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ABSTRACT

Resource recovery from wastewater treatment is the key for sustainable environment management. Treated
wastewater (TWW) represents a promising opportunity not only as irrigation water but also as a source of nu-
trients that can be recovered with adsorbent materials, such as biochar and zeolite. These materials efficiently
adsorb phosphate and ammonium, respectively, from wastewater, and once enriched can act as soil fertilizer.
This study investigated, the impact of PO3 -enriched biochar and NHj-enriched zeolite, combined or not with
treated wastewater (TWW) irrigation, on soil fertility and growth of tomato plants, through a pot experiment.
Five treatments were tested: control soil irrigated with tap water, soil amended with enriched biochar and zeolite
with tap water or TWW, and soil amended with natural biochar and zeolite with TWW. After 80 days, shoot dry
weights of tomato plants showed no significant differences across treatments. However, root dry weights
decreased in plants irrigated with TWW, whether unamended or amended with natural biochar and zeolite. The
TWW irrigation, both with and without enriched amendments improved soil total N and available P by 22 and 15
%, respectively, but increased soil salinity, as evidenced by 27 % rise in electrical conductivity. However,
enriched and natural biochar and zeolite effectively mitigated salinity effect, promoting a more salinity-tolerant
microbial community, and increasing microbial biomass carbon. These results support the integrated use of TWW

with nutrient-enriched amendments to support the transition to a circular economy in the water sector.

1. Introduction

Rapid global population growth is placing severe pressure to the
agricultural sector, requiring a significant increase in food production to
meet growing needs. This scenario has led to greater dependence on
water for irrigation and fertilisers to improve crop productivity. How-
ever, issues related to water scarcity and the deterioration of freshwater
quality have created substantial challenges worldwide, particularly in
arid and semi-arid regions (Muscarella et al., 2024). Furthermore, the
increasing use of chemical fertilisers, while effective in stimulating crop
growth, raises concerns about long-term sustainability and soil health
(Pahalvi et al., 2021). Consequently, there is a pressing need to transi-
tion towards more sustainable management approaches. One such
method is the recovery and reuse of nutrients from waste materials. The

wastewater from secondary treatment plants is an often overlooked yet
promising source for nutrient recovery (Mannina et al., 2021a, 2021b).
Even if the nutrient concentration in urban treated wastewater (TWW) is
relatively low, it contains sufficient quantities of essential nutrients for
plant growth, as N and P. Treated wastewater (TWW) typically contains
up to 10 mg L™ of PO§~ (Mannina et al., 2021a) and up to 30 mg L™ of
NHJ, depending on the treatment process and characteristics of the
influent (Pinelli et al., 2022). Thus, using TWW represents an opportu-
nity for crop irrigation and source of nutrients. Indeed, thanks to
treatments with adsorbent material, it is possible to recover N and P
from this water and apply them to crops when necessary. To this end,
biochar and zeolite are increasingly recognized for their role in waste-
water treatment and potential as a soil amendment (Muscarella et al.,
2023; Wang et al., 2022). Biochar and zeolite can mainly adsorb
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phosphate (PO%’) and ammonium (NHY), respectively, held within
TWW (Wang and Wang, 2019; Muscarella et al., 2023).

Biochar is a carbon-rich material obtained from the pyrolysis of
organic materials (Brassard et al., 2019). Indeed, Jung et al. (2015) have
shown that biochar can achieve more than 50 % P adsorption. Its porous
structure and large surface area make it very effective in adsorbing
nutrients, especially phosphate ions due to some surface functional
groups (Dai et al., 2020). However, the rate of P adsorption is closely
related to the characteristics of biochar, which mainly depends on the
feedstock and pyrolysis conditions. In addition, several studies have
clearly shown that biochar is an excellent soil amendment, which can
increase soil fertility by improving soil structure, nutrient retention,
increasing water holding capacity, promoting microbial activity and
overall plant health (e.g. Brassard et al., 2019; Zhang et al., 2021; Wang
et al., 2022).

Instead, zeolite is a tectosilicate mineral having crystalline structure
in which some Si** cations are replaced by Al®* cations (Moshoeshoe
et al., 2017). This ionic substitution generates a net negative charge,
significantly increasing zeolite cation exchange capacity and its ability
to adsorb NH4, making it very effective for nutrient recovery from
wastewater. The adsorption capacity of zeolite for NH4 ranges from 3 to
75 mg g’1 (Chowdhury et al., 2016; Muscarella et al., 2021). Moreover,
zeolite is widely used as a soil amendment, as it improves aeration,
water retention and soil drainage, promotes healthier plant growth and
increases resistance to drought and soil compaction (Girijaveni et al.,
2018). Therefore, PO3 -enriched biochar and NH -enriched zeolites can
act as soil amendments. Several studies have investigated the effect, as
fertilizers, of enriched zeolite or biochar. For example, Guaya et al.
(2020) studied the effect of applying N- and P-enriched zeolites to
sunflower crops, demonstrating a significant increase in plant fresh
weight (between 50 and 400 %) and N and P uptake by plants from 5 to
45 % and 54-210 %, respectively. Faccini et al. (2018) also studied the
effect of NHJ-enriched zeolites through a three-year field experiment,
demonstrating that N input from chemical fertilizers can be significantly
reduced by up to 50 % compared to standard practices, when
NHj -enriched zeolites are applied to soil. Moreover, the addition of 70 t
ha™! of enriched zeolite showed a 14 % increase in sorghum yield and a
7 % increase in durum wheat yield compared to the control (no fertil-
ization). Furthermore, Gunes et al. (2014) showed that applying of 10 g
kg ™! of P-enriched biochar to soil increased plant dry weight by almost 8
times, and increased P concentration in plants by almost 4 %. Wali et al.
(2022) revealed that applying 1 % P-enriched biochar to soil signifi-
cantly increased all recorded plant traits (growth, yield, and physio-
logical and chemical parameters) and soil available P, organic matter,
and electrical conductivity. In terms of yield, applying 1 % P-enriched
biochar significantly increased the number of grains and weight of 100
grains by about 30 % and 21 % in spring and autumn maize, respec-
tively. Although several authors have tested the effect of zeolite or
enriched biochar, no studies are testing the simultaneous effect of both,
in combination or not with the use of TWW as irrigation water.

Furthermore, it is very important to consider that biochar and/or
zeolite or the use of TWW for irrigation can affect the physical, chemical
and biological properties of soil. Indeed, soil is one of the most complex
bacterial habitats, containing abundant microbial life (Vincze et al.,
2024). In particular, rhizospheric soil is a biological hotspot where
abiotic conditions (temperature, salinity, pH, water content) and biotic
interactions (i.e., microorganism-microorganism and
microorganism-plant) shape microbial community composition and
plant growth. Soil microbiota plays a crucial role in plant health by
improving nutrient availability, protecting against diseases, enhancing
soil structure, and helping plants overcome environmental stresses
(Jacoby et al., 2017). Notably, plant growth-promoting bacteria (PGPB)
are particularly important because they produce bioactive compounds
that promote plant growth and enhance the availability of nutrients,
such as N and P (Faddetta et al., 2023).

Indeed, biochar and zeolite as a soil amendment can be considered to
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modulate soil microbiota for improving soil health and fertility (Li et al.,
2023). The modulation of soil microbial diversity depends on soil
properties (Li et al., 2020). Moreover, it was reported that biochar can
increase enzymatic activities such as extracellular urease, phosphatase
and dehydrogenase, while decreasing other enzymatic activities
(Pokharel et al., 2020). The use of biochar can influence soil microbiota
structure providing the final effect of enhancing plant nutrient uptake
and growth (Zhang et al., 2018) and fostering conditions favorable for
root nodulation (Liu et al., 2018). Soil amendment with biochar or
zeolite is recognized as a cost-effective and eco-friendly strategy that
boosts microbial activity due to their unique physicochemical proper-
ties, such as a porous structure, high surface area, and moisture/nutrient
absorption and release capacities (Bai et al., 2022; Lehmann et al.,
2011). On the other hand, treated TWW significantly impacts soil and
plant microbiota, particularly in the short term, as water quality can
alter microbiota composition (Muscarella et al., 2024; Delitte et al.,
2021). For instance, microbiota exposed to high levels of mineral and
organic carbon in water typically show a dominance of Proteobacteria
(Frenk et al., 2018). A study by Muscarella et al. (2024) examined the
effects of TWW irrigation on tomato plants (Solanum lycopersicum L.) in a
pot experiment. The results revealed that TWW irrigation increased the
abundance of Proteobacteria and Acidobacteria compared to irrigation
with tap water and inorganic fertilizer. Moreover, when TWW was
combined with biochar and enriched zeolite, the soil microbiota struc-
ture showed increased relative abundance of Proteobacteria, Acid-
obacteria, Bacteroidetes, and Chloroflexi compared to that one of
treated using TWW alone. Conversely, higher levels of Actinobacteria,
Firmicutes, and Chloroflexi were observed compared to treatments
using tap water with biochar and enriched zeolite. These shifts in soil
microbiota were associated with a reduced fungi-to-bacteria ratio,
higher soil electrical conductivity and total nitrogen, and improved to-
mato growth (Muscarella et al., 2024). Currently, at the best of our
knowledge, no study has explored the combined effects of TWW irri-
gation and soil amendments using biochar and zeolite, which are
nutrient-enriched with TWW, on tomato plants.

Therefore, this study aimed to evaluate the effect of nutrient-
enriched fertilizers (namely, biochar and zeolite) and TWW irrigation
on soil fertility and tomato plants growth. The main focus was on N and
P dynamics in both soils and plants, soil microbial biomass and dry
weight of tomato plants as a model crop. In addition, changes in soil
microbial community structure resulting from different treatments were
investigated to explore the possible interactions between microbiota and
plant growth.

2. Materials and methods
2.1. Experimental setup

From April to July 2023, this study was carried out in the greenhouse
of the Water Resource Recovery Facility of Palermo University
(Palermo, Sicily, Italy; 38°10'67.16" N; 13°35'03.24" E) built within the
Wider Uptake H2020 project (Mannina et al., 2021a, 2021b). The To-
mato (Solanum lycopersicum L.) plants were selected for the experimental
trial due to their ability to withstand average high temperatures com-
mon in Sicily during the months when the trial was conducted. The
experimental design involved five treatments: i) control soil, irrigated
with tap water (TAP); ii) soil amended with enriched biochar and
enriched zeolite, irrigated with tap water (EB + EZ + TAP); iii) soil
irrigated with TWW (TWW); iv) soil amended with enriched biochar and
enriched zeolite, irrigated with TWW (EB + EZ + TWW); v) soil amen-
ded with natural biochar and natural zeolite, irrigated with treated
wastewater (NB + NZ + TWW). The experimental design followed a
complete randomization scheme, including the same starting soil to
which the five treatments were applied for five replicates, for a total of
twenty-five pots.
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2.2. Water used for irrigation

Tap water (TAP) was obtained directly from the storage tank serving
the greenhouse where the experiment was carried out (Mannina et al.,
2021b). The TWW was collected from a pilot wastewater treatment
plant located at the Engineering Department of the University of
Palermo (Italy), as part of the Wider Uptake H2020 project (Mannina
et al., 2021a, 2021b). The TAP and TWW characteristics are reported in
Table 1. Manual irrigation was performed once daily to avoid water
stress on the crop. This approach also aimed to prevent excessive water
percolation. Each pot received a daily watering volume of 100-200 mL,
depending on the temperature and growth stage of the plants, for a total
of 12 L over 80 days.

2.3. Natural and enriched soil amendments

Nera Biochar s.r.l provided the biochar used in this study. This bio-
char is derived from pyrolyzed wood waste at 440 °C and sieved at 2.0
mm. Biochar has a bulk density of 180 g L™, pH of 9, EC of 1.3 dS m™},
total carbon of 75 %, and total limestone of 5 %. Zeolite used was a
Natural Clinoptilolite (ZEOWATER ZN, Zeocel Italia by Dnd Biotech).
Clinoptilolite belongs to the heulandite group (HEU) whose tetrahedral
structure consists of SiOﬁ_ and AlOi_ tetrahedral units. It is constituted
by 85 % clinoplilotite, 8 % cristobalite, 4 % illite, 3-4 % plagioclast and
a Si/Al ratio of 4.8-5.5 and has bulk density of 0.98 g cm ™2, surface area
of 40 m? g7!, pH of 7.6. K' and Ca?" were the predominant
exchangeable cations. Zeolite was sieved to obtain diameter particles
ranging from 2.0 to 2.5 mm.

The NHZ-enriched zeolite and PO -enriched biochar used during the
test are the same materials as described above, enriched in contact with
treated wastewater from the Marineo WWTP (Mannina et al., 2022), as
described by Bulacio Fischer et al. (2024). Briefly, two plexiglass col-
umns 0.1 m in diameter and 0.6 m in length were filled, one with biochar
and the other with zeolite. The columns were arranged in series, with
treated wastewater passing through the column filled with biochar first
and then through the column filled with zeolite. The treated wastewater
exiting the Marineo WWTP flowed through the columns at a rate of
16.75 L h ™! until the material was saturated. The main characteristics of
natural and enriched amendments are reported in Table 2.

2.4. Soil and pots preparation

The soil used for the experiment was air-dried and sieved at 4 mm. It
had a sandy-loam texture and was amended with 10 % by weight of cow
mature manure (36 % moisture and 39 % of total organic carbon). The
main soil characteristics were 8.1 and 0.91 dS m™! of pH and EC (1:2.5,
w/v, in water), respectively, 31 g kg’1 of total organic carbon (TOC),
3.76 g kg ™! of total nitrogen (TN) and 129 mg kg~ ! of available P, and
35 cmol kg~! of cation exchange capacity (CEG). Moreover 10 % in
volume of perlite was added to soil to avoid compaction. To make 5
replicates per treatment: approximately 15 kg of soil were used as is for
the unamended treatments, irrigated with TAP or TWW; for the amen-
ded treatments: 150 g of enriched zeolite (EZ) and 150 g of enriched
biochar (EB) were air dried and then added to 15 kg of soil (corre-
sponding approximately to the addition of 25 t ha™! in total) while 75 g
of not enriched zeolite (NZ) and 75 g of not enriched biochar (NB) were
added to 7.5 kg of soil (corresponding approximately to 25 t ha™!). The
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pots were filled with approximately 1.4 kg of soil, respecting the treat-
ments, and one tomato seedling was planted in each pot.

2.5. Post pot-experiment analysis

2.5.1. Soil analysis

Tomato plants were harvested 80 days after transplanting. The soil of
each pot was air-dried and sieved at 2 mm. Subsequently, the soil was
analyzed for pH and EC (1:2.5, w/v, in water), which were determined
by a pH meter (FiveEasy, Mettler Toledo Spa, Milan, Italy) and a con-
ductometer (HI5321, Hanna Instruments Italia Srl, Padua, Italy),
respectively. Total organic carbon (TOC) was determined using the
Walkley-Black dichromate oxidation method (Nelson and Sommers,
1983). Total nitrogen (TN) was determined by the Kjeldahl method
(Bremner, 1996). Microbial biomass C (MBC) was determined by the
fumigation-extraction method (Vance et al., 1987) as described in Pal-
iaga et al. (2023). In brief, an aliquot of each soil samples was moistened
up to 50 % of its water-holding capacity, and after ten days of
pre-incubation to restore microbial biomass, 15 g sub-aliquots per each
were fumigated with chloroform for 24 h at 22 °C in the dark, and 15 g
were used as control (not fumigated). Fumigated and not fumigated soil
samples were extracted by 0.5 M K»SO4 and analyzed to determine
organic C by a TOC-L elemental analyzer (Shimadzu Italia, Milano).
Microbial biomass C was calculated as the difference between organic C
extracted from fumigated and not fumigated soil samples multiplied by
2.64 (Vance et al., 1987). Additionally, available P was measured using
the colorimetric Olsen method with sodium bicarbonate extraction at
pH 8.5, using a spectrophotometer (UVmini-1240, Shimadzu Italia srl,
Milan, Italy) after the formation of a blue complex (Olsen, 1954).

2.5.2. Plant analysis

Plant biometric parameters, specifically plant height and dry and
fresh weights, were measured. Roots and shoots were separated and
weighed to determine their fresh weight. Roots were washed with
distilled water.Then roots and shoots were dried at 60 °C for 24h. Dried
roots and shoots were ground and stored in plastic bottles for further
analysis. Total N was determined by the Kjeldahl digestion method
(Bremner, 1996). The plant total P was determined after mineralization
by wet acid digestion with nitric acid (HNO3) and hydrogen peroxide
(H05) at 30 % (Jones and Case, 1990), by Spectroquant® Phosphate
spectrophotometer test (UVmini-1240, Shimadzu Italia srl, Milan Italy)
after the formation of a yellow-orange complex. The total metal content
(Ca, Mg, K, Na, Fe, Al, Cd, Ni, Pb, Zn) was determined by Microwave
Plasma Atomic Emission Spectroscopy (MP-AES) (Agilent 4210),
following mineralization of the samples by wet digestion with HNO3 and
30 % Hy05 (Jones and Case, 1990).

2.5.3. Microbiota analysis

The composition of the prokaryotic microbiota in rhizospheric soil
was analyzed using metataxonomic techniques, employing next-
generation sequencing (NGS) of amplicons obtained from genes
encoding the 16S rDNA from metagenomic DNA. The rhizospheric soil
was obtained from the roots collecting the soil portion still adhering root
surface after vigorous shaking. Then, fifteen samples of rhizospheric soil
were analyzed, consisting in three replicates (randomly chosen out of
five available) for each of the five treatments performed. The samples
were collected removing the entire root apparatus of tomato plants after

Table 1

Main characteristics of the water used for fava plant irrigation: Tap water (TAP), Treated Wastewater (TWW).
Parameters pH EC NH; NO3 Total P Fe Mn Ca K Mg Na
um. o dSm™? mg L}
TAP 7.5 0.1 0.1 0.1 0.02 0.10 0.001 14.0 1.0 2.1 3.0
TWW 8.4 0.9 10.1 0.9 4.95 0.12 0.006 127.5 17.5 11.9 87.8
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Table 2
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Main characteristics of biochar natural and enriched (NB and EB, respectively) and zeolite natural and enriched (NZ and EZ, respectively). Reported values are means

(n = 3) + standard deviation.

Parameters Ca®* K+ Na* Mg+ Total P Total N
u.m. (exchangable cations) mEq 100 g ! mg g~} mg g~ *
NB 19.0 £ 0.9 7.0+1.3 5.0 + 0.6 43+0.3 1.2+0.1 n.d.
EB 42.7 £ 0.3 36.2+ 1.0 16.8 + 0.3 40+ 1.1 2.7+0.3 2.0+0.1
NZ 53.0 + 3.1 38.1 429 8.7 +£0.1 0.4+0.1 0.5+ 0.1 n.d.
EZ 23.0 £ 1.0 20.9 + 1.2 71+1.9 53+0.3 0.3+0.1 13.1+0.1
80 days of growth. According to the manufacturer’s guidelines, DNA
extraction from the soil microbiota was performed using the DNeasy Plant dry weight
PowerSoil® Pro Kit (Qiagen). The extracted DNA was assessed using 1 % 25
(w/v) agarose gel electrophoresis stained with 0.5 pg/mL ethidium a a a
bromide for UV visualization. DNA concentrations were measured at 20
260 nm absorbance using a NanoDrop 2000c spectrophotometer “‘ a % . a a a
(Thermo Fisher Scientific, Waltham, MA, USA). DNA purity was evalu- 15
ated by absorbance ratios (260/280 and 260/230 nm) to check for 1] é d
contamination by proteins, organic compounds, or chaotropic agents. To 10
assess the quality of extracted metagenomic DNA, PCR of the 16S rDNA
gene was conducted following the parameters and primers specified by 5 a ab
Di Leto et al. (2024). The amplified products underwent 300 bp b b
paired-end sequencing on an Illumina MiSeq platform at BMR Genomics
(Padova, Italy). The raw 16S rDNA data were processed with QIIME2 g
software (https://qiime2.org/) as paired-end sequences. During Tap EBrb oS W EB4EZE NN
denoising, overlapping paired-end reads were processed with the TAP T Ll
DADA2 plugin. Unique amplicon sequence variants (ASVs) were iden-
tified and aligned to the Greengenes reference database with 99 % Plant total N
sequence similarity (https://greengenes.secondgenome.com/). ASV 350 =
numbers and relative abundances of phyla, orders, classes, families, and S0 b ey
genera were determined for each sample. -4 c
250 a B
b d b e
2.6. Statistical analysis > 200 . .
Reported results are arithmetic means of five soil samples and are téo 150
expressed on dry weight basis. One-way analysis of variance (ANOVA) 100 a -
was performed on the different treatments (TAP, EB + EZ + TAP, TWW, b b b
EB + EZ + TWW, NB + NZ + TWW) for all tested variables. Significant 50
statistical differences were assessed by the Tukey test (P < 0.05). Before 0
performing parametric statistical analyses, Kolmogorov-Smirnoff good- TAP EB+EZ+ TWW EB+EZ+ NB+NZ+
ness-of-fit and Levene’s tests checked the normal distribution and vari- TAP TWW TWW
ance homogeneity of the data. All statistical analyses were carried out
using SPSS 13.0. For relative abundance at phylum and genus levels of
metataxonomic analysis, the One-Way ANOVA with Bonferroni and Plant total P
Holm method of the three replicates was applied using the One-way 12 a b
ANOVA online tool (https://astatsa.com/OneWay_Anova_with_ 10 H + b
TukeyHSD/) to reveal significant differences in respect to TAP treat- .
ment as a control condition. 8 . a c a .
a b
3. Results and discussion oo © c
£
3.1. Effects on plant and chemical soil properties 4 b
2 d C C
The dry weight, total N and P of plants irrigated with tap water (TAP)
or treated wastewaters (TWW) and grown on unamended or amended 0
soil with enriched (EB + EZ) or not enriched (NB 4 NZ) biochar and TAP EB+EZ+ TWW EB+EZ+ NB+NZ+
zeolite are shown in Fig. 1. Plants dry weight did not show significant TAP TWW TWW
differences among treatments, although plants irrigated with TWW
showed a lower weight than those irrigated with tap water. Root weights O TOTAL B SHOOTS E ROOTS

of plants grown in soil irrigated with TWW and not amended with bio-
char and zeolite showed lower weight than all other treatments and in
particular were 39 % lower than the control (TAP). Such results sug-
gested a potential adverse effect of TWW on plant growth reasonably
ascribed to the high electrical conductivity and soluble Na* concentra-
tion in TWW (Table 1), although daily irrigation should have alleviated

Fig. 1. Dry weight, total N and P of plants subjected to different irrigation
treatments (tap water, TAP; treated wastewater, TWW) and different soil
amendments (natural biochar and zeolite, NB + NZ, or enriched biochar and
zeolite, EB + EZ). Error bars indicate standard deviation (n = 5).
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the osmotic effect. This hypothesis was also confirmed by soil electrical
conductivity and exchangeable Na™ (Table 3). Rising soil salinity is one
of the issues related to using TWW as irrigation water, as already pointed
out by several authors (Ofori et al., 2021). For example, through a
meta-analysis, Gao et al. (2021) showed a nearly 60 % increase in
electrical conductivity and Nat content in TWW-irrigated soils and a
consequent reduction in crop yield by 6.5 %. In addition, Muscarella
et al. (2024) also reported an increase in electrical conductivity in
TWWe-irrigated soils by about twice as much as in control soils (p <
0.05). However, no adverse effects on tomato plant growth were pre-
viously reported by Muscarella et al. (2024). The salinity of soils is a
parameter that needs to be monitored, as the increase in exchangeable
salts could cause osmotic pressure on plant roots, hindering root uptake
and plant growth. In addition, high salinity can negatively affect soil
structure and particle aggregation, causing a decrease in permeability
and hydraulic conductivity (Leonel and Tonetti, 2021). However, in this
experiment, at the end of the 80 days of irrigation, the electrical con-
ductivity was always below the threshold value of 2 dS m™}, so the soils
can be considered not saline (Weil and Brady, 2008).

The same trend of tomato plants dry weights can be assumed to infer
the uptake of N and P (Fig. 1). Plants irrigated with TAP water, showed
an increase of about 11 % in N uptake following the application of EB +
EZ. On the other hand, total P in the roots of plants irrigated with TAP
and amended with EB + EZ was lower than in the control, irrigated with
TAP and not amended, although no significant total P differences in
shoots were found. These results suggested that the application of
enriched biochar and zeolite acted as fertilizers, specifically by
increasing N uptake by tomato plants. The lower N and P uptake, in
TWW-irrigated soils can be linked to increased soil salinity, which can
cause nutrient deficiencies and imbalances. Salinity affects the distri-
bution of nutrients in the soil. It reduces plant uptake and utilization of
nutrients (Ruiz et al., 1997), since Na™ and Cl ™ ions in soil compete with
other essential nutrients, such as K™, Ca®** and NOs3 (Nouri et al., 2017).
These results and those for plant dry weight and total N and P suggest
that tomato plants cannot take up available nutrients despite their
presence in soil when irrigated with TWW, even though the EC was not
greater than 2 dS m ™. These results also align with the observations of
Romero-Aranda et al. (2001), who investigated the tomato plant water
uptake and water use efficiency under different salinity conditions. They
concluded that salt water can reduce water uptake, transpir-
ation/absorption, and nutrient uptake and transport in tomato plants.

The soil total N concentration in TAP-irrigated and non-amended soil
was lower than in all other treatments. In particular, soils amended with
EB + EZ and irrigated with TWW and TAP, or irrigated with TWW but
not amended showed an increase from 21 to 25 % compared to the
control soil. The total N of soil irrigated with TWW and amended with
NB + NZ, although higher than the control soil, showed lower values
than the other treatments. Soil available P showed the same pattern as
total N, except for soil irrigated with TWW and amended with natural
biochar and zeolite, which showed a decrease of 6 % compared to
control (Fig. 2). These results suggest that enriched soil amendments and
TWWs provide N and P, improve the soil chemical fertility. This agrees
with Muscarella et al. (2024) who demonstrated the increase of inor-
ganic N and available P in TWW-irrigated soils through a 56-day pot

Table 3
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Fig. 2. Total N, available P and microbial biomass C (MBC) of soils subjected to
different irrigation treatments (tap water, TAP; treated wastewater, TWW) and
different soil amendments (natural biochar and zeolite, NB + NZ, or enriched
biochar and zeolite, EB + EZ). Error bars indicate standard deviation (n = 5).

experiment. In addition, Guaya et al. (2020) demonstrated the effec-
tiveness of using nutrient-enriched zeolite (NH{ and PO3") recovered
from municipal wastewater. Adding nutrient-enriched zeolite in the

Chemical characteristics of soils subjected to different irrigation treatments (tap water, TAP; treated wastewater, TWW) and different soil amendments (natural biochar
and zeolite, NB + NZ, or enriched biochar and zeolite, EB + EZ). Reported values are means (n = 5) + standard deviation.

pH Electrical conductivity Cation exchange capacity ca’t K* Mgt Na*

- dsm™! mEq 100 g !
TAP 80+0.1a 1.31 £ 0.02 e 358+13a 295+t11a 1.9+0.1b 29+0.1a 1.6 £0.0c
EB + EZ + TAP 80+0.1a 1.41 +£0.02d 370+ 05a 30.3+05a 22+0.1a 28+0.0a 1.7+00c
TWW 81+0.2a 1.67 £ 0.01 a 36.5+09a 295+0.7a 22+0.1a 25+0.1b 2.2 +0.1ab
EB + EZ + TWW 79+0.1a 1.60 £ 0.01 b 383+19a 312+16a 2.2+ 0.2ab 2.6 + 0.2 ab 24+01a
NB + NZ + TWW 80+0.1a 1.50 £ 0.05 ¢ 354+10a 29.1+10a 1.9+0.1b 24+01b 21+0.1b
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soil-plant system increased the NHj and NO3 content by up to almost
ten times and three times, respectively, compared to the control soil.

Microbial biomass C (MBC) is a sensitive indicator of soil health that
can provide valuable information on responses to soil disturbance. In
soils irrigated with TAP water, application of EB + EZ did not cause
significant changes in MBC. However, in TWW-irrigated soils, the
application of enriched amendments resulted in a 25 % increase in MBC
compared to soil amended with not enriched amendments. This sug-
gested that the nutrient supply from TWW, such as labile organic C, and
enriched amendments served as an effective substrate for soil microor-
ganisms, thereby increasing microbial abundance. The increase in mi-
crobial biomass following irrigation with TWW or the addition of
enriched amendments has been widely demonstrated by several authors
(Adrover et al., 2012; Ferretti et al., 2018; Liu et al., 2022). However,
these results confirm that TWW and enriched biochar and zeolite can
positively synergistically affect microbial biomass.

3.2. Structure of prokaryotic communities of rhizospheric soil at level of
phylum

Bioinformatic analysis of the obtained sequences led to 388,866
high-quality reads filtered from 648,915 raw reads. ASVs analysis evi-
denced 98.96 % of bacteria and 1.04 % of archaea bacteria. In general,
soil microbiota composition was not dramatically affected by the
different irrigation waters.

Indeed, the core microbiota comprised Proteobacteria (20.20 % in
TWW, 24.30 % in EB + EZ + TWW, 27.50 % in EB + EZ + TAP, 31.29 %
in TAP and 33.86 % in NB + NZ + TWW), Actinobacteria (12.17 % in
NB + NZ + TWW, 16.28 % in EB + EZ + TAP, 21.11 % in TAP, 23.43 %
in EB + EZ + TWW and 28.43 % in TWW), Bacteroidetes (8.43 % in TAP
and TWW, 10.10 % in EB + EZ + TWW, 13.49 % in EB + EZ + TAP and
17.74 % in NB + NZ + TWW), Firmicutes (2.48 % in NB + NZ + TWW,
7.26 % in EB + EZ + TAP, 13.57 % in EB + EZ + TWW, 20.05 % in TAP
and 20.16 % in TWW), and Chloroflexi (3.73 % in NB 4 NZ 4+ TWW,
5.05 % in TWW, 6.07 % in EB + EZ + TAP, 6.48 % in TAP, 6.95 % in EB
+ EZ + TWW).

Particularly, in the TAP treatment, there was 31.29 % of Proteo-
bacteria, 21.11 % of Actinobacteria, 20.05 % of Firmicutes, 8.43 % of
Bacteroidetes, and 6.48 % of Chloroflexi, 4.95 % of Acidobacteria and
0.78 % of Verrucomicrobia. Catania et al. (2022) have studied European
soils, discovering that the most abundant bacterial phyla were Proteo-
bacteria (26.6 %), Actinobacteria (24.2 %), Acidobacteria (16.6 %),
Firmicutes (11.3 %), Bacteroidetes (5.5 %), Chloroflexi (5.4 %) and
Verrucomicrobia (5.0 %).

Similar outcomes were observed in our previous studies (Muscarella
et al., 2024), where we used the same initial soil and found that Fir-
micutes, Proteobacteria, and Actinobacteria were among the most
abundant phyla. Both the TAP water and TWW samples exhibited the
same bacterial composition (Table 4). However, the most striking dif-
ference between the TAP and TWW irrigation was the increase from
21.11 % in TAP, to 28.43 % in TWW, of Actinobacteria and the decrease
of Proteobacteria in TWW compared to TAP (31.29 % vs. 20.20 %).
Proteobacteria increased their abundance in EB + EZ + TAP, which, as

Table 4
Microbiota structure at the phylum level for the most abundant (i.e. top five)
taxa with numerical values indicating relative abundance.

Phylum RELATIVE ABUNDANCE (%)
TAP EB + EZ + TWW EB + EZ + NB + NZ +

TAP TWW TWW
Proteobacteria  31.29  27.50 20.20 24.29 33.85
Actinobacteria 21.11 16.28 28.42 23.42 12.16
Acidobacteria 495 14.82 10.31 12.88 15.32
Bacteroidetes 8.42 13.49 8.42 10.10 17.73
Firmicutes 20.05 7.26 20.16  13.57 2.47
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previously specified, are biochar and zeolite enriched and irrigated with
TAP. This phylum was even more abundant in the NB + NZ + TWW
treatment, i.e., irrigated with TWW and treated with natural biochar and
zeolite, differently, Actinobacteria were reduced in the soil amended
with NB and NZ. Another interesting feature was the reduction of Fir-
micutes and the increase of Acidobacteria following the application of
enriched and natural amendments to the soil.

Soil bacterial community consists of different functional groups,
including plant growth-promoting bacteria (PGPB), that can mitigate
biotic and abiotic plant stress by increasing nutrient availability —i.e. by
degrading organic matter, solubilizing inorganic phosphate, mineral-
izing organic phosphate, and participating in nitrogen cycles through
nitrogen fixation or interconversion of nitrate and ammonium - and by
producing bioactive metabolites — i.e. antibiotics and plant hormones
(Odelade and Babalola, 2019). Focusing attention on the bacterial
phyla, particularly those involved in the nitrogen and phosphorus cycles
having possible roles as PGPB according to scientific literature, the
primary phyla with statistically significant variations in percentage
abundance, were Acidobacteria, Chloroflexi, Verrucomicrobia, and TM7
(Fig. 3), as determined by one-way ANOVA with Bonferroni and Holm
method. In particular, the Acidobacteria phylum was significantly more
abundant in the EB + EZ + TAP treatment (14.82 %) compared to the
TAP condition used as a control (4.95 %). A previous study focusing on
reusing TWW for irrigation with the same initial soil (Muscarella et al.,
2024) observed a slight increase in Acidobacteria abundance after TWW
irrigation. Acidobacteria are classified among the recalcitrant bacteria
because they are difficult to isolate and cultivate in the laboratory, with
some species being uncultivable. However, Kalam et al. (2020) studied
the genes involved in the metabolism of inorganic and organic nitrogen
sources, showing that Acidobacteria possess enzymes involved in the
phosphate cycle. Despite their fundamental ecological roles in plant-soil
ecosystems, such as modulating biogeochemical cycles and influencing
plant growth, there is still a lack of comprehensive information
regarding the ecophysiological role of Acidobacteria. Another phylum
showing significant variance was Chloroflexi, which decreased the
relative abundance in the EB + EZ + TAP treatment (6.07 %) compared
to the TAP control (6.48 %). In other studies where soil was amended
with biochar, changes in relative abundances of Chloroflexi were
revealed during plant growth, peaking during germination (Tang et al.,
2021). Chloroflexi are not typically known to be directly involved in the
decomposition of nitrogen or phosphorus compounds as part of the main
biogeochemical cycles, nor are they commonly recognized as PGPB. This
evidence supports a possible direct or indirect relationship between
Chloroflexi members and plant growth which deserves further and
dedicated investigations. The phylum Verrucomicrobia also showed
significant variance, increasing in the EB + EZ + TAP treatment (2.74 %)
compared to the TAP control (0.78 %). This increase, amounting to 1.96
%, was statistically significant, as the p-value of 0.044 was below the
threshold of 0.05. Verrucomicrobia participate in phosphorus cycle
through the mineralization of phosphate in the soil. In contrast, their
role in nitrogen metabolism remains less well-defined, and they are not
generally identified as PGPB. Despite this, Navarrete et al. (2015)
investigated changes in Verrucomicrobial communities under varying
soil nutrient conditions and found that members of Verrucomicrobia
exert a significant impact on nitrogen availability. The last phylum
whose statistically significant variance was TM7, which increased in EB
+ EZ + TAP (1.79 %) related to TAP control (0.68 %). Very little is
known about the TM7 phylum due to the difficulties of cultivating these
bacteria in the laboratory. It is possible that they also colonize soil, and it
has been discovered that they are excellent nitrifiers during the acido-
genic nitrification phase of wastewater (Hanada et al., 2014). Addi-
tionally, they are involved in the biogeochemical cycles of phosphorus
and carbon. The observed variations in bacterial phyla in TAP + EB + EZ
treatment compared with the TAP treatment indicate that the applica-
tion of enriched biochar and enriched zeolite does not inhibit the pres-
ence of PGPB in the soil, even under irrigation with tap water. Using



S. Paliaga et al.

100% —
90%
80%
70%

60%

50%

40%

30%

20%

10%

0%
TAP

Percentage abundance

EB+EZ+TAP

TWW

EB+EZ+TWW

7

Journal of Enviro

M Proteobacteria
M Actinobacteria
W Acidobacteria

Bacteroidetes
M Firmicutes

M Chloroflexi

B Gemmatimonadetes

B Verrucomicrobia
M Others

uTM7

M Nitrospirae

M Crenarchaeota
1 Cyanobacteria

1 Chlorobi

moD1

Unclassified

NB+NZ+TWW

380 (2025) 124990

Fig. 3. Histograms reporting the relative abundances of prokaryotic microbial taxa of soil subjected to different irrigation treatments (tap water, TAP; treated
wastewater, TWW) and different soil amendments (natural biochar and zeolite, NB + NZ, or enriched biochar and zeolite, EB + EZ) at the taxonomic level of phyla.

Values are reported as the mean of three independent samples. Taxa having a percentage abundance lower than 1 are grouped as “Others”.

TWW combined with enriched biochar and zeolite does not result in
significant changes in the relative abundance of soil bacterial pop-
ulations, and it also does not adversely affect the presence of beneficial
taxa, such as Actinobacteria, whose members are known to support

plant growth (Faddetta et al., 2023; Orouji et al., 2023).
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3.3. Structure of prokaryotic communities of soil at level of genus

The microbial composition was also examined at the genus level to
better understand the effect of the different irrigation treatments on soil
microbiota structure (Fig. 4). Despite the high abundance of unclassified
bacteria (61.71 % in NB + NZ + TWW, 66.07 % in EB + EZ + TAP, 56.20
% in EB + EZ + TWW, 53.45 % in TWW, and 45.40 % in TAP), some
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Fig. 4. Histograms reporting the relative abundances of prokaryotic microbial taxa of soil subjected to different irrigation treatments (tap water, TAP; treated
wastewater, TWW) and different soil amendments (natural biochar and zeolite, NB + NZ, or enriched biochar and zeolite, EB + EZ) at the taxonomic level of genus.

Values are reported as the mean of three independent samples. Taxa having a percentage abundance lower than 1 are grouped as “Others”.
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striking bacterial differences can be highlighted to explain the effect of
the treatments on soil microbiota.

Some genera, including Bacillus, Streptomyces, and Rubrobacter,
increased in TWW, and TWW amended with EB and EZ, likely due to
their ability to thrive in harsh conditions, such as the high salinity in
TWW. Indeed, TWW featured a tremendously high concentration of Na™
and Ca?t (87.8 mg L™! and 127.5 mg L}, respectively; Table 1). All
three of these bacterial genera can tolerate high concentrations of Ca*
and Na™ (Yue et al., 2022; Wei et al., 2024).

Bacillus was present in higher percentage in TWW treatment (14.94
%) followed by EB + EZ + TWW (10.51 %), TAP (6.20 %), EB + EZ +
TAP (5.28 %) and, finally, NB + NZ + TWW (1.63 %). Bacillus represents
a significant group of bacteria known for enhancing plant growth and
offers numerous advantages for sustainable agriculture. These strains
have been shown to produce a wide range of phytohormones and other
plant growth-promoting compounds. Consequently, it can affect several
plant properties, such as biometric parameters, content of amino acids,
proteins, fatty acids, and oxidative enzymes. Notably, a study with Ba-
cillus concluded that this bacterial species stimulates plant growth when
the native microbiota of the inoculated soil is altered (Dobrzynski et al.,
2022).

Rubrobacter was another bacterial genus that increased with the
TWW (11.16 %) related to TAP (8.33 %) and EB + EZ + TWW (8.25 %)
treatments related to EB + EZ + TAP (5.43 %) and NB + NZ + TWW
(3.79 %). The percentages were lower in the TAP, EB + EZ + TAP, and
NB + NZ + TWW samples (8.33 %, 5.43 %, and 3.79 %, respectively).
Rubrobacter is an intriguing genus due to its resilience in extreme envi-
ronments. Based on current scientific knowledge, it would not be
considered a PGPB. However, it has been identified as one of the most
abundant soil microorganisms of vineyard plants during different
growth stages, suggesting a possible role in promoting plant growth
(Ajilogba et al., 2022).

Streptomyces was abundant mainly in EB + EZ + TWW (2.20 %)
followed by TWW (1.16 %), NB + NZ + TWW (1.34 %), TAP (0.92 %)
and EB + EZ + TAP (0.89 %). Streptomyces is a genus of Gram-positive
bacteria known for its prolific production of antibiotics and ability to
promote plant growth. Streptomyces plant growth-promoting capabil-
ities include phytohormones, nutrient solubilization, nitrogen fixation,
antibiotic production, and induction in the plant of systemic resistance
(Sousa and Olivares, 2016). These results confirm the positive impact of
TWW, combined with enriched biochar and zeolite, on the soil microbial
community, promoting PGPB.

At the genus level, treatments with TWW and TWW + EB + EZ
significantly increased the abundance of genera comprising PGPB
strains compared to treatments with TAP and TAP + EB + EZ. This in-
dicates that TWW, either alone or in combination with EB and EZ, fosters
an environment conducive to the proliferation of beneficial strains such
as Bacillus and Streptomyces, thereby promoting plant growth and
aligning with the objectives of this study.

4. Conclusions

The reuse of treated wastewater (TWW) for crop irrigation and
enriched biochar and zeolite as fertilisers is desirable for moving to-
wards a circular economy approach. Results of this study suggested that
TWW can have adverse effects on tomato growth when used for 80
consecutive days due to the supply of soluble salts. However, applying
biochar and zeolite, particularly the enriched ones, partially counter-
balanced such adverse effects and increased available P and total N and
soil microbial biomass. On the other hand, applying enriched biochar
and zeolite coupled with tap water irrigation implemented favorable
bacteria for tomato plant growth. However, using TWW, with soil
amendments, showed positive effect on the prokaryotic community,
favouring the presence of PGPBs, thus encouraging using TWW as a
valuable resource for crop irrigation when combined with enriched
zeolite or biochar.
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