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There are several tunnelling projects underway in Europe and worldwide to facilitate connections between
distant areas or ones with geographical constraints (e.g. mountains). As a result, the tunnel industry has been
producing huge amounts of excavated material (spoil material: SM), which can be re-used for different purposes
(including green areas). Adding lime can be a practical procedure at a construction site for the stabilization of SM
and makes it possible to manage it better at its final destination site. This work reports a nature-based solution
(NBS) for decreasing the highly basic pH (12.53 £ 0.01) of the SM after adding lime, using three different
organic fertilizers which are by-products of local olive oil (pomace), compost and digestate production. For this
purpose, microcosm experiments were performed with SM amended with compost, pomace or digestate. Half of
the microcosms were also seeded with Medicago sativa to evaluate its growth in terms of biomass. The changes in
pH and in the structure and functional potential of the microbial community were evaluated in the amended SM
at the start and end (4 months) of the experiment. Aerial and root plant biomass and concentrations of leaf
chlorophyll and total phenolic compounds were also measured. The microbial biodiversity was evaluated using
amplicon sequencing (16S rRNA gene) and a predictive functional analysis was performed by processing
sequencing data with the PICRUSt2 tool.

Adding the amendments to SM significantly decreased the pH values by 4 units and introduced organic carbon,
nitrogen, and active microbial populations. Although pomace promoted the lowest pH decrease (7.98 + 0.18)
and the highest microbial abundance and activity, it did not favour the highest plant growth. Adding compost
and digestate to SM can be considered the best NBS for decreasing pH and supporting plant development.
M. sativa did not have any direct effect on lowering pH, demonstrating in this study the key role of microor-
ganisms in responding efficiently to this environmental stress and mitigating it. In accordance with these results,
predicted bacterial genes coding for membrane proteins (nuo, mrp) and for indoleacetic acid metabolism (ami,
nthA, ipdC) involved in pH regulation were identified among the microbial populations.

soil consumption, soil salinity/alkalinity, landslides or forest fires, often

1. Introduction

Anthropogenic activities (e.g. infrastructure construction, buildings,
landfills, quarries) have been continuously impacting natural ecosys-
tems through their input of chemicals, alteration of landscapes and
contribution to consumption and degradation of soil (Amato et al.,
2017). Several degradation processes threaten soils, such as soil erosion,
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due to incorrect relationships between humans and soil. Soil is a limited
resource, especially in developed countries, such as Italy, and its con-
sumption needs to be controlled (Dazzi and Lo Papa, 2013). Soil con-
sumption and its associated vegetation cover removal for urban sprawl
and implementation of large infrastructure projects and landfills,
significantly interfere with the key regulating, supporting, provisioning
and cultural services provided by ecosystems (Saccd et al., 2017). The
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Abbreviations

ASV amplicon sequencing variants
NBS nature-based solution

OA organic amendment

SM spoil material

SS Surface soil

Comp SS + SM + compost

Dig SS + SM + digestate

Pom SS + SM + pomace
Comp_P SS + SM + compost + M. sativa

Dig P SS + SM + digestate + M. sativa
Pom P SS + SM + pomace + M. sativa
Control SS + SM

Control P SS + SM + M. sativa

Plant SS + M. sativa

highest proportions of artificial cover in EU Countries were found in
Malta (32.9 %), Belgium (13.4 %), the Netherlands (12.2) and
Luxembourg (11.9 %); Italy, Germany, Denmark and the UK have
similar values (about 4 %), and these percentages have been increasing
(Orgiazzi et al., 2018). The EU soil strategy for 2030 set out concrete
measures for protecting and restoring soils and ensuring their sustain-
able use, including re-use, to be achieved by 2050 (EC, 2006). In this
context, the current challenge is to combine technological progress and
environmental protection. In the last few years, the underground exca-
vation industry has been growing with a view to both decreasing motor
vehicle traffic in large cities and favouring easier and faster in-
terconnections between distant areas or ones with geographical con-
straints, such as mountains. The implementation of major engineering
works such as highways and high-speed railways in mountain regions,
like in Italy, requires tunnelling excavation (Barra Caracciolo et al.,
2019). In this context, millions of cubic meters of excavated material
(spoil material: SM) are produced and large areas (in terms of hectares)
of countryside or natural soil cover are used for the temporary deposit of
the SM and for various construction site needs (e.g. bungalows for work
camp buildings and areas for machinery parking). SM consists of rocks
and altered portions of rocks which can have a significant proportion of
fine components (Bilotta et al., 2022). At the EU level, specific guide-
lines for excavated material management are reported in the Waste
Framework Directive 2008/98/EC. The legal framework describes the
technical characteristics required for SM re-use, considering both envi-
ronmental protection and the costs of treatment or use as a virgin raw
material. In accordance with circular economy objectives, excavated
material recycling makes it possible to recover scrap material and to
prevent waste production, avoiding the use of landfills for its disposal.
Storing SM in deposit areas for several days before its final use is a
common practice for ensuring soil drying and biodegradation of the
chemicals used for soil conditioning during tunnelling (Barra Caracciolo
et al., 2021, 2019; Grenni et al., 2018; Mariani et al., 2020). SM is used
as a by-product in compliance with the above-mentioned EU Directive
and national legislation and site-specific protocols (Grenni et al., 2019;
Mariani et al., 2022, 2020), which require analysis of some organic and
inorganic contaminants (Italian DM 161,/2012, DPR 120/2017). Once
the SM suitability is confirmed from an environmental point of view, the
addition of lime (1-6 % in weight) can be a feasible method for chem-
ically stabilizing excavated materials (particularly for spoil materials
rich in clay and silty components). Lime produces short term modifi-
cations (flocculation and agglomeration of clay minerals, reducing
plasticity and moisture content) and a long-term reaction resulting in
stabilization of the material, cementing and increasing its strength
(Oggeri et al., 2014). Lime treatment makes possible SM handling for
different purposes, including material for filling natural depressions for
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landscape restoration (Barra Caracciolo et al., 2021). Although lime
facilitates SM management, it unavoidably leads to a significant increase
in its pH up to very high values (>12), (Barra Caracciolo et al., 2021). It
is known that pH is a key factor for soil organisms. Soils with pH values
higher than 8.0 are defined as highly alkaline (Lopes et al., 2021). Most
terrestrial biotas have pH tolerance ranges around neutral; for example,
pH values for plants are generally between slightly acid to neutral
(Msimbira and Smith, 2020). Alkaline soil causes toxic effects on plants
in terms of cellular osmotic stress, ion toxicity, oxidative stress, and
bicarbonate/carbonate (HCO3/CO%") stress, affecting plant develop-
ment (Cao et al., 2022; Liu et al., 2022). In order to adapt to alkaline
stress, plants have evolved multiple strategies, such as accumulation and
synthesis of small-molecules (such as proline, soluble proteins, betaine,
sugar, polyols and polyamines), and the capacity to exclude excessive
ions (e.g., Na™ and Cl7) and acidify rhizosphere and scavenging systems
(including antioxidant enzymes and antioxidants) (Cao et al., 2022;
Fang et al., 2021). However, these strategies vary between species and
strongly basic pH values are not tolerated (Msimbira and Smith, 2020).

High alkaline or acidic conditions influence some microbial cellular
components which can be hydrolysed or enzymes which can be dena-
tured (Atlas and Bartha, 1998). Microorganisms are a key soil compo-
nent and responsible for several ecosystem functions, such as
degradation of organic matter and nutrient cycling, thus ensuring soil
fertility and showing a homeostatic capacity versus environmental
changes, including pH variations (Atlas and Bartha, 1998; Sacca et al.,
2017). Microbes which exhibit a better growth at pH values > 9 are
termed alkaliphiles (Jin and Kirk, 2018). However, for survival they
need to maintain their cytoplasm at a neutral pH, regulating at the same
time the osmotic potential within the cell and obtaining enough nutri-
ents and energy. Indeed, alkaliphilic microorganisms have developed
strategies for alkaline pH homeostasis such as: (i) increase in metabolic
acid production through amino acid deaminases and sugar fermenta-
tion; (ii) increase in ATP synthase, which couples H" entry to ATP
generation; (iii) changes in cell surface properties and (iv) increase in
expression and activity of monovalent cation/proton antiporters. The
latter is the main mechanism used for alkaline environments (Padan
et al., 2005). Monovalent cation/proton antiporters are ion transporter-
related transmembrane proteins which can mediate intracellular ion and
pH homeostasis by exchanging monovalent cations (e.g. Na™, K™) and
H' across membranes (Swartz et al., 2005).

The present work deals with a case study of a tunnel excavation in
Central Italy where millions of tonnes of excavated material were pro-
duced and temporarily stored at the construction site. The majority of
the SM was lime-treated and planned to be used for filling the bottom of
natural depressions close to the excavation area in order to reshape the
landscape. A re-greening project (use of different endemic plants) is
planned in this area. In order to prevent the possibility that the lime-
treated SM hamper plant growth if roots reached it, the addition of
organic amendments (digestate, pomace and compost) was evaluated as
a nature-based solution (NBS) for promoting a pH decrease and a valid
alternative to the use of chemical treatments (e.g. gypsum, sulphur
salts). Although there are several organic amendments which could be
useful for decreasing pH, the amendments used in this experiment were
chosen because they are by-products of the regional production chains,
in order to ensure that the project is more in line with the circular
economy.

Microcosm experiments were performed mixing the organic
amendments with SM and testing the growth of the Medicago sativa
plant. The improvement of the SM quality in the different experimental
conditions was evaluated in terms of pH, organic carbon, nitrogen
content, microbial abundance and activity 4 months after the plant
seeding. Moreover, the microbial community composition was identi-
fied by sequencing the 16S rRNA gene and the predictive functional
composition of the community was also evaluated. Finally, the plant
physiology was evaluated in terms of aerial and root biomass and con-
centrations of leaf chlorophyll and total phenolic compounds.
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2. Materials and methods
2.1. Spoil material and surface soil

The SM (about 1.5 million m?) obtained for the execution of a
highway tunnel of 7.5 km length and treated with lime was temporary
stored at a construction site located close to Florence (Tuscany, Italy).
The construction area close to the tunnel was used not only for base
camp needs and as a SM temporarily deposit, but also for the storage of
the surface soil previously removed and piled up (piled soil), for its
subsequent reuse in the re-greening project. In fact, for the realization of
the construction site, the surface soil layer (about 0-30 cm) was
removed, piled and accumulated until the end of the overall engineering
works (tunnel, service station and area re-greening). The green resto-
ration of the entire site will comprise the filling of natural land de-
pressions with SM as the base and the piled surface soil as the top layer.

2.2. Organic amendments

The compost, digestate and olive pomace used in this study were by-
products of regional production chains, with a view to the circular
economy and waste valorisation. Compost was obtained from mixed
sources, such as the organic fraction of municipal waste (collected
separately) through a controlled transformation and stabilization pro-
cess; it came from the composting plant in Faltona (Florence, IT).
Digestate derived from an anaerobic treatment of animal origin waste,
waste from agro-industrial activities and from the processing of un-
treated wood and natural textiles, and matrices intended for a com-
posted green soil improver; it was provided by the “Colline Senesi”
biogas plant (Arezzo, IT). Olive pomace was degreased olive flour and
was provided by the company Caldini Guido S.r.l. The main chemical
and physical characteristics of the organic amendments (OAs) are shown
in Tables S2 and S3.

2.3. Microcosm set up

Microcosms were filled with a layer of SM mixed with compost,
digestate or pomace at the bottom and a layer of the piled soil. Both the
SM and piled surface soil were collected from the construction site.
M. sativa (cultivar Maraviglia, germination rate 85 %, Sgaravatti), also
called alfalfa, was selected for its adaptability and capacity to improve
soil fertility (Li et al., 2012). Microcosms, which reproduce natural
conditions on a small scale (Matheson, 2008), consisted of 1.4 L capacity
plant pots. They were filled with spoil material (SM, 600 g) mixed with
one of the OAs on the bottom and covered with 600 g of the surface soil
(SS). The OAs were mixed with SM at 5 t/ha for compost (33 g), 3 % for
digestate (18 g) and 50 t/ha for pomace (72 g), in accordance with
Directive 91/676/EEC and the Italian Legislative Decree 152/06.

Half of all the pots were seeded with alfalfa (10 seeds for each pot).
The pots were kept in a growth chamber at 23 °C, with 50 % humidity,
60 % ventilation and 14 h of light and 10 h of dark, and watered with
distilled water for about 4 months (121 d).

The overall experimental conditions can be summarized as follows:

—

. Surface soil (0-3 cm, SS) + Spoil material (3-6 cm, SM) amended
with compost: Comp

. SS + SM amended with digestate: Dig

. SS + SM amended with pomace: Pom

SS + SM with compost + M. sativa: Comp_P

. SS + SM with digestate + M. sativa: Dig_P

SS + SM with pomace + M. sativa: Pom_P

. SS + SM: Control

. SS + SM + M. sativa: Control_P

PN UAWN

Finally, some pots were set-up with only surface soil (1200 g) and
seeded with M. sativa (Plant) to compare plant growth and microbial
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community structure in the absence of the SM. Three replicates were set
up for each condition. Two destructive samplings were carried out: an
initial one (0 d) and a final one (4 months). At each sampling, aliquots
(composite samples of ca. a total of 50 g for each replicate, sampled
randomly) of surface soil (0-3 cm) and SM (3-6 cm) were collected from
each microcosm for physiochemical and microbiological analyses. After
sampling, the aliquots for the physiochemical and microbiological an-
alyses were processed immediately and those for NGS analysis were
stored at —20 °C until processing.

2.4. pH, soil water content, organic carbon and nitrogen

The pH was measured in distilled water (1:2.5) and the soil water
content by the gravimetric analysis, in accordance with official methods
(DM 13/09/1999 and s.m.i.). Aliquots of air-dried soil (15-20 mg each)
were used for the total organic carbon (OC) and nitrogen (N) analyses,
using an elemental carbon analyser (Carlo Erba NA 1500 series 2 C/H/
N/O/S). For the organic carbon analyses, the samples were acidified
with 20 pL 5 M ultrapure HCl and kept at 50-60 °C for 30 min in order to
remove inorganic carbon. Further details are described in Barra Car-
acciolo et al. (2020).

2.5. Microbial abundance, and microbial activity

The total microbial abundance (N. cells/g) was measured by the
epifluorescence direct count method using DAPI as the DNA fluorescent
intercalant. Formaldehyde-fixed soil samples (1 g each) were processed
as reported in detail in (Barra Caracciolo et al., 2015; Grenni et al.,
2009). The epifluorescence microscope was a Leica DM 4000B (Leica
Microsystems, GmbH, Wetzlar, Germany).

The overall microbial activity (ug TPF/g) was measured as dehy-
drogenase activity, using the colorimetric determination of the 2,3,5-tri-
phenyl formazan (TPF) produced from the reduction of the colourless
2,3,5-triphenyltetrazoliumchloride (TTC) in soil samples (6 g each), as
previously reported (Grenni et al., 2012, 2009). The determinations
were performed using a Multiskan Sky Microplate Spectrophotometer
(Thermo Scientific, Waltham, MA, USA).

2.6. Microbial community structure: DNA extraction and sequencing of
16S rDNA amplicons

The total DNA of the prokaryotic community was extracted from
0.25 g of soil (for each replicate) using the DNeasy PowerSoil kit
(QIAGEN GmbH, Hilden, Germany), in accordance with the manufac-
turer’s recommendations. A DNA-free sample was also analysed as the
negative control during the whole workflow. The extraction yield and
quality of the DNA were assessed using spectrophotometric measure-
ments (Multiskan Sky Microplate Spectrophotometer, Thermo Scienti-
fic). DNA extracts were stored at —20 °C until processing. They were
used as the template for sequencing the hypervariable V3-V4 region of
16S rRNA with MiSeq Illumina. The 341F (CCTACGGGAGGCAGCAG)
and 805R (GACTACHVGGGTATCTAATCC) primers for Prokaryotes
were used (Takahashi et al., 2014). The raw sequences were imported
and demultiplexed using the QIIME2 next-generation microbiome bio-
informatics platform v2019.11 (Bolyen et al., 2019) and denoised with
the DADA2 plug-in described by Callahan et al. (2016). The primers
were removed using the “trim-left-f* (forward) and “trim-left-r”
(reverse) primer DADA2 functions (Mazzurco Miritana et al., 2020).
These move the sequences to a specific position. The exact length of the
primers was 17 nucleotides for the forward ones and 21 nucleotides for
the reverse ones.

The amplicon sequencing variants (ASV) obtained were sorted using
the Silva 132 database (https://www.arb-silva.de) for Prokaryotes
(Abarenkov et al., 2020) with a naive Bayes classifier trained on the
amplified regions with 80 % confidence (Bokulich et al., 2018). The
sequencing data of non-amended SM (Control and Control P) are not
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reported owing to the very low amount of DNA obtained from
extraction.

The bacterial diversity was analysed using the Evenness and Shan-
non diversity indices, while the Chao 1 index (Chao et al., 2004) was
used as an estimator of potential richness (calculated with Qiime2 using
the alpha diversity function).

2.7. Predictive functional analysis of soil Prokaryotes

The PICRUSt2 software tool (https://github.com/picrust/picrust2)
made it possible to predict the relative abundance of several genes in the
functional profiling of the prokaryotic community, using the 16S rRNA
gene amplicon datasets (Douglas et al., 2020). In particular, the ASV
table of prokaryotic cells generated by DADA2 was the input. The pre-
diction by KEGG Orthology (Kyoto Encyclopedia of Genes and Genomes
Orthologs, https://www.genome.jp/kegg) and of gene functions
Enzyme Commission number relative abundances was performed with
hidden-state prediction (Louca and Doebeli, 2018) and used to infer
metabolic pathway abundances (Ye and Doak, 2009). The data are re-
ported as EC (Enzyme Commission number) relative abundances (%).

2.8. Medicago sativa biomass, foliar chlorophyll and antioxidants
contents

At the end of the experiment, all the alfalfa plants were carefully
removed from the pots, washed with distilled water to remove any
particles attached and weighed (aerial parts + roots) to determine their
fresh weight. The plant dry weights were determined by drying them at
60 °C for 72 h in an air-forced oven. The concentration of chlorophyll
and total phenolic compounds was estimated from the fresh plant ma-
terial at the end of the experiment. The extraction was performed from
300 mg of sample leaves with 80 % ethanol for 48 h. Each analysis was
performed in duplicate for each extract. Total leaf chlorophyll content
was determined spectrophotometrically at 663 and 645 nm and was
calculated as described in Zeng et al. (2017).

The amount of total phenolic compounds extracted was determined
with the Folin-Ciocalteu reagent as described in Ugulin et al. (2015).
Gallic acid was used as the standard and the total phenolic compounds
were expressed as mg of gallic acid equivalents per g of fresh weight.

2.9. Statistical analysis

Prior to performing each statistical analysis, the Shapiro-Wilk test of
normality was performed in order to select a parametric or a non-
parametric test for each data set. The data regarding the microbiolog-
ical, chemical-physical and plant biomass parameters were compared
with each other with ANOVA using the AOV function of the statistical
program R (ver. 4.3). Where significant differences were found, pairwise
comparisons were made to evaluate which conditions were significantly
different, using the Tukey’s Honestly Significant Difference test with the
TukeyHSD function of R. A significance threshold of 0.05 was
considered.

The correlation between microbiological data (e.g. abundance vs
activity) was performed using Pearson correlation.

The values of the diversity indices, obtained for each individual
condition based on the abundance of Amplicon Sequencing Variants
(ASVs), were compared for each pair of conditions, using a non-
parametric statistical test (Wilcox test), executed using the QIIME2
software. The differences among the conditions at class, genera level and
ASVs (based on Bray-Curtis distance matrix) were calculated using
PERMANOVA test (Analysis of Multivariate Variance with Permuta-
tions), carried out using the adonis2 function of R. The effects of OAs and
M. sativa on the prokaryotic community were also evaluated in a
principal-coordinate analysis (PCoA).

The differences among the relative abundances of the genes revealed
by the predictive functional analysis were calculated using ANOVA (aov
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function of R) and subsequently Tukey’s test (TukeyHSD function of R) to
determine which conditions were significantly different. In any case, a
significance threshold of 0.05 was considered. Moreover, the structure
of the microbial community (at genus level) was mapped using heatmap
modules in the “R” statistical package (“ComplexHeatmap™), The heat-
map reports the most abundant prokaryotic genera (top 25 genera, net of
“unclassified” ones) detected in the overall samples corresponding to
>1 % of total identified genera, and the dataset used for heatmap was
normalized by mean and standard deviation (z-score). Differences
among conditions were evaluated using the PERMANOVA test.

3. Results and discussion

Preliminary analyses showed that the lime-treated SM had an
average pH of 12.53 + 0.01 and the surface soil of 8.58 + 0.01, showing
how the latter was partially influenced by the lime treatment due to its
temporary storage close to the area where the SM was treated with lime.

Initially, there were no microorganisms detected in SM, probably
owing to its very high pH (12.53 + 0.01). Adding OA increased the SM
organic carbon and nitrogen contents and added active microbial pop-
ulations into the SM. There was no immediate pH reduction (Table 1 and
Supplementary Materials, Tables S2 and S3) because the three OAs had a
neutral or slightly acid pH.

The basic pH (8.58 + 0.01), low organic carbon (0.85 + 0.03 %), and
low microbial abundance (7.61 x 10° + 8.35 x 102 cells/g) and activity
(19.60 + 4.54 pg TPF/g) of the surface soil (Table 1) were presumably
due to its degradation and deconstruction during piling for ca. 2 years at
the construction site and its proximity to the area where the lime
treatment took place. Other authors have also reported that piled soils in
construction projects are subject to loss of their structure and organic
matter due to poor resistance to external erosion agents (Zhang et al.,
2021).

At 4 months (Fig. 1), OAs caused an overall significant decrease (p-
value < 0.001, Supplementary Materials, Table S6) in pH of SM, with
values from 7.98 + 0.18 to 8.75 + 0.19 in the plant absence conditions,
and with the lowest value in Pom. The latter result was presumably due
to organic acid presence in the pomace. The microbial degradation of
the organic substance in the amendments presumably promoted the
release of various compounds (e.g. NH4, CO,, organic acids) which led
to a pH decrease (Msimbira and Smith, 2020) in the treated SM condi-
tions. A pH decrease was also observed in the not amended conditions
(9.24 4+ 0.06 in Control and 10.30 + 0.33 in Control_P), however with
values significantly different from the OA conditions. This result sug-
gests a possible pH regulating role of the microorganisms, which pre-
sumably migrated from the surface soil to SM.

The plant presence did not favour any additional pH decrease in SM
(values from 8.36 + 0.11 to 8.61 + 0.07) compared to the conditions in
the absence of plants. In fact, any significant further pH reduction was
observed with M. sativa presence (Fig. 1), suggesting the key role of
microorganisms in the pH regulation.

Fig. 2 shows the percentages of organic carbon (A) and total nitrogen
(B) measured at 4 months in the SM (3-6 cm) and in the surface soil (0-3
cm) in each single microcosm condition, in the presence (P) and absence
of alfalfa. The highest percentages of OC (9.50 + 0.00 %) and N (0.50 +
0.00 %) in SM where found in the Pom condition (p-value < 0.01), in
line with their initial values (Table 1, SM + Pomace). Interestingly, N %
were higher (except for Comp) in the absence of plants, suggesting a
probable competition for this limiting factor between the plants and
microorganisms.

All the three OAs promoted an overall significant and long-term in-
crease (p-value < 0.001) in microbial abundance and activity in SM
(Fig. 3 A and B), with the highest values in the Pom condition (6.69 x
108 £+ 7.10 x 107 cells/g and 558.78 + 30.99 ug TPF/g, respectively). A
significant correlation (p-value < 0.01; R = 0.94) between microbial
abundance and activity was also found after 4 months.

At the end of the experiment, the pH in the surface soil covering the
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Table 1
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Total microbial abundance, microbial activity, organic carbon (OC %), nitrogen (N %), pH and moisture (% H,0) at day 0 in the surface soil, spoil material (SM) and SM

mixed with Compost, Digestate or Pomace; n.d.: not detected.

Day 0 Microbial abundance Microbial activity OC (%) N (%) pH % H,0
(N. cells/g) (ng TPF/g)
Surface soil 7.61 x 10° + 8.35 x 102 19.60 + 4.54 0.85 £+ 0.03 0.25 £+ 0.03 8.58 + 0.01 10.2 £ 0.01
SM n.d. n.d. n.d. n.d. 12.53 + 0.01 8.7 £ 0.01
SM + compost 2.13 x 107 + 1.10 x 10° 185.38 £+ 0.62 3.40 £ 0.25 0.25 £ 0.03 12.25 + 0.01 9.5+ 0.01
SM + digestate 3.29 x 107 + 1.43 x 10° 32.24 + 0.32 2.25 £+ 0.03 0.25 £+ 0.03 12.50 £+ 0.01 9.0 £ 0.01
SM + pomace 2.90 x 107 + 9.06 x 10% 910.06 + 9.34 6.85 + 0.41 0.40 £+ 0.03 11.58 + 0.01 6.8 +£0.01
13 4
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Fig. 1. pH of the spoil material at 0 d and 4 months, under different conditions with the relative standard errors. Comp: compost; Dig: digestate; Pom: pomace,

P: plant.

SM decreased only slightly, from an initial value of 8.58 + 0.01 to
average values of 8.36 + 0.08 and 8.35 + 0.03 in absence and plant
presence, respectively (with no significant differences). Moreover,
Organic Carbon (OC%) maintained values substantially similar to the
initial ones (OC%: from 0.85 4+ 0.03 at 0 d to 1.05 + 0.12 in the absence
and to 0.89 + 0.06 in the presence of plants at the end of the experiment,
reported as mean values), while nitrogen decreased slightly (N%: from
0.30 £+ 0.03 at 0 d to 0.28 £ 0.02 in the absence and to 0.22 + 0.01 in
the presence of plants at, reported as mean values).

The physiochemical and microbiological results suggest that the
quality of the SM, which was initially a poor substrate, significantly
improved, showing pH, nutrients, microbial abundance and activity
values also higher than the covering surface soil, which proved the latter
was degraded owing to its accumulation at the construction site.

The increase in soil quality following OAs addition has been found in
several works (Barra Caracciolo et al., 2015; Garbini et al., 2022;
Innangi et al., 2017) although to our knowledge this is the first study on
lime-treated spoil material. On the other hand, the plant presence, which
generally increases microbial abundance, activity and soil quality, pro-
moting synergic relationships between bacteria and roots in the rhizo-
sphere (Barra Caracciolo and Terenzi, 2021; Bustamante et al., 2020; Di

Lenola et al., 2020), did not in this study favour either a pH decrease or
nutrient increase. The latter results can be ascribed to the fact that the
SM, because it came from underground, and had been treated with lime,
was an inhospitable substrate (pH 12.53 + 0.01) and was devoid of
nutrients (Table 1). Consequently, the microorganisms colonizing it
from the OAs, probably outcompeted plants in acquiring nutrients in this
pioneer environment. Strong interspecific competitive interactions can
occur in degraded soil since both microorganisms and roots require the
same limiting nutrients, essential for growth (Kuzyakov and Xu, 2013;
Turbé et al., 2010). However, microorganisms were more efficient in a
prompt acquisition of nutrients, by degrading organic substances;
plants, on the other hand, were able to access nutrients only after they
were made available by microbial activity. This phenomenon was
particularly evident with pomace where N and OC concentrations were
the highest (Fig. 2), but were significantly lower with plants present.
Compared to the initial substrate, the non-amended SM (Control and
Control P) at 4 months improved slightly in terms of OC, N and pH.
These results were presumably due, as above mentioned, to soil which
mixed with SM during pot watering, leaching both organic carbon and
microbial populations. However, the microbial populations, presumably
migrated from the covering surface soil owing to the watering, were not
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very active (Fig. 3 A and B) due to the persistence of the alkaline envi-
ronment (pH 9-10.30).

Although pomace promoted an overall increase in microbial abun-
dance and activity in the SM, the plant biomass (aerial part and roots,
Fig. 4), showed the lowest values (p-value < 0.05). This could be as-
cribable to some compounds in pomace which can be toxic (e.g. phenol
acids) for plants, as reported in other works (Muscolo et al., 2019;
Paraskeva and Diamadopoulos, 2006; Pinho et al., 2017). In fact, Li et al.
(2010) analysed the modes of action of soil phenolic compounds as plant
growth inhibitors and found they influenced nutrient uptake, protein
synthesis and photosynthesis, among other things. Conversely, the
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Spoil Material (3-6 cm)
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Comp_P and Dig P conditions showed the highest biomass values (p-
value < 0.05) and roots developed inside the overall SM (Fig. 4).
Finally, the fact that plants grown on the surface soil alone (Plant)
had a low biomass was in line with the low soil nutrient content (Table 1
and Fig. 2). Plant growth was found to be in line with leaf chlorophyll
content. In fact, there were lower values for Pomace (1.9 pg/g + 0.2)
and Plant (1.7 pg/g + 0.2) than other conditions (Control P: 2.6 pg/g +
0.4; Comp_P: 2.3 pug/g + 0.4; Dig_P: 2.5 pg/g + 0.2). Plant biomass and
chlorophyll content are parameters that are strictly related, since chlo-
rophyll is a pigment necessary for plant photosynthesis (Croft et al.,
2017), an essential metabolic pathway for plants, contributing to their

® Root biomass

Plant

Surface Soil

Dig_P

Fig. 4. Aerial and root biomass (dry weight, g) of the plants under different conditions at 4 months.
Control_P: Surface soil + spoil material; Comp_P: Surface soil + spoil material with compost; Dig_P: Surface soil + spoil material with digestate; Pom_P: Surface soil +
spoil material with pomace; Plant: pots with only surface soil. The vertical bars are the relative standard errors.
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growth and biomass production (Calzadilla et al., 2022). An increase in
chlorophyll content is usually correlated with an increase in plant
biomass (Fedeli et al., 2023; Liu et al., 2019; Robles-Aguilar et al., 2019).
Chlorophyll content together with nutrient availability are the most
important factors determining plant growth (Kirschbaum, 2011).

The total phenolic compounds in the plants were found to be
significantly (p-value < 0.05) higher in all conditions with SM (Con-
trol P: 22.0 pg/g + 0.7; Comp_P: 18.0 pg/g + 1.3; Dig_P: 20.7 pg/g +
1.4; Pom_P: 18.8 pg/g + 1.4) than in the surface soil alone (Plant: 14.7
pg/g + 0.9). Total phenolic compounds play an important antioxidant
role in plant cells and their synthesis is generally activated in response to
stress conditions (Samec et al., 2021). Consequently, plants grown in
pots with SM presumably activated a response to reduce oxidative stress
caused by growth in an alkaline environment. In this condition plants
accumulated and stored phenolics in leaves. Moreover, plant stress may
also be due the improper structure of the SM which was probably less
suitable than surface soil for plant growth. In fact, the highest phenolic
compound amount was found in Control P. Soil structure has been
shown to influence plant phenolic compound production (Alotaibi and
Abd-Elgawad, 2023).

The analysis of the microbial community structure at 4 months made
it possible to identify the bacterial community involved in improving the
SM (Figs. 5 and 6). The SM results are reported with those obtained from
microcosms containing exclusively the surface soil at 0 d (Plant day 0)
and at 4 months in a plant presence (Plant). The diversity indices
(Chaol, Shannon, and Evenness) were calculated using Amplicon
Sequencing Variants (ASV), Table 2.

The highest values for microbial biodiversity, which is related to soil
quality (Onet et al., 2019; Schloter et al., 2003), were found in the
presence of compost and plant (Comp_P: Chaol = 740.92 + 21.91,
Shannon = 8.37 + 0.00, Evenness = 0.88 + 0.04) and the lowest in
pomace in the absence of plants (Pom: Chaol = 328.00 + 12.79,
Shannon = 6.28 + 0.03, Evenness = 0.75 & 0.27).

Adding OAs influenced the distribution of the ASV in the different
conditions (Fig. 5, Supplementary Materials, Table S11 and PCoA,
Supplementary Materials, Fig. S1). The composition of microbial classes
(% ASV) found at 4 months in SM under the different conditions were
significantly different (PERMANOVA, p-value < 0.001, R = 0.68). A

0% 20% 40% 60% 80% 100%

Spoil Material (3-6 cm)

Plant day 0
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Surface Soil
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u Other
mVerrucomicrobiae
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Fig. 5. Relative abundances (%) of bacterial classes detected at 4 months in
Spoil material treated with compost (Comp), digestate (Dig) or pomace (Pom)
in the absence or presence of M. sativa (P); Surface soil at O d (Plant day 0) and
at 4 months (Plant).

Applied Soil Ecology 192 (2023) 105070

general predominance of Proteobacteria (Alpha and Gamma), with a
percentage varying from 38 % to 56 %, was observed in all amended
conditions, with a significant higher abundance of Alphaproteobacteria
(14-30 %) in plant presence. The latter group comprise nitrogen-fixing
bacteria, such as Rhizobiaceae, which are known to colonize root nodules
of M. sativa (Song et al., 2017).

Interestingly, SM amended with pomace, both in the presence
(Pom_P) and absence of plants (Pom), had the lowest biodiversity
(Table 2), underlining the selective effect of this amendment. In fact, the
microbial community was more active (Fig. 3B) and selected (Fig. 5)
compared to the other conditions, with a predominance of Proteobacteria
(56 and 53 % for Pom and Pom_P, respectively).

In contrast, in the surface soil (Plant day O and Plant, Fig. 5), a
dominance of Actinobacteria was observed (46 % in the absence of
plants, 30 % in the presence of plants) and this result confirms that it was
not in a good quality state, as this class predominates in stressed and
oligotrophic soils (Dube et al., 2019), as in this case (Table 1). It is
known that, with accumulation of soil organic matter and nutrients, the
abundance of Actinobacteria decreases, and that of Proteobacteria in-
creases (Zeng et al., 2017). The Proteobacteria group includes most
bacterial species involved in the main biogeochemical cycles and is
typically the most abundant phylum found in a good quality state soil
(Barra Caracciolo et al., 2020, 2015).

The most abundant prokaryotic genera (top 25 genera, net of “un-
classified” ones) detected in the samples are depicted as a heatmap in
Fig. 6. The dataset was normalized using means and standard deviations
(z-score), reporting genera from the most abundant (red colour) to the
least abundant one (blue colour). It is possible to observe three clusters,
the first one consisting of Plant day 0, Dig and Plant; the second one
Comp, Comp_P, Dig_P, Pom_P, and the third Pom alone, confirming that
the OAs modulated differently the bacterial populations colonizing the
SM.

In particular, Azotobacter was present only in the Pom condition at
10 %, Sphingomonas was significantly different (p-value < 0.001) be-
tween the conditions containing pomace (Pom and Pom_P) and the
others and it was significantly (p-value < 0.001) higher in Pom (42 %)
than in Pom_P (19 %). These results are in accordance with the capa-
bility of these genera to degrade cellulose and compounds such as
phenol acids (Omer and Mohamed, 2012; Tao et al., 2022) and for this
reason they were also found in pomace in other works (Milanovic et al.,
2019; Schmid et al., 2014).

In accordance with the above, bacterial genera, such as the stress-
tolerance gram-positive Bacillus and Streptomyces were the most abun-
dant in the degraded surface soil (Plant day 0 and Plant, Fig. 6), (Pang
et al., 2022; Roy et al., 2022).

The above results show the microorganisms’ versatility and adapt-
ability to extreme conditions, such as high SM alkalinity. In this case,
they presumably enacted adaptive strategies to alleviate pH stress
(Santini et al., 2015), using membrane transporters to maintain cyto-
plasm neutrality (Padan et al., 2005; Swartz et al., 2005). In fact, thanks
to the software PICRUSt2, which predicts the potential functional profile
of the microbial communities, eight genes encoding membrane proteins
involved in cellular pH homeostasis (ndh, nha, cha, ngr, ktr, nuo, mrp,
nat) were identified (Fig. 7).

The genes found ranged from 0.90 % in Pom to 1.20 % in Dig. In all
conditions a predominance of the nuo operon (p-value < 0.05),
responsible for the translocation of protons outside the cell and often
associated with the antiporter mrp, an active transporter that catalyzes
the transport of K, Na™ or Li" outside and H" inside cells (Bongaerts
et al., 1995; Swartz et al., 2005), was observed.

In the case of the pots in Plant condition (Fig. 7), the genes identified
suggest that soil bacteria also enacted homeostatic mechanisms, and this
was confirmed by the decrease in initial pH from 8.57 (Plant day 0) to
8.35 (Plant) measured at 4 months.

Other functional genes involved in organic matter degradation and
responsible for the extracellular metabolite release were potentially
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Table 2

Chaol, Shannon and Evenness indices + standard errors calculated at 4 months
in Spoil Material treated with compost (Comp), digestate (Dig) or pomace (Pom)
in the absence or presence of M. sativa (P); Surface Soil at day 0 (Plant day 0) and
at 4 months (Plant).

Condition Chaol Index Shannon Evenness
Index
Spoil material Comp 551.85 + 7.43 = 0.00 0.82 +
(3-6 cm) 57.38 0.16
Comp_P 740.92 + 8.37 + 0.00 0.88 +
21.91 0.04
Dig 542.00 + 7.64 £ 0.01 0.84 +
10.95 0.06
Dig P 508.90 + 7.27 + 0.00 0.81 +
46.49 0.08
Pom 328.00 + 6.28 + 0.03 0.75 £
12.79 0.27
Pom_ P 599.32 + 7.86 + 0.00 0.85 +
25.29 0.04
Surface soil Plant day 1002.50 + 8.84 +0.01 0.89 +
0 231.97 0.22
Plant 1064.70 + 9.43 £+ 0.00 0.94 +
31.20 0.05

identified (Fig. 8). For example, indoleacetic acid metabolism genes
(ami, nthA, ipdC) were found. In particular, the ami gene was the most
abundant and with the highest percentages in Pom (p-value < 0.05),
where the highest pH decrease (from 12.53 + 0.01 to pH 7.98 + 0.18)
was observed. The ami gene promotes soil acidification regulating other
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genes encoding for enzymes responsible for the synthesis of carboxylates
involved in phosphorus solubilisation and its release in soil (Alemneh
etal., 2021). The ami gene was also found in the Plant condition and this
result can support the hypothesis that soil bacteria metabolism was also
active and promoted organic matter re-cycling with a final organic
carbon increase.

This experiment confirms the primary role of microbial populations
in modifying and colonizing extreme environments thanks to their rapid
adaptability and wide metabolic versatility, which allows them to
respond efficiently to environmental stress. Once the environment has
been made suitable for the growth of other species and in particular
plant ones, synergistic relationships can be established between the
plant roots and the microorganisms which colonize the same habitat
(Kuzyakov and Xu, 2013). In fact, plants can help natural microorgan-
isms in transforming, removing and containing contaminants,
improving soil quality (Di Lenola et al., 2020). Moreover, plant-microbe
interaction helps plant growth and development under different types of
abiotic and biotic stresses (Kumar and Verma, 2018).

Finally, although a specific economic feasibility was not performed,
it is clearly recognisable that the use of these OAs in this experiment and,
even more, in the large area to be restored, has the double benefit of
being in line with circular economy requirements and having economic
benefits, since the OAs provided by local production are cheaper than
any chemical treatments (e.g. gypsum, sulphur salts) commonly used in
agriculture for decreasing soil pH (McKenna et al., 2019).
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4. Conclusions

Adding digestate or compost selected in this study to SM can be
considered the best nature-based solution (NBS) as it favoured both a
significant pH decrease and the highest Medicago sativa growth. The
improvement in SM quality found in this microcosm experiment was
ascribable to the proliferation of microbial populations from OAs, which
were able to initially survive a high pH and low nutrient substrate and
then modify it. In fact, at 4 months a significant increase in microbial
abundance and activity was observed and a predominance of the Pro-
teobacteria (Alpha and Gamma), which include most bacterial species
involved in the main biogeochemical cycles, was found. The plant
presence neither decreased pH nor increased organic carbon or nitrogen
content, showing the pioneer role of bacteria in improving a poor sub-
strate and making it more favourable for plant growth if compared to un-
amended conditions.

Although additional research is needed to determine the possible
long-term effects of organic amendments on soil quality, and to identify
expressed genes involved in pH regulation, the results here obtained are
encouraging because they show a significant improvement in the sub-
strate within 4 months, applying a green low-cost solution in line with
the circular economy. This approach can also be applied to other
degraded soils or waste materials, in order to enhance their quality,
reduce waste generation and carbon footprint, and preserve natural
resources. Finally, this work shows how a NBS can be a valid alternative,
in decreasing pH, to chemical treatments (e.g. gypsum, sulphur salts).

The results obtained are being used in a real case study where a green
restoration of a construction site area with SM mixed with soil is plan-
ned. A field experiment using the compost and digestate as OAs for
revegetation and reforestation of this area with different species is in
progress.
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