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Abstract
Background  We aimed to identify bacteria able to grow in the presence of several antibiotics including the ultra-
broad-spectrum antibiotic meropenem in a British agricultural soil by combining DNA stable isotope probing (SIP) 
with high throughput sequencing. Soil was incubated with cefotaxime, meropenem, ciprofloxacin and trimethoprim 
in 18O-water. Metagenomes and the V4 region of the 16S rRNA gene from the labelled “heavy” and the unlabelled 
“light” SIP fractions were sequenced.

Results  An increase of the 16S rRNA copy numbers in the “heavy” fractions of the treatments with 18O-water 
compared with their controls was detected. The treatments resulted in differences in the community composition 
of bacteria. Members of the phyla Acidobacteriota (formally Acidobacteria) were highly abundant after two days 
of incubation with antibiotics. Pseudomonadota (formally Proteobacteria) including Stenotrophomonas were 
prominent after four days of incubation. Furthermore, a metagenome-assembled genome (MAG-1) from the genus 
Stenotrophomonas (90.7% complete) was retrieved from the heavy fraction. Finally, 11 antimicrobial resistance 
genes (ARGs) were identified in the unbinned-assembled heavy fractions, and 10 ARGs were identified in MAG-1. In 
comparison, only two ARGs from the unbinned-assembled light fractions were identified.

Conclusions  The results indicate that both non-pathogenic soil-dwelling bacteria as well as potential clinical 
pathogens are present in this agricultural soil and several ARGs were identified from the labelled communities, but it 
is still unclear if horizontal gene transfer between these groups can occur.

Keywords  Antimicrobial resistant bacteria, Soil, Antibiotics, Pathogens, DNA stable isotope probing, High-
throughput sequencing, Metagenomics
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Introduction
Soil represents a reservoir of antimicrobial resistance 
genes (ARG) that may in part have originated as a defence 
mechanism against antimicrobial products secreted by 
competing microbes. In addition, the release of antibiot-
ics from clinical and veterinary use may also be driving 
antimicrobial resistance (AMR) and spread within terres-
trial ecosystems [1]. Therefore, ARGs can be detected in 
all soils including garden soil [2], agricultural soil [3], for-
est soil [4], grasslands [5], and Antarctic soils [6]. There 
is also a wide diversity of ARGs in soils representing up 
to 32% of the overall diversity [7]. In addition, a previous 
study reported the importance of low abundance antimi-
crobial-resistant microbes in soil-plant systems for the 
spread of AMR [8].

The potential transmission of AMR back to humans 
through a soil-microbe-animal-plant nexus endangers 
public health, since the spread of AMR could push us to 
the post-antibiotic era. The drivers, or mechanisms, of 
the spread of AMR in soils challenged with antibiotics 
remains to be determined. Deciphering this knowledge 
gap is crucial for us to develop strategies to alleviate the 
spread of AMR in terrestrial ecosystems.

It has been hypothesised that the spread of AMR in 
soil is primarily driven by two linked processes that can 
operate in tandem to alter the soil resistome [1, 9]. One 
process is horizontal gene transfer (HGT) of antimicro-
bial resistance genes (ARGs) between microbial com-
munity members. The second process is the directional 
selection of antimicrobial resistant microbes under anti-
biotic selection. This could be either due to incorpora-
tion of microbiomes derived from anthropogenic sources 
(e.g., organic fertiliser), or selection and proliferation of 
naturally resistant microbiota. We are now beginning to 
understand how HGT can facilitate the spread of AMR in 
pristine environments [6, 10]. For instance, the blaNDM-1 
gene that confers resistance to carbapenem (antibiotic 
of last resort) is now ubiquitous due to successive and 
distinct HGT events [11, 12]. On the other hand, there 
is limited knowledge about the community composi-
tion of the microbiome that can resist antibiotic in soil. 
One of the main reasons could be the large abundance 
of extracellular DNA (eDNA) in soil, which cannot dis-
tinguish active antimicrobial resistant microbes from 
dead/dormant antimicrobial sensitive microbes [13, 14]. 
This could be a reason why some studies have reported 
contradictory results of no change to complete change in 
microbiomes upon antibiotic addition [5, 15].

Agricultural ecosystems represent 38% of the Earth’s 
ice-free terrestrial surface — the largest use of land on 
the planet [16]. Sustainable agricultural practice includes 
the adoption of organic fertilisers instead of chemical fer-
tilisers as a source of nutrients to maintain or increase 
crop yield [17]. However, the build-up of antibiotics and 

ARGs in organic fertilisers, such as livestock manure and 
sewage sludge, can spread antimicrobial resistance in 
agricultural soils [1, 9, 13, 18]. Since the endemic resis-
tant microbes in soils are one of the major determinants 
of AMR spread, it is crucial to identify the active frac-
tion of the soil microbial community that can grow in the 
presence of antibiotics.

Stable isotope probing (SIP) with [18O]-water is a 
unique approach to identify the active AMR microbes. 
SIP is a cultivation-independent approach that requires 
the addition of stable-isotope-enriched substrates (e.g., 
13C-methane, 18O-water) to environmental samples fol-
lowed by the analyses of labelled DNA or RNA [19]. 
SIP techniques can target phylogenetically constrained 
metabolic processes (e.g., ethane oxidation), where from 
a diverse pool of active microbial community only those 
microbial guilds that can assimilate and subsequently 
incorporate the labelled substrate into their biomol-
ecules such as DNA and RNA are identified. In con-
trast, SIP-H2

18O as a substrate can potentially label all 
metabolically active or growing microbes since water is 
a prerequisite for growth and cellular maintenance [20, 
21]. Fast-growing microbes are labelled first, but eventu-
ally all active microbes are expected to contain isotope-
enriched DNA. Additionally, 18O has two more neutrons 
than naturally abundant 16O, whereas 2H, 13C and 15N 
has only one additional neutron compared to their natu-
rally abundant counterparts (1H, 12C and 14N). This can 
potentially increase the degree of physical separation 
of labelled 18O-DNA from unlabelled DNA during iso-
pycnic centrifugation in SIP. As a result, the SIP-H2

18O 
has been used as a robust method to identify the active 
microbes in soil including their response to nutrient 
addition [22], rewetting [21, 23], and warming [24].

In this study we combined antibiotic selection and 
SIP-H2

18O to identify active and growing microbial com-
munities in an agricultural soil. Antibiotic selection in 
the experiment ensured only antimicrobial-resistant 
microbes grew and simultaneously killed or inhibited the 
growth of sensitive microbes. We also used agricultural 
soil with no history of antibiotic addition either directly, 
or indirectly via organic fertilisers. This was done to 
reduce the bias in identification that can be introduced 
from long-term exposure of microbes to exogenous 
antibiotics as it may already have selected for a resistant 
microbial community. Our objectives for this study were 
to investigate whether bacteria in agricultural soil with 
no-antibiotic history can grow if challenged with antibi-
otic; secondly, if present, to identify the microbes and the 
ARGs that confer resistance. We hypothesise that diverse 
resistant microbes can be identified in soil and their iden-
tification will help to understand the potential for AMR 
spread.
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Results
To evaluate whether microbes in an agricultural soil with 
no-antibiotic history can grow if challenged with anti-
biotic, agricultural soils were incubated with an antibi-
otic cocktail of meropenem (mem), cefotaxime (ctx), 
ciprofloxacin (cip) and trimethoprim (tmp), along with 
H2

18O or natural isotope abundance water (referred to as 
H2

16O). Here we report the results after four days of incu-
bation with antibiotic addition at 0 and 48 h time-points. 
A total of 18 CsCl gradient fractions were collected fol-
lowing ultracentrifugation and the 16S rRNA gene copy 
numbers (bacterial abundance) were analysed for each 
experimental setup.

Incubation with H2
18O increased the overall buoyant 

density of the extracted DNA as compared to the H2
16O 

controls (Fig.  1). 18O-labelled DNA (heavy fractions) 
resided in fractions with densities 1.73 g ml-1 and above, 
whereas unlabelled DNA (light fractions) resided in frac-
tions with densities 1.729 g ml-1 and lower (Fig. 1). This 
indicates that bacteria were actively incorporating 18O 
into their DNA. Here, the heavy fraction indicates active 
or growing microbes, whereas the light fraction indicates 
dormant or dead microbes.

After four days of incubation with H2
18O there was a 

large abundance of bacterial 16S rRNA gene copies in the 
heavy fraction as compared to the heavy fraction of sam-
ples incubated with H2

16O (Fig. 1). This was the case for 
both the antibiotic treatment and no-antibiotic controls 
suggesting there was substantial bacterial growth in the 
presence of antibiotics.

Species richness was significantly lower in the heavy 
fractions (2278 ± 142, mean ± 95% confidence inter-
val) than light fractions (5025 ± 99) for antibiotics (AB) 
treated soil (p < 0.001). Similarly for CT treatment (i.e., 
control: soil without antibiotics), the species richness 
was significantly lower (p = 0.013) in the heavy fractions 
(2926 ± 314) than in the light fractions (3980 ± 370). Shan-
non diversity (H) was lower (p < 0.001) in the heavy frac-
tions (1.99 ± 0.36) than light fractions (6.50 ± 0.37) for AB 
treated soil. However, for CT, Shannon diversity (H) did 
not differ (p = 0.157) between heavy fractions (4.37 ± 0.12) 
and light fractions (5.12 ± 0.68). Evenness (J) indexes were 
lower (p < 0.001) in the heavy fractions (0.42 ± 0.07) than 
in light fractions (0.98 ± 0.01) for AB treated soil. Con-
trarily, for control treatments (CT), evenness (J) did not 

Fig. 1  Abundance of bacterial 16S rRNA genes in CsCl density gradients after 16O-/18O-H2O incubation. Vertical dotted lines demarcate the heavy (H) 
fractions from light (L) fractions. Each line represents a sample. 16 H-CT: soils incubated in the presence of natural isotope abundance water (H2

16O) with-
out antibiotics (control); 16 H-AB: incubation in the presence of H2

16O and antibiotics; 18 H-CT: incubation in the presence of H2
18O without antibiotics 

(control); 18 H-AB: incubation in the presence of H2
18O and antibiotics
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differ (p = 0.219) between heavy fractions (0.93 ± 0.01) and 
light fractions (0.93 ± 0.05) (Fig. 2).

When comparing the heavy fractions of AB and CT 
treatments, species richness was lower (p = 0.039) for 
heavy fractions for AB treatments (2278 ± 142) than CT 
treatments (2926 ± 314). Similarly, Shannon diversity was 
lower (p = 0.003) for AB treatments (1.99 ± 0.36) than 
CT treatments (4.37 ± 0.12). Evenness was also lower 
(p = 0.005) for AB treatments (0.42 ± 0.07) than CT treat-
ments (0.93 ± 0.01) (Fig. 2). Finally, the coefficient of vari-
ation (CV) for all alpha diversity indices across all the 
treatments ranged from 0.4 to 16.0% (Fig. 2).

The microbial community composition was consistent 
for all replicates of both heavy and light fractions across 
all the treatments. The community composition for 
heavy and light fractions of AB and CT when incubated 
with H2

18O were different as they clustered separately 
(Fig. 3). Community composition of the light fraction in 
H2

18O incubated CT soil (18  H-CT-Light) was similar 

Fig. 3  Principal coordinate analysis (PCoA) plots of bacterial OTUs (97% sequence similarity) derived from 16S rRNA genes extracted from soil. The ellipse 
indicates the difference between microbial communities in the presence or absence of antibiotics in the PCoA space (PERMANOVA: p = 0.001, R2 = 0.26). 
The legend indicates the origin of the samples. 16 H: incubation with H2

16O; 18 H: incubation with H2
18O; AB: incubation with antibiotics; CT: incubation 

without antibiotics; Heavy: “heavy” fractions of the extracted soil DNA; Light: “light” fractions of the extracted soil DNA.

 

Fig. 2  Alpha-diversity of 16S rRNA gene sequences from the “heavy” and 
“light” fractions of DNA extracted from soils incubated with H2

18O in the 
presence (AB) or absence (CT) of antibiotics. Alpha-diversity is summarised 
as species richness (S), Shannon diversity (H), evenness (J), and Simpson 
(D). “*” corresponds to p-value < 0.05 from pairwise t-test; “**” corresponds 
to p-value < 0.01; “***” corresponds to p-value < 0.001; “NS.” corresponds to 
p-value > 0.05
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to both the heavy (16 H-CT-Heavy) and light (16 H-CT-
Light) fraction in H2

16O incubated CT soils as shown by 
their proximity in the PCoA plot and the relative abun-
dance profile (Fig.  4, S1). Together, these three frac-
tions (18  H-CT-Light, 16  H-CT-Heavy, 16  H-CT-Light) 
along with the light fraction of H2

16O incubated AB soil 
(16 H-AB-Heavy) were similar to the composition of the 
original soil.

The community in the heavy fractions of AB incu-
bated with H2

18O were dominated by high relative 
abundances of Pseudomonadota (84.9 ± 2.86%), Actino-
mycetota (formally Actinobacteria, 4.8 ± 1.42%), Acido-
bacteriota (4.7 ± 0.93%), Planctomycetota (formally 
Planctomycetes, 1.9 ± 0.42%), Verrucomicrobiota (for-
mally Verrucomicrobia, 1.2%), and Gemmatimonadota 
(formally Gemmatimonadetes, 1.1 ± 0.10%). Stenotro-
phomonas (Pseudomonadota, 76 ± 4.67%) was the most 
abundant genus (Fig. 4). In contrast, the heavy fractions 
for CT treatments were dominated mainly by Pseudo-
monadota (72.1 ± 7.9%), Bacteroidota (formally Bacte-
roidetes, 16.1 ± 5.03%), Acidobacteriota (3.9 ± 0.83%), 

Saccharibacteria (2.3 ± 2.22%), Actinomycetota 
(1.5 ± 0.38%), Planctomycetota (1.3 ± 0.15%), Verrucomi-
crobiota (1.24%), and Gemmatimonadota (1.1%). Here, 
unclassified (Pseudomonadota, 17.18%), Sphingomonas 
(Pseudomonadota, 11.9%), Thermomonas (Pseudomo-
nadota, 10.8%), Arenimonas (Pseudomonadota, 5.28%), 
Novosphingobium (Pseudomonadota, 7.03%) were the 
abundant genera (Fig. 4).

The relative abundance in the light fractions of AB were 
dominated by Pseudomonadota (38.7 ± 5.38%), Acido-
bacteriota (17.2 ± 0.62%), Actinomycetota (12.3 ± 4.24%), 
Verrucomicrobiota (10.9 ± 1.01%), Planctomycetota 
(6.2 ± 1.17%), Bacteroidota (3.7 ± 0.29%), Chloroflexota 
(formally Chloroflexi, 3.6 ± 0.68%), and Gemmatimo-
nadota (1.9 ± 0.19%). The most abundant genera were 
Stenotrophomonas (Pseudomonadota, 8.9%), Bradyrhizo-
bium (Pseudomonadota, 2.3%, only in one replicate), and 
Acidibacter (Pseudomonadota, 2.1%) (Fig. 4). In contrast, 
the light fractions of CT were dominated by Bacteroidota 
(57.5 ± 8.54%), Pseudomonadota (14.7 ± 2.46%), Acido-
bacteriota (9.9 ± 2.59%), Actinomycetota (4.7 ± 1.79%), 
Verrucomicrobiota (4.4 ± 1.29%), Planctomycetota 
(3.1 ± 0.62%), Chloroflexota (1.52 ± 0.40%), and Gemma-
timonadota (1.1 ± 0.12%). The most abundant genus in 
this treatment was Flavobacterium (Pseudomonadota, 
38.91 ± 4.67%) (Fig. 4).

A heatmap was created to visualise and compare the 
abundance of the 20 OTUs that explains the most varia-
tion in the axis-1 and axis-2 of the PCA ordination. Out 
of a total of 28 OTUs selected, 19 OTUs belonged to 
Pseudomonadota, followed by six OTUs of Bacteroid-
ota, two OTUs of Verrucomicrobiota, and one OTU of 
Acidobacteriota. Stenotrophomonas (Pseudomonadota; 
OTU-7) was dominant in the heavy fraction of AB com-
pared to heavy fraction of CT. On the other hand, Sphin-
gomonas (Pseudomonadota; OTU-1065, OTU-1321, 
OTU-2509, OTU-488,405, OTU-692,415), Lysobacter 
(Pseudomonadota; OTU-12,766), Novosphingobium 
(Pseudomonadota; OTU-14,845), Xanthomonadaceae 
(Pseudomonadota; OTU-13,089), Arenimonas (Pseu-
domonadota; OTU-1764) were dominant in heavy frac-
tion of CT compared to AB. Additionally, Pseudolabrys 
(Pseudomonadota; OTU-1764), DA101 (Verrucomicro-
biota; OTU-424), OPB35 (Verrucomicrobiota; OTU-
8196) were dominant in light fractions of AB compared 
to heavy fractions of AB (Fig. 5).

The DNA of both heavy and light fractions of soil when 
incubated with 18O-labelled water in the presence of anti-
biotics were sequenced individually using high-through-
put sequencing. After genome binning of both heavy and 
light fractions, one qualified metagenome-assembled 
genome (MAG) was generated with 90.7% completeness 
and 0% contamination. The MAG was affiliated to Steno-
trophomonas (Pseudomonadota) (Fig. 6). This is in-sync 

Fig. 4  Relative abundance of microbial communities at the phylum level 
identified in the “heavy” and “light” fractions of DNA extracted from soils 
incubated with H2

18O in the presence (AB) or absence (CT) of antibiot-
ics. ‘Unclassified’ taxa are those OTUs that were not classified at the genus 
level. ‘Others’ are those OTUs that were classified but the total abundance 
was less than 0.5% of all OTUs
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with the results of 16S rRNA gene sequencing that also 
showed Stenotrophomonas (Pseudomonadota) as the 
dominant genus when incubated with antibiotics (Figs. 4 
and 5).

Analysis of the unbinned-assembled genomes of light 
and heavy fractions, along with the genome of MAG-1 
helped understand whether the microbial community 
exposed to antibiotic contained antimicrobial resistance 
genes (ARGs) to survive the stress of antibiotics. The 
presence of aph(3’)-IIc, with 85.46% similarity to Steno-
trophomonas maltophilia strain K279a was observed 
in the heavy fraction and MAG-1, and no presence of 
this gene was observed in the light fraction. aph(3’)-IIc 
encodes the aminoglycoside phosphotransferase enzyme 
that confers resistance to antibiotics in the aminogly-
coside class (butirosin, paromycin, kanamycin, neomy-
cin) among others. Similarly, the presence of oqxB, with 
76.28% similarity to Escherichia coli plasmid pOLA52 in 
heavy fraction and MAG-1, which was also absent in the 
light fraction was also observed. The oqxB gene encodes 
an efflux pump that confers resistance to amphenicol 
class antibiotics (e.g., chloramphenicol), disinfectants 
(e.g., benzalkonium chloride, cetylpyridinium chloride), 
quinolone class antibiotics (e.g., ciprofloxacin, nalidixic 
acid), trimethoprim, and others. However, dfrB3, which 
encodes dihydrofolate reductase that confers resistance 
to trimethoprim, was found with a 90.14% similarity with 
the plasmid R751 in Klebsiella aerogenes only in the light 
fraction. The presence of ARGs that confer resistance to 
beta-lactam were also found in both the light and heavy 
fractions, but not in MAG-1. For example, blaTEM-181 
in the light fraction was found with a 99.86% similarity 
with vector pUC-3GLA, and blaL1 in the heavy fraction 

with 85.84% of similarity with a beta-lactamase gene in 
Stenotrophomonas maltophilia strain K1. No ARG con-
ferring beta-lactam resistance was present in MAG-1 
(Table 1).

Discussion
In this study we used DNA-SIP with H2

18O to identify 
the antimicrobial resistant microbes from the active pool 
of an agricultural soil that was not previously exposed to 
antibiotics. The results showed that microbes can grow 
in the presence of antibiotic even in the agricultural soil 
with no-antibiotic history (Fig.  1). On the other hand, 
not all active microbes are antimicrobial resistant, since 
community composition was different between antibi-
otic treated and untreated soil (Figs.  2, 3, 4 and 5). The 
metagenomic analyses revealed the presence of ARGs 
in the active resistant microbial community (Table  1). 
Additionally, a MAG belonging to Stenotrophomonas was 
found in the heavy fraction after incubation with H2

18O 
and antibiotics. The study highlights the ability of DNA-
SIP with H2

18O to identify active antimicrobial resistant 
microbes.

The results showed that soils without prior exposure to 
antibiotic can harbour microbes that can become active 
and enriched in the presence of antibiotics during a short 
period of time, in this case after four days of incubation. 
This suggests that soils contain a resistome of antimicro-
bial resistance, and the microbiome can shift dramati-
cally towards an enrichment of antimicrobial resistant 
populations even after a short exposure to antibiotics. 
This also highlights the potential of soil to harbour native 
AMR bacteria, for these microbes to become dominant, 
and subsequently spread after exposure to antibiotics. 

Fig. 5  Heatmap of selected bacterial OTUs identified in the “heavy” and “light” fractions of DNA extracted from soils incubated with H2
18O in the presence 

(AB) or absence (CT) of antibiotics. 18 H-AB-heavy indicates “heavy” fractions treated with antibiotic; 18 H-AB-light indicates “light” fractions treated with 
antibiotic; 18 H-CT-heavy indicates “heavy” fractions without antibiotic treatment; 18 H-CT-light indicates “light” fractions without antibiotic treatment. 
The coloured scale represents the relative abundance of the 28 selected OTUs.
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The long-term consequence of shifts in community com-
position, for example biogeochemical transformations, 
soil fertility, and disease risk is not clear [25].

The resistome in soil could be a result of in situ selec-
tion as a consequence of natural production of antimi-
crobials. Indeed, soils intrinsically harbour AMR bacteria 
and are a natural reservoir for ARGs [7, 12]. Alternatively, 
antimicrobial resistant bacteria or ARGs could have 
been introduced to the soil from external sources. This is 
common in soils exposed to livestock manure or sludge 
[9, 18]. Moreover, the dispersal through unconventional 
sources such as birds can provide the initial seed for the 
microbial communities to spread AMR. Birds have been 
shown to spread AMR through long-distance and local-
ised migration [26, 27]. For example, Franklin’s gulls 

(Leucophaeus pipixcan) in Chile were found to have 
twice the prevalence of ESBL-producing E. coli compared 
to humans in the same area along with high sequence 
similarity suggesting transmission. The gulls shared 
sequences with drug-resistant human pathogens identi-
fied in clinical isolates from the central Canadian region, 
which is a nesting place [27]. However, more studies 
are needed to decisively establish the roles of birds to 
encounter and acquire active antimicrobial resistant 
microbes in soils without prior exposure to antibiotic.

The active pool of antimicrobial resistant microbes was 
dominated by Pseudomonadota, Actinomycetota, Acido-
bacteriota (Figs. 4 and 5). Pseudomonadota are known to 
be physiologically and metabolically versatile with vari-
able morphology that allows them to subsist in various 

Fig. 6  Multi-locus phylogenetic tree of the MAG-1 using autoMLST. 98 conserved housekeeping genes were used for the analyses. MAG-1 is indicated 
together with its completeness and contamination
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ecological niches [28–33]. This could be the reason why 
72–84% of the OTUs labelled in the presence of antibiot-
ics were affiliated to Pseudomonadota (Figs. 4 and 5, S1, 
S2). Further, due to their versatility, Pseudomonadota also 
contain the greatest number of bacterial pathogens to an 
extent that this phylum has been proposed to be a poten-
tial diagnostic signature for disease risk [34, 35]. Actino-
mycetota is another near ubiquitous phylum in soil that 
are known for their ability to synthesize diverse second-
ary metabolites and harbour different ARGs [33, 36, 37]. 
It is hypothesised that in soils, ARGs of pathogenic Pseu-
domonadota originated from Actinomycetota through 
horizontal gene transfer using conjugative plasmids [38–
40]. These results reaffirm the role of Actinomycetota in 
AMR spread and high abundance in AMR microbiomes. 
Similarly, Acidobacteriota is also widespread in soil with 
phylogenetic depth and ecological importance compa-
rable to Pseudomonadota [33, 41]. Acidobacteriota can 
harbour multiple integrative and conjugative elements 
in their genome, a major determinant of horizontal gene 
transfer, that confers them a major advantage to survive, 
resist, and persist in the presence of antibiotic [42, 43].

In this study, Stenotrophomonas was found to be the 
dominant genus with a relative abundance of 76% in 
the active resistant microbiome (Figs. 4, 5 and 6) and it 
possessed ARGs for diverse antibiotics (see MAG-1 in 
Table  1). Stenotrophomonas is an antibiotic resistant 
opportunistic pathogen that is commonly linked to respi-
ratory infections in humans [44]. Possession of a wide 
range of ARGs by Stenotrophomonas in an antibiotic 
unexposed soil is disturbing, but not unusual and rare. 

For instance, on one hand, ARG in Stenotrophomonas 
strains has been reported from deep-sea invertebrates 
[45]. On the other hand, multi-drug resistant Stenotro-
phomonas is a common nosocomial and community-
acquired infection [44].

The active pool of antimicrobial resistant microbiota in 
this agricultural soil contained ARGs for a wide variety of 
antibiotics (Table 1). Surprisingly, many of these antibiot-
ics such as aminoglycosides, chloramphenicol, were not 
part of the experiment in this study. This highlights the 
potential role of resistant bacteria in AMR spread. We 
hypothesise that these microbes are present in soils at 
low abundance but with selection can become enriched 
increasing the probability of causing disease outbreaks in 
livestock and human populations. Their enrichment may 
also spread resistance within the microbial community 
through HGT.

Conclusion
In this study, the active resistant soil microbiome from 
an agricultural field with no prior history of antibi-
otic exposure using DNA-SIP with H2

18O was identi-
fied and differences in the composition of active soil 
microbes and active antimicrobial resistant soil microbes 
were observed. The metagenome data shed light on the 
diversity of antimicrobial resistant genes of the resis-
tant microbiome. We identified the prevalence of anti-
microbial resistant Stenotrophomonas in the soil, which 
might be consequential for AMR spread and disease risk. 
Overall, this study makes a strong case for DNA-SIP with 
H2

18O to identify the clinically important drug-resistant 

Table 1  Antimicrobial resistance genes found in the unbinned-assembled reads (from heavy and light fractions) and MAG-1
Antimicrobial Class light heavy MAG-1 Gene (Similarity (%) / Reference*)

Light Heavy MAG-1
Butirosin Aminoglycoside X X aph(3’)-IIc 

(85.46% / 
AM743169)

aph(3’)-IIc 
(85.46% / 
AM743169)

Paromomycin X X

Kanamycin X X

Neomycin X X

Chloramphenicol Amphenicol X X OqxB 
(76.28% / 
EU370913)

OqxB 
(76.28% / 
EU370913)

Benzylkonium chloride Quaternary 
ammonium 
compound

X X

Cetylpyridinium chloride Quaternary 
ammonium 
compound

X X

Ciprofloxacin Quinolone X X

Nalidixic acid Quinolone X X

Trimethoprim Folate pathway 
antagonist

X X X dfrB3 (90.14% / 
X72585)

OqxB 
(76.28% / 
EU370913)

OqxB 
(76.28% / 
EU370913)

Unknown beta-lactam Beta-lactam X X blaTEM-181 (99.86% 
/ KM977568)

blaL1 
(85.84% / 
EF126059)

* AM743169: Stenotrophomonas maltophilia strain K279a; EU370913: Escherichia coli plasmid pOLA52; X72585: Klebsiella aerogenes plasmid R751 genes from integron 
element; KM977568: Cloning and transformation vector pUC-3GLA; EF126059: Stenotrophomonas maltophilia strain K1 (beta-lactamase gene)
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microbes in the environment. Finally, this method can 
become gold standard to understand and identify the 
drivers of AMR spread in any environment.

Materials and methods
Soil sampling
Agricultural soils from Chilworth Manor Experimen-
tal plots (Southampton, U.K.) were sampled in October 
2016. This soil does not have history of manure or anti-
biotic applications for at least 20 years (M. Cotton, pers. 
comm.). Samples were collected from 10-cm deep in a 
10 m triangular pattern. In total, three independent soil 
samples were transported to the laboratory and stored at 
4  °C for further experiments. Physico-chemical analyses 
were carried out at the Anglian soil analyses company 
(Lincolnshire, U.K.) and detailed in Table S1. This soil is 
a sandy/loam with a pH of 6.17 (± 0.006), organic mat-
ter content of 7.73% (± 1.43) and dry matter content of 
85.99% (± 3.58).

Soil incubations
Initial tests were performed to determine the concentra-
tion of antibiotic necessary to inhibit bacterial growth in 
soil for up to 12 days. This was necessary due to potential 
attenuation of the antibiotic by the soil (for methodology 
see Appendix S1). Since the attenuation of the antibiotic 
was as fast as two days (Figure S3), a second prelimi-
nary experiment was carried out by incubating the soils 
with several antibiotics to determine the suitable ones 
to be used for further labelling experiment. Antibiotics 
were chosen because of their mechanism of action and 
described in Appendix S1. After performing the prelimi-
nary experiments, we decided to incubate the soils for up 
to four days due to its fast decomposition (Figure S3) and 
four antibiotics were chosen for further incubations with 
H2

18O (Table S2). One g of soil was incubated in 1.5 ml of 
either labelled water (H2

18O) or unlabelled water (H2O). 
Antibiotics [meropenem (mem), cefotaxime (ctx), cipro-
floxacin (cip) and trimethoprim (tmp)] at a concentra-
tion of 100 µg/ml each were added to the slurry at time 
0 and 48  h. Incubations were performed at 200  rpm, in 
the dark and at room temperature. For both controls and 
the treatment, sampling was carried out after four days of 
incubation. The experiments were performed in triplicate 
(Figure S4).

DNA extraction
DNA was extracted from the soil at the end of the treat-
ments by using the PowerSoil DNA isolation kit (Qiagen, 
UK) according to the manufacturer’s recommendation. 
DNA purity and quantification were determined using 
a NanoDrop® Spectrophotometer ND-1000 (Thermo 
Fisher Scientific, USA). All DNA samples were stored at 
-80 °C for further analysis.

H2
18O-SIP procedure

A standard DNA-SIP protocol was used to resolve 
[18O]-incorporation based on buoyant density [46]. 1 µg 
of genomic DNA was loaded into 5.6-ml polyallomer 
quick-seal centrifuge tubes (Beckman Coulter, USA) con-
taining gradient buffer and cesium chloride (CsCl) [19]. 
The isopycnic centrifugation of DNA was performed with 
an initial CsCl buoyant density of 1.725 g mL-1 subjected 
to centrifugation at 177,000 × g for 36–40 h at 20  °C in 
an Optima XPN-80 ultracentrifuge (Beckman Coulter, 
USA). At the end of the centrifugation, 18 fractions were 
separated from each gradient.

Quantitative PCR
The 16S rRNA gene was quantified in each of the frac-
tions. All qPCR reactions were performed on a StepOne 
Plus real-time PCR system (Applied Biosystems) and 
the data were processed using StepOne software v2.3 
(Applied Biosystems). For all assays, standards were pre-
pared by PCR of cloned genes. Standards were serially 
(101–107) diluted and used for the calibration curves in 
each assay. The assays were based on dual-labelled probes 
using the primer–probe sets: BAC338F/BAC516P/
BAC805R [47]. Each reaction was 20 µL in volume and 
contained the following mixture: 10 µL of TaqMan fast 
advanced master mix (1X) (Applied Biosystems), 1.0 µL 
of primer mix [18 µL BAC338F (0.9 µM), 18 µL BAC805R 
(0.9 µM), 5 µL BAC516P (0.25 µM) and 59 µL of TE buf-
fer], DNA template (2.0 µL) and 7.0 µL of water. The pro-
gram used was 95 °C for 5 min, followed by 35 cycles of 
95 °C for 30 s and 62 °C for 60 s for annealing, extension 
and signal acquisition respectively [48]. Efficiencies of 97 
to 103% with R2 values > 0.98 were obtained.

High-throughput sequencing
The 16S rRNA genes from SIP gradient fractions was 
amplified and sequenced by barcoded Illumina MiSeq 
sequencing. PCR primers 515FB (GTGYCAGCMGC-
CGCGGTAA) and 806RB (GGACTACNVGGGTWTC-
TAAT) from the Earth Microbiome project (http://press.
igsb.anl.gov/earthmicrobiome/) targeting the V4 region 
of the 16S rRNA gene were used. Library preparation 
and sequencing was performed by the Environmental 
Sequencing Facility of the University of Southampton, 
UK, following methodologies described by Caporaso et 
al. [49].

The total metagenomic DNA of the heavy and light 
fractions from incubations with H2

18O (total of six sam-
ples) were sequenced on an Illumina MiSeq at the Uni-
versity of Southampton. The metagenome was analysed 
on a high-performance computing cluster supported by 
the Research and Specialist Computing Support Service 
at the University of East Anglia (Norwich, UK).

http://press.igsb.anl.gov/earthmicrobiome/
http://press.igsb.anl.gov/earthmicrobiome/
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Bioinformatic analyses
For the 16S rRNA-sequencing, quality filtering of the 
sequences was carried out by using cutadapt [50]. For-
ward and reverse reads were then merged by using the 
usearch fastq_mergepairs command [51]. Downstream 
processing was performed by using UPARSE [51] and 
UCHIME pipelines [52]. Briefly, sequences shorter than 
250  bp were discarded, singletons were retained, and 
operational taxonomic units (OTUs) were defined at a 
sequence identity level of 97%.

For the DNA sequences, reads were checked using 
FastQC version 0.11.8 [53]. Low-quality reads were dis-
carded using BBDuk version 38.68 [54]. Afterwards, 
reads were merged into scaffolds using de novo assem-
bler metaSPAdes version 3.13.1 [55]. Binning of the 
assembled scaffolds from both heavy and light fractions 
was carried out with the metaWRAP version 1.2.1 [56]. 
Completion and contamination metrics of the extracted 
bins were estimated using CheckM [57]. The resulting 
bins were collectively processed to produce consolidated 
metagenome-assembled genomes (MAGs) using the bin_
refinement module in wetaWRAP.

Statistical analyses and OTU classification
Statistical analyses were performed using the vegan pack-
age [58] in R software version 4.1.1. Tests with P < 0.05 
were considered to be statistically significant. Shapiro-
Wilk normality test was performed for each analysis. 
ANOVA was performed when abundance data were nor-
mally distributed. A non-parametric Kruskal-Wallis one-
way analysis of variance was performed when the data 
were not normally distributed [59]. In parallel, to test the 
significance of the differences between 2 samples (i.e., 
between heavy and light fractions), two-tailed indepen-
dent t-tests were done.

For all OTU-based statistical analyses, the data set was 
normalized by a Hellinger transformation [60] using the 
decostand function. For beta-diversity, principal coordi-
nates analysis (PCoA) ordination of Hellinger distances 
was carried out using the ‘pcoa’ function. Heatmaps were 
constructed with ‘pheatmap’ package [61] for the OTUs 
explaining most of the differences between samples. 
Principal component analysis (PCA) of the Hellinger 
transformed data was performed using the prcomp 
function. The OTUs explaining most of the differences 
between samples were defined as the 20 OTUs contribut-
ing the largest absolute loadings in the first and second 
dimensions of the PCA [59], obtained from the rotation 
output file. Hierarchical clustering of the distance matrix 
was carried out with the “ward.D2” method using ‘hclust’ 
function.

Taxonomy analysis
A representative sequence of each OTU was aligned 
against the SILVA 16S rRNA gene database using the 
naïve Bayesian classifier (bootstrap confidence threshold 
of 80%) by using the mothur software platform [62].

The taxonomic classification of the MAG was per-
formed as explained previously [63]. Briefly, DNA–DNA 
hybridization (dDDH) was conducted using the Type 
Strain Genome Server (TYGS) [64]. Amino-acid com-
parisons between the MAG retrieved in this study and 
their closest relative strains (two-way amino acid identity 
AAI) were calculated using the enveomics collection [65]. 
Finally, a phylogenomic tree was created using the auto-
mated multi-locus species tree (autoMLST) pipeline [66].

Antimicrobial resistance genes
Since only one MAG was recovered in this study, the 
unbinned-assembled reads (from heavy and light frac-
tions) were also analysed. Therefore, all reads (MAG-1, 
unbinned heavy fractions and unbinned light fractions) 
were screened for antimicrobial resistance genes (ARGs) 
using the public database Resfinder version 4.1 [67].
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