, Cayuela et al. [12] reported similar results
for Meloidogyne incognita after using pure water extracts of two-phase olive mill waste.
However, the above-mentioned studies focused on the suppressive effects of OMW on
plant-parasitic nematodes, while there are no studies investigating their impact on the
total soil nematode community. It is unclear whether waste additives directly impact soil
nematodes or whether this effect could be attributed to changes in soil microflora [56,57]. It
is well known that incorporating organic matter in the soil increases microbial abundance
and, consequently, increases microbial activity. During the decomposition process, soil
microorganisms release metabolic by-products, such as toxic proteins, enzymes, and small-
molecule metabolites, which may be nematicidal. [25,57,58].

Incorporating P. ostreatus-treated OMW into soil had a similar but less pronounced
effect on the trophic structure of the community, compared to that of the non-treated OMW.
One possible reason could be the effluent’s lower amount of phenolic content compared
to the non-treated OMW. Moreover, the observed changes may also be attributed to the
ability of P. ostreatus AMRL 133 to produce potent toxins. Several species of Pleurotus
produce toxins [59–61], enzymes [62], and fatty acids [63] with nematicidal activity (or
suppress nematodes through their culture filtrate) [64,65]. Most studies regarding the toxins
with nematicidal activity produced by white-rot fungi emphasized their effects on plant-
parasitic nematodes since they impact crops and agricultural ecosystems. A study by Khan
et al. [66] reported that plant-parasitic nematodes, such as those identified in the present
study (Pratylenchus, Tylenchorhynchus, and Helicotylenchus), decreased after the application
of P. ostreatus extracts and components. However, since we studied the total nematode
community, and our results indicated that after the application of P. ostreatus-treated OMW
all nematode groups were negatively impacted, we assumed that this fungus has a more
general effect on nematodes and not only on the plant-parasitic ones. One might expect that
the application of fungus-treated OMW would enhance soil fungi and consequently their
predators, i.e., the fungivorous nematodes or even that of the non-parasitic plant feeders,
which also have fungal-feeding habits [40,67,68]. However, our results indicated a decline
in these trophic groups at the same level as in the non-treated OMW. According to Kwok
et al. [59], the toxin produced by P. ostreatus has negative impacts not only on nematodes
but also on saprophytic fungi by modifying the properties of their cell membranes.

Regarding the effect of OMW treated with fungus plus microalga on nematodes, it
was milder than that of fungus-treated OMW, especially on microbivores that are essential
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for nutrient cycling in soil. Fungivores were reduced but to a lower extent compared to all
OMW treatments, while bacterivores were not affected at all. The time of sampling after
treatment (30 days) might play an important role. Bacteria, at least the less sensitive ones,
are known to recover quickly after disturbances, causing a bottom-up recovery of bacteriv-
orous nematodes [69]. Moreover, the fungal and microalgal remains incorporated in the
soil might favor different groups of microorganisms, providing varied and alternative food
substrates for microflora and nematodes. Indeed, among the three OMW treatments, the
higher values of the nematode metabolic footprint were recorded in the mixed treatment.

The weighted faunal analysis of soil in all treatments, including the control, yielded low
values of EI and SI (<50) and high values of CI (>50). According to Ferris et al. (2001) [43],
this faunal profile indicates a degraded food web condition, characteristic of a low-resource
and stressful environment with a high fungal participation in the decomposition pathway.
We should note that the soil used in our experiment was sandy, with low organic carbon
and nitrogen. Sandy soils have low organic matter and clay values and cannot store
nutrients [26]. These soils lead to low water holding capacity, weak structure, low fertility,
and low values of aggregate stability [70]. None of our OMW treatments improved the food
web condition. Perhaps the 10% dilution of OMW, the short duration of our experiment,
and the small size of the lettuce seedlings resulted in a low amount of labile food sources
for soil decomposers.

Based on nematode rank abundance graphs, we recorded no significant difference in com-
munity composition between the treatments. The most common genus was Tylenchorhynchus,
a cp-3 phytoparasite, which is among the most frequent plant-parasitic nematodes that are
known to be associated with Lactuca sativa. The dominance of Tylenchorhynhus in all samples
could also be attributed to soil type and texture [71]. Prasad and Rao [72] reported that sandy
soils favored the growth of Tylenchorhynchus since they increased its mobility. Among the most
abundant genera in our soil samples were the cp-2 bacterial feeders of the Cephalobidae family
and the cp-2 fungal feeder Aphelenchus, belonging to the Aphelenchidae family. Ferris [43]
suggested that the predominance of cp-2 nematodes that belong to these families is indicative
of a basal food web under stressed conditions, characterized by the limitation of resources
and unfavorable environmental conditions.

An interesting finding of our study was the higher values of SI in the pots that received
the fungus-treated OMW. Higher SI values suggest more linkages in the food web [43].
Interestingly, network analysis also confirmed this outcome, as adding P. ostreatus-treated
OMW led to the formation of a more connected nematode network with relevant unequal
sharing of strength among genera. By contrast, the networks after non-treated OMW
disposal in soils were the most fragmented and with a higher value of the small-world index.
Such characteristics indicate a degraded network structure. Previous studies also revealed
the degradation of networks because of disturbance [73,74]. Based on Peng et al. [75], there
is a reverse relationship between robustness and small-worldness. According to those
mentioned above, the highest SW in a network of soils treated with non-treated OMW
indicates less robustness against subsequent disturbance than the rest of the treatments.
Therefore, there is a greater possibility for the soil nematode community grown in soils
with non-treated OMW to transition from stability to instability. By contrast, in soils under
fungus-treated OMW application, the change from a stable to an unstable condition is less
likely to happen, according to the relatively low SW value, fragmentation, and highest
compactness value.

4.2. Plants

Our results showed that none of our treatments significantly affected plant biomass
at the end of the sampling period. Similar findings were reported by Vouyoukalou and
Stefanoudaki [25] regarding the fresh plant weight in an 80 d plant experiment. Other
studies have reported that using OMW as a fertilizer enhanced plant growth but at lower
levels than that under conventional fertilizer and potable water [11,76]. On the contrary,
Aggelis et al. [17] observed a decrease in lettuce yields after non-treated OMW irrigation,



Diversity 2023, 15, 497 15 of 18

due to the elevated EC values found in the soils, which caused difficulties in the water and
nutrient uptake by the plants [77]. However, OMW dilutions at a greater level minimized
the decrease in lettuce yields. In our study, plants of Lactuca sativa in pots with 10% diluted
non-treated OMW showed a delay in plant development the first seven days after treatment
application. However, after 30 days, the final dry biomass values did not differ significantly
between the treatments at the end of the experiment. One possible reason is that adverse
effects may disappear with time due to the degradation of phenolic compounds [78].
Furthermore, the fact that the soil used in the present study was degraded, combined with
the high C/N of wastes in all treatments, must be considered with regard to plant growth.
At an elevated C/N ratio, soil nitrogen becomes immobilized and unavailable to plants
undergoing stress.

5. Conclusions

In a pot experiment, we used treated OMW as soil amendments and studied the
effects on the soil nematode community and plant growth. Although the joint treatment
of OMW with the fungus P. ostreatus and the alga C. vulgaris contributed effectively to
its dephenolization, OMW treated only with P. ostreatus displayed the highest decrease
in phenol levels. Incorporating non-treated OMW into soil resulted in reduction of all
nematodes. The effect was milder when OMW was previously detoxified either by the
fungus alone or by its combination with the alga. In the latter case, the plant-parasitic
nematodes were suppressed but the bacterivorous nematodes that are essential for nutrient
cycling were not affected. However, the most cohesive and robust nematode network was
formed in the soil that received the fungal-treated OMW. None of our OMW applications
improved the already degraded status of the soil food web and none affected the growth of
lettuce plants. Since food webs are dynamic features, and the response of nematodes under
different practices might not be direct, our future research will aim to estimate the long-
term impact of OMW. Further research will provide complete and accurate information
regarding the effects of OMW on soil communities and, consequently, their use as resources
in the context of a circular bioeconomy.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d15040497/s1, Figure S1. The effect of the three selected fungal
strains on reducing the medium’s s total phenolics, decolorization, and glucose consumption during
a 14 d incubation period in 10% v/v OMW; Table S1. A layout of the properties and metrics referring
to the architecture of the network.
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