Pre prints.org

Article Not peer-reviewed version

Effects of Fine Soils from Dismissed
Bauxite Mines in Puglia (Southern ltaly)
on Some Selected Soil-Borne Fungi

. . . . * . * . . .
Giovanni Luigi Bruno , Franca Tommasi , Sara Pirra, Francesco Mannerucci, Francesca Tucci,
Isidora Gjata , Antonios Apostolos Brouziotis , Francesca Micheletti , Giovanni Fanelli, Giovanni Libralato

Posted Date: 30 May 2025
doi: 10.20944/preprints202505.2494 v1

Keywords: radial growth; sporulation; biological activity; toxic metals; rare earth elements; natural source;
risk of environmental contamination

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/1359240
https://sciprofiles.com/profile/1741726
https://sciprofiles.com/profile/4491843
https://sciprofiles.com/profile/4492696
https://sciprofiles.com/profile/3112610
https://sciprofiles.com/profile/353984

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 May 2025 d0i:10.20944/preprints202505.2494.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from
any ideas, methods, instructions, or products referred to in the content.

Article
Effects of Fine Soils from Dismissed Bauxite Mines

in Puglia (Southern Italy) on Some Selected
Soil-Borne Fungi

Giovanni Luigi Bruno ¥, Franca Tommasi 2*, Sara Pirra 23, Francesco Mannerucci ?,
Francesca Tucci 12, Isidora Gjata 2, Antonios Apostolos Brouziotis ¢, Francesca Micheletti 5,
Giovanni Fanelli 5 and Giovanni Libralato ¢

1 Department of Soil, Plant and Food Sciences (Di.S.S.P.A.), University of Bari Aldo Moro, Bari, Italy;
manneruccifrancesco@gmail.com (F.M.); francesca7597@gmail.com (F.T.)

2 Department of Biosciences, Biotechnology and Environment (DBBA), University of Bari Aldo Moro, Bari, Italy;
isidoragjata@gmail.com

3 Institute for Sustainable Plant Protection (IPSP), National Research Council (CNR), Bari, Italy;
sarapirra97@hotmail.com

4 Department of Chemical Sciences, University of Naples Federico II, Naples, Italy; antonis.brouziotis@outlook.com

5 Department of Earth and Geoenvironmental Sciences, University of Bari Aldo Moro, Bari, Italy;
francesca.micheletti@uniba.it (F.M.); g.fanelli33@phd.uniba.it (G.F.)

¢ Department of Biology, University of Naples Federico II, Naples, Italy; giovanni.libralato@unina.it (G.L.)

Correspondence: giovanniluigi.bruno@uniba.it (G.L.B.); franca.tommasi@uniba.it (F.T.)

Abstract: Soil samples taken in the Puglia region, Southern Italy, around the entrance of dismissed bauxite mines
at San Giovanni Rotondo, Otranto and Spinazzola, were assayed at 1% in Potato Dextrose Agar (PDA) and as
liquid cultures in half-strength Potato Dextrose Broth against strains of Fusarium oxysporum f. sp. lycopersici
(FOL), Sclerotinia minor (SM), Verticillium dahliae (VD) and Trichoderma harzianum (TH). In PDA experiments, all
soil samples limited VD (21.9-32.2%), and SM (4.3-65.2%) or enhanced FOL (73.9-86.6%) radial growth, while the
TH growth was differently altered. In solid media, soil samples lowered the FOL sporulation rate (23.53-62.75%),
improved TH (5.4-109.3%) and VD (27.5-41.37%) conidia production, and had no effect on SM microsclerotia
differentiation. In liquid cultures, almost all soil samples affected the mycelia biomass production, reduced VD
(85-90.2%) and TH (20-70%) conidia production, and increased FOL (35-188%) sporulation. The SM strain did
not produce microsclerotia in any liquid media tested. Soil samples in the liquid media also affected T. harzianum
antagonistic activity mediated by secondary metabolites. Pearson correlation coefficient correlates these biolog-
ical effects with pollutant total concentration, modifies contamination degree index and Nemerow integrated
risk index. Data recommends soil surveys considering the impact on the biota, especially in sites of naturalistic,
geological, and tourist interest.

Keywords: radial growth; sporulation; biological activity; toxic metals; rare earth elements; natural source; risk
of environmental contamination

1. Introduction

Dismissed mines are an important component of local cultural heritage worldwide. More ex-
mining sites become museums or are equipped for educational and/or tourist purposes as diffused
geoparks or archaeo-industrial sites [1]. An ever-increasing number of people visit refurbished old
mines and are subject to the pilgrimage and recreative activities of curious people of all ages.

Soils around active or dismissed mines contain mainly toxic metals, Rare Earth Elements (REEs),
eventually associated with polycyclic aromatic hydrocarbons (PAH), C10-C40 hydrocarbons and
other organic contaminants [2]. Toxic metals, commonly indicated as “heavy metals”, include natu-
rally occurring metals and semimetals of high molecular weight and density five times greater than
the density of water, with potential toxicity to all forms of biota [3]. The toxic effects of toxic metals
are associated with the production of free radicals in plants, animals and microbes, and carcinogenic
action on humans [3]. At low concentrations, iron (Fe), zinc (Zn), copper (Cu), selenium (Se) and
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manganese (Mn) are essential for humans, animals, plants and microbe survival but can become toxic
agents at higher concentrations. Arsenic (As), cadmium (Cd), lead (Pb), thallium (T1), chromium (Cr),
cadmium (Cd), nickel (Ni), aluminium (Al), bismuth (Bi), antimony (Sb), and mercury (Hg) serve no
biological role [3]. Under specific concentrations and bioavailability, these metals induce toxicity by
coordinating active sites (oxygen, nitrogen or sulfhydryl groups) of biological molecules, binding
functional groups in proteins or replacing natural metal centres in different enzymes hindering their
normal functioning in biochemical reactions. For instance, As blocks up to 200 enzymes, causing lipid
peroxidation and defecting DNA synthesis [3-5]. Longstanding damage is associated with Cd, Hg
and Pb accumulation in the body and the environment [4]. The acute and chronic harmfulness of
toxic metals is influenced by their specific chemical properties and concentration, and the way of
entry into the target organism [4,5]. They enter the plant along with water absorbed by root hairs or
through stomata. Food and water ingestion, inhalation of air, permeation, and skin contact are the
most common ways to come into humans and animals. In humans, some toxic metals are the cause
of cancer, Alzheimer, Parkinson, bone mineralization, depression, vision and emotional disturbance,
affecting DNA, RNA, reproductive system, and mental disorders in children [6]. Metals such as Cd,
Pb, Ni, Co, Hg, Cr and Cu show severe toxicological effects on aquatic animals and microorganisms
[7]. In plants, heavy metals interfere with photosynthesis reducing plant growth [8].

Toxic metals, associated with mining activities, soil smelters processing and manufacturing of
metals and their sub-products or the use of sewage sludge in agriculture, affect microbiome in soil
ecosystems [8-10]. Under opportune concentrations, toxic metals generate Reactive Oxygen Species,
trigger lipid peroxidation, membrane and organelle damage and cell apoptosis [11] or affect mycor-
rhizal fungus functioning [12]. Metals like Cu, Cd, Mn, Pb, and Zn inhibit the growth of Aspergillus
spp. and Sterigmatomyces halophillus [13], while Pb ions slows Aspergillus biennis growth rate [14], and
Cd reduces Schizophyllum commune mycelial development [15]. In Neurospora crassa, Ni alters carbo-
hydrate metabolism and induces membrane breaking [16].

The REEs consider the 15 lanthanides with atomic numbers 57-71, plus Scandium (Sc) and Yt-
trium (Y). These elements show similar chemical and physical properties related to an analogous
external electronic configuration and are usually associated with the same deposits [17]. The impact
of REEs on biota is not well defined. The REEs utilization as fertilizers, feed additives in fish and
animal diets, and human medicine is well known and is further under development [18-21]. From
soil, REEs are absorbed and bioaccumulated in plants [21-23] and can enter the food chain [19,20]. In
humans, REEs exposure and accumulation induce toxicity [20,24-29], anti-angiogenic therapeutic ac-
tivity [30], protective actions against bacteria, fungi and nematodes [31], hormonal and enzymatic
activity stimulation, and immune system activation [20,28]. On various botanical species, REE expo-
sure produces contradictory effects [32-35]. Isolates of Trichoderma atroviride, T. harzianum, Botrytis
cinerea, Alternaria alternata, Fusarium solani, Rhizoctonia solani, and Sclerotinia sclerotiorum tolerated the
presence of diverse REEs into the growing media [36]. Ganoderma lucidum and some Penicillium spp.
were effective REE bio-sorbents [37,38]. Saccharomyces cerevisiae [37] and Kluyveromyces marxianus [39]
accumulated neodymium (Nd). Pseudomonas aeruginosa built-up lanthanum (La), Erbium (Er), and Y,
while Bacillus licheniformis, Bacillus subtilis, Brevibacterium helovolum and Rhodococcus erythropolis
stored samarium (Sm) and other REEs [40]. The hormetic [41] behaviour of the toxic metals and REEs
absorbed and accumulated in biological tissues is evident and well elucidated.

Most of the studies so far have been conducted on the effects triggered by REE and toxic metals
exposures are based on experimental research under laboratory conditions with one element or their
selected mixtures applying arbitrary concentrations, sometimes distinct from those found in natural
systems [23,32,34,42]. The location around the source, precipitation, temperature, wind speed and
direction, atmospheric relative humidity and composition affect biological effects and play a key role
in exposure to environmental contaminants. After all, the ultimate harmful impact in bioassay shifts
with the appropriateness of the target organism evaluated. These issues should be considered while
monitoring and identifying the toxic effects of chemicals related to biota safety in various environ-
ments [43]. Based on these considerations, this work evaluated the impacts of soil containing heavy
metals and REEs on three phytopathogenic fungi and one Biological Control Agent (BCA) of plant
pathogens. Soil samples collected around three dismissed bauxite mines in Puglia, characterized in
major and minor elements composition [44-48] were used in liquid and solid media experiments to
evaluate the effects on growth, and dissemination structures production among the four tested fungal
species. The antagonistic activity of the BCA strain mediated by secondary metabolites was also
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analysed. The biological impact of tested soils on selected fungi was modelled alongside the distance
from the mine entrance and total pollutant concentration.

2. Materials and Methods
2.1. Strains, Media, and Growth Conditions

Sclerotinia minor strain DiSSPA 9S (SM), Fusarium oxysporum f. sp. lycopersici strain DiSSPA 259F
(FOL) and Verticillium dahliae strain DiSSPA 23V (VD) were selected as phytopathogens, while Tricho-
derma harzianum specie-complex strain DiSSPA TH2 (TH) was considered as BCA. The strains SM,
FOL, and VD were stored on sterile soil according to Toussoun and Nelson [49], whereas TH on
Potato Dextrose Agar (Oxoid Ltd. Hampshire UK; PDA) slant tubes at 5+1 °C in the Plant Pathology
culture collection at the Department of Soil, Plant and Food Sciences (Di.5.5.P.A.) - University of Bari
Aldo Moro. All the strains were revitalized and routinely grown on PDA at 25+1 °C in the dark.

2.2. Soil Sampling and Risk Assessment

Soil samples (Table 1) were collected around three dismissed bauxite mines located in the Puglia
region, Southern Italy, at San Giovanni Rotondo, Otranto and Spinazzola as reported by Brouziotis
et al. [48]. For each location, soil samples were obtained near [GB2 (N 41.638893 E 15.714657), OD3
(N 40.132358 E 18.501168), SB3 (N 40.98953 E 16.179596)] and far [GE2 (N 41° 38.284020 E 15°
42.954480), OE4 (N 40.13133 E 18.501572), SE4 (N 40.98962 E 16.179776)] from each mine entrance at
20 and 50 m respectively.

The Pollutant Total Concentration (PTC) was calculated as the sum of each elemental concentra-
tion.

As a tool for pollution assessment, at each sampling point, the modified contamination degree
index (mCl4) was defined as mCla = [L£(Cr)/n] where n indicates the total number of contaminants
analysed; Cr corresponds to the contamination factors of each element considered and is calculated
as Ct = Ci/Bi where Ci denotes the measured concentrations of heavy metals, Bi represents the geo-
chemical background value of the metals [50,51]. Based on mClq, the level of soil pollution was clas-
sified [51,52] unpolluted (mCla < 1.5), low (1.5 < mCla <2), moderate (2 < mCla <4), high (4 < mCla <8),
very high (8 < mCla <16), extremely high (16 < mCla <32), ultra-high (mCl4 >32).

To evaluate the potential ecological risks of heavy metals, the Nemerow Integrated Risk Index

(NIRI) was calculated as NIRI = \[ (Elmax * Elaverage)/2 where E! is the ecological risk index evalu-

ated as El = T! x (C;/B;) using the Ci and Bi defined previously; and T; indicates the toxicity coeffi-
cients of Cd, Cu, As, Ni, Cr, Pb, and Zn which are 30, 5, 10, 5, 2, 5 and 1 respectively [51,53]. The
ecological risks of heavy metal pollution were considered [51,53] low (NIRI < 40), moderate (40< NIRI
< 80), considerable (80 < NIRI < 160), high (160 < NIRI < 320) and extreme (NIRI > 320).

Soil samples were dried (60 °C, 24 h), ground and sieved in 2-mm mesh steel nets, to run pH
measurements and bioassays.

For soil pH measurement, 10 g were put into a 25 mL beaker, 10 mL of distilled water (0.2 uS m-
1at 25 °C, pH 5.7) was added, and the mixture was stirred for 30 min and allowed to stand for 30 min.
The pH value of the suspension was determined with a corrected GLP22 pH meter (Crison Instru-
ment S.p.A., Carpi, MO, I).
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Table 1. Chemical composition (mg kg dry mass) of soil collected at 20 (GB2, OD3, SB3) and 50m (GE2, OE4, SE4) the mines entrance 2.

Elements San Giovanni Rotondo [45,47,48] Otranto [45-47] Spinazzola [44,46,47]
GB2 GE2 0oD3 OE4 SB3 SE4
Arsenic (As) bdl® bdl 44.300 + 14.228 44.300 + 14.228 56.909 + 14.758 56.909 + 14.758
Barium (Ba) 31.400 + 8.683 31.400 + 8.683 16.201 + 1.436 16.201 + 1.436 54.136 £ 17.651 54.136 £ 17.651
Cobalt (Co) 24.533 £ 8.975 24.533 +8.975 51.150 £ 3.319 51.150 £ 3.319 47.636 *+ 28.954 47.636 *+ 28.954
Chromium (Cr) 468.667 £ 10.257 468.667 £ 10.257 999.501 + 64.521 999.501 + 64.521 754.091 + 23.661 754.091 + 23.661
Caesium (Cs) bdl bdl bdl bdl 6.600 = 1.795 6.600 = 1.795
Copper (Cu) bdl bdl 55.501 £ 7.591 55.501 + 7.591 bdl bdl
Gallium (Ga) 56.200 + 12.718 56.200 + 12.718 58.351 + 5.244 58.351 £ 5.244 65.864 £ 9.131 65.864 £ 9.131
Hafnium (Hf) bdl bdl 12.147 + 0.587 12.147 + 0.587 bdl bdl
Molybdenum (Mo) bdl bdl 7.051 £ 0.825 7.051 £ 0.825 bdl bdl
Niobium (Nb) 81.800 + 19.818 81.800 + 19.818 75.101 + 3.582 75.101 + 3.582 112.727 + 10.864 112.727 + 10.864
Nickel (Ni) 197.333 + 25.765 197.333 + 25.765 190.501 + 43.585 190.501 + 43.585 458.182 + 59.892 458.182 £ 59.892
Rubidium (Rb) bdl bdl bdl bdl 16.273 +7.953 16.273 +7.953
Lead (Pb) bdl bdl 94.151 + 21.404 94.151 + 21.404 bdl bdl
Strontium (Sr) 27.600 £ 3.757 27.600 * 3.757 54.301 £ 5.956 54.301 £ 5.956 14.682 +2.697 14.682 +2.697
Thorium (Th) bdl bdl 47.358 +9.756 47.358 £ 9.756 bdl bdl
Uranium (U) bdl bdl 10.784 +10.777 10.784 + 10.777 bdl bdl
Vanadium (V) 346.800 + 89.405 346.800 £ 89.405 206.351 + 15.277 206.351 £ 15.277 482.000 + 74.485 482.000 £ 74.485
Zinc (Zn) bdl bdl 265.509 + 21.392 265.509 + 21.392 bdl bdl
Zirconium (Zr) bdl bdl 549.901 + 18.049 549.901 £ 18.049 545.682 + 41.891 545.682 + 41.891
YREE © 944.77 +14.307 337.49+ 10.703 687.75 £ 22.969 387.61 *29.369 1762.68 +22.174 826.51 +24.471
Pollutant Total
. 1,814.1027 + 88.08 1,206.8227 + 46.12 3,426.2600 + 19.49 3,126.1200 £ 32.31 4,376.0080 = 67.96 3,439.8380 +98.23
Concentration

2 Values are the means + sd; ® bdl = below detection limit; ¢ Zree include Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Sm, Sc, Tb, Tm, Y, Yb.
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2.3. In Vitro Assay on Target Organisms

The effects of soil on SM, FOL, VD, and TH were analysed using liquid and solid media.

Liquid cultures were achieved in 100 mL Erlenmeyer flasks containing 40 mL of half-strength
Potato Dextrose Broth (Oxoid Ltd., ¥2PDB) amended with 1% fine soil from GB2, GE2, OD3, OE4, SB3
or SE4 samples. As a control, Erlenmeyer containing ¥2PDB were prepared. After sterilization (121
°C, 20 min), every flask was inoculated with 105 conidia of TH, FOL or VD or 10° fragments of SM
mycelia. For each fungal species and soil, three flasks were prepared. The experiment was repeated
twice. After eight days of incubation (25+1 °C, in the dark, 150 rpm on an orbital shaker), the average
conidia concentrations in FOL, VD and TH, cultures and microsclerotia presence in SM were deter-
mined by a Thoma chamber under an optical microscope Zeiss standard mod 16 in control (Sc) and
1%APDB amended with soil sample (Ss) cultures. The sporulation inhibition rate (SIR) was calculated
as SIR=100x[(Sc-Ss)/Sc]. The mycelia were separated by filtration on cheesecloth and two layers of Mir-
acloth (Calbiochem-Merck-Sigma-Aldrich, Milan, I) and centrifugation (8,000 rpm, 20 min, 4 °C,
Thermo Scientific SL8R centrifuge, Thermo Fisher Scientific Inc., Osterode am Harz, D). The collected
mycelia were washed four times each with 40 mL of sterile distilled water to remove adherent soil,
frozen, lyophilized, and weighed to obtain dry weight (dwt) biomass. The Percentage of Growth In-
hibition Rate (PGIR) was calculated as PGIR=100x[(B-Bs)/Bc] where Bc and Bs are the average dwt
biomass in control or with soil sample, respectively. The pH of each culture filtrate (CF) was meas-
ured.

Petri dishes (diam 90 mm) containing PDA (24 g L) amended with 1% fine soil samples GB2,
GE2, OD3, OE4, SB3 or SE4 were used in solid culture experiments. Sterilized (121 °C, 20 min) media
were left to cool down to 50 °C and poured (10 ml per dish). Plates containing PDA were prepared
as a control. Each plate was inoculated in the centre with a mycelium plug (diam 3 mm) obtained
from FOL, VD, SM and TH fresh colony, sealed with Parafilm M and incubated at 25+1 °C, in the
dark. For each fungal species and soil sample, three plates were prepared. The experiment was re-
peated twice. Every day for three weeks, colony growth was measured as two orthogonal diameters.
The percentage of radial growth inhibition (PRGI) was calculated considering the average of colony
diameters on PDA (Dc) and PDA amended with soil (Ds) in the formula PRGI=100%(Dc-Ds)/D.. After
35 days of incubation, 10 plugs (diam 5 mm) were taken randomly from each FOL, VD and TH col-
ony, transferred into 10 ml of sterile distilled water, vigorously vortexed and used for conidia enu-
meration by a Thoma chamber. At the same time, microsclerotia produced by SM were collected in
10 ml of sterile distilled water, counted under a stereoscope and expressed per plate. The SIR was
calculated.

2.4. Effects on Trichoderma Harzianum Antagonistic Activity

Liquid cultures of TH were prepared in %2PDB (control) and %PDB amended with 1% of GB2,
GE2, OD3, OE4, SB3 or SE4 samples. Each flask (50 ml) was inoculated with 100 pL of conidia sus-
pension (10¢ conidia per ml) collected from a colony of TH grown on PDA for 8 days at 25+1 °C,
darkness. The inoculated flasks were incubated at 25+1 °C, in the dark on an orbital shaker (150 rpm).
After 8 days, the CFs were collected by filtration on Miracloth and centrifugation (8000 rpm, 80 min,
4 °C, Thermo Scientific SL8R centrifuge) and sterilized through 0.22 pm Millipore membranes. These
TH CFs were embedded in melted sterile PDA in the ratio 3:1 (v/v; TH CF : PDA), vigorously shaken,
and poured into a 90 mm Petri dish (30 ml per plate), to obtain TH CF Control (TH"2PDB), TH CF on
14PDB plus GB2 (THY2PDB-GB2), TH CF on 2PDB plus GE4 (TH2PDB-GE4), TH CF on “2PDB plus
OD3 (TH%PDB-OD3), TH CF on “%PDB plus OE4 (TH%:PDB-OE4), TH CF on “PDB plus SB3
(TH¥%PDB-SB3), TH CF on %2PDB plus SE4 (TH%PDB-SD4). As a non-inoculate control, ¥2PDB
(¥2PDB-NI) was prepared. Plugs (diam 8 mm) were taken with a cork bore and used to set up antag-
onism tests according to Figure 1.
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Figure 1. Scheme used for antagonistic activity plate assays between target fungal species (®) and biological
control agent culture filtrate (e) plugs.

Every organism (FOL, VD or SM) and TH CFs combinations were prepared in triplicate. The
inoculated plates were sealed with Parafilm M and incubated (25+1 °C) in the dark. The advance of
considered fungus and the colonization of the plugs were monitored daily for three weeks. The per-
centage of plug colonization (PPC) was calculated as PPC=100x(Pcon-Prtcr)/Pcon where Pcon and Prrcr
represent the number of colonized plugs containing 2PDB and TH CF, respectively. The experiment
was repeated three times.

2.4. Statistical Analysis

For each parameter the mean and standard deviation (sd) were calculated. Data were subjected
to Shapiro-Wilk’s and Levene’s tests to verify the distribution’s normality and the variances” homo-
scedasticity, respectively. Subsequently, the variance analysis (ANOVA) with a 95% confidence level
and Fisher’s least significant difference (LSD) were performed using SAS software version 9.0 for
Windows. The percentage values were arcsine transformed before the analysis. The plots were as-
sembled using Excel software. The Pearson correlation coefficient (r) was estimated among the PTC,
mCl4 or NIRI values and each effect on tested fungi. The variables were considered [54]: uncorrelated
(r = 0), positively correlated (r > 0), or negatively (r < 0) correlated. The correlation was considered
weak (r < 10.31), moderate (10.311 <r< 10.71), or strong (r> 10.711).

3. Results
3.1. Soil Characterization

The fine soil collected around the three dismissed bauxite mines in Puglia have pH values (Table
2) ranging from 7.89+0.13 (sample OE4) to 8.42+0.12 (sample SE4). Based on mCla (Table 2), soils at

the collection points recorded low (GE4), moderate (GB2), high (OE3, OE4, SE4) and very high (SB3)
pollution. As shown in Table 2, low NIRI values were recorded across all sampling points.

Table 2. Values of pH, modified contamination degree index (mCId) and Nemerow Integrated Risk Index (NIRI)
of soil samples collected from dismissed bauxite mines in San Giovanni Rotondo (GB2, GE4), Otranto (OD3,
OE4), and Spinazzola (SB3, SE4).

Soil samplesab

Parameter GB2 GE4 oD3 OF4 SB3 SE4
pH 8.3420.12 8.240.15 8.0120.11 7.89+0.13 8.0420. 144 8.420.12
mCla 3.891+0.524 1.999+0.20¢ 5.324+0.21" 45558007  10.448:094°  6.703+0.46b
NIRT 2.934+0.27¢ 2934+027¢  15533:045°  15.533:049>  18.732+0.48°  18.732+0.48

2 For each parameter, values marked with the same letter are not significant for Fischer’s LSD at P<0.05. ® Soil
sample abbreviations and characteristics are in Table 1.

3.2. Effects of Soil Samples on Target Organisms

The four target fungi recorded different responses depending on the culture performed and soil
samples considered.

In the liquid culture (Figure 2), GB2, GE4, OD3, OE4 and SE4 soil samples slowed TH growth by
an average of 63.16%, while SB3 induced a 7.34% increase. Samples OD3 and OE4 increased VD my-
celial mass by 29.73 and 43.22%, respectively. The SM growth increased between 18.95 and 58.44%
for OD3 and SE4, respectively. The FOL growth ranged from the 8.33% enhancement in the media
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containing GB2 to 8.58% inhibition in ¥2PDB amended with SB3. The presence of soil samples affected
VD, TH and FOL conidia production (Figure 2). Microsclerotia were not produced by SM under all
the tested media.
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Tested media

Figure 2. Percentage of growth inhibition/enhancement of Fusarium oxysporum f. sp. lycopersici (B), Verticillium
dahliae (™), Sclerotinia minor (") and Trichoderma harzianum (M) myecelia in half strength Potato Dextrose Broth
(*2PDB) amended with fine soil (1%) of GB2 (“2PDB+GB2), GE2 (“2PDB+GE4), OD3 (*2PDB+OD3), OE4
(¥2PDB+OE4), SB3 (¥2PDB+SB4) and SE4 (*2PDB+SE4) samples. Each histogram represents the average of six
replicates + sd. The number in brackets indicates the sporulation inhibition rate. For each isolate or parameter,
values marked with the same letter are not significant for Fischer’s LSD at P<0.05. Soil sample abbreviations and
characteristics are in Table 1. NP = Not produced.

At the end of the growing time, different CF pHs were recorded (Table 3). Compared to the non-
inoculated media (Table 3), TH, VD, and SM development decreased the pH, while FOL behaviour
was conditioned by the soil sample added in the medium: pH increase for GB2, GE4, and SE4, and a
slight reduction was recorded for OD3, OE4, and SB3.

Table 1. Final pH of Fusarium oxysporum £. sp. lycopersici (FOL), Verticillium dahliae (VD), Trichoderma harzianum
(TH) and Sclerotinia minor (SM) cultures in half strength Potato Dextrose Broth (%2PDB) or %2PDB amended with
GB2, GE2, OD3, OE4, SB3 and SE4 soil samples >«

Media 2PDB NI ¢ FOL VD TH SM

12PDB 5.61+0.1a 5.13+0.1a 454401 a 3.82+0.1a 3.82+0.1a
1% PDB+GB2 6.02+0.1 b 6.18+0.1 b 5.06+0.1 ab 4.21+0.1 ab 4.22+0.1 ab
1 PDB+GE4 599 #0.1b 6.1120.1b 511+0.1b 3.93+0.1a 391+0.1a
1% PDB+OD3 6.08+0.1 b 5.18+0.1a 4.59+0.1 a 4.21+0.1 ab 4.21+0.1 ab
1»PDB+OE4 6.02+0.1 b 5.08+0.1 a 4.94+0.1 a 3.85+0.1 a 3.85+0.1 a
% PDB+SB3 6.06+0.1 b 5.1240.1a 5.01+0.1 ab 4.61+0.1b 4.63+0.1Db
% PDB+SE4 6.02+0.1 b 6.11+0.1 b 4.85+0.1 a 3.7620.1 ab 3.73+0.1 a

2 Each value represents the average of six repetitions + sd; ® Soil sample abbreviations and characteristics are in
Table 1; < For each column, values with the same letter are not significant for Fischer’s LSD at P<0.05; < NI = Not
Inoculated.

On PDA amended with the fine soil from GB2, GE2, OD3, OE4, SB3 and SE4 samples, the PRGI
(Figure 3) outlines a different behaviour for each tested fungal species. Compared with the control,
the six soil samples inhibited VD (21.9-32.2%) and SM (4.3-65.2%) radial growth, TH was inhibited
(22-25%) by the presence of GB2 and SB3, while growth enhances were recorded on PDA modified
with OE4 (9.5%), OD3 (15.8%), GE4 (15.8%) and SB4 (17.1%). Growth improvement (65-86%) was
recorded in FOL cultures.
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Figure 3. Percentage of radial growth inhibition/enhancement of Fusarium oxysporum f. sp. lycopersici (M), Verti-
cillium dahliae (™), Sclerotinia minor (') and Trichoderma harzianum (M) on Potato Dextrose Agar (PDA) and PDA
amended with GB2 (PDA+GB2), GE4 (PDA+GE4), OD3 (PDA+OD3), OE4 (PDA+0E4), SB3 (PDA+SB3) and SE4
(PDA+SE4) fine soil (1%) samples at 25+1°C, in the dark. Histograms represent the average of six replicates + sd.
The number in brackets indicates the sporulation inhibition rate. For each fungal isolate or parameter, values
marked with the same letter are not significant for Fischer’s LSD at P<0.05. Soil sample abbreviations and char-
acteristics are in Table 1.

All soil samples inhibited the production of FOL conidia (Figure 3): GB2, OD3 and SB3, collected
near the mine entrances were the more efficient (61-64% SIR). Compared to the PDA control, VD
increased conidia production in the media containing soil samples (27-36%) apart from SB3 which
recorded a 12% reduction. All tested soil samples stimulated TH conidia production. The SM micro-
sclerotia production did not undergo significant variations.

FOL, VD and SM showed different comportment towards the plugs containing the TH CFs (Fig-
ure 4). All the %PDB-NI plugs containing uninoculated PDB were colonized bay FOL, SM and VD
mycelia, while the plugs incorporating TH CFs revealed different PPC (Figure 4).

An antagonistic action was observed for the plugs containing the TH"2PDB CF that inhibited the
growth of the three target fungi. SM failed to colonize plugs containing TH CFs obtained in the pres-
ence of each tested soil sample. The THAPDB-OD3 and THYPDB-SE4 plugs were completely not
colonized by FOL. VD did not colonize THY2PDB-GB2 plugs, while different PPCs were recorded for
the other plugs. SM did not colonize TH¥PDB plugs including the fine soil samples.

TH2PDB  TH'2PDB-GB2 TH‘/zPDB GE4 THY2PDB-OD3 TH'2PDB-OE4 TH'2PDB-SB3 TH'2PDB-SE4  '2PDB-NI

100 a

100 a

37.04b 29.63 b 18.52d 18.56 d 37.04 b 100 a

Figure 4. Examples of the growth of Fusarium oxysporum f. sp. lycopersici (FOL), Verticillium dahliae (VD) and
Sclerotinia minor (SM) in the presence of agar plugs containing the filtrate of Trichoderma harzianum (TH) obtained
from liquid cultures (8 days, 25+1 °C, 100 rpm) in half strength Potato Dextrose Broth (*2PDB; THY2PDB) and
1PDB modified with the addition of fine soil (1%) of samples GB2 (TH2PDB-GB2), GE2 (TH"2PDB-GE2), OD3
(THY%2PDB-OD3), OE4 (THY2PDB-OE4), SB3 (TH"2PDB-SB3) and SE4 (TH2PDB-SB4). %2PDB-NI = control %2PDB
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not inoculated. For soil sample abbreviations and characteristics see Table 1. The red numbers indicate the per-
centage of plug colonization (PPC) calculated as PPC=100x%(Pcon-Prtice)/Pcon where Pcon and Prucr represent the
number of colonized plugs containing PDB and TH CF, respectively.

The Pearson correlation coefficient (Figure 5) shows different correlations levels among the PTC,
mClq, or NIRI and the recorded parameters. The presence of GB2, GE4, OD3 and OE4 soil samples
positively correlated PTC and mCla to pH, PGIR and SIR of liquid cultures, and PRGI and SIR col-
lected from PDA experiments. The antagonistic effects of TH culture filtrates were uncorrelated to
PTC and mCla. The NIRI values showed a positive weak correlation between GB2 and GE4 soil sam-
ples and the biological parameter recorded for the tested organisms. Samples OD3, OE4, SB3 and SE4
noted a weak negative correlation with pH, PGIR and SIR of liquid cultures, and PRGI and SIR related
to solid media experiments. The PPCs explain a weak positive correlation with each tested soil sam-

ple.
A B
pH PGIR_ SIRL _PRGI _SIRA__TH-AN pH PGIR_ SIRL _PRGI _SIR-A__TH-AN
TH 0866 0999° 10000 0999° 1.000° TH | 0.866 0.999° 1.000° 0999 1000
S FOL 0866 0999° 1.000° 0999° 1.000° 0000 || § FOL 0866 0.999° 1.000° 0.899° 1.000° 0.000"
() VD 0866 0999° 1.000° 099 1.000° 0000 || ¢ vD 0.866 0899° 1.000° 0999 1.000° 0.000°
SM 05866 0999° MNP2 0999° 1.000° 0.000° SM 0866 0999° MNP= 0999° 1.000° 0.000°
TH 0877 0999° 00999 0.999° 1.000° TH | 0.877 0.999° 0.999° 0.999° 1.000"
5, FOL 0877 0999° 0999° 0999° 1.000° 0000 || S FOL 0877 0999° 0999° 0.999° 1.000° 0.000"
() VD 0877 0999° 0999° 0.999” 1.000° 0000 || ¢H VD 0877 0899° 0999° 0999”7 1.000° 0.000°
SM | 0877 0999° MNP 0999 1.000°  0.000° SM 0877 0999° MNP _0.999° 1.000° 0.000"
TH 0866° 0999 1.0000 0.999° 1.000° TH | 0.866° 0.999° 1000 0999 1.000°
& FOL 0866 0999° 10000 0999° 1.000° 0000 || 3 FOL 0866" 0999° 1.000° 0.999° 1.000° 0.000"
© VD 08667 0999 1000 0999 10000 0000 || @ VD 0866" 0999° 1000 09899° 1.000° 0.000°
SM_ 0.866” 0.999° MNP  0.999” 1.000°  0.000° SM_ 0.866”7 0.999° MNP 0999 1.000° 0.000"
TH 0866° 0999 1000 0.999" 1.000° TH | 0.866° 0999° 10000 0999 1.000
3, FOL 0866 0999° 1.000° 0.999° 1.000° 0000 || 3 FOL 0.866° 0999° 1.000° 0.999” 1.000° 0.000"
O VD 0866° 0899 10000 0993 1000 0000 || © VD 0866" 0999° 10000 0899 1.000° 0.000°
SM | 08667 0999”7 MNP 0.999" 1.000°  0.000° SM 08667 0999”7 MNP 0999 1.000° 0.000"
TH 0500 0986 1.0000 0.986° 1.000° TH | 0500 0.986° 1.000° 0.986° 1.000"
Q@ FOL 0500 09867 1000° 0986 1.000° 0000 || 2 FOL 0500 0986° 1.000° 09867 1.000° 0.000°
¢ VD 0500 0886" 10000 0986~ 10000 0000 || ¢c» VD 0500 0986" 1.000° 09867 1.000° 0.000°
SM 0500 0.986" MNP 09867 1.000° 0.000° SM 0500 0986° MNP  0.986° 1.000° 0.000°
TH 0500 0986 1.0000 0.986" 1.000° TH | 0500 0.986° 1.000° 0986~ 1.000"
5, FOL 0500 0986 1.000° 0986 1.000° 0000 || S FOL 0500 0986" 1.000° 0.986" 1.000° 0.000"
@ VD 0500 0886" 1000° 0.986" 1.000° 0000 || ¢»p VD 0500 0986" 1.000° 09867 1.000° 0.000"
SM 0500 0.986" MNP  0.986" 0500  0.000° SM 0500 0986° MNP 0986° 0500  0.000"
C
pH PGIR _ SIR-L __PRGI__ SIR-A__TH-AN
TH 0186° 0266 0266° 0299 0152
Sl FOL 0.186" 0.266° 0266° 0299° 0.152° 0.132° D
( VD 0186 0266” 0266" 0299° 0.152° 0132
SM__ 0.186" 0.266” MNP2 0299° 0152 0.132° 1
TH 0186° 0266 0266 0299 0152 )
3, FOL 0186”7 0266 0266 0.299° 0.152 0.132° 0.89 = 0.71
() VD 018" 0266 0266 0299° 0.152° 0132 0.7 + 0.31
SM_ 0.186" 0266 MNP  0.299° 0152° 0.132" sl S
TH -0262° -0.168" -0.196° -0218" -0.126" 03+ 001
™ . . - pos x = . - .
& FOL -0.262" -0.168" -0.1967 -0218" -0.126" 0.132
® VD -0262" 0168~ -0196" -0218" -0126" 0132° 0
SM_ -0.262" -0.168" MNP  -0.218" -0.126" 0.132°
TH -0.262” -0.168" -0.196" -0.218" -0.126" -0.01 +-0.3
3, FOL -0.262" -0.168" -0.196" -0.218" -0.126" 0.132°
O VD -0.2627 -0.168" -0.196" -0.218" -0.126" 0.132° -0,31+-0.7
SM_ -0.262" -0.168" MNP _ -0218" -0.126" 0.132°
TH -0.266° -0.286" -0.012 0015 -0.012" -0.71 +-0.99
@ FOL -0.266" -0286” -0.012° -0.015" -0.012° 0132 - A
0 VD -0266" -0286" -0012° -0.015" -0.012" 0.132°
SM_ -0.266" -0.286" MNP -0.015" -0.012" 0.132°
TH -0266" -0.286" -0.012 -0.015" -0.012"
I, FOL -0.266" -0286" -0.012° -0.015" -0.012° 0.132°
@ VD -0266" -0286" -0.012° -0015" -0.012" 0132
SM_ -0.266" -0.286" MNP -0.015" -0.012" 0.132°

Figure 5. Pearson correlation coefficient among the pollutant total concentration (A), modified contamination
degree index (B) or Nemerow integrated risk index (C) and pH culture filtrate, percentage of growth inhibition
rate (PGIR), or sporulation inhibition rate in liquid (SIR-L) and agarized (SIR-A) cultures of Fusarium oxysporum
f. sp. lycopersici (FOL), Verticillium dahliae (VD), Trichoderma harzianum (TH) and Sclerotinia minor (SM) grown in
half-strength Potato Dextrose Broth or Potato Dextrose Agar amended with 1% fine soil from GB2, GE2, OD3,
OE4, SB3 or SE4 soil samples. Interpretation of the reference colour (D). “*” and “**” indicate statistical signifi-
cance at P<0.05 and P<0.01, respectively. @ MNP = Microsclerotia not produced. Soil sample abbreviations and
characteristics are in Table 1.
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4. Discussion

Living organisms are affected by the chemical composition of their environment. Particularly,
metals when present under excessive concentrations affect biota activity and survival. At the same
time, microorganisms remove metal ions, including toxic (heavy) metals and REEs, by adsorption on
the surface of microbial cells, onto extracellular biopolymers (e.g., polyglutamic acid and polysaccha-
rides), into microbial cells, by bio-minerals such as manganese oxide [10,55,56].

Soil contamination by toxic metals is the result of natural processes and human activities. Dam-
age to soil microorganisms has often been reported as the final effect of metal toxicity. Severe am-
monification and nitrification alteration were the first observations associated with Cu, Zn, Fe, Pb
[57] or manganese [58] presence and concentrations. To avoid ecosystem disturbance and human
exposure measures to limit the toxic metal loading rates were introduced in many European countries
[10] and are constantly updated.

Contradictory are the conclusions carried out on REEs effects on biota: toxicity [19,24-28,32-35]
or positive impacts [20,28,31]. The extensive information on the biota exposure to pollutants collected
from laboratory studies shows disparity in critical toxic concentrations and related effects [10]. To
avoid this limiting factor, soil samples collected around three dismissed bauxite mines in the Puglia
region, at San Giovanni Rotondo, Otranto and Spinazzola were used as natural sources of pollutants,
mainly toxic metals and REEs [48-52], against target organisms selected among soil-borne fungi. The
elected mines played a key role in the “Italian” aluminium production. The mines in San Giovanni
Rotondo and Otranto were utilized from 1937 to 1973 and 1940 to 1976, respectively; while the mine
in Spinazzola, discovered in 1935, remained active from 1950 to 1978. The soil around these three
dismissed bauxite mines is the reddish clay soil called Terra Rossa characterized by hematite, kaolin-
ite, and goethite present on the surface of limestone [59].

All mining procedures, including bauxite extraction, cause drastic disturbances in landscape and
soil properties. The soil around mines is characterized by poor soil structure, nutrient deficiency, low
fertility, high concentrations of toxic metals (i.e., As, Cr, Cs, Cu, Mo, Pb) and REEs (e.g., Ce, Dy, Er,
Eu, Gd, Ho, La, Lu, Nd, Pr, Sm, Sc, Tb, Tm, Y, Yb); loss of P, K, Ca, Al and Mg content, effective cation
exchange capacity, soil organic carbon and nitrogen pool; increase soil pH, electrical conductivity,
and bulk density, reduced soil microbiota communities and improved ecological risk assessment
[2,44-48,60-65].

The presence of pollutants such as PAHs, C10-C40 hydrocarbons, metals and REEs has also been
ascertained in dust and surface layers of soil in areas of high industrial activity of Taranto and Au-
gusta Priolo, showing differences in topographic distribution among the soil sampling sites [66,67].
From the tree site explored in this study, soil samples taken in the area near (GB2, OD3, SB3) and in
the zone far (GE2, OE4, SE4) from the mine entrance, confirm the presence of As, Ba, Co, Cr, Cs, Cu,
Ga, Hf, Mo, Nb, Ni, Rb, Pb, Sr, Th, U, V, Zn, Zr, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb and Lu. The average concentration of these elements reached 1510.4627 (GE2 = 1814.1027, GB2 =
1206.8227), 3276.19 (OE4 = 3426.2600, OD3 = 3126.1200) and 3907.9230 (SE4 = 4376.0080, SB3 3439.8380)
mg kg in San Giovanni Rotondo, Otranto and Spinazzola, respectively.

Soil pH impacts the solubility, bioavailability and overall mobility of heavy metals and REE.
Higher pH values generally reduce the mobility and availability, while lower values, particularly
below pH 5, can increase heavy metals solubility and toxicity [51,68]. Following these indications,
heavy metals and REEs in the soils of the three here considered sites (pH values in the range 7.89+0.13
- 8.42+0.12) should have a low bioavailability. The pH of post-bauxite mining soils herein analysed is
higher than the pH 4.96 recorded in Indonesia [69] and 5.1 in Brazil [60] but agrees with soil analysed
in the Philippines [61].

The ranking of mCa values for the six soil samples was as follows: GE4 (1.999+0.20) < GB2
(3.89120.52) < OE4 (4.555+0.07) < OE3 (5.324+0.21) < SE4 (6.703+0.46) < SB3 (10.448+0.94). According
to the proposed classifications [51,52], collected soils showed low (GE4), moderate (GB2), high (OE3,
OE4, SE4) and very high (SB3) pollution. The distribution of pollution levels is reduced as the distance
from the mine entrance increases. It is speculated that the mining of the deposit is one of the reasons
for the high mCa.

The calculation of NIRI eliminates the effect of the number of metals considered, avoids the
overestimation caused by summing numerical values, combines the toxic response factors and allows
an accurate valuation of metal’s contribution to the potential ecological risk. No differences were
recorded between the samples taken near or far from the mine entrance. Distinctions are possible
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among the three dismissed mines. The mean NIRI values in the San Giovanni Rotondo, Otranto, and
Spinazzola were 18.732+0.48, 15.533+0.45, and 2.934+0.27, respectively, with the San Giovanni Ro-
tondo and Otranto being significantly higher than the Spinazzola area. Most sampling sites in the
study areas that have high or very high pollution levels, shows low potential ecological risk.

The potential effects of soil samples were established on three strains of fungal plant pathogens
and one BCA as target organisms selected based on their soil-borne habitus.

Fusarium oxysporum {. sp. lycopersici, widespread throughout the Mediterranean basin, is the sig-
nificant pathogen of tomato vascular wilt. It lives as a saprophyte on tomato plant residues in the
soil, differentiates one-celled microconidia (2.5-4 x 6-15 pm), 2-3 septate macroconidia (2.5-3.3 x 3.5-
5.5 um) and, formed in older mycelium, spherical chlamydospores (5.70-7.5 pum in diameter) that
favour its preservation for up to 10 years. This fungus infects tomato seedlings close to transplanting
and those in greenhouses and open-field cultivation. Yield losses due to disease can reach 45-55%
and extend up to 70% under favourable conditions (27-30 °C). The typical symptoms of vascular wilt
caused by F. oxysporum f. sp. lycopersici include yellowing of the basal leaves and epinasty (downward
curvature of the leaf lamina). The intercellular colonization of the cortical tissues and xylem estab-
lishes a typical dark brown colour of the roots, collar and stems, leading to wilting and death of the
entire plant or its sectors [70,71].

Sclerotinia minor is a polyphagous fungus that infects cucurbits, carrots, celery, fennel, lettuce,
cabbage, tomato, artichoke, thistle, sunflower, and other botanical species during cultivation, and
pears, lemons, and other fruits during post-harvest storage. Plants attacked by this pathogen show,
at the base or along the stem, brownish lesions that evolve into rotting areas covered with cottony
white efflorescence in which masses of blackish microsclerotia (8-10 mm) appear and allow the path-
ogen preservation in the soil for several years. On tomatoes, S. minor leads the plant to a rapid death.
Conditions favourable to infection are 15-28 °C and some days of high humidity [71].

Verticillium dahliae is the agent of Verticillium wilt on vegetables (e.g., tomato, pepper, potato,
eggplant, and artichoke), olives, vine and other three hundred botanical species. This fungus survives
for many years in the soil as microsclerotia or hyphae and conidia in crop residues. The infection of
the host plant starts from the roots, directly or through wounds, and colonizes the xylem vessels
producing conidia that will be transported in an acropetal direction. As a defence mechanism, the
infected plant produces gums and tyloses inside the tracheid which, together with mycelium and
conidia of the fungus, cause the clogging of the xylem vessels, wilt and death of the plant. On toma-
toes, the root system remains intact, wilting symptoms involve first on the basal oldest leaves, and
then affect the younger ones, with a reduction in yield of 20-50% [71,72].

Species of the genus Trichoderma, including T. harzianum, are saprophytic, filamentous fungi
ubiquitous in the soil and plant rhizosphere. They are strong opportunists, and producers of consid-
erable amounts of conidia, antimicrobial substances, and lytic enzymes. These species are worldwide
applied as BCAs to manage nematodes and plant disease agents such as Phytophthora, Pythium, Rhi-
zopus, Athelia, Verticillium, Rhizoctonia, Fusarium, Sclerotinia and other phytopathogenic fungal species
[73-75]. These fungi have been extensively utilized as biofertilizers to promote vegetative growth
under different agricultural conditions by producing plant growth stimulants [74].

Starting from these considerations, the soil samples taken around the three dismissed bauxite
mines in Puglia were tested in liquid and solid (agarized) media since the physical-chemical proper-
ties of the media can affect dynamics of fungal growth response, metabolisms and xenobiotic uptake,
accumulation and efficacy. The liquid culture tests support a more extensive contact between soil
samples and fungal-produced structures. Assessing the soil instead of individual elements or mix-
tures prepared in the laboratory is the singleness of the methodologic approach used in this work.
The effects on biota caused by environmentally relevant exposures are usually related to mixtures
and not only to one or a few representative substances.

Assayed on PDA all the tested soil samples decreased VD (22-32%) and SM (4-65%) or increased
FOL (65-86%) radial development. The TH growth is soil-dependent: reduced by GB2 (25%) and SB3
(22%) samples, and stimulated by OE4 (9.5%), OD3 (15.8%), GE4 (15.8%) and SB4 (17.1%). Soils also
affected the differentiation of dissemination or maintenance structures. Conidia production was re-
duced in FOL (37-78%) and increased in TH (5-109%) and VD (12-41%) while no effects were recorded
on SM microsclerotia.

Media composition (e.g., nutrient sources, pH) and growth parameters (e.g., light/dark cycle,
temperature, relative humidity, static/stirred conditions) influence fungal biomass production and
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sporulation. Structures useful for dissemination such as conidia and conservation structures such as
microsclerotia represent, for the producers’ fungi, high ecological versatility, and security in perpet-
uation in time and space while waiting for the host [76]. Certainly, solid media, i.e.,, PDA, provide
water and nutrients and allow the fungal hypha to grow and develop, whereas liquid cultures, both
in static and stirred conditions, could slow down fungal growth, however they grant contact between
mycelia and any xenobiotics to be tested. Media composition and growing conditions also affect fun-
gal primary and secondary metabolisms and optimize the yields of specific active metabolite in me-
dicinal fungi or drug-producing microbe [77-79]. The experiments conducted in the liquid PDB
amended with the established soil samples indicate different performance in terms of growth and
differentiation of dissemination or maintenance structures among the four fungal strains tested. The
soil samples reduced the growth of TH (61.5-65%, except for sample SB3 which induced 7.3% biomass
increment) and stimulated SM (8-58%) and FOL (0.5-10%, apart from sample SB3 which reduce SM
and FOL biomasses of 2.5 and 8%, respectively). A different comportment was recorded for VD:
growth reduction (3%) by the GB2 and GE4 samples, stimulation by the OD3 (30%) and OE4 (43%).
Under the same growing conditions, the four fungal species also differentiated the production of
conservation and diffusion structures.

Liquid cultures have some advantages: (i) rapid mycelium growth, (ii) uniform presence of the
sample to be assessed, and (iii) easy sporulation verification. In addition, liquid cultures are usually
used to stimulate the production of fungal secondary metabolites that are toxic to plants or other
fungi. An inhibition in the conidia production was recorded in VD (85-90.8%) and TH (20-70.23%),
while FOL increased (1.3-3.5-fold) conidia differentiation when compared with the controls in PDB.
In all liquid cultures, SM did not produce microsclerotia.

Trichoderma species are components of soil microbiome and are widely promoted as biopesti-
cides, biofertilizers and soil amendments, due to their ability to produce secondary metabolites with
antimicrobial properties effective in vitro against several plant diseases agents [73] and work as de-
fence substance activators in plants, stimulating pathogenesis-related proteins (PR-proteins) and en-
zymes, including peroxidase, chitinase, beta-1,3-glucanase and lipoxygenase [74]. Under the growth
condition herein applied, the strain TH reduced antimicrobial effects against FOL, VD and SM de-
pending on the soil sample and fungal strain considered. The presence of GB2, GE2, OD3, OE4, SB3
and SE4 soil samples in the liquid media also altered TH microbicidal action. The TH filtrates ob-
tained in PDB, embedded in PDA inhibited the plugs colonization by FOL, VD and SM. The CFs
obtained in %PDB modified with the addition of 1% soil samples have, in all cases, avoided the
growth of SM leaving its antagonistic activity unaltered. Soil-dependent behaviour was observed in
FOL and VD: THY2PDB-OD3 and THY:PDB-SE4 blocked FOL growth; VD did not colonize THYPDB-
GB2 plugs and partially colonized the other.

Despite different target organisms, our results agree with previously published data regarding
the soil of other industrial installations [66,67,71]. Fungal growth, sporulation and antagonistic activ-
ity are affected by the soil’s physical structure, chemical composition, elemental content and availa-
bility. However, hypotheses can be made to be supported by further evidence. It could be hypothe-
sized that toxic metals and REEs may favour the growth and conidia production of Trichoderma in the
soil, but reduce their antagonistic activity mediated by fungitoxic molecules. The employment of the
results discussed here could mitigate the deleterious effects of V. dahliae and S. minor disease. In fact,
by slowing down their saprophyte phase the requirement of a longer time to start the infectious pro-
cess may be hypothesized. Stimulating the production of conidia in V. dahlize improves the possibility
of dissemination. On the contrary, F. oxysporum f. sp. lycopersici could mitigate conidia production
and the lower dispersion, increasing saprophyte mycelial growth.

The widespread presence of toxic metals and REEs in the soil, beyond the possible accumulation
of undesired elements in crops, could influence the growth of T. harzianum, V. dahliae, S. minor, F.
oxysporum {. sp. lycopersici, and, presumably, other fungal populations (e.g., microbiome, rhizosphere,
symbionts, plant growth-promoting rhizobacteria, mycorrhizal fungi, endophytic bacteria, actino-
mycetes, nematodes, protozoans, soil-borne agent of plant disease, and BCAs), their development
and dispersal, biological interactions with soil microbiome and plants, and disease/protection ability.
In addition, T. harzianum strain TH, V. dahliae strain VD, S. minor strain SM and F. oxysporum f. sp.
lycopersici strain FOL could be investigated in the REE and heavy metals soil bioremediation.

These data are preliminary; further tests are needed with a wider range of S. minor, F. oxysporum
f. sp. lycopersici, V. dahliae, T. harzianum isolates and other soil-borne fungi to verify the universality
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of the obtained findings. In addition, the three sites here considered, along with many others dis-
missed mines represent important tourist attractions, cultural elements, included in geoparks, trans-
formed into museums [1]; are visited by an ever-increasing number of people and subject to the pil-
grimage and recreative activities of curious people of all ages. For this reason, it is crucial to study
and monitor heavy metals and REEs as responsible for alterations in the chemical and biological
composition of soils and to control and characterize some endogenous fungus strains.

Final speculation is necessary for Pearson correlation coefficient. The bio-toxic effects of the
tested soil samples were positively weak/moderate related to PTC and mCla ascribing a dose-effect
relationship with the elemental concentration of pollutants and their contamination factor. At the
same, a weak positive or negative correlation is associated with NIRI values. It is evident that Cd, Cu,
As, Ni, Cr, Pb, and Zn, included in the NIRI calculations, are partly associated with biological effects
recorded on FOL, VD, SM and TH strains growth with the soil samples. Other toxic components
could be considered valuable sources of toxicity. Considering the elemental composition of soil sam-
ples collected at the three dismissed bauxite mines, the REE content reached 52.08, 27.97, 20.07, 12.39,
40.28 and 24.03% in GB2, GE2, OD3, OE4, SB3, and SE4, respectively. With high probability, the effect
on the four tested fungi here detected and discussed will be due to REEs. Moreover, the impact of
other chemicals such as heavy metals (e.g., Zn, Pb, Cd, Hg) that could contribute to toxicity, should
be considered.

5. Conclusions

The six soil samples collected from three dismissed bauxite mines in Puglia revealed consistent
levels of toxic metals and REEs higher than those reported in other sites. These soil samples affected
the four strains of target pathogens inducing different effects on radial growth and spore production
on solid (agarized) PDA and liquid PDB. The experienced strains compensate for growth reduction
by the greater production of reproductive structures, or, vice versa, enhance biomasses production
to balance low conidia differentiation. Soil samples also affected the antimicrobial activity of the TH
strain. Data collected, analysed and discussed here suggests the need to monitor toxic metals and, in
particular, REEs impact on the biota in the environment and the soils, especially in locations of natu-
ralistic, geological, and tourist interest.
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