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ARTICLE INFO ABSTRACT

Keywords: A new type of solid digestate (DG) obtained exclusively from two-phase olive pomace was characterised and
Anaerobic digestion evaluated for physicochemical and biological properties. In slurry-type experiments, the adsorption of the
SEMEdDX fungicide boscalid and the herbicide oxyfluorfen on non-amended loam soil (SOIL) and on soil amended with DG
Pesticide at doses of 1 % (SOIL-DG1), 3 % (SOIL-DG3) and 6 % (SOIL-DG6) (w/w) was quantified and modelled. The DG
Adsorption isotherm .

Desorption showed a remarkable and stable capacity to adsorb the compounds over a temperature range of 5-40 °C. Based
Fungi on the data of the adsorption isotherms conducted at 20 °C, the distribution coefficients of SOIL, SOIL-DG1, SOIL-

DG3 and SOIL-DG6 were, respectively, 1.3, 2.2, 2.2 and 3.4 mg kg! for boscalid and 2.0, 2.1, 2.2 and 5.9 mg kg
for oxyfluorfen, which suggested a significant increase in soil retention capacity after the addition of DG,
especially at the highest dose. The desorption of both compounds from all treatments, especially from SOIL-DG6,
was slower than adsorption and incomplete (hysteresis coefficient < 1), thus indicating a prolonged permanence
of the molecules on the soil. In lab-scale experiments, the phytopathogenic fungi Armillaria mellea, Fusarium
culmorum and Verticillium dahliae were exposed to 0.02, 0.1, 0.5 and 1 % (w/w) DG alone, and 0.02 and 0.1 % DG
preliminary interacted with 100 mg 1! of soil humic acid (HA-DG). Fungal response was clearly influenced by the
species, the treatment and the dosage adopted. In general, all treatments did not significantly modify the growth
rate of A. mellea and V. dahliae, whereas all DG treatments, especially HA-DG, caused evident suppressive effects
on F. culmorum. Based on the results of this study, it can be concluded that the addition of DG to the soil can
regulate the bioavailability of agrochemicals in pore water and exert an inhibitory or irrelevant action depending
on the phytopathogenic fungus.

1. Introduction feed additive, and as an ingredient in pharmaceuticals and cosmetics

(Dantas Palmeira et al., 2023; Tolisano et al., 2023). The recycling of OP

Olive pomace (OP), composed of parts of pulp, peel and stone, is the
main by-product of olive pressing to obtain virgin olive oil. This material
is particularly copious in olive-growing areas where olive oil represents
one of the main agro-industrial products on which the local economy is
based. In Italy, approximately 3 million tons of OP are produced annu-
ally, and the Apulia region contributes one third of the entire Italian
production of oil olives (Valenti et al., 2017). Due to the abundance of
OP and its composition, its management, especially storage, can repre-
sent a problem for the olive oil industry. Raw OP has various applica-
tions in many production sectors such as the extraction of olive pomace
oil, addition to the soil as fertilizer, combustion for thermal purposes,
fermentation, preparation of biostimulants, use as food, beverage and
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is a real necessity to safeguard the environment and implement circu-
larity in the olive oil sector.

The growing global demand for renewable energy in recent years has
encouraged the use of waste biomass, such as OP, for bioenergy pro-
duction (WBA, 2022). For this purpose, OP is usually mixed with
agro-zootechnical wastes, such as crop residues and manure, or, less
commonly, is used alone. Given its physicochemical properties and very
high moisture, OP is well suited for microbiological processes. Anaer-
obic digestion (AD) technology consists of a conversion of organic res-
idues into more stable material and is carried out by anaerobic bacteria
and archea (Singh and Kalia, 2017; Braguglia et al., 2018). This tech-
nology represents a sustainable solution to the need for new energy
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sources and the urgency of sequestering the carbon present in organic
waste. In addition to producing biogas, i.e. a mixture of CH4, CO3, and
small quantities of other gases, this process releases a large quantity of
very humid (about 90-95 % moisture) and heterogeneous by-product
which contains approximately 60-80 % (on dry matter) of undecom-
posed organic material. After a separation process, the raw anaerobic
material originates a solid digestate (DG) and a clarified liquid digestate
(Wang and Lee, 2021).

Although the AD technology emerged as a subject of interest in the
last years of the seventeenth century (Pullen, 2015), recently, it has had
a rapid development for energy needs, so that the global amount of
biogas produced has tripled in the last decade (Karimi et al., 2022). In
olive mill farms, the possibility of directing OP to the biogas plant rep-
resents a sustainable approach which ensures stable extra income.

During the AD process, biomass is biodegraded, homogenised and
partially sanitized. The more labile organic components (sugars, lipid
substances, proteins) are rapidly converted into biogas, while the more
recalcitrant ones (lignocellulosic fraction) accumulate in the DG along
with mineral elements that are essential for plant nutrition (Nkoa,
2014). The physicochemical properties of DG are strictly dependent on
the type of ingestate and on the process parameters adopted, such as
moisture, retention time and temperature in the digestor (Singh and
Kalia, 2017). DG contains a mixture of undecomposed or partially
decomposed substances, anaerobic microorganisms, enzymes, volatile
fatty acids, microbic metabolites and inorganic particulate. After expo-
sure to the open air and the activity of aerobic microorganisms, the
formation of a humic-like fraction takes place in the DG (Provenzano
et al., 2014).

In general, the DG is characterized by low content of dry matter, high
levels of P, N (mainly as NHZ-N) and K, and pH value in the range 6.7 —
9.2 (Teglia et al., 2011). The direct application of DG to agricultural land
is a common practice even if it raises concern for the very high N content
which can cause ammonia or nitrogen oxides emission in the atmo-
sphere and/or nitrate leaching into natural water. Other concerns of DG
spreading on the soil is related to its content of agrochemicals and an-
tibiotics (Wang and Lee, 2021; Brueck et al., 2023), potentially toxic
elements (heavy metals) and occasional plant and animal pathogens
(Peng and Pivato, 2019) that pose a serious threat to human health and
ecosystem security. However, the abundance of phytonutrients is the
reason of the wide use of DG as organic amendment (Moller and Miiller,
2012; Caruso et al., 2018). DG spreading on the soil has been authorised
by the European Commission (2019), while national or regional legis-
lations have set limits to its application based primarily on the total N
content.

The wide variability of DG characteristics is due to the considerable
diversity of biomass used to feed the AD process. In the last years, this
material has been mainly studied for its composition and stability
(Provenzano et al., 2016). Undoubtedly, when a single type of biomass is
used, such as OP only, DG properties are more stable, and this facilitates
the choice of its destination and the most suitable dosage. In any case, a
comprehensive DG characterization is essential to assure its sustainable
and reliable use.

The addition of DG to the soil increases the content of soil organic
matter, provides nutritional and edaphic benefits to plants, and reduces
the demand for chemical fertilizers, which provides economic and
environmental benefits (Cristina et al., 2020). Moreover, DG can regu-
late all the processes to which organic xenobiotics undergo in soil, such
as adsorption, movement, leaching, dissipation, which in turn control
their bioavailability (Loffredo et al., 2021; Dollinger et al., 2022). This is
particularly important in sandy soils, where soil organic matter is scarce,
and/or where plant protection products are abundantly applied. Low
retention capacity of these chemicals by the soil leads to soil and water
pollution.

Among widely adopted agrochemicals, there are oxyfluorfen and
boscalid. Oxyfluorfen [2-chloro-1-(3-ethoxy-4-nitrophenoxy)—4-(tri-
fluoromethyl)benzene] is a diphenyl ether herbicide used in pre- and
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post-emergence to control broad-leaf weeds in several crops. The spread
of oxyfluorfen in the environment is very dangerous due to its carcino-
genic potential and long persistence in water and soil (EPA, 1992). The
carboxamide boscalid [2-chloro-N-[2-(4-chlorophenyl)phenyl]pyr-
idine-3-carboxamide] is a widely adopted broad-spectrum fungicide
having a very long persistence in the environment (Chen and Zhang,
2010). The hydrophobic nature of these molecules (high Kow values)
suggests their strong interaction with both natural and anthropogenic
soil organic matter (Senesi et al., 2015).

Although DG is increasingly added to cultivated soil, and despite the
well-known risks associated with this practice, its effects on soil
microbiota is rather neglected (Tang et al., 2021; Karimi et al., 2022).
Fungi are a very important component of soil microbiota since they
ensure the maintenance of the soil carbon cycle, with consequent
turnover of organic matter and continuous release of nutrients (Sanchez
2009). Furthermore, fungi can contribute to eliminate organic contam-
inants by means of mycodegradation (Castellana and Loffredo, 2014).
However, several soilborne fungi can be very dangerous for susceptible
crops and cause drastic reductions in the quantity and quality of prod-
ucts, resulting in huge economic loss. Fungal control is very difficult,
and chemical treatments are generally considered the most effective
remedy. However, the need to limit the use of chemicals has prompted
researchers to investigate new eco-compatible methods for the control of
phytopathogenic fungi. Studies conducted in the last two decades have
shown surprising suppressiveness of pathogenic fungi by native soil
organic matter, including humic acids (HA) (Loffredo et al., 2007, 2008)
and fulvic acids (Moliszewska and Pisarek, 1996), and by the HA-like
fraction of compost (El-Masry et al., 2002; Loffredo and Senesi, 2009),
vermicompost (Szczech and Smolinska, 2001), biochar (Taskin et al.,
2019) and hydrochar (Parlavecchia et al., 2021). Therefore, the appro-
priate use of such amendments might partially replace synthetic fungi-
cides, with considerable benefits for the environment.

The basidiomycete Armillaria mellea and the ascomycetes Fusarium
culmorum and Verticillium dahliae are among the most dangerous fungi
for several crops. The species A. mellea belongs to the Physalacriaceae
family and is a root pathogen mainly of woody plants (about 500 spe-
cies) but also of herbaceous plants in temperate regions. This fungus is a
facultative necrotrophic pathogen, being able to attack both living and
dead root tissues and causing typically non-specific symptoms to the
aerial part, up to the gradual or sudden plant decay (Devkota and
Hammerschmidt, 2020). The mycelium of A. mellea can persist for a long
time, even decades, in the infected dead roots left in the soil, which
represent a source of primary inoculum. F. culmorum belongs to the
Nectriaceae family and is one of the main agents of foot and root rot of
cereals. It can cause significant economic loss due to yield reduction,
worse grain quality, as well as kernels contamination with mycotoxins
(Scherm et al., 2013). This pathogen is also very resistant, being able to
survive in adverse conditions for a long time. V. dahliae is a cosmopol-
itan fungus with a notable longevity in soil where its resting propagules,
called microsclerotia, persist up to 14 years in the absence of host plants
(Schnathorst, 1981). V. dahliae infects over 400 different dicotyledonous
plants, including tomato, potato, aubergine, strawberry, flax, olive trees
and grapevine (Bhat and Subbarao, 1999).

Measurements of in vitro growth of the fungal colony can be inter-
preted with various models (Dantigny et al., 2005; Tao et al., 2014).
Very few investigations have been conducted on the impact of DG on
soil-resident fungi (Tao et al., 2014; Santi et al., 2015; Brezani et al.,
2019). In a study by Walsh et al. (2012), DG addition to soil appeared
irrelevant on fungal community, while Tao et al. (2014) demonstrated a
suppressive activity of both raw and liquid DG on some phytopathogenic
fungi. The limited knowledge on this topic and the conflicting results
reported in the literature suggest further investigation before drawing
definitive conclusions on this matter. Furthermore, most of the infor-
mation available in the literature concerns DG samples obtained
exclusively from livestock manure or waste of mixed plant-animal
origin. As far as we know, this is the first study on the impact of DG
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from OP only on soil fungi.

In soil, DG interacts chemically with native organic matter, espe-
cially HA. It is reasonable that the simultaneous presence of DG and HA
in soil may influence the biotic community differently than DG alone or
HA alone (Kulikova et al., 2005). This hypothesis has already been
verified on Sclerotinia sclerotiorum treated both with allelopathic com-
pounds or HA individually and with their combination (Loffredo and
Traversa, 2014). In that study, the authors observed that the
allelochemical-HA combination modified or even reversed the effects of
the individual applications.

Based on the above considerations, the present study investigated: (i)
the contribution of DG supply to the soil adsorption capacity of two
common agrochemicals; and (ii) the effects of various doses of DG alone
and in combination with a soil HA on the in vitro growth of three
phytopathogenic fungi.

2. Materials and methods
2.1. Digestate, soil, chemicals, humic acid and fungi

The DG sample used was collected in an Apulian oil mill with
adjoining biogas plant (AGROLIO S.r.l., Andria, Italy). The crude DG was
released after approximately 45-day AD of two-phase olive pomace only.
It had a dry matter content < 10 % (w/V); after centrifugation for solid/
liquid separation, the solid DG was collected and stored in glass con-
tainers at a temperature of 4 °C.

A loam soil was sampled at 0-10 cm depth in the olive grove of the
experimental station of University of Bari located at Valenzano, South-
ern Italy (41° 02' N; 16° 90’ E). The soil was air-dried, sieved at particle
size < 2 mm to remove the coarser fraction and thoroughly
homogenized.

Boscalid (Cas number188425-85-6) and oxyfluorfen (CAS number
42874-03-3) at purity > 99 % and 98 %, respectively, were purchased
from Sigma Aldrich s.r.1., Milano, Italy. Molecular mass, water solubility
and log Kow of boscalid are 343.2 g mol™, 4.6 mg 1! at 25 °C and 2.96,
while the same parameters of oxyfluorfen are, in the order, 361.7 g mol”
1 approximately 1 mg 1! and 4.73 (PubChem Open Chemistry Database
at the National Institutes of Health (NIH), 2023). Methanol (HPLC
grade) solutions of boscalid and oxyfluorfen were prepared individually
at a concentration of 2000 mg .. Successively, aqueous mixtures of the
two compounds were prepared by combining appropriate aliquots of
each methanol solution and diluting with a mixture of double-distilled
water/methanol (95:5, v/v). All other chemicals used in the experi-
ments were of extra pure grade.

The HA sample was the standard HA isolated from a prairie soil
located near Joliet, Ill, USA, belonging to the standard and reference
collection of humic and fulvic acids of the International Society of
Humic Substances (IHSS 2022). HA properties are: 10.2 meq g™ total
acidity, 8.3 and 1.9 meq g”* COOH and phenolic OH contents, respec-
tively, 581and 41 g kg~'C and N contents (on dry- and ash-free basis),
respectively (IHSS, 2023).

Isolates of A. mellea (Vahl) P. Kumm., 1871, F. culmorum (Wm. G.
Sm.) Sacc., 1892, and V. dahliae Kleb., 1913 were kindly provided by the
collection of prof. Antonio Ippolito of the Department of Soil, Plant and
Food Sciences of the University of Bari, Bari, Italy. Fungal mycelium was
cultivated on potato dextrose agar (PDA, Oxoid, 4 % w/v) in Petri dishes
in the dark at 20 + 1 °C. To maintain the characteristics of the fungal
culture stable until the end of the experiments, every 20 days, a 2-mm
diameter disk of the colony was transferred on fresh PDA. Fungal
inoculation was performed in an AsalAir vertical 700 laminar flow hood
(Cernusco sul Naviglio, Italy) using 2-mm PDA disk covered with
mycelium collected from the growing margin of young colonies and
placed in the center of new plates.
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Table 1
Main soil characteristics.

Parameter Value

Sand (%) 36

Silt (%) 43

Clay (%) 21

pH? 7.45 +0.03

EC" (dS m™) 0.20 + 0.003

Moisture (%) 4.4+ 0.5

Organic C (g kg™.) 37.94 + 2.34

Total N (g kg™.) 2.98 +0.08

Available P (mg kg'l.) 2.38

C/N 12.7

K (mg kg™) 101.0

CEC (cmol+ kg™) 39.0 + 3.8

2 s0il/Hy0: 1:2.5 (w/V);.

b soil/H,0: 1:2 (w/v).

Table 2
Main digestate properties.

Parameter Value
pH? 9.21 +0.03 "
Moisture (%) 34.20 + 0.48
Electrical conductivity” (dS/m) 0.42 + 0.02
Total volatile solids (% d.m.) 96.96 + 0.61
Fixed total solids (% d.m.) 2.00 + 0.23
Organic C (% d.m.) 51.03 + 0.39
Total N (% d.m.) 1.23 £ 0.06
NH4—N (% d.m.) 0.062
C/N ratio 41.5
Total P (% d.m.) 0.075

# digestate/H,0, 1:10 w/v.
b sp (n = 3); d.m.: dry matter.

2.2. Soil and digestate characterization

Soil properties were determined according to the official methods of
soil analysis (Gazzetta Ufficiale della Repubblica Italiana (GU), 1999).
Briefly, soil moisture was measured after heating the soil at 105 °C
overnight; the pH was potentiometrically measured in a soil/water
suspension (1:2.5, w/v); electrical conductivity (EC) was measured at 25
°C in the water extract obtained from a soil/water suspension (1:2, w/v);
organic C, total N, and available P were determined by the
Walkley-Black, the Kjeldahl, and the Olsen method, respectively; cation
exchange capacity (CEC) was determined by using 0.1 M BaCl; buffered
to pH 8.2 with triethanolamine (2.25 %, v/v). Soil characteristics are
shown in Table 1.

Proximate analysis of the DG sample, including pH, electrical con-
ductivity (EC), moisture and ash content, was performed according to
the official methods of analysis of fertilizers. The pH and EC were
measured in a DG/water suspension (1:10, w/v); the ash content was
measured after burning the sample in a muffle furnace at a temperature
of 550 °C for 4 h Organic C was determined by the Springer-Klee method
(Gazzetta Ufficiale della Repubblica Italiana (GU), 2000); total N and
ammonia N were determined according to the procedures reported in
European Commission (2003). Some characteristics of the air-dried
digestate are referred in Table 2.

Scanning electron microscopy coupled with energy-dispersive X-ray
spectroscopy (SEM-EDX) analysis was performed to study DG micro-
morphology. For the purpose, the sample was fixed with an adhesive
carbon tape, metalized with Au/Pd and analyzed using a Hitachi
TM3000 scanning electron microscope (Hitachi, Tokyo, Japan) equip-
ped with an Oxford Swift ED3000 microanalysis system. Backscattered
electrons were detected, and SEM micrographs of DG were captured at
both 500 x and 1800 x magnifications.
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Table 3
Theoretical models used to describe sorption data.

Sorption models

Henry Freundlich Langmuir
ge =Kd Ce e = Kp G/ e = (K1CcD)
(1+ Ki1.Co)

Qe (mg g): equilibrium concentration of the adsorbed compound
C. (mg 11): equilibrium concentration of the compound in solution

Kd (mg kg™h): Kg (mg kg'!): Freundlich b (mg kg'!): maximum
distribution adsorption constant adsorption capacity of the
coefficient (sorption capacity) adsorbent

Ky (L mg™!): Langmuir constant
(energy of adsorption/affinity
of the solute for the adsorbent

1/n: degree of nonlinearity
between C, and q.
n: sorption intensity

2.3. Sorption and desorption experiments

The capacity of DG to adsorb boscalid and oxyfluorfen was evaluated
in batch equilibrium experiments at temperatures of 5, 10, 20, 30 and 40
°C. For the purpose, aliquots of 20 mg of DG were interacted with 20 mL
of aqueous mixtures of the compounds at the individual concentration of
2 mg '}, thus obtaining a solution/DG ratio equal to 1000. All samples
were mechanically shaken at 350 g for 16 h to reach the steady state.
Previous experiments demonstrated a rapid adsorption of the two
compounds on DG, and the achievement of the equilibrium condition in
about 2 h. Subsequently, the suspensions were centrifuged at 10,000 g
for 10 min and a volume of 15 mL of supernatant solution was collected
from each sample to determine the equilibrium concentration of the
compounds using ultra-high performance liquid chromatography
(UHPLC) analysis as reported in the next section.

Adsorption isotherms of the compounds onto unamended soil (SOIL)
and soil amended with DG at 1 % (SOIL-DG1), 3 % (SOIL-DG3) and 6 %
(w/w) (SOIL-DG6) were performed in batch equilibrium mode.
Approximately, the dose of 1 % DG is equivalent to a soil application of 7
t ha~! which corresponds to 30 kg ha™* total N, considering a soil depth
of 5 cm and a soil bulk density of 1.4 g em 3. Therefore, the DG doses
adopted were consistent with those recommended for field applications
(30-60 tha™ 1) (Velechovsky et al., 2021). Volumes of 10 mL of aqueous
mixtures of boscalid and oxyfluorfen at individual concentrations of 0.1,
0.2,0.5,1 and 2 mg ! were added to 2 g of each substrate in glass flasks.
To reach equilibrium, samples were stirred for 24 h at 20 °C in the dark.
After that, samples were centrifuged at 10,000 g for 10 min and the
equilibrium concentration of the compounds in the supernatant solution
was measured by UHPLC according to the protocol described in the next
section.

Desorption of the compounds from all treatments was started
immediately after adsorption using the samples added with the
maximum concentration (2 mg '!) of the compounds. At each desorp-
tion step, 7 mL of supernatant solution (of 10 mL initially added) was
replaced with double distilled water and the sample was stirred again for
24 h at 20 °C to reach new equilibrium. Subsequently, the sample was
centrifuged, and the concentration of the compounds was determined as
described previously for the adsorption experiments. All adsorption and
desorption experiments were triplicated.

The concentration of the compounds on each adsorbent, q. (mg
kg’l), was calculated from the equation: ge = (Cyp — Ce) V/m, where Cy
and Ce (mg L) are the initial and the equilibrium concentration in
solution, respectively, V (mL) is the solution volume and m (g) the
adsorbent mass. Data obtained were statistically treated by one-way
analysis of variance (ANOVA) to evaluate possible significant differ-
ences between the means of different treatments.

2.4. Chromatographic analysis and data modelling

The concentration of residual compounds in the supernatant solution
was determined by UHPLC. All samples were previously filtered using
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0.45 pm Millipore™ cellulose acetate filters and subsequently loaded
into a WPS-3000 autosampler. A Dionex Ultimate UPLC 3000 RSLC
(Waltham, MA, USA) instrument equipped with an HPG-3200 RS pump,
and a TCC-3000 column compartment connected to a Supelco™ LC-18
column (150 mm x 3 mm x 3 pm) was used for analyses. Isocratic
elution was adopted with water/methanol (30/70, v/v) flowing at 0.8
mL min~'. A DAD-3000 RS diode array detector (Dionex, Waltham, MA,
USA) set at wavelengths of 207 and 210 nm was used for boscalid and
oxyfluorfen detection, respectively. The external standard method was
used to quantify the compounds.

Sorption and desorption isotherm data were described using the
linear Henry model and the non-linear empirical Freundlich and Lang-
muir models. The equations applied and the meaning of the various
parameters are reported in Table 3. The Freundlich equation fits well
when solute molecules form a multilayer on the adsorbent and this has
surface heterogeneity, while the Langmuir equation is proper for solutes
forming a monolayer on the adsorbent without interacting with each
other and when the surface of the adsorbent is homogeneous. The
Freundlich (Kg and 1/n) and Langmuir (b and K;) parameters were
calculated by the non-linear regression method using the solver add-in
component of Microsoft® Excel® and a trial-and-error procedure to
minimize the sum of squared residuals (SSR) between experimental and
theoretical data. The accordance of the theoretical model to the exper-
imental data was evaluated on the basis of the correlation coefficient,

r= 2 (@m g where gem is the theoretical adsorbed
> @em=a)*+Y ) (dem—qe)* Qe

concentration of the compound (mg kg?) at equilibrium, g is the
experimental concentration (mg kg?), and q. is the average Qqe.
Furthermore, the linear Henry equation was also employed to calculate
the distribution coefficient, Kd, from the slope, and the organic-carbon-
partition coefficient, Koc, by: Koc = (Kd x 100)/( % OC)), which is a
measure of the quantity of solute adsorbed per unit of organic carbon of
the adsorbent.

Desorption isotherm data were also theoretically evaluated using the
Henry and the Freundlich equations. This allowed to calculate the
desorption parameters Kdges, Kocdes, Krdes, and 1/nges as described for
the corresponding sorption parameters. Finally, the hysteresis coeffi-
cient, H, was calculated according to: H = (1/nges)/(1/n44s)- A hysteresis
occurs for H value < 1, which indicates slow and incomplete desorption
of the compound.

2.5. Experiments on fungi

Appropriate amounts of DG were suspended in double distilled water
to obtain dosages of 0.02 % (DG0.02), 0.1 % (DGO0.1), 0.5 % (DGO0.5) and
1 % (DG1) (w/v). In another set of experiments, DG0.02 and DGO0.1 were
preliminary interacted with 100 mg 1 HA (HA-DG0.02 and HA-DGO.1)
under magnetic stirring for 16 h at room temperature (~ 20 + 1 °C), in
the dark.

Each suspension and double distilled water (control) was added with
PDA (4 %, w/v) and autoclaved at a temperature of 121 °C for 15 min.
Subsequently, a volume of 20 mL of each medium was collected under
stirring and poured into a 9 cm-diameter Petri dish. After cooling and
solidification at room temperature (~ 20 + 1 °C), under axenic condi-
tions, the fungus was inoculated as described in Section 2.1. The samples
were then kept in a 60043/THTL thermostated chamber (F.lli Della
Marca S.r.1., Roma, Italy) at a constant temperature of 20 °C, in the dark.
During fungal growth in the plates, the colony radius (in mm) was
measured until its extension was possible for all samples (colony
diameter < 4.4 mm), i.e., 14, 5 and 18 d for A. mellea, F. culmorum and
V. dahliae, respectively. Each experiment was replicated five times.

The radial growth rate of the fungus, p (mm h'l) was calculated
applying the linear model with breakpoint: r (mm) = p (t — A), where r is
the radius, t is the sampling time (h) and A is the lag time (h), i.e., the
time required for the completion of the germination process (Dantigny
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Fig. 1. Scanning electron micrographs at magnifications of 600x (A) and 1800x (B) and energy-dispersive X-ray (EDX) maps (C) of DG. Images were taken with

secondary electrons.

et al., 2005). This model describes very well the growth of the colony,
which is confirmed by the high values generally observed for the
regression coefficient (r > 0.99). The appropriateness of this model al-
lows to calculate the parameters p and A even before the complete
coverage of the plate by the mycelium. In general, when fungus inocu-
lation is carefully conducted, there is not a significant relationship be-
tween p and A (Dantigny et al., 2005). Using the colony diameter values
(D) measured during the experiments, the absolute growth rate (AGR,
mm h'l) of the mycelium was calculated according to the expression:
AGR =222 where the constant 2 is the inoculum diameter (mm), and t is
the mcubatlon time (h) (Tao et al., 2014). The p values obtained for the
various treatments were statistically analysed by ANOVA, and the means
compared to the control by the least significant difference (LSD) test at P
< 0.05, P < 0.01 and P < 0.001.

3. Results and discussion
3.1. Physicochemical properties of the digestate

As is well known, DG properties are largely dependent on the type of
organic waste used to feed the digester and on the duration of the AD

process. The unique nature of the DG considered in this study, i.e., ob-
tained exclusively from olive pomace, is the reason for its rather

different composition compared to that of other DGs generally obtained
from animal manure only or mixed plant and animal biomass (Moller
and Miiller, 2012). In facts, results of proximate analysis indicated that
pH, ash, moisture and EC were somehow different from those averagely
found for other DGs originated from mixed feedstock. In particular, the
pH value (9.2) of our DG was similar to that measured for a DG obtained
from 60 % maize silage and animal residues (Mukherjee et al., 2016) but
higher than that found for a sewage sludge DG (Cristina et al., 2020).
The high pH value measured for this DG was possibly due to a high
content of alkaline and alkaline earth metals. The amount of fixed total
solids (2 % on dry matter) was in the average for DG (Table 2). The EC
value of 0.42 dS m™* was lower than that found for a mixed feedstock DG
(Loffredo et al., 2021) and a sewage sludge DG (Cristina et al., 2020).
Results of ultimate analysis showed an organic C content (51 % on dry
matter) higher than that usually recorded for this type of material
(25-41 %) (Cesaro, 2021) and for a swine manure DG (Hung et al.,
2017), but very similar to that of a mixed biomass DG (Loffredo et al.,
2021). Differently, as expected, the total N content was lower than that
of other DGs, reasonably attributable to its exclusive vegetal nature.
Higher total N contents are reported for a swine manure DG (Hung et al.,
2017) and a sewage sludge DG (Cristina et al., 2020).
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Table 4
Concentration (mg kg?') of the adsorbed compounds onto DG at various
temperatures.

Compound Temperature (°C)
5 10 20 30 40
boscalid 1557.44 1577.56 1595.88 1591.36 1578.09
+ 25.61 + 16.47 +11.59 + 22.61 + 18.65
oxyfluorfen  1608.11 1618.52 1622.91 1630.15 1616.45
+9.33 +16.71 +10.58 + 32.66 + 21.36

Note: data were analysed by ANOVA (n = 3) and no statistically significant
differences were found between the means of the various treatments.

3.2. SEM analysis

Fig. 1 shows SEM images of the DG at 600 x and 1800 x magnifi-
cations. This technique allows to evaluate the surface micromorphology
of a material and inquire on the allocation and distribution of pores. The
lower magnification gave a general overview of the material and
denoted an apparent scarce homogeneity (Fig. 1A). In facts, roughness,
small cavities, furrows, and a sort of thin network, probably formed by
vessels of the olive tissues, were evident. At higher magnification, sur-
face heterogeneity was more evident. The morphological texture of the
DG exhibited irregularly shaped cavities, mostly less than 10 pm, and
coiled filamentary structures composed of lignocellulosic and mineral
constituents (Fig. 1B). The pores generated by the cell walls and vascular
tissues were not so evident perhaps due to the intense pressure exerted
during the pressing of the olives. SEM micrographs of a swine manure
DG showed a smooth and compact surface typical of DG obtained from
animal waste (Hung et al., 2017). Diffuse porosity and large surface area
are of primary importance to ensure physical and chemical interaction
with organic and mineral constituents and high adsorption capacity of
the material. EDX elemental analysis showed the presence on the surface
of various elements, such as C, O, P and S, alkali and alkaline earth
metals (Fig. 1C) that are very common in plant-based materials. The
high pH and EC values obtained for this material can be reasonably
attributed to the retention of alkali metals during the AD process
(Cristina et al., 2020).

3.3. Sorption and desorption of the agrochemicals on digestate and soil

The quantities of each compound adsorbed at equilibrium on the
mass unit of DG at various temperatures are reported in Table 4. The
sorption study conducted at temperatures between 5 and 40 °C allowed
the evaluation of the retention efficiency of the compounds by the DG in
different application conditions, such as different seasons, different
latitudes and different depths. Statistical treatment (ANOVA) of the data
showed that the quantities of each compound adsorbed at equilibrium at

Table 5
Sorption parameters of the compounds on different soil treatments.
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the five temperatures considered were not significantly different (P <
0.05) (Table 4). As far as we know, there is no information in the
literature on this matter, therefore a comparison between our results and
those of other authors is not possible. The only work reporting the effects
of temperature on the adsorption of boscalid only was conducted using
zeolites as adsorbent; the authors concluded that the temperature had no
significant influence on the sorption process (Silvestrini et al., 2015). At
the various temperatures, the quantities of boscalid and those of oxy-
fluorfen adsorbed on the DG were almost identical, the absorbed oxy-
fluorfen being (on average) only 2 % higher than the adsorbed boscalid
(Table 4). Considering the very low water solubility of both compounds
(few mg per L at 25 °C), these results were expected. The DG used in this
study showed a sorption capacity of boscalid that was approximately
three times higher than that of a DG produced from mixed feedstock
(Loffredo et al., 2021) and much higher than that of a soil/30 % DG
biomixture (Mukherjee et al., 2016). Although, as expected, the quantity
of boscalid adsorbed on the DG was lower than that adsorbed on other
organic matrices richer in carbon, such as biochar (Mukherjee et al.,
2016), it is relevant for the purpose of preventing the transfer of the
compound into natural waters with consequent contamination. Due to
their good capacity to adsorb oxyfluorfen and other pesticides, local
organic wastes from olive oil production were employed in the prepa-
ration of biobed systems (Delgado-Moreno et al., 2017).

Adsorption isotherms were performed to describe quantitatively the
interaction between the soil and the two compounds at a fixed tem-
perature. The experiments were carried out on both untreated soil and
soil treated with 1, 3 and 6 % DG (w/w). By interpreting adsorption data
with different models, we calculated the sorption parameters, such as
the adsorption constant and the maximum adsorption, and obtained
information on the mechanism of interaction between the DG and the
molecules, including the type of DG surface and the allocation of the
compounds on it. The adsorption data were described with the
Freundlich, Langmuir and Henry equations. The Freundlich model is the
most appropriate one for reversible adsorption on substrates that have
heterogeneous surfaces and when the solute molecules form a multilayer
on the surface of the substrate. The Langmuir equation describes very
well the adsorption on homogeneous surfaces and when the solute forms
a monolayer on the adsorbent, being irrelevant the interactions among
the adsorbed molecules. The Henry equation was used to calculate the
distribution coefficient, Kd,gs, which expresses the sorption efficiency of
a substrate. The adsorption parameters (Kdags, KFags and 1/n,4s) and the
coefficient Kocags are reported in Table 5. To estimate the congruence
between the experimental data and the theoretical model, both the
correlation coefficient (r) and the sum of squared residuals (SSR) were
considered.

Based on r and SSR values, the adsorption of both compounds on all
soil treatments was well described by the Freundlich model, although

Compound Theoretical models
HENRY FREUNDLICH LANGMUIR
SSR r Kdags Kocads SSR Kads 1/Naqs SSR r b? K?
mg kg ! mg kg ! mg kg ! mg kg ! Lmg!
SOIL
Boscalid 0.06 0.995 1.29 34.04 0.01 0.999 1.21 1.25 0.06 0.988 458.42 0.003
Oxyfluorfen 0.07 0.997 2.03 53.69 0.07 0.993 2.04 0.99 0.07 0.993 34.38 0.064
SOIL-DG1
Boscalid 0.19 0.992 217 50.77 0.03 0.996 2.23 0.78 0.02 0.998 7.53 0.439
Oxyfluorfen 0.18 0.992 2.12 49.62 0.15 0.986 2.09 1.11 0.19 0.982 3115.11 0.001
SOIL-DG3
Boscalid 0.04 0.998 2.24 42.99 0.03 0.998 2.22 1.07 0.04 0.996 1048.81 0.002
Oxyfluorfen 0.15 0.994 2.21 42.50 0.02 0.998 2.08 1.24 0.15 0.986 4273.03 0.001
SOIL-DG6
Boscalid 0.04 0.999 3.45 52.11 0.03 0.999 3.45 0.95 0.04 0.998 67.73 0.054
Oxyfluorfen 0.34 0.996 5.93 89.39 0.32 0.991 6.00 1.04 0.34 0.990 240.19 0.025
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Fig. 2. Adsorption and desorption isotherms of the compounds on unamended
soil (A) and soil amended with DG at 1 (B), 3 (C) and 6 % (D). The points
indicate experimental data, while solid and dashed lines are plots of the
Freundlich model for adsorption and desorption, respectively. The vertical bar
on each point is the standard error (n = 3).

high r values were also obtained applying the other equations, especially
the Henry model (Table 5). Therefore, it was evident that both un-
amended soil and DG/soil mixtures had heterogeneous surfaces on
which the adsorbed compounds formed multiple layers.

Native and exogenous soil organic matter exert a remarkable influ-
ence on the dynamic of organic xenobiotics in soil, interacting through
various mechanisms and influencing the adsorption process both
quantitatively and qualitatively (Senesi et al., 2015). Chemical and
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physical adsorption may occur simultaneously, although, based on the
physicochemical properties of the interacting species, one mechanism
generally prevails on the other. Chemical and physical bonding of
different strength, such as hydrogen, ionic, covalent bonding, electron
donor-acceptor interaction, ligand exchange, van der Waals forces and
others, are responsible of the intensity and duration of adsorption
(Senesi et al., 2015). The presence of a multitude of functional groups,
including carboxylic and phenolic OH, alcoholic OH, ketonic C=O,
amine groups and others, on DG surface controls the retention and
release of organic compounds. Unprotonated, non-ionizable and
non-polar or low-polar molecules, such as boscalid and oxyfluorfen, may
be linked to soil organic matter through non-specific hydrophobic
interaction or partitioning processes between water and hydrophobic
sites of DG (Senesi et al., 2015). Of course, experimental conditions,
including pH and ionic strength, can affect both retention and release of
the compounds.

Considering the values of the sorption parameters, Kd,gs, KFaqs and
Kocads, it was evident that the addition of the DG, especially at the
highest dose, increased the overall retention of both compounds on the
soil,. The KF,q4s value of boscalid on SOIL-DG1, SOIL-DG3 and SOIL-DG6
were, respectively, 1.8, 1.8 and 2.8 times higher than that on SOIL, while
that of oxyfluorfen on SOIL nearly tripled when 6 % DG was added
(Table 5). Furthermore, the sorption parameters were higher for oxy-
fluorfen than for boscalid on SOIL and SOIL-DG6 treatments and were
similar in the other treatments (Table 5). The maximum Kqcags values of
both compounds were observed in the treatment with the highest DG
dose (SOIL-DG6) (Table 5).

Little information is present in the literature on the extent and
modeling of the adsorption of boscalid and oxyfluorfen on soil. Vallee
etal. (2014) studied the adsorption of boscalid on two different soils and
reported KF,qs values of 4.7 and 8.5 pg g'l. Pérez-Lucas et al. (2021)
added composted sheep manure in an agricultural soil and observed a
noticeable increase in boscalid adsorption which was attributed to the
increase in organic matter. In a very recent study, Bhatt et al. (2023)
investigated the adsorption kinetics of boscalid on different soils and
reported equilibrium adsorptions between 12.1 and 14.3 ug g, the
latter value for the soil with the highest organic matter content. The Kd
values calculated by Hall et al. (2015) for oxyfluorfen adsorption on
three Hawaiian soils ranged from 166 to 351 pg g'. In a study on oxy-
fluorfen adsorption on different soils, Wu et al. (2019), found KFuqs
values ranging from 62 to 116 pg g. Even though the DG used in this
study had a greater adsorbent capacity of the compounds than other
DGs, the overall adsorbent capacity of the treated soil was lower than
that reported in the above-cited studies; this is reasonably due to the
lower clay content and, above all, the lower organic matter content of
the soil used here. A significant increase (2.6 times, from 28 to 72 ug g1
in oxyfluorfen adsorption on a sandy clay loam soil was observed after
the addition of olive-oil mill waste (Calderon et al., 2015).

The desorption data and the plot of the Freundlich model of both
compounds on all treatments are shown in Fig. 2, while the desorption
parameters obtained by fitting the experimental data in the Henry and
Freundlich models are referred in Table 6. The release of boscalid and
oxyfluorfen from each treatment occurred differently than adsorption.
After three desorption steps, approximately 73, 74, 64 and 37 % of the
initially adsorbed boscalid, and 74, 72, 65 and 35 % of adsorbed oxy-
fluorfen were desorbed from SOIL, SOIL-DG1, SOIL-DG3 and SOIL-DG®6,
respectively (Fig. 2). For both molecules, all KF4es values were higher
and all 1/nges values were lower than the corresponding adsorption
parameters (Table 5), which denoted a poor reversibility, i.e., a hys-
teretic behavior. The capacity of the soil to release the compounds in the
diluted solution followed the order SOIL-DG6 < SOIL-DG3 < SOIL-DG1
< SOIL. This last sequence is exactly the reversal of that seen for the
adsorbent capacity of the treatments. The hysteresis phenomenon is
dependent on the type of binding between the solute and the adsorbent
and hinders the complete release of the compound (Senesi et al., 2015).
Both the native organic matter of the soil, such as humic substances, and
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Table 6
Desorption parameters of the compounds from different soil treatments.
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Compound Theoretical models
HENRY FREUNDLICH H
SSR r Kdges Kocdes SSR r Kides 1/Nags -
mg kg ! mg kg ~ mg kg !

SOIL
Boscalid 0.14 0.990 1.45 38.33 0.01 0.996 1.54 0.71 0.57
Oxyfluorfen 0.27 0.990 2.18 57.42 0.03 0.994 2.23 0.72 0.73
SOIL-DG1
Boscalid 0.39 0.987 2.27 53.13 0.10 0.979 2.32 0.71 0.91
Oxyfluorfen 0.30 0.990 2.34 54.69 0.04 0.998 2.38 0.72 0.65
SOIL-DG3
Boscalid 1.13 0.971 2.65 50.80 0.11 0.973 2.68 0.56 0.52
Oxyfluorfen 0.88 0.978 2.69 51.62 0.07 0.985 2.71 0.59 0.48
SOIL-DG6
Boscalid 6.46 0.924 4.39 66.24 0.01 0.997 3.92 0.27 0.28
Oxyfluorfen 8.04 0.948 7.47 112.62 0.04 0.991 6.61 0.31 0.30

Control

HA-DGO.1

Fig. 3. Fungal colony of A. mellea at 288 h from inoculation (A), F. culmorum at 120 h from inoculation (B) and V. dahliae at 350 h from inoculation (C).

that introduced with amendments, such as DG, generally form both
weak and strong bonds with organic xenobiotics; the weak bonds favor
the rapid release of the compounds while the strong bonds cause sorp-
tion hysteresis. Recently, Bonnar et al. (2023) studied the adsorption of
oxyfluorfen in rice soils and reported that the maximum release of the
adsorbed compound was 27 %, which indicated a significant sorption
hysteresis in all soils.

3.4. Fungal response to digestate treatment

In recent years, the agricultural practice of spreading DG directly
into the soil has gained more and more relevance. Despite this, infor-
mation on the impact of this material on soil-resident fungi is very
scarce. It is very important to understand the possible benefits of DG on
the biological fertility of the soil as well as the risks related to the pro-
motion of microorganisms harmful to plants. Fig. 3 shows the appear-
ance of fungal colonies on PDA substrate not treated (control) and
treated with DG only and HA-DG interaction products. To evaluate the in
vitro growth of fungi and estimate the mycelium growth rate, different

models have been proposed (Dantigny et al., 2005; Tao et al., 2014). The
linear model with breakpoint suggested by Dantigny et al. (2005) is
generally very accurate to describe the growth data of filamentous fungi
on PDA. In facts, fitting the growth in this model, frequently, the values
of the regression coefficient are very close to the unit, which ensures
accurate calculation of the growth parameters, such as radial growth
rate, p, and lag time, A (Dantigny et al., 2005). The latter parameter
represents the time between fungal inoculation and the beginning of
hyphal elongation. Another valid parameter for estimating the myce-
lium extension over time is the absolute growth rate (AGR), which is
considered the best parameter to ascertain stimulating or inhibitory
effects of specific substances or external conditions on fungi (Tao et al.,
2014).

3.4.1. Armillaria mellea

The radial extension of the mycelium was measured at regular in-
tervals up to 14 d after inoculation. The experiments were ended before
the fungus reached the edge of the plate because, after 14 d, the colonies
of some samples started generating fungal rhizomorphs randomly. In the
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Fig. 4. Effects of DG alone (above) and DG interacted with HA (below) at

various doses on the radial extent of A. mellea as a function of time. The graph

shows the experimental points with standard errors (n = 5) and linear plots.

experimental conditions adopted, A. mellea showed the slowest growth
among the fungi considered in this study. The data collected in the
various samplings highlighted that none of the treatments substantially
changed the growth trend of the fungus compared to the control. This
occurred for both non-interacted DG and HA-interacted DG and is
clearly illustrated in Fig. 4 where the linear fits to the experimental data
appear nearly parallel to each other and to the control.

Linear regressions of growth data showed r values ranging from
0.983 to 0.990, while statistical analysis of data (ANOVA) indicated that
all treatments were not statistically different from the control (Table 7).
On the other hand, a great variability of the lag time (A) was observed.
Compared to the control, HA caused the longest latency time (~ 20 h)
which was almost twice that of the control, indicating a marked delay of
the growth initiation induced by this substrate (Table 7). Since there
were no changes in growth rate or other evident effects of DG alone or
HA-interacted DG in the in vitro experiments, it can be hypothesized that
the addition of DG to the soil may not significantly affect the pathogenic
activity of this fungus. Compared to the control, only slight differences
in AGR were observed for all treatments (Fig. 5), which confirmed the
irrelevant impact of any DG treatment on A. mellea.
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Table 7

Growth parameters of the fungi calculated from the linear model.
Treatment ¢ (mm hh A (h) r
Armillaria mellea
Control 0.043 + 0.001 11.64 + 2.53 0.990
DGO0.02 0.043 + 0.001 18.60 + 2.41 0.987
DGO.1 0.043 + 0.001 16.81 + 2.33 0.983
DGO.5 0.046 + 0.002 15.03 + 4.22 0.986
DG1 0.046 + 0.002 11.70 + 2.14 0.985
HA 0.043 + 0.002 20.03 £+ 3.21 0.983
HA-DGO0.02 0.045 + 0.000 14.65 + 5.89 0.983
HA-DGO.1 0.047 + 0.000 17.24 + 2.47 0.990
Fusarium culmorum
Control 0.379 + 0.002 18.25 + 0.90 0.997
DGO0.02 0.370 + 0.005 18.59 + 0.62 0.991
DGO.1 0.354 + 0.010* 18.36 + 1.33 0.990
DGO.5 0.347 + 0.004** 19.08 + 0.41 0.992
DIG1 0.358 + 0.003* 18.46 + 0.43 0.992
HA 0.412 + 0.002** 16.70 + 0.60 0.996
HA-DGO0.02 0.356 + 0.011* 16.98 + 0.99 0.995
HA-DGO.1 0.313 £ 0.012%** 15.13 + 0.84 0.993
Verticillium dahliae
Control 0.091 + 0.001 54.27 £ 2.10 0.997
DGO0.02 0.091 + 0.001 11.48 + 1.06 0.998
DGO.1 0.092 + 0.002 42.17 +£ 7.46 0.993
DGO.5 0.088 + 0.002 52.63 + 1.72 0.989
DG1 0.092 + 0.002 64.94 + 3.17 0.989
HA 0.080 + 0.005 19.78 + 6.52 0.995
HA-DGO0.02 0.082 + 0.009 40.03 + 10.72 0.997
HA-DGO.1 0.080 + 0.005 8.17 £ 1.55 0.997

p: radial growth rate; A: lag time;.

@ Standard error (n = 5);.

* P < 0.05,

™ p<0.01,.

' p < 0.001 according to the least significant difference (LSD) test. No sig-
nificant difference between each treatment and the control was found for
A. mellea and V. dahliae.

To date, this is the first report concerning the impact of anaerobic DG
on the growth of A. mellea on solid substrate, therefore a comparison
between our results and those of other studies is not possible. Musatti
et al. (2017) found that A. mellea was not able to grow in submerged
conditions using DG as the only carbon and energy source. Applying
different soil amendments on Armillaria spp., Otieno et al. (2003) found
that coffee pulp slightly reduced the vitality of the fungus A. gallica,
while Malecka et al. (2015) found that Scots pine sawdust, composted
bark, and woody debris caused no relevant effects on A. ostoyae.

3.4.2. Fusarium culmorum

In the experimental conditions adopted, the growth of F. culmorum
was very rapid and the mycelium reached the edge of the plate in just 5
days (Fig. 3). Linear regression of the mycelium growth data of any
treatment showed their excellent alignment, and the correlation co-
efficients ranged from 0.990 to 0.997 (n = 5) (Table 7). Unlike what
observed for A. mellea, this fungus responded significantly differently to
the various treatments. This is evident by observing the linear plot of the
mycelium growth data (Fig. 6). The treatment lines, except for DG0.02,
showed different slopes from that of the control (Fig. 6). In general, DG
addition slowed down the mycelial extension, which graphically cor-
responded to lines with a lower slope than the control.

With the exclusion of DG0.02 treatment, which was statistically
equal to the control, and HA treatment, which showed the highest p
value, all other p values were significantly or highly significantly lower
than the control (Table 7). In this study, HA alone appeared to stimulate
hyphal elongation, compared to the control (Table 7). However, when
HA was present in combination with the DG, a clear inhibition was
observed even at the lowest DG dose; the suppressive action reached its
maximum expression in HA-DGO0.1 combination (Table 6).

Previous studies demonstrated that the main fraction of stable soil
organic matter, namely HA, could control plant diseases caused by
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Fig. 5. Absolute growth rate of the fungal colonies.

fungal phytopathogens, especially when abundantly present in the
rhizosphere (Pascual et al., 2002; Loffredo et al., 2007, 2008, 2009).
However, the activity of HA depends not only on its physicochemical,
structural and functional properties amd on the environmental condi-
tions but also on the fungal species considered. Furthermore, there is
previous evidence on changing, or even reversing, the activity of
bioactive compounds on soil-resident fungi after interaction with HAs
(Loffredo and Traversa, 2014). The high adsorption capacity of HA to-
wards both hydrophilic and, especially, hydrophobic compounds (Sen-
esi et al., 2015) might explain the change in HA activity observed for this
fungus. Slowing down the growth of the fungus is very important in soils
where the fungus lives and attacks the vegetation as the margin of time
gained allows the plants to grow and strengthen, thus avoiding, at least
in part, the fungal attack.

Only slight differences in the latency time of this fungus were
observed between the various treatments and the control (Table 7).
Although HA-DGO.1 produced the strongest inhibition on F. culmorum, it
also showed the shortest latency time (Table 7). This result agrees with
the lack of correlation between growth rate and lag time reported by
Dantigny et al. (2005). Finally, AGR data (Fig. 5) confirmed that all DG
and HA-DG treatments reduced fungal growth, compared to the control.

Unfortunately, there are no previous laboratory or field studies on
the influence of DG on the growth of F. culmorum, while some in-
vestigations concern other Fusarium spp. Previous studies demonstrated
suppressive effects on the fungus F. oxysporum by various organic

10

amendments, including DG (Loffredo and Senesi, 2009; Pane et al.,
2014; Tao et al., 2014). An antifungal activity of a cow slurry DG on
F. solani was found by Vitti et al. (2021). In a recent field study, a sewage
sludge DG showed suppressive effectiveness on the Fusarium vascular
wilt disease caused by F. oxysporum f. sp. lycopersici (De Corato et al.,
2023).

3.4.3. Verticillium dahliae

Compared to the control, no morphological changes were observed
for V. dahliae mycelium during the 18-day growth in the presence of any
DG or HA-DG treatment at any concentration (Fig. 3).

Radial mycelial growth on PDA only (control) and PDA supple-
mented with DG and/or HA as well as linear plots of the experimental
data are depicted in Fig. 7. Linear regression of the experimental data
showed r values ranging from 0.989 to 0.998 (Table 7). Similarly to
what was observed for A. mellea, also in the case of this fungus, none of
the doses of DG applied significantly modified the mycelial growth,
compared to the control. Graphically, the interpolation of the fungal
growth data in the various treatments appeared as a series of lines
almost parallel to each other and parallel to the control (Fig. 7).

As previously reported for A. mellea, only the latency time was quite
different in the various treatments, being minimum in HA-DGO0.1 and
maximum in DG1 (Table 7). However, under field conditions, the la-
tency time does not appear to significantly influence the growth and
pathogenicity of the fungus (Dantigny et al., 2005). These results are in
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Fig. 6. Effects of DG alone (above) and DG interacted with HA (below) at
various doses on the radial extent of F. culmorum as a function of time. The
graph shows the experimental points with standard errors (n = 5) and
linear plots.

agreement with the results of previous studies conducted both in vivo
and in vitro by Pane et al. (2014) who found that a sterilized liquid
extract from animal waste DG did not show significant inhibition of
V. dahliae. Differently, in field trials, a liquid DG from mixed feedstock
showed a noticeable reduction (50 %) in the V. dahliae density (Wei
et al., 2016). To the best of our knowledge, no further information on
this matter is available in the literature.

4. Conclusions

The anaerobic digestion of OP, a waste released in large quantities in
geographical areas such as Apulia region, provides renewable energy
(biogas or biomethane) and releases a byproduct, namely solid DG,
which appears to improve the chemical and biological fertility of soil.
This study demonstrated that a new DG produced exclusively from two-
phase OP has a noticeable adsorbent capacity of the fungicide boscalid
and the herbicide oxyfluorfen and, when incorporated into the soil,
contributes significantly to the increase in the overall adsorbent capacity
of the soil. This action is of extreme importance as it limits the transfer of

11

Scientia Horticulturae 337 (2024) 113545

— ) [} w w N
w (=} w (=] W (=}
| I | L | )

Mycelium radius (mm)

(=1
L

T T T T T T 1

0 50 100 150 200 250 300 350 400 45

Hours

mC +DG0.02 = DGO.1 4DGO.5 =DGI

40 -
35 1
30 -
25 -

20 A

Mycelium radius (mm)

0 T
0 50

T T T T T T 1

100 150 200 250 300 350 400 45
Hours

mC eHA +HA-DG0.02 s HA-DGO.1

Fig. 7. Effects of DG alone (above) and DG interacted with HA (below) at
various doses on the radial extent of V. dahliae as a function of time. The graph
shows the experimental points with standard errors (n = 5) and linear plots.

agrochemicals into natural surface and ground waters and reduces their
absorption by cultivated plants with consequent lower risk of entry into
the human and animal food chain. The results obtained also demon-
strated that the sorption capacity of the DG remains unchanged over a
wide range of temperatures, guaranteeing its effectiveness in various
environmental and geographical conditions. The examination of the
effects of DG on some important fungi that devastate agricultural crops
highlighted suppressive effects on F. culmorum, effects that were even
more intense after the interaction of DG with the humic fraction of the
soil, which is what happens in real field conditions. Further studies could
help to understand the biochemical mechanisms underlying this phe-
nomenon and which possible DG modification could enhance its sup-
pressiveness on phytopathogenic fungi. Inhibitory effects were not
observed on A. mellea and V. dahliae whose growth appeared unaltered
at normal field dosage of the DG. However, considering the benefits of
DG on soil fertility and the need to dispose of this byproduct, even the
irrelevant activity observed on the latter fungi can be considered
favourably. Ultimately, the production and use of DG from OP appears
to be a sustainable and recommendable strategy in both the energy and
agricultural sectors.
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