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ARTICLE INFO ABSTRACT

Keywords: Sewage sludge is among the richest reservoirs of antibiotic resistance genes (ARGs) that may spread to urban
Antimicrobial resistance environment. Further investigation is warranted for removal of sludge-borne ARGs in large-scale vermi-
Bioremediation

composting systems. Under this scenario, there is the necessity to unveil the role of the widely-used earthworm
species Eisenia andrei, since the current body of literature mostly focuses on E. fetida. The present study sought to
evaluate the changes in sludge-borne ARGs and mobile genetic elements in a pilot-scale vermireactor in the
presence of E. andrei in response to both gut- and cast-associated processes (GAPs and CAPs, respectively), by
coupling high-throughput quantitative PCR and Illumina sequencing. After gut transit, large decreases in the
relative abundances and number of the genes conferring resistance to major antibiotic classes, including some
specific genes classified as of potentially high risk to human health, were recorded in the fresh casts. Likewise,
genes encoding resistance to heavy metals were about nine-times lower in the egested materials than in the initial
sludge. Genes coding for integrases or insertional sequences also exhibited reduced abundance as a result of GAP
and CAP processes, suggesting that vermicompost appears to be less prone to horizontal gene transfer than
untreated sludge. These findings provide evidence about the capacity of the earthworm E. andrei to diminish the
risk of ARG spread during vermicomposting, reinforcing its potential for bioremediation purposes by trans-
forming large quantities of waste into an improved fertiliser. This is crucial to propel vermicomposting tech-
nology forward and achieve transition toward net zero-waste process.

Eisenia andrei
Gut-associated processes
Earthworm casts
Vermicompost

1. Introduction multidrug resistance phenotype to the host bacterium that acquires

them (Nguyen et al., 2021).

Antimicrobial resistance (AMR) has become a threat from the One
Health perspective, representing a health priority worldwide (White and
Hughes, 2019). In this context, wastewater treatment plants (WWTPs)
are potential hotspots for antibiotic-resistance genes (ARGs), with
sewage sludge (SS) acting as a reservoir of ARGs that may spread to the
urban environment (Su et al., 2015; Wang et al., 2023). Moreover, ARGs
can potentially assemble close to one another in a process involving
mobile genetic elements (MGEs). This is of particular interest when the
MGEs carry important virulence genes and can potentially confer a
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Sewage sludge is rich in nutrients and organic matter (Seleiman
et al., 2020), but its direct application as a soil amendment may lead to
phytotoxic and antimicrobial effects, with possible consequences for
human health via the uptake of ARGs and other emerging environmental
contaminants by plants or their subsequent release into water bodies via
run-off (Chen et al., 2016; Wolters et al., 2019). In line with the circular
economy principles (European CommissionDirectorate-General for
Communication, 2020), sustainable and profitable methods of treating
SS prior to application on land must be considered in order to minimize

E-mail addresses: mariagomez@uvigo.es, mariagomezbrandon@gmail.com (M. Gémez-Brandén).

https://doi.org/10.1016/j.jenvman.2025.125562

Received 11 December 2024; Received in revised form 14 April 2025; Accepted 25 April 2025

Available online 30 April 2025

0301-4797/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-4744-535X
https://orcid.org/0000-0003-4744-535X
https://orcid.org/0000-0002-2513-4609
https://orcid.org/0000-0002-2513-4609
mailto:mariagomez@uvigo.es
mailto:mariagomezbrandon@gmail.com
www.sciencedirect.com/science/journal/03014797
https://www.elsevier.com/locate/jenvman
https://doi.org/10.1016/j.jenvman.2025.125562
https://doi.org/10.1016/j.jenvman.2025.125562
http://creativecommons.org/licenses/by/4.0/

M. Gomez-Brandon et al.

the spread of ARGs in agricultural soils. The use of vermicomposting has
proliferated over the last twenty years, and the procedure has become a
well-established option that ensures the circular management of a wide
variety of types of organic waste in a biologically-based, low-impact
manner (Dominguez, 2023). Indeed, a marked decrease in the abun-
dance of sludge-borne ARGs throughout this process has been reported,
with reduction rates up to 95 % depending on the type of ARG and the
vermicomposting conditions (reviewed by Li et al., 2023). Nonetheless,
up to now most vermicomposting trials have primarily focused on the
attenuation effects of the earthworm species Eisenia fetida on ARG
dissemination (Fang et al., 2023). This calls for the necessity to further
investigate the potential role of other species such as E. andrei, which is
one of the most widespread and common earthworms in vermi-
composting companies and farms worldwide (Dominguez, 2023).
Bearing this in mind, the current study will focus on this earthworm
species to shed light onto its impact on the antibiotic resistome during
vermicomposting. Both E. fetida and E. andrei are considered different
biological species with distinct life histories (Dominguez et al., 2005).
This feature may lead to species-specific effects in response to stress
factors and/or the presence of contaminants (Junior et al., 2022; Wu
et al., 2023) and, likely on the diffusion or inhibition intensity of ARGs
and MGEs over the course of the process.

In previous trials with E. andrei, it has been shown that more than 90
% of bacterial and fungal taxa in sewage sludge are eliminated during
vermicomposting, primarily through the gut-associated processes
(GAPs; Dominguez et al., 2021; Gomez-Roel et al., 2024). Supporting
this, Aira et al. (2022) demonstrated that earthworm casts from E. andrei
are mainly populated (>90 %) by bacteria of earthworm origin, i.e.,
bacteria that are not found in the undigested material. In a latter work,
the same authors provided additional evidence of a reduction and/or
absence of human pathogenic bacteria (HPB) such as Escherichia coli and
Listeria monocytogenes, which are considered as potential ARG hosts
(Nguyen et al., 2021), in the fresh casts from E. andrei compared to the
initial sludge (Aira et al., 2024). Altogether, the compositional shifts in
bacterial communities and the attenuation of pathogenic load after the
gut transit of this earthworm species are expected to affect the fate of
ARGs at the earlier stages of the process (Guo et al., 2024). However,
despite all the aforementioned evidence, the impact of the earthworm
E. andrei on the presence and abundance of ARGs and MGEs throughout
the process of vermicomposting has not been thoroughly studied yet.

Once GAPs are completed, the egested materials will undergo a
period of ageing during which the associated microbial communities
experience a turnover through the cast-associated processes (CAPs;
Dominguez et al., 2021). Although already reported for E. fetida (Huang
et al., 2018, 2020; Cui et al., 2018, 2019, 2022; Guo et al., 2024), it is
still necessary to unravel whether and to which extent the reduction or
elimination of ARGs and MGEs with E. andrei occur during the active
(earthworm casts) or maturation (vermicompost) stages of vermi-
composting. In order to fill in this knowledge gap, such changes in the
presence of E. andrei will be evaluated at a pilot-scale reactor designed to
handle large amounts of substrate and performed at the maximum
earthworm density capacity. This may have important implications for
the usefulness of vermicompost as an organic amendment because if a
reduction in ARGs/MGE:s takes place at the earlier stages, that is after
the transit of the material through the earthworm gut, this could be an
indication that the process will be density-dependent and easily
optimizable.

Specifically, by coupling high-throughput quantitative PCR (384
primer sets targeting resistance genes covering all major antibiotic
classes) and Illumina sequencing of bacterial 16S rRNA gene, this study
sought to (i) evaluate the changes in the relative abundance and number
of sludge-borne ARGs and MGEs in response to both GAPs and CAPs; and
(ii) investigate the associations between ARGs and MGEs and their po-
tential bacterial hosts in the egested casts and the final vermicompost.
These findings may help to pave the way towards more efficient utili-
zation of resources and to further generate recommendations for the
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development of the vermicomposting industry in terms of bioremedia-
tion and fertilizer production to generate safe bio-based products in a
circular, green economy.

2. Material and methods
2.1. Sewage sludge, vermicomposting and sampling

Sewage sludge was kindly provided by the manager of a wastewater
treatment plant in Caldas de Reis (9775 inhabitants), in Pontevedra
(Galicia, northwestern Spain). The main properties of the initial feed-
stock are summarized in Table 1. Briefly, raw sewage sludge was ver-
micomposted in a rectangular plastic pilot-scale vermireactor (1.1 m
long, 1.05 m wide, 70 cm high) placed in the greenhouse facilities
(without any temperature control) of the Animal Ecology Group at the
University of Vigo (Galicia, northwestern Spain). The vermireactor
consisted of a vermicompost layer of 12 cm high (as a bed for the
earthworms) and a density of 12,000 individuals per m? of Eisenia
andrei, as previously described (Dominguez et al., 2021). Raw sewage
sludge (120 kg, fresh weight, fw) was placed on a plastic mesh (aperture,
5 mm) on top of the vermicompost bedding. To maintain the moisture
level at about 85 %, the vermireactor was covered with a cloth
throughout the experiment. Fresh earthworm cast and vermicompost (3
months old) samples (n = 5 each) were collected for further analysis, as
previously described (Dominguez et al., 2021). To collect fresh cast
samples, i.e. those due to gut associated processes (GAP), adult in-
dividuals of the earthworm species E. andrei were removed from the
vermireactor, washed three times with sterile distilled water and placed
in clean, sterile Petri dishes on moistened sterile filter paper (20 in-
dividuals per dish, 5 dishes). Sampling dishes were then placed in an
incubation chamber in darkness for 24 h. Afterwards, fresh earthworm
casts were collected from each sampling dish with a sterile spatula
(flame sterilized between samples). Casts were then stored in 1.5 mL
Eppendorf tubes at — 80 °C.

2.2. Physico-chemical and nutrient analyses

Moisture and organic matter contents of the initial sewage sludge
were determined by oven-drying the samples 24 h at 105 °C and com-
busting for 5 h at 550 °C in a muffle furnace (Carbolite, CWF 1000),
respectively. The electrical conductivity (EC) and pH of the initial sludge

Table 1

Characterization of the initial sewage sludge used in this study. Values are
means + standard error. Nutrient data are expressed on a dry weight (dw)
basis.

Raw sludge
Moisture (%) 84 +1.0
Organic matter (%) 76 + 3.8

pH 8.54 + 0.02

Electrical conductivity (uS cm™) 1215 + 109
Total C (%) 36.59 + 0.32
Total N (%) 6.52 + 0.05
C to N ratio 5.62 £ 0.02
Ca (mg kg™h) 7919 + 127
K (mg kg™1) 13,892 + 495
Mg (mg kg™1) 7786 + 176
P (mgkg™) 38,854 + 899
S (mg kg™ 9542 + 170
Al (mg kg™1) 14,278 + 150
B (mg kg 1) 23 +0.53
Cr (mg kg™) 32+ 1.4

Cd (mg kg™ 3.0+0.1

Cu (mg kg™) 356 + 12

Fe (mg kg™) 5511 + 132
Mn (mg kg 1) 80 + 1.3

Mo (mg kg™) 5.4 +0.08
Ni (mg kg™) 19 + 0.6
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were measured in aqueous extracts (1:10 mass/volume), with a con-
ductivity meter (Crison CM35) and a pH meter (Crison MicropH 2000)
respectively. Total C and N contents were determined in oven-dried
(60 °C) samples, in an elemental analyzer (CHNS-O analyzer, Carlo
Erba, EA 1108). The total contents of macro- and micronutrients were
determined, in extracts from dried sludge samples subjected to nitric-
perchloric digestion and then optical emission spectrometry with
inductively coupled plasma (ICP-OES), following the USEPA 3050 B
method (USEPA, 1996).

2.3. DNA extraction and high-throughput quantitative polymerase chain
reaction (HT-qPCR)

DNA was extracted from 0.25 g (fw) of each sample type (initial
sewage sludge, earthworm casts and vermicompost) using the MO-BIO
PowerSoil kit according to the manufacturer’s protocols. DNA quality
and quantity were assessed using BioTek’s Take 3 Multi-Volume Plate.
Prior to HT-qPCR, DNA templates were diluted to equimolar concen-
trations (30 ng pL’l) using a Qubit 3.0 fluorimeter (Invitrogen) to
ensure uniformity across reactions.

HT-qPCR was performed using the WaferGen SmartChip Real-time
PCR system (WaferGen Biosystems Inc., Fremont, CA, USA), which en-
ables the simultaneous assessment of large numbers of ARGs and MGEs
(Zhu et al., 2013, 2020). A total of 384 primer pairs were used to target
308 ARGs, 8 taxonomic genes, 10 heavy metal resistance genes, 36
MGEs marker genes, 10 transposase genes, 3 integrase genes, 8 inser-
tional sequences and the 16S rRNA gene (Table S1). The 100-nL reaction
system was used to amplify the target genes, with all qPCR reactions
conducted in triplicate for each primer set, including a non-template
negative control. HT-qPCR mixtures consisted of 1 X LightCycler 480
SYBR Green I Master (Roche Applied Sciences, Indianapolis, IN), 1
mg/mL BSA (bovine serum albumin) (New England Biolaboratories,
Beverly, MA), 500 nM of each primer and a DNA template of 50 ng pL .
The thermal cycle of HT-qPCR comprised 95 °C for 10 min followed by
40 cycles of denaturation at 95 °C for 30 s and annealing at 60 °C for 30
s. Melting curve analyses were automatically generated by WaferGen
software. The qPCR results were then subjected to analysis using
SmartChip qPCR Software (2.7.0.1 version), and wells exhibiting mul-
tiple melting peaks were excluded from the analysis. The amplification
efficiencies ranged from 1.8-2.2, with R? values consistently exceeding
0.99. A threshold cycle (Ct) of 31 was used as the detection limit, in
accordance with the platform’s sensitivity. The absolute copy number of
each ARG was then normalized to the absolute 16S rRNA gene copy
number (Zhu et al., 2020) to minimize errors caused by variations in the
background 16S rRNA gene abundance across different sample types
(Zhu et al., 2019, 2020). For each biological sample, the mean gene copy
number of the three technical replicates was considered in further data
analysis to reduce any false positive or negative detections. Detection of
an ARG was regarded as positive when all three technical replicates were
amplified. If no ARG was detected in any of the three technical repli-
cates, the ARG was considered absent. Detection of an ARG in two out of
three technical replicates was considered a positive result if the ARG was
detected in ten out of the twelve HT-qPCR measurements (i.e. in three of
the four biological replicates).

2.4. 16S rRNA amplification, sequencing and bioinformatic analysis

Amplicon sequencing of the 16S rRNA V4 gene region was performed
in an Illumina MiSeq genome sequencer in the Argonne National Labo-
ratory using the primers listed by Dominguez et al. (2021). The DADA2
pipeline (version 1.16) was used to infer the amplicon sequence variants
(ASVs) present in each sample (Callahan et al., 2016) according to
Github developers’ protocol (version 1.16; https://benjjneb.github.io/
dada2/tutorial.html). 16S forward/reverse read pairs were trimmed
and filtered, with forward reads truncated at 140 nt and reverse reads at
130 nt Dominguez et al. (2021). By using the run-specific error rates,
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forward and reverse reads were separately corrected for potential
sequencing errors and then merged to ASVs. After removal of chimera,
filtered sequences were taxonomically assigned by comparison with the
SILVA database (version 138) and by using the RDP naive Bayesian
classifier implemented in the DADA2 Rpackage (min boot 80; Quast
et al.,, 2013). ASVs that remained unclassified at phylum level were
disregarded (0.6 % of sequences). A total of 100,905 sequences (mean:
6,727, SD: 1557) passed all quality filters and were assigned to 1614
ASVs.

2.5. Statistical analysis

Venn diagrams were generated to visualize the number of resistance
genes shared among sample groups or those unique to a sample group
(Hulsen, 2021). All further statistical tests were performed in R v4.4.1 (R
Core Team, 2024). A confidence interval of 95 % was applied in all tests.
The clr-transformed data was subjected to principal component analysis
(prcomp) to visualize the differences in the ARG and MGE profiles be-
tween the initial sewage sludge, cast and vermicompost samples. Sig-
nificance levels were inferred by PERMANOVA (adonis 2) using vegan
v2.6-6.1 (Oksanen et al., 2024). The differences in gene copy numbers
among samples in regard to specific ARGs and MGEs detected via
HT-qPCR were tested using the non-parametric Kruskal-Wallis test
(Kruskal.test). Network analysis was performed for predicting the
taxonomic origin of ARGs and MGEs. Prior to network inference, ASVs
occurring in <4 samples were excluded from the dataset to prevent zero
inflation. Network inference was done with Spearman correlations. The
significance of the correlation coefficient was corrected for multiple
comparisons, and only significant correlations were considered in
further analysis. Hence, a positive correlation indicates co-occurrence
between an ARG and a taxon, and a strong correlation points towards
a higher likelihood of the taxon to be the ARG-host (Nguyen et al.,
2021). This produced a very clear picture with all significant correlation
coefficients >|0.9|. Networks were visualized using igraph (Csardi and
Nepusz, 2006).

3. Results

3.1. Gut- and cast-associated processes reduce the potential risk of ARG
dissemination during vermicomposting of sewage sludge

In terms of composition, the ARG profile in the raw sludge comprised
aminoglycoside resistance genes with an average relative abundance of
16 % (Fig. 1A), followed by multidrug (9 %), MLSB (6 %) and tetracy-
cline genes (4 %). Genes conferring resistance to sulfonamides and beta-
lactamases accounted for only 1 % of the ARGs in the sludge (Fig. 1A).
Heavy metal resistance genes represented in average 8 % of the sludge
mobilome and those related to insertional sequences accounted for 36 %
(Fig. 1A). In comparison, genes encoding transposases (7 %), MGEs (7
%) and integrases (4 %) were less abundant in the initial sludge
(Fig. 1A).

Marked changes in the ARG copy number were observed after transit
of the sewage sludge through the earthworm guts (GAPs), with large
decreases in the relative abundance of most targeted ARGs in the fresh
casts (Fig. 1A). In this regard, the abundances of the genes encoding
resistance to aminoglycosides (p = 0.007), MLSB (p = 0.005) and tet-
racyclines (p = 0.007) were about 3-, 10-, and 5-times lower in the
egested materials than in the initial sludge (Fig. 1A). After gut transit,
lower abundances were also registered for the genes conferring resis-
tance to beta-lactamases (p = 0.04), glycopeptides (p = 0.005), multi-
drug (p = 0.024), phenicols (p = 0.009) or rifamycins (p = 0.015).
Moreover, cast-associated processes (CAPs) led to a significant decrease
in the relative abundances of rifamycin (p = 0.015) and diaminopyr-
imidine (p = 0.032) resistance genes (Fig. 1A).

Focusing on specific ARGs classified as of high risk to human health
by the World Health Organization, we found that potential high-risk
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Fig. 1. Changes in antibiotic resistance gene profiles during vermicomposting of sewage sludge. (A) Relative abundance of the ARGs and MGEs detected in the raw
sludge, cast and vermicompost samples (3 months old). (B) Venn diagram illustrating the number of resistance genes across sample groups (raw sludge, cast and
vermicompost). (C) Changes in beta-diversity composition based on the targeted ARGs and MGE:s in the raw sludge, cast and vermicompost samples illustrated by
principal component analysis. The targeted genes were classified on the basis of the antibiotic classes to which they confer resistance. MLSB: macrolide-lincosamide-

streptogramin; MGE: mobile genetic element.

genes encoding glycopeptide resistance, like vanYD, and also the genes
dfrA1 and dfrA17, which are involved in diaminopyrimidine resistance
(Zhang et al., 2019), were not detected in the egested casts, and they
were less abundant in the vermicompost than in the untreated sludge
(Table 2). The relative abundance of the tetM gene, which confers
resistance to tetracyclines, was also significantly lower in the
earthworm-processed samples than in the initial sludge (Table 2).

In addition to ARGs, the relative abundances of genes conferring
resistance to heavy metals (p = 0.005), and those encoding for MGEs (p

Table 2

Variations in the relative abundances of specific genes considered as potentially
high risk to human health by World Health Organization (in Zhang et al., 2019)
among the initial sewage sludge, cast and vermicompost samples (3 months old).
Relative abundances are expressed as the average value of the copy numbers of
each gene normalized to the absolute 16S rRNA gene copy number. Standard
deviation is given in parenthesis. Significant differences among samples for the
targeted genes were tested by the non-parametric Kruskal test. Letters discrim-
inate significantly different sample groups after Bonferroni correction. The
relatively high standard deviation is a result of applying detection limits for the
genes tested.

Gene Antibiotic class Sludge Cast Vermicompost  p-
target value
ermB MLSB 9.54E- 4.60E- 1.33E-04" 0.017
04 05 (2.67E-04)
(9.35E- (1.78E-
05) 05)
dfrA1 Diaminopyrimidines ~ 1.41E- 0 5.43E-05%° 0.041
04° (1.09E-04)
(3.67E-
05)
dfrA17  Diaminopyrimidines  1.39E- 0? 5.09E-05%" 0.041
04° (1.02E-04)
(4.38E-
05)
tetM Tetracyclines 1.95E- 9.75E- 1.63E-04* 0.017
03® 05° (3.27E-04)
(5.11E- (6.93E-
04) 05)
sul 1 Sulfonamides 8.10E- 2.91E- 2.93E-03° 0.465
03" 03* (5.85E-03)
(9.44E- (7.82E-
03) 04)
vanYD Glycopeptides 3.20E- 0? 1.48E-05%" 0.010
04® (1.73E-05)
(7.32E-
05)

MLSB: macrolide-lincosamide-streptogramin.

= 0.018) and insertional sequences (p = 0.045) were markedly reduced
in the earthworm casts (Fig. 1A), with a 9-, 24- and 97-fold decrease
when compared to the untreated sludge. Those encoding for integrases
(p = 0.018) also exhibited an 8-fold reduction in the vermicompost with
respect to the initial sludge (Fig. 1A).

In line with the observed differences in terms of abundance, the
number of resistance genes also differed among sample types as shown
in the Venn diagram (Fig. 1B), with the untreated sludge harbouring
greater numbers than the earthworm-processed samples (Fig. 1B). A
total of 128 resistance genes were detected in at least two out of the
three technical replicates of each sludge biological sample (Fig. 1B).
Whilst this number was reduced to 90 and 59 in the fresh casts and the
vermicompost samples (Fig. 1B), of these, 21 and 12 referred to distinct
MGE subtypes, respectively (Table S2). Among others, they included
genes encoding for insertional sequences (i.e., IS1111, IS1133, orf 37.
IS26, orf 39.1S26, ISAba3.Acineto, ISPpsl.pseud, and ISSm2.Xanthob;
Table S2); as well as for integrases (i.e., intl1_3370ld and intl2; Table S2);
and transposases (i.e., thpA genes; Table S2).

Altogether, the abovementioned differences in relative abundance
and number led to clustering of the samples based on their ARG and
MGE patterns, as reflected by the principal component analyses
(Fig. 1C). The first two axes explained 59 % of the total variance, with
the raw sludge samples all clustering quite closely together on the pos-
itive side of the first component and separately from the cast and ver-
micompost samples, which were grouped apart from each other along
the second axis (Fig. 1C).

3.2. Potential bacterial hosts of ARGs and MGEs during vermicomposting
of sewage sludge

The potential ARG hosts were inferred from the correlation between
the relative abundance of the ARGs (based on HT-qPCR) and of the
bacterial taxa (obtained using 16S rRNA sequencing). Following this
rationale, a positive correlation indicates co-occurrence between an
ARG and a taxon, and a strong correlation indicates a higher likelihood
of the taxon to be the ARG-host (Nguyen et al., 2021). In the present
study, Firmicutes were strongly and positively correlated with the aadA
aminoglycoside-resistance gene and the insertional gene IS21-ISAs29
(Fig. 2; Table S3). Members of other bacterial phyla such as Proteo-
bacteria, Bacteroidota, and Campilobacterota were also strongly and
positively correlated with other MGE marker genes (i.e. cro and
IncN_korA genes, Table S3; Fig. 2). In addition, ASVs assigned to Pro-
teobacteria and Bacteroidota were positively associated with genes
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Fig. 2. Network analysis illustrating the positive and negative associations
between the bacterial community and the relative abundance of antibiotic
resistance genes (ARGs) and mobile genetic elements (MGEs), respectively.
Each circle represents an ASV referring to the bacterial community composition
determined by Illumina amplicon sequencing; each square represents a gene
(ARGs and MGEs) quantified by qPCR. The colours of the symbols represent the
phylum annotation and drug class, respectively. Positive and negative
Spearman correlation coefficients are indicated as lines and dashed lines,
respectively. The square symbol represents the absolute counts of Bacteroidota
measured by qPCR. The correlation between total counts and Bacteroidota ASV
supports the validity of the inference method.

conferring resistance to beta-lactamases (i.e. blaSFO and IMP beta--
lactamase genes; Table S3, Fig. 2). The Bacteroidota were negatively
correlated with FOX beta-lactamase and AAC(3)-XA genes (Table S3).
Likewise, ASVs belonging to Proteobacteria and Actinobacteriota were
negatively correlated with the aminoglycoside- and heavy
metal-resistance genes known as ACC(6)-Ila and arsA genes (Table S3),
respectively.

4. Discussion

The present study broadens our view of variations in the resistome
during vermicomposting of sewage sludge by simultaneously consid-
ering 384 genes directly or indirectly associated with antibiotic resis-
tance. In this context, we detected a lower relative abundance and
smaller number of antibiotic resistance genes in the fresh egested ma-
terials from E. andrei than in the raw sludge, including some specific
genes classified as of potentially high risk to human health. Among
them, the tetM gene is known to confer resistance to tetracyclines by
encoding a ribosomal protection mechanism and, previous quantitative
PCR-based studies have shown the effectiveness of vermicomposting in
the rapid removal of sludge-borne tetracycline-resistance genes in the
presence of E. fetida (Huang et al., 2018; Xia et al., 2019; Cui et al., 2022;
Guo et al., 2024; Xing et al., 2024). For instance, Cui et al. (2022) re-
ported a remarkable decrease in the relative abundance of tetM on day
10th of vermicomposting and, in line with our findings, they primarily
ascribed such a reduction to the earthworms’ gut associated processes
(GAPs) and the concomitant shifts in microbial community composition
of sludge. Following this, we also reported other potential high-risk
genes such as dfrA1 and dfrA17 that encode resistance to diaminopyr-
imidines (Manna et al., 2021), to be absent in the egested casts further
underlining the potential of GAPs as a major shaper of the sludge
resistome. This is consistent with previous works on saprophagous insect
larvae (i.e., Protaetia brevitarsis in Du et al., 2022; and Pachnoda sinuata
in Gomez-Brandon et al., 2024) underpinning the importance of gut
structure, microenvironment, and microbial communities in mitigating
the dispersal of this type of ARGs.

More specifically, this could be the result of several processes taking
place during gut associated processes that may influence the fate of
human pathogenic bacteria, considered as the major carriers and dis-
seminators of ARGs. On the one hand, the reduction of some bacterial
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taxa due to competition and digestion in earthworm guts can be
accompanied by a significant shift in the composition of pathogenic
bacteria and the attenuation in their abundance as demonstrated by Aira
et al. (2022, 2024) in a vermicomposting trial with E. andrei. Other
plausible mechanisms are related to the direct elimination of human
pathogenic bacteria through the production of bacteriostatic, bacteri-
cidal, and fungicidal compounds in the earthworm gut (Fang et al.,
2023). On the other hand, an increase in the earthworm guts’ microbiota
diversity and richness might act as a biological barrier helping to
decrease the risk of the dissemination of ARGs (Du et al., 2022). To this
end, the fitness cost of carrying ARGs are likely to be more constrained
to the host taxa when microbial communities are highly diverse
(Reding-Roman et al., 2017). Taken together, the abovementioned
plausible mechanisms might have contributed to decrease the resistance
selective pressure on ARGs and their dissemination potential during the
active phase of vermicomposting in the presence of E. andrei.

As reflected in the fresh egested casts, the fact that such a reduction
in the number and abundance of ARGs was already evident right after
the gut transit of E. andrei, suggests that the earthworms’ density could
have played an important role in leading to a quick ARG removal at the
active stage of vermicomposting. In line with this, previous trials with
E. fetida have shown a more pronounced decrease in quinolone resis-
tance genes at higher (150 individuals/kg wet sludge) than lower den-
sities (50 individuals/kg) after a 30-day vermicomposting trial (Cui
et al., 2018). The copy numbers of the 16S rRNA gene (a measure of
microbial abundance) may directly influence the prevalence of ARGs
(Huang et al., 2020). In our study, the 16S rRNA gene was about 1.8 and
2.7 times more abundant in the cast samples (3.72E +05 gene copy
number) than in the initial sludge (2.07E +05 gene copy number) and
vermicompost (1.36E 405 gene copy number), suggesting that a greater
abundance of bacteria appears not to favour the presence of ARGs in the
material that the earthworms eject.

At the phylum level, in the present study we found that members of
Proteobacteria and Bacteroidota were positively correlated with certain
MGE marker genes. Dominguez et al. (2021) reported that these two
bacterial phyla were among the most abundant in the fresh casts from
E. andrei, which might have increased their likelihood to act as potential
ARG hosts and be related to MGEs. In the case of Proteobacteria they are
also known to carry multiple ARGs and encompass important human
pathogens such as Escherichia coli and Pseudomonas aeruginosa among
others (Jiang et al., 2017). In fact, these authors proposed a plausible
‘carry-back’ mechanism that might facilitate the HGT from actino-
bacterial ARGs, which make up a large portion of the environmental
resistome, to proteobacterial pathogens using conjugative plasmids as
the carrier sequence.

During waste conversion, high levels of heavy metals, xenobiotics
and other emerging contaminants in the sludge could induce the over-
expression of antibiotic resistance functions, and potentially aggravate
the spread of ARGs through co-resistance, cross-resistance and co-
regulation processes (Zhou et al., 2022). The potential coexistence of
ARGs and metal resistance genes could be related to their occurrence
within shared DNA segments or the same bacterial host (Wang et al.,
2023); and, they can be easily incorporated into MGEs and transferred
across microorganisms through bacterial colonization and horizontal
gene transfer (Zhang et al., 2020). Hence, the control of heavy metals
and other waste-borne bio-hazardous contaminants is also key to help
mitigate antibiotic resistance issues in vermicomposting systems (Fang
et al., 2023). Our results demonstrated that vermicomposting with
E. andrei was effective in reducing the abundance of heavy metal resis-
tance genes through the GAPs which might lead to a lower selective
pressure on ARGs over the course of the process, and hence in the ver-
micompost compared to the untreated sludge. The ability of certain
metal resistance genes to persist in vermicomposts can be related to a
trade-off between the fitness disadvantage imposed by ARG-carrying
bacteria and the escalating selection pressure exerted by bioavailable
heavy metals as decomposition progresses (Zhang et al., 2020; Zhou and
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Li, 2024). In this regard, the transfer of heavy metals to earthworm body
could offer a dual advantage, that is to reduce the resistance selective
pressure throughout the process and, to decrease the dissemination
potential when the vermicompost is applied as a soil amendment in the
long term (as reviewed by Fang et al., 2023). However, the underpinning
mechanisms regulating the fate of heavy metal resistance genes via
earthworms’ GAPs and CAPs processes need further exploration and
cannot be fully disentangled within the context of our study.

Horizontal gene transfer is a major route of ARG proliferation, and
MGE:s such as plasmids, integrases, transposons and integrons frequently
act as vehicles facilitating the efficient spread of ARGs in different or-
ganisms, including clinically important human pathogens (Haudiquet
et al., 2022). As shown for ARGs, the genes coding for distinct MGEs
were also less abundant (in relative and absolute terms) in the egested
casts than in the initial sludge within the context of our study. Such a
reduction was observed for genes encoding for insertional sequences like
for instance the targeted genes ISPpsl.pseud and ISSm2.Xanthob that
displayed the highest abundance in the studied sewage sludge; as well as
for class I and II integrase genes (i.e., intl1_337old and intl2). Due to their
properties and mobility, integrons can capture, convert and adapt one or
more resistance gene cassettes between a wide variety of pathogenic and
nonpathogenic bacterial species (Gillings et al., 2015). Besides, there is
also the possibility for MGEs to cluster with ARGs and form mobile
multidrug-resistant units that are capable of spreading among com-
mensals, pathogens and even environmental bacteria (Jiang et al.,
2017). This is more likely to occur under increased selective pressure
caused by the presence of environmental contaminants (Gillings, 2014).

Once earthworms have digested the waste, the egested materials
start aging via the cast-associated processes (CAPs; Aira et al., 2019;
Muniz-Gonzalez et al., 2023), with lower rates of microbial activity
being registered during the maturation stage of vermicomposting
(Gomez-Brandon et al., 2021). This reduced activity at the end of the
process might hamper bacterial cell clustering and mobility, likely
diminishing the possibility of horizontal gene transfer in the vermi-
compost matrix. Considering this together with the fact that the final
vermicompost consists of aged casts, we would expect a similar or lower
ARG/MGE load in the vermicompost than in the egested casts. Our re-
sults are consistent with this rationale since we did not find significant
differences between the cast and the vermicompost samples from
E. andrei in terms of abundance for most of ARG categories, as well as for
MGEs. Major differences were indeed recorded when compared these
earthworm-processed materials with the untreated sludge.

As a matter of fact, as the composition of sewage sludge is highly
variable owing to the different methods used in WWTPs, future work
considering the performance and magnitude of vermicomposting for
ARG removal from different types of sludge is warranted. From a
methodological viewpoint, further isolation of bacterial strains with
selective culture media, along with their characterization from a
phenotypic and genotypic perspective also remains a subject of interest
to widen our knowledge about the antibiotic resistance of keystone
bacterial groups at the different stages of vermicomposting (Wang et al.,
2023). By combining culture-based and culture-independent methods
we could achieve a more holistic view of the ARG patterns during the
process and, in turn, in the final vermicompost prior to its use as a soil
amendment. In addition, integrating shot-gun DNA sequencing in
combination with databases like the Comprehensive Antibiotic Resis-
tance Database (CARD2023; Alcock et al., 2023) in future studies could
help to further understand the underlying molecular mechanisms
involved in the associated pathways of selected genes related to the
antibiotic resistome during vermicomposting. The above-mentioned
database hosts over 5000 resistance determinants, an untenable num-
ber for PCR assays, and its use could pave the way towards overcoming
limitations inherent to the amplification-dependent methods. For
instance, because of the specificity of PCR, there is little chance of
detecting distantly related genes as a single nucleotide substitution may
eliminate any signal from the PCR assay (Nguyen et al., 2021; Wang
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et al., 2023).

Another future research direction requires more detailed studies
about the potential host range and the genetic transferability of the
various ARGs in order to confirm the link between ARGs and the
respective hosts (Wang et al., 2023). This is partly due to the inability to
identify the natural bacterial hosts of ARGs and the mobile genetic el-
ements that mediate this spread, such as plasmids and integrons. To this
end, metagenomic assembly and binning approaches could help to un-
veil the genetic location of ARGs and to reconstruct partial or complete
genome of ARGs hosts (Zhao et al., 2020).

Furthermore, it has been reported that fungi exhibited a significantly
higher frequency of genomic traits associated with both antibiotic
tolerance, antibiotic production, and competitive abilities (Egidi et al.,
2019). The fungal community, like the bacterial community, was found
to be an important driver of ARG patterns in the gut of collembolans and
isopods (Wang et al., 2021; Xiang et al., 2022). Nevertheless, up to now
the influence of fungal communities on the antibiotic resistome has been
unexplored when compared to bacteria, which are considered as the
direct ARG hosts. This aspect should be addressed in future vermi-
composting studies considering that fungi may affect bacterial com-
munities in both direct and indirect ways (Zhang et al., 2014; Shirakawa
et al.,, 2019) by, for instance, providing nutrients to enrich specific
bacteria that can act as ARG hosts; by producing secondary metabolites
with antibacterial activity; by competing with bacteria for nutrient re-
sources which could lead to changes in the community composition; or
by taking up freely available DNA, such as the plasmids that contained
ARGs.

5. Conclusion and outlook

Our findings provide key insights into the feasibility of vermi-
composting as an environment-friendly approach for the biological
stabilization of sewage sludge in a pilot-scale system. The earthworm
species E. andrei was capable of lowering the relative abundance and
absolute number of a broad spectrum of genes encoding major antibiotic
classes, heavy metals, and mobile genetic elements via gut- and cast-
associated processes. These attenuation effects on ARGs and MGEs in
the presence of E. andrei point towards vermicompost to be less prone to
horizontal gene transfer than the raw sludge. From a soil perspective,
this can be translated into a lower risk of ARG propagation within the
soil-plant system upon application of sludge vermicompost. In sum,
these findings provide solid evidence of the potential of E. andrei for
bioremediation applications to redeem value to organic wastes that are
chemically contaminated like sewage sludge; as well as, for bio-
manufacturing purposes as a rapid means of converting large quantities
of waste into bio-based, high-value products (i.e., improved fertiliser)
for agricultural and horticultural systems. It is therefore advisable to
consider the return of nutrients through recycled material via vermi-
composting for the transition of extensive to sustainable agriculture. In
light of this, future field-scale studies focused on mid-to long-term ef-
fects of sludge vermicompost on the soil resistome and how this might
influence crop health would be necessary to propel the vermicomposting
technology forward and achieve the transition toward a net zero-waste
process.
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