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Abstract 

Acinetobacter spp. and other non-fermenting Gr am-ne gati v e bacteria (NFGNB) r e pr esent an important gr oup of opportunistic 
pathogens due to their propensity for multiple, intrinsic, or acquired antimicrobial resistance (AMR). Antimicrobial resistant bacteria 
and their genes can spread to the environment through livestoc k manure . This study investigated the effects of fresh manure from 

dairy cows under antibiotic prophylaxis on the antibiotic resistome and AMR hosts in microcosms using pasture soil. We specifically 
focused on cultura b le Acinetobacter spp. and other NFGNB using CHR OMa gar Acinetobacter. We conducted two 28-days incubation 

experiments to simulate natural deposition of fresh manure on pasture soil and evaluated the effects on antibiotic resistance genes 
(ARGs) and bacterial hosts through shotgun metagenomics. We found that manure application altered the abundance and compo- 
sition of ARGs and their bacterial hosts, and that the effects depended on the soil sour ce . Man ur e enriched the antibiotic resistome 
of bacteria only in the soil where native bacteria had a low abundance of ARGs. Our study highlights the role of native soil bacteria 
in modulating the consequences of man ur e de position on soil and confirms the potential of cultura b le Acinetobacter spp. and other 
NFGNB to accumulate AMR in pasture soil receiving fresh manure. 

Ke yw ords: antibiotic resistance; cattle manure; opportunistic pathogens; pasture soil; Pseudomonas ; tetracycline resistance 
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Introduction 

Antimicr obial r esistance (AMR) r epr esents a global thr eat to both 

human and animal health. The widespread use of antibiotics in 

human and veterinary medicine has accelerated the emergence of 
antibiotic-resistant bacteria (Dunlop et al. 1998 ), which accounted 

for 1.27 million deaths worldwide in 2019 (Murray et al. 2022 ).
Studying the biological and ecological processes, as well as the 
routes by which AMR can spread in the environment is important 
to better understanding the potential risk of human activities that 
contribute to the dissemination of AMR (Ashbolt et al. 2013 ). 

Manur e fr om farms that use antibiotics is a major route 
thr ough whic h activ e substances fr om antibiotic r esidues and 

health-risk bacteria enter the soil (Semenov et al. 2010 , Black et 
al. 2021 , Köninger et al. 2021 ). The widespread use of antibiotics 
in farms has created selective pressure for antibiotic resistance 
(Hart et al. 2006 , Wichmann et al. 2014 ), which can transfer and 

persist in farm animals and their surroundings (Kyselková et al.
2015 ). Indeed, manure is one of the main sources contributing to 
the enrichment of soil resistome with antibiotic resistance genes 
(ARGs) (Kyselk ov á et al. 2015 , Lima et al. 2020 , Marutescu et al.
2022 ). Ne v ertheless, manur e is also a necessary part of agricul- 
tur al pr actice (Köninger et al. 2021 ), including pastur e mana ge- 
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ent (Yang et al. 2020 ), and ther efor e, mor e detailed information
bout manur e-borne micr obes that may pose a potential health
isk is needed. 

Non-fermenting Gr am-negativ e bacteria (NFGNB) suc h as 
cinetobacter spp. have raised concern because of their role in AMR
nd as critical healthcare-associated pathogens (Bonomo and Sz- 
bo 2006 , McGo w an 2006 ). Although Acinetobacter spp. and other
FGNB ar e ubiquitous, particularl y in soil, water, and animal gut,

hey fr equentl y exhibit intrinsic r esistance to a br oad gr oup of an-
ibiotics (Gales et al. 2001 ). In ad dition, the y can easil y acquir e fur-
her resistance to antibiotics (Bonomo and Szabo 2006 , Enoch et
l. 2007 ), which has turned them into pathogens of great inter-
st and importance in the clinic (Mulani et al. 2019 ). Acinetobac-
er spp. and other NFGNB are resistant to a wide range of antibi-
tics , including tetracycline , which is one of the most used classes
f antibiotics for human and animal treatment (McGo w an 2006 ).
ue to high usage in veterinary medicine , agriculture , and aqua-
ultur e, contamination with tetr acycline r esistance genes can
e widespread in agricultural soils (Kyselková et al. 2015 , Gross-
an 2016 ). Indeed, we have previously shown that fresh manure

r om tetr acycline-tr eated cattle enric hed the soil with tetracycline
esistance genes that remained in the soil under experimental 
ights r eserv ed. For permissions, please e-mail: 
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onditions for at least three months (Pérez-Valera et al. 2019 ).
he role of Acinetobacter spp. in the spread of tetracycline resis-
ance genes in soil has also been suggested (Kyselk ov á et al. 2016 ,
eclercq et al. 2016 , Pér ez-Valer a et al. 2019 ). The fact that Acineto-
acter spp. can thrive in both soil and manure in the first days af-
er application (Leclercq et al. 2016 , Pérez-Valera et al. 2022 ) may
uggest that Acinetobacter spp. is one of the major players in the
pread of AMR and tetracycline resistance genes in agricultural
oils. Ho w e v er, ther e is a lack of information on whether the in-
rease of Acinetobacter spp. and other bacteria in the soil after ma-
ur e a pplication also contributes to an increase and further per-
istence of AMR and tetracycline resistance genes in the soil. 

In this study, we investigated the role of fresh cattle manure
n the spread of NFGNB and associated AMR in pasture soil by
ocusing on the tetracycline resistome of Acinetobacter spp. un-
er laboratory conditions. We analyzed the antibiotic resistome
nd bacterial hosts through shotgun metagenomic sequencing of
HROMagar Acinetobacter cultures from a previously published
icrocosm experiment (Pérez-Valera et al. 2022 ), in which fresh

attle manur e fr om animals under tetr acycline pr ophylaxis was
pplied to the pasture soil from two organic farms. Together with
he microcosms that contained pasture soil treated with manure,
e used identical microcosms that consisted of either manure or

oil alone, as controls, to specifically investigate (i) the taxonomic
omposition of bacterial hosts of ARGs vs all culturable bacte-
ia in CHROMagar Acinetobacter from pasture soil microcosms
n close contact with fresh manure, (ii) the composition and rela-
ive abundance of ARGs and tetracycline resistance genes (i.e. the
 esistome pr ofile), and (iii) the origin of ARGs and tetr acycline r e-
istance genes (i.e. whether c hr omosomal or plasmid). We hypoth-
sized that an increase in the relative abundance of Acinetobacter
pp. in pasture soil microcosms treated with fresh manure would
esult in an enrichment of the antibiotic resistome and changes
n the composition of both ARGs and tetracycline resistance genes
f culturable bacteria from soil on CHROMagar Acinetobacter. 

aterials and methods 

icrocosm set-up and sampling of soil and 

anure 

 microcosm experiment to simulate the natural deposition of
r esh manur e on pastur e soil was used in our study, as described
n Pér ez-Valer a et al. ( 2022 ). Briefly, experimental plastic pots of
round 300 ml were initially filled with soil (ca. 120 g), and fresh
anure was deposited on top (ca. 100 g). Soil and manure were

orizontally delineated with a sterile plastic mesh (1.4 mm). In
ddition, we used a mesh to delineate a soil layer horizontally af-
ected by manure (ca. 60 g, hereafter referred to as “treated soil”) to
nsure that the soil was sampled at a constant distance from the
anur e. Micr ocosms containing only soil or manure (representing

ontrol soil or man ure, respecti vely) were set up similarly to com-
are with microorganisms naturally occurring in manure and soil
nd to account for differences in the bacterial composition due
o differential incubation times. In contrast to the experiment de-
cribed by Pér ez-Valer a et al. ( 2022 ), onl y non-gamma-irr adiated
oil treatments were used in this study. 

The soil used for the microcosm experiments was sampled in
eptember 2018 from two organic cattle farms (S and B) in the
zech Republic (ca. 48 ◦North, 14 ◦East), as described in our pre-
ious study (Pér ez-Valer a et al. 2022 ). The organic farms were se-
ected to avoid confounding effects of antibiotic exposure through
he farming process . T he farms are about 500 m apart and sub-
ected to similar grassland management, but the soils have differ-
nt c har acteristics (Pér ez-Valer a et al. 2022 ). At each farm, using
lots of 1 ×1 m along a linear transect (200 m), a soil sample com-
osite of ten sub-samples (5–15 cm) was collected and transported
n ice to the laboratory. The soil was stored at 4 ◦C until setting
p the experiment. Four days before starting the experiment, soil
amples were pre-incubated at 20 ◦C in the dark. 

Fr esh liv estoc k excr ement (her einafter “fr esh manur e”) was
ollected from a private dairy farm in the Czech Republic (ca.
8 ◦North, 14 ◦East), where the animals were under antibiotic pro-
hylaxis and treatment with chlortetracycline and amoxicillin

Kyselk ov á et al. 2016 ). We used only fresh manure collected di-
 ectl y fr om a priv ate farm with the permission of the farm’s own-
rs and veterinarian, using standard pr ocedur es at the farm that
eant no impact to the animals . T he information about the farm
anagement, cow gut bacterial community, and resistome has

een pr e viousl y described (Kyselk ov á et al. 2015 ). Fr esh manur e
rom 20 adult animals (3–7 years old) was sampled aseptically,
s described else wher e (Kyselk ov á et al. 2015 , Pér ez-Valer a et al.
019 ), and pooled into one composite sample. Fr esh manur e was
ampled on the same day of setting up the microcosms and taken
o the laboratory for immediate use. 

xperimental design and microcosms sampling 

wo independent experiments using fresh manure and soil from
arm S (experiment S) and farm B (experiment B) were set up in
eptember and October 2018, r espectiv el y, as described in Pérez-
alera et al. ( 2022 ) ( Fig. S1 ). Briefly, for each experiment, three mi-
r ocosm r eplicates per tr eatment (i.e. tr eated soil, contr ol manur e
nd control soil) and time point were set up (i.e. 2 experiments ×
 treatments × 3-time points × 3 replicates = 54 samples) and
estructiv el y sampled after incubation at different times. In this
tudy, we focused specifically on samples incubated for 2, 14, and
8 da ys , based on the short-term dominance of Acinetobacter spp.
n microcosms analyzed via 16S rRNA amplicon sequencing in a
r e vious study (Pér ez-Valer a et al. 2022 ). We also considered the
hort-term ARG persistence in manur e-tr eated soil, as pr e viousl y
eported (Leclercq et al. 2016 , Pérez-Valera et al. 2019 ), as well as
he detection of the tetracycline resistance gene tet (Y) in manure
amples through a preliminary test (data not shown). In contrast
o our pr e vious study, in whic h 16S rRN A amplicons w er e anal yzed
o study bacterial community composition, this study is based en-
ir el y on shotgun metagenomic sequencing results from cultured
acteria (see below). 

During sampling, treated soil was thoroughly separated from
he top and bottom la yers , homogenized, and subdivided into
liquots for downstream analyses. Control soil and control ma-
ur e micr ocosms wer e similarl y sampled. A perfor ated lid was
sed to cover the microcosms, allowing aeration. Following stan-
ar d methods, microcosms w ere incubated at a constant 20ºC in
he dark. Water was not restituted throughout the experiment.
he water content of the microcosms in both experiments at each
ampling time is summarized in Table S1 . 

ultiv a tion of the microbial community 

cinetobacter spp. and other non-fermenting Gr am-negativ e bacte-
ia (NFGNB) were analyzed via cultivation on CHROMagar Acine-
obacter (CHROMa gar, P aris, Fr ance). Although this medium is
pecifically designed for the detection of Acinetobacter spp. in
ealthcare settings ( Leaflet: CHROMagar Acinetobacter ), it may
lso allow the growth of other non-fermenting Gr am-negativ e
acterial taxa, such as Pseudomonas spp. and Stenotrophomonas

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad148#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad148#supplementary-data
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spp., that cannot utilize lactose as a carbon source, especially in 

envir onmental samples (Hr enovic et al. 2019 ). The inoculum was 
pr epar ed fr om eac h micr ocosm as follows: 5 g of either treated 

soil, control soil or control manure were placed in flasks contain- 
ing 45 ml of sterile 0.9% NaCl. Flasks were sonicated for 2 min 

preceded by a 30 s vortex. One hundr ed micr oliters of serial 1/10 
dilutions (up to 10 −5 ) were inoculated on CHROMagar Acinetobac- 
ter agar plates (in duplicates). After incubating the plates at 28 ◦C 

for 24 h, total and red colony-forming units (CFUs) were estimated 

by visual examination of the plates ( Tables S2 and S3 ). The incu- 
bation temper atur e of plates (i.e. 28ºC) was c hosen based on our 
pr e vious study (Pér ez-Valer a et al. 2019 ) and is at the upper limit of 
the temper atur e optim um for mesophilic soil bacteria (Alexander 
1977 ). Microbial biomass was harvested immediately after count- 
ing. No antibiotic was used for selection purposes. 

Plates that accounted for a ppr oximatel y 100–5000 CFUs were 
chosen for harvesting. Total biomass from the solid medium of 
two plates (ca. 0.1 g) was harvested by suspending it in ster- 
ile 0.9% NaCl. Microbial biomass was thoroughly homogenized 

across plates and evenly distributed into se v er al 1.5 ml plastic 
tubes. After centrifugation (12170 RCF for 5 min) and r emov al of 
the supernatant, the microbial biomass was stored at -20ºC for 
downstr eam anal yses. Biomass harv esting and subsequent anal- 
yses, suc h as DNA extr action, wer e not performed in control soil 
cultures in experiment B on day 2 due to the slow growth and in- 
sufficient bacterial biomass. 

DN A extr action and shotgun metagenomic 

sequencing 

Bacterial DNA from the harvested biomass was extracted using 
the Fast DNA Spin Kit (MP Biomedicals, Santa Ana, CA, USA),
according to the manufacturer’s protocol, as described in Pérez- 
Valera et al. ( 2022 ). The quality of DNA used for downstream PCR 

analyses was assessed by electr ophor esis on 1% a gar ose gel and 

quantified using Qubit v3. DNA samples were sent to Novogene’s 
sequencing facility for shotgun metagenomic sequencing. A total 
amount of 1.0 μg DNA per sample was used as input material for 
DNA sample pr epar ations. According to the manufacturer’s rec- 
ommendations, the sequencing libraries were prepared using the 
NEBNext DNA Libr ary Pr ep Kit (NEB, USA), and indexes wer e added 

to each sample. Genomic DN A w as randomly fragmented by son- 
ication to a size of 350 bp. DNA fr a gments wer e end-polished,
A-tailed, and ligated using the NEBNext adapter for Illumina se- 
quencing and further enriched by PCR with P5 and indexed P7 oli- 
gos. PCR pr oducts wer e purified using Agencourt AMPur e XP beads 
(Beckman Coulter, Inc). The resulting libraries were analyzed for 
size distribution by Agilent 2100 Bioanalyzer (Agilent Technolo- 
gies , C A, USA) and quantified using real-time PCR (to meet the 
criteria of 3 nM). The samples were sequenced, and paired-end 

reads (150 bp) were generated on the instrument NovaSeq 6000.
Meta genomic sequencing r eads wer e deposited at the NCBI SRA 

database under BioProject accession PRJNA743290. 

Sequence processing and statistical analysis 

All DNA sequences were processed using free open-source soft- 
ware , custom scripts , and locally under Ubuntu Linux-operated 

computers. SingleM 1.0 (Woodcroft 2023 ) was used for the over- 
all taxonomic assignment from raw metagenomic sequences 
using 59 single-copy marker genes that are also r esolutiv e at 
the species le v el. Sequences wer e then pr ocessed to trim Illu- 
mina adapters and remove low-quality reads and contaminants 
(masked against contaminant references such as human DNA, 
hiX and p-Fosil2) using BBMap and BBduk ( https://sourceforge. 
et/ projects/ bbmap/ ). Decontaminated and trimmed sequences 
ere assembled with metaSPAdes 3.14.1 (Nurk et al. 2017 ). Read
ssembly was performed separately for each treatment and 

xperiment after merging all time points. Later, contigs from 

he six assemblies were merged into a single co-assembly us-
ng SqueezeMeta pipeline v1.3.0 (Tamames and Puente-Sánchez 
019 ). This resulted in a total of 323602 contigs with N50 = 10832
ase pairs. SqueezeMeta was also used for further steps, includ-

ng taxonomic assignment of the functional genes , i.e . the pre-
icted hosts of ARGs, using the Last Common Ancestor (LCA) algo-
ithm by DIAMOND (version 0.9.24) homology searches (Buchfink 
t al. 2015 ) against the GeneBank non-redundant protein database 
Tamames and Puente-Sánchez 2019 ). Along with implementing 
he CARD database 3.1.0 (Alcock et al. 2020 ) in SqueezeMeta,
eepARG 1.0.2 (Ar ango-Ar goty et al. 2018 ) and Resistance Gene

dentifier (RGI) 5.1.1 (Alcock et al. 2020 ) were also used inde-
endently to annotate ARGs in the metagenome . T he annota-
ion results of individual antibiotic resistance genes from CARD,
eepARG, and RGI were merged into a single comprehensive col-

ection of tetracycline resistance genes with a cut-off of 50% iden-
ity and e-value < 10 −3 . In all the cases, 50% identity was used
or the primary cut-off criteria for the tetracycline resistance 
enes as none of the predicted gene’s e-value was above 10 −3 .
he antibiotic families were annotated according to the CARD 

atabase nomenclature. We used PlasFlow 1.1 (Krawczyk et al.
018 ) to predict the plasmid or c hr omosomal origin of ARGs in
ur metagenome. We used TPM values (transcript per million, as
riginally described) as normalized gene abundances (Wagner et 
l. 2012 ). TPMs indicate the number of times we would find a gene
hen r andoml y sampling one million genes in the metagenome,

hus accounting for gene length and sequencing depth (Puente- 
ánchez et al. 2020 ). The number of predicted genes for individ-
al tetracycline resistance genes in each resistance taxa were im-
orted into Cytoscape 3.8.2 (Shannon et al. 2003 ) to build the in-
erconnection and association map. Based on the r elativ e abun-
ance, an alluvial dia gr am was used to show the association
mong differ ent tr eatment conditions with the tetr acycline r esis-
ance genes using the R pac ka ge ggalluvial (Rosvall and Ber gstr om
010 , Wic kham 2010 ). Relativ e abundance of ARGs accounting for
 minimum 0.5% of total abundance were used for heatmap repre-
entation using hclust2 ( https:// github.com/ SegataLab/ hclust2 ).
bundance values were log transformed to make the color gradi-
nts in the heatmaps . T he R package ggplot2 (Villanueva and Chen
019 ) was used to r epr esent the box, bar, and PC A plots . All sta-
istical anal yses wer e conducted using R softwar e v ersion 3.5.2 (R
ore Team 2019 ). Box plots for the analysis of r elativ e abundance
f otr (C) were done in GraphPad Prism v.8.4.2 (GraphPad Software,
LC.). 

esults 

axonomic composition of all cultured taxa and 

osts of antimicrobial resistance 

he genus Acinetobacter had the highest taxonomic abun- 
ance across the entire cultured metagenome, follo w ed b y
tenotrophomonas and Pseudomonas . While the genus Acinetobacter 
as more abundant on day 2 under all experimental conditions,
seudomonas tended to be more abundant on day 14 in control
anure and treated soil in experiment B (Fig. 1 A). At the species

e v el, A. calcoaceticus dominated in treated soil on day 2 in both ex-
eriments, and in control soil in experiment S, while A. gandensis

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad148#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad148#supplementary-data
https://sourceforge.net/projects/bbmap/
https://github.com/SegataLab/hclust2
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Figure 1. Relative abundance of (A) bacterial genera in the entire metagenome, (B) predicted hosts from all identified ARGs, and (C) predicted hosts 
fr om tetr acycline r esistance genes in the cultur ed meta genome . T he taxonomy of gener a in the entir e meta genome was identified fr om r aw 

metagenomic sequences using 59 single-copy marker genes through singleM (Woodcroft 2023). Host taxonomy of ARGs and tetracycline resistance 
genes was predicted using SqueezeMeta with the Last Common Ancestor (LCA) algorithm by DIAMOND (Buchfink, Xie and Huson 2015). Relative 
abundances of genera with > 0.1% of total abundance are shown in the figure. All the unclassified genera and those having < 0.1% of total abundance 
ar e gr ouped within “Others”. The genus abundances ar e in descending order. 
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nd A. johnsonii dominated in control manure, especially on day 2
 Fig. S2 ). 

According to the taxonomy of the predicted ARGs hosts, the
 elativ e abundances of the main genera resembled those of the
ntir e meta genome (Fig. 1 B). T hat is , the taxa with the higher rel-
tive abundance were the same when comparing the abundance
f all taxa and the predicted bacterial hosts of AMR. Although
ost of the tetracycline resistance genes were identified in both

seudomonas and Stenotrophomonas in both experiments, genes as-
igned to Pseudomonas dominated under most experimental con-
itions, while those assigned to Stenotrophomonas wer e gener all y
ore abundant in experiment B on day 14 and the control manure

n experiment S on days 14 and 28 (Fig. 1 C). The genus Sphingob-
cterium , as predicted host of tetracycline resistance genes, was
r edominantl y enric hed in contr ol manur e in both experiments
n day 2. 

elati v e a bundance of antibiotic resistance 

enes 

he addition of manure increased the relative abundances of pre-
icted ARGs in cultured bacteria in treated soil, but only in exper-

ment B, where the abundances of ARGs in control soil were sig-
ificantly lo w er than in contr ol manur e (Fig. 2 A). In experiment S,

n which control soils had similar ARGs abundances to those in
anur e, ther e wer e no c hanges in tr eated soil (Fig. 2 A). Ho w e v er,
anure did alter the composition of ARGs, with resistance to the

ominant antibiotic families differing across treatments ( Fig. S3 ).
or example, cultured bacteria in treated soil tended to show a
imilar antibiotic resistome profile to control manure in experi-
ent B on day 2, with differ ences driv en by resistance to rifamycin

r macrolide, among others, at longer incubation times ( Fig. S3a ).
n experiment S, the antibiotic resistome profile of cultured bac-
eria in treated soil resembled that of the control soil on day 2,
ith little influence of manure over time ( Fig. S3b ). In both exper-

ments, a gradual decrease in the abundance of predicted ARGs
n NFGNB was observed over time in control manure and treated
oil (Fig. 2 A). 
re v alence of tetracycline resistance genes 

e did not find significant differences in the r elativ e abundances
f predicted tetracycline resistance genes’ pool among the treat-
ent conditions (i.e. treated soil and control soil and control ma-

ure on days 2, 14 and 28) in both experiments (Fig. 2 B). Ho w e v er,
ultured bacteria in treated soils tended to show differences in
he tetracycline resistome profile compared to the control manure
nd control soil ( Fig. S4 ). In particular, there tended to have higher
 elativ e abundances of tet (E), otr (B), tetA (60), and tet (55) in exper-
ment B ( Fig. S4A ), and higher of otr (B), tet (S), otr (A), and tet (43) in
xperiment S ( Fig. S4b ). 

Genes predicted as multidrug resistance were the most abun-
ant in the cultur ed meta genomes (Fig. 3 ). In experiment B, most
 esistance genes wer e mor e abundant in treated soil than in con-
rol soil (ca. 78% of them), and roughly similar to control manure
ca. 48% of them) (Fig. 3 A; Table S4 ). For example, the addition of

anur e significantl y enric hed abeS , P. aeruginosa mediated soxR ,
nd macB in treated soil (Fig. 3 A; Table S4 ). Inter estingl y, in exper-
ment S, ca. 63% of the genes sho w ed higher abundance in con-
rol soil than in treated soil, and ca. 58% were more abundant in
reated soil than in control manure (Fig. 3 B; Table S4 ). 

otr (C), a tetracycline efflux pump gene, r epr esented the most
bundant tetracycline resistance gene in the metagenome in both
xperiments, follo w ed b y otr (B), tet (59), and tcr3 in experiment B
 Fig. S5a ), and by tcr3 , tet (X), and tetA (60) in experiment S ( Fig. S5b ).
he r elativ e abundance of tcr3 , another efflux pump gene re-

ated to tetracycline resistance, was consistently more abundant
n treated soil than in control soil and control manure ( Fig. S5 ). 

redicted bacterial hosts of tetracycline 

esistance genes 

n our cultur ed meta genome, se v en out of se v enteen gener a
er e pr edicted by SqueezeMeta as hosts of tetr acycline r esistance
enes and wer e shar ed acr oss experimental conditions (Fig. 4 ). Co-
amonas and Diaphorobacter were predicted as hosts of tetracy-

line resistance genes only in treated soil while Burkholderia , Cupri-
vidus , and Paraburkholderia were specific to control soil. Among

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad148#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad148#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad148#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad148#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad148#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad148#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad148#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad148#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad148#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad148#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad148#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad148#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad148#supplementary-data
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Figure 2. Bo x-whisk er plots showing the differences in relative abundance (TPM, indicating the number of times a gene would be found when 
r andoml y sampling one million genes in the metagenome) of (A) all predicted ARGs and (B) specifically tetracycline resistance in different treatment 
conditions . T he alphabetical letter coding has been assigned after the pairwise comparison among treatment conditions follo w ed b y the Tuk e y test 
and FDR correction. Boxes with different letters represent a significant difference. 
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the predicted hosts, the genus Pseudomonas exhibited the most 
div ersified r ange of tetr acycline r esistance genes, particularl y in 

tr eated and contr ol soil, comprising a total of 14 differ ent tetr a- 
cycline resistance genes (Fig. 4 ). Among the 14 tetracycline resis- 
tance genes affiliated with the genus Pseudomonas , five genes (i.e.
tetA (60), tet (H), tet (E), tet (43), and otr (B)) were unique to it (Fig. 4 ).
The genera Stenotrophomonas and Acinetobacter wer e pr edicted to 
hav e se v en and six differ ent types of tetr acycline r esistance genes,
r espectiv el y. Among these, four tetr acycline r esistance genes (i.e.
tet (44), tet (45), tet (48), and tet (59) were unique to Stenotrophomonas ,
and tet (52) along with tet (Y) were unique to the genus Acinetobacter 
in control manure and treated soil. Interestingly, tet (Y) was found 

only in control manure and treated soil but not in control soil. A 

total of six genera including Alcaligenes , Comamonas , Paraburkholde- 
ria, Ochrobactrum, Diaphorobacter , and Mitsuaria were predicted to 
carry only one type of tetr acycline r esistance gene . T he predicted 

hosts of other tetracycline resistance genes such as tet (S), tet (Q),
tet (57), and tet (42) remained unknown. 

Since otr (C) was the major enriched tetracycline resistance 
gene in our study, we compared its relative abundance in con- 
trol soil and control manure with treated soil ( Fig. S6 ). A t-test re- 
v ealed significant differ ences in otr (C) gene abundances between 

Stenotrophomonas and Pseudomonas in experiment S. The r elativ e 
abundance of otr (C) was predicted to be significantly higher in 

the genus Stenotrophomonas in contr ol manur e than in treated soil 
( Fig. S6a ). otr (C) potentially carried by Pseudomonas was enriched in 

tr eated soil compar ed to contr ol soil and contr ol manur e ( Fig. S6b ).
lasmid or chromosomal origin of predicted 

ntibiotic resistance genes 

he most abundant ARGs in the NFGNB meta genome wer e of
 hr omosomal origin (ca. 2 000–8 000 TPMs of c hr omosomal ori-
in vs ca. 100–600 TPMs of plasmid origin) (Fig. 5 A). Indeed, the
bundances of ARGs of c hr omosomal origin resembled those of
ll ARGs among treatments (Fig. 5 A). Overall, predicted ARGs of
lasmid origin tended to be more abundant in control soils in both
xperiments. In the case of tetracycline resistance genes, only ex- 
eriment S had a significantly higher abundance of tetracycline 
esistance genes of plasmid origin in treated soil after 2 and 28
ays compared to the control soil (Fig. 5 B). 

iscussion 

ur r esults fr om shotgun meta genomics of CHROMa gar Acineto-
acter cultures, composed of Acinetobacter spp. and other NFGNB,
ho w ed that the addition of fr esh manur e to pasture soil in lab-
r atory micr ocosms alter ed both the abundance and composi-
ion of predicted ARGs and bacterial hosts, but the effects de-
ended on the soil and incubation time. Using 16S rRNA ampli-
on data, we have previously shown that the genus Acinetobacter
ominated in both experiments, especially in the short term (day
) (Pér ez-Valer a et al. 2022 ). In this study, our metagenomic data
onfirmed the short-term dominance of Acinetobacter and sho w ed
hat it was also the most abundant genus in our study when con-
idering the taxonomic prediction of all detected ARGs. Leclercq 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad148#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad148#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad148#supplementary-data
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Figure 3. Heatmaps of predicted ARGs in the metagenomes from (A) experiment B and (B) experiment S for different treatment conditions are shown. 
Predicted ARGs accounting for a minimum of 0.5% of total abundance are shown on the heatmaps after log tr ansformation. Differ ent AMR classes are 
marked with vertical black lines on the right side of the figures . T he relative abundance of predicted ARGs is plotted with the different gradients of 
blues, complete white being the lo w est and dark blue being the highest abundance. Treatment conditions (i.e., control manure, treated soil, and 
control soil) and time (i.e ., da y 2, da y 14, and day 28) are shown with different colors. 
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t al. ( 2016 ) found a similar short-term burst of Acinetobacter spp.
n soils amended with pig manure and linked this to higher persis-
ence of ARGs in soils . T he short-term dominance of Acinetobacter
pp. along with the high pr e v alence of AMR in this group (Towner
009 ) indicate that they may pose a putative pathogenicity risk,
t least for some time . T he dominant species of Acinetobacter in
ur experiments, that is, A. gandensis and A. johnsonii in control
anure and A. calcoaceticus in treated soil and control soil mi-

r ocosms ar e r eported to inhabit soil and aquatic environments
Doughari et al. 2011 ). Ho w e v er, str ains closel y r elated to A. cal-
oaceticus and A. johnsonii have been cultured from human clinical
pecimens (Seifert et al. 1993 , Nemec et al. 2019 ), confirming the
athogenicity risk that the spread of these Acinetobacter spp. could
ose to the environment. 

Fr esh manur e a pplication on soil significantl y incr eased both
he number of predicted ARGs and their r elativ e abundances in
ur cultured metagenome, as shown in experiment B. Several
tudies hav e alr eady confirmed the ca pacity of r aw cattle ma-
ur e to spr ead ARGs in soil (Chee-Sanford et al. 2009 , Chen et
l. 2017 , Pér ez-Valer a et al. 2019 , Köninger et al. 2021 ), although
 few have explicitly focused on culturable Acinetobacter spp. and
ther NFGNB. For example, Resende et al. ( 2014 ) found multidrug-
 esistant NFGNB in fr esh dairy cattle manur e, whic h r educed the
umber of viable microbial counts after anaerobic digestion. The
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(C)

(A) (B)

Figure 4. Association maps to describe the interconnections between tetracycline resistance genes and their bacterial predicted hosts in (A) control 
manur e, (B) tr eated soil, and (C) contr ol soil. Bacterial gener a and tetr acycline r esistance genes ar e shown in blue and r ed spher es, r espectiv el y. The 
thickness of the connecting arrows is proportional to the relative abundance (TPM) of tetracycline resistance genes in the host taxa. 
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ways ARGs can enter the soil from manure are numerous and in- 
clude the spread of antibiotic-resistant bacteria and the transfer 
of ARGs to native bacteria via horizontal gene transfer (Unc and 

Goss 2004 , Chee-Sanford et al. 2009 ). In experiment B, the similari- 
ties in the dominant NFGNB taxa between treated soil and control 
manure on days 2 and 14 (i.e. mainly the genera Acinetobacter , Pseu- 
domonas and Stenotrophomonas ), in contrast to control soil (mainly 
dominated by the genus Cupriavidus ), provide evidence that bac- 
teria fr om manur e ar e r eac hing the soil, and ar e likel y associated 

with increased AMR. This possibility was also supported by i) the 
fact that most ARGs wer e pr edicted to be of c hr omosomal origin 

and ii) the low incidence of Acinetobacter spp. and other NFGNB 

in the control soil, which was alleviated in treated soil over time.
Ov er all, these r esults support the role of manure in spreading bac- 
eria carrying genes that could relate to AMR in soil. In addition,
he results also indicate that the source soil in experiment B had
ow le v els of Acinetobacter spp. and other NFGNB or that they were
ess competitive (e.g. slow growth) than those from manure, being
 a pidl y displaced. 

A different pattern was detected in experiment S, in which sim-
lar AMR v alues wer e found in all treatments despite their differ-
nces in taxonomic composition. This suggests that different taxa 
arried comparable levels of predicted ARGs. Ho w ever, manure
a y ha v e induced c hanges in the ARG composition in treated

oil, with a resistome profile slightly differing from that in control
oil. For example, tet (Y) assigned to the genus Acinetobacter was
ound in both control manure and treated soil, but not in control
oil, suggesting that Acinetobacter was introduced into the soil by
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(A) (B)

Figure 5. Bo x-whisk er plots showing the r elativ e abundance (TPM, indicating the number of times a gene would be found when r andoml y sampling 
one million genes in the metagenome) of (A) all predicted ARGs and (B) tetracycline resistance genes according to their origin (i.e., from chromosomes 
or plasmids) in different treatment conditions across the time . T he alphabetical letter coding was assigned after a pairwise comparison among 
treatment conditions follo w ed b y the Tuk e y test and FDR correction. Bo xes with differ ent letters r epr esent a significant differ ence. 
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an ure de position or the gene was tr ansferr ed to soil bacteria. In
d dition, man ur e could hav e stim ulated some nativ e soil cultur-
ble Acinetobacter spp. and other NFGNB via changes in the soil
 har acteristics , e .g. increasing soil pH or releasing labile nutrients
Unc and Goss 2004 , Pér ez-Valer a et al. 2022 ). 

Cultur ed NFGNB meta genomes sho w ed similar r elativ e abun-
ances of tetracycline resistance genes under all experimental
onditions. We expected culturable bacteria from manure to have
 higher abundance of tetracycline resistance genes than soil be-
ause the cattle wer e tr eated pr ophylacticall y with tetr acycline,
nd we had pr e viousl y demonstr ated the r ole of fr esh manur e in
ncreasing the abundances of tetracycline resistance genes in soil

icr obial comm unities using quantitativ e PCR-based a ppr oac hes
Kyselk ov á et al. 2015 , Pér ez-Valer a et al. 2019 ). There could be sev-
r al r easons why we did not find suc h a pattern. First, the cultur e
edium used did not contain tetracycline, so bacteria carrying

etr acycline r esistance, often found in mobile genetic elements
uch as plasmids , ma y not necessaril y had gr owth adv anta ge in
he cultures . J echalke et al. ( 2013 ) sho w ed that plasmid carriage

ay confer a fitness disadv anta ge to bacteria when antibiotic se-
ection is absent. Second, we looked for specific tetr acycline r e-
istance genes . T her efor e, we cannot exclude the possibility that
ther genes that confer resistance to tetracycline but are not spe-
ific to it (e.g. multidrug resistance) could be ov err epr esented but
ot accounted for in our analyses . T hird, culturable bacteria in
oil could have high le v els of tetr acycline r esistance genes (or at
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least comparable to those in manure) if soils received manure in 

the past, either antibiotic-treated or untreated (Kyselková et al. 
2015 ). Inter estingl y, we found that the composition of tetracycline 
resistance genes differed across treatments and experiments de- 
spite the similar abundances, suggesting that the taxa composi- 
tion might influence the tetracycline resistome . T his could also 
imply that soil enrichment with potentially risky bacteria and 

genes likel y r elated to AMR fr om manur e continues ov er time.
Ho w e v er, the incr ease in the potential of NFGNB to tr ansfer im- 
portant ARGs to soil over time needs further investigation. 

Pseudomonas spp. and Acinetobacter spp. were the AMR hosts 
with the highest number of tetr acycline r esistance genes pre- 
dicted in our cultured metagenome . T hese two genera have been 

often r eferr ed to by pr e vious studies for being resistant to a di- 
v erse r ange of antibiotics, including tetr acycline (Lupo et al. 2018 ,
P ac hori et al. 2019 ). In fact, although Pseudomonas spp. were ubiq- 
uitousl y pr esent in all the tr eatment conditions in our experi- 
ments, otr (C) genes predicted from Pseudomonas consistently pre- 
v ailed in tr eated soil upon a pplication of manur e, whic h may 
be due to the supply of nutrient source from the manure (Das 
et al. 2017 ). This could be an indirect effect of manure on the 
NFGNB fr om the cultur e in tr eated soil via stim ulation of soil 
bacteria. The use of novel conceptual frameworks, such as mi- 
cr obial comm unity coalescence, could hold the k e y to better ana- 
l yzing envir onmental mixing e v ents, as it occurs in soil after ma- 
nur e a pplication, accounting for c hanges in r esources, abiotic fac- 
tors and biotic interactions that contribute to better predicting 
the transfer of antibiotic resistance into the environment (Rillig 
et al. 2015 ). 

Our data based on culti vation-de pendent selection and 

meta genomics pr ovided e vidence that most detected and cultur- 
able NFGNB were predicted as hosts of ARGs from nearly all fam- 
ilies curr entl y av ailable in antibiotic r esistance databases. Fur- 
thermore, the addition of manure changed the taxonomic com- 
position of culturable NFGNB in the soil, which in turn drove the 
shift in total and tetracycline resistance. Ho w ever, our study is 
limited in that we did not use antibiotics for selection purposes 
or tested our cultures for antibiotic resistance, and therefore, we 
cannot confirm whether the bacteria were resistant to antibiotics 
and whether the genes predicted to be ARGs were functional and 

causing resistance to antibiotics. Indeed, genes predicted to be 
ARGs, especiall y m ultidrug efflux pump genes , ma y also be in- 
volved in other functions not related to antibiotic resistance (Sun 

et al. 2014 ). For example, soxR, which was particularly abundant in 

our study, has been shown to be related to stress tolerance (Palma 
et al. 2005 ), so it should be also considered that not only antibiotics 
but other stressors may be the trigger of suc h ARG. Mor eov er, pr e- 
dicted ARGs might be involved in resistance only after mutation 

(Alcock et al. 2020 ), which we could not detect with our experi- 
mental design. 

The differ ential r esponse of cultur able bacteria in the soil to 
the application of manure illustrates the complexity and dynam- 
ics of the processes involved in the transfer of antibiotic resis- 
tance to soil, with both direct (i.e. soil colonization by bacteria 
fr om manur e) and indir ect effects (stim ulation of nativ e taxa by 
n utrients and micron utrients from man ure) lik ely de pendent on 

the native soil bacteria and the soil properties . T he possibility 
of these e v ents becoming incr easingl y important in the ecosys- 
tem r equir es further attention, r equiring futur e studies using soils 
with different abiotic properties, microorganisms and antibiotic 
resistome that focus on understanding the mechanisms involved 

in the spread of antibiotic resistance in soil after the addition of 
manure. 
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