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Soil degradation and water scarcity affect crop productivity and ecosystem resilience. Biotechnological strategies
based on organic waste valorisation offer promising tools for restoring soil fertility and increasing stress toler-
ance. This study evaluated the effectiveness of four composts produced under different decentralized composting
schemes: community (CA), decentralized urban (SO), small-scale agrocomposting from poultry manure (UP), and
medium-scale agrocomposting from olive pomace and pig manure (TO), in improving a degraded soil and
enhancing rosemary tolerance to drought. Soil microcosms were set up with a degraded soil and amended with
different composts. Half of the microcosms were subjected to well-watered conditions and half to water-stress
(75% and 20% of the soil water holding capacity, respectively). Composts promptly increased microbial abun-
dance and dehydrogenase activity. With the TO compost plant grew better than other conditions, presumably
due to its phosphorus and labile compound enrichment. Under drought stress, CA and SO composts mitigated
biomass losses, demonstrating a protective role against drought-induced stress. Soil amended with pig and
poultry-derived composts (TO and UP) introduced antibiotic resistance genes and, in the case of UP, the soil
water extracts had significant ecotoxicological effects on both Daphnia magna and Lepidium sativum. In contrast,
the CA compost - from organic fraction of municipal solid waste, yard trimmings and donkey manure - displayed
the best overall performance, enhancing plant tolerance and soil microbial functionality without ecotoxicological
effects. These findings highlight the biotechnological potential of community-scale composting as a circular and
effective approach for degraded soil recovery and crop management under water-limited conditions.

1. Introduction

Soils are increasingly exposed to diverse degradation processes that
threaten their quality, fertility and ecosystem functions. These include
reduced organic matter content, local and diffuse contamination,
erosion, sealing, compaction, biodiversity loss, salinization, flooding
and landslides [1]. Droughts, heavy precipitation and heat waves, are
becoming more frequent and intense across the Mediterranean area,
resulting in longer periods during which crops are exposed to prolonged
freshwater scarcity [2] and this exacerbates environmental stress for
plants and soil biota [3].

Conventional agriculture is the main responsible of soil degradation
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because it involves an intense use of machinery and chemicals (e.g.
fertilizers and pesticides) which negatively affect its quality and
ecosystem capability to provide several regulating services [4]. Agri-
culture and horticulture are heavily dependent on external inputs of
mineral nutrients in the form of synthetic fertilizers, derived either from
mined resources or, in the case of nitrogen, industrially fixed from at-
mospheric N. The use of synthetic fertilizers increased by 200-300%
between 1970 and 2010 [5,6] and FAO has predicted that worldwide use
of synthetic N fertilisers is expected to increase 50% from the 2012 level
by 2050 [7]. The inappropriate and excessive use of fertilisers has also
contributed to soil acidification, biodiversity loss and nutrient runoff,
leading to water body eutrophication and increased greenhouse gas
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emissions [8,9].

Composting can be considered an effective technology for addressing
soil degradation and recovering ecological functions [10,11]. Com-
posting is a natural, aerobic biotransformation process in which complex
organic matter is broken down by microbial communities into simpler
and more stable substances, resulting in a reduction in waste volume and
formation of compost, a highly stable, humus like material rich in nu-
trients [12-14]. This process occurs in several stages under variable
temperatures but is typically divided into two main phases performed by
active mesophilic (< 45 °C) and thermophilic (> 45 °C) microorganisms
[15]. The heat generated in active compost also inactivates some mi-
crobial pathogens. When available carbon and other nutrients are
depleted, microbial activity decreases and decomposition slows down,
at which point the stabilisation phase is reached and mineralisation and
humification occur (maturity phase), [16]. Indeed, composts typically
contain essential nutrients, humic substances, beneficial microbes and
improve key soil properties such as structure, porosity, water-holding
capacity and carbon storage [17]. Moreover, compost application can
reduce nutrient and contaminant leaching and soil erosion. Overall
compost characteristics has the potential to enhance plant growth [12]
and tolerance to stress, including drought, as found for carob (C. siliqua
L.) by Boutasknit et al. [3].

The composition and quality of composts can vary considerably
depending on the feedstock origin and processing conditions, influ-
encing their agronomic effectiveness and environmental safety. The
nature of organic material — if derived from agro-industrial residues,
livestock waste or municipal organic fractions — has been demonstrated
to strongly influence nutrient profiles, contaminant load and microbial
diversity of a final compost product [18]. However, composts may also
carry unwanted contaminants, such as heavy metals, pharmaceuticals
and antibiotic resistance genes (ARGs) (e.g. from manure), [19,20] and
microplastics (e.g. from municipal solid waste), [21,22]. Some composts
rich in organic matter and nutrients confer a high agronomic potential,
although they may show side effects linked to contaminant (e.g. heavy
metals in manure) or phytotoxic compound (e.g. phenolic acids in
pomace) presence [23,24]. Although composting substantially reduces
pathogenic microorganisms, the efficiency of different composting
strategies in removing microbial contaminants and possible
antibiotic-resistant bacteria needs to be investigated before compost
applications [25]. Recently works, have reported that ARG spread in
soils is not solely determined by external inputs such as manure
amendments, but it can also be influenced by extreme environmental
conditions, which can affect microbial community structure and func-
tioning [26-28]. In this context, drought represents a major abiotic stress
capable of apply strong selective pressure not only on plants, but also on
plant-microbiome interactions [28]. On the other hand, olive pomace is
characterized by high acidity, salinity and phenolic compound presence,
which can cause phytotoxic effect [29] and impose additional selective
pressures on soil microorganisms. Nevertheless, the composting process
stabilizes its organic fraction [30] and reduces phytotoxicity [29],
thereby enhancing its suitability as a sustainable soil amendment.

In the framework of the European Green Deal, which encourages an
efficient use of resources, reduction in pollution and waste production, a
localised valorisation of municipal and agro-zootechnical waste through
its transformation into a compost to be used as fertilizers, fully meets the
circular economy principles. In this sense, decentralised composting
models (community composting, agrocomposting or composting in
decentralised small-scale plants) have emerged as new composting
scenarios mainly based on a small-scale and localised management, very
close or even in the place where the residual streams have been pro-
duced [31]. These scenarios reduce transport expenses and environ-
mental repercussions associated with the traditional centralised
management facilities [32].

In this context, this study aimed at evaluating the effectiveness of
four composts from different decentralised composting scenarios, in
restoring a degraded soil and improving the growth and drought
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tolerance of Rosmarinus officinalis L. in a greenhouse microcosm exper-
iment. The research focused on (i) assessing possible improvements in
plant biomass (ii) evaluating microbial community abundance (DAPI
counts) and activity (dehydrogenase activity); (ii) determining if
compost application can introduce antibiotic resistance genes (QPCR) in
the amended soil; and (iii) evaluating possible ecotoxicity of the various
compost-amended soils through standard ecotoxicological bioassays.
The biotests included the Aliivibrio fischeri bioluminescence inhibition
test, Lepidium sativum germination test and Daphnia magna immobiliza-
tion test.

2. Materials and methods
2.1. Sampling site

Soil samples were collected from the surface layer (0-20 cm) of a
former agricultural area in Central Italy (Monterotondo, near Rome)
that had been left uncultivated for at least ten years. Prior to abandon-
ment, this area hosted only a few olive trees, distributed very sparsely.
The clay-loam soil (36.1% sand, 33.4% clay, 30.5% silt, [33] had 0.82%
organic carbon, low concentrations of total nitrogen (1.26 g kg~! dry
soil), pH of 8.37, ammonium (0.002 g kg™ ! dry soil) and nitrate
(0.015 g kg~ dry soil), (Table S1). The soil was manually homogenized,
with plant roots and any stones removed, and dried at room temperature
before its use.

2.2. Composts used for the experiment

A total of four composts, obtained from a variety of decentralised
composting scenarios, were used to amend the soil (Table 1). The four
composts were:

CA: compost from a community composting model produced in a
composting area belonging to a municipality located in the Valencian
Community (Spain).

SO: compost from a decentralised urban composting model produced
at a small-scale in Catalonia (Spain).

UP: compost obtained from a small-scale agrocomposting (com-
posting capacity: approximately 20-200 t waste year’l) produced using
a mixture of chicken manure and barn waste in a small composting
module located in Navarre (Spain).

TO: compost produced by a medium-scale agrocomposting (com-
posting capacity: approximately 1000-2000 t waste year’l) consisting
mainly of a mixture of olive pomace (oil mill waste), pruning and pig
manure. It was obtained from an installation located in the Valencian
Community (Spain).

Both CA and SO composts were obtained mainly from an organic
fraction of municipal solid waste, collected separately, and then joined
with pruning waste, at a ratio of 1:1 (v:v). In the case of the CA compost,

Table 1
Acronyms and main sources of the four compost used for the microcosm
experiment.

Compost Acronym % Raw Materials

B

Ll
©

Composting scenario

Community composting ~ 45% organic fraction of
municipal solid waste
+ 45% yard trimmings
+ 10% donkey manure
50% organic fraction of
municipal solid waste
+ 50% yard trimmings

Decentralized urban
composting

Small Agrocomposting 100% Poultry manure

Medium 30% Olive pomace + 20%
m Agrocomposting yard trimmings
+ 50% pig manure
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the initial composting mixture contained also 10% (fresh weight) of
donkey manure.

The main characteristics of the four composts are reported in Sup-
plementary Material (Table S2). The primary agronomic characteristics
of the composts are described in [31]. All the composts showed suitable
characteristics for their use as organic amendments. Thus, in accordance
with the standardized Dewar test for the evaluation of compost
self-heating [34] and the germination index for evaluation the compost
phytotoxicity [35], all composts were stable and indicated absence of
phytotoxicity. In addition, the values of macro and micronutrients were
also found to be within the normal ranges for this type of composts and
the concentrations of heavy metals fulfilled the criteria established in
the European legislation for their agronomic use [32].

2.3. Microcosm set-up

Microcosms consisting of 1 L capacity plant pots were set up for the
experiment. Twenty-four microcosms (3 replicates for each condition)
were filled with 0.7 kg of the soil and amended with an aliquot of one of
the four compost (CA, SO, UP and TO), to achieve a standardised dose of
210 kg N ha year™. Moreover, in addition to the compost-amended
conditions, six un-amended microcosms were performed and used as
controls. A Rosmarinus officinalis cutting was transplanted in each
microcosm. The pots were randomly distributed throughout the green-
house and maintained under natural temperature and light conditions
for five weeks, until the start of the stress treatment. Moreover, three
replicate microcosms consisting of unamended soil, without the rose-
mary plant (NO_PLANT) were set up to assess possible differences be-
tween bulk and rhizosphere soil microbiome.

All microcosms were kept at 75% of their maximum water holding
capacity (WHC) and under the same natural temperature and light
conditions for five weeks. Then half of the compost-amended soil pots
were subjected to a drought stress for some days in order to reach a
water content corresponding to 20% of the WHC (0 day). The amount of
water from each pot was monitored daily by weighing them. Two
samplings were performed, one at the start of the “drought stress con-
dition” (0 day) and the second one at 29 days (end).

The experimental conditions are summarized as it follows:

1. Control soil + Plant: CON

2. Soil + compost (CA) + Plant: CA. M

3. Soil + compost (SO) + Plant: SO

4. Soil + compost (UP) + Plant: UP.M

5. Soil 4+ compost (TO) + Plant: TO_MP

6. Control soil + Plant under drought stress (20% of WHC): CON stress

7. Soil + compost (CA) + Plant under drought stress (20% of WHC): CA_M stress
8. Soil + compost (SO) + Plant under drought stress (20% of WHC): SO stress
9. Soil + compost (UP) + Plant under drought stress (20% of WHC): UP_M stress
10. Soil + compost (TO) + Plant under drought stress (20% of WHC): TO_MP stress
11.  Control soil without rosemary plant: NO PLANT

2.4. Plant growth analyses

The rosemary plants were sampled at the end of the drought exper-
iment at 29 days. They were carefully removed from their pots and
washed with distilled water. After determining their fresh weight, the
plants were dried in an oven at 60°C for 72 h, after which their dry
weight was determined (g).

2.5. Total microbial abundance and dehydrogenase activity

The total microbial abundance (No. cells g soil 1) was determined
using the direct epifluorescence count method under an epifluorescence
microscope (Leica Digital Microscope 4000 B, Leica Microsystems
GmbH, Wetzlar, Germany) and using DAPI (4’,6-Diamidino-2-phenyl-
indole dihydrochloride) dye as the fluorescent DNA intercalant, as
described in Barra Caracciolo et al. [13].

123

New BIOTECHNOLOGY 93 (2026) 121-129

Dehydrogenase activity reflects the overall microbial respiration rate
and therefore biological oxidation of organic matter [36,37]. The
method is based on an extraction and subsequent colorimetric deter-
mination of the colour intensity of the 2,3,5-triphenyl formazan (TPF)
produced from the TTC reduction [37]. The colour intensity was
measured with a Thermo Multiskan FC Microplate Photometer (Thermo
Fisher Scientific; Waltham, MA, USA). Dehydrogenase was expressed as
ug TPF g soil L.

All the microbiological analyses were performed in at least three
replicates for each experimental condition and sampling.

2.6. Microbial DNA extraction and quantification of antibiotic resistance
genes (ARGs) in soil

Total DNA was extracted using the DNeasy PowerSoil kit (Qiagen,
United States) and then used for

quantitative PCR (qPCR) analyses. The qPCR was performed with the
CFX96 real-time PCR detection System (Bio-Rad, USA). The SYBR Green
detection was used to quantify two sulfamethoxazole-resistance genes
(sull and sul2), one tetracycline efflux pump gene (tetA), the class 1
integron-integrase gene (intll) and a macrolide ARG (mphE). These
genes belong to classes of antibiotics widely used for treating human and
veterinary infections and for this reason they are among the most
abundant in agricultural soils [38-41], as observed in previous studies
[42,43].

The primer list used and information on the qPCR analysis are re-
ported in Supplementary materials (Table S4).

The quantitative PCR data were expressed as the ratio of ARG or intl1
gene copy number per 16S copy number to evaluate the relative pro-
portion of each target gene in the bacterial community.

2.7. Ecotoxicity bioassays

The ecotoxicity tests of the compost-amended soil were performed
following procedures which simulate a leaching test. In particular, the
protocols described in UNI EN 14735:2005 and UNI EN 12457-2:2004
were used to produce soil water extract (elutriates), at a liquid/solid
ratio of 1:10, with distilled water acting as the extracting agent. Aliquots
of each soil water extract (ca. 50 g soil: 500 mL) were shaken for 24 h at
20 °C in the dark. After the leaching period, each suspension was left for
15 min to allow the solid particles to settle, then each supernatant was
centrifuged for 15 min at 9000 rpm. The elutriate samples were then
filtered through 0.45 pum cellulose acetate filters (Whatman) and used
for ecotoxicological analyses.

The possible ecotoxicity of the amended soil samples, was evaluated
by testing soil aqueous elutriates using three different model organisms:
the Aliivibrio fischeri luminescent bacterium, the Lepidium sativum
dicotyledonous plant [44] and the Daphnia magna crustacean (ISO
6341:2013). All tests were performed in at least three replicates. Positive
and negative controls were performed for all three bioassays in accor-
dance with their specific guidelines.

The untreated soil elutriates were used as test controls in order to
obtain the net toxicity of the treatments. Data are reported as the per-
centage effect net of any possible intrinsic toxicity in the soils, as
measured in the untreated soil.

The acute toxicity test with Aliivibrio fischeri (ISO 11348-3: 2019) is
based on the inhibition of the marine bacterium bioluminescence when
exposed to a toxic substance. The test was performed using a Microtox®
analyser (Model 500, Microbics Corporation, USA) in accordance with
the manufacturer's instructions. The light output of the test organism
was measured after three exposure times (5, 15 and 30 min) and
compared with a toxic-free control to give the inhibition percentage,
calculated using the Microtox calculation software (Microtox Omni®
software V 4.2). The difference in light output between a sample and a
control is ascribable to the effect of the sample on bacteria. According to
the ISO protocol, the pH value of each elutriate was measured and
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corrected (to a range of 6.0-8.0) using a 0.1 M HCI solution before
carrying out the tests [45]. Furthermore, the salinity of each sample was
adjusted to 2% with an osmotic adjustment solution. The results re-
ported are those obtained after a 30-minute exposure of bacteria to
elutriates. A significant inhibition effect is indicated by a value higher
than 20% compared to a non-toxic control consisting of a bacterial
suspension in distilled water containing NaCl (2%).

The acute toxicity test with the Daphnia magna crustacean was car-
ried out in accordance with OECD Test No. 202 (OECD, 2004b) and ISO
6341:2013. The test was performed in the dark at 20 °C for 48 h. For
each condition twenty daphnid neonates (five per well) and 10 mL of
each elutriate (per well) were used. At the end of the test, the number of
immobilised organisms was counted related to the number of actively
swimming organisms in each well. The results were expressed as a
percentage. Negative and positive controls were carried out alongside
the test: a negative control with standard ISO freshwater and a positive
control with a solution of 10 mg L™! ZnS0Oy.

Finally, the acute phytotoxicity test with Lepidium sativum L. (cress)
was performed in accordance with APAT [44], assessing the toxic effect
on reproductive (germination rate) and vegetative (root elongation)
endpoints. The test was conducted in triplicate in Petri dishes, using a
paper disk, 5 mL of water extract and 10 L. sativum seeds. The control
test was performed using 5 mL ultrapure water instead of the water
extract. The dishes were sealed and placed in a dark growth chamber at
25 °C. After 72 h, the number of germinated seeds and root elongation
were assessed.

The Germination Index (GI) was then calculated for each plate ac-
cording to [44] as follows:

GI = number of germinated seeds x mean root length,

Subsequently it was expressed as percentage per treatment
comparing it with the control [46,47]:

GI % = (GI average treated / GI average control) * 100

2.8. Statistical analyses

All the results are reported as average values + standard errors of at
least three replicates. All the statistical analyses were performed using R
software (4.3.1version https://www.r-project.org). The microbiolog-
ical, chemical-physical and plant biomass results were subjected to the
Shapiro-Wilk test to verify their normal distribution. Where the data
were normally distributed, analysis of variance (ANOVA) was performed
using the aov function in the R statistical software package. Where sig-
nificant differences emerged, Tukey (Tukey’s Honestly Significant Differ-
ence, HSD) test was performed using the TukeyHSD function. For data
that did not meet the normality assumption, the non-parametric Krus-
kal-Wallis test was applied using kruskal.test function. In all cases, a p-
value threshold of 0.05 was considered significant.

The Principal Component Analysis (PCA) of the overall data was run
to graphically synthesize the complexity of the dataset at 29 days by
considering plant biomass (fresh and dry), dehydrogenase activity, mi-
crobial abundance, pH, soil humidity, sull, sul2, tetA, intl1 and the sum
of all these genes, organic carbon, total kjeldhal nitrogen and electrical
conductivity. The PCA was performed, using the packages “FactoMineR”
and “factoextra’.

3. Results and discussion
3.1. Plant biomass

At 29 days, the dry biomass (g), (Fig. 1) in the control condition
(CON) was significantly higher (p < 0.05) than that of the rosemary
plant under drought stress (CON stress), showing an expected effect of
water deficit on plant growth. Although adding composts increased
organic carbon content in all amended soils (Table S3), this did not
promote plant growth in all conditions. This can depend on compost
quality and possible presence of unwanted compounds from different
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0.5
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CON stress
SO stress

UP_M stress

CA_M stress

TO_MP stress

no stress drought stress

Fig. 1. Plant total dry biomass (g) at 29 days in the watered conditions (left
side) and drought conditions (right side). The vertical bars are the stan-
dard errors.

feedstocks used (e.g. yard trimmings, manure and organic fraction of
municipal solid waste) and environmental conditions during a com-
posting process. Literature data report that in some composts an excess
of labile organic compounds such short-chain organic acids (e.g. acetic
and propionic and free ammonia) can hamper seedlings and inhibit
germination [48], or that heavy metals [24] and other unwanted com-
pounds including emerging contaminants, such as antibiotics [49] can
affect plant development. Thus, the TO_MP condition, with the compost
containing olive pomace plant residues and pig manure promoted the
highest biomass value (p < 0.05). This result can be ascribed to the
significantly higher phosphorus content (TO: 23.7 + 1.4 g kg™!; CA: 7.5
+0.09 gkg™!; SO: 9.5+ 0.09 gkg ™! and UP: 11.7 + 0.2 gkg™}) and
higher amount of labile carbon in the TO than the other composts. On
the contrary, the TO_MP stress condition was the worst for plant growth
(p < 0.05), and this may be attributable to the lower levels of recalci-
trant compounds such as humic acid compared to the other composts
(Table S2). Indeed, it has been demonstrated that humic substances can
assist plants in their ability to withstand abiotic stresses [50,51].
Moreover, it cannot be excluded that rosemary plants in co-presence of
the drought stress were not able to counteract phytotoxic compounds (e.
g. phenolics and tannins) occurring in pomace, [52,53].

The rosemary plants in the other amended conditions under drought
stress (CA_M stress, SO stress and UP_M stress) were not affected in terms
of biomass, demonstrating the effectiveness of the other composts tested
in limiting water loss. Indeed, it is well-known that composts increase
water retention in soil [3].

3.2. Soil microbial abundance and dehydrogenase activity

Adding compost increased microbial abundance promptly (Fig. 2,
0 d). Microbial abundance (No. cells g_1 soil) increased over time (29
days) with significantly (p < 0.05) higher values in the planted (CON,
CA_M, SO, UP_M, TO_MP and CON stress, CA_M stress, SO stress, UP_M
stress and TO_MP stress) than in the un-planted (NO PLANT) conditions.
The development of plant roots presumably stimulated microbial
growth and this phenomenon commonly refers to a rhizosphere effect
[42,43,54,55] However, in water drought (Fig. 2, right side), lower
microbial abundance values were observed compared to no stress con-
ditions (Fig. 2, central part), with significantly lower values (p < 0.05)
in CON stress and UP_M stress. The latter was one of the conditions with
the lowest rosemary biomass, suggesting that compost composed
exclusively of poultry manure is not a suitable organic fertilizer. In fact,
poultry manure resulted rich in soluble salts (see Table S2 and S3),
leading to the highest EC value. Moreover, we cannot exclude that in the
poultry manure there were toxic substances (e.g. emerging
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Fig. 2. Microbial abundance (No. cells g soil™!) in the various experimental conditions at 0 day and 29 days. Rosemary plants were always present, except in NO

PLANT. The vertical bars are the standard errors.

contaminants such as antibiotics), [20], which in conditions of drought
stress exerted their negative effects.

The microbial activity, measured as dehydrogenase (ug TPF g dry
soil’l), maintained with similar values between 0 and 29 days in the no
stress conditions, except for a decrease in UP_M and an increase in
TO_MP (condition with the highest plant biomass), (Fig. 3). Overall,
drought stress affected negatively (p < 0.05) microbial activity (except
for SO stress) with the lowest values in UP_M stress. Microbial activity is
known to be inhibited in a dry substrate [56]. In line with the microbial
abundance, all conditions at 29 days showed significantly higher de-
hydrogenase activity values (p < 0.05) than the NO PLANT (Fig. 3),
confirming the positive rhizosphere effect on the microbial community.

3.3. Quantification of antibiotic resistance genes (ARGs) in soil

The ARGs analysed were searched for considering the most
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TO_MP
CON

NO_PLANT

plant

0 day

commonly antibiotic found in agricultural soils, such as sulphonamides
(sull, sul2), macrolides (mphE) and tetracyclines (tetA), [57-59]. More-
over, the intl1 gene, considered a proxy for antibiotic resistance [60],
was also quantified.

The amount of ARGs in CON was comparable to that found in other
degraded soils, with sul2 the most abundant gene [43]. Because most
European soils have been used in the recent past for agricultural pur-
poses and the phenomenon of antibiotic resistance is a natural response
of microorganisms to biotic (e.g. competition) and abiotic (e.g. natural
toxic substances) stress it is unlikely to detect “zero antibiotic resis-
tance” in a soil [57]. However, the relative gene abundances (No. gene
copy 16S’1) found in UP_M and TO_MP were higher (p < 0.05) than in
the other conditions (Fig. 4, 0 day). In particular, the highest values
were in the soil amended with the compost containing pig manure,
pomace and trimmings (TO_MP: sull +sul2 +intl1 +tetA+mphe = 5.53
E-03 copies 16S™1) and in that amended with compost containing
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Fig. 3. Dehydrogenase activity (ug TPF g~ ! dry soil h™1) in the various experimental conditions at 0 day and 29 days. Rosemary plants were always present, except in

NO PLANT. The vertical bars are the standard errors.
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Fig. 4. Relative gene abundances (No. gene copy 16S™) in the various experimental conditions at 0 day and 29 days. Rosemary plants were always present, except in

NO PLANT. The vertical bars are the standard errors.

exclusively poultry manure (UP_M: sull +sul2 +intl1 +tetA +mphe =
3.03 E-03 copies 16S71). At 29 days, a general decrease in the relative
gene abundance was observed in all conditions. This over time
decreasing trend following organic amendment application has been
found in other works [42].

The compost containing pig manure, pomace and trimmings
(TO_MP) promoted the best rosemary growth (Fig. 1) and because ARGs
decreased significantly at 29 days, this condition was confirmed to be
the best option in absence of a drought stress.

On the other hand, the drought condition influenced ARG persistence
over time. In fact, in the UP_M stress, the sul2 gene increased (p < 0.05)
at 29 days compared to the initial value (0 day). Moreover, in the TO_MP
stress a lower ARG decrease (p < 0.05) compared to TO_MP was
observed for both the sull and sul2 genes (Fig. 4, on the right side). These
results confirm that composts containing pig or poultry manure may
introduce ARGs in agricultural soils [20] and that drought conditions
may act as a selective pressure which favor antibiotic resistant micro-
organisms or enhance gene transfer mechanisms [61,62]. On the other
hand, sulphonamide resistance genes are highly frequently present in
pig manure [63] and in bacteria species from pig farms [64].

It has been recently reported that antibiotic resistance mechanisms
can confer tolerance to abiotic stresses, including water stress [26,27,
65]. Moreover, other two recent works [42,66] have shown how
extreme temperatures acted as a co-selection mechanism maintaining
sull and increasing sul2 genes as a response to this stress. In any case, the
effects of key abiotic factors (e.g. drought condition and changes in
temperatures) on ARG spread in soils have not been deepened so far.

Interestingly, the condition with the compost containing donkey
manure (CA_M stress) showed to be the best not only for facing plant
drought stress and stimulating plant growth (Fig. 1), but also because it
did not promote ARG spread neither in “no stress” nor in “drought
stress” conditions. Indeed, donkeys are generally not raised in intensive
animal farming and for this antibiotic use can be limited.

In any case, comparing the overall ARGs found in both pig and
poultry composts, their values were significantly lower than those in pig
and poultry manure reported in other works [19,20,67]. Further studies
aimed at evaluating the antibiotic resistance phenomenon under envi-
ronmental stress linked to increasing temperatures and drought are
desirable.
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3.4. Ecotoxicity bioassays

Three test organisms (Aliivibrio fischeri, Lepidium sativum and Daphnia
magna) were used for their known sensitivity to various contaminants
[68,69]. Table 2 reports the results of the tests performed on soil water
extracts from the different experimental treatments. This approach was
used to assess possible presence of toxic unknown compounds in the
various composts [23]. The Aliivibrio fischeri bacterium showed no in-
hibition effects in any condition, with values always below the 20%
toxicity threshold, indicating absence of acute toxicity. The Germination
index (IG%) of L. sativum seeds was below (< 80%) the toxicity threshold
value in the case of SO, UP_M and TO_MP conditions. This bioassay relies
on an early developmental endpoint which is very sensitive (precau-
tionary screening) and may not reflect effects on plant growth in a real
soil. However, it cannot be excluded that a compost produced by urban
waste or manure can contain substances (e.g. contaminants, salts) which
can influence negatively root elongation in a water solution [48,70,71].

Finally, D. magna was highly negatively affected (immobilization >
90%) in the case of the UP compost suggesting the presence of toxic
compounds in the poultry manure.

3.5. Principal component analysis (PCA)

At 29 days, the PCA of the non-stress condition (Fig. 5a) explains
71.97% of the total variance. PCA clearly discriminates samplings
depending on the experimental condition. Firstly, the NO PLANT differs
markedly from the other ones. In fact, this condition is negatively
correlated with the dehydrogenase activity (DHA), microbial abun-
dance, organic carbon and total nitrogen (NTK), confirming the positive
interactions established between plant roots and its microbiome
(rhizosphere effect), [42,43,54,55]. Among conditions containing
manure TO_MP and CA_M are positively associated with microbial pa-
rameters and plant growth supporting how above mentioned on the
positive effect of these composts. PCA also highlights how poultry
manure (UP_M) is strongly correlated with ARGs.

At 29 days, the PCA of the drought stress condition (Fig. 5b) explains
67.29% of the total variance. The experimental conditions are distin-
guishable in three different groups: 1. CA_M stress and SO stress which
show positive correlations with plant growth and microbial activity; 2.
TO_MP stress and UP_M stress associated with sull, sul2, tetA, intll
genes; and 3. CON stress inversely correlated to microbial abundance
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Table 2
Acute effects of water extracts from each experimental condition assessed with: Aliivibrio fischeri (% bioluminescence inhibition at 30 min); Lepidium sativum (%
Germination index at 72 h); Daphnia magna (% Immobilization at 48 h).

Test organism: Aliivibrio fischeri Lepidium sativum Daphnia magna
Bioluminescence inhibition (%) Germination index Immobilization
(%) (%)
Soil water extract 0 day CON 14.95 + 0.94 89.26 + 1.14 0.00 + 0.00
CAM 0.00 + 0.00 86.50 + 9.26 0.00 + 0.00
SO 5.00 + 0.49 53.04 + 3.84 13.33 £ 0.20
UP_M 6.04 + 0.51 48.46 + 3.03 93.33 £ 0.14
TO_MP 0.00 + 0.00 46.89 + 1.14 60.00 + 0.28
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Fig. 5. Principal component analysis (PCA) at 29 days a) no stress condition; b) drought stress. The PCA was obtained from 14 parameters: plant biomass (fresh and
dry), dehydrogenase activity (DHA), microbial abundance (DAPI), pH, soil humidity, sull, sul2, tetA, int[1, sum of genes (sull+ sul2 + tetA-+ intl1), organic carbon,
electrical conductivity (EC) and total Kjeldhal nitrogen (NTK).

(DAPI), organic C and NTK. Overall, this analysis confirms how the segregation by different condition.
quality of a compost can be evaluated, not only for its agronomic value,

but also considering the microbial community associated to rhizosphere 4. Conclusions
and possible introduction of emerging contaminants such as ARGs.

The length of each vector represents the contribution of the corre- The rosemary plant was confirmed to be an adaptable species to a
sponding variable on the principal component (Dim1 and Dim2), while degraded soil, with low organic matter content and water stress condi-
the direction of each vector indicates the correlation between the vari- tions. The positive plant-microbiome interactions established in rose-
able and the principal components. Data points are grouped into col- mary rhizosphere promoted microbial abundance and activity over
oured ellipses representing a 95% confidence interval, showing samples’ time. Although all organic amendments increased overall soil organic
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carbon content, only some composts, depending on their composition,
promoted plant growth and differently if in presence (CA_M stress) or
absence (TO_MP) of the drought stress. In general, compost containing
in their composition manure (TO and CA), having a higher amount of
available nutrients for plants, had the best performance for its growth.
Manure can sometimes introduce ARGs in soil, however this phenome-
non was negligible in the case of donkey (CA_M stress) and limited to an
initial ARG load in the case of pig (TO_MP). In fact, ARGs decreased at 29
days with values comparable to the CON ones.

Differently, the compost composed exclusively of poultry manure
(UP) was not only unsuitable for plant growth, owing to its high salinity
and presence of toxic compounds, which hindered also microbial
growth, but also introduced ARGs which increased at 29 days under
drought stress.

Overall results suggest that it is crucial to consider the characteristics
of both a compost and a soil before selecting fertilisation practices.
Depending on the type of soil degradation (e.g. water scarcity,
compaction, salinity, low organic matter content or high pH), it is
necessary to apply on a soil an organic amendment with different
characteristics and origin. Composting can be a useful and virtuous
process for producing a good organic amendment, however it is very
important to test its final quality, through an ecological approach, before
its application on a soil.

CRediT authorship contribution statement

De Carolis Chiara: Methodology, Software, Validation, Formal
analysis, Investigation, Data curation, Writing — original draft, Writing —
review & editing. Barra Caracciolo Anna: Conceptualization, Valida-
tion, Formal analysis, , Data curation, Writing — original draft, Writing —
review & editing, Supervision, Project administration, Funding acqui-
sition. Alvarez-Alonso Cristina: Methodology, Formal analysis, Inves-
tigation, Writing — original draft. Bustamante Maria Angeles:
Conceptualization, Validation, Investigation, Funding acquisition,
Writing — original draft, Writing — review & editing. Grenni Paola:
Investigation, Resources, Writing — review & editing, Visualization.
Rolando Ludovica: Methodology, Investigation. Narciso Alessandra:
Methodology, Software, Formal analysis, Investigation, Data curation,
Writing — original draft. Nogués Isabel: Conceptualization, Validation,
Formal analysis, Data curation, Writing — original draft, Writing — re-
view & editing, Supervision, Project administration.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Acknowledgement

This work was partially funded by the Spanish Ministry of Science
and Innovation (MCIN/AEI/10.13039/501100011033) in the frame-
work of the NEOCOMP Project and of the Ph D contract (FPU21,/01207).
Moreover, it was funded by the EU Project SOILCRATES - A Soil Deal for
Europe-(HORIZON-MISS-2023-SOIL-01-08) - CUP B93C24002350006.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.nbt.2026.02.007.

Data availability

Data will be made available on request.

128

New BIOTECHNOLOGY 93 (2026) 121-129

References

[1] CEC. Commission of the European Communities. COM(2006)231 final.
Communication from the Commission to the Council, the European Parliament, the
European Economic and Social Committee and the Committee of the Regions.
Brussels: 2006.

Claro AM, Fonseca A, Fraga H, Santos JA. Future agricultural water availability in
mediterranean countries under climate change: a systematic review. Water 2024;
16:2484. https://doi.org/10.3390/w16172484.

Boutasknit A, Baslam M, Ait-El-Mokhtar M, Anli M, Ben-Laouane R, Ait-Rahou Y,
et al. Assemblage of indigenous arbuscular mycorrhizal fungi and green waste
compost enhance drought stress tolerance in carob (Ceratonia siliqua L.) trees. Sci
Rep 2021;11:22835. https://doi.org/10.1038/s41598-021-02018-3.

Hartmann M, Six J. Soil structure and microbiome functions in agroecosystems.
Nat Rev Earth Environ 2022;4:4-18. https://doi.org/10.1038/s43017-022-00366-
w.

FAOSTAT. FAOSTAT Database. Rome: 2013.

Smith P., Clark H., Dong H., Elsiddig E.A., Haberl H., Harper R., et al. Chapter 11-
Agriculture, forestry and other land use (AFOLU) In Climate Change 2014:
Mitigation of Climate Change, IPCC Working Group III Contribution to AR5 2014.
FAO. The future of food and agriculture: alternative pathways to 2050. Food and
Agriculture Organization of the United Nations Rome. 2018. p. 228.

Walling E, Vaneeckhaute C. Greenhouse gas emissions from inorganic and organic
fertilizer production and use: a review of emission factors and their variability.

J Environ Manag 2020;276:111211. https://doi.org/10.1016/j.
jenvman.2020.111211.

Menegat S, Ledo A, Tirado R. Greenhouse gas emissions from global production
and use of nitrogen synthetic fertilisers in agriculture. Sci Rep 2022;12:14490.
https://doi.org/10.1038/5s41598-022-18773-w.

Scotti R, Bonanomi G, Scelza R, Zoina A, Rao MA. Organic amendments as
sustainable tool to recovery fertility in intensive agricultural systems. J Soil Sci
Plant Nutr 2015. https://doi.org/10.4067/50718-95162015005000031.
Go6mez-Sagasti MT, Hernandez A, Artetxe U, Garbisu C, Becerril JM. How VAluable
Are Organic Amendments as Tools for the Phytomanagement of Degraded Soils?
The knowns, known unknowns, and unknowns. Front Sustain Food Syst 2018;2:68.
https://doi.org/10.3389/fsufs.2018.00068.

Lakshmipathi RN, Subramanyam B, Narotham Prasad BD. Microorganisms,
Organic Matter Recycling and Plant Health. Plant Health Under Biotic Stress.
Singapore: Springer Singapore; 2019. p. 187-212. https://doi.org/10.1007/978-
981-13-6043-5_10.

Barra Caracciolo A, Bustamante MA, Nogues I, Di Lenola M, Luprano ML, Grenni P.
Changes in microbial community structure and functioning of a semiarid soil due
to the use of anaerobic digestate derived composts and rosemary plants. Geoderma
2015;245-246:89-97. https://doi.org/10.1016/j.geoderma.2015.01.021.

Mathur SP, Owen G, Dinel H, Schnitzer M. Determination of compost biomaturity.
i. literature review. Biol Agric Hortic 1993;10:65-85. https://doi.org/10.1080/
01448765.1993.9754655.

Haug RT. The Practical Handbook of Compost Engineering. Routledge; 2018.
https://doi.org/10.1201,/9780203736234.

Iglesias Jiménez E, Pérez Garcia V. Determination of maturity indices for city
refuse composts. Agric Ecosyst Environ 1992;38:331-43. https://doi.org/10.1016/
0167-8809(92)90154-4.

Vaverkova MD, Adamcova D, Winkler J, Koda E, Petrzelova L, Maxianova A.
Alternative method of composting on a reclaimed municipal waste landfill in
accordance with the circular economy: Benefits and risks. Sci Total Environ 2020;
723:137971. https://doi.org/10.1016/j.scitotenv.2020.137971.

Manea EE, Bumbac C, Dinu LR, Bumbac M, Nicolescu CM. Composting as a
sustainable solution for organic solid waste management: current practices and
potential improvements. Sustainability 2024;16:6329. https://doi.org/10.3390/
sul6156329.

Lin H, Sun W, Yu Y, Ding Y, Yang Y, Zhang Z, et al. Simultaneous reductions in
antibiotics and heavy metal pollution during manure composting. Sci Total
Environ 2021;788:147830. https://doi.org/10.1016/j.scitotenv.2021.147830.
Qian X, Gu J, Sun W, Wang X-J, Su J-Q, Stedfeld R. Diversity, abundance, and
persistence of antibiotic resistance genes in various types of animal manure
following industrial composting. J Hazard Mater 2018;344:716-22. https://doi.
org/10.1016/j.jhazmat.2017.11.020.

Scopetani C, Chelazzi D, Cincinelli A, Martellini T, Leini6 V, Pellinen J. Hazardous
contaminants in plastics contained in compost and agricultural soil. Chemosphere
2022;293:133645. https://doi.org/10.1016/j.chemosphere.2022.133645.

Braun M, Mail M, Heyse R, Amelung W. Plastic in compost: prevalence and
potential input into agricultural and horticultural soils. Sci Total Environ 2021;
760:143335. https://doi.org/10.1016/j.scitotenv.2020.143335.

Barral MT, Paradelo R. A Review on the use of phytotoxicity as a compost quality
indicator. Dyn Soil Dyn Plant 2011;5:36-44.

Smith SR. A critical review of the bioavailability and impacts of heavy metals in
municipal solid waste composts compared to sewage sludge. Environ Int 2009;35:
142-56. https://doi.org/10.1016/j.envint.2008.06.009.

Goldan E, Nedeff V, Barsan N, Culea M, Panainte-Lehadus M, Mosnegutu E, et al.
Assessment of manure compost used as soil amendment—a review. Processes 2023;
11:1167. https://doi.org/10.3390/pr11041167.

Martinez JL. Environmental pollution by antibiotics and by antibiotic resistance
determinants. Environ Pollut 2009;157:2893-902. https://doi.org/10.1016/j.
envpol.2009.05.051.

Sassi A, Basher NS, Kirat H, Meradji S, Ibrahim NA, Idres T, et al. The role of the
environment (Water, Air, Soil) in the emergence and dissemination of

[2]

[3]

[4]

[5]
[6]

71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]


https://doi.org/10.1016/j.nbt.2026.02.007
https://doi.org/10.3390/w16172484
https://doi.org/10.1038/s41598-021-02018-3
https://doi.org/10.1038/s43017-022-00366-w
https://doi.org/10.1038/s43017-022-00366-w
http://refhub.elsevier.com/S1871-6784(26)00030-0/sbref4
http://refhub.elsevier.com/S1871-6784(26)00030-0/sbref4
https://doi.org/10.1016/j.jenvman.2020.111211
https://doi.org/10.1016/j.jenvman.2020.111211
https://doi.org/10.1038/s41598-022-18773-w
https://doi.org/10.4067/S0718-95162015005000031
https://doi.org/10.3389/fsufs.2018.00068
https://doi.org/10.1007/978-981-13-6043-5_10
https://doi.org/10.1007/978-981-13-6043-5_10
https://doi.org/10.1016/j.geoderma.2015.01.021
https://doi.org/10.1080/01448765.1993.9754655
https://doi.org/10.1080/01448765.1993.9754655
https://doi.org/10.1201/9780203736234
https://doi.org/10.1016/0167-8809(92)90154-4
https://doi.org/10.1016/0167-8809(92)90154-4
https://doi.org/10.1016/j.scitotenv.2020.137971
https://doi.org/10.3390/su16156329
https://doi.org/10.3390/su16156329
https://doi.org/10.1016/j.scitotenv.2021.147830
https://doi.org/10.1016/j.jhazmat.2017.11.020
https://doi.org/10.1016/j.jhazmat.2017.11.020
https://doi.org/10.1016/j.chemosphere.2022.133645
https://doi.org/10.1016/j.scitotenv.2020.143335
http://refhub.elsevier.com/S1871-6784(26)00030-0/sbref20
http://refhub.elsevier.com/S1871-6784(26)00030-0/sbref20
https://doi.org/10.1016/j.envint.2008.06.009
https://doi.org/10.3390/pr11041167
https://doi.org/10.1016/j.envpol.2009.05.051
https://doi.org/10.1016/j.envpol.2009.05.051

C. De Carolis et al.

[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]

[36]

371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

antimicrobial resistance: a one health perspective. Antibiotics 2025;14:764.
https://doi.org/10.3390/antibiotics14080764.

Fazal F, Amin A, Barq MG. Microbial resilience in arid soils: ecological responses to
drought and salinity stress. Curr Microbiol 2025;82:576. https://doi.org/10.1007/
500284-025-04559-6.

Javed Q, Bouhadi M, Palci¢ I, Andelini D, Cvitan D, Major N, et al. Olive pomace-
derived compost: phytotoxicity assessment and relevance for soil systems. Soil Syst
2025;9:107. https://doi.org/10.3390/soilsystems9040107.

Goémez-Munoz B, Hatch DJ, Bol R, Garcia-Ruiz R. The compost of olive mill
pomace: from a waste to a resource - environmental benefits of its application in
olive oil groves. Sustainable Development - Authoritative and Leading Edge
Content for Environmental Management. InTech; 2012. https://doi.org/10.5772/
48244.

Alvarez-Alonso C, Nogues I, Pallozzi E, Stefanoni W, Pietrini F, Sosa L, et al. Impact
of composts from decentralized composting models on R. officinalis physiology and
nutrient contents under abiotic stress. J Environ Manag 2025;392:126935. https://
doi.org/10.1016/j.jenvman.2025.126935.

Alvarez-Alonso C, Pérez-Murcia MD, Sanchez-Méndez S, Martinez-Sabater E,
Irigoyen I, Lopez M, et al. Municipal solid waste management in a decentralized
composting scenario: assessment of the process reproducibility and quality of the
obtained composts. Agronomy 2024;14:54. https://doi.org/10.3390/
agronomy14010054.

USDA. Soil Textural Classification Study Guide. Washington DC: 1987.

Brinton WF, Evans E, Droffner ML, Brinton RB. A standardized Dewar test for
evaluation of compost self-heating. Biocycle 1995;36:1-16.

Zucconi F, Pera A, Forte M, De Bertolli M. Evaluating toxicity of immature
compost. Biocycle 1981;22:54-7.

Grenni P, Barra Caracciolo A, Rodriguez-Cruz MS, Sanchez-Martin MJ. Changes in
the microbial activity in a soil amended with oak and pine residues and treated
with linuron herbicide. Appl Soil Ecol 2009;41:2-7. https://doi.org/10.1016/j.
apsoil.2008.07.006.

Grenni P, Rodriguez-Cruz MS, Herrero-Hernandez E, Marin-Benito JM, Sanchez-
Martin MJ, Barra Caracciolo A. Effects of wood amendments on the degradation of
terbuthylazine and on soil microbial community activity in a clay loam soil. Water
Air Soil Pollut 2012;223:5401-12. https://doi.org/10.1007/s11270-012-1289-z.
Pan J, Zheng N, An Q, Li Y, Sun S, Zhang W, et al. Effects of cadmium and copper
mixtures on antibiotic resistance genes in rhizosphere soil. Ecotoxicol Environ Saf
2023;259:115008. https://doi.org/10.1016/j.ecoenv.2023.115008.

Pan J, Zheng N, An Q, Li Y, Sun S, Wang S, et al. The effects of cadmium-copper
stress on the accumulation of antibiotic-resistance genes in soil and pakchoi leaves.
Soil Biol Biochem 2024;191:109362. https://doi.org/10.1016/j.
s0ilbi0.2024.109362.

Zhang R, Gu J, Wang X, Qian X, Duan M, Sun W, et al. Relationships between
sulfachloropyridazine sodium, zinc, and sulfonamide resistance genes during the
anaerobic digestion of swine manure. Bioresour Technol 2017;225:343-8. https://
doi.org/10.1016/j.biortech.2016.10.057.

Gillings MR, Gaze WH, Pruden A, Smalla K, Tiedje JM, Zhu Y-G. Using the class 1
integron-integrase gene as a proxy for anthropogenic pollution. ISME J 2015;9:
1269-79. https://doi.org/10.1038/isme;j.2014.226.

Narciso A, Grenni P, Spataro F, De Carolis C, Rauseo J, Patrolecco L, et al. Effects of
sulfamethoxazole and copper on the natural microbial community from a fertilized
soil. Appl Microbiol Biotechnol 2024;108:516. https://doi.org/10.1007/s00253-
024-13324-x.

Barra Caracciolo A, Visca A, Rauseo J, Spataro F, Garbini GL, Grenni P, et al.
Bioaccumulation of antibiotics and resistance genes in lettuce following cattle
manure and digestate fertilization and their effects on soil and phyllosphere
microbial communities. Environ Pollut 2022;315:120413. https://doi.org/
10.1016/j.envpol.2022.120413.

APAT. Proposal of a Technical Guidance on Analysis Methods for Soil and
Contaminated Sites. Use of Ecotoxicological and Biological Indicators (Proposta di
Guida Tecnica su Metodi di Analisi per il Suolo e i Siti Contaminati. Utilizzo di
Indicatori Biologici ed ecotossicologici); APAT, Agenzia per la Protezione
dell’Ambiente e per i servizi Tecnici: Rome, Italy, 2004; p. 160. Available online:
https://www.isprambiente.gov.it/files/biodiversita/APAT Guida_tecnica_indica
tori_2004.pdf (accessed on 15 January 2026). (In Italian).

Scheerer S, Gomez F, Lloyd D. Bioluminescence of Vibrio fischeri in continuous
culture: optimal conditions for stability and intensity of photoemission. J Microbiol
Methods 2006;67:321-9. https://doi.org/10.1016/j.mimet.2006.04.010.
Martignon G. Linee guida per la misura della tossicita dei suoli. Test di fitotossicita
per il suolo. CESI RICERCA-ASV Ambiente e Sviluppo Sostenibile, 2009.

Baderna D, Lomazzi E, Passoni A, Pogliaghi A, Petoumenou MI, Bagnati R, et al.
Chemical characterization and ecotoxicity of three soil foaming agents used in
mechanized tunneling. J Hazard Mater 2015;296:210-20. https://doi.org/
10.1016/j.jhazmat.2015.04.040.

Luo Y, Liang J, Zeng G, Chen M, Mo D, Li G, et al. Seed germination test for toxicity
evaluation of compost: its roles, problems and prospects. Waste Manag 2018;71:
109-14. https://doi.org/10.1016/j.wasman.2017.09.023.

De Carolis C, Barra Caracciolo A, Ciadamidaro L, Chalot M, Narciso A, Rolando L,
et al. Green compost effectiveness in improving quality of an agricultural soil co-
contaminated by antibiotics and copper. J Soil Sci Plant Nutr 2026. https://doi.
org/10.1007/s42729-026-03008-y.

129

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

New BIOTECHNOLOGY 93 (2026) 121-129

Aly M, Mohamed R, Hassan A. Alleviation of irrigation water salinity effect on
rosmarinus officinalis by humic acid. Sci J Agric Sci 2024;6:1-16. https://doi.org/
10.21608/sjas.2024.268089.1388.

Khorasani H, Rajabzadeh F, Mozafari H, Pirbalouti AG. Water deficit stress
impairment of morphophysiological and phytochemical traits of Stevia (Stevia
rebaudiana Bertoni) buffered by humic acid application. South Afr J Bot 2023;154:
365-71. https://doi.org/10.1016/j.sajb.2023.01.030.

Sciubba F, Chronopoulou L, Pizzichini D, Lionetti V, Fontana C, Aromolo R, et al.
Olive mill wastes: a source of bioactive molecules for plant growth and protection
against pathogens. Biology 2020;9:1-20. https://doi.org/10.3390/
biology9120450.

Bogati K, Walczak M. The impact of drought stress on soil microbial community,
enzyme activities and plants. Agronomy 2022;12:189. https://doi.org/10.3390/
agronomy12010189.

Katznelson H, Lochhead AG, Timonin MI. Soil microorganisms and the
rhizosphere. Bot Rev 1948;14:543-86. https://doi.org/10.1007/BF02861843.
Avis TJ, Gravel V, Antoun H, Tweddell RJ. Multifaceted beneficial effects of
rhizosphere microorganisms on plant health and productivity. Soil Biol Biochem
2008;40:1733-40. https://doi.org/10.1016/j.s0ilbio.2008.02.013.

Amalfitano S, Fazi S, Zoppini A, Barra Caracciolo A, Grenni P, Puddu A. Responses
of benthic bacteria to experimental drying in sediments from mediterranean
temporary rivers. Micro Ecol 2008;55:270-9. https://doi.org/10.1007/s00248-
007-9274-6.

Vikesland PJ, Pruden A, Alvarez PJJ, Aga D, Biirgmann H, Li X, et al. Toward a
comprehensive strategy to mitigate dissemination of environmental sources of
antibiotic resistance. Environ Sci Technol 2017;51:13061-9. https://doi.org/
10.1021/acs.est.7b03623.

Rauseo J, Barra Caracciolo A, Ademollo N, Cardoni M, Di Lenola M, Gaze W, et al.
Dissipation of the antibiotic sulfamethoxazole in a soil amended with anaerobically
digested cattle manure. J Hazard Mater 2019;378:120769. https://doi.org/
10.1016/j.jhazmat.2019.120769.

Schmitt H, Stoob K, Hamscher G, Smit E, Seinen W. Tetracyclines and tetracycline
resistance in agricultural soils: microcosm and field studies. Micro Ecol 2006;51:
267-76. https://doi.org/10.1007/500248-006-9035-y.

Gillings MR, Gaze WH, Pruden A, Smalla K, Tiedje JM, Zhu Y-G. Using the class 1
integron-integrase gene as a proxy for anthropogenic pollution. ISME J 2015;9:
1269-79. https://doi.org/10.1038/isme;j.2014.226.

Kittredge HA, Dougherty KM, Evans SE. Dead but not forgotten: how extracellular
DNA, moisture, and space modulate the horizontal transfer of extracellular
antibiotic resistance genes in soil. Appl Environ Microbiol 2022;88. https://doi.
org/10.1128/aem.02280-21.

Wang L, Gu X, Hui K, Yu T, Yuan Y, Chen G, et al. Interactions between antibiotic
resistance genes and soil environmental factors: Coupling, antagonism, and
synergism. Emerg Contam 2025;11:100578. https://doi.org/10.1016/j.
emcon.2025.100578.

Conde-Cid M, Alvarez-Esmoris C, Paradelo-Ntriez R, Névoa-Mufioz JC, Arias-
Estévez M, Alvarez-Rodriguez E, et al. Occurrence of tetracyclines and
sulfonamides in manures, agricultural soils and crops from different areas in
Galicia (NW Spain). J Clean Prod 2018;197:491-500. https://doi.org/10.1016/j.
jclepro.2018.06.217.

Wu S, Dalsgaard A, Hammerum AM, Porsbo LJ, Jensen LB. Prevalence and
characterization of plasmids carrying sulfonamide resistance genes among
Escherichia coli from pigs, pig carcasses and human. Acta Vet Scand 2010;52:47.
https://doi.org/10.1186/1751-0147-52-47.

Xu G, Lou Y, Wu H, Dai J, Tian K, Zhou L, et al. Early dry season changed the
abundance and composition of soil antibiotic resistance genes in Dongting Lake
wetland, China. J Environ Chem Eng 2025;13:118864. https://doi.org/10.1016/j.
jece.2025.118864.

Kisielius V, Barra Caracciolo A, Mingoli A, Parisi E, Martinez i Quer A, Garbini GL,
et al. Decentralized wastewater management using treatment wetlands: Effective
removal of antibiotics, resistance genes and organic micropollutants. Sci Total
Environ 2025;1000:180406. https://doi.org/10.1016/].scitotenv.2025.180406.
Wang J, Gu J, Wang X, Song Z, Dai X, Guo H, et al. Enhanced removal of antibiotic
resistance genes and mobile genetic elements during swine manure composting
inoculated with mature compost. J Hazard Mater 2021;411:125135. https://doi.
org/10.1016/j.jhazmat.2021.125135.

Grenni P, Barra Caracciolo A, Patrolecco L, Ademollo N, Rauseo J, Sacca ML, et al.
A bioassay battery for the ecotoxicity assessment of soils conditioned with two
different commercial foaming products. Ecotoxicol Environ Saf 2018;148:1067-77.
https://doi.org/10.1016/j.ecoenv.2017.11.071.

Mariani L, Grenni P, Barra Caracciolo A, Donati E, Rauseo J, Rolando L, et al. Toxic
response of the bacterium Vibrio fischeri to sodium lauryl ether sulphate residues
in excavated soils. Ecotoxicology 2020;29:815-24. https://doi.org/10.1007/
5s10646-020-02202-7.

Cesaro A, Belgiorno V, Guida M. Compost from organic solid waste: Quality
assessment and European regulations for its sustainable use. Resour Conserv Recycl
2015;94:72-9. https://doi.org/10.1016/j.resconrec.2014.11.003.

Bernal MP, Alburquerque JA, Moral R. Composting of animal manures and
chemical criteria for compost maturity assessment. A review. Bioresour Technol
2009;100:5444-53. https://doi.org/10.1016/j.biortech.2008.11.027.


https://doi.org/10.3390/antibiotics14080764
https://doi.org/10.1007/s00284-025-04559-6
https://doi.org/10.1007/s00284-025-04559-6
https://doi.org/10.3390/soilsystems9040107
https://doi.org/10.5772/48244
https://doi.org/10.5772/48244
https://doi.org/10.1016/j.jenvman.2025.126935
https://doi.org/10.1016/j.jenvman.2025.126935
https://doi.org/10.3390/agronomy14010054
https://doi.org/10.3390/agronomy14010054
http://refhub.elsevier.com/S1871-6784(26)00030-0/sbref30
http://refhub.elsevier.com/S1871-6784(26)00030-0/sbref30
http://refhub.elsevier.com/S1871-6784(26)00030-0/sbref31
http://refhub.elsevier.com/S1871-6784(26)00030-0/sbref31
https://doi.org/10.1016/j.apsoil.2008.07.006
https://doi.org/10.1016/j.apsoil.2008.07.006
https://doi.org/10.1007/s11270-012-1289-z
https://doi.org/10.1016/j.ecoenv.2023.115008
https://doi.org/10.1016/j.soilbio.2024.109362
https://doi.org/10.1016/j.soilbio.2024.109362
https://doi.org/10.1016/j.biortech.2016.10.057
https://doi.org/10.1016/j.biortech.2016.10.057
https://doi.org/10.1038/ismej.2014.226
https://doi.org/10.1007/s00253-024-13324-x
https://doi.org/10.1007/s00253-024-13324-x
https://doi.org/10.1016/j.envpol.2022.120413
https://doi.org/10.1016/j.envpol.2022.120413
https://www.isprambiente.gov.it/files/biodiversita/APAT_Guida_tecnica_indicatori_2004.pdf
https://www.isprambiente.gov.it/files/biodiversita/APAT_Guida_tecnica_indicatori_2004.pdf
https://doi.org/10.1016/j.mimet.2006.04.010
https://doi.org/10.1016/j.jhazmat.2015.04.040
https://doi.org/10.1016/j.jhazmat.2015.04.040
https://doi.org/10.1016/j.wasman.2017.09.023
https://doi.org/10.1007/s42729-026-03008-y
https://doi.org/10.1007/s42729-026-03008-y
https://doi.org/10.21608/sjas.2024.268089.1388
https://doi.org/10.21608/sjas.2024.268089.1388
https://doi.org/10.1016/j.sajb.2023.01.030
https://doi.org/10.3390/biology9120450
https://doi.org/10.3390/biology9120450
https://doi.org/10.3390/agronomy12010189
https://doi.org/10.3390/agronomy12010189
https://doi.org/10.1007/BF02861843
https://doi.org/10.1016/j.soilbio.2008.02.013
https://doi.org/10.1007/s00248-007-9274-6
https://doi.org/10.1007/s00248-007-9274-6
https://doi.org/10.1021/acs.est.7b03623
https://doi.org/10.1021/acs.est.7b03623
https://doi.org/10.1016/j.jhazmat.2019.120769
https://doi.org/10.1016/j.jhazmat.2019.120769
https://doi.org/10.1007/s00248-006-9035-y
https://doi.org/10.1038/ismej.2014.226
https://doi.org/10.1128/aem.02280-21
https://doi.org/10.1128/aem.02280-21
https://doi.org/10.1016/j.emcon.2025.100578
https://doi.org/10.1016/j.emcon.2025.100578
https://doi.org/10.1016/j.jclepro.2018.06.217
https://doi.org/10.1016/j.jclepro.2018.06.217
https://doi.org/10.1186/1751-0147-52-47
https://doi.org/10.1016/j.jece.2025.118864
https://doi.org/10.1016/j.jece.2025.118864
https://doi.org/10.1016/j.scitotenv.2025.180406
https://doi.org/10.1016/j.jhazmat.2021.125135
https://doi.org/10.1016/j.jhazmat.2021.125135
https://doi.org/10.1016/j.ecoenv.2017.11.071
https://doi.org/10.1007/s10646-020-02202-7
https://doi.org/10.1007/s10646-020-02202-7
https://doi.org/10.1016/j.resconrec.2014.11.003
https://doi.org/10.1016/j.biortech.2008.11.027

	Effectiveness of composts from decentralised composting scenarios to promote degraded soil restoration and R. officinalis d ...
	1 Introduction
	2 Materials and methods
	2.1 Sampling site
	2.2 Composts used for the experiment
	2.3 Microcosm set-up
	2.4 Plant growth analyses
	2.5 Total microbial abundance and dehydrogenase activity
	2.6 Microbial DNA extraction and quantification of antibiotic resistance genes (ARGs) in soil
	2.7 Ecotoxicity bioassays
	2.8 Statistical analyses

	3 Results and discussion
	3.1 Plant biomass
	3.2 Soil microbial abundance and dehydrogenase activity
	3.3 Quantification of antibiotic resistance genes (ARGs) in soil
	3.4 Ecotoxicity bioassays
	3.5 Principal component analysis (PCA)

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgement
	Appendix A Supporting information
	Data availability
	References


