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Abstract 

Fr esh pr oduce is suggested to contribute highly to shaping the gut r esistome. We inv estigated the impact of pig man ur e and irriga- 
tion water quality on microbiome and resistome of field-grown lettuce over an entire growth period. Lettuce was grown under four 
regimes, combining soil amendment with manure (with/without) with sprinkler irrigation using river water with an upstream wastew- 
ater input, disinfected by UV (with/without). Lettuce leaves, soil, and water samples were collected weekly and analysed by bacterial 
culti v ation, 16S rRNA gene amplicon sequencing, and shotgun metagenomics from total community DNA. Cultivation yielded only 
few clinicall y r elev ant antibiotic-r esistant bacteria (ARB), but numbers of ARB on lettuce incr eased ov er time, while no treatment- 
dependent changes wer e observ ed. Micr obiome anal ysis confirmed a temporal tr end. Antibiotic r esistance genes (ARGs) unique to 
lettuce and water included multidrug and β-lactam ARGs, whereas lettuce and soil uniquely shared mainly glycopeptide and tetra- 
cycline ARGs. Surface water carried clinically relevant ARB (e.g. ESBL-producing Esc heric hia coli or Serratia fonticola ) without affecting 
the overall lettuce resistome significantly. Resistance markers including biocide and metal resistance were increased in lettuce grown 

with man ur e, especiall y young lettuce (increased soil contact). Overall, while all investigated environments had their share as sources 
of the lettuce r esistome, man ur e w as the main source especiall y on young plants. We ther efor e suggest minimizing soil–v egeta b le 
contact to minimize resistance markers on fresh produce. 

Ke yw ords: antibiotic and biocide/metal resistance; fresh produce; irrigation water; manure; microbiome; mobile genetic elements 
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Introduction 

Since the discovery of antibiotics, antibiotic resistance in 

pathogenic bacteria has increased dramatically due to over- and 

misuse in human and veterinary medicine (Davies and Davies 
2010 ). As a r esult, antibiotic-r esistant bacteria (ARB) are being de- 
tected more frequently, not only in clinics but also in the envi- 
ronment including soils and water bodies (Guenther et al. 2011 ,
Graham et al. 2016 , Gekenidis et al. 2018a , Cerqueira et al. 2019 ).
In a nonclinical setting, transmission of ARB to humans occurs 
indir ectl y thr ough handling of contaminated animal and natu- 
r al pr oducts as well as dir ectl y via consumption of contaminated 

foods such as meat, fish, dairy products, or plant-based foods 
(Thanner et al. 2016 ). Fresh produce is of particular interest since 
its popularity as part of a healthy diet has risen in recent years 
(Food and Agriculture Organization of the United Nations 2020 ),
and the frequent raw consumption of such products increases the 
pr obability of ARB tr ansfer to the consumer (Rahman et al. 2022 ).
Recei v ed 25 May 2023; revised 5 July 2024; accepted 30 August 2024 
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Commons Attribution Non-Commercial License ( https://cr eati v ecommons.org/lice
r e pr oduction in any medium, provided the original work is properly cited. For com
his is all the more critical, as produce has been shown to har-
or an impr essiv e div ersity of self-transmissible plasmids carry-

ng multiple resistance genes (Blau et al. 2018 ). 
The cultivation environment of fresh produce, including soil,

rrigation water , and fertilizer , is a reservoir of ARB and antibi-
tic resistance genes (ARGs), which act as a potential source of
ontamination (Thanner et al. 2016 ). Soil is considered a natural
eservoir of ARB and ARGs, where resistance determinants accu- 
ulate due to agricultural land-use and from where drainage into

urface and groundwater can occur (Walsh and Duffy 2013 ). In
urn, contaminated w ater reserv oirs can serve as sour ces of ARB
nd ARGs when used for irrigation of fresh produce (Gekenidis
t al. 2018b ). Strikingl y, waste water tr eatment plants (WWTPs),
hic h continuousl y r elease their effluent into nearby str eams, ar e
ot able to completely eliminate antibiotics or resistance determi- 
ants and have been shown to enrich ARB and ARGs (Czekalski
t al. 2012 ). As a r esult, WWTP disc har ge can lead to incr eased
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e v els of ARB and ARGs in recei ving ri vers (Lekunberri et al. 2018 ,
ee et al. 2021 ), and combined se wer ov erflows can incr ease the
ontamination consider abl y (Lee et al. 2022 ). Further , organic fer -
ilizers such as manure—especially when originating from ani-

als having r eceiv ed antibiotic tr eatment in the past—can add to
he soil resistome (Marti et al. 2013 ), thereby increasing the risk of
r esh pr oduce contamination with ARB and ARGs (Blau et al. 2019 ,
anz et al. 2022 ). Finall y, metal and biocide r esistance should be
onsider ed jointl y with antibiotic r esistance, since co- and cr oss-
esistance (i.e. distinct resistance determinants colocated physi-
ally in a bacterial genome or one resistance determinant con-
erring resistance to anti-infective compounds of several classes,
 espectiv el y) is described fr equentl y and is of clinical concern (Pal
t al. 2015 , Cândido et al. 2019 ). 

It is well established that antibiotic resistance in the environ-
ent is an ancient phenomenon, while the mor e r ecentl y ob-

erv ed incr eased r esistance le v els ar e r elated to human activities
Rothr oc k Jr. et al. 2016 , Iwu et al. 2020 ). There have been efforts to
etermine the natur al occurr ence of antibiotic resistance in pris-
ine envir onments suc h as soil, seawater, or pristine plants, as op-
osed to antibiotic resistance of anthropogenic origin. A multitude
f studies has demonstrated that soils contain high levels of na-
ive ARB carrying a broad arsenal of ARGs (Cytryn 2013 ). A study
solating bacteria from the deep terrestrial subsurface found re-
istance to w ar ds at least one of 13 antibiotics tested in 90% of iso-
ated strains, with nalidixic acid, m upir ocin, and ampicillin resis-
ance being the most frequent (Brown and Balkwill 2009 ). A shot-
un metagenomic study in 17 pristine and remote Antarctic soils
dentified 177 natur all y occurring ARGs, the majority of which en-
oded single or multidrug efflux pumps (Van Goethem et al. 2018 ).
ther common mechanisms related to aminoglycoside, chloram-
henicol, and β-lactam antibiotic r esistance. Inter estingl y, the r e-
earchers describe the lack of mobile genetic elements (MGEs)
anking ARGs. A meta genome-wide anal ysis comparing samples
rom pristine soils and seawater to human, chicken, and pig gut
amples found a m uc h higher concentr ation of intrinsic ARGs in
ristine en vironments , while the abundance of total ARGs was sig-
ificantly higher in gut samples including ARGs against last re-
ort antibiotics (Zeng et al. 2019 ). The two dominant ARG types in
oth pristine envir onments wer e m ultidrug and aminocoumarin.
n another study, psyc hr otr ophic bacteria from Antarctic Marine
 aters w er e all r esistant to ampicillin and more than half to
 hlor amphenicol and str e ptom ycin (De Souza et al. 2006 ). Finally,
n investigation of 111 Enterobacteriaceae from pristine freshwa-
er sho w ed that r esistance to m ultiple antibiotics was common
61%), most fr equentl y to w ar d β-lactams and c hlor amphenicol
Lima-Bittencourt et al. 2007 ). In contrast to soil or water, stud-
es on the innate resistome of plants are rare. An investigation
n the effect of struvite-application on the resistome of the Bras-
ica microbiome revealed the presence of 25 ARGs from eight
ifferent classes unique to the phyllosphere [mainly macrolide–

incosamide–str eptogr amin B ARGs (MLSB) and multidrug], mak-
ng them potentially phyllosphere-specific ARGs (Chen et al. 2017 ).
 mor e extensiv e inv estigation of the same gr oup comprising 12
lant species among which lettuce ( Lactuca sativ a ), r esulted in 172
RGs unique to the plant phyllosphere while the plant host signif-

cantl y affected ARG pr ofiles (Chen et al. 2020 ). The ARGs shared
etween all samples conferr ed r esistance to aminoglycoside, β-
actam, MLSB, multidrug, tetracycline, and vancomycin. Another
ork investigating Sphagnum moss as a plant growing in a pristine
nvironment found a highly diverse resistome, targeting 29 antibi-
tics and covering all major resistance mechanisms with an ex-
r aordinaril y high abundance of efflux pumps ( ≤96%) (Obermeier
t al. 2020 ). As another environment with least anthropogenic in-
uence, the primary vegetation of a retreating glacier was studied
 e v ealing a core set of phyllosphere ARGs across the successional
equence of plants, where multidrug and aminoglycoside ARGs
ere the most abundant (Li et al. 2023 ). Finally, a study of the na-

iv e micr obiome of two model indoor plants detected a variety of
RGs, with m ultidrug r esistance (MDR) as the most pr e v alent r e-
istance category follo w ed b y MLSB (Wicaksono et al. 2023 ). 

The pr e v alence of a br oad v ariety of ARB and ARGs in fresh
roduce including lettuce has been described in many studies

Blaak et al. 2014 , Vital et al. 2017 , Rahman et al. 2022 , Yin et
l. 2022 , Kläui et al. 2024 ). In 2017, the World Health Organiza-
ion defined a priority list of AR pathogens for whic h ne w antibi-
tics are urgently needed, divided into three priority classes: (1)
ritical priority, including carba penem-r esistant (CR) Acinetobac-
er baumannii , CR Pseudomonas aeruginosa , and CR and extended-
pectrum β-lactamase (ESBL)-producing Enterobacteriaceae ; and (2)
igh priority, including v ancomycin-r esistant Enterococcus f aecium
nd methicillin-resistant Staphylococcus aureus , among others. Of
hese clinically significant ARB, many have also been isolated from
ood or environmental sources. For example, ESBL-producing En-
erobacteriaceae and v ancomycin-r esistant Enterococcus spp. (VRE)
ave been isolated from a variety of fresh produce (Reuland et
l. 2014 , Kim et al. 2017 ). Resistant Acinetobacter spp. including A.
aumannii have been isolated from hospital tap water, raw meat,
nd cattle manure (Shamsizadeh et al. 2017 , Malta et al. 2020 ).
seudomonas aeruginosa including CR isolates have been detected
n fresh produce (Kläui et al. 2024 ). Multidrug-resistant as well as
R and ESBL-producing Klebsiella pneumoniae , a member of the En-

erobacteriaceae famil y, hav e been isolated fr om r aw milk, v arious
eats , fruits , and ra w vegetables (Hartantyo et al. 2020 , J unaid et

l. 2022 ). Ne v ertheless, mor e r esearc h is needed to better under-
tand: (1) whic h envir onmental r eservoirs contribute to the tr ans-
er of ARB and ARGs to foods and to what extent (especially to
r esh pr oduce, whic h is exposed to a wide variety of potential con-
amination sources; Drissner and Gekenidis 2023 ), (2) which bac-
erial genera and resistance genes are involved, and (3) whether
esistance determinants persist until harvest in case of an early
ontamination e v ent. 

The aim of the present study was to identify the changes in
icrobiome composition of lettuce as well as potential source mi-

robiomes in soil, manure, and irrigation water, and to tr ac k ARB
nd ARGs from the investigated environmental reservoirs to the
eginning of the plant food chain in order to identify the main
ources of fresh produce contamination. As a model system, we
sed lettuce ( L. sativ a , Salanov a ® Barlac h), gr own on a field of
 conventional lettuce farm. The lettuce was grown under four
onditions, r epr esenting all combinations of conventional, that
s, nonmanured field soil (common practice) or manure-amended
eld soil with untreated or UV-treated river water irrigation. In
 cultur e-based a ppr oac h, we quantified total bacterial numbers
nd pr esumptiv e ARB pr esent in the four environments lettuce
ea ves , soil, water, and manure, and monitored their develop-

ent throughout the lettuce growth period. Our target bacteria
ncluded ESBL-, carba penemase-pr oducing, and fluor oquinolone-
 esistant Esc heric hia coli and K. pneumoniae ; VRE; and A. bauman-
ii and P. aeruginosa . We further c har acterized the micr obiome of
he same four environments using amplicon sequencing, and in-
 estigated their r esistome including r esistance to antibiotics, bio-
ides , and metals . Suc h insights ar e essential to establish com-
r ehensiv e r esistance-monitoring pr ogr ams along the plant food
hain and to develop recommendations for improved agricultural
ractices. 
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Material and methods 

Field site and experimental treatments 

The field trial was conducted in summer 2017 (July and August) on 

a conventional salad farm in the canton of Berne (Switzerland),
in a region known for its fertile peat soils. Mor e specificall y, the 
soil of the selected field site has been classified as calcaric cam- 
bisol. The selected field site is used for lettuce cultivation all year 
long and is shaded by a foil tunnel, which reduces the impact of 
environmental factors such as rain, wind, and UV radiation on 

the plants . T he common practices of the farm included opening 
the foil tunnel on very hot days to avoid overheating, plowing the 
soil befor e eac h ne w cultur e, and sprinkler irrigating with water 
pumped from a nearby river (Saane) receiving up to 9.1% of efflu- 
ents from a WWTP located about 2 km upstr eam (Feder al Office 
of the Environment 2014 ). For the present trial, half of the plants 
were irrigated with UV-disinfected river water. To this purpose, a 
water disinfection device A QU ASTERA/Aqua UVtron ASUV46 was 
used (aquatec solution GmbH, Sc hwarzenbac h, Switzerland), pro- 
viding a minimal UVC irradiance of 26.4 W/m 

2 . Lettuce seedlings 
( L. sativ a , Salanov a ® Barlac h) of 3 g were purchased from a lo- 
cal supplier. Stored pig manure was obtained from a private pig 
farm and used for manual soil amendment after lettuce planting 
while taking special care not to contaminate the seedlings with 

manure . T he con ventional, that is , nonmanured field soil (com- 
mon practice) will be termed ‘conventional soil’ in the follow- 
ing. Ov er all, the lettuce was managed according to the farmer’s 
r ecommended pr actice for planting, irrigation, and temper atur e 
regulation. 

The selected field site consisted of two adjacent patches (to- 
tal: 100 m × 4 m), and each was planted with four rows of let- 
tuce heads (35 cm distance between heads). The patches were 
divided into four sectors fr om fr ont to r ear with buffer zones in 

between them, to compare the common practice to three alter- 
nativ e pr actices (four tr eatments A–D; Fig. S1 ): (A) riv er water and 

conventional soil (common practice), (B) river water irrigation and 

manur e-amended soil, (C) UV-tr eated riv er water irrigation and 

manur e-amended soil, and (D) UV-tr eated riv er water irrigation 

and conv entional soil. Eac h of the four treatment sectors was fur- 
ther divided into 18 sampling plots to provide three harvest repli- 
cates for 6 weeks, each containing eight lettuce heads (576 lettuce 
heads in total). At the end of each treatment sector, four plots con- 
taining eight lettuce heads each served as buffer zones between 

treatments. 

Sampling campaigns 

Prior to the field trial, lettuce seedlings, conventional field soil, ma- 
n ure, and ri ver irrigation water were sampled (week 0 or initial 
condition Z) as described in the r espectiv e section below. Starting 
1 week after planting (week 1), lettuce, soil, and irrigation water 
were sampled weekly during the 6-week lettuce growth period, to 
study microbiome and resistome progression over time . T hree bi- 
ological replicates per treatment and environment (lettuce, soil, 
water, and manure) were collected each week. Plots were ran- 
domly selected for each time point using R (version 3.4.0). Gloves 
w ere w orn at all times and changed betw een treatments. Samples 
were collected in order of cleanness, starting with the UV-treated 

river water irrigation/conventional soil treatment (D > A > C > 

B). Lettuces were always harvested before soil to avoid contami- 
nation of lettuce with soil. All samples were cooled during trans- 
port. Lettuce and soil samples wer e pr ocessed within 8 h, water 
samples within 36 h. 
ettuce harvesting 

 stainless steel knife was used for harvesting and cleaned with
0% ethanol between lettuce heads. Per biological replicate, eight 
ettuce heads were cut ∼1 cm above the soil, excluding the lo w er
ea ves . Special care was taken to ensure that the lettuce was not
ontaminated with soil during sampling. The lettuce leaves were 
ir ectl y tr ansferr ed into sterile plastic ba gs for subsequent anal-
sis . T he plastic bags were sealed, including some air to minimize
queezing of lettuce leaves during transport. 

oil core collection 

fter lettuce heads wer e harv ested, soil samples wer e collected
rom the top 10 cm of soil within 10 cm distance of the har-
ested lettuce heads using a soil corer (2.5 cm diameter). Between
r eatments, the soil cor er was cleaned and disinfected with 80%
thanol. Per biological replicate, eight soil cores were pooled in a
terile plastic bag and mixed thoroughly. 

rrigation water sampling 

efore sampling the untreated river water, 5-l sampling bottles 
ere disinfected with 80% ethanol and rinsed twice with the water

o be sampled. Additionally, two sterile 1-l bottles were filled with
V-disinfected river water by drawing off water at the outflow of

he UV disinfection device. 

ample processing 

ettuce leaf washes 
he plastic bags containing the lettuce leaves were shaken gently
o ensur e pr oper mixing. Eighty gr ams per r eplicate wer e weighed
nto sterile plastic containers and gently transferred into a plas-
ic bottle containing 720 ml of phosphate buffered saline (PBS; 8 g
aCl, 0.2 g KCl, 1.15 g Na 2 HPO 4 , and 0.2 g KH 2 PO 4 in 1 l distilled
ater; pH 7.3). The bottles were then sonicated for 7 min, rotating

hem after 3.5 min to ensure homogenous sonication. The result-
ng leaf wash was sie v ed into sterile glass bottles to avoid further
oaking and disruption of the lettuce. Notably, this procedure was
hosen to recover surface-attached bacteria while omitting in- 
ernalized bacteria, since internalization from contaminated field 

oil has been described to be small or absent (Detert and Schmidt
023 ), ARG numbers detected in root and leaf endophytes have
een found to be markedly lo w er than those on the leaf surface
Zhang et al. 2019 ), and internalized pathogens seem to persist
nly in the short term (Erickson 2012 ). A 30-ml aliquot of each leaf
 ash w as stor ed on ice for later cultiv ation. For DNA extr action,
00 ml of leaf wash were filtered through polycarbonate (PC) filters
0.2 μm pores, 47 mm diameter; Whatman plc, Buc kinghamshir e,
K). Each filter was then carefully transferred into DNeasy Po w er-
ater Kit bead tubes (Qiagen, Venlo, Netherlands), top side facing

nw ar ds. Finally, the DN A tubes w er e shoc k fr ozen in liquid nitr o-
en and stored at −80 ◦C until further processing. 

oil and manure processing 

he plastic bags containing the soil samples were shaken gently
o ensure proper mixing. Soil was sieved (mesh size 2 mm) onto
lean aluminum foil, and the sie v e was cleaned between samples
sing 80% ethanol. Thereof, 20 g (w et w eight) w er e dissolv ed in
80 ml of PBS, vigor ousl y shaken for 1 min, and allo w ed to settle
or 5 min. The supernatant was tr ansferr ed into 100 ml glass bot-
les and left to settle for another 5 min. The supernatant thereof
as stored at 4 ◦C for cultivation. Finally, three times 250 mg of soil

w et w eight) w ere aliquoted into DNeasy Po w erSoil Kit bead tubes

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae118#supplementary-data
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Qia gen), shoc k fr ozen, and stor ed at −80 ◦C for later DNA extrac-
ion. Manure samples (only sampled in week 0 = initial condition
) were treated in the same manner as soil samples. 

rrigation water filtering 

or bacterial culturing, 200 ml of river or UV-treated river wa-
er wer e filter ed in duplicates thr ough cellulose acetate (CA) fil-
ers (0.2 μm pores, 47 mm diameter; Sartorius A G , Göttingen, Ger-

an y). For DNA extr action, 700 ml of w ater w er e filter ed using
wo PC filters (300 ml and 400 ml, r espectiv el y), to avoid filter
logging. The filters were transferred into DNeasy Po w erWater Kit
ead tubes, shock frozen, and stored at −80 ◦C. 

acterial cultiv a tion 

or determination of total heter otr ophic bacteria, R2A a gar was
sed (Merck Millipore, MA, USA). ARB were cultured using com-
erciall y av ailable media. Brilliance TM ESBL and CRE agar (ESBL

nd CRE; Thermo Fisher Scientific, Waltham, MA, USA) were
sed for isolation of ESBL-producing and CR E. coli and Klebsiella
pp. Fluor oquinolone-r esistant E. coli or Klebsiella spp. were cul-
ured on Brilliance TM E. coli /coliform Selective Agar (CM; Thermo
isher Scientific) or Simmons Citrate Agar with 1% (g/g) myo-
nositol (SCA; Sigma-Aldrich, St. Louis, MI, USA) supplemented
ith ciprofloxacin (1 mg/l), respectively. Brilliance TM VRE agar

VRE; Thermo Fisher Scientific) was used for isolation of VRE. Fi-
ally, Acinetobacter spp. and Pseudomonas spp. were cultured on
eeds Acinetobacter Medium (LEE; Hardy Diagnostics, Santa Maria,
A, USA) and Cetrimide Agar with 1% (g/g) gl ycer ol (CTM; Thermo
isher Scientific), r espectiv el y. 

From the prepared leaf and soil washes, 100 μl of each sam-
le wer e spr ead-plated in duplicate on eac h selectiv e a gar type.
or R2A, 10-fold dilutions in PBS were prepared and the most ap-
ropriate two dilutions were plated. For water, duplicate CA fil-
ers were transferred to each agar directly after water filtering. All
lates were incubated at 37 ◦C for 24 h, except for LEE (35 ◦C, 24 h)
nd R2A (25 ◦C, up to 5 da ys). T her eafter, plates wer e inspected for
rowth and when no gro wth w as visible, CRE, VRE, and SCA plates
ere incubated for another 24 h according to instructions. Total

olonies as well as target colonies displaying coloration typical for
ac h selectiv e medium wer e enumer ated. 

ALDI-TOF biotyping 

andomly selected bacterial colonies displaying typical morphol-
gy as well as secondary colonies were identified by Matrix-
ssisted Laser Desorption/Ionization Time-of-Flight (MALDI-TOF)
iotyping with the direct smearing technique described previously

Gekenidis et al. 2014 ). Identifications with a scor e abov e 2.0 were
onsider ed r eliable on species le v el while identifications with a
core between 1.7 and 2.0 were considered reliable on genus level,
s recommended. 

N A extr action, amplicon, and shotgun 

etagenomic sequencing 

otal DN A w as extr acted fr om the w ater- and leaf-w ash-filters
sing the DNeasy Po w erWater Kit, while the DNeasy Po w erSoil
it was used on the prealiquoted soil and manure samples, us-

ng the kit best adapted to each sample type in order to maximize
NA yield and quality. Both kits included a harsh lysis step using
o w erBead tubes and speciall y form ulated cell lysis buffers. All
N A extracts w ere checked using a Quant-iT 

TM High-Sensitivity
sDNA Assay Kit on a Qubit 3.0 Fluor ometer (concentr ation mea-
urement; Thermo Fisher Scientific) as well as a NanoDrop One
pectr ophotometer (purity measur ement; Thermo Fisher Scien-
ific). 

To study the microbial communities, Illumina MiSeq ® se-
uencing of the 16S rRNA gene V3–V4 hyperv ariable r egions was
erformed, using universal primers 341F and 805R (Herlemann
t al. 2011 ). DNA extracts from soil and lettuce were diluted to
 final concentration of 5 ng/ μl, while low-concentrated DNA ex-
r acts fr om w ater w er e concentr ated on an Eppendorf Concen-
rator plus centrifuge (Eppendorf, Hamburg, Germany). Sequenc-
ng libr aries wer e pr oduced following Illumina’s 16S Meta genomic
equencing Library Preparation guide, using Phusion Hot Start II
igh-Fidelity Master Mix (Thermo Fisher Scientific) for amplifi-
ation. The libr aries wer e pooled for pair ed-end sequencing on a
iSeq v3 cartridge (2 × 300 bp; Illumina, San Diego, CA, USA). 
For resistome analysis, samples from weeks 0, 1, and 5 were

elected. Biological replicates were pooled and metagenomic li-
r aries wer e pr epar ed using a NEBNext ® Ultr a™ II FS DNA Library
rep Kit for Illumina (New England Biolabs , Ips wich, MA, USA),
ollowing the high-input protocol including size selection. First,
nzymatic digestion was performed during 10 min. After library
r epar ation, fr a gment size distribution was c hec ked on a D1000
cr eenTa pe System (Agilent Technologies, Santa Clara, CA, USA).
amples w ere bar coded using NEBNext Multiplex Oligos for Illu-
ina (Unique Dual Index Primer P airs; Ne w England Biolabs), ad-

usted to 4 nM, and pooled equimolarly. The pool was sequenced
n a NovaSeq 

TM 6000 System (2 × 250 bp, SP-type flow cell; Illu-
ina). 

ioinformatics 

mplicon sequencing: microbial community data analysis 
he demultiplexed 16S rRNA gene amplicon sequences
er e pr ocessed using USEARCH (detailed pr otocol:
mpSeq_DataPre pRe port, see online Supplementary material ).
riefly, in a first step, the 3 ′ ends of the reads were cut to improve
he subsequent merging. In a next step, the primer regions of the

er ged r eads wer e r emov ed. Befor e clustering, size selection and
uality filtering were performed. The amplicon sequences were
hen clustered into operational taxonomic units (OTUs) with 97%
dentity or into zer o-r adius zO TUs . In addition, the zO TUs were
lustered at an identity of 99%, 98% and 97%. The SILVA SSU
128 database was used as a r efer ence for taxonomic predictions.
fter annotation, clusters classified as mitochondria or c hlor o-
lasts were excluded from downstream analysis, while Archaea
er e r etained for downstr eam anal ysis (detailed r ead statistics:
mpSeq_ReadReport, see online Supplementary material ). 
Micr obial comm unity compositions wer e inv estigated using the

eb-a pplication Cal ypso (v8.84) (Zakrze wski et al. 2017 ) and R
v4.0.2) implemented in RStudio (RStudio Team. 2020 ). Upon im-
ort into Calypso, data was filtered as recommended by allowing
nly samples with more than 1000 sequence reads and taxa with
ess than 0.001% r elativ e abundance across all samples, including

aximally the top 20 000 taxa (filtered by mean). No samples were
ost by the a pplied filtering. Additionall y, cum ulativ e-sum scaling
ith log2-transformation (Paulson et al. 2013 ) was applied to nor-
alize the data. All downstr eam Cal ypso tools were used with

efault settings, unless otherwise indicated. Principal coordinates
nalysis (PCoA) was conducted for visualization in RStudio. 

etagenomics: resistome analysis 
wo major a ppr oac hes wer e used to anal yse meta genomics r ead
ata: a r ead-based anal ysis to detect r esistance genes after min-

mal data processing and thereby least information loss, and an

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae118#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae118#supplementary-data
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assembl y-based anal ysis to explor e the genetic context of r esis- 
tance genes including potential for genetic mobility. 

Read-based analysis 

First, resistance genes were annotated to minimally processed 

reads using two reference databases. To do so, Illumina adapters 
wer e r emov ed fr om r aw pair ed-end r eads using Cutada pt (v1.15) 
(Martin 2011 ), allowing 10% errors. Sequences were then trimmed 

with sic kle (v1.33; pair ed-end, –qual-type Sanger) using a mini- 
mum quality score per window of 20 and a length threshold of 20 
(Joshi and Fass 2011 ). The obtained trimmed r eads wer e pr ocessed 

with DeepARG-SS (identity: 70%, e-value: 1e −10, tar get cov er a ge: 
60% and probability: 0.7) (Arango-Argoty et al. 2018 ) and ARGs- 
OAP (v2.0) (Yin et al. 2018 ) for ARG annotation. The resulting ARG 

tables wer e anal ysed using Micr osoft Excel and RStudio (sum- 
mary tables, PCoA, Venn dia gr am). PCoA was performed on 16S- 
normalized data using the ARGs-OAP v2.0 pipeline in RStudio. 

Assemb l y-based anal ysis 

Second, r aw r eads wer e assembled into contigs, open-r eading 
frames (ORFs) predicted, and resistance genes and genetic mo- 
bility elements annotated using se v er al r efer ence databases 
(detailed pr otocol: MetaSeq_DataPr e pRe port, see online 
Supplementary material ). Briefly, the raw paired-end reads 
wer e first pr ocessed to r emov e ada pters, low complexity and low 

quality r eads, corr ect ov erla ps of at least 30 bp, and discard r eads 
shorter than 100 bp. Lactuca sativa (chromosome and chloroplast) 
DN A w as then r emov ed fr om all samples. The obtained clean 

r eads wer e assembled, and protein-coding genes wer e pr edicted 

while r etaining onl y ORFs longer than 50 amino acids . T he 
obtained ORFs were searc hed a gainst the profile hidden Markov 
model databases Pfam, Resfams (Gibson et al. 2015 ), and TIGR- 
FAMs (Haft et al. 2001 ), as well as the BacMet database (Pal et al.
2014 ) containing antibacterial biocide and metal resistance genes 
(BMRGs). Only hits with bit score > 50 and target coverage > 60% 

were k e pt. All r esults tables wer e filter ed to r etain onl y the best 
annotation for each ORF. TIGRFAMs hits were additionally filtered 

using a list of k e yw or ds (tr ansposase, tr ansposon, conjugativ e,
integr ase, integr on, r ecombinase, conjugal, mobilization, r ecom- 
bination, and plasmid) to retain annotations related to MGEs 
only, as described by Forsberg et al. ( 2014 ). Finally, plasmid tags 
were annotated. For better inter sample comparison, all counts 
w ere normalized b y number of reads per sample to obtain counts 
per one million reads (CPM). 

A Circos plot for visualization of ARG distribution among envi- 
r onments was pr oduced using a fr eel y av ailable online tool (Krzy- 
winski et al. 2009 ). MDR contigs were defined as contigs carrying 
three or more ARGs assigned from the Resfams database. Non- 
metric multidimensional scaling (NMDS) of all samples was con- 
ducted in RStudio using Bray–Curtis distance measure and dimen- 
sions k = 3. 

All R scripts used for data anal ysis ar e av ailable fr om 

GitHub ( https:// github.com/ maria-gekenidis/ lettuce-resistome ). 
The main R-pac ka ges used include ape, DESeq2, labdsv, micro- 
biome, phyloseq, phyloseq.extended, plotly, and vegan. 

Sta tistical anal ysis 

For culture data analysis, bacterial counts were log10- 
tr ansformed and statisticall y compar ed to detect an effect 
of time or treatment using tw o-w ay analysis of variance (tw o-w ay 
ANOVA) and adjusting P -values using Tuk e y’ s or Šídák’ s multiple 
comparison tests (Gr a phP ad PRISM 8, Gr a phP ad Softwar e Inc.,
an Diego, CA). Where no visible growth was observed, half the
imit of detection (LOD/2) was used. Statistical significance was 
ssigned at P < .05. 

In micr obial comm unity data anal ysis, differ entiall y abundant
DA) taxa on lettuce were identified using Calypso at different tax-
nomic le v els by pairwise comparisons {Student’s t -test; P -v alues
djusted for multiple testing using Benjamini–Hoc hber g [False 
iscov ery Rate (FDR)]-corr ection}. Additionall y, the top 10 DA taxa
t eac h le v el wer e identified using the R-pac ka ge DESeq2 (FDR-
djusted P < .05). Alpha-diversity of lettuce communities was 
stimated in Calypso using different measures including Chao1,
hannon Diversity index, and Inverse Simpson’s index (measur- 
ng species ric hness, ric hness and e v enness, and dominance, r e-
pectiv el y), and significant differ ences between time points or
etween treatments were detected by one-way ANOVA. Beta- 
iversity of lettuce communities was measured by Bra y–Curtis ,
 accar d, Unifrac, and weighted Unifrac distances (each taking into
ccount presence/absence, taxa abundance, and/or phylogeny) 
nd compared between time points and between treatments in 

Studio by permutational analysis of variance (PERMANOVA) with 

999 permutations, for diversity measures with homogeneous 
 ultiv ariate dispersions among groups. All P -values were ad-

usted using FDR-correction. 
To quantify the extent to which the observed resistome pro-

les in lettuce correlated with the r espectiv e micr obial comm u-
ity structur e, Pr ocrustes anal ysis was performed using ResistoX-
lorer (default parameters; Dhariwal et al. 2021 ) and RStudio. For
he microbiomes , zO TUs clustered at 99% and annotated with the
ILVA database were used as input, after removing samples not
 epr esented in the resistome data, rarefying to the lo w est depth,
nd merging biological replicates by summing in order to match
he sample structure of the resistome dataset. For the resistome,
bundance tables based on Resfams/BacMet annotations normal- 

zed by CPM were used. 

ata accessibility 

he Illumina MiSeq r aw pair ed-end r eads (ERR4552817–
RR4552843; ERR4552847–ERR4552882, ERR4552890–ERR4552950,
RR4554840–ERR4554892, and ERR4555363–ERR4555379) were 
ubmitted to the European Nucleotide Arc hiv e (ENA) under
roject number PRJEB36754. 

The Illumina Nov aSeq 

™ r aw pair ed-end r eads (ERR3929355–
RR3929377) as well as the trimmed reads (ERR3943975–
RR3943997) were deposited in ENA under project number PR- 
EB36754. 

esults 

ulturing and species identification 

eter otr ophic bacteria and bacterial counts on 

ntibiotic-containing media show temporal variation on 

ettuce and a strong impact of UV-treatment in water 
irst, the change in number of total heterotrophic bacteria on
oung compared to mature lettuce was assessed by counting 
olony forming units (CFU) on R2A plates for lettuce of all treat-
ents harvested at weeks 1 and 5, but no systematic differences
er e observ ed. All counts wer e between 3 × 10 5 and 2 × 10 6 CFU/g.

n soil, counts were significantly higher in week 5 than in week 1
or all tr eatments, incr easing on av er a ge fr om 1 × 10 6 ± 3 × 10 5 

o 4 × 10 6 ± 5 × 10 5 CFU/g wet weight (A: P < .0001, B: P = .0019,
: P = .0015, and D: P = .0006). Finally, as expected UV-treatment
esulted in a reduction of total heter otr oph counts (week 1: from

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae118#supplementary-data
https://github.com/maria-gekenidis/lettuce-resistome
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 × 10 3 ± 1 × 10 3 to 9 × 10 2 ± 7 × 10 2 CFU/100 ml, ns; week 5:
rom 7 × 10 5 ± 5 × 10 5 to 7 × 10 3 ± 4 × 10 3 CFU/100 ml, P = .0029).

In a next step, bacterial counts on c hr omogenic plates selec-
ive for ESBL-producing Enterobacteriaceae , CRE, and VRE were de-
ermined by plating and counting total CFU. Additionally, bacte-
ial colonies displaying coloration typical of the target bacteria
or each selective plate were enumerated as presumptive target
acteria, since typical coloration may be displayed by nontarget
acteria as well. Bacteria targeted by ESBL and CRE agar may in-
lude the Klebsiella spp., Enterobacter spp., Serratia spp., and Cit-
obacter spp. (KESC) group as well as E. coli . In the following, these
ounts ar e collectiv el y r eferr ed to as ARB counts, although in-
rinsicall y r esistant bacteria can gr ow on the mentioned selectiv e
lates when plating environmental samples. 

Total counts from lettuce on ESBL agar significantly increased
ver time for all four treatments on average from 3 × 10 4 ± 1 × 10 4 

o 3 × 10 5 ± 1 × 10 5 CFU/g (A[w1 versus w6]: P = .0001, B[w1 versus
6]: P = .0385, C[w1 versus w6]: P = .0056, and D[w1 versus w5]: P =

0014), while no clear trend was observed for either presumptive
ESC or pr esumptiv e E. coli (data not shown). In soil, all counts
ere stable over time with only a few exceptions (data not shown).
inall y, UV-tr eatment of riv er water al ways significantl y r educed
acterial counts on ESBL agar (total: 4 × 10 1 –5 × 10 2 CFU/100 ml;
r esumptiv e KESC: 2 × 10 −1 –4 × 10 0 CFU/100 ml; pr esumptiv e E.
oli : 2 × 10 −1 –2 × 10 1 CFU/100 ml) below detection. 

As for total counts on ESBL agar, total counts from lettuce on
RE a gar consistentl y incr eased ov er time for all four tr eatments

rom 2 × 10 4 ± 4 × 10 3 to 3 × 10 5 ± 8 × 10 4 CFU/g on av er a ge
A[w1 versus w6]: P < .0001, B[w1 versus w6]: P < .0001, C[w1 ver-
us w6]: P = .0060, and D[w1 versus w6]: P < .0001). A similar trend
as observed for presumptive KESC counts though not significant,
hile pr esumptiv e E. coli wer e mainl y detected in weeks 1 and
, and were mostly below detection thereafter (data not shown).
n soil, all counts fluctuated with no significant differences (data
ot shown). Finall y, UV-tr eatment of riv er water r educed bacterial
ounts on CRE agar (total: 6 × 10 1 –1 × 10 3 CFU/100 ml; presump-
ive KESC: 3 × 10 0 –1 × 10 2 CFU/100 ml; and pr esumptiv e E. coli : 6

10 −1 –7 × 10 0 CFU/100 ml) by up to nearly three log units. 
As for ESBL and CRE plates, total counts from lettuce on VRE

lates increased with time on av er a ge fr om 2 × 10 3 ± 2 × 10 2 to
 × 10 5 ± 5 × 10 4 CFU/g (A[w1 versus w5]: P = .0039, B[w1 versus
5]: P < .0001, C[w1 versus w5]: P = .0185, and D[w1 versus w4]:
 < XXX). In soil, total VRE counts were mostly stable over time
ith a few exceptions (data not shown), while UV-treatment of

iver water significantly reduced total VRE counts (2 × 10 0 –7 × 10 1 

FU/100 ml) to below detection (except week 1: reduction to 1 ×
0 1 ± 4 × 10 0 CFU/100 ml). Notably, colonies displaying coloration
ypical of the target bacteria on VRE agar were never detected. 

Ov er all, significant incr eases in ARB numbers wer e observ ed for
ettuce over time within treatments, while significant differences
etween treatments of the same time point were rare and with no
iscernable patterns. In soil, ARB numbers were usually stable or
uctuated without correlation to time or treatment. Ho w ever , UV -
reatment of river water mostly significantly reduced total as well
r esumptiv e bacterial counts on all three antibiotic-containing
edia. 

ALDI biotyping reveals rare occurrence of clinically 

elevant ARB 

o further investigate bacterial composition on the c hr omogenic
electiv e a gar plates, r epr esentativ e colonies displaying typical
oloration as well as secondary colonies were identified at genus
nd species le v el using MALDI biotyping ( Tables S2 –S6 ). 
ESBL a gar plates wer e dominated by Pseudomonas spp. Addi-
ionally, Enterobacter cloacae was detected once on lettuce grown
n conventional soil with UV-treated river water irrigation (week
), E. coli once in river water (week 4), and Serratia fonticola three
imes in river water (weeks 1–3; Table S2 ). Notably, E. coli was also
dentified in river water (week 4) and in manure on ciprofloxacin-
upplemented CM plates (data not shown). Of the species tar-
eted by CRE a gar, onl y Klebsiella oxytoca was detected on lettuce
r own on manur e-amended soil irrigated with river water (week 1;
able S3 ). On the other hand, no cipr ofloxacin-r esistant Klebsiella
pp. were identified on SCA plates (data not shown). 

On VRE agar plates, Enterococcus spp. could not be identified
t any time, while Sphingomonas spp., Sphingobacterium spp., and
seudomonas spp. were the most frequent genera ( Table S4 ). Fi-
all y, on CTM and LEE a gar all identified species belonged to the
 espectiv el y tar geted gener a Pseudomonas spp. and Acinetobacter
pp. ( Tables S5 and S6 ). Notably, the clinically important species P.
eruginosa was detected only sporadically and A. baumannii not at
ll. We ther efor e assumed that lettuce is not an important source
or these species and did not investigate their resistance potential
urther. Of importance, other species of the genera Pseudomonas
nd Acinetobacter are also known as reservoirs of antibiotic resis-
ance, including for example P. putida and P. fluorescens (Sabour et
l. 2023 ), or A. bereziniae and A. johnsonii (Sheck et al. 2023 ) detected
y culturing in this study. 

icrobiome analysis 

icrobial communities show temporal shifts in lettuce and 

 strong impact of UV-treatment in water 
o complement culture-based findings, bacterial communities of
ettuce, soil, water, and manur e wer e c har acterized by sequenc-
ng of 16S rRNA gene fr a gments amplified fr om comm unity DNA.
n the leaves of lettuce seedlings before planting, the promi-
ent phyla were Parcubacteria followed by Proteobacteria, Planc-
omycetes, and Actinobacteria (Fig. 1 A, week 0). One week after
lanting, the latter three phyla were still dominant, while Par-
ubacteria were almost undetectable (Fig. 1 A, week 1). Addition-
ll y, r elativ e abundance of Chloroflexi had incr eased compar ed to
eek 0. As the plants gr e w, Pr oteobacteria became incr easingl y
ominant until they accounted for more than 90% of the commu-
ity in most samples by week 5. Finally, 6 weeks after planting,
he communities most resembled 1-week-old lettuce communi-
ies , with o v er all a striking decr ease in the r elativ e abundance of
roteobacteria but increased Acidobacteria, Actinobacteria, Chlo-
oflexi, and Planctomycetes as compared to week 5 (Fig. 1 A, week
). In contrast to this clear shift in communities over the growth
eriod, no systematic differences were detected between the dif-
er ent tr eatments within eac h time point. Onl y notable exception
as treatment A of week 6, with more than double the relative
bundance of Proteobacteria compared to the other three treat-
ents (Fig. 1 A). 
In manure samples, Proteobacteria dominated with a relative

bundance of more than 90% (Fig. 1 B, panel M). On the other hand,
oil communities were very stable over time regardless of the ap-
lied treatment, and displayed Planctomycetes as dominant phy-

um, follo w ed b y Chlor oflexi, Acidobacteria, Pr oteobacteria, and
ctinobacteria (Fig. 1 B). Notabl y, soil comm unities ov er all most

esembled lettuce communities of weeks 1 and 6 (Fig. 1 A). 
The micr obial comm unities of the water samples were more

iv erse, e v en within time points (Fig. 1 C). The dominant phyla
n both untreated and UV-treated river water included Acti-
obacteria, Bacteroidetes, Parcubacteria, and Proteobacteria. In

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae118#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae118#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae118#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae118#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae118#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae118#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae118#supplementary-data
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Figure 1. Relative abundance of the 10 most abundant microbial phyla in communities of (A) lettuce, (B) manure (M) and soil (S), and (C) water. For 
lettuce (A), the four treatments are shown with black to light gray bars below the bar plots (A: untreated river water/conventional soil; B: untreated 
ri ver water/man ure; C: UV-treated river water/manure; and D: UV-treated river water/conventional soil); for water (C), untreated or UV-treated river 
water is shown with blue or red bars, respectively. The numbers above the bar plots (A) and (C) indicate sampling time in weeks (0–6). 
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weeks 0, 5, and 6, no clear effect of UV-treatment was detected,
while in weeks 1–4, UV-tr eated riv er water contained a ppr oxi- 
mately twice as many Proteobacteria as untreated river water,
accounting for nearly 100% in most cases (Fig. 1 C). Notably, in 

the weeks with a clear effect of UV-treatment (weeks 1–4), Pro- 
eobacteria were the dominant phylum in the untreated river 
ater already (that is, before UV-treatment), while in the weeks 
ith no clear effect of UV-tr eatment, ther e was not one phylum

learly dominating the microbial community of untreated river 
ater. 
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ic.oup.
linically relevant bacterial families on lettuce show 

empor al v ariations in relative abundance 
or a more detailed analysis of lettuce communities, relative
bundance of the top 50 bacterial families was visualized in a
eat ma p (Fig. 2 ). A tempor al shift in the r elativ e abundance
f families targeted in the culture-based approach ( Enterobacteri-
ceae , Moraxellaceae , and Pseudomonadaceae in cluster-3), c har acter-
zed by an increase in relative abundance from medium to high
rom weeks 1 to 2, follo w ed b y a steadily high r elativ e abundance
hrough week 5, and a final steep decrease in relative abundance
n week 6. Typical soil bacteria such as Tepidisphaeraceae , Caldilin-
aceae , and Intr aspor angiaceae (cluster-1) or Gemmatimonadaceae , Ni-
rosomonadaceae , Rhodospirillaceae , Cytophagaceae , and Verrucomicro-
iaceae (cluster-2) (Huang et al. 2019 , Corr oc hano-Monsalv e et al.
020 , Hannula et al. 2020 ) were abundant from planting until
eek 2, after which their relative abundance decreased until week
, and was incr eased a gain in the last sampling (week 6). Impor-
ant to note is that optically, the lettuces from week 5 (optimal
arv est point) markedl y differ ed fr om the ov ersized and partiall y
lready decaying lettuces from week 6. Further of note, treatment
 of week 6 markedl y differ ed fr om the other tr eatments of week
 s  

igure 2. Relative abundance of the top 50 families detected by 16S rRNA gene
weeks 0–6). Blue to red coloration shows low to highly abundant families, resp
ultur e-dependent a ppr oac h ar e highlighted (r ed boxes). Samples ar e order ed 
: before planting; treatments on the field: A (untreated river water/conventio
ater/manure), and D (UV-treated river water/conventional soil)]. Three distin

c

 (Fig. 2 ), as already observed in the relative abundance bar plots
Fig. 1 A). Finall y, the r elativ e abundance of tar get bacteria on let-
uce was visualized in dot plots and at different taxonomic le v els
rom genus to class ( Fig. S3 ). At all levels, the observed differences
etween sampling time points were highly significant (one-way
NOVA, P -values in Fig. S3 ). For γ -Proteobacteria, including the

ar get gr oups Enterobacteriaceae , Pseudomonas spp., and Acinetobac-
er spp., a common trend of increasing relative abundance from
eeks 0 to 5 with a drastic decrease in week 6 was observed at all

axonomic le v els. No clear tempor al tr end was observ ed for En-
erococcus spp., except at class le v el wher e r elativ e abundance of
acilli increased during the first 2 weeks but dropped below ini-
ial le v els in week 6. The class Bacilli , ho w e v er, also includes man y
ontarget bacteria. When comparing treatments instead of time
oints, no significant differences were detected (one-way ANOVA,
 ≥ .01; data not shown). 

ifferential abundance analysis confirms increased 

bundance of clinically relevant taxa on mature lettuce 
ext, the impact of lettuce age, irrigation water quality, and

oil amendment on the abundance of taxa including clinically
 amplicon sequencing on lettuce throughout a complete growth period 
ectively (arbitrary units). Families containing bacteria targeted in the 

first by sampling time in weeks (0–6), then by condition [initial condition 
nal soil), B (untreated river water/manure), C (UV-treated river 
ct clusters are marked with brackets. 
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ic.oup
r ele v ant bacteria on lettuce was explor ed. DA taxa wer e identified 

among the 200 most abundant taxa at different taxonomic lev- 
els under three conditions: (1) young versus mature lettuce [week 
1 (first samples after planting) versus week 5 (optimal harvest 
point)], (2) lettuce irrigated with untreated versus UV-treated river 
water, and (3) lettuce grown with or without manure was investi- 
gated. Se v er al of the target taxa were significantly more abundant 
on matur e compar ed to young lettuce of all treatments (Fig. 3 A),
with fold changes ranging from 1.4 to 4.6 ( Table S7 ). Of these, Enter- 
obacteriaceae , Pseudomonadaceae , and Moraxellaceae were among the 
top 10 families with increased abundance on mature compared 

to young lettuce ( Fig. S4 ). On the other hand, manure application 

or irrigation water quality resulted in only few DA taxa on lettuce,
ne v er including any of our target taxa of clinical relevance (data 
not shown). Of note, species of the genera Pseudomonas and Acine- 
tobacter other than our target species were not detected among 
these DA taxa. 
Figure 3. (A) DA target taxa on lettuce, identified among the 200 most abundan
lettuce (w1: week 1; n = 12) to mature lettuce (w5: week 5; n = 12). Significant d
and P -value correction using FDR. ∗∗∗: P < .001. In all cases, abundance was sig
lettuce microbial community structures over time, measured by Bray–Curtis (t
replicate sample (two samples for time 0; three samples per time point, and tr
at 95%. The clustering r e v ealed a clear temporal shift of lettuce communities. 
no distinction of treatments within the time points was made. 
iversity in lettuce microbial communities decreasing over 
ime, but no treatment effect 
icr obial species ric hness, e v enness, and dominance in lettuce

omm unities wer e estimated with the Chao1, Shannon Div ersity,
nd Inverse Simpson’s index. A significant decrease was observed 

rom weeks 0 to 5 ( Fig. S5 A). In the last sampling (week 6), all three
ndices increased again approximately to initial levels . T his devel-
pment was highly significant at all taxonomic levels (one-way 
NOVA, P < .001) and coincides with the gradual increase and
teep decrease of Proteobacteria proportions observed over time 
Fig. 1 A). Consistent with our observations when investigating in-
ividual taxa, there was usually no significant difference between 

reatments (one-way ANOVA, P ≥ .05; Fig. S5 B). In the mar ginall y
ignificant cases, initial condition Z sho w ed increased diversity
ompared to treatments A–D. 

Structur al differ ences between micr obial comm unities wer e
easured considering taxa abundance and/or phylogeny 
t taxa. Lettuce treatments were pooled by time point to compare young 
ifferences were detected by pairwise comparisons using Student’s t -test 
nificantly increased on mature compared to young lettuce. (B) PCoA of 

op) and Unifrac (bottom). Each point indicates a lettuce biological 
eatment for times 1–6). Time is indicated in weeks; confidence ellipsoids 
In contrast, no clustering was observed by lettuce treatment, wherefore 
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sec/article/100/10/fiae118/7746776 by Bibliothe
J accar d, Bra y–Curtis , Unifrac , and weighted Unifrac). Since
ll measures yielded similar results, only Bray–Curtis and Unifrac
r e pr esented. PCoA visuall y confirmed an effect of time on
ettuce comm unity structur es: a time shift can be observed as
ell as clear separation of freshly planted from mature lettuce

week 1 versus week 5; Fig. 3 B), with lettuce seedlings (week 0) in
etween the two. Lettuces of week 6 clustered tightly and were
ore similar to week 1 lettuces. When looking at all investigated

ystems jointly, it becomes evident that week 1/6 lettuce commu-
ities resemble soil communities in their structure ( Fig. S6 ). For
iv ersity-measur es with homogeneous m ultiv ariate dispersions
mong gr oups, beta-div ersity was significantl y differ ent among
ll time points with exception of pair week 3/4 ( Table S8 ). In con-
r ast, initial condition Z onl y mar ginall y differ ed fr om the four
reatments, becoming nonsignificant after P -value adjustment
 Table S9 ). 

esistome analysis 

ore ARGs detected in all environments mainly belong to 
lass of multidrug ARGs 
he antibiotic resistome of lettuce, soil, w ater, and manure w as in-
estigated. In total, 326 ARG subtypes were identified. An overview
f the number of ARG subtypes [grouped by antibiotic (AB) class]
etected in the four environments is shown in Fig. 4 (A). The high-
st diversity of ARGs was detected in lettuce samples ( n = 256),
ollo w ed b y w ater ( n = 141), soil ( n = 102), and manure ( n = 95).
n terms of shared ARGs, lettuce shared most ARGs with wa-
er and second most with soil ( n = 126 and n = 94, r espectiv el y;
ig. 4 B). All four environments had 30 ARGs in common (core
RGs; Table 1 ), most of which belonged to the class of multidrug
RGs encompassing mainly genes encoding efflux pumps. Further
f inter est, aminogl ycoside ( aadA , aph(6)-I ), β-lactam (metallo-
-lactamase), gl ycopeptide ( v anR , v anX ), sulfonamide ( sul2 ), and
etracycline ( tetA ) ARGs were among the core ARGs . T he detailed
ists of ARGs shared between lettuce and the other three en-
ir onments ar e pr ovided in Tables S10 –S12 . Among the ARGs
niquel y shar ed between lettuce and w ater w er e mostl y MDR
nd β-lactam ARGs ( Table S10 ), whereas lettuce and soil uniquely
igure 4. ARGs from lettuce, soil, water, and manure for sampling weeks 0, 1, a
adA , vanR , and tetA ). (A) Number of ARG subtypes grouped by antibiotic (AB) c
istribution of ARG subtypes between lettuce, soil, water, and manure. Counts
 espectiv e intersections. 
har ed mainl y gl ycopeptide and tetr acycline ARGs ( Table S11 ),
nd only four ARGs were unique to lettuce and manure ( Table
12 ). The distribution of ARGs by class among environments
as very homogeneous, with efflux-related ARGs being the most
rominent in all en vironments , follo w ed b y β-lactam related ARGs
 Fig. S7 ). 

ample clustering by ARG profiles reveals impact of 
anure application on lettuce resistome 

amples wer e cluster ed using their ARG pr ofiles with Br ay–Curtis
accounting for ARG presence/absence as well as abundance) or
 accar d (accounting for ARG presence/absence only) as distance

easures, to visualize sample similarities. Soil samples all clus-
er ed v ery tightl y, irr espectiv e of irrigation r egime or amendment
Fig. 5 ). In young lettuce (week 1), a clear separation between treat-

ents A/D and B/C was evident (without and with manur e, r e-
pectiv el y), whic h was mor e pr onounced when onl y ARG pr es-
nce/absence was considered (Fig. 5 B). A similar tendency was ob-
erv ed in matur e lettuce (week 5), though m uc h less pr onounced.
V-treatment of water lead to a clear separation that was more
ronounced when considering ARG presence/absence only. Fi-
all y, manur e cluster ed closest to young lettuce gr own in manur e-
mended soil (Fig. 5 B). 

DR proportions are increased manifold in mature lettuce 
nd UV-treated river water 
he effect of lettuce growth time, manure application, and UV-
reatment on the proportions of MDR contigs (number of MDR
ontigs per total contigs) was investigated (Fig. 6 A). MDR con-
ig proportions in soil were very low irrespective of treatment
 < 0.15%), while manure had a proportion of roughly 2%. Of all
amples, the highest proportions of MDR contigs were found in
atur e lettuce gr own on manur e-amended soil (L5B and L5C)

nd in UV-tr eated riv er water (W1B and W5B). Compared to un-
reated water , UV -treated water had at least four times increased
DR pr oportions, and matur e lettuce samples had at least 2-fold

ncr eased MDR pr oportions compar ed to young lettuce samples
Fig. 6 A), the difference being most pronounced when grown with
nd 5, as determined by dee pARG and en umer ated at subtype le v el (e.g. 
lass, detected in eac h envir onment. (B) Venn dia gr am showing 
 of unique as well as shar ed ARG subtypes ar e displayed in the 
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Table 1. Core ARGs shared between all four environments (lettuce, soil, water, and manure), as identified by deepARG (identity: 70%, 
e-v alue: 1e −10, tar get cov er a ge: 60%, and pr obability: 0.7). Numbers ar e 16S-normalized r ead counts. L: lettuce; M: manur e; S: soil; W: 
water; and avg: av er a ge of all positive samples. MLSB: macr olide–lincosamide–str eptogr amin B ARGs. 

Class Subtype L_avg M S_avg W_avg 

Aminoglycoside AADA 1.7E −03 1.4E −02 1.9E −03 1.2E −03 
Aminoglycoside APH(6)-I 1.4E −03 5.6E −03 3.4E −03 1.0E −03 
Bacitracin BACA 1.5E −01 3.6E −02 1.5E −01 2.1E −01 
β-lactam MET ALLO- β-LACT AMASE 4.8E −03 6.5E −04 7.5E −03 8.8E −03 
Fluoroquinolone QACH 7.2E −04 3.2E −03 3.1E −03 3.5E −03 
Fosmidomycin ROSA 2.6E −02 2.3E −03 3.8E −02 2.2E −02 
Glycopeptide VANR 3.2E −02 1.0E −02 1.7E −01 6.5E −03 
Glycopeptide VANX 1.9E −03 1.4E −03 7.8E −03 2.4E −04 
MLSB MACA 2.2E −02 1.2E −03 1.0E −02 4.1E −02 
MLSB VATF 4.4E −03 2.0E −03 1.1E −02 1.7E −02 
Multidrug/efflux ABES 1.3E −02 1.7E −03 4.3E −03 1.5E −02 
Multidrug/efflux ACRB 6.3E −02 1.2E −02 3.1E −02 3.5E −02 
Multidrug/efflux MEXA 3.2E −02 2.5E −03 2.7E −03 2.4E −02 
Multidrug/efflux MEXB 7.0E −02 6.0E −03 9.4E −03 8.9E −02 
Multidrug/efflux MEXF 6.3E −02 8.0E −04 8.8E −02 5.3E −02 
Multidrug/efflux MEXK 6.9E −02 2.6E −03 2.7E −02 5.9E −02 
Multidrug/efflux MTRA 3.4E −02 2.2E −03 8.0E −02 1.0E −02 
Multidrug/efflux OMPR 1.1E −01 5.1E −03 5.1E −02 1.6E −01 
Multidrug/efflux OPRM 5.2E −02 1.3E −03 3.7E −03 7.6E −02 
Multidrug/efflux RPOB2 1.0E −01 1.1E −01 4.3E −01 1.3E −01 
Multidrug/efflux SMEE 6.5E −03 2.4E −03 1.2E −02 6.2E −04 
Peptide UGD 1.7E −02 5.8E −02 1.3E −02 3.4E −02 
Phenicol CAT 1.7E −03 1.3E −03 2.2E −03 5.9E −04 
Phenicol CATB 5.8E −04 1.5E −03 1.7E −03 1.0E −03 
Rifamycin ARR 1.3E −02 1.7E −03 4.7E −02 1.9E −03 
Rifamycin RBPA 5.6E −03 2.8E −04 1.7E −02 4.2E −04 
Rifamycin RPHB 4.6E −03 1.8E −03 2.8E −02 9.7E −04 
Sulfonamide SUL2 4.3E −04 1.4E −02 2.7E −03 7.1E −04 
Tetracycline TETA 3.7E −03 3.2E −03 5.0E −03 6.6E −04 
Unclassified C AMP-REGULAT OR 7.6E −02 2.7E −03 7.7E −03 2.4E −02 

Figure 5. PCoA based on ARG annotation by ARGs-OAP v2.0 (16S normalized; subtype-le v el). (A) Br ay–Curtis: sample distance measur ed taking ARG 

presence/absence and abundance into account; (B) J accar d: sample distance measured taking ARG presence/absence into account only. Black/red 
arrows mark young lettuce grown without/with manur e, r espectiv el y. Sample codes: initial letters indicate environment [L (lettuce), M (manure), S 
(soil), and W (water)]; numbers indicate sampling weeks; terminal letters indicate conditions [initial condition Z: before planting; lettuce treatments: A 

(untr eated riv er water/conv entional soil), B (untr eated riv er water/manur e), C (UV-tr eated riv er water/manur e), and D (UV-tr eated riv er 
water/conventional soil); water treatments: A (untreated); B (UV-treated)]. 
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Figure 6. (A) Proportions of MDR contigs per total contigs. An MDR contig was defined as a contig carrying three or more ARGs annotated from the 
Resfams database. (B) Mobility incidence of ARGs and/or BMRGs (bars) as well as ARG–BMRG coresistance per sample (circles; green: lettuce; purple: 
manur e; or ange: soil; and blue: water). Sample codes: initial letters indicate envir onment [L (lettuce), M (manur e), S (soil), and W (water)]; numbers 
indicate sampling weeks; terminal letters indicate conditions [initial condition Z: before planting; lettuce treatments: A (untreated river 
water/conventional soil), B (untreated river water/manure), C (UV-treated river water/manure), and D (UV-treated river water/conventional soil); water 
treatments: A (untreated); B (UV-treated)]. 
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ncreased abundance of antibacterial BMRGs in mature 
er sus y oung lettuce 
o investigate whether—additionally to antibiotic resistance—
iocide and metal resistance contributed to differences between
nvir onments and tr eatments, BMRGs wer e annotated (see on-
ine Supplementary material for details). Ov er all, in all four en-
ironments the most abundant BMRG [counts per one million
eads (CPM)] was tupC , conferring resistance to the metal tungsten
W), immediately follo w ed b y znuC / yebM , encoding zinc (Zn) resis-
ance . T hird most frequent was wtpC in lettuce, water, and manure
nd modC in soil, both conferring tungsten- and molybdenum (Mo)
esistance . T he top three BMRGs best discriminating young from

ature lettuce when comparing av er a ge CPM v alues wer e fbpC
iron (Fe) and gallium (Ga) resistance], wtpC , and adeL [sodium
odecyl sulfate (SDS)/ethidium br omide/safr anin O/acridine or-
nge resistance], all detected at much higher abundance in ma-
ure than in young lettuce. In young lettuce, treatments A/D (no

anure) could best be discerned from treatments B/C (manure) by
deL , fbpC , and zraR / hydH (Zn resistance), the two latter of which
ere among the top ten BMRGs detected in manure. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae118#supplementary-data
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Lettuce BMRG-profiles reveal high coresistance to 
antibiotics, and confirm effect of growth time and manure 
application 

The frequency of antibiotic–biocide/metal coresistance per sam- 
ple was estimated, that is, the proportion of contigs carrying both 

ARGs and BMRGs in all contigs of a given sample (Fig. 6 B). On aver- 
a ge, matur e lettuce had a higher proportion of contigs conferring 
coresistance to antibiotics–biocide/metals compared to young let- 
tuce (38.9 ± 1.0% versus 31.1 ± 1.0%). Soil had on average the low- 
est proportion of coresistance (28%). In UV-treated river water, av- 
er a ge cor esistance was higher than in untr eated riv er water (36.9 
± 0.7% versus 30.1 ± 2.0%). 

A clustering using NMDS was performed on all samples based 

on Resfams and/or BacMet annotations, to compare sample clus- 
tering when considering antibiotic or biocide/metal resistance ei- 
ther separ atel y or jointl y. The clustering was v ery similar whether 
considering either ARGs or BMRGs, which can be expected in case 
of a significant co- and cr oss-r esistance to these compounds (clus- 
tering not shown). Ov er all, lettuce samples cluster ed as alr eady 
observed in the PCoA analysis, that is, according to sampling time 
while within time clusters treatments A/D or B/C were more sim- 
ilar to each other. 

Genetic mobility analysis shows high prevalence of 
Pr oteobacteria-associated r esistance plasmids and 

dominance of multidrug/efflux ARGs in all samples 
Since the tr ansfer ability of r esistance between bacteria is a ma- 
jor concern, the genetic context of ARGs and BMRGs was inves- 
tigated by looking for proximal mobility elements. A mobility in- 
cidence (M%) per sample was calculated for ARGs , BMRGs , and 

their combination, defined as the percentage of resistance gene- 
encoding contigs flanked with at least one mobility indicator in 

all resistance contigs (Ju et al. 2019 ). Generally, BMRG mobility in- 
cidence was higher than ARG mobility incidence (Fig. 6 B), espe- 
cially in lettuce. On the other hand, contigs carrying both ARGs 
and BMRGs were always the less mobile of the three. In lettuce,
mature plants displayed higher av er a ge mobility incidence than 

young plants, and within time points, treatments A and D (no ma- 
nure) had the lo w est mobility incidence. Soil samples had very 
low mobility incidences ov er all (Fig. 6 B), just as was observed 

for proportions of MDR contigs (Fig. 6 A). Finally, UV-treatment 
of water clearly increased mobility incidence of all—ARGs, BM- 
RGs, and their combination—as compared to untreated river 
water. 

The MGEs most typically linked to BMRGs were the tyrosine re- 
combinases xerC and xerD , the recombination mediator recR , and 

the conjugative transfer ATPase cagE . These four jointly made up 

more than half (57.2%) of all detected MGEs. Interestingly, the 
above-mentioned four MGEs were likewise the most frequently 
linked to ARGs, again making up more than half (51.3%) of all de- 
tected MGEs. 

Plasmid tag annotation using PlasFlow revealed proportions 
of ARG plasmid contigs in all ARG contigs in the different sam- 
ples (Fig. 7 A). On av er a ge, matur e lettuce had higher ARG plas- 
mid proportions than young lettuce (r oughl y 10%–12% v ersus 6%–
8%). The ARG plasmid proportion of manure was comparable to 
mature lettuce, while ARG plasmid proportions of soil (whether 
containing manure or not) were in the range of young lettuce 
(r oughl y 6%–8%). ARG plasmid content of water v aried fr om below 

8% to 14%, while no clear difference between untreated and UV- 
tr eated and riv er w ater w as detectable. Looking at ARG plasmid 

ph ylogeny, the ph ylum of Proteobacteria prevailed in all samples 
Fig. 7 B). Mature lettuce had higher proportions of Proteobacte- 
ia ARG plasmids compared to young lettuce (at least 80% ver-
us around 60%). On the other hand, ARG plasmids from Firmi-
utes were more prominent in young than on mature lettuce. In
anure, about 35% of ARG plasmids were from Proteobacteria,

ollo w ed b y about 14% of ARG plasmids from Firmicutes, while
bout half the ARG plasmids remained unclassified. In soil, ARG
lasmids fr om Pr oteobacteria consistentl y pr e v ailed ( ∼60%), fol-

o w ed b y m uc h lo w er proportions of Firmicute and Actinobacte-
ia plasmids. In water as well, ARG plasmids from Proteobacte- 
ia were most often identified. While additionally, ARG plasmids 
r om Firmicutes wer e clearl y detected in untr eated riv er water, al-

ost none were present in UV-treated river water (about 4% ver-
us 0.2%). Further, ARG plasmids from Bacteroidetes, Cyanobac- 
eria, and Spir oc haetes wer e identified in differ ent samples but at
ery low proportions ( < 1%) and only sporadically. 

Finally, the ARGs localized on plasmid contigs were counted 

nd grouped by AB class (Fig. 7 C). Consistently, multidrug/efflux
RGs dominated the picture, follo w ed b y glycopeptide and β-

actam ARGs. Minor differences between sample groups include 
1) higher proportions of multidrug/efflux and c hlor amphenicol 
RGs in mature versus young lettuce, (2) lower proportions of β-

actam ARGs in mature versus young lettuce, (3) practical absence
f c hlor amphenicol ARGs in soil and manure, and (4) lo w er propor-
ions of multidrug/efflux but slightly higher proportions of MLSB 

RGs in untreated versus UV-treated river water. 

rocrustes analysis reveals high correlation 

etween lettuce microbial community structure 

nd resistome 

t all phylogenetic le v els, the corr elation between r esistome and
icr obial comm unity structur e was highl y significant (shown for

hylum and genus in Fig. S8 ; P at least < 2e −4), with the high-
st significance r eac hed at genus le v el ( Fig. S8 B; P < 1e −5). Fur-
her, a clear separation of the three time points (weeks 0, 1, and
) was obtained at all phylogenetic le v els. Finall y, a separ ation of
r eatments A/D (no manur e a pplication) fr om B/C (manur e a ppli-
ation) was evident in young lettuce (week 1), in accordance to
r e vious anal yses (Fig. 5 ). 

iscussion 

he boundaries of culture-based techniques 

he suitability of diagnostic plates—developed for clinical 
amples—for use with environmental samples is often discussed,
nd our study confirmed this problem. In the present study, bacte-
ia culturable on antibiotic-containing selective agar plates from 

ettuce consistently sho w ed a dependence on plant growth time.
o w e v er, whether the lettuces wer e gr own with or without pig
anure, or irrigated with untreated or UV-treated river water 

ho w ed no significant effect. Identification of pr esumptiv e ARB
olonies from all environments further revealed very low abun- 
ance of clinically relevant bacteria, and the plates were over- 
rown with typical environmental bacteria such as Pseudomonas 
pp . or Sphingomonas spp . (White et al. 1996 , Crone et al. 2020 ). As
 ery r ecent w ork b y Sc hr eiber et al. ( 2021 ) demonstr ated, ada pta-
ion of incubation conditions such as incr easing temper atur e can
elp to suppress unwanted bac kgr ound micr obiota, and ther eby

ncrease sensitivity. It still remains to be sho wn, ho w ever, whether
uc h envir onmentall y optimized culturing can yield enough in-
ight to narrow the gap between culture-based and molecular 
ec hniques significantl y. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae118#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae118#supplementary-data
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Figure 7. (A) Proportion of ARG plasmid contigs in total ARG contigs; (B) phylogeny of detected ARG plasmid contigs; and (C) ARGs (Resfams) localized 
on plasmid contigs, grouped by antibiotic classes. MLSB: macr olide–lincosamide–str eptogr amin B ARGs. Sample codes: initial letters indicate 
environment [L (lettuce), M (manure), S (soil), and W (water)]; numbers indicate sampling weeks; terminal letters indicate conditions [initial condition 
Z: before planting; lettuce treatments: A (untreated river water/conventional soil), B (untreated river water/manure), C (UV-treated river 
water/manure), and D (UV-treated river water/conventional soil); water treatments: A (untreated); B (UV-treated)]. 
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nvir onment-specific micr obiome structures 

he main determinant of microbial community composition was
n vironment (lettuce , soil, water, or manure). T hus , pig manure
as heavily dominated by Proteobacteria, in accordance with a
 ery r ecent study by Wang et al. ( 2023 ), who found 85% r elativ e
bundance of Proteobacteria in fresh pig manure. In contrast, soil
as dominated by Planctomycetes, a phylum typically encoun-
er ed abundantl y in soil (Buckley et al. 2006 ). The ov er all soil
ommunity composition was not significantly affected by either
ime or treatment, despite the overwhelming dominance of Pro-
eobacteria in manure as well as UV-treated river water of weeks
–4. Confirming these findings, soil micr obial comm unities hav e
een described as very resilient to change (Griffiths and Philippot
013 ). 
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In contr ast, riv er w ater w as m uc h mor e v ariable with major 
differences between samplings. While in weeks 0, 5, and 6 com- 
m unities wer e mor e div erse, in weeks 1–4 Pr oteobacteria clearl y 
dominated. Precipitation data made evident that the more diverse 
river water samples were collected on days preceded by zero pre- 
cipitation on at least 4 days prior to sampling and the sampling 
day itself (data not shown). In contrast, weeks 1–4 samplings were 
all preceded by at least 1 day of light to heavy r ainfall (fr om 2.4 to 
21.6 mm/h). While Parcubacteria and Actinobacteria are preva- 
lent in various water systems lik e lak es, ground water, or fresh- 
water ecosystems (Warnecke et al. 2005 , Proctor et al. 2018 , Tian 

et al. 2020 ), rainfall has been shown to increase the abundance 
Proteobacteria, in particular E. coli , especially in the proximity of 
upstream WWTPs (Shibata et al. 2014 , Tornevi et al. 2014 ). Finally,
in river water with predominant Proteobacteria (i.e. after rainfall),
UV-disinfection led to a steep increase of their r elativ e abundance,
in accordance with Becerr a-Castr o et al. ( 2016 ) who found that 
Pr oteobacteria become pr edominant by r egr owth after water dis- 
infection. 

In-depth analysis of microbial communities on lettuce con- 
sistently sho w ed a significant effect of plant growth time, while 
treatment made no significant difference except in a few ex- 
ceptions, wher e seedlings befor e planting differ ed fr om lettuces 
of the four treatments on the field. The transfer from the envi- 
ronmental sources investigated (soil, water, and manure) to the 
lettuce was ther efor e not the decisiv e factor in sha ping the lettuce 
micr obial comm unity or r esistome. Taken together, abundance of 
clinicall y r ele v ant ARB families ( Enterobacteriaceae , Moraxellaceae ,
and Pseudomonadaceae , including the genera Pseudomonas and 

Acinetobacter ) highl y incr eased fr om v ery y oung lettuces (w eek 1) 
to mature lettuces (week 5), but was str ongl y decr eased in ov er- 
sized and partially already decaying lettuces (week 6). Overall, the 
observed time trend seemed related to the decreasing soil contact 
as plants grow, and the strongly reincreased soil contact in week 
6, when the lettuces were already beyond the optimal harvest 
point. Soil thereby seems to serve as initial inoculant of young 
plants, whose comm unities ther eafter de v elop independentl y of 
the stable communities in the surrounding soil. In conclusion, the 
observ ed tempor al dynamic is r ele v ant with r egards to clinicall y 
r ele v ant ARB taxa. 

To compare our findings, we could not find another work inves- 
tigating the de v elopment of lettuce’s micr obial comm unities ov er 
the growth period of the vegetable, as one-time samplings of the 
v egetable gr own under differ ent conditions (e.g. differ ent amend- 
ments) ar e usuall y performed. To our knowledge, the only study 
including a time series was conducted in 2013 by Holvoet et al.
( 2013 ) who sampled lettuce and its production system from differ- 
ent farms, four times within the production cycle (seedlings, and 

2 weeks before, 1 week before, and at harvest). They focused, how- 
e v er, on AR E. coli and did not discuss an y c hanges r elated to plant 
growth time. In contrast to the lack of time series, many studies 
ha ve in vestigated the microbiome of fresh produce to relate it to 
its production environment and different modes of culture . T hey 
especially detected an effect of various types of amendment or 
a weak impact of irrigation on the microbiome as well as the re- 
sistome of the vegetables (Blau et al. 2019 , Cerqueira et al. 2019 ,
Fogler et al. 2019 , Zhang et al. 2019 , Summerlin et al. 2021 , Sanz 
et al. 2022 , Seyoum et al. 2022 ). 
he impact of amendment and UV-disinfection 

n the lettuce resistome 

f all in vestigated en vironments , manure displa y ed the lo w est di-
ersity of ARGs. Interestingly, although the microbial community 
as heavily dominated by Pr oteobacteria, onl y a third of all iden-

ified plasmid contigs were assigned to this phylum, while about
alf remained unclassified. The high proportion of unclassified 

lasmid contigs remains elusive, since PlasFlo w w as developed
o identify bacterial plasmid sequences in environmental sam- 
les, and is ther efor e not biased to w ar d clinical specimens. While
any studies ha ve in vestigated the effect of soil amendment with
anure on the resistome of fresh produce, manure on its own is

 ar el y anal ysed or discussed, while the focus r ather lies on the
anure-amended soil as an entity. Wang et al. ( 2023 ) quantified
RG abundance in raw pig manure by targeted qPCR of nine ARGs,
howing high r elativ e abundance of sul2 followed by tetM , as op-
osed to dominance of sul1 in stored pig manure. In the present
tudy, tetM and sul2 were among the top 15 most abundant ARGs
n manure, including mainly other tetracycline-, MLS-, and amino- 
lycoside ARGs such as aadA , aadE , tetQ , tetW , or ermF, in good
v er all accordance with other reports (Wang et al. 2017 , Blau et
l. 2019 , Zhang et al. 2020 ). 

Soil was ov er all v ery poor in AR determinants, and compar a-
le to young lettuce only in terms of ARG plasmid proportions.
he majority of the assigned plasmids belonged to Proteobacteria,
ollo w ed b y Firmicutes, and Actinobacteria, a ranking not analo-
ous to the r elativ e abundance of these taxa in the r espectiv e mi-
r obial comm unities . Of importance , these phyla ha ve been de-
cribed pr e viousl y as typical plasmid hosts in soil (Smalla et al.
015 ). Notably, soil samples did cluster by sampling time for un-
nown reasons when considering BMRGs additionally to ARGs,
n contrast to their very tight clustering when considering ARGs
nl y. Compar able to pristine soils, multidrug/efflux and amino-
l ycoside r esistance wer e the most pr ominent in our soil samples
s w ell, whereas w e additionall y detected fr equent gl ycopeptide
esistance . T he o verall low resistance numbers in soil are unex-
ected, since soil is gener all y ac knowledged as a div erse r eservoir
f antibiotic resistance (Séveno et al. 2002 ), including even resis-
ance to w ar d synthetic antimicrobials (Marshall et al. 2009 ), al-
hough significant differences between different types of soil have 
een reported (Popowska et al. 2012 ). Ho w e v er, exactl y that high
omplexity of soil might explain this result since soil samples as-
embled poorl y, pr obabl y due to insufficient sequencing depth, as
as been described pr e viousl y (Wind et al. 2021 ). When designing
 study including a variety of en vironments , one main dilemma
her efor e is whether to a ppl y the same protocol to all for best com-
arability, or whether to optimize the protocols by environment 
or maximum information. 

In water, the second highest number of ARG subtypes of all
nvir onments was identified. A r ecent study by Lee et al. ( 2023 )
uggested using ‘co-occurrence’ of aadA , sul1 , and class A β-
actamase genes as an indicator of w astew ater-related pollution
n river water. In good accordance, these three ARG subtypes were
etected in our study in riv er water. Notabl y, class A β-lactamase
enes were detected only in the Resfams annotation, underlin- 
ng the importance of combining se v er al databases . T he most fre-
uently detected resistance mechanisms included multidrug and 

-lactam, whic h ar e fr equentl y detected in pristine w aters as w ell,
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hile the herein investigated river water additionally contained
minogl ycoside ARGs fr equentl y. Pr oportion of MDR contigs, ARG–
MRG coresistance, and mobility incidence were always markedly
igher in UV-treated compared to untreated river water. An in-
rease in ARG total relative abundance after UV-disinfection has
een described earlier (Hu et al. 2016 ). Mobility incidence (M%) on
he other hand has been quantified by Ju et al. ( 2019 ) in WWTP
esistomes . T he authors found an M% of 8.6% and 20.0% for ARGs
nd MRGs, r espectiv el y. These ar e 64-fold and 99-fold higher, r e-
pectiv el y, than what was found in the present work in untreated
iver water. Mobile ARGs and BMRGs seem therefore to be en-
iched by waste water tr eatment pr ocesses (as observ ed in the
resent work for UV-disinfection of river water), but diluted again
ith less mobile resistance determinants when introduced into

he environment like a nearby riv er. Finall y, Firmicute plasmids
ere detected practically only in untreated river water, although

his phylum sho w ed very lo w r elativ e abundance in these sam-
les. 

Lettuce had the highest ARG diversity of all investigated en-
ir onments, independentl y of the treatment. In common with
ristine plants, lettuce harbor ed m ultidrug/efflux, β-lactam, and
minoglycoside ARGs most frequently, while it additionally con-
ained an important number of quinolone ARGs. Taken together,
he lettuces ready for harvest and consumption compared to
oung lettuce had incr eased r esistance markers on all examined
e v els, with manur e slightl y exacerbating the effect. Regarding our
entral question, unde venis, it seems from our findings that soil
nd manure (when present) were the main source environments
or the microbiome and resistome of young plants, but that the
eaves of the growing plants enriched taxa and resistance deter-

inants, whic h wer e below detection in the source en vironments .
Clearly, in lettuce as in all other en vironments , community

bundance of a taxon did not correlate with plasmid propor-
ion of that taxon. We ther efor e conclude that Proteobacteria
ere the main contributors of plasmid-borne ARGs in all envi-
 onments, irr espectiv e of their community abundance. A study
nv estigating minimall y pr ocessed v egetables-pr oducing facili-
ies analysed ARGs in initial and final product, contact sur-
aces, and operator swabs by taxonomy and plasmid-association
Valentino et al. 2022 ). As in the present study, the proportion of
lasmid-associated ARGs was r elativ el y low, and many of these
ere associated with Proteobacteria such as Acinetobacter , Pan-

oea , Pseudorhodoferax , or Rahnella , while on surfaces and operator
wabs often additionally with Firmicutes like Staphylococcus and
acillus . 

When comparing the environments for commonalities, we
ound in all of them (1) similar distribution of ARGs to the dif-
erent types, in accordance to the findings of Wang et al. ( 2023 )
nding dominance of efflux-related ARGs, (2) similar distribu-
ion of plasmid-associated ARGs to the different types, (3) dom-
nance of the same few BMRGs encoding resistance to w ar d W,
n, and Mo, and (4) higher BMRG mobility compared to ARG mo-
ility, in accordance to the findings of Ju et al. ( 2019 ), who used
uantitativ e meta genomic and metatr anscriptomic a ppr oac hes
o study antibiotic , biocide , and metal resistance in different com-
artments of 12 WWTPs. Core ARGs detected in all four environ-
ents mainly belonged to MDR (efflux). Further ARGs of inter-

st included aminoglycoside ( aadA , aph(6)-I ), β-lactam (metallo-
-lactamase), gl ycopeptide ( v anR , v anX ), sulfonamide ( sul2 ), and
etracycline ( tetA ) ARGs. 

Inter estingl y, lettuce shar ed most ARGs with water and then
ith soil. A study by Shen et al. ( 2019 ) investigated the effect of
ater (with or without pharmaceuticals) applied by overhead ver-
us soil-surface irrigation on the resistome and microbiome of
ettuce in contr olled gr eenhouse conditions. While exposure to
harmaceuticals did not result in consistent patterns of change

n soil and lettuce , o verhead irrigation resulted in greater abun-
ance as well as diversity of ARGs and MGEs in lettuce shoots. Of
he 42 ARGs detected in their study, 17 (41%) were also detected
n the present work, among which bacA (bacitracin), oleC (MLSB),
nd mexF (m ultidrug/efflux), whic h wer e of middle to high r elativ e
bundance in both studies. Another study investigating the use
f municipal w astew ater effluents also described an irrigation ef-
ect on the resistome of romaine lettuce (Summerlin et al. 2021 ).
n contrast, Seyoum et al. ( 2022 ) compared irrigation of tomatoes
ith tr eated waste waters to fr eshwater irrigation and could not
etect pr opa gation of the inv estigated ARGs to the tomatoes. Fi-
all y, Cerqueir a et al. ( 2019 ) found a minimal effect of irrigation
n ARG abundance by qPCR, while crop type was more decisive.
aken together, findings on the effect of irrigation on the resis-
ome of fresh produce are contradictive, with some studies de-
ecting an effect while others do not. It must be k e pt in mind,
o w e v er, that the type of water investigated and thereby vary-

ng loads of contained resistance determinants, combined with
he type of produce under investigation may contribute to this
iscrepancy. 

As mentioned earlier, a higher sequencing depth for complex
nvir onments suc h as soil should be consider ed, to compr ehend
he plethora of soil-borne ARGs in more detail. Nevertheless, an
ndirect effect of soil via amendment could be shown in the
resent work: Clustering by two methods (PCoA and NMDS) us-

ng either ARGs alone or combined with BMRGs r e v ealed an effect
f manure on lettuce, especially on young plants with increased
oil contact. When considering ARG presence/absence only, ma-
ur e cluster ed closel y with young lettuce gr own in amended
oil. These findings are in good accordance with the work of
anz et al. ( 2022 ), who concluded that fertilizers rather than
oil were the main source of clinically relevant ARGs detected
n foods. Additionally in the present study, of the five BMRGs

ost discriminatory for amendment in young lettuce, three were
mong the top 10 BMRGs in manure. An effect of amendment
n the resistome of fresh produce has also been described in
ther studies (Fogler et al. 2019 , Zhang et al. 2019 , Huang et al.
021 , Wind et al. 2021 ). In the study by Zhang et al. ( 2019 ), the
RG transmission pathways between soil and lettuce were ex-
lored 90 days after application of poultry and cattle manure.
hey found mainly multidrug/efflux-related ARGs follo w ed b y β-

actam and aminoglycoside ARGs as in the present study, and of
he 32 ARGs, which were shared between soil with poultry ma-
ure and the lettuce leaf surface, 10 (31%) were detected as well

n the present study on lettuce and in soil/manure, including
 variety of tetracycline resistance genes, bacA , mexE , and aadA
aminoglycoside). They further noted a stronger impact of poul-
ry than cattle manure, suggesting that the type of manure can
e an important factor to consider with respect to ARG abun-
ance in fresh produce grown with such fertilizers. Taken together,

n the presented study manure was revealed as the main source
haping the resistome of lettuce, especially that of the young
lants. 

Finally, we detected a strong correlation between microbial
omm unity structur es and r esistome, especiall y in lettuce, as has
een r ecentl y described in a v ery similar system (Sun et al. 2021 ).
her efor e, measur es impacting the lettuce microbiome , e .g. by de-
reasing the abundance of Proteobacteria, are very likely to result
n shifts in the lettuce resistome . T he sort and effectiveness of
uc h measur es, ho w e v er, m ust be subject to further studies. 
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Conclusions 

In the present work, the effect of manure and irrigation on the mi- 
crobiome and resistome of field-grown lettuce was investigated. 
By culturing, only few clinically relevant ARB could be recovered,
including E. cloacae , E. coli , and S. fonticola on ESBL agar as well as K.
oxytoca on CRE agar. Of note, adding an enrichment step prior to 
plating can enhance bacterial detection, whereas direct plating al- 
lows quantitativ e detection. Micr obiome anal ysis sho w ed a clear 
shift in microbial communities as a function of lettuce growth 

time, but no effect of soil amendment or type of irrigation water.
Resistome analysis confirmed the effect of growth time, but ad- 
ditionall y r e v ealed an impact of manur e, especiall y in young let- 
tuces with increased soil contact. An impact of type of irrigation 

water on the lettuce resistome could not be observed although let- 
tuce shared most ARGs with w ater. Ho w ever , UV -disinfection did 

incr ease the pr oportion of examined r esistance markers suc h as 
MDR, ARG–BMRG coresistance, and mobility incidence . Moreo ver,
although surface water irrigation did not affect the ov er all lettuce 
r esistome significantl y, it can carry clinicall y r ele v ant ARB to the 
produce, and should therefore be subject to monitoring. Overall,
lettuces ready for harvest and consumption had increased resis- 
tance markers compared to young plants on all examined le v els,
with manure slightly exacerbating the effect. With regard to our 
centr al question, unde v enis, our study r e v ealed manur e as the 
main source of resistance determinants on lettuce. Careful han- 
dling of organic fertilizers such as manure as well as measures 
minimizing soil contact of the vegetables is ther efor e k e y to min- 
imize antibiotic resistance markers on fresh produce. 
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