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Abstract: Crop decline caused by soil borne fungal pathogens affects specialized cropping systems
such as fruit trees and strawberry. A study was carried out to investigate the effectiveness of pre-
plant application of waste-derived biomasses in strawberry (Fragaria × ananassa) to reduce that
phenomenon. A field experiment was carried out in an alpine strawberry specialized valley in South
Tyrol (Italy), in a long term cultivated field selected for yield reduction over recent years. In July
2018, one month before strawberry transplanting, a field experiment with four soil treatments was
set up: anaerobic digestate (solid fraction) of liquid manure, compost from anaerobic digestate of
organic fraction of municipal solid waste (OFMSW), untreated control and Dazomet as chemical
control. Plants were grown for two cycles (2019 and 2020). Dazomet always gave a significant (over
50%) increase in marketable yield per plant in both the years, anaerobic digestates did not improve
strawberry production; compost from OFMSW gave phytotoxic effects in the first year, but improved
strawberry yield like Dazomet in the second. Changes of rhizosphere bacterial populations and
difference in root pathogen abundance, especially that of Dactylonectria torresensis, were correlated
to the crop response to treatments. Findings suggest that waste-derived biomasses are a promising
eco-friendly option for counteracting strawberry yield decline. Their positive impact was mostly
linked to functional improvements induced by microbial variations. However, the use of such organic
amendment requires careful evaluation of composition, doses and above all application times to
reduce phytotoxic effects that in some cases can occur in the first months after application.

Keywords: root rot; soil borne pathogens; digestate; compost; Pseudomonas; Dactylonectria torresensis;
crop decline

1. Introduction

Crop decline, namely the gradual reduction of plant vigor and yield, which charac-
terizes specialized cropping systems, is linked to the loss in soil biodiversity caused by
the frequent return of the crop to the same plots and the increase in nonspecific fungal
pathogens that saprophytically survive on plant residue [1,2]. This is a multiple cause
phenomenon that involves reducing plant nutrients, growth promotion, and all ecosystem
services commonly supported by a diverse and balanced soil microbiome [3]. Furthermore,
rooting reduction caused by the complex of nonspecific (opportunistic) fungal pathogens
selected by the target crop’s continuous return increases yield losses [4]. Strawberry is
mainly produced in specialized growing areas where this high value crop shows symptoms
ascribable to “crop decline” after some repeated cultivations. It appears as a gradual
reduction in yield and quality, reduced plant growth rate in post-transplant, collapse of
plants during the fruit ripening stage, and generally reduced plant ability to counteract
biotic and abiotic stress [5]. On the other hand, strawberry is one of the crops for which
chemical fumigants, such as methyl bromide and chloropicrin have been mostly applied in
the past [6]. Indeed, eco-friendly alternatives for controlling specific and opportunistic soil
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borne pathogens, such as anaerobic soil disinfestation, soil solarization, biofumigation, etc.,
have been most widely tested on this crop over the last decades [7–9]. However, low input
strategies for controlling soil-borne pathogens imply an optimal endowment of soil organic
matter (SOM) content because organic matter is the matrix of the soil microbiome, which
plays multiple roles in soil functioning. This includes mechanisms, such as antagonism,
pathogens, growth promotion, and others involved in soil suppressiveness, which is the
soil’s natural ability to suppress pathogens and promote plant health [10,11]. On the one
hand, the increase of microbial biomass in soil following organic amendment has been
widely linked to the increase in soil health [12]; on the other, many more difficulties exist
that link improvement to how chemical features, composition, and origin of the organic
materials can affect the composition of soil microbial communities responsible for the
beneficial or detrimental functional changes [13,14]. Among the studies performed on
organic amendment application for improving soil health in strawberry, the most successful
results were obtained in long term applications; whereas in the short term ones, they largely
varied according to experimental field conditions, chemical properties, pH, origin and
degradation degree of materials [15–18].

The use of digestates as soil amendments from the anaerobic digestion of organic
raw materials such as manure, food waste, sewage sludge and other organic waste, is the
recycling method closer to the ideal model of circular economy [19]. In Europe, Biogas
and biomethane production has had a particular boost in the last 15 years, thanks also to
European support policies such as the European Renewable Energy Directive of 2009 [20].
This has largely increased quantity of residual biomasses from anaerobic production of
biogas to be handled. Digestates from biogas production have several known benefits such
as high fertilization properties and soil enrichment with carbon [21,22]. Conversely, little
is known about the effects of digestates in manipulating soil microbial communities and
improving soil health; indeed, to date contrasting results have been observed due to the
variability of digestate composition and to soil response according its original status [23].

Based on the above considerations, a field trial was set with focus on the response of
specific functional microbial populations to the soil amendment with digestates. Based
on the above considerations, a field trial was set with focus on the response of specific
functional microbial populations to the soil amendment with digestates. This because
decades of field trials essentially based on crop yield response to the use of digestates
a have not been able to provide a clear answer on their usefulness for improving soil
health due to the highly variable outputs. A field study has been carried out to estimate
potentiality of locally available digestates for counteracting strawberry decline in an alpine
specialized growing area (Martell Valley) located in a famous national park and as such
highly interested in developing sustainable agro-techniques to integrate current practices.
Indeed, innovations for the revival of strawberry cultivation are necessary in that valley as
maintenance of SOM with animal manure and rotation with horticultural crops, after four
decades, are not anymore sufficient to guarantee an economically competitive productive
and qualitative standard of strawberry production.

2. Materials and Methods
2.1. Experimental Site

The field trial was performed in a mountain valley, the Martell Valley (South Tyrol,
Italy), located in the largest protected natural environment in Italy and the whole alpine
chain, the Stelvio National Park, whose climate is classified as Dfb (humid continental
climate, or Boreal; no dry season; warm summer) according to Köppen-Geiger climates [24].
It is the highest altitude strawberry cultivation area in Europe (from 900 m up to 1800 m asl),
where strawberries are harvested from the end of June to early August, thus covering the
late fragment of the strawberry market in Italy. Therefore, this crop has become an essential
part of the local economy since the end of the 1980s—beginning of the 1990s. The field
selected for this trial has been cultivated with strawberry since the late 1980s with some
breaks for other crops (savoy cabbage, cauliflower or chicory), but over recent years has
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shown typical crop decline symptoms such as increasing collapsed plants at ripening stage
and stunted plant growth with consequent reduction of strawberry production per plant.

2.2. Preliminary Soil Health Evaluation by Greenhouse Bio-Assay

In early April 2019, nine soil samples were randomly collected from the 0–25 cm topsoil
layer along the diagonal of the field to obtain a total of about 40 kg of soil. Soil samples
were mixed, and a 500 g subsample was taken for physico-chemical analysis. Soil analyses
(soil texture, pH and chemical soil features) were performed according to the periodically
updated VDLUFA method book (https://www.vdlufa.de/Methodenbuch/index.php?
option=com_content&view=article&id=7&Itemid=108&lang=de&lang=en, accessed on
15 March 2021), German version.

Soil was then divided into two parts, one of which was divided into four bags,
watered up to field capacity and subjected to a thermal sanitization treatment as described
in Manici et al. [25]. Heat-treated soil was kept in the air at 20 ± 4 ◦C for a week to achieve
a humidity similar to untreated soil. Original and heat-treated soil were divided into
twelve pots each filled with approximately 1.5 kg of soil, they were arranged according to
a randomized design with three replicates of four plants each. Pots were then planted with
strawberry frigoplants A++ (cv. Elsanta) which were grown for 75 days in greenhouse at 20
to 24 ◦C with periodical watering. Fruits were harvested weekly from the first fruit harvest.
At the end of the trial, the above ground part of each plant was divided from the roots and
processed to estimate dry matter of the above ground part per plant.

Roots were washed under running water and processed for fungal endophytes isola-
tion as described in Manici et al. [25]. Root infection frequency was inferred from 48 root
segments (12 per plant) per treatment for a total of 288 analyzed root segments (144 original
soil, 144 heat treated soil).

2.3. Field Trial
2.3.1. Pre-Plant Treatments and Field Trial

A field trial over two growing seasons (2019 and 2020) was conducted in the previously
selected strawberry field located at Gand, Martell (46◦55′ N; 10◦78′ E; 1.361 m asl). The
impact on soil health of two organic amendments (compost from digestate and separate
solid fraction of digestate) compared to untreated and a chemically sanitized soil product
based on Dazomet was tested. Compost was obtained from anaerobic digestion of organic
fraction of municipal solid waste (OFMSW) by Bio Energia Trentino S.r.l. (Faedo, Trento,
Italy). The chemical composition of the Compost treatment was pH 8.1, dry matter 76.1%,
organic matter 33.1% FM (fresh matter), nitrogen 1.42% FM (Supplementary Material S1).
The application dosage was 23.0 t ha−1 of treated surface, which in strawberry crop corre-
sponds to 36.4% of cultivated surface. Digestate consisted of separate fraction of digestate
from anaerobic digestion of liquid manure, from the local biogas plant of Aldein (Aldein,
Bolzano-Bozen, Italy). The digestate treatment was characterized by pH 8.1, dry matter
19.9%, organic matter 13.4% FM, nitrogen 0.94% FM (Supplementary Material S1). The
application dosage was 34.5 t ha−1 of treated surface, which in strawberry crop corresponds
to 36.4% of cultivated surface. The final nitrogen amount provided with both compost
and digestate was approximately the same, 325 kg ha−1 of total nitrogen. The heavy metal
content for both products was within legal limits of Italian law (D. Lgs. 29 April 2010, n. 75).
Physico-chemical analysis of products were performed at the Laboratory for Soil and Plant
Analysis at the Laimburg Research Centre, according to the methodology described in the
official VDLUFA guidelines (Verband der Deutschen LandwirtschaftlichenUntersuchungs-
und Forschungsanstalten) [26]. Dazomet was used as positive control (99%, Basamid® Gran-
ulat, Certis Europe, Saronno, Italy; at a dosage of 255 kg ha−1 of effective treated surface).

In mid-July 2018, soil was tilled and raised beds were built. A furrow over each raised
bed was made and organic amendments (compost and digestate) were incorporated at a
depth of 25–30 cm. Afterwards, furrows were closed and raised beds were covered with
white plastic mulch film in order to avoid weed growth and keep fruit clean. Three weeks

https://www.vdlufa.de/Methodenbuch/index.php?option=com_content&view=article&id=7&Itemid=108&lang=de&lang=en
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after soil treatments, plants were transplanted in a staggered double row, with 15 cm intra-
row and intra-plant spacing. Fresh plug plants were from the Società Agricola Salvi Vivai
s.s. (Ferrara, Italy) and cultivar Elsanta was chosen as it is known to be highly susceptible
to soil-borne pathogens. Mineral fertilization was performed in both 2019 and 2020 by
NPK fertigation as follows: twice a week for 2 weeks at the early vegetative stage with a
dosage of 10 kg ha−1 of 20–20–20; twice for week for 4 weeks since early fruit production
with dosage of 10 kg ha−1 of 15–5–30. During the growing season, strawberry crop was
protected according to standard pest control protocol for conventional production. Plants
were covered with frost protection fleece to protect them during the frost period from
November to April. The experiment setup was organized as a completely randomized
block design with three replicates per treatment. Each replicate corresponded to a whole
row of 150 plants.

2.3.2. Evaluation of Strawberry Production

Ripe strawberry fruits were harvested every three to four days, starting from the
first week of July to the end of the month for both years. Harvested fruits were classified
into marketable (diameter > 25 mm) and non-marketable (small, deformed, and diseased).
Results are reported as marketable yield (g plant−1). Fruit quality traits were assessed at
third picking time. The soluble solid content (Brix) was determined with a refractometer
(RFM840, Bellingham-Stanley Ltd., Kent, UK). The titratable acidity, expressed as percent-
age of citric acid, was measured with a titrator (Flash Automatic Titrator, Steroglass, Perugia,
Italy). Fruit firmness is expressed as Durofel Index (DI) (Agrosta® Winterwood, Agrosta
Sàrl, Serqueux, France); The color was measured with a colorimeter (Minolta, model CR-
400, Tokyo, Japan). Values are presented as Color Index [CI = (1000 × a)/(L × b)], with
higher CI value indicating a more intense red color in the fruit [27]. These parameters were
evaluated on a subsample of 12 randomly chosen plants in each row/replicate.

2.4. Soil Sampling and Molecular Analysis
2.4.1. Rhizosphere Soil Sampling

Soil sampling for evaluating rhizosphere microbial communities was performed at the
productive stage of strawberry (crown and fruit development) in mid-June 2019 and 2020,
11 (2019) and 23 (2020) months after soil treatments respectively. Four plants per replicate
were collected for each treatment. Rhizosphere soil adhering to roots was sampled after
having gently shaken the roots of each replicate of 4 plants to remove any loose matter. In
that way, three replicates of rhizosphere soil sample from each treatment were obtained. A
subsample of 25 g of soil was taken, air dried at room temperature for 12 h and stored in
50 mL sterile vials at −80 ◦C until processed for soil DNA extraction.

2.4.2. Soil DNA Extraction

Total genomic DNA was extracted from 0.25 g of rhizosphere soil (dry weight) using
the PowerSoil DNA Isolation kit according to manufacturer instructions (MoBio Labora-
tories, Carlsbad, CA, USA). Quantification and quality control of DNA were performed
using Infinite 200 NanoQuant (Trading AG, Switzerland) and DNA was stored at −20 ◦C
until use. Three DNA extractions per sample were performed for PCR and PCR-DGGE.

2.4.3. Quantitative PCR (qPCR)

The response to soil treatments in strawberry preplant by Cylindrocarpon-like fungi
(mainly represented by Dactylonectria torresensis) and Pseudomonas spp. were evaluated
using quantitative polymerase chain reaction (qPCR). Dactylonectria torresensis Cyl 64 iso-
late (CBS-KNAW culture collection, accession n. CBS 133999) and P. chlororaphis (DSMZ
accession n. 6508) were taken as references for relative quantification. Resulting amplicons
were purified using the PureLink Quick PCR Purification Kit (Invitrogen) and quantified
by Infinite 200 NanoQuant (Trading AG, Switzerland). The gene copy number calculation
was obtained using the formula: gene copy/µL = DNA [ng/µL] × 6.02 × 1023/base



Sustainability 2021, 13, 3964 5 of 15

pairs × 660 × 109. Purified amplicons were serially diluted 10-fold and four replicates
were used for standard curve generation for quantification of unknown samples. The slope
of the standard curves was used to calculate qPCR reaction efficiency.

PCR reaction of total soil DNA amplification, obtained using the PCR conditions already
described in Caputo et al. [28], were performed using the primer pair Mac1/Macpa2 [29] and
Ps-f/Ps-r and PsF/518r respectively [30].

qPCR assays were carried out using Rotor-Gene SYBR® Green PCR Kit (Qiagen,
Hilden, Germany) on a QIAGEN Rotor-Gene Q (Corbett Rotor-Gene 6000) according
to manufacturer instructions. Two technical replicates were performed for 3 identical
independent runs, to assess reproducibility of the assays. Briefly, 1x Rotor-Gene SYBR®

Green PCR Master Mix was used in a final reaction volume of 25 µL, with a final primer
concentration of 1 µM and 2.5 µL of template. After an initial PCR activation step at 95 ◦C
for 5 min, cycling conditions consisted in 5 sec denaturation at 95 ◦C, and 40 cycles of
combined annealing extension at 65 ◦C for 10 s. Post-amplification melting curve analysis
was performed to verify specificity and identity of qPCR products, with a ramp from 55 ◦C
to 99 ◦C, rising by 1 ◦C each step. Results were analyzed with the Rotor-Gene 6000 Series
Software 1.7 program. Sterile water was used as no-template control in each run. Results
were expressed as pg µL−1.

2.4.4. Bacterial Community DGGE Fingerprinting (PCR-DGGE)

PCR-DGGE fingerprinting of total bacterial soil communities was performed using
two sets of primers 63f and 518r [31] as described in Caputo et al. [28]. Three PCR samples
(200–250 ng) per treatment were loaded on polyacrylamide gels. The DGGE analysis was
repeated twice to confirm the pattern. The resulting presence-absence banding pattern of
2019 and 2020 were subjected to one-way non-parametric multivariate analysis of variance
(AMOVA).

2.5. Statistical Analysis

Crop production data were analyzed with Statgraphics centurion version 18.1.01
software (Statgraphics Technologies, Inc. The Plains, VA, USA). Strawberry productive
and qualitative parameters were subjected to two-way analysis of variance (ANOVA) and,
for variables which were significantly different, the mean separation test using Fisher’s
least significant difference (LSD) procedure was applied. Those analyses were performed
after the Levene’s test to assess the equality of variances. The fruit quality features were
compared between 2019 and 2020 and between the treatments in each of the year using the
Kruskal–Wallis test for nonparametric data.

Presence–absence data matrices from DGGE fingerprints were subjected to one-way
non-parametric multivariate analysis of variance (npMANOVA) using Euclidean distance
measure. In addition, unweighted pair-group average (UPGMA) dendrograms using
Euclidean distance were inferred. Multivariate analysis was conducted with PAST vers.
3.24 [32]. PAST was also used to estimate mean and standard deviation of the Chao
2 Diversity index of bacterial communities using bootstrap replicates.

3. Results
3.1. Original Soil Features

Original soil at the beginning of the trial was characterised by a SOM content largely
above 2% (Table 1); which is considered the limit for fertility in top soils [33]. Moreover,
based on mineral nitrogen and Olsed-P supply, mineral nutrients were not a limiting
fertility factor.
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Table 1. Original soil features of strawberry experimental field.

Soil Texture 1 SOM
(%) pH C/N Mineral N 2

(mg kg−1)
Olsen-P

(mg kg−1)

silt-loam 3.3 6.9 7 8 28
1 Soil texture classified using the Soil Triangle Hydraulic Properties Calculator [34]. 2 (NH+4 + NO−3).

3.2. Soil Healthevalution by Greenhouse Bio-Assay

Among the vegetative and productive parameters assessed to estimate strawberry
growth in the in-pot assay, only the vegetative one (above-ground plant biomass) sig-
nificantly differed (p < 0.01) in heat-treated as compared original soil. Plant biomass of
strawberry plants resulted 59% higher in heat-treated as compared original soil; also, ripe
fruit weight per plant was higher in heat-treated than original soil (34%), but not in a
significant way.

Root colonization frequency by fungal endophytes was higher (p < 0.05) in original
soil than in heat-treated (accounting for 26 and 18%, respectively). However, the most
interesting finding was the correlation between plant growth (estimated in terms of above-
ground plant biomass) and root infection frequency by each root colonizing fungal specie.
The largest part of fungal species isolated from roots showed a low correlation with plant
growth (Table 2) and three species (i.e., two Fusarium spp. and Cadophora sp.) showed a
high positive correlation, which suggested a beneficial relationship with the host plant of
those two groups of fungal endophytes (Table 2).

Table 2. Functional classification of fungal endophytes based on Pearson correlation (r) values
between root infection frequency and plant biomass of strawberry plants grown in the in-pot bioassay
of soil health.

Fungal Species r Plant Relationship

Rhizoctonia sp. AG-A & AG-G 0.24 Neutral 1

F. oxysporum −0.06 neutral
F. solani 0.64 beneficial

F. acuminatum 0.71 beneficial
Pestalotia longisetula −0.72 pathogenic

Cadophora sp. 0.51 beneficial
Mucor hiemalis 0.34 neutral

Cylindrocarpon-like fungi −0.78 pathogenic
Acremonium sp. 0.03 neutral

Paecilomyces lilacinus −0.34 neutral
Penicillum spp 0.34 neutral

Pythium sp. −0.62 pathogenic
1 Functional classification of fungal species based on Pearson correlation values: from −0.5 to 0.5—neutral;
≥0.5—beneficial; <−0.5—pathogenic.

Conversely, Pythium sp., Cylindrocarpon-like fungi (which were mainly represented by
Dactylonectria torresensis) and Pestalotia longisetula showed a highly negative Pearson corre-
lation with plant growth. These findings suggest the pathogenicity role of the latter fungal
species, shown in Figure 1, from which it is possible to observe a dramatic reduction of root
infection by those pathogens in strawberry plants grown in heat-treated soil (Figure 1).
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Figure 1. Fungal root endophytes in strawberry plants grown on original and heat-treated soil in the in-pot test carried out
for preliminary evaluation of the soil health status in the field selected for this trial. Full name of fungi is reported in Table 2.

3.3. Strewberry Yield in Response to Soil Treatment in Pre-Plantof Field Trial
3.3.1. Strawberry Yield Response

Marketable yield was the only strawberry parameter significantly affected by pre-plant
treatments in this trial. It did not differ between years (Table 3), but it differed significantly
between treatments (p < 0.001) in both years. However, as suggested by the significant
interaction between the two factors of variability (year× treatment, Table 3), the strawberry
yield response to the treatments varied over the years. Digestate of liquid manure never
increases strawberry production as compared to untreated control over the years (Figure 2).
Compost from OFMSW gave a dramatic yield reduction (−41%) as compared to control
in 2019 (Figure 2, 2019); whilst it gave the best production performance in 2020, when it
showed a significant yield improvement compared to the untreated control, with yield
values similar to those observed for Dazomet (Figure 2, 2020). The yield response to
Compost from OFMSW in 2019 was conditioned by the severe phytotoxic effect observed
immediately after transplant, in September 2018, and during the growing stage in spring
2019 (Figure 3). Finally, soil treatment with Dazomet in pre-plant gave the best strawberry
yield across both the years of trial (Figure 2, 2019 and 2020). Fruit quality traits such
as acidity, sugars, firmness and fruit external color differ significantly between the year;
whilst they did not fifer significantly between treatments in any of the two years of the trial
(Table 4).

3.3.2. Correlation between Crop Yield and Quantitative Microbial Changes in Soil

Pseudomonas quantity in rhizosphere was not correlated with strawberry yield (r:
−0.07 and 0.18 in 2019 and 2020, respectively). On the contrary, D. torresensis overall
resulted negatively correlated with strawberry yield, thus confirming its role of pathogen
as expected based on the preliminary test (Table 2). In 2019, the correlation between
yield and Cylindrocarpon-like fungi was null, but net of the anomalous value of Compost
treatment showing phytotoxic effect (Figure 2, 2019 and Figure 3). Cylindrocarpon-like
fungi (D. torresensis) negatively correlated with marketable yield (r: −0.43). A significant
yield increase in plots treated in pre-plant with Dazomet and Compost was observed in
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2020, when the highest (r: −0.95) negative correlation between yield and D. torresensis was
recorded (Figure 2, 2020). The latter finding supported the hypothesis that Compost was
able to suppress Cylindrocarpon-like fungi during the second growing cycle.

Table 3. Two-way ANOVA of strawberry production per plant (fruit weight) in two growing cycles
of the crop (2019 and 2020). Factor of variability: Year (Y) and Treatment (T).

Factors DF p-Value

Year (2019–2020) 1 Ns 1

Treatment 3 0.0007
Y × T 3 0.0002

Year count Average (g)

2019 12 134.6 2 A
2020 12 152.4 A

1 not significant. 2 means followed by a different letter differ significantly. according to Fisher’s LSD procedure,
at a 95% confidence level.
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Figure 2. Means of strawberry yield per plant (weight) in each of the two growing cycles of the crop
(2019 and 2020). r: Pearson correlation between strawberry yield and D. torresensis quantity in rhizo-
sphere soil. Treatments: COMPOST from digestate of OFMSW (fraction of municipal solid waste),
DIGESTATE from liquid manure, UNTREATED and DAZOMET. Different letters on top of columns
indicate significant differences according to Fisher’s LSD procedure, at a 95% confidence level.
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Table 4. Difference in fruit quality features based on the Kruskal–Wallis test for nonparametric data.
Below, significance of difference in fruit quality between the two growing cycles (2019 and 2020) and
between the four treatments in each of trial years (2019 and 2020).

Citric Acid
(%)

Sugar
(Brix)

Firmness
(Durofel Index)

Color
Index

2019–2020 * 1 *** *** ***

2019
Untreated 70 6.77 37.23 74.51
Dazomet 82 6.93 35.50 70.74
Compost 73 6.33 34.53 79.97
Digestate 81 7.24 35.23 85.45

Total mean 77 6.82 35.63 77.67
ns ns ns ns

2020
Untreated 62 9.03 43.97 49.63
Dazomet 66 7.96 42.37 48.21
Compost 70 8.72 41.40 49.88
Digestate 77 9.63 48.77 48.14

Total mean 69 8.83 44.13 48.97
ns ns ns ns

1 * p < 0.05; *** p < 0.001; ns not significant.

3.3.3. Qualitative Changes of Soil Bacterial Communities

Total bacteria and Pseudomonas communities differed significantly between soil treat-
ments in 2019, 13 months after soil treatments, while in 2020, 23 months after soil treatments,
they did not (Table 5). UMPGA dendrograms grouped the communities of both total bac-
teria and Pseudomonas according to soil treatments in 2019, which did not occur in 2020
(Figure 4). In addition, in 2019 both bacterial communities showed a larger genetic distance
from one another than in 2020. Findings of both AMOVA and UMPGA clustering clearly
showed that all soil treatments were able to affect rhizosphere bacterial composition up to
13 months after application. On the contrary, that effect was not recorded in 2020 when
bacterial communities in untreated and treated soil showed much lower distance in genetic
composition as compared to the previous year (Figure 4).
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Table 5. One way non parametric multivariate analysis of variance (npMANOVA) of difference in
composition of total bacterial and Pseudomonas spp. communities between soil treatments.

2019 2020

Total bacteria ** ns
Pseudmonas spp. * ns

** p < 0.01, * p < 0.05; ns: not significant.
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Chao 2 diversity of total bacteria and Pseudonomonas communities intreated soils
(Compost, Digestate and Dazomet) decreased from the first to the second year, though only
Pseudomonas diversity differed significantly between 2019 and 2020 (Figure 5). Interestingly,
total bacteria and Pseudomonas communities in untreated controls did not differ in the
Chao2 diversity index between 2019 and 2020. The findings suggested that soil treatments
in pre-plant generally increased bacterial diversity up to the end of the first strawberry
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crop cycle, i.e., 13–14 months after soil treatment (2019); while bacterial diversity evolved
towards the lower values (Chao 2 values around 8.4) of the native soils.
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4. Discussion

Findings of this study supported effectiveness of waste organic materials such as
digestates as organic amendment for increasing the natural ability of soil to control soil
borne pathogens. This is consistent with the current great interest in recycling organic
wastes to improve the soil quality on farmlands [35]. However, despite the limited number
of digestates tested in this study, the already known issues concerning the use of these
materials in agriculture were highlighted. They were: phytotoxicity or simply plant
development inhibition in the short period after digestate incorporation into the soil and
large variability of the effectiveness of increasing soil suppressiveness toward the complex
of fungal pathogens responsible for root development reduction.

The highest strawberry production in soil treated with chemical fumigant was consis-
tent with the results of the preliminary evaluation of the soil health status which gave an
increase of 51% in plant growth in sanitized soil as compared to native soil. Furthermore,
the highest strawberry field performance with Dazomet confirmed the role of root rot fun-
gal pathogens that had accumulated in the soil following the frequent return of strawberry
on the same field for decades. Finally, in line with the preliminary in pot assay and with
literature [36–38], D. torresensis (Cylindrocarpon-like fungi) resulted one of the main fungal
pathogens associated with yield reduction in strawberry.

Compost from anaerobic digestate of organic fraction of municipal solid waste (OFMSW),
gave severe growth reduction in the first growing cycle (2019), but it resulted the best soil
treatment along with Dazomet in 2020. That yield improvement in 2020 was mainly related
to the lower inoculum of Cylindrocarpon-like fungi in those two treatments. Besides the
negative correlation between strawberry yield and D. torresensis over the two growing
cycles, the major role of the root fungal pathogens on yield losses was consistent with the
no-limiting nutrient content for the crop. Indeed, in addition to a good endowment of
organic matter and mineral nutrients on native soil, strawberry crop had supply of N-P-K
through fertigation in the most demanding crop phases.

The above argument might, therefore, provide an explanation for the low effectiveness
of Digestate from liquid manure. Although Digestate added to the soil the same N rate of



Sustainability 2021, 13, 3964 12 of 15

Compost, strawberry yield in this treatment never differed from untreated control. The
latter finding suggests that microbial factors rather than nutrient availability acted as
plant growth promoters in the Compost treatment during the second growing cycle (2020),
after the initial toxic effect was overcome. Part of those microbial factors were elucidated;
molecular investigations into bacterial communities showed that pre-plant soil treatments
acted as disturbance on soil-resident communities by increasing diversity, whilst quantity
of functional populations such ad Pseudomonas were not affected. Therefore, microbial
disturbance may be one of the effects of soil treatment with waste derived materials such as
digestates. However, the microbial changes observed in all treatments resulted beneficial
only in Dazomet and in Compost. The effectiveness of the chemical treatment was probably
due mainly to the reduction of Cylindrocarpon inoculum. However, it is well known that
any type of sterilization (chemical or physical) of intensively cultivated soils reduces soil
borne pathogens and promotes re-colonization by indigenous communities with a soil
restoration-like effect [25,39]. Conversely, the notable increase of strawberry yield in the
Compost treatment may be explained primarily by the bacterial opportunities induced
by this treatment. Undoubtedly, the impact of this organic waste on soil deeply differed
from the null impact on crop yield by Digestate. On the other hand, Compost caused a
dramatic growth reduction of strawberry plants in the first growing cycle, suggesting a
strong impact on chemical and microbial soil properties in the short period. Precisely that
soil disturbance seems have positively modified microbial communities in the medium
period, leading to an improved suppressiveness towards soil borne pathogens during
the second growing cycle. Supporting this observation, D. torresensis inoculum appeared
highly reduced in Compost treated soil.

Indeed, one of the main items of the European Green Deal to reach climate neutrality
within 2050 is restoring biodiversity and reducing pollution. As far as the latter item,
anaerobic digestion of liquid manure for biogas production represented since early 2000
a solution to the limits imposed by the European Nitrate Directive 91/676/CEE [40]
and further updates to reduce the nitrate pollution in the European areas of intensive
agricultural and livestock activity.

Differences in disease suppressiveness exerted by organic amendments of different
origin and chemical features have been often related to a different impact on microbial
populations [23,41–43]. The current challenge is using digestates and other organic waste as
soil amendment aiming at harnessing the potential of indigenous soil microbes. However,
the microbial populations with greater capacity to increase soil suppressiveness have not
been identified so far due to the variability of agro-environments in which encouraging
results have been obtained and the complexity of the mechanisms involved in the relation-
ship between plant and microorganisms. The null correlation between Pseudomonas and
strawberry yield in this study is an example of this. In fact, Pseudomonas spp. have often
been identified as important beneficial components of soil suppressiveness [44], especially
towards the opportunistic pathogens accumulated with monoculture, so much so such
bacterial group has been often suggested as an indicator of soil health [45,46]. On the other
hand, chemical and microbiological properties of the suppressive composts may differ
substantially, and measurements of microbial populations and activity have not been so far
predictive of the level of disease suppression in all composts [43].

A recent survey has shown that several farmlands close to biogas plants, which
had been repeatedly amended with digestate in the last decade, showed improved soil
suppressiveness towards the root rot agent of maize in an in-pot test at the same condition.
That effect was linked to a series of microbial changes able to reduce root infection by fungal
pathogens in maize. Those microbial changes varied amongst experimental sites suggesting
that many mechanisms were involved in suppressiveness towards root pathogens and that
they differed between sites [47].
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5. Conclusions

Findings of this study, once again, showed that organic wastes are promising for
increasing soil fertility. Organic waste input is interesting not only for the possibility to
increase N availability for plants and soil organic matter content in the medium-long
period [48], but also for its ability to induce beneficial microbial changes in the short period.
The latter property become particularly interesting in soils affected by crop decline linked
to microbial diversity decline caused by monocropping or intensive cropping systems.

Linking chemical properties of composts with beneficial microbial changes induced by
organic waste as way to improve soil suppressiveness is the current challenge. The number
of studies into recycling organic wastes in the form of fertilizer or organic amendment
has been increasing in response to the European Waste Framework Directive of 2008 [49].
Many of these deal with the efficient use of digestates from anaerobic production of bio-
gas [22,47,50] because they represent the last ideal segment of circular economy. The large
number of case studies performed so far show variable advantages for crop health with
great difference even between digestates of the same origin and in the same cropping sys-
tem, such as in this study. Therefore, meta-analysis could at this point help to identify some
factors useful for setting a digestate-use strategy aimed at increasing soil suppressiveness.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su13073964/s1, Table S1: Chemical composition of Digestate (Digestate of liquid manure) and
Compost (Compost from OFMSW) treatments.
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